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Summary 

          The increasing worldwide interest towards supporting a sustainable agricultural 

system requires upgrading farming practices that are profitable, environmentally 

friendly, good for communities, and antibiotic-free. In this frame, managing gut health 

is crucial for the sustainability of poultry production under antibiotic free programs, 

especially with the increasing pressure of intestinal diseases such as coccidiosis and 

necrotic enteritis. Thus, gut health has become an extremely important research topic 

due to its complexity with a special focus on developing feed additives which help to 

maintain healthy intestinal microbiota. This implies energy saving for the host which 

results in an improvement in productive performance of the birds. Among the used feed 

additives, organic acids and essential oils have been extensively used in poultry 

production due to proved growth stimulatory effects. The main objective of the current 

thesis was to study the effects of microencapsulated blends of organic acids and 

essential oils on growth performance and gut health of broiler chickens subjected to 

different challenging conditions, and to highlight the mechanisms of action behind these 

effects. 

In order to achieve this objective a series of trials were performed and the 

obtained results were presented in three chapters (chapter 4 to 6). 

The chapter 4 aimed to develop a custom gene expression panel, which could 

provide a snapshot of gene expression variation under challenging conditions. Two 

trials were conducted where broilers were challenged with necrotic enteritis in the first 

one while a coccidial challenge was applied in the second trial. Several genes involved 

in different functions were incorporated in the panel including barrier function, immune 

response, nutrient transport as well as oxidative stress and digestive hormones. The 

obtained results showed that the developed panel allows a global gene expression 

profiling which gives a greater overview of genes and pathways involved in broiler 

response to pathogen challenges. It also provides insights into differences of gene 

expression patterns and magnitude of responses under either a coccidial vaccine 

challenge or NE. 

The objectives of chapter 5 were (1) to show evidence of the progressive release 

of fumaric acid and thymol, as examples of organic acids and essential oils, when these 

are microencapsulated in lipid matrix microparticles under in vitro and in vivo intestinal 
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conditions; and (2) to evaluate the effect of microencapsulated fumaric acid and thymol 

on the performance and gut health of broiler chickens challenged with a short-term 

fasting period as a model of mucosal damage and increased GIT permeability. The 

obtained results showed that the used matrix was able to provide both the right timing 

and location for the release of active compounds. Moreover, microencapsulated fumaric 

acid, thymol, or their combination showed positive effects when broilers were subjected 

to challenging conditions, alleviating the negative effects promoted by the fasting 

challenge on animal performance, intestinal histomorpholgy, and microbiota. 

Chapter 6 aimed to investigate the efficacy of different microencapsulated blends 

containing organic acids and essential oils on performance and gut health of broilers 

under challenging conditions of necrotic enteritis. Two experiments were carried out, in 

which the first trial aimed to determine the design of combinations with a high 

efficiency, while the second trial focused on finding the optimal dose for each 

combination. Results of the first trial showed that the tested blends enhanced the 

abundance of some beneficial families such as Ruminococcaceae and Lachnospiraceae; 

while reducing that of harmful ones such as Enterobacteriaceae and Helicobacteraceae. 

This positively influenced the intestinal histomorphology and thereby the growth 

performance of challenged broilers. Among the 4 tested blends, the two showing the 

best effects on intestinal histomorphology and growth were selected for the dose 

response trial. Results showed that 0.5 g/kg of the blend containing calcium butyrate 

and fumaric acid, and 2 g/kg of the blend containing medium chain fatty acids, calcium 

butyrate, fumaric and citric acid, in both cases combined with cinnamaldehyde, 

carvacrol, and thymol (8:1:1) improved growth performance and intestinal 

histomorphology of chickens on d 42 of the experiment, and decreased fecal 

Enterobacteriaceae and Clostridium perfringens counts. They also exerted similar 

beneficial effects to those observed in first trial on cecum microbiota. 

