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ABSTRACT 

ORGANIC BERRY POMACES TO IMPROVE THE HEALTH OF BROILER CHICKENS 

Quail Das      Advisor: Dr. Massimo F. Marcone 

University of Guelph, 2020    Co-Advisor: Dr. Keith Warriner 

       Committee Member: Dr. Moussa Diarra 

Berry pomace products possess antimicrobial properties due to their functionally bioactive 

molecules; however, the underlying mechanism of actions are poorly understood. This research 

investigates the antimicrobial activity of cranberry extracts (KCOH) and its sub-fractions against 

Salmonella enterica. Salmonella serovars show more sensitivity to flavonols and anthocyanin sub-

fractions than KCOH. Transcriptional studies revealed that exposure of S. Enteritidis at sub-

inhibitory concentrations of KCOH reduces the expression of major operon encodes structural 

components of Salmonella Pathogenicity Islands. While berries are beneficial in promoting human 

health, incorporation of such berry products in broiler chicken diets are scarce. The potential of 

cranberry (CP) and blueberry (BP) pomaces and their by-products as alternatives to antimicrobial 

growth promoters were examined on day-old male Cobb500 broilers’ growth performance and gut 

microbiota for a 30-day trial. In the first chicken trial (n=2800), ethanolic extracts of cranberry 

pomaces (COH) resulted in better performance by increasing body weight and feed efficiency 

(FE), while CP feeding at 1% (CP1) decreased the prevalence of necrotic enteritis (NE) and 



 

 

 

 

 

coccidiosis compared to bacitracin (BACI) treatment (P < 0.05). qPCR studies showed the 

immunomodulatory effects of CP by reducing the expression of proinflammatory cytokines in liver 

(IL-4, IFN-γ), while inducing the expression of anti-inflammatory cytokines IL-4, 13 in spleen, 

and IL- 10 in bursa. 16S rRNA analysis showed higher relative abundances (RA) of Clostridiales 

in COH and BACI fed birds, while Lactobacillaceae and Bacteroidaceae were abundant in CP1 

and BP1 treated birds of ceca. In the second trial, the basal diet was enriched with animal protein 

using a group of birds vaccinated (n=1350) and a non-vaccinated (n=1350) against coccidiosis. 

Overall, BACI induced the best growth performance in vaccinated group, while no effect of 

treatments was observed in non-vaccinated group at 10 to 20 days of age. CP1 feeding provides 

similar incidences of coccidiosis and NE compared to BACI in non-vaccinated birds. 

Metagenomic analysis revealed a significant variation among different feed treatments. Both 

BACI and BP supplementations led to increased RA of Enterobacteriaceae and Streptococcaceae, 

in the vaccinated group, while RA of Lactobacillaceae, was increased in the non-vaccinated group 

with the CP treatment.  
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Chapter 1. Introduction 

Chickens (Gallus gallus domesticus), particularly broilers (chickens that raised specifically for 

meat production), are the primary protein source for Canadian consumers. Recent issues of 

antimicrobial agents (AMAs) use in livestock and possible transmission of antimicrobial resistant 

bacteria to humans through food consumption have influenced consumer preference to organic 

poultry in an achievable price [1]. AMAs have been used in feed or water in conventional chicken 

production for growth promotion and prevention of infectious diseases. Therapeutically, AMAs 

like bacitracin (a polypeptide antimicrobial) and virginiamycin (a streptogramin) are widely used 

mostly to control Clostridium perfringens causing necrotic enteritis (NE), while ionophores and 

chemical coccidiostats have been used to control coccidia (Eimeria spp.) [2]. Additionally, 

antimicrobial drugs like β-lactams, aminoglycosides, and fluoroquinolones are the options for 

avian pathogenic E. coli causing colibacillosis [3]. Besides disease prevention, AMAs have been 

used in poultry production as antimicrobial growth promoters (AGP) to modulate gut microflora 

for growth promotion, to improve growth rate, and feed efficiency (FE) [4]. Bacitracin and 

virginiamycin are two commonly used examples of AGP, which improve birds’ FE, body weight, 

and overall well-being [5]. However, the use of AMAs at sub-inhibitory doses has created the 

selection of antibiotic-resistant bacteria. Recently, fluoroquinolone‐resistant Salmonella has been 

regarded by the World Health Organization (WHO) [6], as one of 12 antibiotic‐resistant "priority 

pathogens" that pose the greatest risk to human health [7]. The ban of the use of AGP in poultry 

production in the EU has resulted in an increase of NE incidence combined with an increase in the 

use of therapeutic antimicrobials to control diseases [8]. While some progress has been achieved 

to control Salmonella and Eimeria spp. by vaccination, intestinal NE caused by C. perfringens 

continues to cause remarkable economic losses worldwide for both conventional and organic 

broiler producers [9]. Hence, it is urgent to develop an alternative to AGP with equivalent 

antibiotic effects, to reduce the incidence of antibiotic-resistance.   

Berries, especially cranberries and blueberries, are an important commercial crop in Canada. These 

polyphenol-rich fruits have received considerable attention for their health-promoting functions in 

humans. Fruit processing industries generate solid waste “pomaces” that are a major by-product 

of fruit juice processing industries. These pomaces are rich in carbohydrate and fiber, contain 

relatively fewer amounts of protein, have high moisture content, and biodegradable organic 
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compounds with limited application, making pomace management a notable issue [10]. These 

pomaces can be an excellent source of inexpensive natural bioactive compounds as an immune-

modulator, antioxidant, and antimicrobial agents. This study investigates the supplementation of 

bird feed with phenolic rich fruit pomaces from berry that could provide a viable alternative feed 

ingredient to shape gut microflora, thereby contributing to overall health improvement and help 

mitigate the environmental concern.  

1.1. Research statements 

This research focuses on the use of bio-active compounds of cranberry and blueberry fruit extracts 

as alternatives to AMAs in animal production. The health of broiler chickens will be improved 

through dietary feed supplementation using phenolic-enriched extractives from organic cranberry 

and blueberry pomaces. The investigations are expected to be a step towards minimizing costs 

associated to poor chicken health due to withdrawal of AGP, addressing increasing public concerns 

about food safety, and providing income diversification and increased profitability for fruit 

processors by finding new applications for a presently undervalued fruit waste by-product. The 

purpose of this research was drawn from the necessity to have an alternative to AGP in order to 

control the spread of antibiotic-resistance and foodborne pathogens from livestock. Moreover, 

increased consumer demand for non-conventionally produced chickens has driven researchers to 

develop cost-effective approaches for poultry production. Cranberries and blueberries, two 

important commercial crops in Canada, are sources of bioactive compounds like phenolics, 

flavonoids, and antioxidant compounds. Commercial processing of berries produces a large 

amount of waste at various stages of production, which could be a potent source of antioxidants 

and antimicrobial agents. Studies on the effects of cranberry products in animals, especially in 

chickens, are scarce. Chicken feed supplementation with these phenolic-rich feed products will 

modulate the immune-defense mechanism of broilers by impacting the dynamics of the chicken 

gut microbiota. This study will enable the development of berry pomace extractives as feed 

supplements to maintain or improve poultry productivity and safety. 

1.2. Objectives 

It is hypothesized that supplementation of chicken feed with phenolic rich fruit pomaces can act 

as immune-modulators by protecting chickens from the prevalence of disease like NE lesions due 

to C. perfringens without decreasing growth performance, and by enhancing the immune system 
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similar to, or at least equivalently to, in-feed supplementation with antimicrobials. Pomaces in the 

feed will positively influence chicken gut microflora by promoting beneficial bacteria, which 

facilitates feed digestion and absorption that in turn, enhances broiler growth performance and host 

immune system. The aim of this research is to modify the gut morphology, intestinal microflora, 

and increase the biodiversity of intestinal bacteria in broiler chicks by supplementing chicken feed 

with polyphenol-rich cranberry extracts. By exploiting their immuno-stimulating properties 

against major poultry pathogens, the fruit pomace will increase host-defenses against target 

bacteria. The specific objectives of this PhD research and the approaches to achieve them are stated 

below: 

1. Studying the in-vitro antimicrobial effects of cranberry pomace compounds on growth and 

gene expression against Salmonella.  

Approach: The minimum inhibitory (MICs) and bactericidal (MBCs) concentrations of 

ethanolic extract of cranberry pomaces (KCOH) and two of its sub-fractions, anthocyanins 

(CRFa20) and non-anthocyanin polyphenols (CRFp85), were determined by the broth 

micro-dilution method. Transcriptional profiles of S. Enteritidis grown in cation-adjusted 

Mueller- Hinton broth (MHB) supplemented with or without subinhibitory concentrations 

of KCOH were compared by RNA-Seq to reveal gene modulations serving as markers for 

biological activity. 

2. Studying the in-vivo effects of berry pomaces extractives as feed ingredients on chicken 

performance and gut health. 

Approach: This study was conducted by evaluating the growth performance, intestinal 

health, as well as cecal and cloacal microbiota in broiler chickens receiving organic 

cranberry and wild blueberry pomace and their phenolic enriched extractives (ethanolic 

extracts) in feed. The impact of berry product feeding on blood metabolites was estimated. 

16S rRNA gene sequencing was used to examine the ceca bacterial community structure. 

Additionally, correlations between abundances of cecal bacterial taxa, performance 

parameters, and blood metabolite profiles were determined. 

3. Studying the in-vivo effects of berry pomaces extractives as feed ingredients on chicken 

immunity. 
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Approach: The immunomodulatory effects of cranberry pomace and its ethanolic extracts 

on serum antibody titers as well as the expression of various innate and adaptive immune 

genes in the liver, spleen, and bursa were evaluated by ELISA and qPCR, respectively.  

4. Studying the in-vivo effects of berry pomaces extractives as feed ingredients in controlling 

coccidiosis and improving chicken performance and gut health with or without coccidiosis 

vaccination. 

Approach: This study was performed with different combinations of cranberry and 

blueberry pomaces on the growth performance and cecal microbiota of non-vaccinated and 

vaccinated broilers against coccidiosis. Whole-metagenome shotgun sequencing was 

accomplished using a standard Kraken taxonomic classification tool to perform 

microbiome analyses. 

1.3. Scope and limitations of the study 

Antibiotic-free (raised without antibiotic: RWA) and organic poultry production could increase 

potential exposure of chickens to environmental pathogenic bacteria of poultry health (Clostridium 

perfringens, avian pathogenic Escherichia coli: APEC), and raise food safety and production 

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

challenging. Since 2007, S. Enteritidis has been the most common cause of Salmonella infections 

at FoodNet sites [9]. Moreover, the emergence of multi-antimicrobial-resistant Salmonella strains 

from poultry production makes the situation critical [11]. Identifying solutions to mitigate 

antimicrobial resistance while controlling pathogenic bacteria, like Salmonella, is urgently needed. 

This research focused on the antimicrobial activity of cranberry compounds against serovar 

Enteritidis.  

In this research, two chicken trials were conducted at Centre de recherche en sciences animales de 

Deschambault (CRSAD) (Deschambault, Quebec). The first chicken trial was conducted from 

December 20, 2016, to January 19, 2017. A total of 2800 male one-day-old broiler Cobb500 chicks 

were distributed in 70-floor pens (40 birds/pen) randomly. The 70 pens were assigned to 10 

treatments (7 pens/treatment) using a complete randomized design. The composition of the starter 

(day 0 to 10), grower (day 10-20), and finisher (day 20-30) diets included corn as the principal 

cereal, and soya and soybean cake as protein concentrates to meet the National Research Council 

nutrient requirements for broiler chickens [12]. The second chicken trial was held from September 
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5, 2017, to October 9, 2017, at CRSAD (Deschambault, Quebec). A total of 2700 one-day-old 

male Cobb500 broiler birds were allocated in two major groups, with and without any coccidiosis 

vaccinations. Both groups were randomly allocated to 5 dietary treatments (6 pens/treatment; 45 

birds/treatment) in a complete randomized design. In the second trial, starter, grower, and finisher 

diets were formulated and pelleted with wheat and corn as the principal cereals; then were enriched 

with soybean meal, fish meal, and meat meal as protein sources according to the nutritional 

recommendation by Cobb500 [13]. Both trials were conducted from day 0 until day 30 of age. No 

additional anticoccidials or antibiotics were administrated to the birds throughout the study. 

1.4. Outline of the thesis 

This thesis is written in seven chapters, which are interconnected to achieve the aim and objectives 

of the research work. The first chapter describes an introduction, research statement, the objectives, 

scope and limitations, and contribution of the overall research. An outline of subsequent chapters 

of the thesis is provided below. 

Chapter 2 presents a literature review on the antibacterial activity of berry extracts against 

foodborne pathogens. The potential of cranberry and blueberry products for the control of various 

Gram-positive (Listeria, Staphylococcus aureus, and C. perfringens) and Gram-negative 

(Salmonella enterica, E. coli, and Campylobacter spp.) pathogens in the food production system 

are discussed. Moreover, the potential of berry products in food production including feeding 

strategies to modulate gut microbiota in food animals are reviewed. 

Chapter 3 shows the antimicrobial action of KCOH against Salmonella enterica. The effects of 

KCOH and its subfractions on the growth rate of S. enterica serovars Typhimurium, Enteritidis, 

and Heidelberg are presented. Besides, the transcriptomic profiles of S. Enteritidis are described 

to gain insight into phenotypic and transcriptional changes induced by KCOH on this pathogen. 

Chapter 4 describes the feeding study of different doses of cranberry and blueberry pomaces and 

their ethanolic extractives on broiler chickens. Effects of berry pomace products in feed on the 

growth performance, blood metabolites, and dynamics of the chicken gut microbiota in 

comparison to control birds were investigated in this chapter. 

Chapter 5 presents the efficacy of cranberry fruit by-products to modulate immunity in broiler 

chicken. Here, the effects of cranberry pomace and its ethanolic extracts on serum antibody titers, 

as well as the expression of various innate and adaptive immune genes in three immune-organs: 
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liver, spleen, and bursa were evaluated. However, the expression of the spleen study was included 

in Chapter 4. 

Chapter 6 investigates the effectiveness of different combinations of cranberry and blueberry 

pomaces with or without coccidiosis vaccination as feed supplementation. In addition to growth 

performance, blood metabolites, and immunoglobulin titers; cecal microbiomes were 

characterized by shotgun metagenomic sequencing.  

Chapter 7 presents the overall conclusions of the research and provides recommendations for 

future studies. 

1.5. Contribution of this thesis 

The thesis has been presented in manuscript format, where each of the chapters is a publication. 

Three of these chapters (Chapter 2, 3, and 4) have been published. Apart from the committee 

members, a multi-disciplinary research team affiliated with Agriculture and Agri-Food Canada 

(AAFC) contributed to this research. Dr. Moussa S. Diarra provided all the resources. Moreover, 

Dr. Diarra helped in the analysis of the SAS results. Dr. Kelly Ross contributed berry pomaces 

preparation; both Dr. Kelly Ross and Dr. Jason McCallum analyzed the chemical composition of 

berry pomaces. Dr. Xianhua Yin and Dr. Rashedul Islam associated with sample preparation, 

transportation, and storage. Carl Julien, Hassina Yacini, and Yan Martel Kennes from CRSAD 

(Deschambault, Quebec) performed the 30-days chicken trial.  Dr. Dion Lepp helped in 16S rRNA 

gene sequencing and transcriptomics analysis. Dr. Muhammad Attiq Rehman, Julie Shay, and 

Martin Gauthier guided on shotgun metagenomics data generation, analysis, and R-script 

preparation for data visualization. 

1.6. Scientific contributions from the research 

• Das, Q., Md. R. Islam, D. Lepp, J. Tang, X. Yin, L. Mats, H. Liu, K. Ross, Y. M. 

Kennes, H. Yacini, K. Warriner, M. F. Marcone, M. S. Diarra. 2020. Gut microbiota, 

blood metabolites and spleen immunity in broiler chickens fed berry pomaces and 

phenolic-enriched extractives. Frontiers in Veterinary Science. 7:150 doi: 

10.3389/fvets.2020.00150. 

• Das, Q., Lepp, D., Yin, X., Ross, K., McCallum, J. L., Warriner, K., ... & Diarra, M. 

S. (2019). Transcriptional profiling of Salmonella enterica serovar Enteritidis exposed 

to ethanolic extract of organic cranberry pomace. PLoS One. 3;14(7): e0219163.  
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• Das, Q., Islam, M. R., Marcone, M. F., Warriner, K., & Diarra, M. S. (2017). Potential 

of berry extracts to control foodborne pathogens. Food Control, 73, 650-662. 

• Das, Q., J. Tang, X. Yin, K. Ross, K. Warriner, M. Marcone, and M. S. Diarra. 2020. 

Organic cranberry pomace and its ethanolic extractives as feed supplement in broiler: 

impacts on serum immunoglobulin titers, liver, and bursal immunity (Accepted for 

publication in the Immunology, Health, and Disease section of the Poultry Science 

journal). 

Conference Abstract 

• Das, Q., Md. R. Islam, D. Lepp, J. Tang, X. Yin, L. Mats, H. Liu, K. Ross, Y. M. 

Kennes, H. Yacini, K. Warriner, M. F. Marcone, M. S. Diarra. 2019. Gut health and 

growth performance of broiler fed American Cranberry (Vaccinium macrocarpon) 

by-products. Poultry Science Association 2019 Annual Meeting Montreal, Quebec. 

July 15-18, 2019 [Poster]. 

• Das, Q., D. Lepp, K. Ross, J. McCallum, X. Yin, K. Warriner, M. Marcone and M. 

Diarra. 2018. Antimicrobial Activities of Cranberry Extracts against Salmonella 

enterica Serovars from Broiler Chicken. ASM Microbe 2018, Atlanta, GA, USA. 

June 7-11 (Poster) [Travel Award]. 

Invited speaker 

• Das, Q., D. Lepp, K. Ross, J. McCallum, X. Yin, K. Warriner, M. Marcone and M. 

Diarra. 2018. Antimicrobial Activities of Cranberry Extracts against Salmonella 

enterica Serovars from Broiler Chicken. Ready to Order? Microbes in Food and 

Drinks. ASM Microbe 2018, Atlanta, GA, USA. June 7-11. 

Publication as an additional work 

• Das Q., D. Saeed, K. Tally, M. S. Diarra. 2017. Antibacterial effects of cranberry 

extract and vanillic acid against Clostridium perfringens and its toxins. Canadian 

Society of Microbiology (CSM) 67th Annual Conference, Waterloo, ON, June 20-23. 

Poster. 

• Das Q., D. Saeed, K. Tally, M. S. Diarra. 2017. Antimicrobial Effects of Cranberry 

Extracts, Vanillic Acid and pH against Clostridium perfringens and its toxins. PHRN 
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Research Day, April 24, 2017. Student Oral presentation. 

Publication as a Co-author 

• Islam, M. R., Hassan, Y. I., Das, Q., Lepp, D., Hernandez, M., Godfrey, D. V., ... 

& Diarra, M. S. (2020). Dietary organic cranberry pomace influences multiple 

blood biochemical parameters and cecal microbiota in pasture-raised broiler 

chickens. Journal of Functional Foods, 72, 104053. 



 

 

9 

 

Chapter 2. Literature Review0F

1 

2.1. Diseases of poultry 

Enteric disorders have caused substantial economic losses in the poultry industry worldwide due 

to increased mortality rates, decreased weight gain, increased medical costs, and increased feed 

conversion rates in chickens [14]. Clostridium is considered as a key agent of enteric disease, 

mainly in poultry, in synergy with other pathogens like viruses, bacteria, and parasites. Moreover, 

non-infectious factors like feed and management-related issues may also contribute to this enteric 

disease [15]. Pathogenic bacteria like Salmonella, Campylobacter cause gastroenteropathy, and 

acute bacterial diarrhea, respectively, which often originates from the gut microflora of chickens 

[16]. Dietary inclusion of AGP has been practiced in the food animal industry for more than 50 

years [17]. In many countries, the inclusion of AGPs in poultry has been the main strategy for 

controlling enteric pathogens. Although there is no clear explanation behind antibiotic-mediated 

growth enhancement [18], the most accepted mode of action of AGPs is through modulation of 

the intestinal microbiome [19]. 

This microbiome influences a variety of immunological, physiological, nutritional, and protective 

processes of the gastrointestinal tract (GI) and exerts profound effects on overall health [19]. 

Antimicrobials are given to broiler chickens primarily for the prophylactic treatment of 

Clostridium perfringens-induced necrotic enteritis (NE) in poultry [18], which is one of the most 

important poultry diseases from both a productivity and health standpoint. 

2.1.1. Clostridium (C.) perfringens 

In the broiler chicken intestine, Clostridium (C.) perfringens produces toxins that are responsible 

of causing intestinal mucosal lesions. Perfringens food poisoning is the term used to describe the 

common foodborne illness in humans caused by C. perfringens. The toxins of C. perfringens are 

encoded by cpa, cpb2, cpe, netB, or tpeL genes and considered as potential biological terrorism 

agents [20]. A first study conducted in Ontario reported that C. perfringens harbouring toxin genes 

can reach the consumer through consumption of retail chickens [21]. The use of natural compounds 

possessing antimicrobial properties to control the rapid growth of C. perfringens would be more 

 
1 Part of this chapter has been published in a review article as “Das, Q., Islam, M. R., Marcone, M. 

F., Warriner, K., & Diarra, M. S. (2017). Potential of berry extracts to control foodborne 

pathogens. Food Control, 73, 650-662” 
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acceptable to consumers than the use of synthetic antimicrobial agents, like nitrites and sulfites. 

Current prevention methods include avoiding predisposing factors, like coccidiosis, using in-feed 

supplementation with a variety of feed additives and maintaining stress-free poultry house 

environments. Broiler chickens of 17 or 18 days of age are most susceptible to this disease, likely 

due to the lack of anti-clostridial immunity that occurs when maternal antibodies disappear at 

approximately 2 weeks of age, and lasts until the immune system reaches maturity at 3–4 weeks 

of age [22]. The acute form of the disease leads to increased mortality in the broiler flocks, which 

can account for 1% of losses per day. However, subclinical NE has a greater economic impact due 

to damage to the intestinal mucosa. It results in a decrease in growth performances due to poor 

digestion and absorption leading to a reduced weight gain and an increased feed conversion ratio 

[23]. 

2.1.2. Eimeria spp. 

Eimeria species are intestinal parasites that cause coccidiosis, a disease of economic importance 

in poultry industries. Chickens are susceptible to at least 11 Eimeria spp however, the common 

species involved in coccidiosis include E. tenella, E. maxima, E. necatrix, and E. acervulina. These 

species can multiply and damage the intestine epithelial layer of the chicken duodenum, mid-

intestine, and ceca, reducing feed intake and nutrient digestibility. Coccidiosis is considered as one 

of the primary factors associated with the occurrence of the disease. All species produced oocysts; 

however, a heavy oocyte burden does not always indicate a clinically significant infection. Low 

levels of coccidia infestation result in poor performance (growth or egg production), reduced feed 

efficiency, and poor flock uniformity. Coccidiosis also can damage the immune system, leaving 

the affected bird more vulnerable to foodborne pathogens, like Clostridium, Salmonella, and 

Escherichia coli. Several non-antibiotic coccidiostat namely nicarbazin, decoquinate, diclazuril, 

robenedine hydrochloride and ionophores like naracin, monencin are used in veterinary medicine 

to control coccidiosis [24].  

2.1.3. Salmonella 

Since the mid-1980s, S. Enteritidis has been a major cause of human salmonellosis in Europe and 

North America [25]. Outbreak investigations and targeted studies implicated chicken and eggs as 

the source of increasing incidences of infections by this pathogen in human between 2005 and 

2010. From February 3 to October 14, 2014, a total of 363 persons infected with outbreak strains 
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of S. enterica serotypes Infantis, Newport and Hadar were reported from 43 States and Puerto 

Rico, making it the largest live-poultry-associated salmonellosis outbreak in the USA [26]. Despite 

the deployment of several control strategies, Salmonella remains a significant challenge for the 

food industry. In Canada, salmonellosis was one of the three most common enteric bacterial 

diseases in 2010 with the serovars Enteritidis, Heidelberg and Typhimurium being the most 

frequently implicated in diseases [27]. Preventive measures like vaccination in chickens against 

targeted serovar reduced illness caused by S. Typhimurium, however, incidences caused by 

Enteritidis remains unchanged [9]. The control of Salmonella is difficult because of its ability to 

survive during food production, processing, storage and improper cooking. For example, during 

broiler processing, scalding and water chilling are used for picking and for reducing the 

temperature of carcasses. These practices can provide opportunities for cross contamination by 

pathogens of carcasses. The improvement of processing techniques in food industries could 

contribute to a decrease in the costs related to foodborne illnesses and deaths. 

2.1.4. Staphylococcus aureus 

Staphylococcus aureus is an opportunistic pathogen which is responsible for many infectious 

diseases in humans and animals. Beside the four described biotypes of S. aureus: (human, bovine, 

and poultry) and a new biotype, P-like pA (Poultry-like protein A positive) biotype isolated from 

meat products, employees of slaughterhouses and meat processing plants has also been described 

[28]. This bacterium is a leading cause of intra-mammary infections in cows (mastitis), reduction 

of milk quality and yield that lead to major economic losses for the dairy industry. In poultry, S. 

aureus induces infections having major impacts on the fertility and productivity of breeder flocks. 

Infections by S. aureus can occur in the joints or as a generalized infection (septicaemia). Diseases 

including synovitis with arthritis, osteomyelitis, and dermatitis are important causes of economic 

costs associated to S. aureus in chicken. In humans, S. aureus is commonly associated with serious 

community and hospital-acquired (nosocomial) infections [29]. The P-like pA+biotype strains, 

previously described solely in meat products and meat-industry workers has been recently reported 

in hospitalized patients and extra-hospital carriers [30]. Staphylococcal intoxication is one of the 

most common bacterial foodborne diseases in many countries with meat and meat products being 

regarded as among of the leading vehicles for transmission of S. aureus [31]. The control of S. 

aureus infections has become more difficult because of the emergence of multidrug-resistant 
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strains like MRSA livestock [32]. Therefore, the search for innovative control strategies of this 

bacterium has received new interest [33]. 

2.1.5. Escherichia coli 

Escherichia coli O157:H7 is known to be shed by asymptomatic carrier animals like cattle. 

However, in humans, this pathogen is associated with hemorrhagic colitis and hemolytic uremic 

syndrome [34], and causes attaching and effacing (A/E) lesions on intestinal tissues characterized 

by an intimate adherence to enterocytes and brush border effacement [35]. This bacterial process 

is orchestrated by a type three secretion system (T3SS) that enables E. coli O157:H7 to provoke 

numerous cytoskeletal reorganizations and cell damage [36]. The meat industry suffers economic 

losses due to product recalls related to the contamination with E. coli O157:H7. In 2002, about 19 

million pounds (7.09 million kg) of raw ground beef was recalled due to O157:H7 contamination 

and the estimated illness costs related to O157:H7 infection from all sources were estimated at 

$405 million including $350 million for premature life loss and $30 million for medical care [37]. 

The recent June 2016 recall of 3,586-lbs (1,626.6 kg) of beef in USA 

(http://www.fsis.usda.gov/wps/portal/fsis/topics/recalls-and-public-health-alerts/recall-case-

archive/archive/2016/recall-049-2016-release) showed the evident need of developing strategies 

allowing efficient controls of O157:H7 in the food chain [38]. 

2.1.6. Listeria monocytogenes 

L. monocytogenes is a Gram positive facultative intracellular pathogen causing clinical or 

subclinical infections in animals and is a potentially fatal foodborne disease of humans. The 

bacterium is widespread in the environment, mammals and birds [39]. This bacterium is of concern 

in ready-to-eat meat and poultry products that allow its persistence and growth during storage even 

at 4°C [40]. In USA, listeriosis is a leading cause of death associated with foodborne illnesses with 

an estimate of more than 2,500 infected persons each year, resulting in several reported deaths 

[41]. The virulence of L. monocytogenes is multifactorial including the pleiotropic regulator of the 

virulence gene cluster prfA involved in biofilm formation, the gene cluster (plcA, hly, mpl, actA, 

and plcB), and the inl family of invasion genes [42]. The strategies used by industry to control L. 

monocytogenes during storage include application of treatment (antimicrobial agents) or process 

to reduce or eliminate the bacterium number or growth and the use of sanitation and 

microbiological testing program [40]. However, despite all these efforts, this bacterium continues 

http://www.fsis.usda.gov/wps/portal/fsis/topics/recalls-and-public-health-alerts/recall-case-archive/archive/2016/recall-049-2016-release
http://www.fsis.usda.gov/wps/portal/fsis/topics/recalls-and-public-health-alerts/recall-case-archive/archive/2016/recall-049-2016-release
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to be a serious challenge for the food industry and a public health issue. The March 2014 recall of 

chicken meat due to a possible L. monocytogenes contamination 

(http://www.inspection.gc.ca/about-the-cfia/newsroom/food-recall-warnings/complete-

listing/2014-03-20/eng/1395396736687/1395396746170) is an example of economic loss to the 

meat industry due to this pathogen. 

2.2. Antimicrobial resistance in foodborne bacteria and food safety 

The overuse of antibiotics not only for therapeutic purposes in agriculture but also for promoting 

animal growth created a global threat to public health in terms of emergence and spread of 

antibiotic resistant bacteria from food producing animals (Table 2.1). In 1961, it was shown in the 

United Kingdom (UK) that the proportion of tetracycline resistant E. coli isolates from poultry 

rose from 3.5% to 63.2% in the four-year period upon introduction of this antibiotic in 1957 [43]. 

The CDC reported that at least 2 million people become infected with antibiotic resistant bacteria 

among which at least 23,000 people die each year as a direct result of these infections 

(http://www.cdc.gov/drugresistance/threat-report-2013/). The WHO considered antibiotic 

resistance as a “global threat”, stating that more than 25,000 people die each year in the European 

Union (EU) of infections caused by antibiotic resistant bacteria [44]. To confer safety, authorities 

have been pressured to eliminate the unnecessary use of antibiotics as growth promoters which has 

been banned in Europe since January 2006 [43]. Unfortunately, the steps taken in the EU have not 

been replicated elsewhere in the world. In Canada and USA, action plans have been developed to 

deal with the problem of antibiotic resistance in bacteria in the food chain. The regulatory measures 

recommended by WHO include the use of antibiotics only following prescription, and the use of 

important clinical drugs like fluoroquinolones only to treat animals when fully justified [44]. The 

efficient control of foodborne pathogens and the increase of antibiotic resistance continue to be a 

major concern to consumers, regulatory agencies and food industries all over the world. Despite 

its evident role in the selection and spread of antibiotic resistant bacteria, the practice of 

unnecessary use of antibiotic in food animal is still a controversial issue.  Hence it seems an 

obvious and important way forward to discover a solution acceptable to the concerns of consumers 

about chemical residues in food and the trend to choose natural, healthful, and safe food [45]. 

Consequently, the development of more “natural” antimicrobial compounds having a reduced 

potential to select resistance in clinically important bacteria could be a possible pathogen 

mitigation approach to increase food safety. 

http://www.inspection.gc.ca/about-the-cfia/newsroom/food-recall-warnings/complete-listing/2014-03-20/eng/1395396736687/1395396746170
http://www.inspection.gc.ca/about-the-cfia/newsroom/food-recall-warnings/complete-listing/2014-03-20/eng/1395396736687/1395396746170
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Table 2.1. Foodborne bacteria and their antimicrobial resistance in poultry. 

Foodborne 

bacterial 

species 

Antibiotic resistance of concerns Reference 

C. perfringens Erythromycin, lincosamides clindamycin, tetracycline, 

oxytetracycline, bacitracin, virginiamycin and sulfonamides  

[46, 47] 

E. coli Carbapenem, fluoroquinolone, amoxicillin, tetracycline, 

trimethoprim, sulfonamides and cephalosporins  

[48] 

C. jejuni Erythromycin, ampicillin, fluoroquinolones, aminoglycoside, 

tetracycline, nalidixic acid, sulfonamides, ciprofloxacin, and 

erythromycin 

[49] 

Salmonella  Ampicillin, chloramphenicol, streptomycin, sulphonamides, and 

tetracyclines (ACSSuT chromosomic); extended spectrum 

cephalosporins and quinolone 

[50, 51] 

S. aureus Methicillin [52] 

Arcobacter  Ciprofloxacin and erythromycin [53] 

 

2.3. Natural antimicrobials for food use 

Natural antimicrobials can be found in plants, animals and microorganisms, in which they 

constitute a part of host defense mechanisms against their pathogens [54]. For example, in plants 

secondary metabolite polyphenols are developed to fight against phytophagous insects, fungi or 

bacteria [55]. Compounds derived from plants (herbs, spices and fruits) have been shown to 

possess antimicrobial activities against various bacteria including foodborne pathogens [56, 57]. 

Several plant extracts contain active bio-components inhibiting the growth of, or kill, Salmonella 

spp., E. coli O157:H7, and L. monocytogenes [58]. During processing, food antimicrobials have 

been traditionally used to prevent food spoilage, as well as for cleaning and sanitation of equipment 

surfaces and surrounding environments. Moreover, in modern food industries, minimally 

processing methods are encouraged in order to obtain safe products having a natural or ‘green 

image’ [58]. In order to reduce health hazards and economic losses due to foodborne 

microorganisms, the use of natural plant products as antibacterial agents, like bioactive 

components of berries, seems to be a potential approach to control the growth of pathogenic 

bacteria in the food chain. 
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2.4. Use of berry extracts as antimicrobial agents 

While several natural compounds with activity against bacterial pathogens have been identified, 

most have undesirable properties limiting thus, their usefulness [59, 60]. The undesirable 

characteristics include strong odors, corrosiveness, instability, and poor solubility in water. The 

properties of most of the berry extracts, notably their efficacy against Gram positive and Gram-

negative bacteria, their relative solubility in water and lack of odor, suggest that they have potential 

to control foodborne pathogenic bacteria in food production and processing industries. The most 

important commercial berry fruits produced in North America include American cranberries (V. 

macrocarpon), highbush (Vaccinium corymbosum) and lowbush blueberries (V. angustifolium,) 

strawberries (Fragaria x ananassa) as well as red raspberries (Rubus idaeus). These different 

berries are popularly used in human diets either fresh or processed because of their high levels of 

polyphenols, antioxidants, vitamins, minerals and fibers [61]. Along with the use of berry extracts 

as ingredients in functional foods and dietary supplements, berry compounds have gained interest 

due to their effect against pathogenic bacteria. Berry extracts have been indicated as new types of 

antimicrobials, which could control a wide range of pathogens and may overcome the issue of 

antibiotic resistance. To provide a basis for understanding the complexities of various bioactive 

compounds present in berries, this review paper compiles current information about the 

antibacterial properties of the American cranberry (V. macrocarpon), lowbush blueberry (V. 

angustifolium), and strawberries (Fragaria x ananassa) extracts and their effects against 

foodborne pathogens.  

2.4.1. Cranberries 

Cranberry is a perennial plant from the Ericaceae family with two types of varieties: the most 

cultivated American cranberry (V. macrocarpon) and its wild relative European cranberry (V. 

oxycoccus). Of the 500-700 million pounds (186.6-261.3 million kg) of worldwide commercially 

produced cranberries about 85% is from the norther USA and about 15% is from Canada [62, 63]. 

Most of the commercially produced cranberries are processed and only 5% of the annual crop is 

harvested for fresh fruits [64]. Cranberry juice represents 60% of the produced fruits [65]. The 

antimicrobial properties of berry phenolics gained a popularity in April 2004 when the French 

Food Safety Authority issued the first ever health claim that “cranberry proanthocyanidins (PACs), 

http://www.thecanadianencyclopedia.ca/article/cranberry/
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in a daily dose of 36 mg, helped in reducing the adhesion of certain E. coli to the urinary tract” as 

reviewed by Côté et al (2010) [66].  

2.4.1.2. Bioactive compounds and antibacterial activities of cranberries 

Cranberry fruits are important sources of vitamin C, vitamin A, calcium, iron, folate, magnesium 

and manganese [61]. Flavonoids are the major component among over 150 individual 

phytochemicals identified so far in cranberries [67]. The presence of both A- and B-type PACs as 

well as a high concentration of oligomers and polymers in cranberries is linked to its bacterial anti-

adhesion activities [68, 69]. The effects of anthocyanins (ACYs), PACs, and flavonols which are 

the three major active components in cranberries, were extensively studied on various health 

benefits. Until now, 13 different ACYs have been identified with galactosides and arabinosides of 

cyanidin and peonidin being the major ACYs in cranberry [66]. With its content range from 20-30 

mg/100 g of fresh fruits, cranberry represents a good source of flavonols, and quercetin is its most 

abundant flavonols [70]. The most unique aspect of cranberry polyphenols is the occurrence of A-

type linkages (C2→O→C7) between epicatechin units which is thought to provide its in vitro 

antibacterial activities [71, 72]. The average content of PACs can average 410 mg/100 g fresh 

fruits weight [68, 73]. Cranberries contain a significant level of free and bound benzoic and other 

phenolic acids. These phenolics are bound to complex carbohydrates or other macromolecules 

making their isolate characterization difficult [67]. Around 14 different benzoic and phenolic acids 

in cranberry juice have been isolated among which, p-coumaric acid is the most prevalent 

hydroxycinnamic acid [68, 69]. In contrast to phenolics, little investigations have been conducted 

on the non-phenolic constituents in cranberry [74]. Terpenes, including volatile compounds like 

myrcene, nerol, limolene and α-terpineol, are responsible for the flavor and aroma of cranberries. 

Cranberry contains an average of 60-110 mg/100g of ursolic acid (UA) that provide its potential 

anti-cancer activities (Table 2.2).  

Of all berries, the antibacterial activities of the American cranberry (V. macrocarpon) extracts are 

the most extensively studied and documented. The minimal inhibitory concentration (MIC) values 

of different cranberry products against various foodborne pathogenic bacteria are depicted in Table 

2.3. However, it is difficult to draw any conclusion in evaluating the antibacterial activities because 

of the type of cranberry products used and methodologies performed to generate results. The 

Clinical Laboratory Standard Institute’s (CLSI, 2012) methods including disk diffusion, agar or 



 

 

17 

 

broth dilution for susceptibility testing, which is principally designed for traditional antibiotics 

have been directly applied or modified to evaluate antimicrobial activities of cranberry extracts. 

