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Summary 

After the withdrawal of antibiotic growth promotors (AGPs) as feed additives in poultry 

diets, the broiler industry is facing increasingly problems with unspecific gastrointestinal 

(GI) disorders related to dysbacteriosis in the period between 20-30 days causing 

depressed growth and wet litter. Fermented feed has been suggested to have a 

potential as alternative to AGPs, considering its positive influence on broiler 

performance and maintaining healthy gut. The production of maize is increasing in 

Denmark, but it is harvested late in the year with a high moisture content, which requires 

wet storage to avoid costs in relation to drying. To exploit the potential benefits that the 

fermented feed provides, ensiling of maize kernels is regarded as a promising 

approach. Hence, the main objectives of this Ph.D. study were 1) to study the influence 

of crimped kernel maize silage (CKMS) on various aspects of broiler production 

including growth rate, feed consumption, nutrient digestibility, foot pad health, and 

meat quality parameters; and 2) to investigate the succession of gut bacteria throughout 

the growing period of broiler production; and 3) to study the influence of CKMS on the 

colonization of zoonotic bacteria Campylobacter jejuni.. 

 

Two feeding experiments were carried out with Ross 308 male broilers. The birds were 

fed with maize based diets containing 15% CKMS (CKMS-15) and 30% CKMS (CKMS-

30). Diets based on wheat (WBF) and maize (MBF) was used as control diets. The results 

from the two experiments showed that the growth performance of broilers with the 

feeding of 15% CKMS was similar to the broilers in control maize based treatment. 

However, the supplementation of 30% CKMS decreased broiler performance. Since the 

feed consumption did not differ significantly between birds receiving CKMS-15 and 

CKMS-30, the lower body weight of birds fed with CKMS-30 may be related to a low fat 

digestibility observed in this group. This was supported by the presence of higher ileal 

concentrations of de-conjugated bile acids in the broilers fed CKMS-30. An increased 

feed coarseness of CKMS-30 was reflected by higher relative weights of gizzard and 

pancreas might be another reason for the lower weight gain in this group. In general, 

the digestibility of other nutrients tended to be lower in broilers fed CKMS. Both feeding 

trials showed an improved foot pad health and a decreased mortality following 

addition of CKMS as compared to the control diets, attributed to the lower moisture 

content in the litter. Further, the meat quality parameters mainly colour, tenderness and 

juiciness increased with the inclusion of CKMS in the maize based diets.  



6 
 

The microbial composition in  broiler intestinal contents of crop, gizzard, ileum and 

caeca at different ages (8, 15, 22, 25, 29 and 36 days) was analysed by bacterial 

culture technique (WBF, MBF, CKMS-15 and CKMS-30) and by 454-pyrosequencing of 

16S rRNA gene (MBF and CKMS-30). The influence of dietary CKMS addition was 

generally limited. In relation to the age of broilers, a clear succession of bacterial 

communities was determined along with increased bacterial diversity. The 

development of a “mature” microbiota in broilers was determined in the period after d 

15. At all ages, Lactobacillaceae (mainly Lactobacillus) was the most dominant family 

in crop, gizzard and ileum, whereas Lachnospiraceae and Rikenellaceae were most 

abundant in the caeca. A striking increase in the relative abundance of L. salivarius and 

clostridia was observed after d 15 in the ileum, which was associated with an increased 

ileal concentration of de-conjugated bile acids leading to depressed broiler growth. 

Since the numbers of L. salivarius and Clostridium perfringens were reported to 

decrease when AGPs were supplemented in the feed, their high abundance was 

suggested to be responsible for the development of GI disorders associated with 

dysbacteriosis in the critical period between 20-30 days. Furthermore, this study 

indicated the importance of nutritional strategies to modulate the composition of 

microbiota in the crop for modulating the microbiota of the lower gut in a beneficial 

way. 

 

Moreover, the influence of CKMS on the colonization of Campylobacter jejuni was 

studied in broilers in an infection study. However, no significant difference between 

broilers fed with CKMS and control maize diets was observed with respect to the 

intestinal colonization with C. jejuni, which indicates that the number of lactic acid 

bacteria and the concentration of organic acids (lactic and acetic acid) in diets 

supplemented with CKMS have been too low to provide an acidification of the upper 

digestive tract.  

 

In conclusion, the inclusion of CKMS in maize based diets decreased water 

consumption, bird mortality, improved litter condition, foot pad health and certain meat 

quality attributes. The addition of the 15% CKMS showed no negative influence on 

growth performance and may be recommended considering the positive effect on bird 

welfare.  
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Resumé (Danish summary) 

I perioden efter udfasningen af antibiotiske vækstfremmere (AGPs) i fjerkræfoder har 

broilerindustrien oplevet en stigning i forekomsten af uspecifik diarré hos 20-30 dage 

gamle slagtekyllinger. Denne uspecifikke diarré skyldes en dysbakteriose i tarmen og 

fører til nedsat vækst og vådt strøelse. En potentiel erstatning for AGPs er fermenteret 

foder, som har vist sig at have en potentiel positiv effekt på kyllingens produktions-

resultater og tarmsundhed. I Danmark er majsproduktionen stigende. Ved høst sent på 

året er majsens vandindhold imidlertid så højt, at udgifterne til tørring er høje. Ensilering 

af kernemajsen er en lovende fremgangsmåde, hvorved de store udgifter til kunstig 

tørring undgås og fordelene ved fermenteret foder udnyttes. Dette Ph.D.-studie har 

derfor til formål, at undersøge følgende hos broilere: 1) Hvilken effekt ensileret valset 

kernemajs (CKMS) har på tilvækst, fødeindtagelse, næringsfordøjelighed, 

trædepudesundhed og kødkvalitet; 2) udviklingen af tarmens mikrobiota gennem 

vækstperioden; og 3) hvordan CKMS påvirker tarmens kolonisering med zoonotiske 

bakterier (Campylobacter jejuni)  

 

To fodringsforsøg blev udført med slagtekyllinger (haner, Ross 308). Slagtekyllingerne 

blev fodret med majsbaseret foder indeholdende 15% CKMS (CKMS-15) og 30% CKMS 

(CKMS-30). Hvede- (WBF) og majsbaseret (MBF) foder udgjorde kontrolfoderet. 