Taking together, the obtained results provide importance that the efficacy of such feed 

additives depends both on designing proper combinations and doses as well as using the 

proper technique of protection allowing the active compounds to be released in target 

GIT segments. Their beneficial effects are achieved through a variety of complex and 

frequently interrelated mechanisms of action. 
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Resumen 

          El creciente interés mundial por apoyar un sistema agrícola sostenible requiere 

mejorar las prácticas agrícolas para que sean rentables, respetuosas con el medio 

ambiente, y a su vez utilicen un nivel muy reducido de antimicrobianos. En este marco, 

el manejo de la salud intestinal es clave para garantizar la sostenibilidad de la 

producción avícola bajo programas libres de antibióticos, especialmente con la creciente 

presión de enfermedades intestinales como la coccidiosis y la enteritis necrótica. Por lo 

tanto, la salud intestinal se ha convertido en un tema de investigación prioritario en la 

producción ganadera, con un enfoque práctico dirigido al desarrollo de aditivos y 

estrategias alimentarias que ayuden a mantener una microbiota intestinal saludable. El 

objetivo es que esta situación permita un ahorro energético para el huésped lo que se 

traduce en una mejora en el rendimiento productivo de las aves. Entre los aditivos 

alimentarios más utilizados, los ácidos orgánicos y los aceites esenciales se han 

utilizado ampliamente en la producción avícola debido a sus efectos constatados como 

estimulantes del crecimiento.  

El objetivo principal de la presente tesis fue estudiar los efectos de mezclas 

microencapsuladas de ácidos orgánicos y aceites esenciales sobre el rendimiento 

productivo y la salud intestinal de pollos de engorde expuestos a diferentes condiciones 

desafiantes, y resaltar los principales mecanismos de acción responsables de estos 

efectos. Para lograr este objetivo diseñamos una serie de ensayos que han sido descritos 

junto con sus resultados en tres capítulos (capítulo 4 al 6). 

El capítulo 4 tuvo como objetivo principal desarrollar un panel de expresión 

génica, dirigido a proporcionar una fotografía instantánea de posibles variaciones en la 

expresión génica al nivel de intestino delgado en condiciones de desafío. Se realizaron 

dos ensayos en los que los pollos de engorde fueron desafiados con enteritis necrótica 

en el primero, mientras que en el segundo ensayo se aplicó un desafío con una 

sobredosis de vacuna de coccidia. En el panel se incorporaron varios genes implicados 

en diferentes funciones, incluida la función de barrera, la respuesta inmunitaria, el 

transporte de nutrientes, así como el estrés oxidativo y las hormonas digestivas. Los 

resultados obtenidos mostraron que el panel desarrollado permite la obtención de un 

perfil de expresión génica global que ofrece una visión más amplia de los genes y las 

vías involucradas en la respuesta de los pollos de engorde a los desafíos con patógenos. 
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También proporciona información sobre las diferencias de los patrones de expresión          

génica y la magnitud de las respuestas bajo un desafío con una sobre dosis de vacuna de 

coccidia o de enteritis necrótica. 

Los objetivos del capítulo 5 fueron (1) mostrar evidencia de la liberación 

progresiva de ácido fumárico y timol, como ejemplos de ácidos orgánicos y aceites 

esenciales, cuando estos están microencapsulados en una matriz lipídica simulando las 

condiciones intestinales in vitro y luego in vivo; y (2) evaluar el efecto de la mezcla 

encapsulada del ácido fumárico y el timol sobre el rendimiento y la salud intestinal de 

pollos de engorde desafiados con un ayuno de duración corta como modelo de daño de 

la mucosa intestinal relacionada con un aumento de la permeabilidad del tracto gastro-

intestinal. Los resultados obtenidos mostraron que la matriz utilizada pudo proporcionar 

tanto el momento como la ubicación adecuados para la liberación de los compuestos 

activos. Además, el ácido fumárico microencapsulado, el timol microencapsulado o su 

combinación mostraron efectos positivos cuando los pollos de engorde se sometieron a 

condiciones desafiantes, reduciendo los efectos negativos promovidos por el desafío del 

ayuno sobre el rendimiento productivo, la histología intestinal y la microbiota. 