Thus, variations in products and methodologies like extraction methods, cranberry products, 

bacterial inoculum, growth phase, culture media, pH of the media, and incubation conditions 

(times and temperatures) have made it complicated to compare the published data. However, 

cranberry extracts have been found to inhibit the growth of Salmonella, E. coli, C. perfringens as 

well as of Staphylococcus, Listeria, Helicobacter, Bacillus and Campylobacter species at varying 

concentrations (Table 2.3).  It could be hypothesized that phytochemicals present in cranberry 

products have different pleiotropic modes of actions against bacteria. Furthermore, synergistic 

antimicrobial activities between its bioactive content might confer a broad-spectrum antimicrobial 

capacity while decreasing effective doses and limiting potential development of resistance [75]. 
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Table 2.2. Composition of berry fruits (mg/100 g of fresh fruits). 

Berries TPC ACYs Flavonols Flavan-3-ols 

(catechins) 

PACs  Hydroxyc

innamate 

esters 

Ursolic 

acid 

(UA) 

Ellagi

tanni

ns 

Chlorogeni

c acid 

Sterols 

(sitosterol) 

Cranberry 315 95 48 11 505 15-20 60-110 -- -- -- 

Blueberry 106-435 150-200 57.1 -- 332 -- -- -- 34.3-113.8 26.4; (22.2)  

TPC = Total phenolic content; ACYs = Anthocyanins; PACs = Proanthocyanidins 

-- = Not detected 

The values are adopted from [66, 76-82] .
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2.4.1.3. Cranberries in food systems 

Consumers and producers require that healthy foods be produced and preserved more naturally, 

avoiding the use of antibiotics and other chemical additives during processing. Due to their 

multiple constituents mentioned above, cranberry extracts could be developed and used as natural 

food preservatives. The possible problems with the application of cranberry extracts in foods 

include their vulnerability to temperature, pH, and oxygen (oxidation). Furthermore, a wide range 

of discrepancies were reported when cranberry products were utilized in neutral pH rather than 

their native pH. In ground beef patties, it was reported that in their native pH 2.2 cranberry 

concentrates at 2.5%, 5% and 7.5% (w/w) reduced 1.5 log, 2.1 log and 2.7 log CFU/g of total 

aerobic bacteria, respectively; and at the same time the reduction of E. coli O157:H7 number was 

0.4 log, 0.7 log and 2.4 log CFU/g, respectively, when compared to the control on day 5 [38]. The 

synergistic antibacterial effects of cranberry extracts with selected other bioactive compounds 

were investigated in meat. Accordingly, it was shown that synergistic activities of essential oils 

like oregano with cranberry extracts restricted the growth of L. monocytogenes both in meat and 

fish systems [83, 84]. For example, final bacterial numbers on beef slices treated with an oregano-

cranberry mixture were about 1.5 log and 2.5 log lower when compared to those of slices treated 

with either pure oregano or cranberry extract, respectively. Similarly, in fish fillets, viable bacterial 

counts were 0.8 and 1.6 log lower compared to those of slices treated with either pure oregano or 

cranberry, respectively [83].  

Interestingly, feeding pigs with a cranberry pulp supplement was reported to have a beneficial 

effect on the microbiological profile of their meat during a cold storage condition [85]. These 

authors observed no growth inhibition of Lactic acid bacteria (LAB) which remained the prevailing 

microflora on pork meats stored under anaerobic conditions [85]. Thus, LAB might exert a 

competitive exclusion against potential pathogenic bacteria like coliforms, Pseudomonas spp., 

Salmonella spp. and eventually increased the shelf life of anaerobically packaged meats compared 

to the aerobic counterpart [85]. A commercial whole cranberry fruit extract at a concentration of 

40 mg/kg of feed induced low early mortality rates in birds while not altering any broiler meat 

proximal properties [86]. Moreover, our group recently reported that the non-dialyzable materials 

(NDMs) of cranberry extract enhanced bacterial susceptibility to immuno-defense mechanisms in 

birds and could be used as immunomodulators against infections [87]. A synergistic activity 

between cranberry fractions and methicillin were observed in vitro against MRSA [88]. These 
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authors also reported synergistic effects between such fractions with amoxicillin in reducing S. 

aureus counts in infected mice mammary glands. These observations indicate that more works are 

needed to establish the possible applications of cranberry extract in the agri-food sector as 

preservatives and to help reduce antibiotic usage in animal food production. 
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Table 2.3.Minimal inhibitory concentrations (MICs) of different cranberry components against pathogenic bacteria. 

Cranberry component Bacterial strains Test method MIC Reference 

Lyophilized cranberry 

 

Listeria 

monocytogenes, 

Staphylococcus aureus 

and Salmonella 

Typhimurium 

Plate count method Dry powder at a concentration of 

10 mg/mL inhibited L. 

monocytogenes, S. aureus and S. 

enterica 

[89] 

Cranberry juice E. coli ATCC 10538, 

Pseudomonas 

aeruginosa ATCC 

27853 

Agar-well diffusion 

method 

No antibacterial effects at the 

concentration of 50, 200, and 500 

µg/mL 

[90] 

Cranberry phenolic fraction: 

water/methanol (85:15, v/v) 

apolar phenolics (flavonols, 

flavan-3-ols and 

proanthocyanidins): 

acetone/methanol/water 

(40:40:20, v/v); 

anthocyanins: 

methanol/water/acetic acid 

(85:15:0.5, v/v/v) 

Seven bacterial strains 

(Enterococcus faecium 

resistant to vancomycin 

(ERV), E. coli 

O157:H7, L. 

monocytogenes, P. 

aeruginosa, S. 

Typhimurium, and S. 

aureus 

The microdilution 

broth 

P. aeruginosa: 25.20 μg 

phenol/well 

S. aureus: 25.20 μg phenol/well 

L. monocytogenes: 50.4 μg 

phenol/well 

E. coli O157:H7: 50.40 μg 

phenol/well 

S. enterica Typhimurium: 50.40 μg 

phenol/well 

ERV: 12.60 μg phenol/well, no 

inhibitory effect with cranberry 

juice concentrations 

[70] 

Żuravit S·O·S® (Herbapol, 

Lublin, Poland) – 

concentrated extract of 

cranberry in capsules 

E. coli The microdilution 

broth 

MICs of cranberry extract were 38 

mg/mL for E. coli 8, and 55 mg/ml 

for E. coli 269 

[91] 
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Proprietary cranberry 

extracts 

S. epidermidis, S. 

aureus and E. coli 

The microdilution 

broth 

MIC of 0.02 mg/mL against S. 

epidermidis; less effective against 

the Gram-negative E. coli (MIC 

10 mg/mL) 

[92] 

Fraction from cranberry 

juice and three extracts of 

cranberry fruits and pomace 

P. aeruginosa, S. 

aureus, L. 

monocytogenes, E. coli, 

E. coli O157:H7, S. 

Typhimurium and ERV 

96-well microtiter 

plate method 

modified protocol 

MICs between 10-100 mg 

phenol/mL 

[93] 

Cranberry press cake 

extracts 

S. aureus The microdilution 

broth 

MIC of 1 mg/mL [88] 

A phenolic free 

carbohydrate fraction 

extracted from cranberry 

E. coli CFT073 and 

MG1655 

The microdilution 

broth 

A concentration of 1.25 mg/mL 

reduced biofilm production of E. 

coli CFT073 

[74] 

Aqueous and methanol 

extracted cranberry fruit 

powder 

E. coli O157:H7 Agar gel diffusion 

assay and broth 

dilution assay 

MIC of aqueous and methanol 

extract is 0.625 and 0.35 mg/mL, 

respectively 

[94] 
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2.4.1.4 Mechanism of action of cranberries 

Although the antimicrobial activities of the pure phenolic compounds from cranberry have been 

widely studied against Gram negative and Gram-positive bacteria, there is still very little 

information available on their mechanisms of action against bacteria. This could be explained in 

part by the inconsistency of in vitro and in vivo results and the bioavailability of cranberry 

phytochemicals during evaluations [69]. 

According to Puupponen-Pimia et al. [95], E. coli CM 871 strain lacking DNA repair mechanisms 

was strongly (number of viable bacteria decreased below the detection limit) affected by phenolic 

compounds of berries suggesting the potential mutagenic activities of berry phenolics against this 

E. coli strain. The growth inhibition in Gram-negative bacteria, by cranberry products starts with 

the disruption of the outer membrane, allowing the transport of the products inside the bacterial 

cell to inhibit the genes transcription [38, 95, 96]. Bacteria principally adhere to the host receptors 

of the mucosal surfaces via hydrophobic interaction in order to internalize host tissues [97]. This 

adhesion can be affected either by reducing formation and expression of adhesins (the release 

and/or the formation of defective adhesins) or by interfering with the functionality of adhesins 

(binding). Some cranberry bioactive compounds like fructose and PACs prevent the adhesion of 

bacteria to the mucosal surface by binding to the type 1 fimbriae and p-fimbriae, respectively [69, 

95]. Due to the presence of A-type linkages in its PAC, cranberry constituent exerts anti-adherence 

activities against uropathogenic P-type E. coli [71, 72, 98]. Cranberry compounds seem to act as 

receptor analogs either by competitively inhibiting the adhesion of bacterial cells to the urothelium 

or by changing the conformation of fimbrial length and density [99]. Moreover, cranberry extracts 

and their microbial-derived phenolic metabolites (like catechol, benzoic acid, vanillic acid, 

phenylacetic acid and 3, 4-dihydroxyphenylacetic acid), apart from A2 and other A-type PACs, 

might be responsible for the anti-adhesion activity [100, 101]. As the inhibitors of adhesion are 

mostly not bactericidal, unlike antibiotics, the selection of resistant strains might not occur. It has 

been reported that treatment with cranberry PACs could inhibit Salmonella invasion and 

enteropathogenic E. coli pedestal formation, likely by perturbing the host cell cytoskeleton by 

PACs rather than by effects on bacterial virulence itself [102]. Thus, the development of anti-

adhesion agents from cranberry products may lead to new therapeutic strategies that are urgently 

needed to control the worldwide increase in antibiotic resistant bacteria [103]. 
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It was initially hypothesized that the antibacterial activity of cranberry was caused by its low pH.  

Lower pH of cranberries created an acidic environment both outside and inside of cells, which 

increases the acetate and potassium ions concentration in cells [104]. As a result, the accumulation 

of organic acid anion on the bacterial cell membrane ultimately increased osmotic stress and lead 

to its destabilisation [104, 105].  At the molecular level, cranberry concentrate was found to 

markedly downregulate hdeA (cell envelope protein), slp (outer membrane lipoprotein), and cfa 

(cell wall phospholipid synthesis) genes in E. coli O157:H7, whereas the expression of the ompC 

(outer membrane protein), and osmY (periplasmic membrane protein) were slightly affected [38].  

Cranberry constituents, like condensed tannins (flavonoids) and phenolics, could possibly act as 

iron chelators or iron-binding motifs [55, 106, 107]. The effect of iron sequestration by phenolics 

was observed by differential gene expressions in E. coli involved in up-regulation of the iron 

acquisition systems. In a DNA array-based approach, the downregulation of several genes like ent, 

feo, fep, fhuA, tonB involved in iron uptake in E. coli was reported by Gonzalez, 2009 [55]. The 

authors showed that the treatment of E. coli with cranberry decreased the expression of ompF 

genes and induced an overexpression of the tolQ and gad genes associated with membrane 

functions, maintenance of ionic balance and protection against high-proton-concentration 

environments [55].  

Cranberry extract has shown strong antimicrobial activity against Gram positive bacteria including 

B. cereus, C. perfringens, Staphylococcus spp. [108, 109]. These studies reported that its NDMs 

can bind or mask hydrophobic proteins of bacterial cell surface and eventually inhibit the 

colonization and the biofilm formation. Due to the presence of fibrin, the biofilm of S. aureus is 

usually resistant to physical treatment than other bacteria. Lyophilized cranberry phenolic 

compounds like tannin showed a bactericidal activity against S. aureus and L. monocytogenes 

along with the inhibition of the fibrin formation [110, 111]. The effect of cranberry extract from 

fresh fruit press cake revealed a transcriptional signature on the S. aureus cell wall biosynthesis 

similar to the cell-wall acting antibiotics like oxacillin, vancomycin and daptomycin [88].   

2.4.2. Blueberries 

Blueberries, including the lowbush “wild” (V. angustifolium) and highbush (V. corymbosum) as 

well as other types like V. alaskaense, V. boreale, V. caesariense, V. constablaei, are recommended 

by the Food and Agricultural Organization (FAO) as an important healthy fruit. In North America, 
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the lowbush blueberry production covers an area of around 26,483 ha in the U.S.A, mainly in 

Maine, and 43,465 ha in Canada, mainly in Quebec, Nova Scotia and New Brunswick [112]. 

Blueberries are among the fruits and vegetables having high antioxidant activities and sources of 

phytochemicals [113, 114]. Besides inhibition of the growth of cancer cell lines, recent reports 

showed antibacterial effects of phenolic compounds from blueberries [95, 115].  

2.4.2.1. Bioactive compounds and antibacterial activities of blueberries 

Blueberries are an excellent source of flavonoids, procyanidins, flavonols (i.e., kaempferol, 

quercetin, myricetin), and phenolic acids (mainly hydroxycinnamic acids). Lowbush blueberries 

are one of the highest sources of ACYs; delphinidin and malvidin [76-78, 116]. These fruits also 

are rich sources of ellagic acid, chlorogenic acid, hydroxycinnamic acids, quercetin and quercetin-

3-galactose which showed antimicrobial effects against L. monocytogenes, S. Enteritidis, S. aureus 

and E. coli [114]. Chlorogenic and hydroxycinnamic acids have been reported to be the most 

predominant phenolic acids in blueberry having potential effects against the Parkinson’s and 

Alzheimer’s diseases and diabetes [78]. Blueberry is also a source of sterols and stilbenes that are 

effective in lowering cholesterol and provides cardiovascular protection respectively (Table 2.2) 

[80].  

Despite its lower total phenolic and PACs contents, blueberry extracts showed better antimicrobial 

activities (but generally lower than cranberry) than those from raspberry and strawberry [117]. 

Both cranberry and blueberry fractions contained a similar composition of oligomeric PACs; 

however, in blueberry, A-type double linkages make up only a small percentage of PACs and are 

more difficult to separate and purify from blueberry compared to cranberry fractions [118]. As 

compared to raspberry, cranberry and strawberry, a substantial impact of blueberry against H. 

pylori, particularly at lower concentrations, has been established by [119]. As shown in Table 2.4, 

blueberry extracts were found to be effective against S. Enteritidis, Campylobacter, Listeria and 

Shiga toxin producing E. coli O157:H7 [115, 120-122]. The antimicrobial activities of blueberry 

reported against Listeria were inconsistent. While Lacombe, Wu, White, Tadepalli, & Andre 

(2012) found a strong effect of lowbush blueberry against L. monocytogenes, the research group 

of Park, Biswas, Phillips, & Chen, (2011) reported a relatively lower activity of Rabbiteye 

blueberry against this pathogen compared to Salmonella and other Gram negative strains. The 

difference in activity might be due to the different varieties of blueberry used in different studies. 
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However, it was found that phenolic acids and flavonoids especially quercetin and kaempferol and 

also the monoglycoside anthocyanins in blueberries were potential compounds for their 

antibacterial activities [120].  

2.4.2.2. Blueberries in food systems 

As mentioned above, the potential activity of blueberry in supporting the growth of beneficial 

gastrointestinal bacteria, while limiting forborne pathogens, indicates its potential dietary 

application. The impacts of the studied berries on gut microflora are reviewed in section 2.5. 

Berries have been used as alternative to nitrates in meat products because of their ability to reduce 

microbial contamination and their perceived health benefits [123]. A mixture of milk and blueberry 

juice1:1 (v/v) resulted in the reduction by 4 to 7 log CFU/mL of S. Typhimurium, C. jejuni, L. 

monocytogenes and enterohemorrhagic E. coli O157:H7 [121]. These observations suggest a 

possibility of using blueberry extracts or whole blueberry juices in milk and milk products, and 

ready-to-eat foods like salad dressings, deli meats, and salads for pathogen reduction and shelf-

life extension. Therefore, the use of a combination of blueberry products with other natural 

antimicrobial compounds in food processing could provide the desirable reduction of bacteria 

numbers while allowing the use of lower blueberry concentrations to exploit possible synergetic 

activities.  

2.4.2.3. Mechanism of action of blueberries 

The adhesion and invasion abilities of C. jejuni to the cultured human intestinal epithelial (INT407) 

cells and chicken fibroblast (DF1) cells causes significant decreased in the presence and absence 

of blueberry pomace extracts [122]. According to this study, blueberry pomaces seemed to 

decrease cell auto-aggregation (a marker of virulence in several Gram-negative bacteria) and 

motility while increase surface hydrophobicity of C. jejuni. As feed additives in poultry, blueberry 

pomace extracts were reported to influence the expression of C. jejuni flagellar genes like flaA 

with reducing the attachment of this pathogen to chicken fibroblast cells [122]. The flagella-

mediated swimming motility is essential for the translocation and invasion of bacteria. The 

treatment of bacterial cells with the blueberry pomace decreased swimming and swarming motility 

thus affecting bacterial interactions with host cells. Phenolic compounds in blueberries interact 

with outer membrane proteins of microorganisms at low pH conditions and subsequently change 

the Na+/H+ antiporter systems to reduce the tolerance of bacteria to low osmotic environments 
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[123]. Bacteria possess different mechanisms of protection systems, like efflux pumps to remove 

toxic substances, including antimicrobial agents. Blueberry extract showed potential antibacterial 

activity against Salmonella, which implies that blueberry phenolics are effective in weakening the 

efflux pumps of Salmonella [114, 120, 123]. Anthocyanins and phenolic compounds available in 

blueberries probably exert their actions by destabilizing lipopolysaccharides (LPS) and increasing 

the efflux of ATP from the cytoplasm of S. Typhimurium [89, 117]. Khalifa et al. (2015) reported 

in Vibrio cholera that the expression of tcpA was reduced by the sub- bactericidal concentrations 

(1.25% w/v) of blueberry without affecting the expression of the transcriptional activator toxT. 
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Table 2.4. Minimal inhibitory concentrations (MICs) of different blueberry components against pathogenic bacteria. 

Blueberry 

component 

Bacterial strains Test method MIC Reference 

Lowbush blueberry 

extract 

E. coli O157:H7, Listeria 

monocytogenes, S. 

Typhimurium, and  

Lactobacillus rhamnosus 

Agar diffusion assay 

and two-fold dilution 

series 

173.08 mg/L of anthocyanins 

and proanthocyanidins) 

demonstrated the lowest 

MICs/MBCs 

[115] 

Blueberry 

(Vaccinium 

corymbosum) leaves 

and fruits 

E. coli, S. aureus, L. 

innocua, E. faecium, B. 

cereus, S. Enteritidis, 

Lactobacillus, 

Streptococcus, P. 

aeruginosa  

Well diffusion assay Gram positive bacteria tested 

were susceptible more than 

Gram negative bacteria at the 

MIC 50 mg/mL, Lactobacillus 

(LAB) were not inhibited by 

the extracts 

[124] 

Four blueberry 

cultivar extracts 

L. monocytogenes, S. 

Enteritidis                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

Agar dilution method 

with modification of 

using broth instead of 

agar 

MIC value for L. 

monocytogenes 300 mg/mL, 

and for S. enterica Enteritidis 

450 mg/mL 

[114] 

Blueberry pomaces C. jejuni The microdilution broth MIC of blueberry pomace: 0.4 

mg/mL 

[122] 

Two New Zealand 

blueberry 

cultivars 

 

 

Blueberry pomace 

extract 

L. rhamnosus NZRM 299 

and Bifidobacterium 

breve NZRM 3932 

 

 

S. Gallinarum and S. 

Pullorum 

Bacterial cells were 

inoculated into 10 and 

25% of blueberry 

extracts and cells were 

counted on agar plates 

Cells grown in LB and 

MRS broth with 1.0 to 

2.0 mg GAE/mL 

blueberry pomace 

extracts 

Blueberry extracts are 

effective at promoting the 

growth of L. rhamnosus and B. 

breve both under in vitro and 

in vivo conditions. 

2.0 mg GAE/mL of blueberry 

pomace extract reduced the 

growth of both strains by more 

than 5 logs at 24 h but did not 

affect the growth of probiotic 

Lactobacillus plantarum. 

[125] 

 

[126] 
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2.5. Impact of berry extracts on gut microbiota 

The impact of polyphenols on gut microbiota and their implications on human health have been 

reviewed by Cardona et al. (2013). It seems to be evident that dietary polyphenols can modify the 

intestinal microflora by increasing the bacterial diversity. In this review, we highlight few 

examples of impacts of berry phenolics on beneficial microflora to promote gut health. The growth 

stimulation of probiotic bacterial species while inhibiting pathogens was reported after treatments 

with blueberry juice [95, 108, 121]. The degradation by gut microflora of polymeric PACs to 

generate less complex and easily absorbable aromatic acids was reported; these aromatic 

compounds seem to be associated to health benefits of polyphenol rich diets [69]. Consumption of 

wild blueberry drinks (250 mL/day) in male volunteers was found to increase the population size 

of Bifidobacteria, which promotes the regression of several gastrointestinal disorders [127]. 

Several studies demonstrated the synergistic effects of blueberry and probiotic bacteria on the 

population size of Lactobacillus and Bifidobacteria in healthy rats, thereby improving gut health 

[125, 128]. Interestingly, water extracts of blueberry were found to promote the growth of 

beneficial gastrointestinal Lactobacillus and Bifidobacterium [95, 121, 125]. Feed 

supplementation of organic broiler chickens with a diet supplemented with 3.0% highbush 

blueberry pomace promoted Bacteriodes and reduced intestinal populations of Escherichia, 

Enterococcus and Clostridium spp. [129]. Using 16S rRNA analyses these authors revealed that 

the gut bacterial community of organic broiler chickens fed with 3.0% pomace was composed of 

79.0% Lactobacillus and 6.4% Bacteroidetes. Successful application of purified components like 

tannins (stable polyphenols found in Vaccinium berries) or fruit by-product (berry pomace) in 

poultry production hold promising results for animal nutrition in terms of efficacy as well as from 

an economical point of view [130]. Nevertheless, much work needs to be done to establish the 

nature of shifts of gut microbiota populations in response to different berry feeding regimes. 

2.6. Toxicity, stability, and limitations of berry extracts 

Since many plant polyphenolic compounds are often toxic against phytopathogens and insects, it 

is important to accurately identify their non-toxic doses and quality for human or animal use. The 

use of phenolic components may induce toxicity due to their prooxidant activity, apoptosis-

inducing properties, and interaction with drug-metabolizing enzymes [131]. However, no 

observable toxicity was reported after the administration of a mega-dose (2 g/kg body weight) of 

grape seed PACs or trans-resveratrol (20 mg/kg of body weight per day). Although quercetin has 
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been shown to cause chromosomal mutations in vitro, the significance of this finding for humans 

is not clear due to lack of long-term safety data [132]. The effectiveness of most of the plant 

phenolic-rich extracts largely varies with their processing, which may reduce stability and 

availability of their active phytochemicals. In this context, the pH and polarity are the two most 

prominent factors influencing the effectiveness of a food antimicrobial. Furthermore, hydrophobic 

properties of berry extracts are important for their antimicrobial action. Partial hydrophobic 

phenolic acids (like gallic acid and hydroxycinnamic acid) of cranberry pomace destabilize 

bacterial membranes [133]. However, the issue of solubility of these substances in water could be 

a limiting factor for their use in foods [134]. Due to limited knowledge in absorption and 

bioavailability of berry phytochemicals, it is difficult to provide specific guidelines on dietary 

intake of their extracts. Presently, there is a gap between the knowledge of in vitro and in vivo 

effectiveness of polyphenols as antimicrobial agents. In most cases, the dose required to combat 

pathogens is considerably higher in comparison to laboratory media. The use of such high doses 

can affect the organoleptic properties of produced food. Crude extracts generally contain 

flavonoids and carbohydrates which can decrease effectiveness against some bacteria. In many 

antimicrobial assays, purified cranberry PACs produce a marked inhibition compared to crude or 

mixed extracts. This additional purification poses an economic consideration. Beside purified 

PACs, other compounds in cranberry possessing antibacterial properties could be used alone, or in 

combination, to enhance overall protection against infections. Hence it is worthwhile to identify 

and characterize the fruit extracts for use in food products. Moreover, investigations including 

standardization of products are urgently required on the in vivo effects of berry extracts in animals 

and their potential efficacy in humans. 

2.7. Chicken gut microbiota and its interaction with diet 

Gut microbiome has evolved with the host toward a symbiotic relationship where they benefit the 

host in nutrient absorption, feed digestion, and immune modulation. Gut microbiome can be 

affected by diet, and different dietary interventions are used by poultry producers to enhance bird 

growth, maximize host feed utilization, and reduce risk of enteric infection by pathogens [17]. As 

for example, high digestible dietary protein enhances the absorption of amino acids (AA) in the 

upper small intestine that contributes competitive advantage to the host and provides less available 

nutrients for the amino acid-dependent bacteria like Lactobacillus, Clostridium perfringens [135]. 

The lower pH, bile salt, and mechanical grinding at the upper part of the intestine reduced the 
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growth of bacteria and increased nutrient uptake by the host's cells. As digestion progresses, there 

are less digestible AAs available and bacteria with complex nutrient requirements get access to 

utilize the more resistant nutrients for their metabolism. When more proteins bypass the ileum, 

there will be a higher probability of cecal putrefaction that generates toxic compounds like amines, 

indoles, phenols, cresol, and ammonia results decreased performance of the bird [135]. Poultry 

digestion can be divided into 3 parts: physical digestion at the gizzard, chemical (acid) digestion 

at the upper part of the stomach (crop), and microbial fermentation in the lower part of the small 

intestine and of the entire large intestine [136]. Faster digestion, occurring earlier in the 

gastrointestinal tract, is desirable as it reduces the amount of microbial protein production in the 

small intestine, and reduce expression of endogenous proteinaceous secretions for immune 

defense. This will ultimately improve the feed conversion efficiency of poultry production [135]. 

Dietary inclusion of AGP has been practiced in the livestock industry for more than 50 years [17] 

to improve the bodyweight of animals. Although there is no clear explanation behind antibiotic-

mediated growth enhancement [18], the most accepted mode of action of AGPs is through 

modulation of the intestinal microbiome [19]. AGP reduces the bacterial numbers in the small 

intestine, in parallel with the capture of amino acids and other nutrients by the host epithelium by 

reducing microbial competition [135]. 

The ceca, situated at the distal intestine consists of two blind pouches, which have a slow passage 

rate, and a more ideal habitat for diverse community structures than other digestive organs. Caeca 

is the major site for fermentation, which contains a high abundance of anaerobic bacteria that play 

a central role in metabolizing polysaccharides. Caeca gut microbiota may break complex 

polysaccharides to their compositional sugars, which can then be fermented into short-chain fatty 

acids (SCFAs), primarily acetate, propionate, and butyrate utilized by the host as energy and 

carbon source [17]. Microbes in ceca utilize resistant protein to produce branched-chain fatty acids 

(BCFA) or straight-chain volatile fatty acids (VFA). For example, the amino acids valine, leucine, 

and iso-leucine in the diet are converted into iso-butyrate, 2-mthyl-butyrate, and isovalerate, 

respectively [135]. Several genes for polysaccharide degrading enzymes like carbohydrate 

esterase, polysaccharide lyase, and glycoside hydrolase, which are lacking in chickens, are 

reported in the cecal metagenome and could be contributed by the gut microbiome [137]. Dietary 

protein sources like soybean meal and fermented cottonseed meal increase the Lactobacillus and 

decreases the number of coliforms in the cecum of broiler chickens [17]. Lactobacillus and 
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Bifidobacteria (10% each in ceca) are beneficial bacteria that stimulate growth and activity of 

other health promoting bacteria and have been termed probiotic [16]. Lachnospiraceae and 

Ruminococcaceae are two of the dominant family in ceca, which utilizes recalcitrant 

polysaccharides to improve the overall energy absorption from the diet [135].   

Diets containing non-starch polysaccharides (NSP) using barley, wheat, and rye increase digesta 

viscosity, which may increase NE incidence. Increased level of dietary protein resulted in a higher 

C. perfringens counts independent of the protein source used [138]. Animal diets like fish meal 

favor the growth of C. perfringens in the hindgut of chicken unlike chickens fed a diet with soy 

oil [17]. However, detailed experiments need to be done to prove this claim. In anaerobic 

conditions, a poorly digested protein normally predominates in animal by-product feeds provide 

significant amounts of cysteine, glycine, and proline that enhance the colonization of C. 

perfringens in the small intestine. Moreover, proteolytic damage of lamina propria causes the sub-

clinical NE that eventually supports mucosa impairment results in reduced body weight, and 

increased mortality [139]. 

2.8. Avian immune system 

The avian immune system is divided into innate and adaptive immunity. Innate immunity is 

characterized by non-specific defense mechanisms acts as the first line of defense providing 

immediate protection against any foreign antigens. The innate immunity system includes physical 

and cellular barriers. Among physical barriers, epithelial layers, body secretions, and mucous 

membranes prevent the access of infectious agents. For example, lower pH, gut microflora 

prevents colonization, growth, and development of invading pathogens in the intestinal tract [140]. 

Phagocytic cells are the common components of the innate immune system include macrophages, 

heterophils, dendritic cells, and natural killer cells (NKC) [140].  

The innate immunity system utilizes a unique mechanism to differentiate antigens from self-

molecules. Antigens are characterized by microbe-associated molecular patterns (MAMPs) on the 

surfaces of microbial membranes, cell walls, proteins, and nucleic acids. The presence of MAMPs 

can be recognized by pattern recognition receptors (PRRs) located on the surface of the immune 

cells triggers innate immune system. Recognition of MAMPs triggers both the innate immune and 

adaptive immune responses. Dendritic cells and macrophages are the key players that detect and 

process the antigens. This leads to the initiation of other immune components like differentiation 
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of lymphocytes into appropriate effector cells. As a result, members of the adaptive immune 

system, particularly B and T lymphocytes induced and modulated to defeat specific pathogens 

[141]. 

The adaptive immune system acts as a second line of defense and offers antigen-specific protection 

to the host. It is further divided into humoral and cell-mediated immunity. Primary lymphoid 

organs like the thymus and bursa of Fabricius are responsible for lymphocyte production and 

development. Once developed, lymphocytes travel to the secondary lymphoid organs like the 

spleen and mucosal-associated lymphoid tissues, where they encounter potential pathogens and 

other antigens and differentiate into effector cells [141]. 

The humoral immune system is primarily mediated by B lymphocytes. In the presence of microbes 

or other antigen exposures, B cells produce specific immunoglobulins (Ig) or antibodies and 

defend the host by three mechanisms; opsonization, neutralization, and complement activation 

[140]. In opsonization, antibodies bind to the pathogen and are engulfed by phagocytes; then 

antigens are neutralized by the antibodies; and cascades of the complement system aid in 

phagocytosis [141]. Chickens carry three main types of Igs, IgM, IgY (also known as IgG), and 

IgA. IgM is found on the surface of B cells and is the first antibody found in circulation during a 

primary immune response. IgY is the most abundant immunoglobulin found in avian blood and is 

the primary antibody produced during a secondary immune response. IgA plays a critical role in 

mucosal immunity. Secretory IgA exists as a dimer and is most concentrated in mucosal surfaces, 

tears, and saliva [141]. 

Cell-mediated immunity is characterized and controlled by T lymphocytes. It can be categorized 

into CD4+ (helper T cells or TH cells) and CD8+ (cytotoxic T cells or TC cells. Helper T cells are 

activated by class II MHC coupled with processed antigen on an antigen presenting cells (APC). 

Once activated, TH cells divide and produce a variety of cytokines to activate B and T lymphocytes 

as well as other immune cells. Overall, innate (non-specific) responses may direct and prepare the 

adaptive (antigen-specific) immune responses that generate a balanced TH1 and TH2 type immunity. 

TH1 promotes inflammation, activation of macrophages, B and T lymphocytes, and inhibits the 

function of TH2 cells. While, TH2 cells stimulate B lymphocyte proliferation, antibody production, 

and inhibit the TH1 function. Cytotoxic T cells are activated by class I MHC, eradicate cells infected 

with intracellular pathogens, for example, viruses, and cancer cells. Moreover, cell-mediated 
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immunity includes Th17 cells that produce pro-inflammatory cytokines IL-17 enhance 

neutrophils, stimulate the production of antimicrobial peptide production, like ß-defensins and 

mucins, and induction of cytokines and chemokines [141, 142]. 

 

Figure 2.1. Avian Immune System. 

2.9. Application of next generation sequencing to explore chicken gut 

Chicken gut microbiota is composed of diverse microbiomes that play central roles in enhancing 

nutrient absorption and strengthening the immune system, thus improving the growth performance 

and health of chickens. As for example, the cecal microbial community has higher diversity than 

other sites of gastrointestinal tract (GIT) [143]. Traditional cultures-based techniques can detect 

only 10% of caeca gut microbiota, predominantly Bacteroids, Clostridia, and Lactobacilli [135]. 

Next-generation sequencing (NGS) technologies like Illumina, Ion Torrent (Life Technologies), 

Pacific Biosciences, Nanopore Sequencing (Oxford Nanopore Technologies), and metagenomics 

can be applied to comprehensively characterize the true diversity and actual composition of the 

intestinal microbiome in poultry. 16S ribosomal RNA gene (16S-rRNA) is a commonly used 

molecular marker gene to identify and classify bacteria. 16S rRNA gene consists of conserved and 

hypervariable regions, which can be amplified with universal primers or specific primers by PCR. 

Some of the valuable resources for 16S rRNA gene-based studies are RDP, Greengenes, GenBank, 

and Silva databases [144]. Over the past decades, the advancement of metagenomic studies has 

enable a more in-depth understanding of complex microbial communities with the intestinal tracts 

of humans and animals. Metagenomic shotgun sequencing provides opportunities to analyze 

unrestricted sequences of genomes of any microbiomes present in a sample of a complex 

environment. Whereas, whole genome sequencing (WGS) is based on a common marker gene set 
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that provides information on genomic DNA extracted from a mixed microbial community [145]. 

Transcriptome offers protein identification expressed or suppressed under any experimental 

conditions. Metabolomics identifies and quantifies metabolites produced by an organism or a 

microbial community into an immediate environment. These advanced technologies can be applied 

to intensely analyze the interaction of gut microbiota with feed supplementation and immunity. 
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Chapter 3. Transcriptional profiling of Salmonella 

enterica serovar Enteritidis exposed to ethanolic extract of 

organic cranberry pomace1F

2  

3.1. Abstract 

Non-typhoidal Salmonella enterica serovars continue to be an important food safety issue 

worldwide. Cranberry (Vaccinium macrocarpon Ait) fruits possess antimicrobial properties due to 

their various acids and phenolic compounds; however, the underlying mechanism of actions is 

poorly understood. This chapter evaluated the effects of cranberry extracts on the growth rate of 

Salmonella enterica serovars Typhimurium, Enteritidis and Heidelberg and on the transcriptomic 

profile of Salmonella Enteritidis to gain insight into phenotypic and transcriptional changes 

induced by cranberry extracts on this pathogen. An ethanolic extract from cranberry pomaces 

(KCOH) and two of its sub-fractions, anthocyanins (CRFa20) and non-anthocyanin polyphenols 

(CRFp85), were used. The minimum inhibitory (MICs) and bactericidal (MBCs) concentrations 

of these fractions against tested pathogens were obtained using the broth micro-dilution method 

according to the Clinical Laboratory Standard Institute’s guidelines. Transcriptional profiles of S. 

Enteritidis grown in cation-adjusted Mueller-Hinton broth supplemented with or without 2 or 4 

mg/ml of KCOH were compared by RNASeq to reveal gene modulations serving as markers for 

biological activity. The MIC and MBC values of KCOH were 8 and 16 mg/mL, respectively, 

against all tested S. enterica isolates. The MIC value was 4 mg/mL for both CRFa20 and CRFp85 

sub-fractions, and a reduced MBC value was obtained for CRFp85 (4 mg/ml). Treatment of S. 

Enteritidis with KCOH revealed a concentration-dependent transcriptional signature. Compared 

to the control, 2 mg/ml of KCOH exposure resulted in 89 differentially expressed genes (DEGs), 

of which 53 and 36 were downregulated and upregulated, respectively. The upregulated genes 

included those involved in citrate metabolism, enterobactin synthesis and transport, and virulence. 

Exposure to 4 mg/ml KCOH led to the modulated expression of 376 genes, of which 233 were 

downregulated and 143 upregulated, which is 4.2 times more DEGs than from exposure to 2 mg/ml 

 
2 The version of this study reported in this chapter has been published as “Das, Q., Lepp, D., Yin, 

X., Ross, K., McCallum, J. L., Warriner, K., ... & Diarra, M. S. (2019). Transcriptional profiling 

of Salmonella enterica serovar Enteritidis exposed to ethanolic extract of organic cranberry 

pomace. Plos one, 14(7), e0219163”. 
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KCOH. The downregulated genes were related to flagellar motility, Salmonella Pathogenicity 

Island-1 (SPI-1), cell wall/membrane biogenesis, and transcription. Moreover, genes involved in 

energy production and conversion, carbohydrate transport and metabolism, and coenzyme 

transport and metabolism were upregulated during exposure to 4 mg/ml KCOH. Overall, 57 genes 

were differentially expressed (48 downregulated and 9 upregulated) in response to both 

concentrations. Both concentrations of KCOH downregulated expression of hilA, which is a major 

SPI-1 transcriptional regulator. This study provides information on the response of Salmonella 

exposed to cranberry extracts, which could be used in the control of this important foodborne 

pathogen.  