Produktionsresultaterne opnået med CKMS-15 var sammenlignelige med dem ved 

fodring med majsbaseret kontrolfoder, mens CKMS-30 påvirkede produktions-

resultaterne herunder tilvækst negativ. Den præcise årsag til nedsat vækst var uklar, 

men nedsat fedtfordøjelighed hos broilerne fodret med CKMS-30 var den mest 

sandsynlige årsag. Denne antagelse blev støttet af en højere forekomst af de-

konjugerede galdesyrer i ileum hos slagtekyllingerne fodret med CKMS-30. Disse 

slagtekyllinger havde desuden en højere relativ vægt af kråse og bugspytkirtel, hvilket 

indikerede at CKMS-30 foderet havde en grovere struktur end CKMS-15 foderet. 

Grovere struktureret foder er endnu en mulig forklaring på den nedsatte tilvækst hos 

CKMS-30 fodret broilere. Generelt var fordøjeligheden af andre næringsstoffer end blot 

fedt også lavere hos slagtekyllinger fodret med CKMS. Begge fodringsforsøg viste, at 

slagtekyllinger fodret med CKMS havde lavere dødelighed og bedre 

trædepudesundhed end kyllinger fodret med kontrolfoderet, hvilket skyldtes et lavere 

vandindhold i strøelsen. Kødkvalitetsparametrene, primært mørhedsgrad og saftighed, 

blev forbedret ved at sætte CKMS til foderet. 
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Den mikrobielle sammensætning i mavetarmindholdet (kro, kråse, ileum og blindtarme) 

fra slagtekyllinger i forskellige aldre (8, 15, 22, 25, 29 og 36 dage) blev analyseret ved 

bakteriel dyrkning (WBF, MBF, CKMS-15 og CKMS-30) og 454-pyrosekventering af 16S 

rRNA genet (MBF og CKMS-30). CKMS havde kun en meget begrænset indflydelse på 

mavetarmkanalens bakterielle samfund.. Der blev endvidere fundet en tydelig 

aldersafhængig udvikling af de bakterielle samfund i takt med en øget bakteriel 

diversitet. Udviklingen af en ‘moden’ mikrobiota hos broilerne skete i perioden mellem 

15 og 22 dage. Uanset alder var Lactobacillaceae (primært Lactobacillus) den 

dominerende familie i kroen, kråsen og ileum, hvorimod Lachnospiraceae og 

Rikenellaceae forekom i størst antal i blindtarmene. Efter dag 15 sås en markant 

stigning i den relative forekomst af L. salivarius og clostridier i ileum, hvilket var 

associeret med en øget andel af de-konjugerede galdesalte i ileum og hæmmet vækst 

hos kyllingerne. Da de antibiotiske vækstfremmer netop hæmmer væksten af L. 

salivarius og Clostridier, er det sandsynligt at deres øgede forekomst i den kritiske 

periode mellem 20 og 30 dage spiller en rolle i udviklingen af dysbakteriosen. Dette 

studie indikerer ydermere, at ernæringsmæssige strategier er vigtige til gavnlig 

modulering af mikrobiotiaen i den bagerste del af tarmen gennem ændringer i 

mikrobiotiaens sammensætningen i kroen. 

 

Indflydelsen af CKMS på koloniseringen af Campylocabter jejuni blev undersøgt i et 

infektionsstudie. Her viste resultaterne imidlertid ingen signifikant forskel mellem 

slagtekyllinger fodret med CKMS og dem fodret med kontrolfoderet med henblik på 

tarmens kolonisering med C. jejuni . En mulig forklaring på dette kan være, at antallet af 

mælkesyrebakterier og organiske syrer (mælkesyre og eddikesyre) i foderet tilsat CKMS 

har været for lave til at der kunne opnås en forsuring af den forreste del af tarmkanalen.  

 

Det konkluderes, at tilsætning af CKMS til fjerkræfoderet reducerede dødelighed og 

vandindtagelse og forbedrede strøelseskvalitet og trædepudesundheden samt enkelte 

kødkvalitetsparameter. Fodring med CKMS-15 havde ingen negativ effekt på 

slagtekyllingernes tilvækst. Taget den positive indflydelse af CKMS på fuglenes velfærd i 

betragtning, kan denne fodringsstrategi anbefales.  
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1 General Introduction 

 

The consumption of broiler meat has increased worldwide with the increase in the 

global demand for inexpensive proteins, particularly among the developing countries as 

a result of population growth along with the rise in income level. Among others, poultry 

meat has become a mass consumer product throughout the world with the 

consumption of around 14 kg/person/year (2009), a figure which the Food and 

Agricultural Organization (FAO) has predicted to increase around 9% by 2022. In the 

European Union (EU), per capita consumption of poultry meat will increase to 22 kg and 

will remain the most dynamic product considering its price and health aspects (The 

poultry site, 2014a; The poultry site, 2014b). In Denmark, 116 million broilers are 

produced annually (2013), with the consumption of poultry meat increasing from 12 

kg/person in 1990 to almost 25 kg/person in 2010 (Danish Poultry Meat Association, 

2014).  

 

Due to the increasing demand for poultry meat, the broiler industry is growing rapidly 

throughout the world. Gastrointestinal (GI) disturbances and enteric diseases are major 

concerns of the modern broiler industries because of increased mortality and negative 

effects on production performance. For many years, the use of antibiotic growth 

promoters (AGPs) has provided a solution for enteric problems along with the 

enhancement of broiler production and gut health. The restriction of adding AGPs to 

poultry feeds as a result of the emergence of antibiotic resistance bacteria has 

stimulated researchers to find appropriate dietary alternatives (Ferket, 2004; 

Huyghebaert et al., 2011). 

 

During the last two decades, fermented compound feed has been successfully 

introduced in the pig production with the aid of liquid feeding systems. The beneficial 

effect of fermented compound feed on gut health has been documented (Canibe and 

Jensen, 2012), and the results considering the growth performance of pigs are 

encouraging (Jensen et al., 2001; Scholten et al., 1999). Recently, there has been an 

increasing interest from the poultry sector to take advantage of the potential growth 

and health benefits that fermented feed offers. Literature on the use of fermented feed 

for poultry is scarce, but a few studies showed a positive influence of fermented 

compound feed on gut health (Engberg et al., 2009; Loh et al., 2007; Missotten et al., 
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2010), and reduced colonization of potential pathogenic bacteria in the GI tract of 

broilers (Heres et al., 2003a; Heres et al., 2003b). Therefore, fermented feed is now 

considered a potential natural alternative to enhance gut health and production. 

