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The rampant use of antibiotics as growth promoters in poultry feed has led to
development of antibiotic resistant bacteria and accumulation of antibiotic residues
in poultry eggs and meat. Probiotic bacterial strains, prebiotic oligosaccharides and
their combination as synbiotics (probiotics + prebiotics) have been considered as
alternatives to antibiotic growth promoters (AGPs) in poultry production. A recent
study showed that prebiotic isomaltooligosaccharide (IMO) significantly improved
the performance and intestinal health of broiler chickens. The effects and role of
IMO however, have not been explored on laying hens. Therefore, the present study
was initiated to evaluate the in vivo effects of prebiotic IMO (PRE) and probiotic
PrimaLac® (PRO), administered singly, and in combination as a synbiotic (SYN)
(IMO + PrimaLac®), on performance, biochemical and hematological responses, egg
quality and chemical compositions of egg yolks, and diversity and functional
potential of cecal microbiome of laying hens. The layer feeding trial showed that the
supplementation of PRE, PRO or SYN significantly (P < 0.05) improved the body
weight gain, feed intake, feed conversion ratio (FCR), egg production, egg weight,
egg mass and egg size of laying hens at 20-36, 37-52 and/or 20-52 weeks of age.
PRE, PRO or SYN supplementation also significantly (P < 0.05) lowered the levels
of serum total cholesterol, low-density-lipoprotein (LDL) cholesterol, alkaline
phosphatase (ALP), alanine aminotransferase (ALT), heterophil (H) percentages and
H/L ratio, and increased lymphocyte (L) percentages at 36 and 52 weeks of age.
PRE, PRO or SYN supplementation resulted in significant (P < 0.05) decreases in
the cholesterol (24 and 28 weeks of age) and saturated fatty acid (SFA; 28, 32 and 36
weeks of age), and increases in the unsaturated fatty acid (UFA; 28, 32 and 36 weeks
of age) and polyunsaturated fatty acid (PUFA; 28 weeks of age), including linoleic
and alpha-linolenic acids of eggs without affecting the egg quality (Haugh unit,
relative weights of the alobumen and yolk, specific gravity, shell thickness and yolk
color) (20-36 weeks of age), and lipid, carotenoid and tocopherol contents of eggs
(24, 28, 32 and 36 weeks of age). The quantification of the bacterial population using
guantitative real-time PCR (qPCR) showed that PRE, PRO or SYN supplementation
significantly (P < 0.05) increased the populations of cecal lactobacilli and