3.2. Background 

Despite control measures and efforts deployed in food production continuum, non-typhoidal 

Salmonella enterica serovars continue to rank among the most common causes of bacterial 

gastroenteritis worldwide [146, 147]. According to the USA Foodborne Diseases Active 

Surveillance Network (FoodNet), Salmonella is one of the major zoonotic pathogens, causing 

2,074 hospitalizations and 32 death in the USA in 2015 [148, 149]. In Canada, S. Enteritidis, S. 

Typhimurium and S. Heidelberg were among the top Salmonella serovars involved in human 

salmonellosis in 2017 [150]. In the last 10 years, the incidence of Salmonella Enteritidis (SE) has 

increased three-fold in Canada, and a similar increase of this serovar isolate from poultry sources 

has been documented nationally during the same timeframe [147]. Most frequently, Salmonella 

enterica serovars asymptomatically colonize the alimentary tracts of poultry. However, some 

serovars have been isolated in young chicks with systemic infections that may further lead to the 

infection of egg contents in mature birds by migration through the eggshells and membranes [151]. 

Among the non-typhoidal Salmonella, SE is the most invasive associated with poultry reproductive 

tissues. In Canada, the overall proportion of SE identified among retail chicken breast samples 

increased significantly from 8% in 2015 to 17% in 2016 [150]. 

The mechanisms by which non-typhoidal Salmonella survives in, colonizes and invades the 

environment and their hosts have been the subject of various studies [152]. To adapt to hostile 

environments, Salmonella must constantly deploy strategies to counteract various stress 

conditions, like changing pH (from 3.99 to 9.5) and temperatures (high as 54 °C or low as 2 °C), 

high osmotic pressure, low oxygen availability, and the presence of salts (concentrations up to 4% 
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w/v) and other antimicrobial compounds (peptides) that constantly challenge the adaptability of 

this pathogen [153]. Several factors including outer membrane components (proteins and 

lipopolysaccharides) as well as fimbriae and flagella play important roles in both colonization and 

systemic infection by Salmonella inside a broad range of animal and human hosts. The persistence 

of Salmonella may be in part due to the presence of the invasin gene (inv), which enables this 

bacterium to colonize host intestinal tissues [154]. Salmonella carries a large number (> 92) of 

fimbrial and non-fimbrial genes associated with adhesion.  Previously, our research group found 

the fimbrial operons fimACDHFI (type 1 fimbriae), lpfABCDE (long polar fimbriae), 

agf/csgABCEFG (thin aggregative fimbriae), stfACDEFG and sthABCDE in serovars Enteritidis, 

Typhimurium, Heidelberg, Hadar and Kentucky isolated from chicken [155]. It has been reported 

that S. Typhimurium mutants lacking genes encoding the potassium binding and transport protein 

kdpA, hypothetical protein yciG, flagellar hook cap protein flgD, and nitrate reductase subunit narZ 

were significantly deficient in their acid tolerance responses and displayed variations in their 

virulence characteristics [34]. The type III secretion systems (T3SSs), T3SS1 and T3SS2, are 

encoded by the pathogenicity islands (SPI-1 and SPI-2, respectively), which play a central role in 

Salmonella-host interactions [156]. While SPI-I is required for invasion into host epithelial cells, 

SPI-II is required for intracellular survival and the systemic phase of infection [157].  

Iron is an essential element for growth and survival for almost all aerobic microorganisms, 

including Salmonella. Whole genomic analysis revealed that Salmonella are well equipped with 

iron uptake genetic determinants like genes encoding the FeoA and FeoB proteins (involved in 

uptake of soluble Fe2+); the catecholate siderophore enterobactin synthesis and utilization genes 

including the Fe3+-siderophore outer membrane receptors cirA, fepA, and transporters fepBCDEG; 

the hydroxamate siderophore transport genes fhuABCD and ferric-siderophore transport 

periplasmic protein complex TonB, ExbB and ExbD [155]. We recently observed the importance 

of catecholate-iron and hydroxamate-iron uptake system of both S. Enteritidis and S. Typhimurium 

when grown in iron-restricted media [158].  

Multi-antimicrobial resistant Salmonella strains isolated from both humans and livestock [147, 

152, 159] have the potential to spread to and persist in the natural environment, farm workers, and 

food processing facilities. Identifying solutions to mitigate antimicrobial resistance while 

controlling pathogenic bacteria like Salmonella will require researchers to address several 
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scientific needs, including decreasing survival and growth of pathogens to lessen the risks posed 

by them.  

Several alternative strategies, including the use of phytochemicals, to control both gram-negative 

and gram-positive pathogens have been investigated [134, 160, 161]. Fruits of American cranberry 

(Vaccinium macrocarpon Ait.) are a source of bioactive polyphenolic compounds having a wide 

range of biological activities, including antioxidant, antimicrobial, and anti-inflammatory [159, 

162].  Cranberry extracts have been reported to affect bacterial cell surface structure and integrity, 

damage inner membranes, and affect the iron uptake system [55, 134]. Ethanol extract organic 

cranberry pomace showed 3-4 times the phenolic acids, tartaric esters, and antioxidant activities 

of the juice itself, while flavonols and anthocyanins were increased by 5 and 6 times, respectively 

[162, 163]. At 1 mg/ml, cranberry pomace extracts against Staphylococcus aureus [including 

methicillin resistance strain (MRSA)], induced a transcriptional signature like that of 

peptidoglycan-acting antibiotics by upregulating vraR/S, murZ, lytM, pbp2, sgtB, fmt genes [164].  

In this study, we aimed to investigate the antibacterial activities of an ethanolic extract from 

cranberry pomace (KCOH) and two of its sub-fractions (anthocyanins: CRFa20 and non-

anthocyanin polyphenols: CRFp85) against different serovars of Salmonella and to explore the 

signature of KCOH on the transcriptional profile in S. Enteritidis to unveil overall patterns of gene 

expression. 

3.3. Materials and methods 

3.3.1. Cranberry extracts  

The ethanolic extract of cranberry pomace (KCOH) was prepared from organic cranberry (V. 

macrocarpon) pomace (CP) as previously described [162]. Briefly, phenolic-rich compounds were 

extracted with 80% ethanol from the CP. After extraction, ethanol was removed by rotary 

evaporation and the remaining extracts were freeze-dried at -30°C for 10-11 days to generate crude 

pomace extract (KCOH) and stored at -20°C until testing. 

3.3.2. Sub-fractions 

A total of 1 g of KCOH dried powder was dissolved in Milli-Q water and fractionated by flash 

chromatography (Buchi Sepacore X-50, Buchi, Geneva, Switzerland) using 100 g Redi-Sep RF 

high-performance Gold™ C18 columns (230 mm x 15 mm; 20-40 um particle size; 87.7 ml column 
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volume) (Teledyne Isco, Lincoln, NE, USA) [165]. Briefly, the crude mixture was loaded onto a 

preconditioned column (95% water; 5% methanol), and 10 column volumes (CVs) of water were 

initially applied to elute sugars and small organic acids, including citric acid. Next, 10-CVs of 

ethyl acetate was used to elute non-anthocyanin polyphenolics to generate the phenolic fractions 

(CRFp) [166]. Finally, 5-CVs of acidified methanol (0.01% HCl) was used to elute anthocyanins 

(CRFa).  Both sub-fractions Fp and Fa were dried down by a combination of rotary evaporation 

(Heidoloph Instruments, Schwabach, Germany) and freeze drying (LabConco Corporation, 

Kansas City, MO, USA).  Fp was subsequently resuspended as a slurry in MilliQ water, and further 

fractionated using the flash chromatography system described above. In brief, CRFp was 

sequentially washed with 10 CVs of 15% methanol, 85% methanol, and 100% ethyl acetate, 

generating subfractions CRFp15, CRFp85 and CRFp100. Similarly, CRFa was resuspended in 

MilliQ water and further fractionated using the flash chromatography system described above.  In 

brief, CRFa was sequentially washed with 10 CVs of 20% methanol, 85% methanol, and 100% 

methanol, generating sub-fractions CRFa20, CRFa85 and CRFa100.  All resultant sub-fractions 

were dried down using a combination of rotary evaporation and freeze drying. From 1 gram of 

starting material, 90mg of CRFa20 and 425mg of CRFp85 were obtained.  

The quality of sub-fractions was evaluated by 1H NMR methods (Bruker Avance III 600 NMR 

spectrometer, Bruker Biospin Ltd., Milton, ON, Canada), prior to antimicrobial screening, to 

account for possible crystallized water, organic solvents, or hydrolyzed C18 stationary phases. 

Based on antimicrobial screening results, 2 sub-fractions of interest (CRFa20, CRFp85) were 

selected for further characterization by UPLC-MS/MS [165]. Commercial standards were used to 

create seven-point calibration curves of integrated area under the curve versus concentration, and 

peaks were reported as standard equivalents. Anthocyanins were quantified using cyanidin-3-O-

glucoside (Polyphenols AS, Sandnes, Norway). Flavonols, iridoids, procyanidins and condensed 

tannins contents were determined using Quercetin-3-O-galactoside (Sigma-Aldrich Canada Co, 

Oakville, ON); monotropein (Sigma-) and Procyanidin B2 (Extrasynthese, Genay Cedex, France), 

respectively. Hydroxycinnamic content was quantified using 3-O-caffeoylquinic acid (chlorogenic 

acid) (Chromadex, Irvine, CA, USA). For each extract, the dry weight for each peak was 

calculated. Reported values represent the averages of the duplicate samples. Due to complexity of 

the sample matrix and a lack of available standards, most peaks were only tentatively identified 

using a combination of UV-vis absorption characteristics, chromatographic retention behaviour, 
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MS scans and follow up MS/MS experiments, along with comparisons to previously reported 

HPLC-MS studies of cranberries. 

KCOH and its two sub-fractions (CRFp85 and CRFa20) were dissolved in 80% methanol at a 

stock concentration of 128 mg/ml, filter sterilized through a sterile cellulose acetate filter assembly 

(pore size, 0.2 mm) and stored at -20°C until used in antimicrobial assays. 

3.3.3. Bacterial strains and culture conditions  

Six different strains of S. enterica serovars: Typhimurium (SALH-394-2-1893 and monophasic 

ABBSB1218-1-3128), Enteritidis (ABBSB1004-1-3180 and ABB07-SB3071-3346), and 

Heidelberg (SALB-159-4-1773 and ABB07-SB3031-3342) isolated from broiler were used in this 

study [155]. All Typhimurium and Heidelberg isolates were multi-drug resistant to amoxicillin-

clavulanic acid, ceftiofur, ceftriaxone, ampicillin and cefoxitin [167]. Escherichia coli ATCC 

25922 was used as quality control. Bacteria from frozen stocks at -80°C were grown on Mueller 

Hinton Agar (MHA) or Cation-Adjusted Mueller-Hinton Broth (CAMHB: Becton Dickinson, 

Mississauga, ON). Colony forming units per ml (CFU/ml) were determined by viable bacterial 

counts on Tryptic Soy Agar (TSA, Becton Dickinson).  For growth studies, a single colony of each 

strain was inoculated into 5 ml CAMHB and the cultures were incubated at 37°C with agitation 

(200 rpm) for 20 h.  

3.3.4. Determination of minimum inhibitory concentrations (MICs)  

The MICs were determined by a broth micro-dilution method in CAMHB using E. coli ATCC 

25922 as the quality control according to the Clinical Laboratory Standard Institute’s (CLSI’s) 

guidelines. The stock solution (128 mg/ml) of sterile KCOH, CRFa20 and CRFp85 were diluted 

by two-fold serial dilutions using CAMHB in a honeycomb 100-well microtiter plates (Oy Growth 

Curves Ab Ltd, Helsinki, Finland) in a concentration ranging from 0 to 32 mg/ml; followed by the 

addition of 100 μl of overnight cultures of Salmonella strains in each well at a final concentration 

of 105 CFU/ml, resulting in a final well volume of 200 μl.  Plates were loaded in a BioscreenC™ 

(Growth Curves USA, Piscataway, NJ) for 24 h incubation at 37oC to automatically record the 

optical densities at 600 nm (OD600nm) every 20 min. Media without inoculum, but with the studied 

concentrations of tested products, were included as blanks. The OD with blanks were subtracted 

from the OD of inoculated wells containing equivalent concentrations of studied products. The 

OD data were used to produce OD/time plots using Microsoft Excel. The MIC was determined as 
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the minimum concentration of KCOH, CRFa20 or CRFp85 at which no increase in optical density 

was observed over 24 h. Ceftiofur (Sigma Aldrich) was used as a control antibiotic. Minimal 

Bactericidal Concentration (MBC) was determined after 24 h-growth, as the concentration of 

tested products needed to kill at least 99.9% of the initial inoculums as determined by plating 100 

μl of each well with no visible growth on the MHA after an overnight incubation at 37°C. Viable 

cell populations were estimated using the spread plate method after 24 h incubation. 

3.3.5. RNA extraction and purification 

An overnight culture of S. Enteritidis ABBSB1004-1-(3180) was diluted with fresh CAMHB and 

grown in an orbital shaker (225 rpm) at 37°C until the logarithmic phase (OD600nm of 0.6 = 

approximately 1 x 108 cfu/ml) was reached. The culture was then divided into three flasks and 

KCOH was added to a final concentration of 0, 2, and 4 mg/ml. Bacterial cells in all three 

conditions were incubated with agitation at 37°C for 4-hours followed by the centrifugation at 

6,000 X g for 10 min at room temperature. The pellets were then kept with RNAlater™ 

Stabilization Solution (ThermoFisher Scientific) for 24 h at 4°C, washed with ice-cold 1xPBS and 

re-centrifuged again at 6,000 X g for 10 min. Total RNA was extracted using the PureLink™ RNA 

Mini Kit (Ambion, Invitrogen Fisher Scientific, Carlsbad, CA, USA) according to the 

manufacturer’s instructions. The RNA concentration and purity were determined using a 

Nanodrop 2000c (Thermo Scientific) and the integrity of the extracted RNA was examined using 

Agilent Bioanalyzer RNA Nano assay (Agilent Technologies, CA, USA). Sample with RNA 

integrity number (RIN) >= 8 was used for library construction. RNA (2 µg) was treated with 2U 

Turbo DNase (Invitrogen) at 37°C for 30 min and four biological replicates from each treatment 

group was used for RNA-Seq analysis.  

3.3.6. RNA-Seq library preparation 

Bacterial stranded mRNA sequencing libraries were constructed with the TruSeq Stranded mRNA 

Library Prep Kit (Illumina, RS-122-9004DOC) according to the manufacturer’s instruction. 

Briefly, mRNA was enriched from total RNA by rRNA depletion using the Ribo-Zero rRNA 

removal kit (Illumina) and then fragmented and primed for cDNA synthesis.  First-strand cDNA 

was synthesized with 200 U Superscript II reverse transcriptase (Invitrogen) at 25°C for 10 min, 

42°C for 15 min, 70°C for 15 min, followed by second-strand synthesis with DNA Polymerase I 

and RNase H, incorporating dUTP in the Second Strand Marking Mix (SMM), at 16C for 1h. 
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Following clean-up of double-stranded cDNA with AMPure beads (Beckman Coulter), the 3’ ends 

were adenylated, and adapter ligation was performed to add barcodes and p5 and p7 primers to 

each end. Ligation reactions were purified by two rounds of AMPure bead clean-up, and the ligated 

fragments were enriched by PCR for 15 cycles at 98°C for 10s, 60°C for 30s and 72°C for 30s, 

followed by clean-up with AMPure beads.  Size distributions of purified libraries were assessed 

with a Bioanalyzer 2100 (Agilent) using the DNA High Sensitivity kit (Agilent) according to the 

manufacturer’s instructions and quantified with the Qubit dsDNA HS Kit (Fisher).  Libraries were 

pooled at 10 nM equimolar concentrations and sequenced on a MiSeq instrument (Illumina) using 

a 150-cycle v3 reagent kit (Illumina). 

3.3.7. RNA-Seq data analysis  

Raw reads from the sequenced libraries were quality-filtered and differential gene expression 

analysis was performed following the SPARTA workflow [168]. Briefly, read-trimming and 

adaptor-removal was performed with Trimmomatic [169]. The filtered reads were mapped to the 

Salmonella Enteritidis strain ABBSB1004-1 genome (GCA_000973935.1) using bowtie v1.1.1 

and the counts per feature were determined with the htseq-count tool within HTSeq v0.6.1 [170].  

Differential gene expression analysis was performed in R v3.2.5 with the edgeR package v3.6.8 

[171].   Genes with an absolute log2-fold change of   > 2 and false discovery rate (FDR) < 0.05 in 

(A) control vs cranberry 2 mg/mL; (B) control vs cranberry 4 mg/mL were considered 

differentially expressed. Clusters of orthologous groups (COGs) were assigned to the Salmonella 

Enteritidis ABBSB1004-1 predicted proteins using NCBI COG software (April 2012 release) 

[172]. 

3.3.8. Validation by reverse transcription (RT)-quantitative PCR (RT-qPCR) assay 

Seven genes that showed significant up- or down-regulation were selected for quantitative reverse 

transcription-PCR (RT-qPCR) validation. Total RNA was isolated as described above and reverse 

transcribed to cDNA using High Capacity RNA-to-cDNA Kit (Applied Biosystems 4387406). All 

primers were designed with Primer 3 software with an amplicon size of approximately 100 to 138 

bp. The efficiency of the primers was checked by melting curve and standard curve analysis. Gene 

names and primer sequences used for RT-qPCR are presented in Table 3.1. The reaction mixture 

contained 20 µL final volume with 1 µL of cDNA (1:10 dilution), 3 µL of each primer (1 mM), 3 

µL of nuclease-free water and 10 µL of Universal SYBR® Green Supermix (BioRad, Canada). 
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The RT-qPCR assay was performed on the 7500 Real-time PCR System (Applied Biosystems, 

Foster, USA). The amplification program was as follows: one cycle at 95°C for 3:20 min, and 40 

cycles at 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s. The 2-ΔΔCt method was used to analyze 

the relative gene expression data, using rpoD as the reference gene for normalization. All RT-

qPCR assays were conducted using three biological and three technical replicates. 

Table 3.1. List of primers used in this study. 

Gene Primer sequence (5'-3'): Forward Primer sequence (5'-3'): Reverse Product length (bp) 

hilA ATCGTCGGGAGTTTGCTATT ACTGACCAGCCATGAAAAGA 100 

fliA AGTATCGTCAGATGTTGCTC GATGTTCTTCAGTCACCAGT 105 

NnarH TTACGACTACCAGAACCTGC GCCCGCTAGTAATTTTGTCC 110 

invH AGAGCAACTCATGACCGAAT TCTTTCATGGGCAGCAAGTA 129 

entH TGGAAACGGCATTTAACGCT CCGCCATTGATCCTAACGTC 122 

rpoD ACATCGCTAAACGTATCGAA GTACTGTTCCAGCAGATAGG 135 

car ATCTCTTTTTGGCATAGGGG ACGTCGTTATTAATGCGGTA 126 

ssaT AGCAGGTAATGATGATGGCA ATAACTTCTACCTGGTGGCG 138 

 

3.3.9. Statistical analysis  

All experiments were performed in three separate assays, each including two technical replicates. 

The RNA-seq differential expression between control group and treatment with 2 mg/ml and 4 

mg/ml KCOH were analyzed with the Bioconductor package edgeR which is analogous to t- and 

F-statistics tools [29] using a generalized linear model (GLM) and the likelihood ratio test.  A log2-

fold change of   > 2 and false discovery rate (FDR) cutoffs ≤ 0.05 were used. The false discovery 

rates were calculated using the Beniamini-Hochberg method [173]. 

3.4. Results 

3.4.1. Composition of two fractions of cranberry 

The two major sub-fractions of interest enriched for anthocyanins (CRFa20) and flavonols 

(CRFp85) prepared from KCOH were analyzed by UPLC-MS. CRFa20 was composed of 27.6% 

anthocyanins, 43% anthocyanin derived pigments and 0.7% flavonol aglycones by mass. The 

tentative structures of the anthocyanin derived pigments are consistent with oligomers built from 

condensation reactions between proanthocyanindins with anthocyanin glycosides, principally 

peonidin-3-O-galactoside and cyanidin-3-O-galactoside. On the other hand, CRFp85 was mainly 
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composed of 37.8% flavonols, primarily quercetin-3-O-galactoside along with 0.2% anthocyanins; 

2.1% hydroxycinaminic acids; 9.6% acylated monoproteins; and 15.6% procyanidins (catechin) 

derivatives (Figure 3.1). 

 

Figure 3.1. (A) Anthocyanin-enriched (CRFa20) and (B) Flavonol-enriched (CRFp85) sub-

fractions of KCOH.  Cy = cyanidin; Pn = Peonidin; ADP = anthocyanin derived pigments; My = 

myricetin; Qc = quercetin; gal = 3-O-galactopyranoside; glu = 3-O-glucopyranoside; ara == 3-O-

arabinopyranoside; FLV = flavonols; * = coumaroylated iridoids. 

 

 

Figure 3.2. Concentration-dependent growth inhibition of Salmonella Enteritidis ABBSB1004-1 

in CAMHB containing ethanolic extract from cranberry pomaces (KCOH) and two of its sub-

fractions anthocyanins (CRFa20) and non-anthocyanin polyphenols/flavonols (CRFp85). 
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3.4.2. Effect of cranberry pomace extracts on the growth of S. enterica  

All tested Salmonella serovars Enteritidis, Typhimurium and Heidelberg isolates showed a similar 

susceptibility profile to tested products regardless their antimicrobial resistance pattern. The MIC 

and MBC values of KCOH were 8 and 16 mg/ml, respectively against all tested isolates. Reduced 

values of MIC (4 mg/ml) and MBC (4 mg/ml) were obtained with CRFp85 sub-fractions; these 

values were 4 and 8 mg/ml, respectively for CRFa20 (Table 3.2 and Figure 3.2). CRFa20 and 

CRFp85 induced up to seven hours of lag phase of growth and a strong growth rate inhibition of 

Salmonella Typhimurium, Enteritidis and Heidelberg.  

3.4.3. Differentially expressed genes (DEGs) in response to KCOH 

In this study, S. Enteritidis ABBSB1004-1 was used for strand-specific RNA sequencing after 4 

hours exposure to 2 mg/ml (1/4 MIC) and 4 mg/ml (1/2 MIC) of KCOH. No growth inhibition was 

observed with these two sub-MICs of KCHO in four hours. Differentially expressed genes (DEGs) 

were estimated by comparing transcripts from culture in these two concentrations to that of a 

control culture. Overall, these cultures on S. Enteritidis in CAMHB resulted in the expression of 

4182 genes. Comparison of significant DEGs between culture conditions were based on a false 

discovery rate (FDR) < 0.05 and fold-change ≥ 2 (Figure 3.3).  

 

Figure 3.3.Scatterplot of the differential gene expression levels of S. Enteritidis ABBSB1004-1. 

The horizontal (x-axis) coordinates represent the log2-transformed CPM values for each gene, and 

the vertical (y-axis) coordinates represent the log2-transformed fold changes for each gene in (A) 

control vs cranberry 2 mg/mL; (B) control vs cranberry 4 mg/mL exposure. Red dots represent 

DEGs. 
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After exposure to 2 mg/ml KCOH, 89 (2%) of 4182 genes were differentially expressed, among 

which 53 and 36 genes were downregulated and upregulated, respectively (Figure 3.4). Culture of 

S. Enteritidis in 4 mg/ml KCOH induced a greater number of modulated (up and down regulation) 

genes compared to control. KCOH at 4 mg/ml resulted in the modulation of 376 (9%) of total 4182 

genes, among which 233 genes were downregulated while 143 were upregulated (Figure 3.4). 

Overall, 57 (>2%) genes were significantly differentially expressed in both concentrations, where 

48 and 9 genes were down and upregulated: respectively (Figure 3.4). Some of the major 

differentially expressed genes (more than >3-fold) are presented in the Figure 3.5 (a and b).  

 

 

Figure 3.4. Venn diagram showing overlap of differentially expressed genes following exposure 

to 2 and 4 mg/mL KCOH. 

 

To further clarify the functions of modulated genes, they were categorized based on their 

orthologous (COG) relationships into three major categories: 1) metabolism; 2) cellular processing 

and signaling; 3) and information storage and processing. The up and down regulated genes were 

further classified into 18 different sub-categories associated with similar functions (Figure 3.6). 

The modulated genes are described below. 
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Table 3.2. Minimal inhibitory concentrations (MICs: mg/ml) and minimal bactericidal 

concentrations (MBCs: mg/ml) of cranberry pomace extracts (KCOH) and its sub-fractions 

CRFa20 (anthocyanins) and CRFa85 (polyphenols/flavonols) against different serovars of 

Salmonella. 

 

 

 

 

Figure 3.5. (a) Differentially Expressed Genes (DEGs) (≥3 Log-Fold upregulated or 

downregulated genes) in S. Enteritidis ABBSB1004-1 at KCOH 2 mg/mL vs control; (b) 

Differentially Expressed Genes (DEGs) (≥3 Log-Fold upregulated or downregulated genes) in S. 

Enteritidis ABBSB1004-1 at KCOH 4mg/mL vs control. 

 

Serovars Isolates KCOH CRFa20 CRFp85 
  

MIC MBC MIC MBC MIC MBC 

Enteritidis ABBSB1004-1 8 16 4 8 4 4 

Typhimurium ABBSB1218-1 8 16 4 8 4 4 

Heidelberg SALB-159-4 8 16 4 8 4 4 
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3.4.3.1. Intracellular trafficking secretion and vesicular transport Salmonella pathogenicity 

islands  

Exposure of S. Enteritidis to both concentrations (2 and 4 mg/ml) of KCOH led to the 

downregulation of genes encoding the inner (prgH and prgK) and the outer invG ring proteins 

along with prgI for the needle protein. Expression of the sipBCD genes encoding proteins 

associated with the translocation of polypeptides across membranes (translocon) and the sipA gene 

encoding their effector proteins were also down regulated by both concentrations of KCOH (Figure 

3.7). During translocation across the intestinal epithelium, Salmonella employs the 

SsaKLMNOPQRSTUV operon [Ssa (secretion system apparatus)] that encodes structural 

components of SPI-2. Interestingly, all 13 ssa genes belong to SPI-2 locus were upregulated after 

treatment with 4 mg/ml KCOH.  

 

 

Figure 3.6. Overview of the differentially expressed genes according to their function. Genes 

significantly upregulated or downregulated at different concentrations of KCOH (A) control vs 

KCOH at 2 mg/mL and (B) control vs KCOH at 4 mg/mL in S. Enteritidis were grouped according 

to their Clusters of orthologous groups (COGs) functional categories. Since one gene can be 

classified into more than one COG class, the total number of COG assignments is greater than the 

number of differentially expressed genes. 
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3.4.3.2. Cellular processes and signalling: Cell motility 

Exposure to the evaluated KCOH led to downregulation of several genes essential for Salmonella 

virulence, including those associated with motility, chemotaxis, and adherence. After exposure to 

4 mg/ml, the flagellar structural genes fliA, fliL,and  fliM, as well as flgC flgD, flgE , flgF, flgG, 

flgH flgK, and flgL (log2 fold-change between 4.5 to 2.0) required for cell motility in the cellular 

processes and signalling category were downregulated. In addition, two essential genes for 

flagellar rotation (motAB) and several chemotactic genes like chemotaxis protein CheA, CheR, 

CheW, CheV, CheY, CheZ were downregulated with 4 mg/ml KCOH.  

Both 2 and 4 mg/ml of KCOH treatments led to downregulation of transcriptional regulators (hilA, 

hilD) and invasion (invH, invF, invG) genes. Exposure to 4 mg/ml of KCOH downregulated 

several genes from the spaKNRPTMO operon, with the most downregulation proteins being SpaO 

(log2 fold-change = 4.4) and OrgA (log2 fold-change = 2.7).  

 

Figure 3.7. Schematic representation of SPI-1 island encoding the T3SS-1 proteins showing DEGs 

(in the chart) in response to KCOH. T3SS-1 is a supramolecular complex that plays a major role 

in the virulence of Salmonella by injecting bacterial protein effectors directly into host cells 

(adopted from [174]). 



 

 

51 

 

3.4.3.3. Metal transport proteins 

To regulate its metal homeostasis, Salmonella employs several transcriptional regulators for its 

adaptation to changing environments. Many of these regulators belong to genes categorized in 

“Inorganic ion transport and metabolism” or “Secondary metabolites biosynthesis transport and 

catabolism groups” COG functional categories. Our results show that iron-regulated genes, 

including those associated with enterobactin (catecholate siderophore) synthesis (entE, entF) and 

transport (ABC transporters and permeases), as well as ferrous uptake (feoB), were upregulated by 

KCOH. The upregulation of these iron-related genes indicates that KCOH induces iron starvation. 

Moreover, in both concentrations (2 and 4 mg/ml) of KCOH, zraP, which is responsible for zinc 

resistance, was downregulated. In addition, exposure to the higher concentration (4 mg/ml) of 

KCOH downregulated genes encoding the copper-binding protein required for copper tolerance, 

which is also involved in resistance to heavy metals. 

3.4.3.4. Metabolism 

RNA-seq revealed several genes related to “energy production and conversion”, “carbohydrate 

transport and metabolism” and “coenzyme transport and metabolism” were upregulated in 

response to KCOH.  For example, citrate lyase, nitrate reductase, aldehyde reductase, 

hydroxylamine reductase, succinate dehydrogenase, lactate dehydrogenase, NADH 

dehydrogenase were all upregulated at KCOH 4 mg/ml but not at 2 mg/ml. 

Numerous genes associated with amino acid biosynthetic pathways, including the carbamoyl 

phosphate synthase carB (2.39 log fold) gene were upregulated. Moreover, 6.9 to 4.4 log2-fold 

change upregulation of succinate dehydrogenase and nitrate reductase including citrate lyase 

subunit alpha (the alpha subunit catalyzes the formation of (3S)-citryl-CoA from acetyl-CoA and 

citrate), citrate lyase subunit beta (catalyzes the formation of acetate and oxaloacetate from citrate), 

and citrate lyase subunit gamma were also observed.  

In contrast, genes related to the tetrathionate reduction and ethanolamine utilization (eutP, eutQ) 

were downregulated in response to KCOH suggesting that the cranberry pomace extract could 

interrupt pathways critical for Salmonella survival. A set of genes related to the “catalyse of the 

formation of amide derivatives” were upregulated (~3.5 folds). Upregulation of purH indicates the 

important role of purine during metabolism; however other genes (purT, purl,purM) were not 

expressed during exposure to 4 mg/ml KCOH. 
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3.4.3.5. Defense mechanism 

Along with the categories described above, a few critical genes involved in defense mechanism 

were induced by the treatment of S. Enteritidis with 4 mg/ml of KCOH. Among them, the gene 

coding for the heat shock protein belonging to the “Post-translational modification protein turnover 

chaperones” category was upregulated (2.02 log2-fold). Interestingly, genes related to the cold 

shock proteins in the “Transcription” category were downregulated by both concentrations (2 

mg/ml: -3.18 log2-fold; 4 mg/ml: -4.67 log2-fold) of KCOH.  Except emrB and mdtH, no 

modulations of efflux pumps or antibiotic resistance genes were observed. These multidrug 

resistance genes (emrB and mdtH: 2.52 and 2.98-log fold, respectively) were upregulated at 4 

mg/ml of KCOH.  

3.4.4. Confirmation with RT-qPCR 

To validate the RNA-seq results, seven genes (Table 3.1) showing significantly different 

transcription levels in response to KCOH were analyzed with RT-qPCR. RNA-seq and RT-qPCR 

results after exposure to 2 mg/ml KCOH, were in agreement for all tested genes except for fliA 

(flagellar biosynthesis sigma factor) and narH (nitrate reductase). Accordingly, in culture with 2 

mg/ml KCOH, a slight fliA and narH modulation was observed by RNA-seq however, these genes 

were highly upregulated using RT-qPCR. Regarding exposure to 4 mg/ml KCOH, hilA, invH, ent, 

flliA, ssaT were down-regulated; and car and narH genes were upregulated both in RNA-seq and 

RT-qPCR, confirming the reliability and accuracy of the RNA-seq expression analysis (Figure 

3.8).   

 

Figure 3.8. Validation of the RNAseq data for selected genes by RT-qPCR. RT-qPCR data 

confirmed the expression trends observed in the RNA-seq data for seven genes in KCOH 2 and 4 

mg/mL compared to control, where rpoD used as a reference gene. 
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3.5. Discussion 

Despite substantial efforts deployed by industry, the control of Salmonella in poultry to improve 

food safety remains challenging. The control of S. enterica serovars is difficult due to the ability 

of this pathogen to survive, spread, and persist in all levels of the food chain. The clear picture of 

Salmonella infection in different host is yet to be confirmed however it is principally composed of 

3 steps; attachment and adhesion to host cell surface, production of factors allowing host cell 

invasion and overcoming host defense mechanism and multiplication inside the host cell [175]. In 

this study, we have examined the antibacterial activities of KCOH and two of its sub-fractions 

(CRFa20 and CRFp85) against different serovars of Salmonella and explored its effects on the 

transcriptional profile of S. Enteritidis. We previously discussed the use of berry fruit products as 

novel approaches to control pathogenic bacteria including Salmonella in the food industry [159]. 

The antibacterial activity of cranberry extracts against both gram-positive and gram-negative 

bacteria has also been investigated by several researchers [164, 176]. We reported that KCOH is a 

rich source of organic acids, like citric, malic and quinic acids and contains 94.75% carbohydrate 

on a dry matter basis [177]. In present study, each studied cranberry extract showed similar MICs 

against the three tested Salmonella serovars with sub-fractions CRFa20 and CRFp85 being the 

most active (reduced MIC values) compared to KCOH from which they derived. It is not clear, 

whether the observed antibacterial activity of KCOH is from CRFa20 (anthocyanins) or CRFp85 

(flavonols); however, CRFp85 seems to be more active with its lower MBC value (Table 3.2). 

Quercetin and myricetin, the two most abundant components in our flavonoid fraction, are well 

known for their bivalent metal cations chelation. Due to the presence of ortho dihydroxyl phenolic 

and hydroxyketo groups, these flavonols can chelate “free” copper and iron ions from the 

environment, which could be the reason for the increased growth inhibition by CRFp85 [96]. 

Salmonella possess lipopolysaccharides and a number of other outer membrane components like 

fimbria in order to colonize and cause systemic infection in their hosts [156]. There are more than 

40 genes involved in flagellar biosynthesis controlled by a regulatory cascade, which is initiated 

by the production of FlhDC [178]. In the present study, several genes associated with the motility, 

chemotaxis, and invasion of Salmonella Enteritidis (Table 3.3) were modulated after exposure to 

sub-MICs of KCOH. The flagellar basal body operon flgBCDEFG and flagella biosynthesis factors 

like fliA and fijB were downregulated. This trend was also observed by other groups [176, 179] 

who demonstrated the downregulation of flagellum-mediated motility (fliC, fla) of uropathogenic 
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E. coli and P. mirabilis in presence of cranberry proanthocyanidins. Following COG analysis, we 

found all 33 genes involved in cell motility were down regulated by 4 mg/ml of KCOH, which 

might be an energy conservation strategy for S. enterica under stress. 

The expression of invasion genes is tightly regulated by environmental conditions like oxygen, pH 

and osmolarity. Salmonella invades host cells by using T3SS encoded by SPI-1. Type-III secretion 

systems fulfil two significantly different roles in bacteria; first they act as an assembly and export 

system in the production of the flagellum (Flagellar- or F-T3SSs) and second, they translocate 

effector proteins into host cells [180]. Translocation of effector proteins requires an exportation 

apparatus controlled by spaP, spaQ, spaR, spaS, invA, invC and orgB [174]. More than 25 genes 

are required for the host-invasion by S. Typhimurium.  Our RNA-seq results showed that 15 genes 

present in SPI-1 were down-regulated in the presence of sub-inhibitory concentrations of KCOH.  

KCOH at 2 mg/ml significantly down-regulated the expression of spa genes (spaK, spaM and 

spaN) belonging to the inv-spa complex. Downregulation of both spaM and spaK involved in the 

functionality of T3SS [181] suggests that KCOH may restrict the entry of Salmonella into the host 

cell. Interestingly, similar regulatory action was not observed by Harmidy et al. [102], who 

reported that cranberry proanthocyanidin had no detectable effect on the T3SS. The discrepancy 

between our study and those found in the literature could be explained by the nature and the doses 

of cranberry fractions used. 

The hilA gene encodes an OmpR/ToxR transcriptional regulator that activates expression of 

Salmonella invasion genes in response to both environmental and genetic regulatory factors [182]. 

Boddicker et al. [183] reported that the absence of hilD, an AraC/XylS regulator, resulted in low-

level expression of hilA, suggesting that hilD is required for activation of hilA expression. In the 

present study, exposure of S. Enteritidis to 2 or 4 mg/ml of KCOH resulted in the downregulation 

of both hilD and hilA.  Moreover, downregulation of a set of invasion genes invAEFGH and 

upregulation of prgHIJK were observed after exposure of Enteritidis to KCOH at 4 mg/ml.  Similar 

gene expression patterns were observed when Salmonella was exposed to bile or cationic peptides 

in the proximal small intestine or macrophage of host cell, respectively [174]. Reduced expression 

of genes involved in transcription regulators (hilA, hilC) were also reported with blueberry and 

blackberry pomace extracts against S. Typhimurium [126].  
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Table 3.3. List of genes regulated after the exposure to sub-inhibitory concentrations (2 and 4 

mg/ml) of KCOH in S. Enteritidis. 