 

 

2 Poultry GI system 

 

The GI tract or gut of poultry consists of beak, crop, proventriculus, gizzard, small 

intestine (duodenum, jejunum, and ileum), large intestine (2 caeca, a short colon) and 

cloaca (Figure 1).  Although the digestive tract of poultry is simple, it is typical to avian 

species as it reflects some of the evolutionary adaptations to reduce body weight to 

enhance flight (Michael Denbow, 1998). Birds pick the feed with the beak and swallow 

it as whole due to lack of teeth. However, the mouth contains glands that secrete saliva, 

which wets the feed to make it easier to swallow, and starts the digestion process 

providing enzymes such as amylase (Jacob Jacquie, 2013). The crop is a non-glandular 

organ which is an extension of the oesophagus where food stores up to 6 hours before 

further digestion commences. From the crop the food passes into the proventriculus, also 

known as glandular stomach, where the enzymatic digestion primarily begins. Mucosal 

glands in the proventriculus secrete hydrochloric acid and pepsinogen inducing the 

protein digestion. The secretion of hydrochloric acid decreases the pH of digesta in both 

the proventriculus and the gizzard. The gizzard is unique to birds and is often referred to 

as the mechanical stomach, made up of two sets of strong muscles, that acts as the 

bird’s teeth. It helps in the grinding, mixing, and mashing of feed (Jacob Jacquie, 2013; 

Svihus, 2011).   

 

From the gizzard, the digesta passes into the small intestine which is comprised of the 

duodenum, jejunum and ileum. The duodenum is formed as a loop embedding the 

pancreas, which secretes digestive enzymes (proteinases, amylases and lipases). The 

pancreas also secretes bicarbonate which neutralizes the acidic pH of the hydrochloric 

acid from the proventriculus. Bile is secreted in the duodenum from the liver (via the gall 

bladder) and plays an important role in the digestion of lipids and the absorption of fat-

soluble vitamins (A, D, E, and K). The jejunum and ileum are the major sites of nutrient 

digestion and absorption due to the secretion of digestive enzymes and the presence of 

villi and microvilli. Jejunum and ileum which can be defined as the intestinal segments 
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cranial and caudal to Meckel’s Diverticulum, a vestigial remnant of the yolk sac (Jacob 

Jacquie, 2013; Michael Denbow, 1998).    

 

From the ileum, the digesta passes directly to the colon via the ileal-caeco-colic 

junction. Anti-peristaltic movements from the direction of the cloaca are responsible for 

the filling of the caeca, which in the chicken consist of two blind pouches. Retro-

peristalsis pushes the contents backwards against a meshwork of villi at the ileo-caeco-

colic junction which functions as a filter allowing only fine particles to enter the ceca. 

Cecal content is excreted separately and has a soft consistency and a characterized 

colour. The main function of the caeca is to absorb remaining water and salts and to 

carry out the fermentation of indigestible plant material by the abundant microflora. 

During fermentation, lactic acid, volatile fatty acids and other compounds like ammonia, 

amines, phenols and indoles are produced in the caeca (Bjornhag, 1989; Jozefiak et al., 

2004; Svihus et al., 2013). The digesta enters the very short colon where the last water 

reabsorption occurs. The digesta then passes into the cloaca where it is mixed with uric 

acid before excretion through the vent (Jacob Jacquie, 2013; Michael Denbow, 1998). 

 

   

Figure 1 Digestive tract of poultry (Modified from Ross Tech Note – Gut Health in Poultry, August 

2013) 
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3 Gut health 

 

Broiler chickens are growing rapidly and the length of their growth period is decreasing 

year by year. In 1950, it took 16 weeks to reach the marketable body weight (2 kg) of 

broilers, whereas in 1990 this had been reduced to 6-7 weeks (Schmidt et al., 2009).  

Now, it takes less than 5 weeks (34 days) to attain 2 kg (Ross poultry, 2014). Broiler 

growth rate has increased by 400% in the last 50 years and is expected continue to 

increase at a rate of 3.3% per year (Zuidhof et al., 2014). As a result of this rapid growth, 

the digestive system of broilers along with other organ systems has transformed to 

convert feed into body mass very efficiently (Schmidt et al., 2009). Thus, the digestive 

system plays an important role in broiler production. The digestive system is the largest 

immunological organ in the body. It works as the first protective barrier against the 

invading pathogens. Thus, a healthy gut is often considered as an indicator of a healthy 

animal, which in turn digests and utilises nutrients more efficiently for optimum animal 

production (Choct, 2009). However, gut health is a complex phenomenon which is not 

only restricted to digestion and absorption of feed, but covers multiple aspects of the GI 

tract and encompasses the normal structural integrity of the GI tract, the balance of the 

microflora and the status of the immune system (Choct, 2009). As in human medicine, a 

healthy gut comprises the absence of GI pathology, normal and stable gut microbiota, 

and effective immune status (Bischoff, 2011). Birds can be exposed to a variety of 

harmful substances like toxins and non-food particles including pathogens entering the 

GI tract, and the state of the gut has significant influence on nutrient metabolism and 

may affect the development of tissues and maturation of immune system. Therefore, a 

healthy gut is a substantial factor in achieving optimum growth and overall 

performance of poultry (Choct, 2009; Yegani and Korver, 2008).   

 

The AGPs as feed additives have been extensively used to modulate the GI microflora 

to maintain gut health, improved growth rate, feed conversion ratio (FCR) and 

performance for many years (Engberg et al., 2000; Nava et al., 2005). The AGPs used in 

poultry production preferentially inhibit the growth of gram-positive bacteria associated 

with poor growth and performance of birds (Bedford, 2000). However, emerging 

concerns regarding the development of bacterial resistance against antibiotics have 

resulted a reduction of AGPs in food-producing animals (Barton, 2000; Wegener, 2003). 

