


SARAHMED Editions

Contact us by e-mail at leseditionssarahmed@gmail.com or visit our
website: https://sarahmed.net/

ISBN 978-9969-677-19-5

May 2026



Encapsulation and Probiotic
Applications in Broiler Chicken
Production

Dr Manel Sebouai






TABLE OF CONTENTS

1 GENERAL OVERVIEW OF PROBIOTICS AND LACTIC

ACID BACTERIA 1
1.1 INTRODUCTION TO PROBIOTICS 1
1.1.1 HISTORICAL BACKGROUND OF PROBIOTICS 1
1.1.2 EVOLUTION OF THE PROBIOTIC CONCEPT 2
1.1.3 CURRENT DEFINITION ACCORDING TO FAO/WHO 4
1.1.4 IMPORTANCE OF PROBIOTICS IN HUMAN AND ANIMAL HEALTH 5
1.2 CLASSIFICATION OF PROBIOTICS 6
1.2.1 MAIN MICROORGANISMS USED AS PROBIOTICS 6
1.2.2 PROBIOTIC LACTIC ACID BACTERIA 7
1.2.3 BIFIDOBACTERIA AND OTHER PROBIOTIC GENERA 8
1.2.4 PROBIOTIC YEASTS 9
1.3 LACTIC ACID BACTERIA 10
1.3.1 GENERAL CHARACTERISTICS OF LACTIC ACID BACTERIA 10
1.3.2 FERMENTATIVE METABOLISM OF LACTIC ACID BACTERIA 11
1.3.3 PRODUCTION OF LACTIC ACID 12
1.3.4 INTEREST OF LACTIC ACID BACTERIA AS PROBIOTICS 13
1.4 THE GENUS LACTOBACILLUS 16
1.4.1 MORPHOLOGICAL AND PHYSIOLOGICAL CHARACTERISTICS 16
1.4.2 NATURAL HABITATS OF LACTOBACILLI 17
1.4.3 PHENOTYPIC CLASSIFICATION OF LACTOBACILLI 18
1.4.4 PHYLOGENETIC CLASSIFICATION OF LACTOBACILLI 19
1.45 IMPORTANCE OF LACTOBACILLUS IN FOOD AND ANIMAL