Gene Function/product LogFC 

Flagella 

fliA flagellar biosynthesis sigma factor -4.63833 

flgL flagellar hook protein FlgL -2.99028 

flgE flagellar hook protein FlgE -4.51268 
 flagellar biosynthesis protein FliO -3.75083 

flgF flagellar basal body rod protein FlgF -4.25327 

fliM flagellar motor switch protein FliM -2.54921 

fliL flagellar basal body-associated protein FliL -2.63933 
 flagellar protein FliD -1.66659 

flgG flagellar basal body rod protein FlgG -3.21002 

flgC flagellar basal body rod protein FlgC -3.42003 

flgH flagellar basal body L-ring protein -2.78366 
 flagellar biosynthesis protein FliT -1.79537 

fliS flagellar protein FliS -1.94095 

fliP flagellar biosynthesis protein flip -1.62597 

flgD flagellar basal body rod modification protein -3.2572 
 flagellar brake protein -1.48432 
 flagella biosynthesis protein FliZ -1.40332 

fliN flagellar motor switch protein FliN -2.08972 

flgI flagellar basal body P-ring biosynthesis protein FlgA -1.87598 
 flagellar biosynthesis protein FlgN -2.44643 
 flagellar protein flhE 0.503612 
 cell density-dependent motility repressor -3.17148 

Chemotaxis 

CheW chemotaxis protein -3.60626 
 chemotaxis protein -3.84947 

CheV chemotaxis protein -2.02205 
 chemotaxis protein -2.3658 

CheY chemotaxis protein -2.67638 

CheZ chemotaxis protein -2.00699 
 chemotaxis protein -1.42596 

CheY chemotaxis protein -0.17472 
 chemotaxis protein 0.088919 
 chemotaxis protein -3.46467 

CheW chemotaxis protein -3.60626 
 chemotaxis protein -3.84947 

CheV chemotaxis protein -2.02205 
 chemotaxis protein -3.46467 

Outer membrane protein 

LolB outer membrane lipoprotein LolB -1.29 
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 type III secretion system outer membrane pore InvG -4.85 

Iron transportation 

entF enterobactin synthase subunit F 2.42 

entE enterobactin synthase subunit E 3.1 
 iron-enterobactin transporter ATP-binding protein 1.74 
 iron-enterobactin transporter membrane protein 3.12 

entE enterobactin synthase subunit E 3.1 
 iron ABC transporter 1.91 
 iron ABC transporter permease 3.07 
 ferrous iron transporter C 1.76 

feoB ferrous iron transporter B 1.51 
 iron-enterobactin ABC transporter substrate-binding protein 2.35 
 isochorismatase 3.33 
 2%2C3-dihydroxybenzoate-2%2C3-dehydrogenase 3.68 
 thioesterase 3.29 

Carbohydrate metabolism 

eno 
(enolase) catalyzes the formation of phosphoenolpyruvate from 2-phospho-D-

glycerate in glycolysis 
-0.90 

gapA 

(glyceraldehyde-3-phosphate dehydrogenase) required for glycolysis; 

catalyzes the formation of 3-phospho-D-glyceroyl phosphate from D-

glyceraldehyde 3-phosphate 

-0.50 

 citrate lyase subunit alpha 3.47 
 citrate lyase subunit gamma 4.86 
 [citrate [pro-3S]-lyase] ligase 4.41 
 citrate:sodium symporter 3.15 

 (6-phosphofructokinase) catalyzes the formation of D-fructose 1,6-

bisphosphate from D-fructose 6-phosphate in glycolysis 
-0.45679 

 

Six T3SS-1 effectors, including sipA, sopA, sopB, sopD, sopE, and sopE2, are required for the 

epithelial invasion of Salmonella [6]. Introduction of either sip or any of the mentioned sop genes 

increased the invasiveness of the sipA, sopABDE2. In the present study, exposure of S. Enteritidis 

to 4 mg/ml KCOH significantly downregulated sopD2, indicating that this cranberry pomace 

extract could affect the invasion of host cells by Enteritidis. Accordingly, the condensed tannins 

of cranberry extracts most commonly known as proanthocyanidins (cPACs) has been reported to 

reduce the hydrophobicity of bacterial cell surfaces and interfere with their attachment to host 

cellular or biomaterial surfaces [184]. A similar anti-motility trend was also observed with 

cranberry pomace extracts against Enterococcus faecalis, Escherichia coli, Pseudomonas 

aeruginosa and Proteus mirabilis [184-186].  
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Iron is an essential metal in nearly all living organisms, serving as a cofactor for proteins involved 

in redox chemistry and electron transport. Besides, iron availability is an important determinant of 

virulence. Iron-deficient mice showed resistance to S. Typhimurium infection, and an increased 

systemic iron concentration correlated with bacterial growth, adhesion, invasion, and lethality 

[187]. Several publications reported that antibacterial activities of cranberry proanthocyanidins 

(cPACs) were linked to metal chelation. Cranberry constituents like flavonoids and phenolic 

compounds could possibly act as metals including iron chelators [55]. Under iron restriction, 

bacteria typically synthesize and secrete high-affinity ferric chelators called siderophores, which 

solubilize exogenous iron, making it available for uptake [188]. Salmonella produces two types of 

catecholate siderophore, enterobactin and salmochelin. In the present study, the up-regulation of 

entAEH (enterobactin biosynthesis and transportation) after exposure of S. Enteritidis to 2 mg/ml 

KCOH supported that PACs induce an iron limitation state in bacterium [176]. The hydroxyl 

groups of proanthocyanidins interact with iron ions using “iron binding motifs” present in the 

flavanol structure [189].  

Citrate can be utilized by Salmonella as a carbon and energy source using several catabolic 

fermentative pathways involving genes located in two divergently transcribed operons, citCDEFG 

and citS-oadGAB-citAB, whose expression is modulated by the citrate-sensing CitA/CitB two-

component system [190]. CitAB has been shown to contribute to Vibrio cholerae competitiveness 

within the gut microbiota; however, the role of citrate fermentation in pathogenic bacteria during 

infection is not clear [191]. Since, cranberry extract is a source of citrate, it may serve as a carbon 

source during the TCA cycle, to play an important regulatory molecule in the control of glycolysis 

and lipid metabolism [180]. As an iron-chelator, citrate is involved in the homeostasis of iron in 

the pathogen. Interestingly, both 2 and 4 mg/ml of KCOH upregulated the citBCDFNX operon. 

Under stressful conditions, the export pump IctE (iron citrate efflux transporter, former called 

MdtD) transports iron chelated with citrate out of the cell, decreases harmful cellular iron content 

and reduces the growth of Salmonella. Bacteria usually employ a variety of metal uptake and 

export systems and finely regulate metal homeostasis by numerous transcriptional regulators, 

allowing them to adapt to changing environmental conditions. We observed the transcriptional 

changes of several iron, zinc, manganese and copper uptake systems genes, supporting the notion 

that KCOH significantly affects the virulence of pathogenic bacteria [192]. 
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Nutrient limitation by the host and nutrient acquisition by pathogenic bacteria are crucial processes 

in the pathogenesis of bacterial infectious diseases. Bacteria have developed sophisticated 

acquisition systems to scavenge essential metals from the environment, which are up regulated 

during metal starvation. Zinc plays a role in bacterial gene expression, general cellular metabolism 

and acts as a cofactor of virulence factors. Procuring enough zinc to sustain growth during infection 

is a considerable challenge for bacterial pathogens. While zinc is an essential nutrient, excess zinc 

is toxic to the cell, possibly through inhibition of key enzymes and competition with other relevant 

metal ions [193]. Our transcriptomic results showed a downregulation of zraP, indicating that S. 

Enteritidis was ensuring enough concentrations of zinc to fulfill essential functions while limiting 

concentration to prevent toxic effects.  

Salmonella is a facultative anaerobe that transitions between aerobic and anaerobic growth by 

modulating its central metabolic pathway. In anaerobic condition, Salmonella performs 

fermentation by overexpressing nitrate as an electron acceptor. At 4 mg/ml of KCOH, several 

nitrate reductase genes (narHLZ) were upregulated probably because of the anaerobiosis or nitrate 

reduction; however, there was no expression of formate lyase, another principle enzyme for 

anaerobic fermentation [194]. When grown in a glucose-rich environment, Salmonella utilizes 

glycolysis for cellular energy production instead of using the full TCA cycle. KCOH exposure 

might create an environment suitable for TCA cycle; leading to the upregulation of a set of TCA 

cycle enzymes to meet the cellular demand for pyruvate and acetyl-CoA instead of glycolysis 

enzymes [194].  Downregulation of aceK, encoding for iso-citrate dehydrogenase, usually occurs 

when cells grown on glucose, then phosphorylated in presence of acetate or ethanol. These acetates 

could be the by-products of glycolysis. During colonization, Salmonella utilizes a wide range of 

carbohydrate sources e.g. glucose, lactose, pyruvate, L-lactate, melibiose, ascorbate as well as 

other scarce carbon compounds like sialic acid, ethanolamine from the host mucosa [195]. KCOH 

at 4 mg/ml downregulated several carbohydrate transport and metabolism proteins like mannose 

transporter, maltose transporters, xylanase deacetylase, formamide-L-arabinose-phospho-UDP 

deformylase. Moreover, the downregulation of eutPQ gene signifies that KCOH reduce the 

bacterial activity to utilize ethanolamine as an energy source. In host intestine, Salmonella can 

utilize ethanolamine as a sole source of carbon, nitrogen and energy by utilizing tetrathionate as a 

terminal electron acceptor, which is not available to most members of the host microbiota [195]. 

The highest upregulation for the energy metabolism was found for the citrate lyase subunit alpha, 
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beta and gamma after the nitrate reductase expressions. Moreover, upregulation of sdhA and sucC 

specifies the relationship of TCA cycle and virulence [180]. The upregulation of these enzymes 

indicates that in the presence of KCOH, Salmonella most probably utilize citrate as carbon and 

energy sources for the acetate formation by utilizing anaerobic citrate fermentation metabolic 

pathway. As a consequence, an upregulation of NADH:ubiquinone oxidoreductase enzyme was 

observed in the present study. During anaerobic fermentation, bacteria requires reducing agents 

(electron acceptors) to convert citrate into cellular materials [196]. During KCOH exposure, 

quinone may serve as an electron carrier between a membrane bound formate dehydrogenase and 

NADH, resulting in the upregulation of FMN-dependent NADH-azoreductase, NADH 

dehydrogenase and NADH:ubiquinone oxidoreductase enzymes. 

3.6. Conclusion 

The present study explored the antimicrobial activities of cranberry pomace extracts against 

Salmonella enterica from chicken and revealed antibacterial actions attributed to several genes 

involved in motility, in uptake of metals including iron, and in invasion (SPI-1 and SPI-2) of host 

cells. These results provide for the first time the framework for future studies to develop cranberry 

extracts as natural compounds to fight against the most important S. enterica serovars found in 

poultry.  
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Chapter 4. Gut Microbiota, Blood Metabolites and Spleen 

Immunity in Broiler Chickens fed Berry Pomaces and 

Phenolic-Enriched Extractives2F

3  

4.1. Abstract 

This chapter evaluated the performance, gut microbiota and blood metabolites in broiler chickens 

fed cranberry and blueberry products for 30 days. A total of 2800 male day-old broiler Cobb 500 

chicks were randomly distributed between 10 diets: control basal diet; basal diet with bacitracin 

(BACI), 4 basal diets with 1% and 2% of cranberry (CP1, CP2) and blueberry (BP1, BP2) 

pomaces; 4 basal diets supplemented with ethanolic extracts of cranberry (COH150, COH300) or 

blueberry (BOH150, BOH300) pomaces. All groups were composed of seven replicates and 40 

birds were included in each replicate. Cecal and cloacal samples were collected for bacterial counts 

and 16S rRNA gene sequencing. Blood samples and spleen were analyzed for blood metabolites 

and gene-expressions, respectively. The supplementation of COH300 and BOH300 significantly 

increased the BW during the starting and growing phases, respectively; while COH150 improved 

(P < 0.05) the overall cumulated feed efficiency compared to control. The lowest prevalence (P = 

0.01) of necrotic enteritis was observed with CP1 and BP1 compared to BACI and CON. Cranberry 

pomace significantly increased quinic acid level in blood plasma compared to other treatments. At 

days 21 and 28 of age, the lowest (P < 0.05) levels of triglyceride and alanine aminotransferase 

were observed in cranberry pomace and blueberry products-fed birds, respectively suggesting that 

berry feeding influenced the lipid metabolism and serum enzyme levels. The highest relative 

abundance of Lactobacillaceae was found in ceca of birds fed CP2 (P < 0.05). In cloaca, BOH300 

significantly (P < 0.005) increased the abundances of Acidobacteria, and Lactobacillaceae. 

Actinobacteria showed a significant (P < 0.05) negative correlation with feed intake (FI) and feed 

efficiency (FE) in COH300 treated birds, whereas Proteobacteria positively correlated with the 

BW but negatively correlated with FI and FE; during the growing phase. In the spleen, cranberry 

products did not induce the release of any pro-inflammatory cytokines, but upregulated the 

expression of several genes (IL4, IL5, CSF2, and HMBS) involved in adaptive immune responses 

 
3 The version of this study reported in this chapter has been published as “Das. Q, Md. R. Islam, D. Lepp, J. Tang, X. 

Yin, L. Mats, H. Liu, K. Ross, Y. M. Kennes, H. Yacini, K. Warriner, M. F. Marcone, M. S. Diarra. 2020. Gut 

microbiota, blood metabolites and spleen immunity in broiler chickens fed berry pomaces and phenolic-enriched 

extractives. Frontiers in Veterinary Science. 7:150 doi: 10.3389/fvets.2020.00150.” 
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in broilers. This study demonstrated that feed supplementation with berry products could promote 

the intestinal health by modulating the dynamics of gut microbiota while influencing the 

metabolism in broilers.  

4.2. Introduction 

Necrotic enteritis (NE) caused by Clostridium perfringens and coccidiosis induced by Eimeria 

spp. are intestinal diseases that cause important economic losses to poultry production due to 

productivity losses, cost of treatments, and premature deaths [197]. In conventional broiler 

production, antimicrobials like bacitracin and salinomycin are used in-feed to prevent such 

intestinal diseases resulting in an improvement of feed conversion and bodyweight gain. 

Antibiotic-free (raised without antibiotic: RWA) and organic poultry production are increasing in 

developed countries in response to consumers' demand for non-conventionally produced food, 

driven by issues including antimicrobial resistance (AMR) [198]. Such production requires no use 

of traditional antibiotics in intensive production and/or free-range systems (outdoor access to 

pasture) in organic production. Accordingly, the Chicken Farmers of Canada (CFC) recently 

recommended elimination of the preventive use of Category II antibiotics in 2018 and of Category 

III antibiotics by the end of 2020 (https://www.chickenfarmers.ca/antibiotics). However, RWA 

and organic (antibiotic-free) production systems in some countries appear to increase the exposure 

to environmental pathogenic bacteria like C. perfringens [199], avian pathogenic Escherichia coli: 

APEC [200], Campylobacter spp. and Salmonella enterica serovars [201] that pose a threat to 

birds' health and food safety. Antibiotic-free poultry production systems were reportedly 

associated with poorer feed efficiency, reduced weight gain and bodyweight at slaughter; along 

with an increased incidence of clinical and subclinical NE cases [202]. Thus, efficient and cost-

effective methods for maintaining/improving birds’ health, reducing food safety risks (foodborne 

pathogens) and lessening negative environmental impacts of production are warranted for 

antibiotic-free poultry production.  

Feed additives have received much attention since the ban of in-feed antibiotics as growth 

promoters in Europe in 2006 and recent restriction of their use in North America [203]. Feed 

additives may have a pleiotropic effect on poultry and are used to increase palatability, improve 

nutrient availability, reduce endogenous protein production and losses, reduce pathogenic 

microbial growth, reduce inflammation and gut permeability, increase binding of toxins, enhance 
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intestinal recovery and function, increase colonization and improve microbiota balance [204]. The 

poultry gut microbiota plays an important role in maintaining overall health and in the 

development of the immune system, energy homeostasis and provides protection against 

pathogens [17]. However, environmental conditions (like housing, feed access etc.) and host 

factors (line, sex, age and disease conditions) significantly influence the composition of the 

intestinal microbiota [205].  

The use of fruit pomaces in animal production is gaining popularity [206]. The North American 

cranberry (Vaccinium macrocarpon) and wild blueberry (Vaccinium angustifolium) are 

characterized by their high phenolic acids, proanthocyanidins, anthocyanins, flavonoids and other 

insoluble fiber contents. Bioactive compounds from berry pomaces and their extracts exhibited a 

wide range of biological activities, including antioxidant, anti-carcinogenic, anti-inflammatory, 

anti-neurodegenerative, antiviral [162, 207]. These products showed concentration-dependent 

effects by modulating gut microbiota [208, 209]. Therefore, it is appropriate to explore these berry 

by-products as resources for different value-added applications.  

Although feeding practices are known to impact animal health and productivity, very limited 

research has been done on the effects of berry by-products as feed supplements on gut microbiota 

composition and blood metabolites in broiler chickens. We previously reported the potential of 

berry products in food production including feeding strategies to modulate gut microbiota in food 

animals [87, 159], and demonstrated that cranberry products enhanced immuno-defense 

mechanisms of chickens against infections [87]. Moreover, cranberry pomace fractions were 

reported to inhibit growth of AMR Salmonella serovars while affecting the metabolism and 

nutrient uptake as well as expression of virulence factors in S. Enteritidis from broilers [210]. 

These studies imply that both cranberry and blueberry products could be developed to maintain or 

improve poultry productivity and safety. In the present study, we evaluated the growth 

performance, intestinal health as well as cecal and cloacal microbiota in broiler chickens received 

organic cranberry and wild blueberry pomace and their phenolic-enriched extractives (ethanolic 

extracts) in feed. The impact of berry product feeding on blood metabolites was estimated during 

growing and finishing periods. In addition, correlations between abundances of cecal bacterial 

taxa, performance parameters and blood metabolite profiles were determined. Furthermore, we 

investigated the gene profile of the spleen to get insight on the potential immune response of 

broilers to dietary cranberry products, for which limited data exist.  
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4.3. Materials and methods 

4.3.1. Animal ethics  

All experimental procedures performed in this study were approved (protocol # 16-AV-314) by 

the Animal Care Committee of the Centre de recherche en sciences animales de Deschambault 

(CRSAD, Deschambault, QC, Canada) according to guidelines described by the Canadian Council 

on Animal Care [211].  

4.3.2. Berry products  

Organic cranberry (CP: Vaccinium macrocarpon) and wild blueberry (BP: V. angustifolium) 

pomaces were prepared and characterized previously [162]. Phenolic-rich pomaces were extracted 

with 80% ethanol from the CP and BP. After extraction, ethanol was removed from the CP and 

BP with a rotary evaporator and freeze-dried at -30°C to generate crude pomace extracts (COH 

and BOH) that were kept at -20°C until their use. Composition of the studied products including 

content in phenolic acids, tartaric esters, flavonols, anthocyanins, tannins, carbohydrate, lipids, 

proteins and minerals like Ca, Mg, Fe, Mn and Cu has been previously reported [162]. 

4.3.3. Broiler chickens and housing  

A total of 2800 male day-old broiler Cobb 500 chicks were randomly distributed between 70 floor 

pens (40 birds/pen) at the Centre de recherche en sciences animales de Deschambault (CRSAD, 

Deschambault, QC, Canada). Before placement, all chicks were visually examined for health and 

inferior chicks were not included in the trial. The concrete floor was covered with approximately 

3 in. (7.6 cm) of clean softwood wood chips and ventilation was provided by negative pressure 

with fans. Heat was provided by gas-fired brooders; water and feed were offered ad libitum through 

nipple drinkers and tube feeders, respectively. Birds were managed according to the Cobb 

recommendations [13]. The composition of the starter: day 0 to 10; grower: day 10-20 and finisher: 

day 20-30 diets included corn as the principal cereal, and soya and soybean cake as protein 

concentrates to meet the nutrient requirements for broiler Cobb-500 [13, 212].  

4.3.4. Study design  

The 70 pens were assigned to 10 treatments (7 pens/treatment) using a complete randomized 

design. The 10 treatments consisted of: control negative (CON: non-medicated basal feed); basal 

feed supplemented with bacitracin (BACI: 55 ppm), 2 groups received basal feed supplemented 
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with 1% and 2% of cranberry pomace (CP1 and CP2); 2 groups received basal feed fortified with 

1% and 2% blueberry pomace (BP1 and BP2); 2 groups received basal feed supplemented with 

150 and 300 ppm of cranberry ethanolic extracts (COH150 and COH300); 2 groups received basal 

feed supplemented with 150 and 300 ppm of blueberry ethanolic extracts (BOH150 and BOH300). 

All birds were vaccinated against coccidiosis. The tested products were applied from day 0 until 

day 30 of age. No additional anticoccidials or antibiotics were administrated to the birds 

throughout the trial.   

4.3.5. Data collection  

Chicks were weighed at the start of the trial (day 0) and every week thereafter. Performance 

parameters including body weight (BW), feed intake (FI), feed efficiency (FE), were measured at 

days 10 (phase 1), 20 (phase 2), and 30 (phase 3) from each pen [213]. Birds were inspected at 

least twice daily. Any mortalities or culls were removed. The dates of removal and bird weights 

were recorded on a data capture sheet. Necropsies were performed by Services Vétérinaires 

Ambulatoires Triple-V Inc. (Acton Vale, QC, Canada) on all mortalities to determine the causes 

of death. Any birds showing signs of illness or distress were removed and humanely killed. During 

flock inspections, birds were observed for activities; and feed and water were checked to assure 

that each was always available. 

4.3.6. Sample collection, bacteriology and necropsy  

At days 21 and 28, two birds/pen (7 pens/treatment) were randomly chosen and weighed 

individually. Blood sample was collected from wing vein and then birds were sacrificed by cervical 

dislocation. Cecal contents and cloacal (fecal) samples were aseptically collected from each bird 

and transferred to sterile Whirl-Pak plastic bags (Nasco, Fort Atkinson, WI) and test tubes, 

respectively; immediately frozen (-20°C) and transported to the laboratory for microbiota analysis. 

The collected cecal samples were analyzed using culture methods on selective media: C. 

perfringens on cycloserine supplemented Tryptose Sulphite Cycloserine (TSC) agar media, E. coli 

on CHROMagarTM and Lactobacillus on MRS agar media. The results of cecal microbial 

enumerations were log transformed before statistical analysis. Necropsy and scoring of intestinal 

lesions due to coccidiosis (Eimeria acervulina, E. maxima and E. tenella) and necrotic enteritis 

due to C. perfringens were performed on all sacrificed birds by the Services Vétérinaires 

Ambulatoires Triple-V Inc. Intestines were longitudinally opened to score mucosa for NE lesions 
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for each of the upper and lower gut (including ceca) as well as for coccidiosis as previously 

described [212]. Birds were also monitored for yolk sac infection (omphalitis), trachea integrity, 

pododermatitis, gizzard ulceration, intestinal tonus, airsacculitis, metatarsal, femoral head necrosis 

and bursal size.  

4.3.7. Blood serum metabolites  

Blood samples collected from birds on day- 21 and 28 were allowed to clot at room temperature 

before centrifugation at 2,000 x g for 10 min for serum collection [208]. Collected sera were 

transferred to sterile Eppendorf tubes and stored at -80°C until further analysis. Blood serum 

samples were assessed for nineteen blood biochemistry parameters at the Animal Health 

Laboratory (University of Guelph, Guelph, ON, Canada) for: (1) enzymes: alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), amylase 

(AMY), lipase (LIP) and gamma-glutamyltransferase (GGT); (2) minerals: calcium (Ca), iron (Fe), 

magnesium (Mg) and phosphorus (P); (3) glucose; lipids; cholesterol (CHO); high-density 

lipoprotein cholesterol (HDLC); triglyceride (TRIG) and non-esterified fatty acids (NEFA); (4) 

protein: total proteins (TP), albumin (ALB), globulin (GLO), and albumin:-globulin ratio (A:G 

ratio).  

4.3.8. Phenolics in blood plasma by liquid chromatography-mass spectrometry  

Individual blood samples from birds selected on day-21 were immediately centrifuged at 3000 ×g 

for 15 min at 4°C and the plasma were collected and stored at -20°C. Chicken plasma samples 

were transferred to Eppendorf microcentrifuge tube, mixed with 4°C cold acetonitrile 1:4 (v:v), 

centrifuged  at 12000 g at 4 °C for 15 minutes to remove precipitates, supernatant were transferred 

to pre-balanced 33 µm polymer reverse phase 96 well plate (60 mg/well) to remove residual 

proteins. The filtrates were analyzed by LC-MS/MS using a Thermo Scientific™ Q-Exactive™ 

Orbitrap mass spectrometer equipped with a Vanquish™ Flex Binary UPLC System (Waltham, 

MA, USA). Data was acquired using Thermo Scientific™ Xcalibur™ 4.2 software and Thermo 

Scientific™ Standard Integration Software (SII). The chromatographic separation was performed 

on a ZORBAX RRHD Eclipse Plus Phenyl-Hexyl HPLC column (2.1 x 150 mm, 1.8 µm, Agilent, 

Mississauga, ON, Canada).  The binary mobile phase consisted of solvent A (99.9% H2O / 0.1% 

formic acid) and solvent B (99.9% ACN / 0.1% formic acid). The following solvent gradient was 

used: 0 – 8 min, 0% to 24% B; 8 – 10 min, 24% B; 10 – 14 min, 24% – 60% B; 14 – 15 min, 60% 
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to 100% B; 15 – 18 min, 100% B; 18 – 19 min, 100% to 0% B; 19 – 27 min, 0% B. The column 

compartment temperature was held at 40°C, the flow rate was set at 0.3 mL min-1, injection volume 

was set at 2 µL; peaks were monitored at 280, 320, 360 and 520 nm. Mass spectrometry data was 

collected in negative ionization mode using Full-MS/ddMS2 (TopN=10) method, with NCE set at 

30 and intensity threshold set at 1.0 e5 counts.  

Data was analyzed and visualized using Thermo FreeStyle™ 1.5 software. Automated sample 

analysis was performed using Compound Discoverer 2.0 software. A modified template 

“Untargeted food research workflow with statistics” was used to perform sample grouping, peak 

detection, identification of unknowns and differential analysis. The identification of compound in 

plasma was based on elemental composition prediction and subsequent ChemSpider database 

search (FullMS) as well as spectral matching of MS/MS data with mzCloud library (MS2). 

Statistical analysis performed on detected peaks included differential analysis where P values and 

fold changes were visualized using Volcano plots; principal component analysis (PCA) plot was 

also generated by Compound Discoverer™ software. 

4.3.9. DNA isolation for microbiota analysis  

Genomic DNA for 16S rRNA sequencing was extracted from cecal and cloacal sample using 

QIAamp DNA Stool Mini Kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s 

instruction. DNA quality was checked by running on 1.0% agarose gel electrophoresis. DNA 

quantitation was performed using the Qubit® 2.0 Fluorometer (Life Technologies, Carlsbad, CA, 

USA) and the Qubit dsDNA HS assay kit (Life Technologies, Carlsbad, CA, USA). Sequencing 

libraries of the 16S rRNA gene were prepared according to the Illumina 16S Metagenomic 

Sequencing Library Preparation Guide. Briefly, the 16S V3-V4 hypervariable region was 

amplified using primers (5’-CCTACGGGNGGCWGCAG-3’) and Bakt_805R (5’-

GACTACHVGGGTATCTAATCC-3’) containing Illumina overhang adapter sequences (5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG, respectively) with KAPA HiFi 

HotStart ReadyMix (VWR), and purified with AMPure XP beads (Beckman Coulter). Sequencing 

adapters containing 8-bp indices were added to the 3′ and 5′ ends by PCR using the Nextera XT 

Index kit (Illumina) followed by a second purification with Ampure XP beads. Amplicons were 

quantified using the Quant-iT PicoGreen double-stranded DNA assay (Invitrogen) and equimolar 
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ratios were pooled and combined with 10% equimolar PhiX DNA (Illumina) for sequencing on a 

MiSeq instrument, using the 600-cycle v3 kit (Illumina). 

The data were analyzed by Quantitative Insights Into Microbial Ecology QIIME (version 1.9.1) 

[214]. Paired-end reads (300-bp) were joined with fastq-join [215], and quality filtered and 

demultiplexed in QIIME using default settings. The reads were clustered at 97% sequence identity 

with UCLUST [216] and representative operational taxonomy units (OTUs) were picked using an 

open-reference approach [217]. For both steps, the Greengenes representative OTU sequences 

(gg_otus_13_8), clustered at 97% identity, were used as reference. Taxa that could not be assigned 

a genus were presented as ‘unclassified’ using the highest taxonomic level that could be assigned 

to them. The sequences were aligned against the Greengenes core set with PyNast [214] and a 

phylogenetic tree was constructed with FastTree [218]. Alpha-diversity (within group) metrics 

were then calculated by QIIME and a β-diversity (between group) distance matrix based on 

unweighted UniFrac metric [219] was calculated, which was used for principal co-ordinate 

analysis (PCoA).   

4.3.10. Spleen RNA extraction  

At day 21 age, spleens from sacrificed birds were collected and placed in tubes containing an RNA 

stabilization solution (AM7021, ThermoFisher Scientific) before frozen. Three spleen samples per 

each six treatments (control, BACI, CP1, CP2, COH150 and COH300) were defrosted at room 

temperature for RNA extraction. Total RNA was prepared using the RNeasy® Mini Kit (Cat 

No./ID: 74104 Qiagen) according to the manufacturer’s instructions. Briefly, 10-15 mg of spleen 

samples were cut with sterile forceps and surgical blades and transferred into 600 µL RLT buffer 

with 1% Beta-Mercaptoethanol (Fisher Scientific). Cells were homogenized using a Pro 200 

homogenizer (Pro Scientific). The homogenates were centrifuged for 3 min. at 13000 rpm and the 

supernatants were transferred to microcentrifuge tubes followed by the addition of 70% ethanol. 

RNA was eluted using RNeasy Mini column (Cat No./ID: 74104 Qiagen). The RNA quality was 

checked on an agarose gel and the quantity and purity were measured with Nanodrop 

spectrophotometer (260 nm and 260/280 nm respectively). The absence of genomic contamination 

was confirmed by running RNA samples with GAPDH housekeeping gene using real-time PCR.    
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4.3.11. Real-time PCR  

cDNA synthesis was performed using Qiagen RT2 Profiler PCR Array Handbook 11/2018 

according to manufacturer’s instructions. In brief, 2 µg of total RNA of each sample was 

synthesized using RT2 First Strand Kit (Qiagen, Valencia, CA) and kept at -20°C until needed. 

cDNA samples were mixed with molecular-grade water and RT² SYBR Green ROX qPCR 

Mastermix (Qiagen, Valencia, CA) according to manufacturer protocols and added to each well of 

the 96 well plate purchased from the Chicken Innate & Adaptive Immune Response PCR Array 

(PAGG-052ZA, Qiagen). These plates were used to profile the expression of 84 genes involved in 

innate and adaptive immune response pathways. Gene expression was normalized using the 

housekeeping gene ACTB and RPL4 selected by GeNorm assessment [220]. Real-time PCR was 

performed using an Applied Biosystems 7500 Real-time PCR System with 7500 Software v 2.3. 

Fold change in gene expression between control and the remaining five treatments (BAC, CP1, 

CP2, COH150 and COH300) was calculated using the 2−ΔΔCt method and P value was calculated 

based on a Student’s t-test between control and treatments at the significant level of 0.05. 

4.3.12. Statistical analysis  

Statistical analyses on growth performance, relative abundance of bacteria taxa and severity of 

intestinal lesions (scores) were conducted according to a complete randomized design using the 

General Linear Mixed Model (GLMM) procedure of the Statistical Analysis System version 9.4 

(SAS Institute Inc., Cary NC). Treatments and sample sources (ceca and cloaca) were used as 

sources of variation and the individual pen as experimental units (7 pens/treatment group). 

Relationship between performance parameters, blood metabolites and microbial taxa were 

estimated by nonparametric correlation measurements. Least significance difference (LSD) was 

used to separate treatment means whenever the F value was significant. The association test of 

Cochran-Mantel-Haenszel was used to determine the relationship between feed supplementation 

and the incidence of intestinal lesions using the FREQ procedures. The difference between 

treatments was considered significant at a P value of 0.05.  
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Table 4.1. Composition of feed used in this study. 

Ingredient (% of inclusion in diet) Starter (Day 0-10) Grower (Day 10-20) Finisher (Day 20-30) 

Corn 58.04 61.56 63.34 

Soya 10.00 15.00 20.00 

Soybean cake granule 13.10 7.40 3.90 

Dresses distillery 5.00 6.00 6.00 

Corn gluten 4.60 3.40 1.50 

Canola oilcake 4.80 2.00 - 

Limestone 1.53 1.50 1.42 

Monocalcium phosphate 1.25 1.19 1.08 

Soybean oil - 0.40 1.20 

Lysine sulfate 70% 0.43 0.39 0.34 

Sodium bicarbonate 0.36 0.27 0.28 

Salt 0.25 0.24 0.24 

Luzern concentrate 0.20 0.20 0.20 

Methionine 0.18 0.18 0.23 

Myco-curb liquid 0.10 0.10 0.10 

Choline liquid 75% 0.06 0.06 0.05 

Hy D premix (Vitamin D3) 0.03 0.04 0.04 

Threonine 98% - 0.01 0.04 

OptiPhos 1000ct 250 ftu (0.12%) 0.03 0.03 0.03 

Vitamin E 100,000 IU 0.05 0.03 0.02 

 

Table 4.2. Analyzed nutrient profile of the feeds used in the present study. 

Nutrient  Starter (Day 0-10) Grower (Day 10-20) Finisher (Day 20-30) 

Calculated nutrient -        

Granulometry (μ) 1,362.54 1,324.14 1,299.26 

Gross protein (%) 21.00 19.28 18.07 

AMEn poultry (kcal/kg) 2,989.03 3,086.25 3,177.03 

Phosphorus available (%) 0.50 0.48 0.45 

Total chloride (%) 0.21 0.21 0.21 

Total sodium (%)  0.22 0.19 0.19 

Choline added (mg/kg) 396.99 396.99 351.43 

Vit.A added (IU/kg) 11,000.00 10,100.00 10,100.00 

Vit.D added (IU/kg) 4,988.24 4,984.32 4,984.32 

Vit.E added (IU/kg) 80.00 60.00 50.00 

Arginine (%) 1.26 1.17 1.14 

Lysine (%) 1.23 1.13 1.08 
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Meth & Cys (%) 0.90 0.84 0.83 

Methionine (%) 0.53 0.50 0.50 

Threonine (%) 0.79 0.74 0.72 

Tryptophane (%) 0.24 0.22 0.22 

Arg Dig V Vol (%) 1.16 1.07 1.05 

Lys Dig V Vol (%) 1.08 0.99 0.95 

M & C Dig V Vol (%) 0.80 0.75 0.74 

Met Dig V Vol (%) 0.49 0.47 0.48 

Thr Dig V Vol (%) 0.67 0.62 0.61 

Try Dig V Vol (%) 0.21 0.19 0.19 

ValDVV / LDV (ratio) 0.76 0.77 0.76 

Calcium phytase (%) 1.00 0.96 0.90 

Estimated nutrient -  
   

Dry matter (%) 89.80 89.70 90.10 

Total protein (%) 23.06 20.44 18.69 

C (%) 41.00 41.10 41.40 

N (%) 3.69 3.27 2.99 

C/N ratio 11.10 12.60 13.90 

P (mg/kg) 8015.00 7542.00 7307.00 

K (mg/kg) 9519.00 8470.00 8631.00 

Ca (mg/kg) 9041.00 9954.00 11053.00 

Mg (mg/kg) 2127.00 1842.00 1845.00 

Na (mg/kg) 1898.00 1957.00 2195.00 

 

4.4. Results 

4.4.1. Birds’ performance  

Table 4.1 presents the composition of all vegetarian feed used in this study. Analyses of dry matter 

(DM), total proteins, amino acids, fatty acids, vitamins, and some of the most common minerals 

of the feed were performed at the Laboratory of Agro-Environmental Analysis (Table 4.2). Effects 

of the tested basal diet (control) and its  supplementation with, BACI, 1% and 2% of organic 

cranberry (CP1, CP2) or wild blueberry (BP1, BP2) pomaces as well as ethanolic extracts of 

cranberry (COH150, COH300) or blueberry (BOH150, BOH300) pomaces on bodyweight (BW), 

feed intake (FI), feed efficiency (FE) and mortality are illustrated in Table 4.3. The performance 

data obtained from this study showed improved phase dependent treatment effects on the BW and 

FE (Table 4.3). 



 

 

71 

 

During the starter phase, the highest BW (P < 0.05) was observed in birds treated with COH300, 

COH150 and CP2. A similar BW was found in birds fed BOH150, CP1 and BACI. No significant 

difference was found between the control birds and those fed BP1 and BP2, while the lowest BW 

was recorded in the BOH300 treatment. During the grower phase, the highest (P < 0.05) BW were 

obtained with the BOH300 and BACI treatment, whereas no significant differences were observed 

between the COH300, BOH150, control, BP2 and BP1. The lowest BW values were recorded in 

the COH150, CP1 and CP2 treated birds (P < 0.05). However, no statistical difference was found 

among the 10 treatment groups for the cumulative (overall) final BW. 

In the starter phase, COH300, COH150 and BACI feed treatments induced the lowest (improved) 

FE, while BP2, CP2, BOH300 induced the highest (poorer) FEs (P < 0.05). No significant effect 

was observed between the control birds and those fed BP1, CP1 and BOH150. At day 30, COH150, 

COH300 and BACI fed birds induced the best cumulative FE values among all feed treatments (P 

< 0.05). No significant effects of pomaces or their ethanolic extracts in feed were observed on the 

cumulative (day 0 to 30) FI or the mortality rate compared to control and BACI.  
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Table 4.3. Effects of cranberry and blueberry pomaces and their extracts on broiler growth performance and mortality*. 

 

*Berry products and bacitracin were administrated via feed from 0 to 30 d. Data represent means ± SEM of 7 replicates/treatment (n = 

7 pens of at least 40 chickens/pen) arranged in a complete randomized design. P-value was obtained by ANOVA. Different superscripted 

capital letters within a row indicate significant differences at P < 0.05.