bifidobacteria at 36 and 52 weeks of age, but decreased the populations of total cecal
Enterobacteriaceae and Escherichia coli at 36 weeks of age. The cecal volatile fatty
acids (VFA; acetic, propionic and butyric acids) and non-VFA (lactic and succinic
acids) were significantly (P < 0.05) increased whilst harmful microbial enzyme
activities (B-glucosidase, PB-glucuronidase and urease) significantly (P < 0.05)
decreased after PRE, PRO or SYN supplementation at 36 and 52 weeks of age. The
16S rRNA deep-sequencing analysis revealed that the relative abundance of cecal
lactobacilli was significantly (P < 0.05) increased in all supplemented hens (PRE,
PRO or SYN) at 36 and 52 weeks of age. The relative abundance of cecal
bifidobacteria was also increased significantly (P < 0.05) in PRE- or SYN-
supplemented hens at 36 weeks of age, and in PRE-, PRO- or SYN-supplemented
hens at 52 weeks of age. At 36 weeks of age, the relative abundance of cecal
Enterobacteriaceae decreased significantly (P < 0.05) after PRE, PRO or SYN
supplementation. The whole metagenome shotgun sequencing analysis indicated that
the microbiome of PRE-, PRO- or SYN-fed hens were predicted to have higher
percentages of genes involved in carbohydrate metabolism
(gluconeogenesis/glycolysis, citrate cycle, butanoate and pyruvate metabolisms);
xenobiotics biodegradation and metabolisms (dioxin, xylene and toluene
degradation); lipid metabolism (arachidonic acid metabolism and fatty acid
elongation); Adenosine Triphosphate (ATP)-binding cassette transporters (ABC
transporters); signalling molecules and interaction; immune and digestive systems as
compared to control hens at 36 weeks of age. In conclusion, the results of the present
study showed that the supplementation of PRE, PRO or SYN could improve the hen
performance, produce eggs with lower cholesterol and SFA, and promote the hen
health by altering the microbial populations, diversity and functional potential of
cecal microbiome without affecting the egg quality of laying hens.
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Penggunaan antibiotik sebagai penggalak pertumbuhan dalam makanan poltri secara
berleluasa telah menyebabkan perkembangan bakteria rintangan antibiotik dan
pengumpulan sisa antibiotik dalam telur dan daging poltri. Strain bakteria probiotik,
oligosakarida prebiotik dan kombinasi mereka sebagai sinbiotik (probiotik +
prebiotik) telah dipertimbangan sebagai alternatif kepada antibiotik penggalak
pertumbuhan dalam pengeluran poltri. Baru-baru ini, satu kajian menunjukkan
bahawa prebiotik isomaltooligosakarida (IMO) dapat mempertingkatkan prestasi dan
kesihatan usus ayam pedaging dengan signifikannya. Walau bagaimanapun, kesan
dan peranan IMO terhadap ayam penelur masih belum dikaji. Oleh demikian, kajian
ini dijalankan untuk menilai kesan-kesan in vivo prebiotik IMO (PRE), probiotik
PrimaLac® (PRO), yang diberikan secara individu, dan secara kombinasi sebagai
sinbiotik (SYN) (IMO + PrimalLac®) terhadap prestasi, respon biokimia dan
hematologi, kualiti telur dan komposisi kimia kuning telur, serta diversiti dan
fungsian potensi mikrobiom sekum ayam penelur. Hasil kajian in vivo menunjukkan
bahawa suplementasi PRE, PRO atau SYN menambah baik penambahan berat
badan, pengambilan makanan, kadar penukaran makanan (FCR), produksi telur,
berat telur, jisim telur dan saiz telur ayam penelur secara signifikan (P < 0.05) pada
umur 20-36, 37-52 dan/atau 20-52 minggu. Suplementasi PRE, PRO atau SYN juga
menurunkan paras jumlah serum Kkolesterol dan kolesterol LDL, ALP, ALT,
peratusan heterofil (H) dan nisbah H/L, dan meningkatkan peratusan limfosit (L)
dengan signifikannya (P < 0.05) pada umur 36 dan 52 minggu. Suplementasi PRE,
PRO atau SYN telah mengurangkan kolesterol (pada umur 24 dan 28 minggu) dan
asid lemak tepu (SFA; pada umur 28, 32 dan 36 minggu), dan meningkatkan asid
lemak tak tepu (UFA; pada usia 28, 32 dan 36 minggu) dan asid lemak politaktepu
(PUFA; pada umur 28 minggu), termasuk asid linoleik dan alfa linolenik dalam telur
dengan signifikannya (P < 0.05) tanpa memberi kesan kepada kualiti telur (Unit
Haugh, berat relatif aloumen dan kuning telur, graviti spesifik, ketebalan kulit telur
dan warna kuning telur) (dari umur 20-36 minggu), dan lemak, karotenoid dan
kandungan tokoferol telur (pada umur 24, 28, 32 dan 36 minggu). Kuantifikasi
populasi bakteria dengan menggunakan kuantitatif PCR (gPCR) menunjukkan
bahawa suplementasi PRE, PRO atau SYN meningkatkan populasi sekal laktobasili