In the European Union, the use of AGPs as feed additives for farm animals has been 
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banned from 2006. Anticoccidial drugs like certain ionophores with antibacterial 

properties are presently used as feed additives but are also expected to be banned in 

the future (Engberg et al., 2000; Immerseel et al., 2004; Johansen et al., 2007). As a 

consequence, increasing intestinal health problems in the broiler industries have been 

observed, in particular coccidiosis, necrotic enteritis (Clostridium perfringens, type A), 

and dysbacteriosis causing wet litter problems (Teirlynck et al., 2011). Dysbacteriosis is a 

condition characterized by the overgrowth of enteric bacterial population in favour of 

gut microflora that are not normally predominant. It is typically seen between 20 and 30 

days of age characterised by pale, glistening or orange droppings with undigested food 

particles, reduced nutrient digestibility, increased water consumption and poor litter 

quality. Compromised gut health results in inefficient digestion and absorption of 

nutrients, which play a vital role in predisposing this condition. Due to malabsorption of 

nutrients by the host, more nutrients will become available to the bacteria leading to an 

overgrowth of small intestinal bacterial population. Antibiotic therapy has shown to 

improve this condition significantly. The aetiology of the disease is likely to be multi-

factorial involving parasites (e.g. Eimeria spp.), intestinal bacteria (e.g. C. perfringens), 

feed structure and composition as well as the development of the GI tract and related 

immune functions. However, this condition apparently started after the ban of AGPs and 

considering the response to antibiotics, it is most likely of bacterial origin (De Gussem, 

2007; Wilson et al., 2005).  

 

Poor broiler performance is also associated with elevated microbial bile acid 

deconjugation. Bile salt hydrolase (BSH) is produced by several bacteria causing 

deconjugation of bile acids which lose their emulsifying properties resulting in a 

decreased fat absorption. Major bacterial species having high BSH activity are 

Enterococcus faecium and C. perfringens (Knarreborg et al., 2002; Langhout et al., 

2000), and different Lactobacillus species mainly L. reuteri, L. salivarius, L. gallinarum 

(Ramasamy et al., 2010) and L. plantarum (Patel et al., 2010). Deconjugation of bile 

acids increases with the rise in microbial activity and therefore the working mechanisms 

of AGPs can partly be explained by their growth inhibition of gram-positive bacteria 

producing BSH. As feeding of fermented feed helps to decrease the growth of bacteria, 

it may minimize the BSH activity and therefore contribute to an improved broiler 

performance.  
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3.1 Factors affecting gut health 

Gut health is maintained by a delicate balance between the host, gut microbiota and 

dietary compounds, digestive physiology and metabolism. This equilibrium, therefore, is 

influenced by the microbial community structure, bacterial infections, dietary factors, 

age, health status, stress, feed-borne toxins (mycotoxins), and environmental conditions 

such as high temperature and humidity (Gabriel and Mallet, 2006; Lu et al., 2003). The 

most important characteristic of a healthy gut is the balance of its microbial population, 

hence emphasizing the vital role of gut microbiota in maintaining gut health (Choct, 

2009; Yegani and Korver, 2008). The microflora of the gut is constantly exposed to the 

external environment via the feed and water which strongly influence the gut microbial 

community structure and bacterial activity. The source, structure and composition of the 

feed can change the gut microbiota significantly. Therefore, a positive modulation of 

the gut microbial community via the diet taking both bird nutrition and health into 

consideration should be possible (Gabriel and Mallet, 2006; Lan et al., 2005).  

 

 

3.1.1 Gut microflora 

The most important characteristic of the healthy gut is the balance of its microflora. The 

GI tract of poultry harbours a diverse microbial community comprising bacteria, 

archaea, fungi and virus. Bacteria are the predominant microorganisms in the GI tract 

with more than 640 different species, and outnumbering the host cells by approximately 

ten to one (Apaalahtii et al., 2004). Thus, bacteria play a major role in GI disorders, 

although parasitic infections mainly coccidiosis and viruses such as reovirus also been 

associated with enteric problems. The numbers of bacteria and the abundant species 

vary along the GI tract depending upon the gut environment due to the differences in 

their morphology, pH and transit time of the digesta, availability of nutrients, and oxygen 

concentration (Rehman et al., 2007).  

 

When chicks hatch, their digestive tracts are virtually sterile but microbiota develops 

rapidly after hatching. The diversity of the microbiota depends on the egg’s 

environment but in modern poultry production systems, the microbial environment of 

the commercial incubators is considered to have a high impact in the determination of 

the microbial diversity of the newly hatched chicks (Gabriel and Mallet, 2006; Pedroso 

and Lee, 2015). The process of handling, transporting and vaccinating chicks along with 
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the supply of feed and water, and the rearing environment further result in rapid 

acquisition of additional microbiota (Pedroso and Lee, 2015). The bacterial population 

changes with chicken age and bacterial numbers increase rapidly after hatching until it 

remains relatively steady between the periods of 3 to 28 days of age which, however, 

varies between the studies (Amit-Romach et al., 2004; Apajalahti et al., 1998; Gong et 

al., 2007; Lu et al., 2003; Shaufi et al., 2015).  

 

The contents of the proximal GI tract (crop, gizzard and proventriculus) have a relatively 

low microbial diversity compared to the distal sections (small and large intestine). The 

proventriculus is more hostile for most bacteria due to its highly acidic environment but 

the gizzard, however, has a substantial bacterial population despite having a low pH 

influenced by the proventriculus. In the small intestine, bacterial activity is low in the 

duodenum compared to jejunum and ileum (Rehman et al., 2007). The highest bacterial 

density in broiler chickens is recorded in the caeca (Pedroso and Lee, 2015; Yeoman et 

al., 2012). At this location, substrates that have escaped from enzymatic digestion in the 

upper GI tract are fermented. A long transit period of digesta and negligible activities of 

digestive enzymes and bile acids make the cecal environment favourable for bacterial 

growth (Rehman et al., 2007). 

 

The crop and caeca of birds are the major sites of bacterial activity, and the small 

intestine to a lesser extent. From the crop to the ileum, the majority of bacteria are gram 

positive and aero tolerant or facultative anaerobes whereas the caeca harbour bacteria 

growing under strictly anaerobe conditions. The crop and gizzard are dominated by 

Lactobacillus species. The majority of bacteria present in the small intestine are 

facultative anaerobes belonging to Lactobacillus, Enterococcus, Clostridium and 

Coliforms (Gabriel and Mallet, 2006; Lan et al., 2005; Pedroso and Lee, 2015; Yeoman et 

al., 2012). The caeca are dominated by Ruminococcus, Clostridium, Faecalibacterium, 

Bacteroides, and other strict anaerobes (Pedroso and Lee, 2015; Yeoman et al., 2012). 