Parameters Control BAC CP1 CP2 COH150 COH300 BP1 BP2 BOH150 BOH300 SEM P-value 

Bodyweight, g/bird             

Day 0 42.84 42.89 42.86 43.01 43.44 42.6 43.01 42.79 43.11 43.44 0.83 0.6 

Day 10 241.41AB 242.73AB 242.86AB 247.49AB 248.76AB 250.57A 241.01AB 240.21AB 245.93AB 238.86B 0 0 

Day 20 856.44A 866.93A 826.39A 768.84B 845.36A 858.07A 853.24A 856.01A 857.37A 869.64A 2.22 0.03 

Day 30 1799.17 1817.47 1762.2 1762.2 1816.23 1815.47 1761.67 1797.09 1785.13 1810.24 1.37 0.22 

Feed intake, g/bird             

Day 0-10 28.37 27.77 28.31 29.71 28.09 28.4 28.09 29.13 28.79 28.03 1.77 0.09 

Day 10-20 81.53 77.01 81.19 82.4 72.25 74.51 82.61 86.27 82.53 82.9 0.78 0.64 

Day 20-30 149.93 150.03 149.93 150.43 150.21 152.1 149.63 157.43 149.5 147.77 1.58 0.14 

Day 0-30 93.04 91.83 93.13 94.44 89.80 91.79 93.74 97.46 93.96 92.83 0.002 0.25 

Feed efficiency, FE             

Day 0-10 1.29ABC 1.26CDE 1.28BCDE 1.32AB 1.24ED 1.23E 1.29BCD 1.34A 1.28BCDE 1.3ABC 3.38 0 

Day 10-20 1.46 1.36 1.54 2.07 1.34 1.35 1.49 1.57 1.49 1.45 1.37 0.22 

Day 20-30 1.58 1.59 1.61 1.58 1.54 1.58 1.64 1.66 1.62 1.58 1.06 0.41 

Day 0-30 1.5ABC 1.47BC 1.55AB 1.59A 1.44C 1.46BC 1.55AB 1.58A 1.53ABC 1.5ABC 2.68 0.01 

Mortality (%) 1.43 3.57 2.14 4.29 4.64 3.21 2.5 3.57 2.86 2.86 1.1 0.38 
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4.4.2. General and Intestinal Health  

Gross examination revealed that the general heath was good; bones, cartilages as well as muscles 

quality was adequate. At day 21 necropsy, few lesions on the internal organs, cases of retained 

yolks and very slight airsacculitis were observed with no evidence of active infection. Only three 

birds (4.3%) with airsacculitis were found in each of the BACI and BOH150 treatments. The bursa 

of Fabricius were in good condition with a satisfactory size indicating a functioning immune 

system and absence of a health challenge.  

At day 21, liquid and mucous intestinal content was observed in most birds necropsied, that could 

be partially explained by the effect of all-vegetarian diet used. In general, sub-clinical (minor low 

lesion scores) NE were observed as shown in Table 4.4. The lowest (P < 0.05) prevalence of NE 

score of 1 (occasional lesions consisting of small areas of erosion, necrosis, or hemorrhage) was 

observed in birds treated with CP1 (21.4%) and BP1 (21.4%) compared to the BACI (42.8%) and 

control (42.8%) treatments. Only one bird with a NE lesion score of 2 (minor gross lesions 

consisting of occasional small areas of hemorrhage or necrosis at 1 to 2 lesions per 5 cm of the 

small intestine) was observed in the control group. In almost all necropsied birds and 

independently to treatment, a duodenal congestion was notable, and, in some birds, lesions score 

of 1 or 2, due to E. acervulina was observed. The lowest but not significant (P = 0.94) prevalence 

of intestinal lesion scores of 1 (few petechiaes on the serosal surface around Meckel’s 

diverticulum, or in other areas of the intestine) by E. maxima was observed in birds treated with 

CP1, BOH150 and BOH300 (7.1% for each treatment) compared to the control (28.6%) and BACI 

(21.4%) treated birds. Among all treatments, the prevalence of E. tenella was lower in the CP2 

and COH300 groups (7.1% for each treatment) than that in the control (42.8%). At day 28 of age, 

no necropsy was conducted due to the general good health status of birds. 
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Table 4.4. Prevalence of birds presenting lesion scores: coccidiosis due to Eimeria spp. and necrotic enteritis (NE) caused by C. 

perfringens.* 

Treatments E. acervulina E. maxima E. tenella NE 

  1 2 1 2 1 2 1 2 

Control 28.57 28.57 28.57 0 42.86 7.14 42.86 7.14 

Bacitracin 42.86 21.43 21.43 0 35.71 14.29 42.86 0 

CP1 42.86 21.43 7.14 0 28.57 7.14 21.43 0 

CP2 42.86 28.57 14.29 0 7.14 14.29 78.57 0 

COH150 50 14.29 21.43 0 0 21.43 78.57 0 

COH300 57.14 7.14 14.29 0 7.14 7.14 28.57 0 

BP1 42.86 28.57 21.43 0 35.71 7.14 21.43 0 

BP2 50 7.14 0 7.14 35.71 7.14 50 0 

BOH150 21.43 21.43 7.14 7.14 35.71 0 57.14 0 

BOH300 42.86 28.57 7.14 0 28.57 7.14 50 0 

P value 0.88 0.94 0.58 0.01 

 

*Two birds per pen (14/treatments, 140 birds total) were sacrificed on day 21-22 for necropsy.  

E. acervulina causing white plaques in the duodenum, the scores were scored on a scale of 0 to 4: “0” - normal, “1” - A maximum of 5 lesions per 

cm2 mainly in the duodenum, “2” – several lesions in the duodenum and/or jejunum, but not coalescent;  

E. maxima induces bleeding in the middle of the small intestines, scored from 0 to 4 as follow: “0” - normal; “1” - few petechiae on the serosal 

surface around Meckel’s diverticulum, or in other areas of the intestine, “2” - several petechiae on the serosal surface, small petechiae on the mucosal 

side, watery contents, orange intestinal mucus;  

E. tenella causing severe inflammation of ceca includes intestinal score from 0 to 4: “0” – normal; “1” - few petechiae on the cecal serosal and 

mucosal surfaces or little blood in the ceca and thick cecal contents’ “2” - Petechiae on the cecal serosal and mucosal surfaces or thick cecal wall or 

contents containing blood or fibrin and presence of grooves;  

C. perfringens were scored on a scale of 0 to 3: “0”: no gross lesions; “1”: occasional lesions consisting of small areas of erosion, necrosis, or 

hemorrhage; “2”: minor gross lesions consisting of occasional small areas of hemorrhage or necrosis at 1 to 2 lesions per 5 cm2 throughout the small 

intestine. 
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4.4.3. Blood serum metabolites  

Nineteen blood serum metabolite levels were measured in birds at days 21 and 28 of age, which 

showed significant treatment effects for several biomarkers (Table 4.5). On day 21, BOH300 

significantly reduced (P < 0.05) the serum enzymes ALT and lipase levels. The highest level (P = 

0.08) of ALP was observed in birds treated with BACI and COH150. Compared to control birds, 

BOH300 treated birds showed 85% and 50% lower ALT and lipase content, respectively. Except 

the BOH300 treatment, the ALT levels decreased with age in all treatment groups including the 

control. At day 21, significant treatment effects were observed for calcium (Ca), phosphorus (P) 

and magnesium (Mg) concentrations with the lowest level of these three minerals (Ca = 1.58 

mmol/L and P = 1.89 mmol/L, Mg = 0.93 mmol/L) being observed in CP2 fed birds (P < 0.05). 

Both levels of TRIG and NEFA were significantly decreased (approximately 20% and 16%, 

respectively) in all cranberry products treated birds compared to control, with the lowest level of 

A:G ratio being observed in birds treated with BACI, COH300 and COH150 (P < 0.05). Similar 

to day 21, ALT level was significantly low (P < 0.001) at day 28 in blueberry products treated 

birds. Among minerals, only Mg was influenced (P < 0.05) by all cranberry products compared to 

control and the blueberry product treatments at day 28. Levels of TRIG and ALB were significantly 

low (P < 0.05) in birds treated with cranberry pomace compared to the other treatments in 28 days 

old birds. Calculated Aspartate aminotransferase: Alanine aminotransferase (AST:ALT) ratio 

values were high in both days 21 and 28 with the highest values observed in blueberry pomaces 

and their ethanolic-extracts fed chickens. 



 

 

76 

 

Table 4.5. Blood serum metabolites of broiler chickens fed with organic cranberry (CP), wild blueberry (BP) pomace (1% and 2%) and 

their respective ethanolic extracts (COH150, COH300, BOH150 and BOH300 ppm) at day 21 and 28*. 

Age 

(day) 
Categories Metabolites Treatments 

      Control Bacitracin CP1 CP2 COH150 COH300 BP1 BP2 BOH150 BOH300 SEM P value 

21 

Serum enzymes 

(U/L) 
 

Alanine aminotransferase (ALT) 8.67 8.50 9.14 7.50 7.86 7.86 1.57 1.57 1.86 1.29 0.57 <0.001 

Aspartate aminotransferase (AST) 322.17 288.17 239 210.17 298.29 239.71 234.86 314.86 248.86 247.57 33.03 0.255 

Alakaline phospfatase (ALP) 5884 11148.5 9950 10099.67 13527.29 7538.14 10664.29 10586.43 10625.71 10407.14 1503.70 0.083 

Amylase (AMY) 917.33 1332.83 1091.43 691.17 1075.14 775.57 1034 850.71 883.86 779.43 176.38 0.362 

Lipase (LIP) 17.33 21.00 16.71 15.67 17.00 14.29 11.86 9.00 10.43 8.71 1.99 0.000 

Gamma-glutamyltransferase (GGT) 9.00 11.17 8.86 7.83 7.43 5.14 13.57 11.14 9.00 8.57 1.88 0.143 

Mineral 

(mmol/L) 
 

Calcium (Ca) 1.92 1.94 2.06 1.58 2.05 1.95 1.83 2.12 1.95 2.08 0.11 0.057 

Magnesium (Mg) 1.07 1.03 1.07 0.93 1.16 1.03 1.00 1.11 1.11 1.07 0.06 0.047 

Phosphorous (P) 2.27 2.12 2.14 1.89 2.47 2.20 2.08 2.50 2.47 2.41 0.14 0.057 

Iron (Fe) 15.5 18.17 16.14 16.17 16.86 17.71 14.00 16.14 17.00 15.71 1.25 0.532 

Carbohydrate 

(mmol/L) 
Glucose (GLU) 14.68 14.48 13.97 13.12 14.3 12.93 14.00 13.31 14.61 14.83 0.74 0.567 

Lipid (mmol/L) 

Cholesterol (CHOL) 2.90 3.02 2.94 2.59 2.95 2.73 2.99 2.92 2.99 2.99 0.20 0.914 

High-density lipoprotein cholesterol (HDLC) 2.22 2.24 2.27 1.99 2.24 2.26 2.19 2.18 2.25 2.23 0.14 0.971 

Triglyceride (TRIG) 0.88 0.98 0.70 0.70 0.77 0.73 0.90 0.96 1.11 1.19 0.09 0.003 

Non-esterified fatty acids (NEFA) 0.62 0.70 0.53 0.53 0.71 0.52 1.04 0.93 1.20 1.08 0.09 <0.001 

Protein (g/L) 

Total protein (TP) 22.83 25.17 23.43 22.00 23.29 21.71 22.71 23.57 24.00 23.57 1.35 0.860 

Albumin 11.17 10.83 11.00 10.83 10.71 9.57 12.00 11.57 12.29 11.71 0.67 0.224 

Globulin 11.67 14.33 12.43 11.17 12.57 12.14 10.71 12.00 11.71 11.86 0.80 0.215 

ALB-GLO Ratio 0.97 0.77 0.90 0.96 0.85 0.79 1.13 0.99 1.05 1.01 0.048 <.001 

28 

Serum enzymes 

(U/L) 

Alanine aminotransferase (ALT) 5.60 6.40 6.20 3.80 4.60 3.80 1.40 1.00 1.60 1.60 0.74 <0.0001 

Aspartate aminotransferase (AST) 215.75 236.40 273.80 205.2 220.80 229.00 229.40 232.40 210.80 274.00 26.25 0.592 

Alakaline phospfatase (ALP) 5668.80 5692.40 6858.00 5540.80 6269.80 8608.00 5174.80 6793.60 7258.40 7507.80 1719.79 0.934 

Amylase (AMY) 1131.80 767.00 849.40 856.40 643.20 473.20 931.00 801.80 761.60 921.40 267.46 0.908 

Lipase (LIP) 17.20 15.60 13.60 13.40 11.60 11.60 11.40 7.00 7.60 10.60 2512.00 0.145 

Gamma-glutamyltransferase (GGT) 8.20 10.40 9.80 12.20 9.60 14.00 13.40 14.60 13.40 10.80 1.99 0.337 

Calcium (Ca) 2.31 1.98 1.93 1.87 1.94 1.90 1.95 1.87 1.87 2.05 0.14 0.568 
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Mineral 

(mmol/L) 

Magnesium (Mg) 1.04 0.96 0.86 0.82 0.88 0.84 0.94 0.92 1.00 0.94 0.05 0.044 

Phosphorous (P) 2.45 2.16 1.88 1.97 2.10 1.94 2.11 2.01 2.15 2.31 0.16 0.384 

Iron (Fe) 17.4 17.2 15.2 13.8 16.80 15.00 18.2 17.8 15.40 17.20 1.38 0.389 

Carbohydrate 

(mmol/L) 
Glucose (GLU) 14.44 13.96 13.24 12.80 15.02 14.00 13.50 14.52 11.46 14.28 1.05 0.486 

Lipid (mmol/L) 

Cholesterol (CHOL) 3.25 3.1 2.76 2.36 2.92 2.89 3.17 2.97 2.80 3.21 0.20 0.109 

High-debsity lipoprotein cholesterol (HDLC) 2.14 2.25 2.06 1.77 2.18 2.14 2.40 2.33 1.93 2.39 0.18 0.299 

Triglyceride (TRIG) 1.20 0.92 0.80 0.84 0.82 0.96 1.12 0.92 1.02 1.08 0.086 0.024 

Non-esterified fatty acids (NEFA) 1.23 0.87 0.70 0.81 0.83 0.89 1.11 1.00 1.19 1.25 0.156 0.148 

Protein (g/L) 

Total protein 26.60 24.00 22.80 21.60 23.00 22.60 26.60 24.60 25.80 25.20 1.77 0.460 

Albumin (ALB) 14.40 11.60 10.40 10.20 11.40 11.00 12.80 12.60 12.80 13.40 0.73 0.003 

Globulin (GLO) 12.20 12.40 12.40 11.40 11.60 11.60 13.80 12.00 13.00 11.80 1.21 0.945 

ALB-GLO Ratio (A:G ratio) 1.35 0.94 0.87 0.95 0.99 0.97 0.93 1.05 0.99 1.14 0.19 0.242 

*Berry products were administrated via feed from 0 to 30 d. Data represent means ± SEM of 7 replicates/treatment (n = 7 pens of at least 40 chickens/pen) arranged in a complete randomized design. P 

value obtained by ANOVA. 
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4.4.4. Plasma metabolomics  

Effect of feed supplementation with berry pomaces and their ethanolic extracts was evaluated on 

140 chicken (two birds/pen) blood plasma samples (7 pens/treatment) at day-21 of age. Significant 

differences (P < 0.05) were noticed between treatments. Compared to control birds, all berry 

products fed birds showed down (green area) or up (light red area) regulation of the concentration 

of several metabolites as shown on the Volcano plot by differential analysis (Figure 4.1A). The 

blue dots in the upregulated area were identified and confirmed as quinic acid (QA) 1,3,4,5-

tetrahydroxy-1-cyclohexanecarboxylic acid, which concentrations were clearly higher in CP1 and 

CP2 compared to other treatments (Figure 4.1B).  

Figure 4.1. (A) Volcano plot generated by differential analysis and showing a representative metabolomics 

profile of blood plasma of chickens treated with control and cranberry 2%. Volcano plot of fold changes 

(x-axis) and their associated log10 transformed P values (y-axis) for phenolic compounds analyzed by LC-

MS. The green and orange area indicated downregulation and upregulation, respectively. The blue dots in 

the upregulated area were identified as the quinic acid. (B) Quinic acid level in blood plasma of chicken 

fed with or without berry products. Data represent means ± SEM of seven replicates/treatment (two 

birds/pen = 14 birds/treatment). 

  4.4.5. Culture dependent bacteriology  

Chicken ceca from all treatment groups were used for bacterial enumeration on selective media. 

In the ceca of 21-day-old birds significantly lower populations of C. perfringens, E. coli and higher 

counts of Lactobacillus spp. were observed in birds fed diets supplemented with berry products 

than control-fed birds except for COH300 feed groups (Table 4.6).  The effect of CP2 appeared to 

be comparable to that of BACI at 55 ppm, especially in lowering C. perfringens and E. coli counts 

in the ceca. CP2 and COH300 significantly decreased the population of E. coli, whereas CP1, CP2 
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and COH150 significantly decreased C. perfringens counts., Higher counts of C. perfringens and 

E. coli were observed in blueberry pomaces and their products compared to both control (basal 

diet and bacitracin) and cranberry product treatment groups. The population size of Lactobacillus 

spp. was significantly higher in all blueberry products and CP2 fed birds (P < 0.05) than those of 

control and BACI treatment, but lower in the COH300 treated birds. 
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Table 4.6. Log10 bacterial numbers per gram of ceca samples from broiler chickens under berry pomaces and their ethanolic extracts. 

Bacteria Control BAC CP1 CP2 COH150 COH300 BP1 BP2 BOH150 BOH300 SEM P value 

E. coli 3.89 1.67 3.60 1.25 3.06 1.03 4.04 3.92 3.96 3.98 0.528 <.0001 

Lactobacillus 6.62 5.99 6.98 7.27 6.16 1.03 7.45 7.35 7.23 7.09 0.528 <.0001 

C. perfringens 1.57 0.39 0.46 0.00 0.33 2.09 2.90 3.08 3.00 2.60 0.478 <.0001 

Standard error of means of 7 replicates/treatment (n = 7 pens of 2 chickens/pen) arranged in a complete randomized design. 
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4.4.6. 16S rRNA gene sequencing  

After quality filtering, a total of 4,576,860 and 4,359,267 sequence reads were obtained from the 

cecal and cloacal samples, respectively, with the total reads per sample ranging from 29,449 to 

110,189 in ceca, and 30,460 to 98,801 in cloaca. On average, 62,381 sequence reads per sample 

were generated averaging 356 and 252 operational taxonomic units (OTUs) in the ceca and cloaca, 

respectively (Table 4.7). The mean of Good’s coverage (an alpha diversity index) for all samples 

was high (> 98%), indicating that the majority of the microbial phylotypes in the ceca and cloacal 

samples were covered. 

Table 4.7. Summary statistics of sequences analyzed including the number of average sequences 

after filtering but before OTU picking, average reads after OTU picking, average OTU numbers 

and microbial diversity covered. For each of seven feed treatments, the sequencing reads were 

merged and OTU were clustered at > 97% similarity using QIIME. 

Site Treatment 

Average 

reads/sample 

Average 

OTUs 

(% Good's 

coverages) 

Ceca 
 

Control 50624.14 366.29 0.999 

Bacitracin 54685.43 346.00 0.999 

CP1 51922.57 364.86 0.999 

CP2 62884.57 371.14 0.998 

COH150 79487.57 369.71 0.999 

COH300 77798.14 368.43 0.998 

BP1 77517.14 365.14 0.999 

BP2 52605.86 285.86 0.999 

BBOH150 62950.29 378.71 0.999 

BBOH300 53335.43 345.14 0.998 

Cloaca Control 55710.57 259.00 0.998 

Bacitracin 72261.14 303.43 0.998 

CP1 53229.29 189.86 0.999 

CP2 54064.86 241.43 0.998 

COH150 69677.43 268.29 0.998 

COH300 71845.29 254.14 0.998 

BP1 68619.86 246.29 0.998 
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BP2 49943.43 254.86 0.998 

BBOH150 47803.86 221.86 0.998 

BBOH300 57764.86 290.29 0.998 

 

4.4.7. Species richness and diversity in ceca and cloaca  

Alpha diversity indices of both cecal and cloacal data showed similar values for all 10 treatments. 

An increase in species richness and evenness was observed in the ceca, compared to cloaca, as 

indicated by both Chao1 and Shannon metrics. At the phylum level, the higher relative abundances 

of unassigned sequences, Actinobacteria, Bacteroidetes, Proteobacteria, and Tenericutes were 

observed in ceca compared to the cloacal microbial community (P < 0.05). Interaction between 

sample sources (ceca or cloaca) and treatments was only noticed at the phylum level for the 

unassigned and Actinobacteria.  The principal co-ordinate analysis (PCoA) plot using Permanova 

for Unifrac weighted β-diversity demonstrated no clustering (P > 0.05) either in the ceca or cloaca 

for any of the treatment groups at day 21 of age.  

4.4.8. Cecal microbial population  

The phyla with highest relative abundances (≥ 1%) in 21-day-old broilers were Firmicutes (85.4%) 

and Bacteroidetes (11.1%), while Proteobacteria and Tenericutes were present at 1.8% and 1.1%, 

respectively. Significant effects (P < 0.05) were observed with BACI and CP2 treatments on the 

relative abundance of Actinobacteria (Table 4.8A). Tenericutes tended (P = 0.08) to be influenced 

by CP1 feeding (Table 4.8A). Across all treatments, the predominant bacterial families (≥ 1%) in 

ceca of 21-day-old broilers were Ruminococcaceae (48.6%); Clostridiales (18.3%); 

Bacteroidaceae (11.1%); Lachnospiraceae (10.9%); Lactobacillaceae (2.5%) and others (Figure 

4.2A). Significant cranberry pomace effects (P < 0.05) were observed on the abundance of 

bacterial phyla Eggerthella (Coriobacteriaceae_f); Lactobacillus (Lactobacillaceae_f), 

Faecalibacterium (Ruminococcaceae_f) and f__[Mogibacteriaceae]. Lachnospira and 

Coprococcus (from the Lachnospiraceae_family) were affected by the blueberry pomace 

treatments; while Oscillospira (Ruminococcaceae_f) and Erysipelotrichaceae_f were affected by 

the BOH300 treatments (Figure 4.3A). Lactobacillaceae were significantly higher in the ceca of 

birds fed CP2 compared to BACI and the control treated groups (Figure 4.2A and 4.3A). The 

highest OTUs (P < 0.05) classified as Lactobacillus agilis (4.3%) and other unidentified 
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Lactobacillus spp. (6.6%) known to include some isolates with probiotic activity were found 

largely in CP2 treated birds. Bacitracin treatment affected the abundances of both Clostridium and 

Eggerthella (Figure 4.3A). Enterococcus spp, Lactobacillus agilis, Blautia producta were some 

unique bacterial species only found in the cranberry product treatments compared to BACI feed 

treatment. Accordingly, dietary COH300 were found to increase the abundance (8.0%) of 

Enterococcus compared to other treatments.   

 

Figure 4.2. (A) Relative abundances of the top 10 families averaged over all samples for the feed 

supplement groups for the ceca. (B) Relative abundances of the top 10 families averaged over all 

the samples for the feed supplement groups for the cloaca. 
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Table 4.8. Relative abundance of bacterial phyla treated with different feed supplements at (A) ceca and (B) cloaca of broiler chickens 

at 21 days of age1. 

(A) Cecum (%)  

Phylum Control Bacitracin CP1 CP2 COH150 COH300 BP1 BP2 BOH150 BOH300 P -

value 

Unassigned 0.24 ABC 0.20ABCD 0.34A 0.26 AB 0.23CDE 0.11DE 0.13 ABC 0.08E 0.19 BCDE 0.06E 0.001 

Actinobacteria 0.11 ABC 0.19A 0.15 AB 0.14A 0.11c 0.06C 0.03 ABC 0.03 BC 0.03C 0.04c 0.003 

Bacteroidetes 4.93 2.6 9.46 11.52 4.36 14.18 18.67 12.36 12.62 20.27 0.327 

Cyanobacteria 0.2 1.05 0.22 0.09 0.11 0.24 0.16 0.18 0.05 0.16 0.46 

Firmicutes 92.07 94.54 87.07 83.45 92.75 80.11 78.74 84.72 83.98 76.78 0.286 

Proteobacteria 1.11 0.73 0.81 3.57 1.16 4.4 1.12 2.43 2.09 1.1 0.35 

Tenericutes 1.33 0.69 1.95 0.97 1.27 0.9 1.15 0.2 1.04 1.59 0.087 

1n= seven pens/ treatment, two birds/pen: 14 birds/treatment. A−EMeans with different superscripts within a row differ significantly (P 

< 0.05).  

(B) Feces (%)                       

Phylum Control Bacitracin CP1 CP2 COH150 COH300 BP1 BP2 BOH150 BOH300 
P -

value 

Unassigned 0.36 0.31 0.25 0.25 0.19 0.42 0.34 0.17 0.25 0.13 0.07 

Acidobacteria 0.01B 0.00B 0.00B 0.00 B 0.00 B 0.00 B 0.03 B 0.01 B 0.02 B 0.12A 0 

Bacteroidetes 0.93 0.61 0.78 0.99 0.15 0.56 0.9 7.36 5.16 1.5 0.3 

Cyanobacteria 0.23 0.11 0.21 0.78 0.38 0.41 0.21 1.06 0.51 0.28 0.32 

Firmicutes 83.48 87.81 72.85 65.47 88.01 85.05 76.48 79.09 79.65 89.82 0.36 

Proteobacteria 14.92 10.98 25.9 32.49 11.21 13.54 22.01 12.25 14.37 7.95 0.19 

Tenericutes 0.06 0.16 0.02 0.02 0.06 0.01 0.03 0.04 0.03 0.19 0.09 

1n= seven pens/ treatment, two birds/pen: 14 birds/treatment. A−EMeans with different superscripts within a row differ significantly (P 

< 0.05).  
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4.4.9. Cloacal microbial population  

The most abundant phyla (≥ 1%) in 21-day-old broiler cloacal samples were Firmicutes (80.8%) 

followed by Proteobacteria (16.6%) and Bacteroidetes (1.9%), while other phyla were present at 

substantial lower levels (<1%). At the phylum level, a significant treatment effect (P < 0.005) was 

observed for BOH300, which increased the relative abundance of Acidobacteria compared to any 

other treatment (Table 4.8B). Similar to ceca, Firmicutes were the most abundant phyla with the 

highest and lowest relative abundances being found with BOH300 (89.9%) and CP2 (65.4%), 

respectively (Table 4.8B). Lactobacillales (55.0%) and Clostridiales (24.5%) were the major 

orders found within Firmicutes, whose relative abundances slightly varied with different feed 

treatments (P < 0.05). Clostridiaceae (5.8%), Lachnospiraceae (2.4%), and Ruminococcaceae 

(7.1%) were the three predominated Clostridiales families (Figure 4.2B); whereas 

Lactobacillaceae (43.9%) and Enterococcaceae (11.0%) were the most abundant orders in 

Lactobacillales group (Figure 4.2B). At the family level, BOH300 significantly (P < 0.05) affected 

the relative abundances of RB41;f_, Bacillaceae, Erysipelotrichaceae (Figure 4.2B); while the 

population of Anaeroplasmataceae was influenced by the BACI treatment. The top genera 

belonging to the order Lactobacillales and Clostridiales were predominated by Lactobacillus 

(43.9%), Enterobacteriaceae (15.9%) and Enterococcus (10.7%). Significant treatment effect was 

mostly observed with the blueberry byproduct treatment, especially BOH300 significantly (P < 

0.05) increased the relative abundances of Anoxybacillus kestanbolensis and 

Erysipelotrichaceae_f (Figure 4.3B).  Acinetobacter, Pseudomonas, Comamonas and 

Stenotrophomonas were some of the unique bacterial groups found only in cloaca samples of CP2-

fed birds compared to other treatment groups.  

javascript:gg('f__Bacillaceae');
https://www.google.com/search?q=f_+Erysipelotrichaceae&spell=1&sa=X&ved=0ahUKEwjpiIfP5fPjAhVlnuAKHXY7A20QBQgrKAA
javascript:gg('f__Anaeroplasmataceae');
javascript:gg('f__Anaeroplasmataceae');
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Figure 4.3. Heatmap showing bacterial genera whose relative abundances were significantly (P < 

0.05) changed by studied dietary treatments in (A) ceca and (B) cloaca. 

 

4.4.10. Correlation between cecal taxa, performance and blood metabolites  

Significant correlation was observed between cecal bacterial phyla, several performance 

parameters and blood metabolites (Figure 4.4). As expected, a consistent negative correlation (P 

< 0.05) was observed between Firmicutes and Bacteroidetes regardless of treatments. Other 

bacterial phyla showed diverse significant correlations each with others (P < 0.05). For example, 

Actinobacteria were negatively correlated with Proteobacteria, Tenericutes, and Cyanobacteria 

in BACI, CP2 and COH300 treatment groups, respectively. However, in BP2 treated group, 

significant positive correlations between Actinobacteria with Bacteroidetes, and Cyanobacteria 

were observed. A significant negative correlation was observed between Tenericutes and 

Proteobacteria in both the BP2 and control treatments (P < 0.05).  

Across all treatments, no consistent correlations were observed between bacterial phyla and 

performance. The cumulative (overall) feed efficiency (CuFE13) was positively correlated with 

Actinobacteria in control, BACI and BP2 treated birds, which was not observed with the cranberry 

pomaces and its ethanolic extracts. A positive correlation was found between Tenericutes, initial 

BW (INBW2) and average daily FI (ADFI2) during the grower period (P < 0.05) in BACI, 

COH300 and BOH300 treatments; however, both berry pomace treatments resulted a negative 

correlation between Tenericutes and cumulative FE (CuFE13). Interestingly, Actinobacteria was 
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negatively correlated with bird’s mortality in the control and cranberry products fed birds (P < 

0.05) suggesting that increasing Actinobacteria could be beneficial by decreasing the mortality 

rate. On the other hand, Bacteroidetes and Cyanobacteria were positively correlated with the 

mortality rate in berry pomaces and BACI treatments, respectively.   

In control and BACI fed birds, the phylum Firmicutes was negatively correlated with blood 

metabolites like serum enzymes, fats and total proteins. Accordingly, lipase, amylase, GGT, 

glucose, CHO, HDLC, TRIG, TPRO, and GLO were all negatively correlated (P < 0.05) with 

Firmicutes. Similar correlation patterns were also found with the CP2 treatments, particularly for 

the minerals and proteins. As stated above at day 21 of age, significant treatment effect was 

observed for enzymes ALT and Lipase in chicken serum of birds treated with blueberry products. 

ALT was negatively correlated with Actinobacteria and Bacteroidetes, while Firmicutes showed 

positive correlation with this ALT enzyme. Significant treatment effects for blood minerals (Ca 

and P), TRIG and NEFA were found mainly in CP2 treated birds in blood. However, the 

correlation analysis showed positive correlations between Actinobacteria with either minerals, 

lipid or protein profiles. A positive correlation (P < 0.05) was observed between AGR and both 

Actinobacteria and Firmicutes in the BACI treatment. 
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Figure 4.4. Spearman nonparametric rank correlations among bacterial phyla, performances [initial body weight (INBW), average daily 

gain (ADG), average daily feed intake (ADFI), feed efficiency (FE) in starting, growing, finishing and cumulative phases]; mortality; 

and different blood metabolites: enzymes, minerals, glucose, lipids, and protein. The scale colors indicate whether the correlation is 

positive (close to +1, blue circles) or negative (close to -1, red circles) between the taxa (phylum), performances and the blood 

metabolites. All correlations presented were statistically significant (P < 0.05), with strong correlations indicated by large circles and 

weaker correlations indicated by small circles. 
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Table 4.9. Differentially expressed genes of innate and adaptive immune response pathway from 

chicken spleen tissue in response to feed treatments compared to control. Positive and negative 

numbers indicate upregulation and downregulation, respectively. Red indicates fold regulation ≥ 

2 and Blue indicates fold regulation ≤ -2. * indicates fold change values that are significantly 

different compared to control (P < 0.05). 

 

4.4.11. Expression of innate and adaptive immune genes in spleen  

Since cranberry products feeding appeared to induce the shifts in gut microbiota toward potential 

beneficial bacteria, only spleen from 21-days old birds fed cranberry-by products were analyzed 

for expression of 84 immune genes. Out of the 84 analyzed genes, 13 genes were upregulated but 

the MX1 was downregulated in the spleen of bacitracin and cranberry products-treated birds 

compared to control group (Table 4.9). Among the 12 upregulated genes, cranberry products 

treatments upregulated expression of the Th2 type immune response genes including those 

encoding IL4, IL5, CSF2, and HMBS compared to control. Bacitracin treatment induced 

expression of genes coding for CCR4, CRP and IL13 belonging to Th2. Moreover, genes coding 

for JAK2, TLR15 appeared to be upregulated in the cranberry treated birds while downregulated 

in the bacitracin treated birds compared to the control ones (P < 0.05) but the levels of their 

Gene Symbol Description Fold Change  

  BAC

I 

CP1 CP2 COH150 COH30

0 

CCR4 Chemokine (C-C motif) receptor 4 2.07* 1.93 1.38 1.6 1.64 

CCR5 Chemokine (C-C motif) receptor 5 -1.2 2.07 1.71 1.35 1.52 

CCR6 Chemokine (C-C motif) receptor 6 1.03 2.04* 1.89 1.5 1.85* 

CD14 CD14 molecule 2.43 2.20* 2.09 2.25 1.93 

CRP C-reactive protein, pentraxin-related 6.20* 1.97 1.84 2.47 2.2 

CSF2 Granulocyte-macrophage colony-stimulating 

factor 

4.07 3.74* 2.97* 2.79* 2.82* 

IL4 Interleukin 4 2.98 2.31* 2.14* 2.1 2.45* 

IL5 Interleukin 5 9.42 12.65* 10.84* 11.58* 12.06* 

IL13 Interleukin 13 2.08* 1.36 1.12 1.18 1.13 

HMBS Hydroxymethylbilane synthase 4.89 2.93* 2.20* 1.91 2.06* 

MX1 Myxovirus (influenza virus) resistance 1, 

interferon-inducible protein p78 (mouse) 

-1.75 -1.81* -1.14 1.97 -2.00* 

JAK2 Janus kinase 2 -2.16 1.62* 1.82* 1.57 1.57* 

TLR15 Toll-like receptor 15 -1.29 1.95* 1.57 1.76* 1.84* 
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expression were less than two-fold (Table 4.9). Interestingly, the levels of expression of genes for 

JAK2 and TLR15 in cranberry products-fed birds appeared to be oppositely expressed that in 

BACI treated birds (Table 4.9). Overall, no linear dose response effect was observed with 

cranberry product feeding however, CP1 seemed to have consistently higher gene expression 

levels.  

4.5. Discussion 

The use of plant extracts in human and animal feeding has been the subject of research due to their 

broad range phytochemical compounds [159]. Thus, this study examines the effects of organic 

cranberry and wild blueberry pomaces and their ethanolic extracts in feed on performance, gut 

microbial community, blood metabolite profile and spleen immune gene expressions in broiler 

chicken. 

The growth performance data showed that feeding birds with COH300 improved the BW and FE 

in the early age (day 10); however, BOH300 feed supplementation induce the BW improvement 

at the grower period (d10-20) while COH150 in feed improved the cumulative FE. Overall, the 

performance data showed a random variation and a little consistency without any evidence of dose 

responses, which is supported by the previous researches [86, 87, 208].It has been reported that 

dietary grape pomace did not influence the growth performance at a higher inclusion rate (6%), 

however, the FE was improved at a lower inclusion rate (3%) [221]. In the present study, ethanolic 

extracts of cranberry pomaces showed a significant improvement of FE compared to control. The 

reason of a lower BW observed in birds fed pomaces compared to their ethanolic extracts need to 

be explored. The presence of a pure form of polyphenols in ethanolic extracts of berry pomaces 

compared to their pomace could be the reason for higher BW in chicken [162, 209, 222].   

Blood serum enzymes like ALT and AST produced mainly by the liver, can be indicators of liver 

disease and the overall health, particularly for obesity and other metabolic syndromes [223]. 

Moreover, there is an increase of lipid metabolism genes associated with the development of 

Wooden Breast (WB) disease in broiler chickens at 3 weeks of age [224]. In our study, blueberry 

products showed a significant treatment effect in lowering ALT and lipase serum concentrations 

during the grower phase (day-21) of broilers probably due to its compositions. The major 

anthocyanins detected in the lowbush blueberry pomaces and ethanol extracts used in this study 

were peonidin 3-glucoside, malvidin 3-galactoside, malvidin 3-glucoside, and cyanidin 3-
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arabinoside [162]. Lowbush blueberry has been reported to contain up to 332 mg/100 g fresh 

weight [FW] of total procyanidins [225]. Sugiyama et al. (2007) found that oligomeric 

procyanidins in apple pomace could be involved in the inhibition of lipase in mice and humans 

[226]. A higher AST:ALT ratio and significantly lower concentrations of AST and ALT were 

found in the serum of fat birds [223]. In the present study, higher AST:ALT ratios were also 

observed with the blueberry treatments, however, other biomarkers (HDL, LDL) did not change 

significantly. Hence, further investigation is warranted to elucidate the effect of blueberry products 

on liver enzymes and the metabolism of fat. The low level of TRIG and NEFA observed in birds 

fed cranberry products indicated a decrease of fat deposition. More than 75% of the cranberry 

flavonols consist of quercetin [227] have been associated with the protection against 

cardiometabolic risk; like lowering TRIG both in animal models and humans [228]. A possible 

mechanism proposed was that quercetin decreased the activity of microsomal TRIG transfer 

protein (MTP) resulting in the inhibition of intestinal apoB secretion [229]. Moreover, 

proanthocyanidin was also reported to induce hypolipidemia by reducing TRIG in weaned pigs 

[230]. Calcium and phosphorus are essential nutrients involved in many biological processes and 

the studied wild blueberry pomace have been reported to contain at least five times more Ca than 

in the used cranberry pomaces; however, both pomaces presented similar P content [162]. 