dan bifidobakteria dengan signifikannya (P < 0.05) pada umur 36 dan 52 minggu,
tetapi, mengurangkan populasi jumlah sekal Enterobacteriaceae dan Escherichia coli
pada umur 36 minggu. Asid lemak meruap (VFA; asid asetik, propionik dan butyrik)
dan bukan VFA (asid laktik dan suksinik) dalam sekum ayam penelur meningkat
secara signifikan (P < 0.05), dan aktiviti enzim mikrob berbahaya (“B-glukosidase”,
“B-glukuronidase” dan “urease”) menurun secara signifikan (P < 0.05) selepas
suplementasi dengan PRE, PRO atau SYN pada umur 36 dan 52 minggu. Analisis
penjujukan 16S rRNA menunjukkan bahawa kelebihan relatif laktobasili telah
ditingkatkan secara signifikan (P < 0.05) dalam sekum ayam penelur yang
disuplementasi dengan PRE, PRO atau SYN pada umur 36 dan 52 minggu.
Kelebihan relatif bifidobakteria juga ditingkatkan dengan signifikannya (P < 0.05)
dalam sekum ayam penelur yang disuplementasi dengan diet PRE atau SYN pada
umur 36 minggu, dan diet PRE, PRO atau SYN pada umur 52 minggu. Pada umur 36
minggu, kelebihan relatif sekal Enterobacteriaceae diturunkan dengan signifikannya
(P < 0.05) selepas suplementasi PRE, PRO atau SYN. Analisis penjujukan
metagenomik “shotgun” menunjukkan bahawa mikrobiom ayam penelur yang diberi
diet PRE, PRO atau SYN dijangka mempunyai peratusan gen yang lebih tinggi
dalam metabolisme karbohidrat (glukoneogenesis/glikolisis, Kitaran sitrat,
metabolisme butanoate dan piruvat); xenobiotik biodegradasi dan metabolisme
(degradasi dioksin, xilena dan toluena); metabolisme lemak (metabolisme asid
arakidonik dan pemanjangan asid lemak); pengangkut “ATP-binding cassette”
(pengangkut ABC); pengisyaratan molekul dan interaksi; sistem imun dan
pencernaan, jika berbanding dengan ayam penelur kawalan pada umur 36 minggu.
Kesimpulannya, hasil-hasil kajian tersebut menunjukkan suplementasi PRE, PRO
atau SYN dapat menambah baik prestasi, menghasilkan telur dengan paras kolesterol
dan SFA vyang rendah, serta meningkatkan kesihatan ayam penelur dengan
memanipulasikan populasi, diversiti dan fungsian potensi mikrobiom sekum tanpa
mempengaruhi kualiti telur ayam penelur.
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CHAPTER 1

INTRODUCTION

Since the late 1940s, antibiotics have been widely used for treatment of animals and
as growth promoters for livestock (Aarestrup and Jenser, 2007). The efficiency of
antibiotics in improving feed utilization, animal growth, and reducing morbidity and
mortality due to clinical and subclinical diseases is well documented (Dibner and
Richards, 2005; Niewold, 2007; Hao et al., 2014). The imprudent use of antibiotics
in animal production has resulted in the prevalence of antibiotic resistance bacteria
and accumulation of antibiotic residues in animal products such as poultry meat and
eggs, posing large threats to public health (Vieira et al., 2011; Hao et al., 2014). The
prevalence of multi-drug resistant bacteria in poultry and other farm animals are on
the rise throughout the world including Malaysia (Ahmed Geidem et al., 2012;
Mansouri-najand et al., 2012; Szmolka and Nagy, 2013; Fan et al., 2015).
Consequently, many countries have started to restrict or ban the inclusion of
antibiotics in poultry diets as routine means of growth promotion. In 2006, European
Union banned the use of antibiotic growth promoters (AGPs) in animal feed. The
withdrawal of antibiotics as growth promoters in poultry feed instigated the search
for new alternatives to maintain animal welfare without affecting health and
performance. A strategy envisaging the use of probiotics, prebiotics, or synbiotics, as
feed additives in poultry nutrition has been proposed as substitutes for AGPs to
enhance gastrointestinal health, poultry performance and produce safe poultry
products.

Probiotics have been defined in various ways over the years but the Food Agriculture
Organization (FAO)/World Health Organization (WHO) definition of probiotics
remains applicable to scientific, industrial and regulatory communities. They coined
probiotics as “live microorganisms which when administered in adequate amounts
confer a beneficial effect on health of the host” (FAO/WHO, 2002). The majority of
probiotics are lactic acid bacteria that belong to the genera Lactobacillus and
Bifidobacterium. The supplementation of probiotics in poultry feed has been reported
to improve growth performance (Jin et al., 1998a; Jin et al., 1998b; Kalavathy et al.,
2003; Awad et al., 2009; Kalavathy et al., 2009; Mountzouris et al., 2010; Li et al.,
2014; Zhang and Kim, 2014; Calik and Erglin, 2015), nutrient retention (Li et al.,
2008; Mountzouris et al., 2010; Shim et al., 2012), cecal microbial balance (Teo and
Tan, 2007; Mountzouris et al. 2007, 2010; Li et al., 2014; Zhang and Kim, 2014;
Calik and Ergiin, 2015), egg yolk cholesterol contents (Haddadin et al., 1996;
Kalavathy et al., 2009; Mikulski et al., 2012) and immune response (Zuklifi et al.,
2000; Panda et al., 2008; Molnar et al., 2011; Zhang and Kim, 2014).