MICROBIOLOGY 20
1.5 LACTIPLANTIBACILLUS PLANTARUM 21
1.5.1 TAXONOMIC POSITION 21

1.5.2 MORPHOLOGICAL CHARACTERISTICS 22



1.5.3 PHYsIoLOGICAL CHARACTERISTICS
1.5.4 OPTIMAL GROWTH CONDITIONS
1.5.5 PRESENCE IN DIFFERENT ECOSYSTEMS

1.5.6 PROBIOTIC INTEREST OF LACTIPLANTIBACILLUS PLANTARUM

1.6 ACTIVE BIOMOLECULES PRODUCED BY LACTIC ACID
BACTERIA

1.6.1 BACTERIOCINS

1.6.1.1 Definition of Bacteriocins

1.6.1.2 Antibacterial Mode of Action

1.6.1.3 Role in the Inhibition of Pathogenic Bacteria
1.6.2 FATTY ACIDS

1.6.2.1 Nature of Fatty Acids Produced

1.6.2.2 Antibacterial and Antiviral Activities

1.6.2.3 Interest as Alternatives to Antibiotics

1.6.3 ORGANIC ACIDS

1.6.3.1 Main Organic Acids Produced

1.6.3.2 Effect on Environmental pH

1.6.3.3 Antimicrobial and Antiviral Mechanisms

1.6.4 HYDROGEN PEROXIDE

1.6.4.1 Production by Lactic Acid Bacteria

1.6.4.2 Antimicrobial Activity

1.6.4.3 Effect on Enzymes and Nucleic Acids of Pathogens
1.6.5 EXOPOLYSACCHARIDES

1.6.5.1 Definition and Structure of EPS

1.6.5.2 Role in Bacterial Adhesion and Survival
1.6.5.3 Antioxidant and Immunomodulatory Activities

23
24
24
25

27
27
27
27
28
29
29
29
30
30
30
31
32
32
32
33
34
34
34
35
35



2 SELECTION CRITERIA AND SAFETY OF PROBIOTIC

STRAINS IN BROILER CHICKENS

2.1 GENERAL PRINCIPLES OF PROBIOTIC STRAIN SELECTION
2.1.1 IMPORTANCE OF SELECTING AN APPROPRIATE PROBIOTIC
STRAIN

2.1.2 STEPS INVOLVED IN STRAIN PRESELECTION

2.1.3 EVALUATION OF PROBIOTIC POTENTIAL

2.1.4 EVALUATION OF STRAIN SAFETY

2.2 ORIGIN OF THE PROBIOTIC STRAIN

2.2.1 IMPORTANCE OF ECOLOGICAL ORIGIN

37

37

37
39
41
43
45
45

2.2.2 STRAINS ISOLATED FROM THE AVIAN INTESTINAL MICROBIOTA

46
2.2.3 ADAPTATION TO INTESTINAL CONDITIONS IN CHICKENS

47

2.2.4 INFLUENCE OF STRAIN ORIGIN ON INTESTINAL COLONIZATION48

2.3 IDENTIFICATION OF PROBIOTIC STRAINS

2.3.1 PHENOTYPIC IDENTIFICATION

2.3.2 BIOCHEMICAL IDENTIFICATION

2.3.3 MOLECULAR IDENTIFICATION

2.3.4 IMPORTANCE OF ACCURATE TAXONOMIC IDENTIFICATION

49
49
50
51
52

2.3.5 SAFETY RECOMMENDATIONS FROM SCIENTIFIC AUTHORITIES 53

2.4 ANTIBIOTIC RESISTANCE
2.4.1 INTRINSIC AND ACQUIRED RESISTANCE

55
55

2.4.2 RESISTANCE GENES CARRIED BY PLASMIDS AND TRANSPOSONS

56
2.4.3 RISK OF HORIZONTAL GENE TRANSFER
2.4.4 TRANSFER OF RESISTANCE TO PATHOGENIC BACTERIA

2.4.5 IMPORTANCE OF ASSESSING ANTIBIOTIC RESISTANCE BEFORE

Use 59
2.5 NON-PATHOGENICITY OF STRAINS

57
58

60



2.5.1 CONCEPT OF PROBIOTIC SAFETY

2.5.2 ABSENCE OF VIRULENCE FACTORS
2.5.3 HISTORY OF SAFE USE

2.5.4 GRAS STATUS OF PROBIOTIC STRAINS

60
61
62
63

2.5.5 REQUIRED SAFETY TESTS BEFORE USE IN POULTRY FARMING 64

2.6 2.6. SURVIVAL ABILITY IN THE GASTROINTESTINAL TRACT
2.6.1 TOLERANCE TO GASTRIC ACIDITY

2.6.2 RESISTANCE TO BILE SALTS

2.6.3 RESISTANCE TO DIGESTIVE ENZYMES

2.6.4 MAINTENANCE OF VIABILITY IN THE INTESTINE

2.6.5 IMPORTANCE OF THE ADMINISTERED BACTERIAL LOAD
2.7 SURVIVAL ABILITY IN THE GASTROINTESTINAL TRACT
2.7.1 TOLERANCE TO GASTRIC ACIDITY

2.7.2 RESISTANCE TO BILE SALTS

2.7.3 RESISTANCE TO DIGESTIVE ENZYMES

2.7.4 MAINTENANCE OF VIABILITY IN THE INTESTINE

2.7.5 IMPORTANCE OF THE ADMINISTERED BACTERIAL LOAD
2.8 ADHESION ABILITY OF PROBIOTIC STRAINS

2.8.1 ADHESION TO INTESTINAL EPITHELIAL CELLS

2.8.2 ROLE OF PHYSICOCHEMICAL INTERACTIONS

2.8.3 ROLE OF BACTERIAL ADHESINS

2.8.4 INFLUENCE OF SURFACE PROTEINS

2.8.5 IMPORTANCE OF ADHESION IN INTESTINAL COLONIZATION
2.9 AUTO-AGGREGATION, CO-AGGREGATION AND SURFACE
HYDROPHOBICITY

2.9.1 AUTO-AGGREGATION OF PROBIOTIC CELLS

2.9.2 CO-AGGREGATION WITH PATHOGENIC MICROORGANISMS
2.9.3 CELL SURFACE HYDROPHOBICITY

2.9.4 RELATIONSHIP BETWEEN HYDROPHOBICITY AND INTESTINAL
ADHESION

65
65
66
67
68
68
70
70
70
71
72
72
73
73
73
74
75
75

76
76
76
77

78



2.9.5 ROLE IN THE COMPETITIVE EXCLUSION OF PATHOGENS 78

2.10 EXPERIMENTAL EVALUATION OF PROBIOTIC STRAINS 79

2.10.1 INVITRO TESTS 79

2.10.2 INVIVO TESTS 80

2.10.3 EVALUATION OF EFFECTS ON THE TARGET HOST 81

2.10.4 EcoONOMIC EVALUATION 81

2.10.5 DEVELOPMENT PERSPECTIVES FOR COMMERCIAL PROBIOTICS
82

3 ENCAPSULATION OF PROBIOTICS AND

MICROENCAPSULATION POLYMERS 83
3.1 GENERAL OVERVIEW OF PROBIOTIC ENCAPSULATION 83
3.1.1 DEFINITION OF ENCAPSULATION 83
3.1.2 GENERAL PRINCIPLE OF PROBIOTIC ENCAPSULATION 84

3.1.3 INTEREST OF ENCAPSULATION IN THE PROTECTION OF
PrRoOBIOTIC BACTERIA 86
3.1.4 APPLICATIONS IN FUNCTIONAL FOODS AND DIETARY