Deficiencies, excesses, or imbalances in Ca and P can result in changes, including increase or 

decrease in their absorption from the intestinal lumen. Magnesium has been reported to have 

several biological functions including muscle, bone growth and antioxidant properties; however, 

there are limited studies about its role in broilers. The actions of Mg seem to be linked to Ca and 

P thus, the right inclusion rate of these minerals in diets can be important in poultry nutrition. The 

decrease of Ca, P and Mg in the blood of birds fed the highest dose of cranberry pomace deserves 

more investigation to understand the mechanisms of modulation of these minerals by berry 

pomaces. In healthy birds, albumin represents the largest part of the protein fractions and reflects 

the nutrition status and immune system of chicken. While low albumin levels indicated a poor 

nutrition status, a high globulin fractions can be related to a chronic inflammation [231]. The 

reduced AGR in bacitracin and cranberry ethanolic extracts fed birds may indicate a 

hypoproteinemia and acute or chronic inflammatory processes due to the elevation of globulins. 

Presently, long-term intense selection for improved BW, FE and growth rate in broiler chickens 

resulted in higher abdominal fat deposition and metabolic changes that may impact the carcass 
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quality. Data generated in the present study show that feeding berry products seems to influence 

lipid metabolism and serum enzyme secretion in broiler chickens. Necropsy revealed that none of 

the berry treatments significantly affects the appearance and weight of livers indicating no liver 

function deficiency or fat deposition. In general necropsy data suggested that dietary berry 

products did not affect the health status of the birds to any large extent.  

Quinic acid (QA) is widely distributed in fruits including cranberry, blueberry and lingonberry. 

After absorption from the intestinal tract to the serum, QA is converted into hippuric acid (an 

antimicrobial compound) or excreted unchanged in urine [232]. QA has been found to be an 

antioxidant agent and an inhibitor of virulence factors of some pathogens like Streptococcus, 

Prevotella, E. coli [232-234]. In the present study, feeding with cranberry or wild blueberry 

pomaces significantly increased the QA level in the plasma of chickens. Thus, feed 

supplementation with cranberry and blueberry products could reduce oxidative stresses and 

improved metabolic functions against reactive oxygen species damage in chicken due to 

synergistic effects of multiple-phytochemical combinations of both berries [235, 236]. 

In broiler chickens, it is known that preserving the gut health, which can be influenced by several 

factors including feeding practices, is important for bird growth performance, and overall health. 

Dietary supplementation of CP1 and BP1 showed a significant low NE incidences and lower 

colony count compared to the BACI and control treatments. These results indicated that berry 

pomaces improve the gut heath of broilers by decreasing C. perfringens pathogenesis. Antibiotics 

appear to affect the gut microbiota by reducing the overall diversity, for example reducing 

Lactobacillus and promoting Clostridia in the ilea [237]. The microbial population varied in 

different sites as well as at different raising phases in broilers [238]. In the present study, samples 

from the day 21 collection were chosen for analysis based on the importance of this time point 

during birds’ growth (vulnerable to infections) and on at this day, both ceca and cloaca showed 

similar predominance and abundances of Firmicutes. At the phylum level, Firmicutes, 

Bacteroidetes and Proteobacteria were the core microbes in the both sites, which is consistent 

with other studies [18, 239]. An increased Firmicutes:Bacteroidetes (F:B) ratio has been 

considered as an indicator of obesity due to the improved energy harvesting capacity of Firmicutes 

species [240]. Except COH150 treatment, berry pomace treatments reduced the F:B ratio 

compared to BACI and control, however, no consistent effect of F:B on BW has been observed at 
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day 21 old broilers. Polyphenols in feed may increase the numbers of several bacteria, including 

Bacteroidetes, which tended to be higher with blueberry products in both ceca and cloaca as 

previously studied [208]. These bacteria play an important role in breaking down complex 

carbohydrates to simpler compounds by encoding enzymes like polysaccharides lyases and 

glycoside hydrolases [230]. Bacitracin treatment resulted in lower abundances of Proteobacteria 

compared to berry pomace treatments, which correlates with increased population of Firmicutes 

and Actinobacteria and probably higher BW. Actinobacteria represent a small percentage of the 

gut microbiota, however, it has been able to maintain gut homeostasis [241]. Eggerthella lenta 

belonging to this phylum in the Coriobacteriaceae family was abundant in the ceca of control 

birds and those treated with BACI and cranberry products (pomace and ethanolic extracts). 

However, feed supplementation with blueberry products (pomace and ethanolic extracts) 

significantly decreased the abundance of this species in the birds’ ceca. Coriobacteriaceae have 

been found to be involved in the conversion of bile salts and steroids as well as the activation of 

dietary polyphenols [242]. The tendency of cranberry products to maintain such bacteria compared 

to blueberry might be explained by the differences in their respective phenolic compounds [76, 

162].   

Berry pomace has a low pH and is composed of carbohydrates, proteins, lipids, minerals with a 

high level of several phenolic compounds (flavonoids, anthocyanins, flavonols). In blueberries, 

anthocyanins are responsible for their 84% of the total antioxidant capacity, whereas quercetin and 

ellagic acids are the major flavonoids and total phenolic compounds of cranberries, respectively 

[76]. It has been found that 95% of the total polyphenol intake may be accumulated in the colon 

and transformed by commensal bacteria into beneficial bioactive compounds [243]. In the present 

experiment, birds fed berry pomace extracts exhibited increased cecal population of potential 

beneficial bacteria, like Enterococcus and Lactobacillus (8.0 % with COH300 and 10.9 % with 

CP2; respectively - these counts were lower than 2% in the control). Similar beneficial effects of 

both berry pomace extracts were observed in the cloaca as well. These beneficial bacteria possess 

β-glucosidase activity and have the ability to metabolize berry anthocyanins into phenolic 

metabolites like p-couramic acid and benzoic acid [244]. On the other hand, polyphenols in the 

berry pomaces may act as prebiotic support for growth of these beneficial bacteria, which produce 

lactate as the main fermentation product that can be assimilated in the cecum serving as an energy 

source [245]. Carbohydrates of berry pomaces could also stimulate growth of these beneficial 
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bacteria, which catabolize glycan leading to the secretion of acetate, lactate, formate and butyrate 

[246]. Besides, iron-chelating activities of pomace compounds like tannin could induce iron-poor 

conditions, which are favorable to Lactobacillus as these bacteria do not require iron for growth 

[247]. Accordingly, data of the present study showed an increase of butyrate-producing genera 

like Ruminococcus and Coprococcus in cranberry pomace-fed broiler ceca similar to what was 

observed in broiler chicken fed chlortetracycline, virginiamycin and amoxicillin prophylactically 

for the growth promotion [248]. The above changes induced by tested products in this study, could 

explain at least in part the low prevalence of sub-clinical NE caused by C. perfringens and 

coccidiosis due to Eimeria species. These data indicate that berry pomaces could be developed as 

alternatives to traditional antibiotics in broiler production. 

Overall, in all treatments, Firmicutes and Actinobacteria were negatively correlated with mortality 

whereas Bacteroidetes and Cyanobacteria were positively correlated with it. Increased cloacal 

Firmicutes facilitates the nutrient absorption whereas the opposite scenario has been observed with 

Bacteroidetes [249]. In our cloacal samples, we found an increased Firmicutes vs Bacteroidetes 

with BACI, COH150 and the COH300 feed treatments (P > 0.05), that may improve the nutrient 

absorption by the gut microbiota and resulted in a lower FE. However, we did not see a significant 

correlation between Firmicutes and FE. Rather, Firmicutes were negatively related in lowering 

some of the important blood metabolites like cholesterol, NEFA, and triglycerides. Thus, feed 

supplementation by the cranberry products in broiler could improve production efficiency similar 

to BACI. Conversely, Bacteroidetes help to promote intestinal digestion, nutrient utilization and 

hind gut fermentation of substrates to produce SCFA, as well as promoting the conversion of the 

absorbed SCFA to more complex compounds in the liver [250]. We found that blueberry products 

significantly increased the abundances of Bacteroidetes more than any other treatments 

particularly in the ceca samples, presumably related to increase of BW during growing period and 

to reduction of blood serum enzymes like ALT and lipase. 

High production performance can be harmful to immunity and intestinal integrity in broiler 

chicken. In the present study the prevalence of sub-clinical intestinal NE lesions due to C. 

perfringens was significantly low in birds fed cranberry pomace along with a high relative 

abundance of Eggerthella, Ruminococcus, Lactobacillus in the gut. Moreover, cranberry pomace 

treatment significantly increases the quinic acid level and influenced the lipid metabolism by 
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reducing the level of TRIG and NEFA in blood. Gut microbiota play an important role in shaping 

immunity by influencing the balance between pro-inflammatory and immune regulatory responses 

to maintain immune homeostasis [251]. The above observed biological activities with cranberry 

products led us to investigate its effects on broilers spleen immunity. Spleen is a secondary 

lymphoid organ for both innate and adaptive immune response in chickens and therefore, its gene 

expression is commonly used as an indicator of immune response [252-254]. Cranberry products 

treatment influenced the expression of genes encoding CD14 belongs to innate immunity and IL4, 

IL5, and CSF2, involved in the adaptive immunity. These gene modulation effects could be related 

to effects on the enrichment of beneficial bacterial population like Eggerthella and Lactobacillus 

in the gut and accumulation of QA in the blood. Probiotic bacteria like Lactobacillus spp. were 

reported to reduce the production of pro-inflammatory cytokines like IL-12 [251]. The present 

study indicated that dietary cranberry products could reduce intestinal inflammation, while 

maintaining the intestinal homeostasis in broilers. Future investigations are warranted to establish 

the mechanisms involved in these processes.  

4.6. Conclusions  

Broiler production in Canada and in the United States of America is facing constraints. In fact, the 

consequences of broiler production for environmental, food safety and animal welfare issues are 

forming consumers’ opinions, who are now demanding organic or antibiotic-free poultry products. 

Gut microbiota has been associated with wellness and diseases. Thus, understanding the molecular 

mechanisms by which these effects occur in the host will be useful in designing strategies to 

modulate the gut bacterial composition. The present study showed that feeding with cranberry and 

wild blueberry products influenced lipid metabolism, mineral profile, gut microbiota in broiler 

chickens. However, for most of the estimated parameters, no evidence of a dose-dependent 

response was noted. On some measured parameters, pomaces at 1% in feed seemed to be more 

effective dose than 2%, which suggested a possible concentration-dependent response threshold. 

Therefore, CP1% and BP1% were selected for the next chicken trial discussed in the Chapter 6. 

Phenolic-enriched extractives from cranberry pomace appeared to be the most effective products 

on FE. Therefore, more research on berry products would help in designing strategies to reduce 

the use of antibiotics and lessen antibiotic resistance in broilers. The immunomodulatory actions 
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of cranberry pomace products were investigated by gene expression analysis discussed in the 

following chapter 5. 

4.7. Data availability 

The raw sequence read of bacterial 16S rRNA genes of the 140 (70 cecal and 70 cloacal) samples 

obtained in this study has been submitted to the Sequence Read Archive database of the National 

Center for Biotechnology Information as FASTQ files under study accession number 

PRJNA273513. 
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Chapter 5. Organic cranberry pomace and its ethanolic 

extractives as feed supplement in broiler: impacts on serum 

immunoglobulin titers, liver and bursal immunity3F

4 

5.1. Abstract 

With the pressure to reduce antibiotics use in poultry production, cost-effective alternative 

products need to be developed to enhance the bird`s immunity. The chapter evaluated the efficacy 

of cranberry fruit by-products to modulate the immunity in broiler chickens. Broiler Cobb 500 

chicks were fed a control basal diet, basal diet supplemented with bacitracin (BACI, 55 ppm), 

cranberry pomace at 1% (CP1) and 2% (CP2) or cranberry pomace ethanolic extract at 150 

(COH150) and 300 ppm (COH300) for 30 days. Blood sera were analyzed at days 21 and 28 of 

age for immunoglobulin levels by enzyme-linked immunosorbent assay (ELISA). The innate and 

adaptive immune-related gene expression levels in liver and bursa of Fabricius were investigated 

at 21-days of age by qPCR arrays. At day 21, the highest IgY level was found in the blood serum 

of the CP2 fed birds. In the liver, 13 of the 22 differentially expressed genes were downregulated 

across all treatments compared to the control. Expression of genes belong to innate immunity like 

caspase 1 apoptosis-related cysteine peptidase (CASP1), chemokine receptor 5 (CCR5), interferon 

gamma (IFN), myeloid differentiation primary response gene 88 (MyD88), and toll-like receptor 

3 (TLR3) were significantly downregulated mainly in BACI and COH300 fed birds. In the bursa, 

five of nine genes associated with the innate immunity were differentially expressed. The 

expression of anti-inflammatory interleukin-10 (IL-10) gene was upregulated in all treatment 

groups in bursa compared to the control. The expression of transferrin (TF) gene was significantly 

upregulated in livers of birds fed COH300, and in bursa of birds fed-BACI; indicating feeding 

practices and organ dependent modulation of this gene in broiler. Overall results of this study 

showed that cranberry products-feed supplementation modulated the innate-immune and 

suppressed pro-inflammatory cytokines in broilers providing a platform for future investigations 

to develop berry products in poultry feeding. 

 

 
4 This study reported in this chapter has been accepted for publication at the Poultry Science Journal.  
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5.2. Background 

The restriction of antibiotic use in poultry production is encouraging the search of feed additives 

having multiple actions on birds including nutritional and health promotion through control of 

infectious diseases. Accordingly, dietary proteins, carbohydrates, fibers, minerals, vitamins and 

phytochemicals can influence the development of immune responses against infections in poultry 

[255]. Feeds are formulated to meet the nutritional requirements of birds for adequate body weight 

gain and feed efficiency; however, such formulated feed could be deficient in adequate immuno-

stimulating factors. Thus, it is imperative to develop immunomodulators that could protect 

chickens from diseases without decreasing growth performance [256]. Synthetic or natural 

biological molecules capable of modulating, suppressing or stimulating any components of 

adaptive or innate immunity are known as immunomodulators [257]. In animal production, 

nutrition can influence gene expression involved in the regulation of production performances 

[258]. Liver is an important organ which is enriched in innate immune cells like macrophages 

(Kupffer cells), natural killer (NK) cells, and Natural killer T (NKT) cells [259]. During the acute 

phase of the immune response in poultry, liver synthesized proteins that are involved in the 

protection of birds against infections [260]. In poultry, the bursa of Fabricius is connected to the 

cloaca and the intestinal system. It is the primary organ involved in the development of the bird's 

immune system controlling the immunoglobulin production by its B-lymphocytes [261].  

Cranberry fruit pomace (CP) is a source of phytonutrients and bioactive molecules including 

carbohydrates, fibers, lipids, proteins, and phenolic compounds [177]. Cranberry phytochemicals 

have been recognized for their anti-inflammatory effects particularly by influencing cytokine and 

adhesion molecule gene expressions [67]. Quercetin, a major flavonol of cranberry products, has 

been reported to reduce the serum cytokine levels like the interleukin 1 beta (IL-1), interleukin 6 

(IL-6) and tumor necrotising factor- alpha (TNFα) after irradiation in mice [262]. A study on water-

soluble cranberry extracts standardized to 4% proanthocyanidins (WCESP) provided molecular 

evidences of immunomodulatory effects of cranberry [263]. These authors reported that WCESP 

at 2 mg/ml could promote host innate immunity in Caenorhabditis elegans through the P38 

mitogen-activated protein kinases (p38 MAPK) pathway without suppressing the virulence of 

Vibrio cholerae [263]. Furthermore, high molecular weight non-dialyzable materials of a cranberry 

extract improved humoral responses against pathogenic viruses in broiler chickens [265]. 



 

 

99 

 

Administration of non-flavonoid cranberry extracts (resveratrol) in mice maintained the 

homeostasis by increasing the T-helper CD4 (cluster of differentiation 4) component of the 

immune system, while reducing T-cell mediated immune responses [262]. Along with its direct 

effects on host physiology and the immune system, cranberry fruit products could indirectly 

influence host immunity by modulating intestinal microbial communities [264]. For example, in 

high fat/high sucrose induced mice, 40 mg/mL of cranberry extracts reduced the intestinal 

inflammation and circulating lipopolysaccharides (LPS) which may be correlated with the 

increased population of mucus degrading Akkermansia spp in the gut [262].  

The mechanism of the immunomodulatory effects of CP is not clear yet; it could be associated 

with the prebiotic effect of polyphenols like proanthocyanidins (PAC) [255]. We recently reported 

that CP increased the population Lactobacillus in chicken intestine [264]. These bacteria altered 

the host metabolism by producing short-chain fatty acids and may suppress the inflammatory 

cytokines and acute-phase proteins [255]. Polyphenols may reduce the level of pro-inflammatory 

cytokines by increasing the production of anti-inflammatory molecules like IL-4, IL-10, IL-13 and 

adiponectin. Previous studies showed that in feed supplementation of CP and its ethanolic extracts 

(COH) in broiler chickens induced the expression of anti-inflammatory cytokines, IL-5 and IL-13 

in the spleen of the broilers [264]. The current study is designed to investigate the 

immunomodulatory actions of feed supplemented with cranberry products in broiler chicken. Here, 

the effects of cranberry pomace and its ethanolic extracts on serum antibody titers as well as the 

expression of various innate and adaptive immune genes in liver and bursa were evaluated. 

5.3. Materials and Methods 

5.3.1. Cranberry products 

The preparation and composition of the organic cranberry pomace and its ethanolic extract used 

in this study were previously described [162]. These authors reported that COH contained about 

two to three times of total phenolics, tartaric esters, flavonols, anthocyanins, and antioxidant 

activities than the pomace (Table 5.1). Peonidin and cyanidin 3-galactoside as well as peonidin 

and cyanidin 3-arabinoside, and 3-arabinoside were the major anthocyanins in the cranberry 

pomace and its COH (Table 5.2).  
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Table 5.1. Composition and antioxidant activities of organic cranberry pomace (CP) and its 

ethanol soluble extractives (COH). 

Parameter CP COH 

Total lipidsZ (%) 4.41 ± 0.38 3.86 ± 0.11 

Total proteinZ (%) 5.76 ± 0.23 0.60 ± 0.03 

Total carbohydratesZ (%) 88.78 94.75 

Total phenolicsy 24.87 ± 0.66 54.35 ± 0.85 

Tartaric estersx 2.77 ± 0.04 10.29 ± 0.41 

FlavonolsW 3.08 ± 0.06 11.74 ± 0.48 

Anthocyaninsv 4.46 ± 0.17 11.14 ± 0.39 

TanninsY (%) 21.86 ± 0.68 48.09 ± 1.26 

Antioxidant activityU 104.51 ± 3.52 243.61 ± 5.11 

Zdry matter basis  
y (mg gallic acid eq./g)  
X (mg caffeic acid eq./g)  
W (mg quercetin eq./g)  
v (mg cyanidin-3-glucoside eq./g) 
u ((μmol Trolox eq./g)  

[adopted from [162]]. 

Table 5.2. Anthocyanin contents of organic cranberry pomace (CP) and its ethanol soluble 

extractives (COH). 

Anthocyanin CP 

(mg/g dw)1 

Total 

Anthocyanin (%) 

COH 

(mg/g dw)1 

Total 

Anthocyanin (%) 

Delphinidin 3-galactoside 0.02 ± 0.00 0.38 0.04 ± 0.00 0.38 

Cyanidin 3-galactoside 1.20 ± 0.13 25.31 2.05 ± 0.04 22.13 

Cyanidin 3-arabinoside 0.85 ± 0.09 17.9 1.47 ± 0.03 15.8 

Peonidin 3-galactoside 1.58 ± 0.16 33.24 2.75 ± 0.04 29.71 

Peonidin 3-arabinoside 0.68 ± 0.07 14.26 1.14 ± 0.02 12.34 

Peonidin 3-glucoside 0.17 ± 0.02 3.53 0.50 ± 0.00 5.38 

Malvidin 3-glucoside -- -- 0.09 ± 0.00 0.93 

Malvidin 3-arabinoside 0.06 ± 0.01 1.34 0.13 ± 0.00 1.37 

Unknown acetylated 

anthocyanins D 

0.02 ± 0.00 0.44 0.18 ± 0.01 1.9 

  1mg/g dw: mg/g dry weight. 

  -- (not detected). [adopted from [162]] 
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5.3.2. Animals and management 

As previously reported, all experimental procedures performed in this study were approved by the 

Animal Care Committee of the Centre de Recherche en Sciences Animales de Deschambault 

[264]. The clean and disinfected wood floor was covered with approximately 3 in. (7.6 cm) of 

clean softwood shavings, the pen dimension was 3.6 m2, and the bird density was approximately 

0.087 m2 per bird. Ventilation was provided by negative pressure with fans. The heat was provided 

by gas-fired brooders in each pen; water and feed were offered ad libitum through nipple drinkers 

and tube feeders, respectively, throughout the experiment. The temperature was set at 33°C on day 

0, and then was reduced by 2.5°C each week to reach 20.5 °C at 30 days of age. Chicks were 

exposed to light for 24 h for the first day, 23 hours on second day, 20 hours from day 3 to day 10, 

18 hours from day 11 to day 25, and 16 hours from day 26 to 30. Birds were inspected at least 

twice per day, and mortalities or culls were removed and necropsied by the “Services Veterinaires 

Ambulatoires Triple-V Inc.” (Acton Vale, QC, Canada).  

5.3.3. Study design and diet 

A total of 1,680-day-old broiler Cobb 500 chicks vaccinated against coccidiosis were placed into 

42 pens (40 birds/pen) assigned to six treatments (7 pens/treatment) using a complete randomized 

block (section of the barn) design. The six treatments consisted of: control negative (CON: non-

medicated basal feed); basal feed supplemented with bacitracin (BACI: 55 ppm), 2 groups received 

basal feed supplemented with 1% (CP1) and 2% (CP2) of cranberry pomace; and 2 groups received 

basal feed supplemented with 150 ppm (COH150) and 300 ppm (COH300) of cranberry ethanolic 

extracts. The composition of the starter (day 0-10), grower (day 10-20) and finisher (day 20-30) 

diets included corn as the principal cereal, soya and soybean cake as protein concentrates to meet 

the National Research Council nutrient requirements for Cobb broiler chickens as previously 

described [264]. The mash form of formulated diets was individually top-dressed with studied 

additives by mixing with 40X premixes. Samples from all supplemented diets were then analyzed 

for dry matter (DM), total proteins, amino acids, fatty acids, vitamins and some of the most 

common minerals at the Laboratory of Agro-Environmental Analysis. The tested products were 

applied from 0 to day 30 of age. No additional anticoccidials or antibiotics were administrated to 

the birds throughout the trial, and all birds were vaccinated against coccidiosis [264]. 
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5.3.4. Blood sample collection and antibodies measurement 

In order to evaluate the immunomodulatory effect of cranberry products on immune-gene 

expression in broilers, thirty-six chickens were euthanized [three pens per treatment (2 birds/pen, 

6 birds/treatment)] and tissue samples (liver and bursa) were harvested at 21 days of age. Using 

sterile forceps and scissors, the entire immune organs were removed from the carcass, stabilized 

immediately in RNA stabilization solution (AM7021, ThermoFisher Scientific) for gene 

expression profiling (1 mg tissue sample to 1 mL stabilization solution ratio). The submerged 

tissue samples were snap-frozen and stored at −80°C until further analysis. Samples of RNA were 

extracted following the procedures previously described [265].  

5.3.5. RNA isolation from liver and bursa 

Frozen (-80°C) samples of liver and bursa of Fabricius from sacrificed birds from three pens per 

treatment (2 birds/pen, 6 birds/treatment) were used to evaluate effects of CP and COH on 

immune-gene expression at 21 days of age. Samples of RNA were extracted following the 

procedures previously described [264]. 

5.3.6. Gene expression analysis by quantitative PCR  

cDNA synthesis and qPCR were performed according to Qiagen RT2 Profiler PCR Array 

Handbook 11/2018. In brief, 2 µg of total RNA was subjected to cDNA synthesis using RT2 First 

Strand Kit (Qiagen, Valencia, CA). For each sample, cDNA was mixed with molecular-grade 

water and RT² SYBR Green ROX qPCR Mastermix (Qiagen, Valencia, CA) and added to each 

well of a 96 well plate from the Chicken Innate & Adaptive Immune Response PCR Array (PAGG-

052ZA, Qiagen) (Table A1). These plates were used to profile the expression of 84 genes (Table 

A1) functionally grouped into innate, adaptive, humoral immunity, inflammatory response, and 

defence response against bacteria and viruses. Five genes (ACTB, H6PD, HMBS, RPL4 and UBC) 

were provided as housekeeping genes. Additionally, the last seven genes in the Table A1 were 

used as internal controls (genomic DNA contamination, reverse transcription control, and general 

PCR performance).   

Real-time PCR was performed using Applied Biosystems 7500 Real-time PCR System with 7500 

Software v 2.3. To ensure accurate comparisons between curves, the same threshold was applied 

for all genes and samples during analysis.  Gene expression for liver was normalized using the 
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three housekeeping genes IRAK4, MAPK14, and MAPK8, selected by GeNorm (Version v3.5) 

assessment (Vandesompele et al., 2002). Gene expression for bursa was normalized with four 

housekeeping genes CASP8, IRAK4, CXCL12, and CXCR4, automatically selected by RT2 Profiler 

PCR Arrays & Assays Data Analysis (Qiagen). Fold changes in gene expression between control 

and the remaining five treatments (BACI, CP1, CP2, COH150, and COH300) were calculated 

using the 2−ΔΔCt method.  

5.3.7. Statistical analyses 

Statistical analyses on serum immunoglobulins levels were conducted according to a complete 

randomized design using the General Linear Mixed Model procedure of the Statistical Analysis 

System version 9.4 (SAS Institute Inc., Cary NC). Treatments and age (day of sampling) were 

used as sources of variation and the individual pen as experimental units (7 pens/treatment group). 

Least significance difference was used to separate means whenever the F-value was significant. 

The difference in fold changes (FCs) of gene expression between control and treatment was 

estimated using the 2−ΔΔCt method and the Student’s t-test. ǀFCǀ ≥ 1.2 were considered as 

significantly influenced by feed supplementation. The P-value of 0.05 was used to declare 

significance for analysis. 

5.4. Results 

5.4.1. Quantification of immunoglobulins (Ig) in sera 

Effects of CP1 and CP2 as well as COH150 and COH300, on serum immunoglobulins IgY (IgG), 

IgM and IgA titers (log concentrations of Igs at ng/ml) in 21 and 28-days old broiler chickens were 

evaluated (Figure 5.1). The IgY was the most abundant antibody of all three immunoglobulins 

with the highest titer Igs being observed in day 28 old birds independently of treatments (P < 

0.001). Figure 5.1A shows that at day 21, the highest IgY titer was recorded in BACI (3.42 mg/ml) 

and CP2 (3.49 mg/ml) fed-birds, while the lowest IgY titer was found in COH300 fed-birds (1.90 

mg/ml).  Control birds (2.33 mg/ml) and those fed CP1 (2.49 mg/ml) and COH150 (3.16 mg/ml) 

showed similar titers of IgY (P = 0.05). The significant effect of age (day of sampling) was 

observed, the concentrations of all Igs were significantly higher on day 28 than day 21 (P < 0.001) 

(Figure 5.1). No treatment effects were observed for serum IgM and IgA titers at any of the 

sampling days (21 or 28 of age) (Figure 5.1B and 5.1C). No significant interactions between 

sampling days and treatments were noted.   
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Figure 5.1. The concentrations (ng/µL) of immunoglobulins (A) IgY, (B) IgM and (C) IgA in 

blood sera of broilers on both ages of day 21 and day 28 treated with different feed treatments. 

Cranberry products were administrated via feed. Data represent least square means ± standard 

error of mean SEM of 6 replicates/ treatment (n = 6 pens of at least 40 chickens/pen) arranged in 

a complete randomized design. * indicates significant treatment effect; ** indicates significant 

age (sampling day) effect on Ig profile.
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Table 5.3. Differentially expressed innate and adaptive immune genes from chicken liver in 

response to feed treatments compared to control.a,b 

Gene 

Symbol 

Fold Change 

Bacitracin CP1 CP2 COH150 COH300 

CATH2 -22.55* -1.13* -1.72* -1.10* -6.41* 

CASP1 -1.26* -1.27* -1.33* -1.20* -1.12* 

CASP8 -1.27* -1.29* -1.06* -1.13* -1.32* 

CCR5 -2.07* -1.19* -1.42* -1.01* -2.19* 

CD40LG -1.63* -1.32* -2.11* -1.48* -1.35* 

CD8A -1.84* -1.90* -1.14* -1.04* -2.35* 

CRP -1.45* -1.75* -3.00* -1.25* -2.04* 

CXCR4 -1.79* -1.28* -1.69* -1.08* -1.73* 

IFNB -1.76* -1.45* -2.08* -1.12* -1.06* 

IFNG -1.33* -1.35* -1.78* -1.02* -1.10* 

IL1B -1.51* -1.59* -1.07* -1.38* -1.96* 

IL4 -1.05* -1.29* -1.04* -2.06* -1.22* 

IL5 -7.97* -5.19* -9.35* -2.86* -2.04* 

IL6 -1.58* -1.42* -2.03* -1.09* -1.30* 

IL8L1 -1.26* -1.19* -1.37* -2.27* -1.51* 

IL10 -1.09* -2.44* -1.17* -2.36* -1.02* 

IL13 -1.41* -2.66* -4.00* -3.01* -2.89* 

IL15 -1.64* -1.25* -1.01* -1.01* -1.00* 

IL17C -5.61* -3.29* -3.62* -2.04* -4.33* 

IRF1 -1.09* -1.39* -1.49* -2.04* -1.09* 

IRF6 -1.16* -1.18* -1.25* -1.18* -1.37* 

JUN -1.31* -1.61* -2.09* -1.18* -1.70* 

TF -1.23* -1.07* -1.14* -1.19* -1.32* 

LYZ -1.70* -1.10* -1.01* -1.14* -2.47* 

MAPK1 -1.24* -1.23* -1.26* -1.09* -1.22* 

MPO -12.34* -1.89* -4.88* -2.17* -5.89* 

MX1 -1.21* -2.14* -1.04* -2.10* -1.31* 

MYD88 -1.33* -1.21* -1.34* -1.30* -1.14* 

NFKBIA -1.19* -1.89* -2.11* -1.03* -1.75* 

NOD1 -1.24* -1.39* -1.30* -1.01* -1.25* 

RAG1 -3.05* -1.68* -2.24* -2.52* -1.11* 

TLR1A -1.78* -1.26* -1.24* -1.36* -1.50* 

TLR7 -1.39* -1.13* -1.28* -1.04* -1.59* 

 

aBasal diet supplemented with bacitracin (BACI, 55 ppm), cranberry pomace at 1% (CP1) and 2% 

(CP2), and cranberry pomace ethanolic extract at 150 (COH150) and 300 ppm (COH300). bFold 

change (upregulation as a positive value or downregulation as a negative value) of genes in birds 

supplemented with five different feed treatments compared to control. * indicates fold change 

values that are significantly different compared to control (P < 0.05), ǀFCǀ ≥ 1.2. 
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Table 5.4. Differentially expressed innate and adaptive immune genes from chicken bursa in 

response to feed treatments compared to controla,b 

Gene 

Symbol 

Fold Change 

Bacitracin CP1 CP2 COH150 COH300 

C5AR1 -1.17* -1.31* -1.67* -1.39* -2.27* 

CASP1 -1.22* -1.16* -1.12* -1.56* -1.35* 

CCR8 -1.20* -1.15* -1.48* -2.09* -1.39* 

CD4 -1.15* -1.07* -1.06* -2.58* -1.07* 

CD14 -1.59* -1.79* -2.40* -1.09* -1.65* 

CD40LG -1.30* -1.04* -1.26* -2.16* -1.34* 

CD8A -1.78* -1.24* -1.87* -2.98* -1.86* 

CSF2 -1.02* -1.06* -9.81* -1.13* -1.24* 

IFIH1 -1.45* -1.02* -1.19* -2.22* -1.08* 

IFNG -1.13* -1.32* -1.20* -2.33* -1.12* 

IL1B -1.59* -1.32* -1.10* -1.38* -1.72* 

IL1R1 -1.10* -1.00* -1.19* -2.50* -1.30* 

IL-2 -1.00* -1.74* -1.14* -1.58* -1.28* 

IL-6 -2.46* -1.52* -5.61* -3.82* -2.48* 

IL-10 -4.06* -3.07* -4.67* -2.81* -2.88* 

IL-15 -1.03* -1.44* -1.09* -2.11* -1.19* 

TF -2.10* -1.54* -1.34* -3.42* -1.67* 

MAPK8 -1.11* -1.03* -1.09* -1.03* -1.13* 

MX1 -1.51* -1.01* -1.52* -2.99* -1.31* 

NFKBIA -1.13* -1.00* -1.16* -1.06* -1.13* 

LYZ -1.59* -1.80* -1.63* -4.51* -1.78* 

TLR3 -1.21* -1.06* -1.16* -2.66* -1.09 * 

TLR5 -1.19* -1.21* -1.27* -1.67* -1.52* 

HMBS -1.27* -1.23* -1.54* -1.13* -1.23* 

aBasal diet supplemented with bacitracin (BACI, 55 ppm), cranberry pomace at 1% (CP1) and 2% 

(CP2), and cranberry pomace ethanolic extract at 150 (COH150) and 300 ppm (COH300). bFold 

change (upregulation as a positive value or downregulation as a negative value) of genes in birds 

supplemented with five different feed treatments compared to control. * indicates fold change 

values that are significantly different compared to control (P < 0.05), ǀFCǀ ≥ 1. 

5.4.2. Expression of innate and adaptive immune genes by quantitative PCR array 

In order to investigate the effects of cranberry products feed supplementations on broiler immune 

gene expressions, a qPCR array covering 84 immune-associated genes was performed. Tables 5.4 

and 5.5 summarize the differentially expressed genes in the liver and bursa of Fabricius of birds 

fed BACI and the cranberry products compared to the control birds fed non-supplemented feed. 

The comparative transcriptional profile of immune-associated gene expression patterns was 
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different between central (liver: Table 5.4) and peripheral immune organ (bursa: Table 5.5). 

Among the studied genes, only 33 were differentially expressed across all feed treatments 

compared to the control group in liver; of these, 22 different genes were significantly expressed 

(P < 0.05). On the other hand, 25 genes were differentially expressed in the bursa, with only nine 

genes being significantly (P < 0.05) modulated above ǀFCǀ ≥ 1.2. The expression of seven genes 

(CD40LG, CD8A, IFNG, IL1B, LYZ, MX1, and TF) was commonly found in both organs. 

In the liver, BACI and CP1 feed treatments resulted in the upregulation of IL-17C (Interleukin-

17C-like) and IL-13 (Interleukin-13) genes, respectively. Expression of CCR5 (chemokine C-motif 

receptor 5) gene was observed in the COH300, while expression of genes for interleukin 4 (IL-4) 

and interferon regulatory factor 1 (IRF1) belonging to the adaptive immunity was down-regulated 

(P < 0.05) in the liver of COH150-fed birds compared to control (Table 5.4). 

In the bursa, not many studied genes were differentially expressed by treatments compared to the 

control (Table 5.5). The interleukin 10 (IL-10) gene was found to be consistently upregulated in 

all treatments when compared to control, however, significant expression (P < 0.05) was observed 

only with the CP1-fed birds. Transferrin (TF), similar to avian ovotransferrin belonging to defense 

responses against bacteria, was upregulated by BACI treatment. Birds fed COH150 induced 

upregulation of Toll-like receptor 3 and 5 (TLR3, TLR5) gene compared to control birds, (P < 

0.05). COH300 treatment upregulated the complement component 5a receptor 1 (C5AR1) and 

Caspase 1 (CASP1) (P < 0.05) compared to control.  

5.5. Discussion 

Immune nutrition is becoming an interesting research area investigating nutritional elements 

(immune nutrients) able to influence inflammation and immune responses [266]. Organic 

cranberry ethanol soluble extractives contained 11.74 mg quercetin eq/g of flavonols (three times 

more than CP), primarily quercetin-3-O-galactoside [267]. In mouse and human model, flavonoids 

inhibited the production of pro-inflammatory compounds (NO, PGE2, COX-2, TNF- α, IL-1β, IL-

6, IL-15 and IFN-γ), suppressing the inflammatory signaling pathways as well as activities of 

intracellular inflammatory signaling molecules IκB kinases and MAPKs [268]. Approximately, 

89% of the phenolic compounds of COH contained tannins (also known as PAC) [162] which have 

been extensively studied in livestock nutrition. It has been reported that PAC may enhance the 

acquisition of specific immune responses and reduce pathogen-induced inflammation [255]. 
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Anthocyanins, which comprised approximately 0.5% of the studied cranberry pomace [162] and 

its COH, were found to reduce the level of pro-inflammatory cytokines in challenged rats; 

however, anthocyanins did not show any immunomodulatory effect in chicken [269]. Moreover, 

polyphenols were reported to indirectly enhance the host’s immune system by inducing the 

proliferation of beneficial bacteria such Bacillus spp., Lactobacillus spp. [264, 270]. Hence, the 

present study provides insights in immunoglobulin levels, the liver and bursal gene expression in 

response to in-feed cranberry products along with bacitracin in broiler.   