El capítulo 6 tuvo como objetivo principal investigar la eficacia de diferentes 

mezclas microencapsuladas que contienen ácidos orgánicos y aceites esenciales sobre el 

rendimiento productivo y la salud intestinal de pollos de engorde bajo un desafío de 

enteritis necrótica. Se llevaron a cabo dos experimentos. El primer ensayo tuvo como 

objetivo determinar el diseño de combinaciones con una alta eficacia, mientras que el 

segundo ensayo se centró en encontrar la dosis óptima para cada combinación. Los 

resultados del primer ensayo mostraron que las mezclas probadas aumentaron la 

abundancia de algunas familias consideradas como beneficiosas como 

Ruminococcaceae y Lachnospiraceae; en paralelo con reducir la de las dañinas como 

Enterobacteriaceae y Helicobacteraceae. Esta variación coincidió con cambios positivos 

en la histología intestinal, lo que se reflejó al nivel del rendimiento productivo de los 

pollos de engorde desafiados. Posteriormente, entre las 4 mezclas probadas, las dos que 

mostraron los mejores efectos sobre la histología intestinal y el crecimiento fueron 

seleccionadas para el ensayo de dosis/respuesta. Los resultados mostraron que 0,5 g/kg 

de la mezcla que contenía butirato de calcio y ácido fumárico, y 2 g/kg de la que 

contenía ácidos grasos de cadena media, butirato de calcio, ácido fumárico y cítrico, en 

ambos casos combinados con cinamaldehído, carvacrol y timol (8:1:1) ejercieron 
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efectos beneficiosos sobre el rendimiento productivo y la histología intestinal de los 

pollos a los 42 días del experimento. Estas mezclas también disminuyeron los recuentos 

fecales de Enterobacteriaceae y Clostridium perfringens. Los resultados del segundo 

experimento mostraron efectos beneficiosos similares a los observados en el primer 

ensayo sobre la microbiota cecal.  

En conjunto, los resultados obtenidos demuestran la importancia sobre la eficacia 

del aditivo que tiene el diseño particular de las combinaciones de ácidos orgánicos y 

aceites esenciales, las dosis de suplementación, así como la posibilidad de proporcionar 

una protección adecuada mediante microencapsulación que permita controlar a la vez el 

lugar y el momento de liberación de los compuestos activos. Por otro lado, los 

resultados demuestran también que los efectos beneficiosos de tales aditivos se alcanzan 

a través de una variedad de mecanismos de acción que son complejos y frecuentemente 

interrelacionados. 
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           Optimal gut health is of critical importance to the poultry performance as it is 

responsible of regulating physiological homeostasis which provides the animal with the 

ability to withstand infectious and non-infectious stressors. Although different 

definitions have been provided, gut health is considered an intricate and complex area, 

which encompasses a number of physiological and functional features, including 

nutrient digestion and absorption, barrier function, a stable microbiome, host 

metabolism and energy generation, mucus layer development, and mucosal immune 

responses. The continuous interaction among all of these components allows the bird to 

perform properly to reach values close to its genetic potential. Therefore, fully 

elucidating the interaction among all of these features will allow a better understanding 

of gut health.  

Poultry industry also faces the growing concerns about environmental and public 

health risks associated with the emergence of antibiotic resistance in zoonotic bacterial 

pathogens, which have led to global interest in adopting a more restricted use of 

antibiotics in animal production. However, the severe restrictions on the use of 

antibiotics have put the poultry production under continuous challenges with the 

increased occurrence of digestive infectious diseases, especially necrotic enteritis due to 

Clostridium perfringens (Selaledi et al., 2020) as well as coccidiosis. Other 

unintentional consequences of the severe restrictions on the use of antibiotics include 

impaired performance by around 4% on average, especially in low-sanitary status flocks 

where higher morbidity, feed conversion ratio (FCR) and flock BW variance is 

observed (Cowieson and Kluenter, 2019). In order to mitigate higher risks associated 

with the absence of antibiotics, changes in husbandry and environmental management 

are also required such as reducing stocking density, increasing down-time, cleaning-out 

more frequently, maintaining ideal temperature, keeping strict biosecurity, reducing 

stress, breed selection (Cervantes, 2015; Selaledi et al., 2020).  

Therefore, a great deal of current research is being focused on the development of 

alternatives to antibiotics, putting the poultry industry at the forefront of advances in the 

development of prebiotics, probiotics, organic acids, phytogenics especially essential 

oils, nutritional antioxidants,  anti-nutritional enzymes, and immune modulators for the 

regulation of gut health and functionality (Dittoe et al., 2018; Suresh et al., 

2018). Among the abovementioned feed additives, organic acids (OAs) and essential 

oils (EOs) have been used extensively in poultry production. Indeed, combining 
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hydrophobic EOs with lipophilic OAs in chicken diets has been recently considered 

among the most promising alternatives to antibiotics and has received much attention 

for the potential synergistic and additive benefits on growth performance and health in 

poultry and swine production compared to individual EOs or OAs (Li et al., 2018). 