Major bacterial taxa present in the GI tract of the chicken are listed in Table 1.  
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Table 1 Most abundant bacterial taxa identified in the gastro-intestinal tract of chicken (modified 

from Yeoman et al., 2012). 

Segments Bacterial count (cfu/g) Abundant taxa 

Crop 10
8
-10

9
 Lactobacillus 

  

Bifidobacterium 

  

Enterobacter 

   Gizzard 10
7
-10

8
 Lactobacillus 

  

Enterococcus 

   Small intestine 10
8
-10

9
 Lactobacillus 

  

Clostridium 

  

Ruminococcus 

  

Escherichia 

  

Enterococcus 

   Caeca 10
10

-10
11

 Ruminococcus 

  

Clostridium 

  

Faecalibacterium 

  

Lactobacillus 

  

Bacteroides 

  

Peptococcus 

  

Escherichia 
  

 

Acetanaerobacterium 

 

 

3.1.1.1 Role of gut microbiota 

The gut microbiota plays a vital role in the health and performance of poultry through its 

effect on gut morphology, nutrition and immune response. However, the exact 

mechanism is still not fully understood. Some of the most important aspects of the gut 

microbiota are discussed below. The gut microbiota is now considered to play a key role 

in the development of the digestive tract to enhance the production of digestive 

function, nutrient digestion and metabolism. It was demonstrated that germ-free 

chickens have reduced gut size, and the intestines fail to develop to their full absorptive 

potential. The gut bacteria metabolize the non-digestible carbohydrates for the 

production of short chain fatty acids (SCFA) and lactic acid via fermentation which  

accelerates the proliferation of gut epithelial cells for full maturation (Chambers and 

Gong, 2011; Dibner et al., 2008). Goblet cells of the GI epithelium produce mucin that 

acts as lubricant in the GI tract and protects the epithelial cells against attachment of 

pathogens providing attachment sites for commensal bacteria. The presence of only 

few goblet cells and a thin mucin layer in germ-free animals strongly indicates that the 

mucin production is regulated by the microbiota (Pedroso and Lee, 2015).  

 



17 
 

Germ-free animals have been demonstrated to have a reduction in gut size, including a 

thinner total gut wall as well as thinner and longer intestinal villi than conventional 

animals. This results in the enhanced nutrient digestibility in germ-free chickens 

(Chambers and Gong, 2011; Dibner et al., 2008). Despite the improved intestinal 

absorption, germ-free animals fail to thrive because of reduced immune functions. 

Studies using germ-free and gnotobiotic animals have shown that the GI microbiota 

stimulates the development of host immune mechanisms, including both the innate 

immune response and acquired immune response (Dibner et al., 2008; Pedroso and 

Lee, 2015). It was shown in different studies that germ-free animals including chickens 

have poorly developed lymphoid tissues and general immunological mechanisms, and 

are therefore more susceptible to disease as mentioned in the review by Richards et al. 

(2005).  

 

Intestinal microbiota can influence host nutrient metabolism by providing additional 

nutrients like lactic acid and SCFA, mainly acetate, butyrate and propionate, through 

fermentation of non-hydrolysable oligosaccharides and polysaccharides in the caeca. 

The majority of organic acids (lactic acid and SCFA) are absorbed from the gut and 

provide additional energy, which is otherwise unavailable to the birds (Lan et al., 2005; 

Pedroso and Lee, 2015). Thus, the presence of the GI microflora improves the 

metabolizable energy value of the diets supporting growth and feed conversion ratio. 

However, the GI microflora particularly in the small intestine utilises nutrients as substrate 

for their maintenance and growth and therefore compete with the host for available 

nutrients (Lan et al., 2005). Seen in light of the vital role of microbiota on the GI 

development and nutrient metabolism, this disadvantage may be considered as inferior.  

 

The commensal gut microbiota dominantly present in the GI tract mucosa is considered 

to participate in the prevention of the intestinal colonization by enteropathogens 

including food-borne pathogens like E. coli, Salmonella, Campylobacter, Clostridium, 

etc. through competitive exclusion mechanisms involving the prevention of attachment 

to the mucosal surfaces or competition for nutrients. Another mechanism includes either 

direct inhibition or the generation of an unfavourable environment for pathogenic 

bacteria by secretion of antibacterial substances like hydrogen sulphides and 

bacteriocins, including the reduction of gut pH via production of SCFA and lactic acid 

(Gabriel and Mallet, 2006; Lan et al., 2005).  
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3.1.2 Dietary factors influencing gut health 

It is important to note that gut health and nutrition are interdependent, and their 

interactions occur largely in the gut (Choct, 2009). In broiler production, feed is 

considered the most important input making up approximately 70% of the total 

production costs. Feed contains a variety of nutrients that have a significant role in 

maintaining a healthy gut which is vital for optimal digestion, absorption and 

metabolism of nutrients, and also for immune responses (Choct, 2009; Yegani and 

Korver, 2008). Besides these positive influences on broiler performance, the GI tract of 

birds is exposed to many non-nutrients and potentially harmful components that can 

negatively affect the status of the gut. Due to the increasing growth rate of broilers, the 

management of nutrition has become more demanding as even minute dietary 

changes can affect the mucosal layer of the GI tract, and thus influence nutrient 

utilization and gut health (Choct, 2009).   

   

3.1.2.1 Non starch polysaccharides  

All cereals used in poultry diets have various levels of non-starch polysaccharides (NSP), 

predominantly arabinoxylans, ß-glucans and cellulose that cannot be digested by 

poultry due to a lack of endogenous enzymes to hydrolyse them. The NSP contains 

soluble and insoluble fractions. Maize and sorghum contain very low levels of soluble 

NSP (0.1-0.2%), whereas it is present at substantial amounts (2.4-4.6%) in wheat, rye and 

barley. The insoluble portion has only a minor effect on nutrient metabolism, but the 

soluble NSP increases the viscosity of intestinal contents. High intestinal viscosity further 

causes alteration in the gut function by modifying endogenous secretions of mucus, 

water, proteins, electrolytes and lipids, and causes digestive and health problems 

(Choct, 1997). Furthermore, the increased digesta retention time as a result of high 

viscosity facilitates bacterial colonization and activity in the small intestine, and 

therefore reduces the availability of nutrients to the birds, decreases nutrient digestibility, 

feed conversion efficiency and growth rate of the birds (Yegani and Korver, 2008).  