Prebiotics on the other hand are defined as “nondigestible food ingredients that
beneficially affect the host by selectively stimulating the growth and/or activity of
one or a limited number of health-promoting bacteria in the colon and thus improve
host health” (Gibson and Roberfroid, 1995). Unlike probiotics, prebiotics provide
nourishment that enhances growth of the resident microflora in the gastrointestinal

1



tract. They are non-digestible oligosaccharides (NDOs) that are resistant to digestion
in the upper gastrointestinal tract, and resistant to gastric acid and hydrolytic
enzymes. Hence, they pass unaltered to the colon where the resident microflora, such
as lactobacilli and bifidobacteria, can selectively ferment the NDOs to produce
beneficial effects in the hosts. There are several types of NDOs, such as
fructooligosaccharides (FOS; oligofructose and inulin), galactooligosaccharides
(GOS), transgalactooligosaccharides (TOS), lactulose, glucooligosaccharides,
glycol-oligosaccharides, isomaltooligosaccharides (IMO), lactitol,
maltooligosaccharides, xylooligosacharides (XOS), stachyose, raffinose and sucrose
thermal oligosaccharide, which have been reported to possess prebiotic effects
(Patterson and Burkholder, 2003; Desai et al., 2004; Gaggia et al., 2010; De Souza
Oliveira et al., 2011). Prebiotics have been reported to improve intestinal microflora,
enhancing the health and well-being of the hosts (Gaggia et al., 2010). Recently,
prebiotics have been shown to confer health benefits in poultry by increasing the
number of specific probiotic bacteria such as lactobacilli and bifidobacteria (Shang et
al., 2010; Kim et al., 2011; Tako et al., 2014), reducing pathogenic bacteria by
mimicking their attachment sites on the intestinal mucosa (lji and Tivey, 1998; Kim
et al., 2011), enhancing ileal digestibility (Huang et al., 2005; Amirdahri et al., 2012),
increasing mineral absorption (Sohail et al., 2011) and reducing serum cholesterol
levels (Chen et al., 2005a; Li et al., 2007; Al-Saad et al., 2014).

The term “synbiotics” refer to nutritional supplements combining probiotics and
prebiotics in a synergistic form. Gibson and Roberfroid (1995) defined synbiotic as
“a mixture of probiotics and prebiotics that beneficially affect the host by improving
the survival and implantation of live microbial dietary supplements in the
gastrointestinal tract, thus improving the host health”. Synbiotics potentiate the
efficacy of probiotic preparations (Awad et al., 2009). It enables the probiotics to
survive for a longer period in the gastrointestinal tract of the host (Collins and
Gibson, 1999). Most of the previous research on poultry involved the use of
probiotics or prebiotics alone whilst the use of synbiotics has emerged in poultry
only recently (Abdelgader et al., 2013a, 2013b; Dibaji et al., 2014).

A recent study evaluated the effects of a prebiotic IMO on the performance, cecal
bacterial populations and cecal metabolic profiles of broiler chickens (Mookiah et al.,
2014). The results of the study demonstrated that the performance of broiler chickens
(weight gain and feed efficiency), the populations of cecal beneficial bacteria and the
cecal fermentative concentrations improved significantly after supplementation of
IMO in broiler chickens. The role of IMO and its combination with a probiotic as a
synbiotic however, has not been explored on laying hens.

Therefore, the present study was aimed to evaluate the effect of prebiotic IMO, and a
commercial probiotic (PrimaLac®), administered singly, or in a combination as a
synbiotic, on laying hens. This is the first study on the dietary effects of the prebiotic
(IMO), and its synbiotic on laying hens. This study will also unravel the role of
probiotics, prebiotics and synbiotics in modulating cecal microbial diversity.

The specific objectives of the study were:



to determine the efficacy of the prebiotic IMO (PRE), and probiotic
PrimaLac® (PRO), administered singly, and their combination as a synbiotic
(IMO + PrimaLac®) (SYN) on the performance, biochemical and
hematological responses, and relative organ weights of the laying hens,

to determine the effects of the PRE, PRO and SYN on egg quality and
chemical compositions of egg yolk (total lipids, cholesterol, fatty acid
composition, tocopherols and carotenoids) of laying hens,

to evaluate cecal microbial populations, cecal metabolite profile and
microbial enzyme activities of laying hens supplemented with PRE, PRO and
SYN diets,

to evaluate cecal microbial diversity of hens fed PRE, PRO and SYN using
16S rRNA high-throughput-Next Generation Sequencing (HT-NGS),

to investigate the functional potential of hen cecal microbial in response to
PRE, PRO and SYN treatments using whole metagenome shotgun sequencing.
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