However, these feed additives may present difficulties in handling and offensive odor, 

making them unpleasant to work with and deterring animals from consuming feed. The 

volatile nature in the case of EOs and their early absorption in the upper gastrointestinal 

tract (GIT) may also explain losses of efficacy. These challenges can be resolved by 

microencapsulation, also known to enhance the oxidative stability, thermo stability, 

photo stability, shelf-life, and biological activity of feed additives as well as to ensure 

their targeted delivery in to the lower intestine of animals (Stevanović et al., 2018). 

On this basis, it seems opportune to study the effects of microencapsulated feed 

additives composed of mixtures of OAs and EOs on the performance and gut health of 

broiler chickens. We plan to perform this study either in broiler chicken maintained 

under non-challenging conditions or subjected to challenges including short-term 

fasting and/or Clostridium perfringens. This thesis will also try to clarify some of the 

mechanisms behind these effects with a special focus on the modulation of intestinal 

microbiota composition as well as intestinal expression of genes related to vital 

functions such as barrier function, immune response and nutrient transport.  
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In this thesis we hypothesize that: 

1. The supplementation of microencapsulated feed additives composed of OAs 

and EOs improves the growth performance of broiler chickens under 

compromised sanitary conditions. 

2. These feed additives exert their stimulatory growth effects through 

modulating the intestinal microbiota which may affect the intestinal structure 

and thereby the gut health of challenged broiler chickens. 

3. Microencapsulation of OAs and EOs, will promote a delayed release of the 

contained active compounds into the targeted GIT section, exerting 

beneficial effects on performance, immunity, and the digestive GIT 

functions in broiler chickens. 

Therefore, the general objective of the current thesis was to evaluate the effects of 

microencapsulated blends of OAs and EOs on growth performance and gut health of 

broiler chickens subjected to different challenging conditions, and to highlight the 

mechanisms of action behind these effects. 

The specific objectives of this thesis were: 

1. To sum up the current trends in the use of phytogenic feed additives and organic 

acids in poultry with a special focus on their interaction with gut ecosystem, gut 

function, in vivo oxidative status and immune system (Chapter 3). 

2. To develop a custom gene expression panel that could provide a snapshot of 

intestinal gene expression variation under challenging conditions (Chapter 4). 

3. To show evidence of the progressive release of OAs and EOs, when these are 

microencapsulated in lipid matrix microparticles under in vitro and in 

vivo intestinal conditions; and to evaluate the effect of microencapsulated OAs 

and EOs on the performance and gut health of broiler chickens challenged with 

a short-term fasting period (Chapter 5). 

4. To investigate the effects of different microencapsulated blends containing OAs 

and EOs on performance and gut health of broilers under challenging conditions 

of necrotic enteritis (Chapter 6). 
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The main objective of the current thesis was to evaluate the effect of in feed 

microencapsulated feed additives, composed of organic acids and essential oils, on 

performance of broiler chickens subjected to different challenging conditions, as well as 

to understand the mechanisms of action behind these effects. Results have been 

discussed for each individual trial in the different chapters of the present thesis. 

Therefore, this general section will try to discuss results in a transversal way in order to 

provide insights into the health promoting effects of the tested feed additives and the 

underlying mechanisms with their implications on performance and return. 

1 Effects on growth performance  

We hypothesized that effects of feed additives in poultry could be higher when 

animals are exposed to challenging conditions. Then, two models of challenges were 

used to evaluate the effects of microencapsulated feed additives composed of OAs and 

EOs on growth performance of broiler chickens as compared to their non-supplemented 

counterparts. In chapter 5, the challenging conditions were induced by applying a short-

term fasting period reported to promote a disruption of the intestinal barrier leading to a 

leaky gut, which may trigger an inflammatory response (Herrero-Encinas et al., 2020). 