 

3.1.2.2 Feed texture 

The form of feed (ground, whole or pelleted) also influences the morphology and 

physiological characteristics of the GI tract. Physical stimulation by large or solid feed 

particles is needed for the proper development of the GI mucosa (Amerah et al., 2007; 

Yegani and Korver, 2008). Engberg et al. (2002) showed an influence of grinding and 
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pelleting of feed on the physiological characteristics of the GI tract of the broiler and the 

numbers of certain enteropathogens like coliform bacteria, enterococci, lactobacilli and 

C. perfringens. Finely ground feed was reported to increase the mortality associated 

with necrotic enteritis in poultry (Yegani and Korver, 2008). Dietary inclusion of whole 

wheat in broiler diets stimulates gizzard function, and reduces the number of potentially 

pathogenic bacteria such as Salmonella and Clostridium (Bjerrum et al., 2005; Engberg 

et al., 2004). Likewise, the feeding of whole cereal grains influences gut development, 

nutrient digestibility and feed efficiency in poultry (Hetland et al., 2002).   

 

 

3.1.3 Dietary strategies to improve gut health and production 

The establishment of commensal gut bacteria is largely affected by dietary factors as 

the fermentation and diversity of microbiota in the GI tract depend on the available 

substrates (Lan et al., 2005; Richards et al., 2005). Dietary manipulation via feed 

additives, choice of feed ingredients or changes in the feed structure influence the 

fermentation in the GI tract and/or secretions of digestive juices influencing the 

colonization of commensal bacteria to exclude enteric pathogens, and thereby 

improving gut health. Thus, dietary intervention undoubtedly plays a major role in 

maintaining gut health for the growth performances of broilers. 

 

The AGPs have been widely used as feed additives to modulate gut microbiota to 

improve gut health and production performance. The precise mode of action of AGPs is 

still not entirely clear. However, the proposed mechanisms include 1) inhibition of sub-

clinical infections, (2) reduction of growth-depressing microbial metabolites,                     

(3) reduction of bacteria competing with the host for easily available nutrients, and                

(4) enhance uptake and use of nutrients through the thinner intestinal wall (Gaskins et 

al., 2002). Following the discontinuation of dietary AGPs inclusion, research has diverted 

on finding suitable natural alternatives to improve gut health, boost animal performance 

and at the same time prevent the spread of zoonotic diseases and keeping the safety of 

human health in mind. Alternative feed additives should follow at least one of the four 

mechanisms mentioned above to be considered effective (Verstegen and Williams, 

2002). In line with this, various feed additives like prebiotics, probiotics, exogenous 

enzymes, organic acids, herbs and essential oils have been used to modulate the gut 

microbiota (Ferket, 2004; Huyghebaert et al., 2011). Likewise, many other studies have 
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been carried out to study the influence of feed structure (Engberg et al., 2002; Engberg 

et al., 2004; Nir et al., 1994), fermented compound feed and fermented feed ingredients 

on the gut environment including the GI microflora (Chiang et al., 2010; Engberg et al., 

2009; Heres et al., 2003b; Missotten et al., 2013).  

 

Prebiotics are non-digestible feed ingredients such as oligosaccharides that selectively 

alter the composition and metabolism of the gut microbiota. They stimulate the growth 

of commensal bacteria, mainly increase the number of LAB, to facilitate competitive 

exclusion of enteropathogens and thus improve the host microbial balance 

(Huyghebaert et al., 2011; Sugiharto, 2014). Probiotics are viable microorganisms which 

beneficially affect the host by improving the properties of the indigenous microbiota 

(Huyghebaert et al., 2011). The most commonly used probiotic microorganisms are 

Lactobacillus, Bacillus, Enterococcus, Bifidobacterium and Saccharomyces species. 

Probiotics are suggested to maintain gut health by reducing the colonization of 

potential enteropathogens through competitive exclusion, promoting gut maturation 

and integrity, and modulating the immune system (Huyghebaert et al., 2011; Sugiharto, 

2014; Verstegen and Williams, 2002). 

 

The addition of exogenous feed enzymes such as β-glucanase, xylanase, amylase, α-

galactosidase, protease, lipase and phytase act on fibrous feed components like NSP, 

and ameliorate the negative influence of NSP in the GI tract of birds as discussed above 

(Bedford and Schulze, 1998). Organic acids such as lactic, acetic, fumaric, propionic 

and formic acids can be used in the feed to improve the intestinal health and 

performance of birds. Organic acids exhibit the antimicrobial property through 

decreasing the pH and thereby inhibiting the growth of pathogenic bacteria in the gut 

of birds (Huyghebaert et al., 2011; Verstegen and Williams, 2002).  

 

Furthermore, studies have shown that an increment in the feed particle size has positive 

influence on digestion and improves the performance of birds (Amerah et al., 2007). 

Feeding of whole wheat reduced the Salmonella and Clostridium in broilers GI tract 

(Bjerrum et al., 2005; Engberg et al., 2004). Inhibition in growth of Clostridium was 

observed in broilers with the feeding of pelleted feed compared to mash-fed broilers 

(Engberg et al., 2002). Besides the influence on gut microbiota, the pelleting of feed has 

been shown to increase the growth performance of broilers. 
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4 Fermented feed 

 

The feeding of fermented feed is another possible approach to modulate the gut 

microbiota, and to enhance broiler performance. Fermented feed is produced following 

anaerobic storage of different kinds of moisture feed ingredients like maize, wheat, 

barley, soybean and rapeseed, etc. Fermented feed can be broadly classified into 

fermented dry feed (FDF) and fermented liquid feed (FLF). FDF is generally produced by 

anaerobic storage of high moisture cereal grains while FLF is prepared by fermenting 

the entire compound feed after mixing it with water or liquid by-products of the food 

industry (whey, wet distillers’ grains for example). The use of acidifiers in the form of 

different organic acids or LAB is often recommended to speed up the fermentation 

process, and to obtain the desired quality and storage stability (Missotten et al., 2010; 

Olstorpe et al., 2008). 