SUPPLEMENTS 88
3.2 OBJECTIVES OF ENCAPSULATION 90
3.2.1 PROTECTION AGAINST ENVIRONMENTAL FACTORS 90
3.2.1.1 Temperature 90
3.2.1.2 Humidity 91
3.2.1.3 Oxygen 91
3.21.4 pH 92
3.2.2 PROTECTION DURING PRODUCTION AND STORAGE 93
3.2.2.1 Maintenance of Cell Viability 93
3.2.2.2 Reduction of Bacterial Losses 93
3.2.2.3 Improvement of Product Stability 94

3.2.3 PROTECTION IN THE GASTROINTESTINAL TRACT 95



3.2.3.1 Resistance to Gastric Acidity

3.2.3.2 Resistance to Bile Salts

3.2.3.3 Release in the Intestine

3.2.4 CONTROLLED RELEASE OF PROBIOTICS
3.2.4.1 Targeted Release

3.2.4.2 Progressive Release

3.2.4.3 Improvement of Probiotic Efficacy
3.3 METHODS OF PROBIOTIC ENCAPSULATION
3.3.1 EXTRUSION

3.3.1.1 Principle of lonotropic Gelation
3.3.1.2 Use of Alginate and Calcium Chloride
3.3.1.3 Formation of Microbeads

3.3.1.4 Advantages of Extrusion

3.3.1.5 Limitations of Extrusion

3.3.2 EMULSIFICATION

3.3.2.1 Principle of the Method

3.3.2.2 Role of the Discontinuous and Continuous Phases
3.3.3 4.3.2.3. USE OF EMULSIFIERS AND SURFACTANTS

3.3.3.1 Solidification of Particles

3.3.3.2 Advantages and Limitations of Emulsification

3.3.4 COACERVATION
3.3.4.1 Principle of Coacervation

3.3.4.2 Formation of the Polymer-Bioactive Complex

3.3.4.3 Influence of pH and lonic Strength
3.3.4.4 Applications in Food Encapsulation
3.3.4.5 Limitations for Live Probiotic Cells
3.3.5 SPRAY DRYING

3.3.5.1 General Principle of the Technique
3.3.5.2 Preparation of the Bacterial Dispersion
3.3.5.3 Atomization and Drying

95

96

96

97

97

98

98

99

99
100
101
102
102
103
104
105
105
106
107
107
109
109
110
110
111
112
112
113
113
114



3.3.5.4 Industrial Advantages 115

3.3.5.5 Effect of Temperature on Probiotic Viability 115
3.3.5.6 Limitations of the Method 116
3.4 POLYMERS USED FOR PROBIOTIC MICROENCAPSULATION 118
3.4.1 CRITERIA FOR POLYMER SELECTION 118
3.4.2 ALGINATE 121
3.4.3 K-CARRAGEENAN 123
3.4.4 CHITOSAN 125
3.45 GELATIN 127
3.4.6 STARCH 128
3.4.7 XANTHAN 130
3.5 COMPARISON OF ENCAPSULATION METHODS AND MATERIALS
132
3.5.1 COMPARISON ACCORDING TO CELL VIABILITY 132

3.5.2 COMPARISON ACCORDING TO COST AND EASE OF APPLICATION
133

3.5.3 COMPARISON ACCORDING TO MICROCAPSULE SIZE 134

3.5.4 COMPARISON ACCORDING TO STABILITY UNDER

GASTROINTESTINAL CONDITIONS 134

3.5.5 SELECTION OF THE MOST SUITABLE METHOD FOR PROBIOTICS

INTENDED FOR POULTRY FARMING 135

REFERENCES 138






1 General Overview of Probiotics and
Lactic Acid Bacteria

1.1 Introduction to Probiotics

1.1.1 Historical Background of Probiotics

The idea that microorganisms may contribute positively to health
developed gradually from empirical observations of fermented foods to
a formal scientific concept. Long before bacteria were recognized as
biological agents, fermented milk, kefir, yogurt, sourdough, pickled
vegetables, and other fermented products were consumed because of
their extended shelf life, improved digestibility, and perceived health-
promoting value. The scientific foundation of this idea was
strengthened at the beginning of the twentieth century by Elie
Metchnikoff, who proposed that lactic acid bacteria present in
fermented milk could suppress intestinal putrefactive microorganisms
and contribute to host well-being. This hypothesis was important
because it challenged the dominant view of microorganisms as only
agents of disease and introduced the concept that selected microbes
could support intestinal balance.

The term “probiotic” was later used to express the idea of microbial or
biological factors that favor life. Markowiak and Slizewska (2017)
describe the historical development of the term from Vergin’s 1954
contrast between antibiotics and “probiotika,” through Lilly and
Stillwell’s 1965 description of probiotics as microbial growth-
promoting factors, to Fuller’s 1989 definition emphasizing viable
microorganisms that benefit the host. This evolution shows that
probiotics were not originally defined in the highly specific way used
today. Early definitions focused broadly on beneficial microbial
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