Our results showed that the supplementation of microencapsulated fumaric acid, 

thymol, and their mixture improved the overall FCR during the whole experiment by 

5.8% compared to the NC, and up to 7.0% compared to the non-microencapsulated 

ones. Similarly, the tested microencapsulated feed additives composed of OAs and EOs 

improved the growth performance of broilers under necrotic enteritis challenge (chapter 

6). These results were in concordance with several other authors (Pham et al., 2020; 

Stefanello et al., 2020). 
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Considering our interest to understand the exact effect of these feed additives on 

growth performance, we performed a statistical analysis of the individual BW of our 

first trial (chapter 6). The idea behind this analysis was to explore if the additives may 

have a main target with those animals that show a slow growth or less efficient growth 

aiming to show the impact of the target feed additives on the reduction of morbidity due 

to the improvement in intestinal health status. Figure 7.1 shows BW distribution at d 41 

of different supplemented blends as compared to NC or Treatment 1. The comparison 

includes the following blends: in figure 7.1.a: T3= NC + (malic and fumaric acid) +AC; 

b: T4=NC + (calcium butyrate and fumaric acid) +AC; c: NC + MCFA (capric-caprylic 

acid, caproic acid, lauric acid) + AC and d: NC + (calcium butyrate, fumaric acid and 

citric acid) + MCFA+ AC). The obtained results show a shift to the right of the 

histograms of supplemented groups in figures “7.1.a, 7.1.b, and 7.1.d”. These findings 

hint an improvement of final BW of the birds of each supplemented group, regardless 

their individual growth potential. Moreover, it is also relevant that the mixture of 

calcium butyrate and fumaric acid + AC (figure “7.1.b”) showed an increase of the 

percentage of birds with heavy BW which may suggest a higher growth promotion 

effect in those individual birds with a slower growth. This finding is about a great 

interest for poultry production as this category of chicks may be associated to several 

issues throughout the production cycle including reduced growth performance, higher 

mortality, higher sensitivity to diseases and high flock heterogeneity among others. 

   

(a)                                                                   (b) 
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©                                                                    (d)         

Figure 7.1 Histograms of BW 41 of different supplemented blends as compared to NC 

(a:  T1=NC; T3=NC+ (malic and fumaric acid) +AC; b: T1=NC; T4=NC+(calcium 

butyrate and fumaric acid) +AC; c: T1=NC; T6=NC + MCFA (capric-caprylic acid, 

caproic acid, lauric acid) + AC and d: T1=NC; T8=NC+(calcium butyrate, fumaric 

acid and citric acid) + MCFA+ AC); AC: cinnamaldehyde, carvacrol, and thymol 

(8:1:1). 

An analysis of quartile was also performed to explore more deeply the individual 

BWG during the finisher phase (BWG41-28d) (Table 7.1). Each time, the quartile 

corresponds to the percentage of chickens possessing a BWG41-28d ≤ the mentioned 

value. For instance, focusing on Q40, 60% of the group supplemented with the mixture 

of (calcium butyrate and fumaric acid +AC) (figure 7.1.b) exhibited a BWG during the 

finisher phase higher than 1125 g, followed by the group receiving the mixture of (malic 

and fumaric acid +AC) (figure 7.1.a) with a BWG41-28d higher than 1061 g and the 

group supplemented with and (calcium butyrate, fumaric acid and citric acid + MCFA+ 

AC) (BWG41-28d =1045g) (figure 7.1.d) as compared to the NC where 60% of the birds 

showed a BWG41-28d greater than 772g. These results corroborate the stimulatory 

effects of the supplemented feed additives on growth performance of broiler chickens. 

Table 7.1. Analysis of quartile of BWG41-28d 

Treat  Q20 P-value Q30 P-value  Q40 P-value Q75 P-value 

1 

3 

503 

819 

0.003 667 

936 

0.054 772 

1061 

<0.001 1221 

1381 

0.058 

1 

4 

503 

884 

0.027 667 

1012 

<0.001 772 

1125 

0.013 1221 

1435 

0.002 

1 503 0.005 667 0.003 772 0.026 1221 0.246 
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6 745 849 933 1300 

1 

8 

503 

766 

0.015 667 

885 

0.001 772 

1045 

0.003 1221 

1405 

0.035 

T1=NC; T3=NC+ (malic and fumaric acid) +AC; T4=NC+(calcium butyrate and 

fumaric acid) +AC; T6=NC + MCFA (capric-caprylic acid, caproic acid, lauric acid) 

+ AC and T8=NC+(calcium butyrate, fumaric acid and citric acid) + MCFA+ AC); 

AC: cinnamaldehyde, carvacrol, and thymol (8:1:1). 