 

Fermentation is a dynamic process by which relatively complex substrates are 

converted into simple compounds in the presence of microorganisms (Subramaniyam 

and Vimala, 2012). Depending on the bacteria present during fermentation (Table 2), 

fermentation will result in the formation of lactic acid, ethanol or acetic acid (Madigan et 

al., 2009). The yeasts produce ethanol and CO2 whereas moulds yield citric acid as a 

main product during fermentation (Couto and Sanroman, 2006). Environmental 

conditions and substrates involved in the fermentation process also determine the 

characteristics of the final fermented product (Niba et al., 2009). Further, a number of 

aroma compounds are formed that give the characteristic taste of many fermented 

feed items. Although fermented feed can be prepared involving different 

microorganisms, this Ph.D. study focusses on the fermentation carried out by naturally 

occurring Lactobacillus species. 

 

During fermentation, pH decreases from 4.5 to 3.5 as a result of a high concentration of 

lactic acid and SCFA primarily acetic acid, and contains large numbers of lactic acid 

bacteria (10
8
-10

10 
CFU/g). All these factors, alone or in combination, influence the 

bacterial ecology of the GI tract reducing the colonization of enteropathogens, in 

particular enterobacteria like E. coli and Salmonella (Canibe et al., 2007; Canibe and 

Jensen, 2012; Engberg et al., 2009). A reduction in the number of intestinal bacteria by 

feeding of a fermented compound feed (FLF) is not only achieved by reducing the gut 
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pH, but may also be due to lower amounts of nutrients available for bacterial growth as 

most of the sugars and other fermentable substrates have already been fermented in 

the feed (Engberg et al., 2009) . 

 

 

Table 2 Major fermentation products from different types of fermentation involving various 

microbes (modified from Madigan et al., 2009) 

Type of 

fermentation Organisms Substrate Major fermentation products 

 

Homofermentative 

 

1
Lactic acid bacteria 

 

5
Hexose 

 

Lactic acid 

 

Heterofermentative 

 

Lactic acid bacteria 

 

Hexose 

 

Lactic acid, acetic acid, 

ethanol and CO2 

 

Mixed acids 

 

2
Bacteria 

 

Hexose 

 

Lactic acid, acetic acid, 

butyric acid, succinic acid, 

ethanol and CO2 

Alcoholic 

 

Citric acid 

3
Yeast 

 

4
Mould 

Hexose 

 

Starch or sucrose 

 

Ethanol and CO2 

 

Citric acid 

1
Lactic acid bacteria: Lactococcus, Lactobacillus, Streptococcus, Leuconostoc, Pediococcus, Aerococcus, 

Carnobacterium, Enterococcus, Oenococcus, Tetragenococcus, Vagococcus and Weisella 

2
Bacteria: Bacillus, Clostridium, Propionibacterium, Enterobacter and other enteric bacteria 

3
Yeast: Saccharomyces cerevisiae     

4
Mould: Aspergillus and Penicillium   

5
Hexose: glucose, fructose, mannose, galactose and other monosaccharides  

 

 

 

In poultry, the feeding of FLF is not practicable because of wet litter problems due to its  

high moisture content (Engberg et al., 2009; Forbes, 2003). Furthermore, degradation of 

free amino acids like lysine was reported while feeding FLF (Canibe and Jensen, 2003). 

Certain organic acids and biogenic amines (e.g., cadaverine, putrescine and histamine) 

present in fermented compound feed may impair its palatability (Canibe and Jensen, 

2012). Thus, supplementation of fermented grains in a compound feed may be a better 
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feeding strategy for poultry. General characteristics of fermented feed are given in 

Table 3. 

 

 

Table 3 pH, microbial composition (log cfu/g) and organic acids concentration (mmol/kg) of               

fermented compound feed (Engberg et al., 2009) 

Item Fermented feed 

pH    4.5 

Lactic acid bacteria     10
9
-10

10
 

Lactose negative enterobacteria     <3.0 

Coliform     <3.0 

Mould     3.5 

Acetic acid     20-30 

Lactic acid    160-250 

 

 

4.1 Influence of fermented feed on broiler production 

The fermentation process helps to improve the digestibility and nutritive value of feed 

ingredients containing considerable amounts of NSP as a result of breakdown of β-

glycan of NSP (Skrede et al., 2003).  In a layer compound feed, increased crude protein 

content was reported by Engberg et al. (2009).  Likewise, Canibe and Jensen (2012) 

reported an improved digestibility of organic matter, nitrogen, amino acids, fibre, and 

calcium when feeding FLF to pigs. Due to the fact that fermentation may improve the 

nutritional value including digestibility, several feeding trials with fermented feed have 

documented a significant increment in body weight and improved FCR in broilers as 

compared to non-fermented feed (Chiang et al., 2010; Fazhi et al., 2011; Skrede et al., 

2003). Feed ingredients like wheat, soybean, barley and rapeseed contain considerable 

amounts of NSP (Choct, 1997). The fermentation of wheat and barley (Skrede et al., 

2003) resulted in an improved performance of broiler chickens compared to birds fed 

non-fermented control diets which is probably due to the microbial breakdown of 

viscous NSP and consequently improved nutrient digestibility. Furthermore, a reduction 

of phytate-bound phosphorus was observed in FLF. This may be due to microbial 
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degradation of phytate and/or an activation of the endogenous plant phytase during 

fermentation (Carlson and Poulsen, 2003; Engberg et al., 2009).  

 

 

Table 4 Examples of fermented feedstuffs and their effects on the gut morphology and 

performance of poultry  

Item Microorganisms 

involved 

Results References 

 

Fermented rapeseed 

meal (10%) 

Lactobacillus 

fermentum, 

Enterococcus faecium, 

Saccharomyces 

cerevisae and Bacillus 

subtilis prepared in a 

1:1:1:1 ratio as the 

starter culture 

 

Improved villus height and villus 

height:crypt depth ratio in the ileum 

and jejunum of broiler. Improved 

weight gain and feed conversion 

compared to the broiler fed non-

fermented rapeseed meal 

Chiang et 

al. (2010) 

Fermented rapeseed 

meal (5-15%) 

Lactobacillus sp. and 

Bacillus sp. 
Up to 10% to replace soybean meal, 

increased villus height to crypt depth 

ratio in the jejunum of broiler 

 

Xu et al., 

(2012) 

Fermented rapeseed 

meal (5-15%) 

Lactobacillus 
plantarum and 
Bacillus subtilis 

Increased daily gain and feed 

intake of ducks  

 

 

Fazhi et al. 