In birds, the bursa of Fabricius is an essential organ in which B lymphocytes synthesize and secrete 

immunoglobulins like IgA, IgM and IgY (equivalent to mammal’s IgG) [271]. In the current study, 

day 21 broilers fed CP2 showed the highest IgY titres compared to those fed control diet. IgY is 

detectable at the concentrations of 5.5 g/L with the maximum level found at three weeks of age 

[272]. Feed supplementation with flavonoid-rich feed extracts like oregano, thyme, essential oil 

improved the serum IgY titer in broilers [273]. Immuno-stimulation and antioxidant activities of 

polyphenol fractions of these feed supplements could influence the mononuclear phagocyte 

system, cellular, and humoral immunity of broiler chickens [274]. In presence of antigens like 

bacteria, virus, toxins and heat stress, IgY plays a significant role in neutralizing toxins, pathogens, 

interferes with opsonic phagocytosis, antibody-dependent cytotoxicity and complement activation 

[272]. IgY can be effective in defense against colibacillosis and necrotic enteritis in broilers [275]. 

Pathogen load in bursa may induce cytokine genes expressions like IL-1β (pro-inflammatory), IL-

6 (pro- and anti-inflammatory), IL-15, and IFN-γ in birds’ intestinal lymphocytes [276]. In the 

present study, expressions of these cytokine genes were observed in the bursa of COH150 fed birds 

suggesting a possible enhancing immunity against coccidiosis [276]. Our data also showed an 

upregulation of TLR3 gene expression in the bursa in COH150-fed birds. It appears therefore, that 

cranberry products may influence the poultry innate immunity however, throughput investigations 

are warranted to validate a consistent immunomodulatory action of cranberry in the feed. 

Avian liver responds to critical metabolic dysfunctions and bacterial infections by secreting acute-

phase proteins (APPs) involved in innate immunity. These APPs like opsonins assist in the 

phagocytosis process by increasing the expression of pro-inflammatory cytokine genes including 

IL-1B, IL-6, IL-18 and TNF-α. This process regulates the expression of anti-inflammatory 

cytokines, including IL-10 and IL-1R and reduces the superoxide production and chemotaxis of 
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neutrophils [277]. The present study showed that CP treatments did not result in significant 

expression of any pro-inflammatory or anti-inflammatory cytokine gene except a weaker 

upregulation of IL-1B in the liver of CP1 fed birds suggesting that birds were not exposed to any 

stress condition due to feed treatments or other management issues.  

Toll-like receptors (TLRs) are belong to innate immunity that recognize pathogen-associated 

molecular patterns (PAMPs) via pattern recognition receptors and induce inflammation through 

the myeloid differentiation primary response gene 88 (MyD88)-dependent pathway [278]. 

However, low level of TLR7 has been observed in hepatocytes [279] that could be the reason of 

the lower expression of TLR7 and similarly TLR1A genes in the present cranberry products-feeding 

study. All experimented chickens were vaccinated against coccidiosis and showed a consistent 

down regulation of MyD88 gene in birds fed cranberry products compared to control (P < 0.05). 

Tan et al. (2014) [278] reported that arginine supplementation reduced the expression levels of 

jejunal IL-1B and MyD88 genes in the coccidiosis-challenged groups. Transferrin (TF) is a major 

iron-transport protein particularly produced by hepatocytes and is involved in sequestrating iron 

from invading bacteria [277]. We recently showed some increase of iron in blood serum of 

bacitracin and cranberry fed birds which could explain at least in part, the upregulation of TF gene 

[264].  

There are very few publications that have previously investigated berry by-product feed 

supplementations on the anti-inflammatory activities of CP and its extracts related to their 

mechanism of actions in broiler’s liver. In human studies, flavonoids which is mostly quercetin in 

cranberry (75%), were reported to inhibit the Th2-type cytokine production including IL-4, IL-5 

or IL-13 by activating basophils [280]. Moreover, anthocyanins from blueberry were found to 

significantly reduce the plasma concentration of NF-kB-related pro-inflammatory cytokines and 

chemokines (IL-4, IL-13, IL-8 and IFN-α) [281]. The immunomodulation activity of flavonoids 

was also observed in a mouse model of rheumatoid arthritis, where it suppressed the secretion of 

interferon (IFN-γ) and IL-4 production [282]. IL-4, a key regulator in humoral and the adaptive 

immunity, induces B-cell proliferation and up-regulates MHC class II production, while 

decreasing the production of Th1 cells, macrophages, IFN-γ, and dendritic cell IL-12 [283]. In the 

present study, a significant downregulation of both IL-4 and IFN-γ genes expression was noted 
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with the COH150 and CP2 treatments, respectively while a consistent upregulation of the 

pleiotropic cytokine IL-13 gene expression being observed in all CP and BACI treated birds.  

Methanolic cranberry pomace extracts inhibited the release of interleukin IL-1β, IL-6, IL-8 from 

Escherichia coli LPS-stimulated human peripheral blood mononuclear cells in vitro [284]. Our 

data from liver showed that the interleukin-17C (IL-17C), gene was upregulated in BACI and CP 

fed birds which could lead to the secretion of antimicrobial peptides while preventing a body 

weight decrease [281]. Quercetin and procyanidin B2 were reported to prevent atherosclerosis, 

reactive oxygen species generation and lipid accumulation in liver by suppressing the activation 

of NLR Family Pyrin Domain Containing 3 (NLRP3) inflammasomes and CASP1 [268]. The 

downregulation of CASP1 gene in the present study further support that BACI and CP feed 

treatments can elicit beneficial gene expression profile of liver immune genes. 

5.6. Conclusion 

The overall results showed that feed supplementation with cranberry pomace and its extractives 

may have beneficial effects on broiler immunity by reducing expression of inflammation related 

genes IL-4, IFN-γ in the liver and upregulating the expression of anti-inflammatory genes IL-6, IL-

10, IL-1R1 in the bursa. Cranberry product could also modulate the humoral response by enhancing 

immunoglobulins production in the serum. Previous reports on cranberry influence on lipid 

metabolism (Chapter 4) and expression of data presented in the current study suggest the need of 

further investigations on the role of dietary polyphenols in broiler chicken. Based on the results 

from the chapter 4 and chapter 5, and also for the greater industry practicality, accessibility and 

lower economic cost cranberry and blueberry pomaces were included for the second chicken trial 

discussed in the chapter 6.  
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Chapter 6. Impacts of Bacitracin and Berry Pomaces 

Feeding in Broiler Chicken Vaccinated or not against 

Coccidiosis4F

5 

6.1. Abstract 

Feeding practices have been found to influence gut microbiota and immunity in poultry. In the 

present study, we investigated changes in cecal microbiota and humoral responses resulting in the 

55 ppm bacitracin (BACI), 1% each of cranberry (CP1) and wild blueberry (BP1) pomace alone 

or in combination (CP+BP) feeding in broiler chicken vaccinated or not vaccinated against 

coccidiosis. In the non-vaccinated group, no significant treatment effects were observed on 

performance parameters. Vaccination significantly affected growth performance particularly 

during the growing phase from day 10 to day 20. In general, the prevalence of coccidiosis and 

necrotic enteritis (NE) was reduced by vaccination (P < 0.05). BACI-treated birds showed mild 

intestinal lesion scores and both CP1 and BP1 feed supplementations reduced E. acervulina and 

C. perfringens incidences similar to BACI. Vaccination induced change in serum enzymes, 

minerals, and lipid levels in 21-day birds while, levels of triglyceride (TRIG) and non-esterified 

fatty acids (NEFA) were higher in (P < 0.05) in CP1 treatment and non–vaccinated group than in 

the control. In non-vaccinated day 28 old birds, the level of NEFA was lower in BACI and CP1-

fed birds compared to the control. The highest levels of all estimated three immunoglobulins (IgY, 

IgM, and IgA) were found in the vaccinated birds. Metagenomics analysis of the cecal bacterial 

community in day 21-old birds showed the presence of Firmicutes (90%), Proteobacteria (5%), 

Actinobacteria (2%), and Bacteroidetes (2%). In the vaccinated group, an effect of BACI was 

noted on Proteobacteria (P = 0.03). Effects of vaccination and/or dietary treatments were noted 

on Lactobacillaceae, Enterobacteriaceae, Clostridiaceae, and Streptococcaceae which were 

among the most abundant families. Overall, this study revealed that besides their beneficial effects 

on performance, including bacitracin and berry pomaces in poultry feed has a profound impact on 

the chicken cecal microbiota and blood metabolites that could be influenced by the coccidiosis 

vaccination.  

 
5 This chapter is in preparation for publication. 
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6.2. Introduction 

Consumers’ demand for antibiotic-free of organic poultry products encourages researchers to find 

alternative feed additives to control infections in birds [202]. However, antibiotic-free and organic 

poultry production systems can increase risks of bird’s exposure to pathogens of poultry health 

concerns such as Eimeria, Clostridium perfringens, E. coli, as well as those having impacts on 

public health like Campylobacter and Salmonella [202]. Moreover, modern genetic selection 

towards lean and large breast muscles and fast growth rates made broilers susceptible to oxidative 

reactions that can affect their productivity [285]. 

Avian coccidiosis is caused by seven distinct species of Eimeria, E. acervuline, E. brunetti, E. 

maxima, E. mitis, E. necatrix, E. praecox and E. tenella, affecting different sites from the 

duodenum to ceca as they have gut-site-specific infectivity [286]. Eimeria infection causes 

decreased nutrient absorption, retarded growth rate, suppressed humoral and cell-mediated 

immune responses, reduced egg production, and mortality results enormous economic losses (US 

$3 billion) to the poultry industry worldwide [286, 287]. Used litters or chick delivery boxes are 

the primary sources of Eimeria species. Eimeria infection can be controlled by routine 

chemoprophylaxis including chemical anticoccidials, ionophores (e.g., salinomycin); or 

vaccination using formulations of live virulent or attenuated Eimeria species [288]. Infection with 

coccidiosis induces T-cell-associated immune response like increased levels of IFN-γ. This 

cytokine has anticoccidial and adjuvant effects that increase vaccine efficacy in Eimeria-infected 

chicken [142]. 

Control of Eimeria infection also provides concomitant protection against Necrotic enteritis (NE). 

Ionophore-tolerant live-coccidia containing vaccines are administered along with the anticoccidial 

drugs to provide protection against NE and to stimulate immunity against coccidiosis in broilers 

[24]. NE in poultry is caused by Clostridium perfringens strains produce at least 12 different 

toxins, alpha (α), beta (ß), epsilon (ε), and iota (i) are the four major extracellular toxin types. 

There are five biotypes of C. perfringens A, B, C, D, and E; while A strain produces α-toxin with 

the novel pore-forming toxin NetB [289]. NetB toxin is responsible for the leakage of the intestinal 

contents. The onset of NE is a complex process requiring one or combination of predisposing 

factors include Eimeria co-infection, dietary factors [diets based on wheat, rye, oats or barley; or 

high protein feed like fishmeal], indigestible non-starch polysaccharides, management stress-
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causing immunosuppression, and an overall imbalance of commensal microbiota [289]. In broilers, 

C. perfringens infection ranges from subclinical to severe clinical disease and affects production 

performance costs the global poultry industry $6 billion annually [2]. NE has long been controlled 

by in-feed antibiotic growth promoters (AGPs) like virginiamycin, bacitracin; currently, requires 

a veterinary prescription. The emergence of drug-resistant oocysts, legislative prohibition on the 

use of AGP and non-therapeutic antimicrobial feed additives, as well as the limited production 

capacity and costs of live attenuated vaccines, urge the development of alternative coccidiosis 

control strategies in the poultry industry [290]. 

The composition of gut microbial population influenced largely by the dietary interventions [204]. 

Gut microbes help in the formation or development of gut structure and morphology, enhance 

immune responses, offer protection from luminal pathogens, as well as play an active role in 

digestion and utilization of nutrients [204]. During dysbiosis, impairment of gut permeability 

provides opportunities for the pathogens in the gut to translocate bacterial proinflammatory factors 

like lipopolysaccharides (LPS) into the circulatory system. A balanced gut microbiota covers the 

mucosal surface of the intestine to prevent the adherence of the pathogens and produces 

metabolites that may help in maintaining immune homeostasis by inhibiting the production of pro-

inflammatory cytokines, enhancing the expression of mucin-2 and preventing inflammation [291].   

Berry pomaces are a significant source of flavonoids, phenolic acids, and stilbenoids, which exert 

non-specific effects on living organisms and regulate the activity of enzymes and cell receptors 

[270]. Polyphenol-rich extracts from cranberry displayed potential in increasing energy efficiency, 

insulin sensitivity, decreased triglyceride (TRIG), and cholesterol (CHO) contents. Most 

importantly, they are powerful antioxidants that improved anti-oxidative responses in the liver 

[292]. The antioxidant components of blueberry, which was positively correlated with the content 

of polyphenols, reduced oxidative stress and inflammation [293]. Recent chemical analysis of 

cranberry pomace indicated that cranberry pomace is a rich source of carbohydrate and fiber (89%) 

[294]. The presence of fatty acids, proteins, and essential amino acids in berry pomaces may 

improve the muscle growth in chicks at the early stages of life.  Moreover, the addition of berry 

pomace extracts to animal diets positively influence gut microbiota composition in broiler 

chickens, by long-term modulation of Bifidobacterium, unclassified_Rikenellaceae, and 

Faecalibacterium, while decreasing the presence of undesirable ones 

(unclassified_Synergistaceae and Desulfovibrio, and unclassified_Fusobacteriaceae) [294]. 
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The emergence and development of metagenomics pipelines are promoting deep insights into 

microbiota dynamics with increased coverage and accuracy. Understanding of mechanisms by 

which feeding practices and coccidiosis vaccination interact to shape bird’s gut health and 

immunity is critical to develop a cost-effective alternative feed additive for the antibiotic-free 

and/or organic broilers production. In the present study, the primary objective is to observe the 

effectiveness of feeding bacitracin, cranberry and blueberry pomaces in the presence or absence 

of a coccidiosis vaccination in broiler. The growth performance parameters, gut health, 

immunoglobulin levels, and serum blood metabolites were evaluated. Deep metagenomic 

sequencing was used to investigate the differences in the taxonomic composition of the cecal 

microbiota in broilers. 

6.3. Materials and methods 

6.3.1. Pomace preparation 

The preparation and composition in term of phenolic, protein, lipid and carbohydrate of the 

pomaces used in the present study have been described previously [162, 294]. 

6.3.2. Study design 

The chicken trial started on September 5, 2017, and ends on October 9, 2017, at the Center de 

Recherche en Sciences Animales de Deschambault, CRSAD, Deschambault, QC, Canada). All 

experimental procedures performed in this study were approved (protocol #16-AV-314) by the 

Animal Care Committee of CRSAD, according to guidelines described by the Canadian Council 

on Animal Care [211]. A total of 2700 one-day-old male Cobb 500 broiler birds were allocated to 

60 pens (45 birds/pen) in two major groups, with and without any coccidiosis vaccinations. Both 

groups were randomly allocated to 5 dietary treatments (6 pens/treatment; 45 birds/treatment) in a 

complete randomized design. The dietary treatments were (1) basal diet serving as the control; (2) 

basal diet with 55 ppm bacitracin: BACI (positive control); (3) cranberry pomace 1% (CP1); (4) 

blueberry pomace 1% (BP1); and (5) cranberry 1% and blueberry 1% pomaces combined (CP+BP) 

in feed were administrated from 0 to 30 days of age. Broilers were fed a starter diet from the age 

of 0 to 10 days, grower diet from age 11 to 20 days, and a finisher diet from age 21 to 30 days. 

The starter, grower, and finisher diets were formulated and pelleted with wheat and corn as the 

principal cereals; and enriched with soybean meal, fish meal, and meat meal as protein sources 

according to the nutritional recommendation by Cobb 500 [13] (Table 6.1). Similar procedures 



 

 

115 

 

were followed for animal management, data and sample collection, necropsy, and blood Serum 

Metabolites as previously described in Chapter 4. 

Table 6.1. Composition of the feeds used in the Chicken Trial-2. 

Ingredient (% of inclusion in diet) Starter (D0-10) Grower (D10-20) Finisher (D20-30) 

Wheat ground 30.02 34.941 34.92 

Corn 25.2 26.3 30.1 

Soybean meal 21 18.8 25 

Soybean cake granule 15 12.2 3.2 

Flour meat rum alberta sg 4.8 4.2 3.7 

End of corn gluten 60% 1 1 -- 

Animal fat applicator 1.2 0.8 1.2 

Limestone 0.47 0.58 0.62 

Alimet liquid methionine 0.33 0.304 0.292 

Salt 0.23 0.22 0.22 

Baking soda  0.31 0.21 0.21 

Px-cr end chicken 0.2 0.2 0.203 

Lysine sulphate 70% 0.07 0.088 0.2 

Choline liquid 75% 0.06 0.061 0.054 

HyD premix (vitamin d3) 0.03 0.036 0.036 

Vitamin E 100 000ui 0.05 0.03 0.02 

Threonine 98% 0.03 0.024 0.017 

Axtra phy 5000l 300f (0.12% p) po 0.01 0.006 0.006 

Calculated Nutrients       

Crude protein 25.32 23.29 21.30 

Metabolisable energy (kcal/kg) 3020.77 3066.11 3153.23 

Available phosphorous 0.52 0.49 0.46 

Total chloride 0.21 0.21 0.20 

Total sodium 0.22 0.19 0.19 

Added choline (mg/kg) 396.99 396.99 351.43 

Added VitA (UI/kg) 11000.00 10100.00 10100.00 

Added VitD (UI/kg) 4988.24 4984.32 4984.32 

Added VitE (UI/kg) 80.00 60.00 50.00 

Arginine 1.67 1.50 1.38 

Lysine 1.38 1.23 1.19 

Methi & cys 1.08 1.01 0.94 

Methionine 0.67 0.62 0.58 

Threonine 0.95 0.87 0.78 

Tryptophane 0.33 0.30 0.27 

Arg dig v vol  1.53 1.38 1.26 

Lys dig v vol 1.18 1.06 1.03 

M&C DIG V VOL 0.97 0.90 0.84 

Met DIG V VOL 0.64 0.59 0.55 

THR DIG V VOL 0.81 0.73 0.66 

TRY DIG V VOL 0.28 0.26 0.24 

VALDVV/LDV 0.86 0.87 0.82 

Total calcium phytase 1 0.96 0.9 
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6.3.3. Oocyst counts of excreta samples 

Droppings (3 cecal and 3 intestines) per pen (total 60 pens) were collected from different places 

on the floor at 13, 16, 20, and 23 day of age using sterile spatulas and kept in separate airtight 

plastic bags. Samples were immediately stored at -20°C until assayed for total oocyst counts. 

Homogenized samples (60 pooled cecal and intestinal) were diluted 10-fold with tap water and 

further diluted with a saturated sodium chloride solution at a ratio of 1:10, counted using McMaster 

chambers [McMaster chambers, Chalex Corp., Wallowa, OR] and expressed as the number of log-

total number of oocysts counted per gram of excreta (log10/g) [295]. 

6.3.4. General and gut heath 

At each of the days 21 and 28, two birds/pen having average pen weight (12/treatment and 60 per 

vaccinated or non-vaccinated group for a total of 120 birds) were sacrificed for the necropsy by a 

veterinary (Services Vétérinaires Ambulatoires Triple-V Inc.) blinded to the treatments. The 

intestines of all sacrificed birds were examined for evidence of coccidiosis caused by three Eimeria 

spp (E. acervulina, E, maxima and E. tenella) and NE [264]. Intestines were longitudinally opened 

to score mucosa on a scale of 0 to 3 for NE lesions for each of the upper gut and lower gut 

(including ceca). Coccidiosis lesions were scored on a scale of 0 to 4 for each of E. maxima which 

induces bleeding in the middle of the small intestines, mucosa; E. tenella causing severe 

inflammation of ceca, and E. acervulina causing white plaques in the duodenum. The body weights 

of killed birds were determined. Birds were inspected at least twice per day, and mortalities or 

culls were removed and necropsied. The mortality rate was calculated based on the average 

mortality in each pen from day 0 to 30. 

6.3.5. Blood antibodies and metabolites measurement 

Blood samples were collected via wing vein from sacrificed birds at days 21 and 28, and kept at 

room temperature for 2 hours followed by centrifugation for 10 min at 580 X g. Serum of two 

birds from each pen (repetition) at each time point (chicken age) were pooled together (12 birds, 

6 repetitions/treatment). Serum immunoglobulin (Ig) IgY/IgG, IgM, and IgA levels were measured 

on flat-bottom 96-well plates by enzyme-linked immunosorbent assay (ELISA) as previously 

described [265]. To determine dietary treatments and vaccination effects, 19 blood serum 
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parameters were estimated at the Animal Health Laboratory (University of Guelph, Guelph, ON, 

Canada) as previously described [264]. 

6.3.6. DNA extraction and metagenomic sequencing  

DNAs were extracted from 40 cecal samples (four birds/treatment for a total of 40 pooled 

contents). Each cecal samples were aseptically collected from a randomly chosen bird, transferred 

to sterile Whirl-Pak plastic bags (Nasco, Fort Atkinson, WI), immediately frozen (−20◦C); and 

transported to the laboratory for taxonomy analysis. Metagenomic DNA isolation from the ceca 

samples was performed using QIAamp DNA Stool Mini Kit (Qiagen) with modification as 

previously described [296]. Briefly, frozen cecal sample (350 mg) was added to a sterile 2.0 mL 

safe-lock snap-cap tubes with 0.4 g of sterile zirconia beads (0.3 g of 0.1 mm and 0.1 g of 0.5 mm). 

Cells lysis was done with the addition of resuspension buffer [600 mM NaCl, 120 mM Tris-HCl, 

60 mM EDTA, 200 mM Guanidine isothyocynate], 5μL of β mercaptoethanol (β-ME) and pre-

heated (70 °C) 10% SDS (200 μL). Cells were homogenized at 4000 RPM for 3 min on a MoBio 

PowerLyzer™ Homogenizer, (Catalogue # 13155, Carlsbad, CA, USA). The homogenate was 

then incubated at 70°C for 15 min followed by centrifugation at 4 °C for 5 min at 16,000 × g to 

obtain supernatants. Same procedure was followed to recover any remaining DNA residue from 

the same ceca samples. Both collected lysates were mixed separately with 200 μL of 10M 

ammonium acetate, placed on ice for 5 min, and centrifuged at 4°C for 10 min at 16,000 × g. The 

supernatants were mixed with an equal volume of isopropanol, placed on ice for 30 min, and 

centrifuged at 4 °C for 15 min at 16,000 × g. The nucleic acid pellet was washed with 70% ethanol 

and dried under vacuum for 3 min. Pellets from all tubes corresponding to a sample were combined 

by dissolving in a total of 150 μL of TE [10 mM Tris.HCl pH 7.4; 1 mM EDTA]. Extracted DNAs 

were dissolved, pooled, and purified with DNase-free RNase (10 mg/mL) and incubated at 37 °C 

for 15 min. Subsequently, 30 μL of proteinase K (20 mg/mL) and 400 μL of Buffer AL were added 

and the rest of the procedures were done according to the Kit’s protocol (QIAamp DNA Stool 

Mini Kit; QIAGEN Inc. Toronto, ON, Canada). DNA was eluted in pre-warmed (70 °C) 100 uL 

of Tris-HCl (pH 8.0). OneStep™ PCR Inhibitor Removal Kit (Zymo-Research Corp., Irvine, CA, 

USA) was used to remove PCR-inhibitors according to manufacturer’s instructions. DNA 

quantitation was performed using the Qubit dsDNA HS, assay kit (Life Technologies, Carlsbad, 

CA, USA). The DNA quality was determined by measuring the ratio at 260/280 between 1.8–2.0 
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and a 260/230 ratio between 2.0–2.2 using a NanoDrop spectrophotometer (Thermo Fisher 

Scientific). 

6.3.7. Metagenomic data quality control and trimming 

FastQC version 0.11.8 and MultiQC version 1.6 were used to generate summary reports about the 

sequence quality of each sample and the data set as a whole. Trimmomatic version 0.38 was used 

with recommended settings to remove adapters, remove leading and trailing bases below a Phred 

score of 3, using a sliding window to cut reads when the average base quality drops below a Phred 

score of 15, and dropping reads less than 36 bases long after trimming. 

6.3.8. Taxonomic profiling of reads 

For microbiome analysis, reads passing quality filters from Trimmomatic were classified using 

Kraken 1.0 and MetaPhlAn 2.7.7. Kraken was run using the default Kraken database. The kraken-

filter script included with Kraken was used with a threshold score of 0.05 to enhance the accuracy 

of taxonomic assignments. Reports were generated with the kraken-report script included with 

Kraken. MetaPhlAn2 was run using the default MetaPhlAn database. MetaPhlAn results were 

merged for multiple samples using the merge_metaphlan_tables script included with MetaPhlAn. 

6.3.9. Alpha/Beta diversity of Kraken taxonomic plots 

The calculation of the ceca samples' alpha diversity was performed using the Kraken analysis data 

from which microorganisms count at the domain level and bacteria count at both the phylum and 

family levels were extracted., The Shannon diversity index was computed to determine both the 

richness and evenness of the samples using Kraken's taxonomic assignments as operational 

taxonomic units (OTU). The association between microbial diversity and treatment groups was 

tested via multivariate statistics, ANOSIM from the R package vegan v2.4–1. Sample variation 

between groups or beta-diversity was performed with Bray-Curtis dissimilarity as implemented in 

the R package vegan v2.4-1. For all the statistical analyses performed, a P-value < 0.05 was 

considered significant.  

6.3.10. Statistical analysis 

The experiment was arranged as 2 × 5 factorial design (2 groups: vaccinated or non-vaccinated; 5 

feed treatments: Control, BAC, CP1, BP1, and CP+BP). Effects of vaccination and dietary 

treatments on growth performance, oocysts counts (log10/g), blood parameters and the relative 
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microbial abundances and diversity were analyzed as a complete randomized design using the 

General Linear Mixed Model (GLMM) procedure of SAS 9.4 (SAS Institute Inc., Cary NC). As 

prevalence data are an ordinal variable, the Cochran-Mantel-Haenszel test of association and 

logistic analysis (proportional odds model) were used to determine the relationship between 

vaccination or diet and gut lesions using the FREQ procedures of SAS. Diets (treatments) and 

vaccination (yes or no) were used as sources of variation and the individual pens as experimental 

units. The Least significant difference test was used to separate means whenever the F-value was 

significant. A P value of 0.05 was used to declare significance. 

6.4. Results 

6.4.1. Composition of the studied pomaces 

The composition of used cranberry and blueberry pomaces was described previously [162, 294]. 

The cranberry pomace contained 46.3% and 15.5% coarse and fine fibers, respectively while the 

low-bush blueberry pomace contained 22.0% and 27.9% coarse and fine fibers. The most abundant 

amino acids (w/w) in this pomace were glutamic acid (> 0.80%) and aspartic acid (> 0.50%); 

arginine and leucine were present each at about 0.40% (w/w). Essential amino acids including 

lysine, threonine, and methionine that influence growth of bird’s muscle at an early age were 

present at about 0.31, 0.18, and 0.1%, respectively in both pomaces. The pomaces were rich in 

unsaturated fatty acids. The most abundant fatty acid was palmitic acid 16:0; lowbush blueberry 

pomace contained 16.7% more palmitic acid than cranberry which contained 9.8%. Conversely, 

oleic acid 9c-18:1, linoleic acid 18:2n-6, and linolenic acid 18:3n-3 were all higher in cranberry 

pomace (12.5%, 39.4%, and 23.3%, respectively) than blueberry pomace (6.0%, 34.5%, and 

16.4%).  

6.4.1. Growth performances 

A vaccine and treatment interaction (P < 0.01) was found on body weight (BW) at the growing 

period (d10-20 of chicken age); BW was significantly decreased (P < 0.001) in the vaccinated 

group than non-vaccinated chickens. In the non-vaccinated group, similar BW was observed with 

the BACI, CP1, and CP+BP treated birds along with the control, while in the vaccinated group 

only BACI-feed supplementation significantly (P = 0.001) increased BW compared to control on 

day 10-20. As expected, similar effects of interaction, vaccination, and treatment were also noted 

on ADG at this growing phase. BACI treatment significantly improved (P < 0.05) ADG at the 
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vaccinated group in both starting (day 0-10) and growing periods (day 10-20). However, a 

significant increase for ADFI (P < 0.05) was observed only in the vaccinated group at the finishing 

period (d 20-30). In this study, vaccination against coccidiosis increased the FE in the starting and 

growing period (P < 0.05), while a significant treatment effect was observed in BACI only. BACI 

treatment was found to improve (reduce) the FE (1.49 in the non-vaccinated group) in the 

cumulative phase (P < 0.05) compared to all the treatments. No effect of vaccination was observed 

on mortality. Higher mortality was observed with CP+BP and BP1 treatments in the vaccinated 

group, and with CP1 in the non-vaccinated group (P < 0.05, Table 6.2). BACI-fed group resulted 

in the lowest mortality in both non-vaccinated (2.22) and vaccinated (2.59) treated birds among all 

the treatments (P < 0.05, Table 6.2). Overall, vaccinated birds resulted in decreased BW, ADG, 

and higher FE during the growing period (P < 0.05). Moreover, the combination of CP+BP resulted 

in poor performance by reducing 11 % BW, and by increasing 12 % FE and 25% mortality rate 

during the growing phase in the vaccinated group compared to non-vaccinated broilers. 
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Table 6.2. Effects of berry products and bacitracin on broiler growth performances1. 

1Each value represents the mean of six replicates (n = 6 pens of at least 45 chickens/pen). Control (basal diet), BACI (basal diet 

supplemented with 55 ppm bacitracin; basal diet supplanted with cranberry pomace 1% (CP1); blueberry pomace 1% (BP1); and 

cranberry 1% and blueberry 1% pomaces together (CP+BP). Different superscripted capital letters within a row indicate significant 

differences at P < 0.05. 

Parameters No Yes SEM P value2 

 Vaccination Control Baci CP1 BP1 CP+BP Control Baci CP1 BP1 CP+BP Vac Treat VacX Treat 

Bodyweight, kg/bird 
              

Day 0 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.00 0.0445 0.9807 0.6343 

Day 10 0.30 0.31 0.30 0.30 0.30 0.30 0.31 0.37 0.30 0.29 0.02 0.3884 0.4578 0.4212 

Day 20 0.98 0.98 0.98 0.96 0.98 0.91B 0.97A 0.89BC 0.90BC 0.88C 0.01 <.0001 0.0015 0.0104 

Day 30 2.00 2.06 2.01 1.99 2.01 1.98 2.07 2.00 1.99 1.98 0.03 0.5285 0.0833 0.9602 

Daily Gain, kg/bird 
              

Day 0-10 0.03 0.03 0.03 0.03 0.03 0.026B 0.027A 0.025BC 0.026B 0.025C 0.027 0.3426 0.0005 0.275 

Day 10-20 0.07 0.07 0.07 0.07 0.07 0.06B 0.066A 0.058BC 0.059BC 0.057C 0.066 <.0001 0.0045 0.0052 

Day 20-30 0.09 0.10 0.10 0.10 0.09 0.10 0.10 0.10 0.10 0.10 0.101 0.0018 0.3919 0.4471 

Day 0-30 0.06 0.07 0.07 0.06 0.06 0.06 0.07 0.06 0.06 0.06 0.067 0.586 0.0691 0.9357 

Feed efficiency, FE kg/Kg 
              

Day 0-10 1.22 1.19 1.23 1.26 1.24 1.23A 1.18B 1.24A 1.24A 1.23A 1.194 0.8627 0.0147 0.8031 

Day 10-20 1.43 1.45 1.43 1.46 1.43 1.57 1.43 1.56 1.57 1.63 1.446 <.0001 0.1033 0.0458 

Day 20-30 1.76 1.60 1.77 1.76 1.79 1.72 1.67 1.68 1.72 1.68 1.604 0.108 0.0579 0.2285 

Day 0-30 1.56 1.49 1.56 1.58 1.58 1.6A 1.51B 1.58AB 1.6A 1.6A 1.492 0.1032 0.0041 0.9966 

Mortality (%) 4.07 2.22 7.04 2.96 5.55 4.81AB 2.59B 4.07AB 6.67A 7.41A 2.22 0.307 0.0121 0.0701 
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6.4.2. Oocyst count 

The effects of vaccination and dietary treatments on Eimeria oocyst counts at days 13, 16, 20, and 

23 of age are illustrated on Figure 6.1. Vaccinated birds showed a higher oocyst count than the 

non-vaccinated group at days 13, 16, and 20 (P < 0.001). Significant treatment effects of berry 

pomaces on oocyst counts occurred on days 20 and 23 (P < 0.05). In the non-vaccinated group, 

the lowest count was found in birds receiving CP1 and CP+BP compared to the control at day 20. 

The lowest oocyst count in both vaccinated and non-vaccinated groups was observed in CP1 and 

CP+BP-fed birds at day 23 (Figure 6.1). This data suggest that berry pomace may be effective in 

reducing oocysts count in the bird’s gut.
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Figure 6.1. Effects of vaccination and berry pomace feed supplementation in diets of broilers on oocysts counts in fecal samples at days 

13, 16, 20, and 23 of age. Birds not vaccinated (No) and vaccinated (Yes) against coccidiosis; Control, birds fed basal diet; Baci, birds 

fed basal diet with 55 ppm bacitracin; basal diet supplanted with cranberry pomace 1% (CP1); blueberry pomace 1% (BP1); and 

cranberry 1% and blueberry 1% pomaces together (CP+BP). *indicates statistically significant differences (1 asterisk means a 

significance level of 0.05 and 2 asterisks mean 0.01). 
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6.4.3. General and intestinal health 

Gross examination revealed that the general health was good; bones, cartilage, and muscle quality 

were adequate. No spondylolisthesis, valgus and varus deviations of tibiotarsis, rotated tibia, and 

runts were observed. Also, no signs of active infections were detected. Intestinal examination 

showed in general, subclinical (minor low lesion scores) coccidiosis and NE only in day 21-old 

birds while little or no such intestinal diseases was found at day 28.  

E. acervulina: Regardless of treatments, vaccination significantly reduced (P < 0.05) the 

prevalence and severity of intestinal lesions due to E. acervulina (Figure 6.2.A). In the non-

vaccinated group, lesions were noted in 68% of birds. The highest lesion incidence was observed 

in the BACI-fed birds with a lesion score of 1 (a maximum of 5 lesions per cm2 mainly in the 

duodenum). Lesion scores of 2 (several lesions in the duodenum and/or jejunum, but not 

coalescent) were observed in the BP1 and control with an incidence of 33%; while only a bird 

(1.66%) with a lesion score of 3 (numerous coalescent lesions) was observed only in the CP+BP 

treatment group (Figure 6.2.A).  

In the vaccinated group, 18% of birds showed intestinal lesions due to E. acervulina with an 

incidence of 8.33% in the control and BP1 group, while 16.67% incidence found in BACI, CP1 

and CP+BP treated birds. Lesion score severity of 2 was found only in the BACI, CP1 and BP1 

treatments with an incidence of 8.33. 

E. maxima: Low incidences of coccidiosis due to E. maxima were observed, with 16.67% and 25% 

being found in the non-vaccinated and vaccinated birds. Among all treatments, CP1-fed birds 

showed a prevalent lesion score of 1 (Figure 6.2.B).  

E. tenella: No significant effects of vaccination or treatments were observed for lesions due to E. 

tenella (Figure 6.2.C).  

Necrotic enteritis (NE). Vaccination against coccidiosis prevented the incidence of NE (P < 0.05). 

However, the lowest proportion of birds showing NE was recorded in CP+BP fed birds in the non-

vaccinated group while the highest NE incidence was observed with the same feed treatment in 

vaccinated birds. No lesion scores greater than 2 was observed. In the non-vaccinated group, 100% 

of birds fed BACI showed the lesion score of 1, however, no score of 2 was observed. Birds in the 

control group showed the highest incidences (25%) in the no-vaccinated group, with the lowest 
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(8.33%) observed with the (CP+BP) treatment. Both CP1 and BP1 feeding resulted in similar 

incidences (16.67%) (Figure 6.2.D). In the vaccinated group, BP1 fed birds exhibited the lowest 

NE incidence (6.67% with a score of 1). The highest incidences of NE were observed in CP+BP-

fed birds (58.33%), followed by BACI (50%) and CP1 (33.33%). Incidences of birds showing NE 

scores of 2 were observed only in the CP1 and CP+BP-treated and vaccinated birds. 

 

Figure 6.2. Two birds per pen (12/treatments, 120 birds total) were sacrificed on day 21-22 

for necropsy.  

E. acervulina causing white plaques in the duodenum, the scores were scored on a scale of 0 to 4: 

“0” - normal, “1” - A maximum of 5 lesions per cm2 mainly in the duodenum, “2” – several lesions 

in the duodenum and/or jejunum, but not coalescent;  

E. maxima induces bleeding in the middle of the small intestines, scored from 0 to 4 as follow: “0” 

- normal; “1” - few petechiae on the serosal surface around Meckel’s diverticulum, or in other 

areas of the intestine, “2” - several petechiae on the serosal surface, small petechiae on the mucosal 

side, watery contents, orange intestinal mucus;  

E. tenella causing severe inflammation of ceca includes intestinal score from 0 to 4: “0” – normal; 

“1” - few petechiae on the cecal serosal and mucosal surfaces or little blood in the ceca and thick 

cecal contents’ “2” - Petechiae on the cecal serosal and mucosal surfaces or thick cecal wall or 

contents containing blood or fibrin and presence of grooves;  

C. perfringens were scored on a scale of 0 to 3: “0”: no gross lesions; “1”: occasional lesions 

consisting of small areas of erosion, necrosis, or hemorrhage; “2”: minor gross lesions consisting 

of occasional small areas of hemorrhage or necrosis at 1 to 2 lesions per 5 cm2 throughout the 

small intestine. 
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6.4.4. Blood metabolites 

Among nineteen blood serum metabolites, interaction effect for the treatment and vaccination was 

observed on Mg and P from minerals, glucose, and NEFA from the lipid metabolites on day 21. 