2 Effects on feed cost 

With the aim to understand whether the improved growth performance was 

associated to a reduced cost of feed production, a statistical analysis was performed 

where the cost was calculated as follows: Cost/kg live weight (€/kg) = feed cost (€/kg) × 

feed intake (kg)/BWG (kg). The increase of feed price due to the incorporation of feed 

additives ranged from 2.4 to 7.2%/ton which is equivalent to 12.5 to 38.6 €/ton, for each 

phase. A reduced cost was observed by the use of the following mixtures: (calcium 

butyrate and fumaric acid +AC) (P=0.007) and (malic and fumaric acid +AC) 

(P=0.019), whereas the mixture of (calcium butyrate, fumaric acid and citric acid + 

MCFA+ AC) showed a tendency to decrease the cost/kg of live weight (P=0.085). This 

effect is linked to the ability of these feed additives to improve the intestinal health of 

broilers which implies saving energy for the host resulting in better growth 

performance. These results are also of great interest for poultry production as the 

improvement of the return was higher than the additional costs imposed by 

incorporating the tested feed additives which could increase the profit of the producers. 

3 Mechanisms of action behind the growth promoting effects of the tested feed 

additives  

The gastrointestinal tract possesses digestive, absorptive, metabolic, 

immunological and endocrinological functions which are on the basis of an efficient 

growth (Oviedo-Rondón, 2019). Therefore, any disruption of the intestinal health may 

affect one or several of these systemic functions. On the other hand, the trend towards 

antibiotic free poultry production and its sustainability requires the development of a 

larger understanding and practical application of concepts related to intestinal health 

that imply complete holistic management of the production system (Oviedo-Rondón, 

2019). In this sense, intestinal diseases have been reported to be a major threat for avian 
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intestinal health especially under antimicrobial-free rearing programs. Indeed, as 

observed in chapter 4 of the current thesis and corroborating the results of several other 

authors, challenging conditions of coccidiosis and C. perfringens-induced necrotic 

enteritis may initiate a cascade of reactions including impaired barrier function, 

triggered immune response, and compromised nutrient transport among others. Under 

both short-term fasting period (chapter 5) and NE challenge (chapter 6) we observed 

that the use of the tested feed additives alleviated some of the induced negative effects 

on broiler gut health. In particular, supplemented feed additives improved the intestinal 

histomorphology of challenged broiler chickens. This improvement, especially under 

NE challenge (chapter 6), was evidenced by longer villi, shallower crypts and greater 

VH/CD ratio which was in concordance with previous studies (Jerzsele et al., 2012; 

Pham et al., 2020). It also suggests that the feed additives were able to alleviate the 

mucosal atrophy and epithelial cell necrosis due to NE induced challenge (Pham et al., 

2020). Moreover, intestinal histomorphology is an important indicator of intestinal 

health, recovery and functionality (Pham et al., 2020) as crypt is the production site 

where divisions of stem cells occur to allow villus renewal. Improved intestinal 

histomorphology may suggest an increased surface area for digestion and absorption 

which may explain the improved growth performance of challenged chickens 

supplemented with the tested feed additives.  

We also explored the likely role of the changes of the intestinal microbiota 

associated to the challenging conditions and experimental diets, likely derived from the 

antimicrobial activity of EOs (Chowdhury et al., 2018), OAs (Bedford and Gong, 2018) 

and blends of OAs and EOs (Cerisuelo et al., 2014; Pham et al., 2020). Indeed NE-

challenged broilers supplemented with the tested feed additives showed an increase of 

beneficial taxa over harmful microbes, suggesting an enhancement of short-chain fatty 

acids (SCFAs) production, which are known to perform immune, anti-infectious and 

metabolic roles (Iacob et al., 2019). Particularly, these feed additives increased the 

abundance of some families belonging to Firmicutes, known as butyrate-producing 

bacteria such as Lachnospiraceae and Ruminococcaceae. The promoted butyrate 

production is about great interest as it is considered as the main driving force toward an 

optimal gut health by beneficially influencing intestinal villus structure in broiler 

chickens and controlling pathogens such as Salmonella Enteritidis and Clostridium 

perfringens (Onrust et al., 2015). Moreover, it possesses anti-inflammatory properties 
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by inhibiting the nuclear factor-kappa B activation, resulting in decreased expression of 

proinflammatory cytokines (Place et al., 2005). Butyrate is also involved in the 

regulation of the assembly of tight junctions by affecting the enteroendocrine L-cells 

secreting GLP-2, reported to exert beneficial effect on general gut health, such as the 

stimulation of intestinal crypt cell proliferation and the reduction of apoptosis in the 

crypt compartment (Mitic et al., 2000). Regarding the results of microbiota modulation 

with the supplementation of the mixture of thymol and fumaric acid in chapter 5, the 

trend was different by enhancing Bacteroidetes abundance and thereby, propionate 

production which can also be used as energy source by the epithelial cells and possesses 

anti-inflammatory activity. The difference of results observed between the 

supplementation of the mixture of thymol and fumaric acid under short-term fasting 

period (chapter 5) and the mixtures tested  under the NE challenge (chapter 6)  may be 

related to the difference of the composition of the blends tested in each case. The 

intestinal microbiota modulation allowing to reduce the abundance of harmful taxa 

under the NE challenge in chapter 6 was reflected in reduced fecal C. perfringens 

shedding. The intention was also to take full advantage from the panel of gene 

expression developed in chapter 4 to provide further insights into the effects of the 

evaluated feed additives under both short-term fasting period (chapter 5) and NE 

challenge (chapter 6) on the expression of genes involved in barrier function, immune 

response, nutrient transport. Unfortunately, this was not feasible due to insufficient 

number of collected samples. Therefore, it was not possible to draw a coherent 

conclusion from the obtained results leading to rule out the data. 

On the other hand, the effective use of such feed additives requires that they reach 

the final portion of the GIT, considered the main site of interest for microbiota 

modulation as it is where the potential pathogenic bacteria are present in the greatest 

amount (Stefanello et al., 2020). However, the large pH variation throughout the bird’s 

GIT may induce the dissociation of the OAs and EOs prior to the contact with the target 

bacteria. Therefore, the use of the adequate technology of protection which allows the 

gradual release of these active compounds along the entire GIT targeting its distal part, 

may prevent their rapid degradation in the upper segments. It may also avoid the 

interaction with other components of the diet, and the possible interference with 

palatability (Ahmad et al., 2021). The beneficial effects on broiler gut health under both 

short-term fasting period (chapter 5) and the NE challenge (chapter 6) as well as the 
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results of the BB colour release observed in chapter 5 confirmed that the major part of 

active compounds of the microencapsulated tested feed additives were able to reach the 

lower intestine. This hints that the microencapsulation technique used was able to 

provide both the right timing and location for the active compounds release. 
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From the results presented in the different chapters of the current thesis, the following 

conclusions can be drawn: 

1. Feeding broiler chickens maintained under compromised sanitary conditions 

with diets containing microencapsulated feed additives, composed of OAs and 

EOs, exerts a growth promoting effect as compared to their challenged non-

supplemented counterparts. 

2. The use of some of the tested feed additives at the feed cost prices assumed in 

the present thesis enhanced the feed cost (/BW) which may increase the profit of 

producers. 

3. Intestinal diseases such as coccidiosis and necrotic enteritis induce a cascade of 

reactions which can be evaluated by the expression of barrier function, immune 

response, nutrient transport and oxidative stress related genes, therefore: 

a.  The gene expression pattern and magnitude of responses are different 

between coccidiosis and necrotic enteritis disease.  

b. Protein expression analysis allows to know if the higher mRNA 

expression results in higher protein expression (although the correlation 

of both analyses is reported to be low in the literature).  

4. The tested feed additives composed of OAs and EOs exert their beneficial 

effects on broiler gut health especially through intestinal microbiota modulation. 

This modulation towards enhancing the abundance of beneficial taxa 

(Ruminococcaceae, Lachnospiraceae and Bifidobacteriaceae among others) 

beneficially affects the structure of the intestine by increasing the ratio of villus 

height to crypt depth, leading to better absorption and therefore higher growth 

performance. 

5. Microencapsulation of the tested feed additives using a lipid matrix was an 

effective technique to provide both the right timing and location for the active 

compounds release, allowing them to exert their beneficial effects in the lower 

GIT. 
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