The effect of vaccination was observed on several blood metabolites includes ALT, AST and GGT 

from serum enzymes, Ca and P from minerals, all lipid metabolites, and GLO from the protein 

group. In the non-vaccinated group, a decrease (P < 0.05) of both sera enzymes ALT, and AST 

was observed in the BP1 and (CP+BP)-treated birds compared to control. In contrast, GGT and Ca 

were lowest with the control-group in the vaccinated birds. Feed supplementation with BP1 

significantly reduced (P < 0.05) the GLU level in vaccinated birds. On day 21, vaccination affected 

all the lipid molecules (P < 0.01), while the treatment effect was observed only in the TRIG and 

NEFA. The lowest level of both TRIG (P = 0.028) and NEFA (P = 0.025) was observed in BP1 

and (CP+BP)-treated birds in the vaccinated group compared to control. GLO is the only 

metabolite from the protein group resulted a significant effect (P < 0.05) for the vaccination, the 

concentration of GLO was higher in all the berry pomace treated groups including BACI compared 

to control (Table 6.3). 

Age (sampling day) effect was observed on all the protein metabolites. Moreover, the 

concentrations of AST, GGT, CHO, and HDLC were significantly increased (P < 0.05) at day 28 

than day 21 of birds. The effect of vaccination (P < 0.01) was observed on all the protein 

metabolites, where a higher concentration of TP and GLO but the lowest level of AG ratio was 

noted in the vaccinated group, particularly in BACI-treated birds (Table 6.3). The interaction effect 

(P = 0.047) was observed only on the TRIG, the concentration of TRIG was 19% lower in the 

CP1-fed birds compared to control in the non-vaccinated group. However, the treatment effect was 

observed only on the NEFA; BACI and CP1 significantly decreased (35% and 29%, respectively) 

the concentrations NEFA compared to the control group on day 28.
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Table 6.3. Blood serum metabolites of broiler chickens fed with Control, birds fed basal diet; BACI, birds fed basal diet with 55 ppm 

bacitracin; basal diet supplanted with cranberry pomace 1% (CP1); blueberry pomace 1% (BP1); and cranberry 1% and blueberry 1% 

pomaces together (CP+BP). Vac, main effect of vaccination; Trt, main effects of treatments; Vac X Trt, interaction between vaccination 

and treatments. Asterisks indicate statistically significant differences at the level of P < 0.05. Blood metabolites resulted significant 

effect (P < 0.05) were included in this table. 

 

Age 

Blood metabolites Vaccination 

Treatments 

SEM 

Effects 

Control Baci CP1 BP1 CP+BP Vac Trt 
Trt X 

Vac 

21 

Serum enzymes 

(U/L) 

ALT 
No 2.33 2.50 1.83 1.00 1.00 0.61 * ns ns 

Yes 2.83 3.00 2.83 2.00 4.00 

AST 
No 200.00 218.33 232.00 196.17 190.67 24.27 * ns ns 

Yes 245.00 300.33 231.00 234.17 205.17 

GGT 
No 7.67 8.67 8.67 8.00 8.00 1.52 * ns ns 

Yes 3.00 6.67 3.83 10.00 4.00 

Mineral 

(mmol/L) 

Ca 
No 2.46 2.44 2.56 2.46 2.48 0.08 * ns ns 

Yes 2.29 2.46 2.37 2.35 2.34 

Mg 
No 0.93 0.90 1.05 0.93 0.93 0.06 ns ns * 

Yes 1.03 1.20 0.97 1.00 0.92 

P 
No 2.21 2.05 2.50 2.25 2.24 0.15 * ns * 

Yes 2.41 2.98 2.48 2.41 2.35 

Carbohydrate 

(mmol/L) 
GLU 

No 15.15 14.75 15.48 15.52 15.08 0.50 ns ns * 

Yes 14.62 16.48 15.62 13.70 15.22 

Lipid (mmol/L) 

CHOL 
No 2.79 2.76 3.02 2.80 2.97 0.12 ** ns ns 

Yes 2.27 2.47 2.35 2.34 2.38 

HDLC 
No 2.16 2.09 2.18 2.12 2.30 0.10 ** ns ns 

Yes 1.79 1.94 1.79 1.90 1.91 

TRIG No 0.72 0.82 1.00* 0.88 0.87 0.08 * * ns 
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Yes 0.70 0.90 0.88 0.62 0.65 

NEFA 
No 0.63 0.68 1.03* 0.86 0.88 0.08 ** * * 

Yes 0.61 0.63 0.71 0.50 0.48 

Protein (g/L) Glo 
No 11.83 11.00 12.17 12.17 11.50 0.55 * ns ns 

Yes 11.67 12.67 12.17 12.50 13.33        

28 

Serum enzymes 

(U/L) 
ALP 

No 7337.50 7731.50 8996.67 8525.17 4894.83 1360.63 * ns ns 

Yes 9159.83 7325.83 11156.33 11429.00 8481.00        

Lipid (mmol/L) 

TRIG 
No 0.70 0.60 0.57 0.60 0.67 0.04 ns ns * 

Yes 0.57 0.57 0.63 0.72 0.63     

NEFA 
No 0.80 0.52 0.56 0.60 0.65 0.05 ns * ns 

Yes 0.54 0.54 0.60 0.73 0.63        

Protein (g/L) 

TP 
No 26.17 24.00 24.17 25.50 25.00 0.69 * ns ns 

Yes 25.83 27.50 25.17 25.50 25.67     

Glo 
No 12.67 12.33 11.33 12.33 12.67 0.54 * ns ns 

Yes 13.67 15.00 13.00 12.67 12.33     
A/G 

Ratio 

No 1.07 0.97 1.14 1.07 0.99 0.06 * ns ns 

Yes 0.91 0.84 0.95 1.02 1.08        
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6.4.5. Quantification of immunoglobulins (Ig) in sera 

Effects of organic CP1, BP1, and CP+BP pomaces as feed supplementation were evaluated in the 

serum of broiler chickens compared to the negative control and BACI in broiler vaccinated or not 

vaccinated against coccidiosis. The titers (log concentrations of Igs at ng/ml) of all three Igs [IgY 

(IgG), IgM, and IgA] were measured when the birds reached 21 and 28 days of age (Figure 6.3).  

Although, no treatment effect was observed on any particular Igs, significant additive effect of 

vaccination and treatment was found for both IgY and IgM on both day 21 and day 28 (P < 0.05). 

The main effect of vaccination was observed on antibody production; vaccination significantly 

increased the level of all three Igs (P < 0.05) except IgY (concentration tended to be significant at 

day 21) compared to non-vaccinated birds at both days 21 and 28 (Figure 6.3). Moreover, the 

sampling day effect was observed, the titers of all three Igs were significantly higher at day 28 

than day 21. In general, the IgY was the most abundant antibody of all three immunoglobulins 

with the highest titer being observed in day 28-old birds (P < 0.001) tended to be high (6.60 ng/mL) 

with CP1 treatment at day 28 (P = 0.06). 

 

Figure 6.3. The concentrations (ng/µL) of immunoglobulins (a) IgY, (b) IgA and (c) IgM in blood 

sera of broilers on both ages of day 21 and day 28 treated with basal diet, bacitracin, different berry 

pomaces administrated via feed. Data represent least square means ± SEM of 6 replicates/ 

treatment (n = 6 pens of at least 45 chickens/pen) arranged in a complete randomized design. 

Asterisks indicate significant statistically differences for vaccination. *indicate statistically 

significant differences for both vaccination and interaction for vaccination and treatments (vac X 

treat) at the level of P < 0.05. 
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6.4.6. Taxonomy 

In this study, two bioinformatics approaches, Kraken and Metaphlan2 pipelines were used to 

access the taxonomic classifications (bacteria, viruses, and archaea) of the studied broiler cecal 

microbiota. In general, Kraken identified a higher number of bacterial and archaeal phylotypes at 

all taxonomic levels than MetaPhlAn2 (Table 6.4). Kraken identified 32 more exclusive taxa 

compared to Metaphlan2 method; hence, data from the Kraken method were used for 

investigations.   

Table 6.4. Taxonomic profiling of cecal microbiota in broiler on day 21 by Kraken and 

MetaPhlAn2. 

 Total gene abundances (%) 

Phylotypes Kraken Metaphlan2 

Bacteria 
  

Phyla 35 5 

Families 324 19 

Genera 530 164 

Species 3291 127 

Archaea 
  

Phyla 1 1 

Families 20 1 

Genera 39 1 

Species 201 1 

Virus 
  

Phyla 1 1 

Families 23 3 

Genera 507 3 

Species 3291 6 

 

At the domain level, only viruses showed a significant vaccination effect (P = 0.024) but no dietary 

treatment or interaction between diet and vaccination was observed. Herpesvirales, Ortervirales, 

Caudovirales, Bunyavirales were the predominant virus detected while Euryarchaeota, 

Thaumarchaeota, and Crenarchaeota were the most abundant archaea in broiler’s ceca.  

At the bacterial phylum level (Figure 6.4), Firmicutes were the most abundant (90%) followed by 

Proteobacteria (5%), Actinobacteria (2%), and Bacteroidetes (2%). These four phyla constituted 

99% of the cecal microbial community. Vaccination influenced the abundance of Proteobacteria, 

Fusobacteria, Dictyoglomi, and Elusimicrobia (P < 0.03); whereas Chlamydiae and 
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Proteobacteria showed dietary treatment and vaccination dependent effects on their abundances 

(P = 0.03). 

 

Figure 6.4. Cecal taxonomic structure of bacterial communities at the phylum level in broiler 

chicken fed cranberry (CP1) and blueberry (BP1) or their combination (CP+BP) of pomaces with 

or without coccidiosis vaccination (n= six pens/ treatment, two birds/pen: 12 birds/treatment.  

At the bacterial family level (Figure 6.5), Lactobacillaceae, Enterobacteriaceae, Clostridiaceae, 

and Streptococcaceae were among the most abundant in the ceca. These families were 

significantly abundant in CP1-fed birds regardless of vaccination as well as in vaccinated BACI- 

and BP1-fed birds (P < 0.05). For a given feed treatment, vaccination induced different effects on 

the relative abundances of Acidobacteriaceae, Alteromonadaceae, Catenulisporaceae, 

Chromobacteriaceae, Deferribacteraceae, Leuconostocaceae, Marinifilaceae, Parvularculaceae, 

Planococcaceae, Thermomicrobiaceae, and Thiobacillaceae. Ceca from the non-vaccinated group 

showed an increased (P < 0.05) relative abundance of Alteromonadaceae, 
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Candidatus_Nanopelagicaceae, and Chroococcaceae received only basal diet. The highest 

relative abundances of ClostridialesXIII (P = 0.0383) and Gomontiellaceae (P = 0.0242) were 

largely found in the CP+BP vaccinated group. Vaccination significantly reduced the relative 

abundance of Lactobacillaceae, which was increased (P = 0.01) in non-vaccinated CP1-fed birds 

(P = 0.04). However, the relative abundance of Granulosicoccaceae increased (P = 0.024) in 

vaccinated BP1-treated birds. Vaccination decreased the relative abundances of 

Bdellovibrionaceae, Candidatus_Nanopelagicaceae, Dictyoglomaceae, Dietziaceae, 

Fusobacteriaceae, Gottschalkiaceae, and Lactobacillaceae (P < 0.05). 

Significant interactions were observed between dietary treatments and vaccination on the relative 

abundances of M_capricolum (P = 0.010) and Agalactiae (P = 0.047) from the Mycoplasmataceae 

and Streptococcaceae families, respectively. Furthermore, Citrobacter, Enterobacter, Escherichia 

marmotae, Klebsiella aerogenes, Klebsiella michiganensis, Shigella flexneri, Ctenarytaina 

eucalypti, and Kosakonia cowanii from the Enterobacteriaceae family also showered interactions 

between dietary treatments and vaccination (P < 0.05). This family was impacted by vaccination 

(P = 0.0238) with the highest relative abundance of E. coli being observed in the vaccinated group 

particularly with the BACI fed birds compared to others. The highest abundance of Lactobacillus 

crispatus (P < 0.05), was found in CP1-terated birds from the non-vaccinated group. In addition 

to an overall increase of Firmicutes, blueberry supplementation led to an increased abundance of 

Streptococcaceae in the vaccinated group. 
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Figure 6.5. Cecal taxonomic structure of bacterial communities at the family level in broiler 

chicken fed cranberry (CP1) and blueberry (BP1) or their combination (CP+BP) of pomaces with 

or without coccidiosis vaccination (n= six pens/ treatment, two birds/pen: 12 birds/treatment. Non-

vaccinated and vaccinated birds were labeled by blue and red colors, respectively at top row. 
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Alpha diversity measurements for different treatments in both non-vaccinated and vaccinated 

groups are presented in the Figure 6.6. The higher abundances observed in all three taxonomic 

levels for BACI-treatment in the vaccinated group, were not statistically significant. At the family 

level, PERMANOVA test results using Bray-Curtis distances indicated a significant difference 

between dietary treatments; and interaction between treatments and vaccination were significant 

for Shannon Diversity Index. Tukey Honest Significant Differences showed that at the family 

level, the Shannon alpha diversity tended (P = 0.047) to decrease in CP1 fed birds compared to 

control from the non-vaccinated group. 

 

Figure 6.6. Shannon alpha diversity of chicken ceca at day 21 (A) at domain level, (B) at phylum 

level, and (C) at the family level. Statistical testing did not show any difference for observed 

species, while Shannon alpha diversity was significantly decreased in CP1-fed birds from Non-

vac group at the family level compared to controls (P = 0.047). 
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6.5. Discussion 

Vaccination is a desirable natural approach that has been used for the last 50 years in the poultry 

industry to prevent diseases [297]. In this study, a coccidiosis vaccine was administrated to broiler 

chicken fed berry pomaces to get insights into changes in gut health and immune response in a 30-

day trial. Overall, no statistically significant effects of vaccination were observed in improving 

BW, ADG, or FE in birds when compared to non-vaccinated groups. However, during the growing 

phase from d10 to 20, except for bacitracin fed birds, the coccidiosis vaccination was found to 

decrease the BW. The reduced performance parameters due to vaccination against coccidiosis have 

been reported by other investigators [297]. During the early stages of growth (day 1-21), live 

oocyte in the vaccine may replicate in the host, cause mild subclinical coccidiosis which is 

associated with a reduced absorptive area of the intestinal epithelium, malabsorption and 

inflammation [298]. Vaccination may affect the mucus membrane [the covering layer of the 

gastrointestinal tract (GIT) tract] of epithelial cells by increasing the mucin production that may 

reduce the growth performance of birds at the first three weeks of age [299]. An animal protein-

rich diet was used in the present study and interactions of polyphenols with animal proteins in the 

feed may have affected the digestibility, availability, and functionality of amino acids [300]. 

Hence, the accumulation of small quantities of polyphenols in body tissues could explain in part 

the poor synergistic effects of the combination of berry pomaces (CP+BP) in the feed. However, 

proteins may also act as good carriers to transfer polyphenols in the lower gastrointestinal tract 

and protect the host from oxidation reactions [300]. The higher mortality rate observed in CP+BP 

treated birds needs further investigations. Accordingly, the complex nature of berry pomace bio-

actives in addition to their content of condensed tannins (with some concerns in regard to fats and 

proteins absorption) necessitates an in-depth understanding of the chemical composition and 

mechanism of actions of the involved phytochemicals in relation to their effects at the farm-gates 

performance. 

In general, lower incidences of coccidiosis due to E. maxima and E. tenella were observed in this 

work indicating healthy and functional epithelium layers of intestines. Lower lesion scores have 

been also correlated with efficient nutrient utilization and absorption of the intestine [301]. Good 

hygiene and better management practices could contribute to the reduction of Eimeria species 

[276]. On the contrary, higher lesion scores of coccidiosis due to E. acervulina and NE due to 

Clostridium perfringens were prevalent in the present study. Enteric diseases like NE and 
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coccidiosis are traditionally controlled by in-feed antimicrobials like ionophores, and bacitracin 

[302]. In the current study, bacitracin-treated birds showed mild lesion (score 1) with E. acervulina 

and C. perfringens, indicating subclinical coccidiosis possibly caused by the oocyst from the live 

coccidiosis vaccine. Despite the inclusion of animal protein in the diet, both CP1 and BP1 feed 

supplementation show their potential in reducing E. acervulina and C. perfringens incidences 

similar to bacitracin as previously reported [264]. 

In the vaccinated group, oocyst shedding increased with the bird’s age. In the non-vaccinated 

group, the significant reduction of oocyst count in feces was observed with the CP1 and (CP+BP) 

feed supplementation on both days 20 and 23. Berry polyphenol components like flavonoids, 

proanthocyanidins (PAC), anthocyanins were reported to suppress the secretion of pro-

inflammatory cytokines like IL-4, a key regulator in humoral and the adaptive immunity in human 

and rat models [282]. These polyphenols provide a good source of antioxidants, which help in 

preventing incidences of coccidiosis [303]. Incorporation of these immunomodulatory berry 

pomace extracts may enhance the coccidial specific humoral immunity and reduce fecal shedding. 

However, more research is required to understand the molecular mechanism of berry pomace 

extracts in controlling coccidiosis. 

Although the examination of different dietary approaches on chicken’s growth performance is 

available, their effects on blood metabolites in birds vaccinated against coccidiosis are limited. 

Changes of serum enzyme, lipid, and mineral levels have been reported in birds vaccinated against 

coccidiosis; however, varying results of these metabolites by different researchers indicates the 

necessity of considering other factors like diet composition before setting any context for this 

change [304]. For example, Coweison (2020) did not observe any effect of vaccination on plasma 

mineral or GLU levels, while a lower AST concentration in vaccinated birds compared to non-

vaccinated birds were reported [304]. In the contrary, El-Maksoud et al. (2014) [305] reported 

vaccination effects on serum GLU, GLO, CHOL, HDLC, which were aligned with the current 

work. Further, the concentrations of serum enzymes ALT, and AST increased, while levels of 

GGT and other lipid molecules decreased with vaccination. The lack or reduction of different 

serum enzyme levels in the presence of various feed supplements is an indicator of healthy liver 

function [306]. However, vaccination with live anticoccidials may induce immunity similar to 

coccidiosis with the disruption of the epithelial layers and may result in reduced nutrient 

digestibility and absorption [299]. Overall, the complex interaction between dietary crude protein 
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concentration and coccidial vaccination makes these biochemical changes difficult to compare 

across studies [306]. The high polyphenol content of blueberry pomaces like flavonols, 

anthocyanins, and antioxidant activities may improve hyperglycemia and dyslipidemia in animal 

models [307]. Organic blueberry pomace has higher flavonols (6.17 vs 3.08 mg quercetin eq/g), 

anthocyanins (16.08 vs 4.75 mg/g), and antioxidant activity (222 vs 144 µmol/Trolox eq. per g) 

contents than cranberry [162]. Moreover, sterols and stilbenes contents of blueberry could be 

effective in lowering cholesterol and provide cardiovascular protection [159]. It has been reported 

that blueberry extracts activated protein kinase through the activation of 50-adenosine 

monophosphate that contribute to glucose metabolism and insulin sensitivity [307]. These studies 

could explain the observed reduction of glucose levels and lipid metabolites like TRIG and NEFA 

in the current experiments. Blueberry anthocyanins exhibited a direct effect on the liver by 

reducing glucose production by 24–74% in H4IIE hepatocytes [307]. Cranberry pomace contains 

relatively higher percentage values of the tannins than blueberry pomace (24.24 and 21.86 mg 

gallic acid eq/g, respectively) [162]. Tannins are well-known for their antimicrobial and also 

anticoccidials activities; however, their combination with attenuated anticoccidial vaccines may 

reduce the effectiveness of vaccination by reducing nutrient absorption [299]. 

At present, accurate assessment of vaccine efficacy against Eimeria and the control of coccidiosis 

is lacking as no specific immunological assays are available to predict and measure the efficacy of 

a vaccine against coccidiosis [288]. Administration of antibiotics may reduce the immune 

responses like IgG antibody titers in humans, which can be recovered by supplementation of 

beneficial bacteria [308]. In the present study, serum IgG (IgY), IgM, and IgA levels were 

determined under various feed treatments to inform on possible changes in bird’s humoral 

responses. Data showed a higher increase in the immunoglobulin levels in vaccinated birds. 

However, serum antibody levels seem to be not enough to provide protection against Eimeria 

infection; cell-mediated responses to vaccination could be required to determine the vaccine 

efficacy in broilers [288]. Berry polysaccharides may act as immunomodulators by affecting both 

innate and adaptive immunity, including cellular and humoral responses [299]. Accordingly, 

dietary supplementation of grape seed polyphenols, like procyanidins, significantly increased IgG 

and IgM concentrations in weaned piglets [270]. Feed supplementation with flavonoid-rich 

extracts like oregano, thyme, and essential oils improved the serum IgY titer in broilers [273]. 
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Both cranberry and blueberry fractions contained a similar composition of oligomeric 

proanthocyanidins (PACs) and flavonols modulating the humoral immunity in broilers [159].  

Chicken gut is inhabited by trillions of microbes, which benefits the host in many ways including 

modulation of the immune responses. However, limited information is available on the role of 

chicken gut microbiota and their responses to vaccination under different feeding regiment. In 

humans, differences in gut microbial compositions shows differences in responses to various 

vaccines [309]. Germ-free or antibiotic-treated mice have shown impaired humoral responses to 

seasonal influenza vaccines [145]. The administration of either the combination of Lactobacillus 

cocktail or fecal microbial transplant in antibiotic-treated layer chickens induced cell mediated 

immune responses like the expression of IFN-γ [308]. Vaccination enhanced the titers of 

immunoglobulins in the current study, while no significant differences were observed for any 

dietary treatment. 

Chicken ceca comprise a diverse collection of microbial population which utilize carbohydrates 

over proteins as substrates for fermentation [204]. Carbohydrate and fiber in blueberry and 

cranberry pomaces [162, 294] can be fermented by the cecal bacteria to produce short chain fatty 

acids (SCFA) such as lactate, butyrate, while reducing ammonia production [204]. The hydrolytic 

fragmentation of non-starch polysaccharides (NSP) encourage the growth of beneficial bacteria 

like Lachnospiraceae and Ruminococcaceae. These two families were dominant in ceca allowing 

the utilization of recalcitrant polysaccharides to improve the overall energy absorption from the 

diet [135]. In the present study, the effects of the berry pomace on Firmicutes was likely driven by 

an increase in Lactobacillaceae as fifty different species of Lactobacillaceae were observed 

among all the treatments. The significant abundances of Clostridiaceae and ClostridialesXIII 

along with the higher incidences of C.  perfringens could be reasons of poor performances of birds 

in CP+BP treatment from the vaccinated group. 

Lactobacillales were the most dominant taxa (83%) of the entire cecal microbiota among 

treatments. This may have important implications for the improvement of the broiler industry 

without the use of antibiotic growth promoters. Bdellovibrio bacteriovorus, a highly 

motile Proteobacteria that prey on other Gram-negative bacteria, was found largely in the non-

vaccinated group particularly in the BACI treated groups. Because of its dual foraging 

strategy, B. bacteriovorus was suggested as a living antibiotic in treating human infections [310]. 
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6.6. Conclusion 

Feed supplementation with berry pomaces with or without coccidiosis vaccination resulted in 

significant changes in growth performance and cecal microbiota profiles. Vaccination against 

coccidiosis is used to prevent incidences of Eimeria infections. However, this vaccination could 

negatively affect growth performance, particularly during the growing phase in the broiler. Data 

from the present study indicate coccidiosis vaccine performs better when used with bacitracin. 

Dietary blueberry pomace influenced several blood metabolites levels. Interestingly, cranberry 

pomace in feed induced comparable effects as bacitracin on BW and disease incidences in the 

absence of coccidiosis vaccination. Besides its phenolic contents, above described above, berries 

are important sources of vitamin C which is known for its antioxidant and anti-inflammatory 

activities [159]. The overall pleiotropic effects observed in the present study could be due to 

synergistic activities of various compounds found in the used pomaces. Further research on the 

microbial metabolic functions with microbial populations and their correlation on growth 

performance parameters may provide insights on benefits related to the use of berry pomaces feed 

supplementation in the broiler. 
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Chapter 7. Overall conclusions and recommendations 

This chapter presents the overall conclusions of the research and recommendations for future 

studies. 

7.1 Conclusions 

This research has highlighted the potential opportunities of berry pomaces and their extractives 

for the development of a viable alternative to AMA for the poultry industry to reduce the 

antimicrobial resistance and improve food safety.  

Extracts from these pomaces (KCOH) were active against antimicrobial resistant Salmonella 

enterica serovars, which are the major foodborne pathogens associated with poultry. The MIC and 

MBC of KCOH were higher than its fractions (anthocyanin and flavanol contents) against all tested 

S. enterica isolates. These fractions induced up to 7 hours delay of growth initiation and a strong 

growth rate inhibition of Salmonella. Treatment of Enteritidis with KCOH revealed a 

concentration-dependent transcriptional signature. Transcriptional studies revealed that exposure 

of S. Enteritidis at sub-inhibitory concentrations of KCOH reduces the expression of important 

virulence genes associated with Pathogenicity Islands (SPI-I and II), motility, chemotaxis, 

adherence, biofilm formation, and metal homeostasis. Downregulation of carbohydrate transport 

and metabolism and upregulation of the enzymes involved in the TCA cycle suggest possible links 

between bacterial metabolism and virulence. These studies provide for the first time the framework 

for future studies to develop cranberry products as natural compounds to fight against Salmonella 

Enteritidis serovars.  

Efficient and cost-effective methods for maintaining chicken gut health, reducing food safety risks 

and lessening negative environmental impacts are urgently needed for organic broiler production. 

In first chicken trial ethanolic extract of cranberry pomaces induced beneficial effects on BW and 

FE similar to broilers fed bacitracin. Moreover, cranberry pomace feed supplementation at 1% 

decreased the prevalence of necrotic enteritis (NE) and coccidiosis compared to bacitracin, the two 

major diseases of poultry. Berry pomaces feeding also impact the abdominal fat deposition of 

broilers by lowering the blood metabolites like lipase, ALT, TRIG and NEFA. The similar effect 

of BACI and cranberry pomace in increasing IgY in blood serum support the beneficial role of 

berry products feed supplementation in improving health and performance of broilers.  
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The qPCR study in the liver, spleen and bursa have demonstrated the potential immunomodulatory 

actions of cranberry feed supplementations in broilers. In the spleen, cranberry products did not 

induce the release of any pro-inflammatory cytokines. It showed the reduced expression of pro-

inflammatory cytokine like IL-4, IFN-γ in the liver and upregulation of anti-inflammatory genes 

like IL-4, 13 in spleen and IL-10 in bursa. In this study, birds were not exposed to any challenging 

conditions except vaccinated against coccidiosis. Overall, the lack of any major changes in 

expression of pro-inflammatory or anti-inflammatory cytokine genes signify birds were not 

exposed to any stress conditions from due to feed treatments or other management concerns.  

16S rRNA analysis using Illumina MiSeq of broiler ceca indicated that at day 21, cranberry 

pomaces caused an BACI-like pattern in distribution of bacterial communities with a relative 

increase of Eggerthella, Clostridiaceae;g_Clostridium, and Faecalibacterium. Enterococcus spp, 

Lactobacillus agilis, Blautia producta were some of the unique bacterial species only found in the 

cranberry product’s treatments compared to BACI feed treatment, whereas the RA of Lachnospira 

and Oscillospira were affected by the BOH300 treatment. In cloaca, BOH300 significantly (P < 

0.05) increased the relative abundances of Anoxybacillus kestanbolensis and 

Erysipelotrichaceae_f. This gut analysis revealed potential gut-improving functions of berry 

pomace products by improving the cecal bacterial structure. 

In first chicken trial, ethanolic extracts of berry pomaces improved BW and FE; however, berry 

pomace products lead to a decrease in TRIG and NEFA concentrations in blood plasma and 

improvement in IgY level in blood serum. Above all, berry pomace supplementation at 1% 

decreased the prevalence of NE. NE is the most concerning disease of poultry controlled by 

supplementing BACI in conventional broiler production. Moreover, solvent-extraction of 

ethanolic extracts of berry pomaces produced huge volumes of solvent waste. Thus, cranberry and 

blueberry pomaces were included for the second chicken trial due to greater industry practicality, 

accessibility, and lower economic cost.  

In the second chicken trial, effect of vaccination was observed in reducing the BW and in 

increasing the FE compared to the non-vaccinated group in broilers. Inclusion of high dietary 

protein content in this study could have potentially caused the higher mortality in this study. Hence, 

combination of animal-protein supplementation with berry pomace in diet and vaccination may 

not be a desirable choice for broiler production. As expected, coccidiosis was more prevalent in 

non-vaccinated than vaccinated birds. In this study, Coccivac-B was used for the protection of 
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chickens against E. acervulina, E. maxima, E. mivati, and E. tenella. Interestingly, E. maxima and 

E. tenella were the causative agents for coccidiosis in first chicken trial, while E. acervuline was 

the major Eimeria sp. in the second trial. Altered feed composition of two trails could be the reason 

for this unlike coccidiosis incidences. Similar to the first trial, the reduction in blood metabolites 

for GLU, TRIG and NEFA signified the healthy liver function in broilers. In both trials, the IgY 

concentrations were tended to be increased by the cranberry pomace treatment. 

Metagenomic analysis by Kraken revealed significant variations among different feed treatments. 

Both BACI and BP supplementations led to increased RA of Enterobacteriaceae and 

Streptococcaceae, respectively in the vaccinated group, while RA of Lactobacillaceae, was 

increased in the non-vaccinated group with the CP treatment. Probiotic bacteria like Lactobacillus 

was consistently the predominant genus of ceca observed only in the cranberry pomace treatment.  

Overall, berry pomace treatments, particularly CP treatment resulted with concentration dependent 

antibacterial activity against Salmonella enterica serovars. When incorporated in feed, it 

modulated blood metabolites, gut microbiota and reduced the incidence of coccidiosis and NE in 

broilers. Moreover, berry feed supplementation increased the population of beneficial bacteria in 

broiler gut. Due to its potential beneficial effects on broiler performance and gut microbiota, berry 

pomace products could be a viable alternative to antimicrobials for the poultry industry to 

breakdown antimicrobial resistance and improve food safety. 

7.2 Recommendations 

 

▪ In this study, only two fractions of cranberry pomaces were investigated. Future studies 

could be performed with different fractions of both cranberry and blueberry pomace 

extracts to identify the most bioactive fractions against pathogens like Salmonella, E. coli, 

Clostridium perfringens. Moreover, when KCOH is inhibiting the growth of Salmonella 

and Clostridium, at the same concentration, CP is not inhibiting the growth of 

Lactobacillus. Future studies can be done on the growth stimulatory activity of KCOH 

towards beneficial bacteria to explore possible modes of action. 

▪ Research can be extended on finding the active constituents of the berry pomace extracts 

and extending to other fruits of higher polyphenol and antioxidant contents. 

▪ In RNA-seq analysis, several genes related to virulence and metabolism were influenced. 

Further research can be performed by mutating genes of interest on Salmonella to 
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understand the mode of action in stress conditions. It may provide development of food 

preservative methods against Salmonella to improve poultry meat safety, while reducing 

the use of synthetic agents. 

▪ This study suggested that cranberry products may influence the poultry innate immunity. 

Throughput investigations can be done in challenged birds to validate a consistent 

immunomodulatory action of cranberry in the feed. 

▪ Although berry pomace extracts have shown strong antimicrobial or other biological 

activities in vitro, it would be necessary to know the bioavailability of polyphenols and 

their metabolites, to evaluate their biological activity in targeted tissues in chickens.  

▪ It would be better to perform a cost-benefit analysis for practical applicability of berry 

products in farm animal(livestock) production to attract producers.  
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Appendix A. Experimental Methods 

Table A1. The list of studied chicken innate and adaptive immune genes.  

Refseq Gene Symbol Description 

NM_205405 C3 Complement component 3 

XM_004950900 C5AR1 Complement component 5a receptor 1 

NM_001024830 CATH2 Cathelicidin antimicrobial peptide 

NM_204924 CASP1 Caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, convertase) 

NM_204720 CCL4 Chemokine (C-C motif) ligand 4 

NM_001045832 CCL5 Chemokine (C-C motif) ligand 5 

XM_004939483 CCR4 Chemokine (C-C motif) receptor 4 

NM_001045834 CCR5 Chemokine (C-C motif) receptor 5 

NM_001114081 CCR6 Chemokine (C-C motif) receptor 6 

NM_001030991 CCR8 Chemokine (C-C motif) receptor 8 

NM_001139478 CD14 CD14 molecule 

NM_205311 CD28 CD28 molecule 

NM_204649 CD4 CD4 molecule 

NM_204665 CD40 CD40 molecule, TNF receptor superfamily member 5 

NM_204733 CD40LG CD40 ligand (TNF superfamily, member 5, hyper-IgM syndrome) 

NM_001079739 CD80 CD80 molecule 

NM_001037839 CD86 CD86 molecule 

NM_205235 CD8A CD8a molecule 

NM_001039564 CRP C-reactive protein, pentraxin-related 

NM_001007078 CSF2 Granulocyte-macrophage colony-stimulating factor 

NM_001199487 FAS Fas (TNF receptor superfamily, member 6) 

NM_001031559 FASLG Fas ligand (TNF superfamily, member 6) 

NM_001008444 GATA3 GATA binding protein 3 

NM_001193638 IFIH1 Interferon induced with helicase C domain 1 

NM_205427 IFNA3 Interferon 

NM_204859 IFNAR1 Interferon (alpha, beta and omega) receptor 1 

NM_001024836 IFNB Interferon beta 

NM_205149 IFNG Interferon, gamma 

NM_001130387 IFNGR1 Interferon gamma receptor 1 

NM_001004414 IL10 Interleukin 10 

NM_001007085 IL13 Interleukin 13 

NM_204571 IL15 Interleukin 15 
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NM_204608 IL18 Interleukin 18 (interferon-gamma-inducing factor) 

NM_204524 IL1B Interleukin 1, beta 

NM_205485 IL1R1 Interleukin 1 receptor, type I 

NM_204153 IL2 Interleukin 2 

NM_001007079 IL4 Interleukin 4 

NM_001007084 IL5 Interleukin 5 

NM_204628 IL6 Interleukin 6 (interferon, beta 2) 

NM_205018 IL8L1 Interleukin 8 

NM_205415 IRF1 Interferon regulatory factor 1 

XM_417990 IRF6 Interferon regulatory factor 6 

NM_205372 IRF7 Interferon regulatory factor 7 

NM_205251 ITGB2 Integrin, beta 2 (complement component 3 receptor 3 and 4 subunit) 

NM_001030538 JAK2 Janus kinase 2 (a protein tyrosine kinase) 

NM_001031289 JUN Jun proto-oncogene 

NM_204267 LITAF Lipopolysaccharide-induced TNF factor 

XM_003641945 IL17C Interleukin-17C-like 

XM_003643566 STAT6 Signal transducer and transcription activator 6-like 

XM_427671 TYK2 Similar to MGC83617 protein 

NM_205304 TF Transferrin 

XM_004939913 LY96 Lymphocyte antigen 96 

NM_205281 LYZ Lysozyme (renal amyloidosis) 

NM_204150 MAPK1 Mitogen-activated protein kinase 1 

NM_204349 MBL2 Mannose-binding lectin (protein C) 2, soluble 

XM_415716 MPO Myeloperoxidase 

NM_204609 MX1 Myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 (mouse) 

NM_001030962 MYD88 Myeloid differentiation primary response gene (88) 

NM_205134 NFKB1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 

NM_001001472 NFKBIA Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha 

XM_001233261 NLRP3 NLR family, pyrin domain containing 3 

XM_418777 NOD1 Nucleotide-binding oligomerization domain containing 1 

NM_001167718 PTGS2 Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and 

cyclooxygenase) 

NM_001031188 RAG1 Recombination activating gene 1 

NM_204964 SLC11A1 Solute carrier family 11 (proton-coupled divalent metal ion transporters), member 1 

NM_001012914 STAT1 Signal transducer and activator of transcription 1, 91kDa 

NM_001030931 STAT3 Signal transducer and activator of transcription 3 (acute-phase response factor) 

NM_001267555 STAT4 Signal transducer and activator of transcription 4 
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NM_001081506 TICAM1 Toll-like receptor adaptor molecule 1 

NM_001037835 TLR15 Toll-like receptor 15 

NM_001030558 TLR21 Toll-like receptor 21 

NM_001161650 TLR2B Toll-like receptor 2 family member B 

NM_001011691 TLR3 Toll-like receptor 3 

NM_001030693 TLR4 Toll-like receptor 4 

NM_001024586 TLR5 Toll-like receptor 5 

NM_001007488 TLR1A Toll-like receptor 1 family member A 

NM_001011688 TLR7 Toll-like receptor 7 

XM_421089 TRAF6 TNF receptor-associated factor 6 

NM_205518 ACTB Actin, beta 

XM_425746 H6PD Hexose-6-phosphate dehydrogenase (glucose 1-dehydrogenase) 

XM_417846 HMBS Hydroxymethylbilane synthase 

NM_001007479 RPL4 Ribosomal protein L4 

XM_001234599 UBC Ubiquitin C 

aNM_204592 CASP8 Caspase 8, apoptosis-related cysteine peptidase 

aNM_204510 CXCL12 Chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1) 

aNM_204617 CXCR4 Chemokine (C-X-C motif) receptor 4 

a,bNM_001030738 IRAK4 Interleukin-1 receptor-associated kinase 4 

bXM_001232615 MAPK14 Mitogen-activated protein kinase 14 

bXM_001233168 MAPK8 Mitogen-activated protein kinase 8 

cSA_00517 GGDC Chicken Genomic DNA Contamination 

cSA_00104 RTC Reverse Transcription Control 

cSA_00104 RTC Reverse Transcription Control 

cSA_00104 RTC Reverse Transcription Control 

cSA_00103 PPC Positive PCR Control 

cSA_00103 PPC Positive PCR Control 

cSA_00103 PPC Positive PCR Control 

aHouse-keeping gene for bursa 

bHouse-keeping gene for liver 

cInternal control genes 

 

 