(2011) 

Fermented rice bran 

(3-9%) 

Lactobacillus 
plantarum 
 

Increased the weight of egg Loh et al. 

(2007) 

Fermented dried barley 

(40-60%) and 

fermented dried wheat 

(20-60%) 

Lactobacillus strain 

AD2 

Improved growth and early 

feed:gain ratio of broiler chickens 

compared to birds fed non-

fermented barley and wheat 

 

Skrede et 

al. (2003) 

Fermented compound 

feed  

Lactobacillus 
bulgaricus , Candida 
utilis, Bacillus subtilis 
 

Promoted the growth of layer chicks Liang et al.  

(2012) 

Fermented wet feed 

(water:feed ratio= 1.3:1) 

Lactobacillus 
plantarum  

Improved the villus height in the 

mid-jejunum and mid-ileum as 

compared to control birds 

 

Missotten et 

al. (2013) 

Fermented wet feed 

(water:feed ratio=1.2-

1.4:1) 

Lactobacillus 
plantarum 

Increased weight gain and 

improved feed conversion of hens 

compared to the hens fed dry mash 

Engberg et 

al. (2009) 

 

 

Apart from the improved nutritional values of the feed as a result of fermentation, the 

mechanism by which FLF promotes the growth performance of the birds is largely 

unknown. The low pH and high concentration of lactic and acetic acid in the fermented 

product prevents the colonization of GI pathogens, making it particularly suitable for 
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maintaining a healthy gut (Canibe et al., 2007; Canibe and Jensen, 2012; Engberg et 

al., 2009; Heres et al., 2003a; Heres et al., 2003b). Furthermore, reduced competition for 

easily available nutrients, attributed to a lower microbial load in the GI tract, may result 

in improved growth and performance of chickens (Engberg et al., 2009). Some studies 

suggested that the potential of fermented feed to maintain the normal gut microbial 

ecosystem as well as to enhance the intestinal morphology (e.g., villus height and villus 

height to crypt depth ratio in the duodenum and jejunum) may be responsible for 

improved weight gain and feed conversion (Chiang et al., 2010). The influences of 

fermented feed on gut morphology and production performances are summarized in 

Table 4. 

 

 

4.2 Influence of fermented feed on gut microbiota 

The low pH of the fermented feed acidifies the upper digestive tract and thereby 

improves the barrier function of the gizzard against the pathogens and further creates 

an unfavourable environment for the proliferation of certain enteropathogens like 

Escherichia coli (Engberg et al., 2009; Liang et al., 2012), Salmonella and 

Campylobacter (Heres et al., 2003a; Heres et al., 2003b). Furthermore, lactobacilli 

present in the fermented feed may play a role in preventing the colonization of 

enteropathogens through competitive exclusion, antagonistic activity and production of 

bacteriocins (Jin et al., 1997; Lan et al., 2005). However, the gut microbiota competes 

with the host for the nutrients and exerts a negative impact on the growth performance. 

As stated above, a decreased bacterial numbers as a result of the feeding fermented 

feed subsequently reduces the competition for easily available nutrients resulting in 

improved growth and broiler performance. The influences of fermented feed on gut 

microbiota are presented in Table 5. In summary, feeding of fermented feed increased 

the number of lactobacilli and decreased both the zoonotic and gut pathogens like 

Salmonella, Campylobacter and coliform.  
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Table 5 Examples of fermented feedstuffs on the gut ecology of poultry 

Item 

Microorganisms 

involved Gut ecology References 

Fermented wet feed  

(water:feed ratio=1.2-

1.4:1) 

Lactobacillus 

plantarum 
Lowered the counts of coliform and 

lactic acid bacteria in GI tract digesta 

of hens as compared to those fed dry 

mash. 

 

Engberg et 

al. (2009) 

Fermented wet feed  

(water:feed ratio= 1.4:1) 

Lactobacillus 
plantarum  

Decreased Salmonella enteritidis 

colonization in broiler chickens. 

 

Heres et al. 

(2003a) 

Fermented wet feed 

(water:feed ratio= 1.4:1) 

Lactobacillus sp increased numbers of lactobacilli 

in the crop, jejunum and caecum  

 

Koenen et al. 

(2004) 

Fermented wet feed 

(water:feed ratio= 1.3:1) 

Lactobacillus 
plantarum NCIMB 

40087 

Increased the number of lactobacilli 

in the foregut, and decreased the 

number of coliform in the foregut and 

streptococci in ileum and caeca.  

 

Missotten et 

al. (2013) 

Fermented wet feed Lactobacillus 
salivarius 

Increased the counts of lactobacilli 

and production of lactic acid, and 

reduced the pH in the GI tract  of 

chicken. Reduced numbers of 

Salmonella typhimurium in the GI 

tract of chickens 

Savvidou et 

al. (2009) 

Fermented compound 

feed 

Lactobacillus 
bulgaricus , 

Candida utilis, 
Bacillus subtilis 

Reduced counts of E. coli and 

increased number of LAB 

Liang et al. 

(2012) 
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5 Hypotheses and aims of the study 

 

Hypotheses 

The composition of the feed is the major determinant in maintaining gut health. Dietary 

intervention in the form of fermented feed has positive impact on health and production 

performance through modulation of gut environment and gut microbiota. In line with 

this, crimped kernel maize silage (CKMS) was used in this study as a fermented feed 

ingredient in order to utilize the locally available maize. The main hypotheses of the 

experimental feeding trials with broilers were; 

- CKMS improves the broiler production results.   

- CKMS influences the composition and succession of the gut microbiota. 

- CKMS decreases the colonization of zoonotic gut pathogens.  

 

Aims 

The overall aim of this Ph.D. thesis was to study the influence of CKMS on broiler 

performance, and its role in maintaining gut health. In order to study these aims, the 

following sub-objectives were made: 

- To study the influence of the dietary addition of CKMS on broiler performance and 

nutrient digestibility in comparison to the conventional feeding practices in Denmark 

applying maize and wheat-based feed.  

- To study the influence of CKMS on meat quality attributes and foot pad health of 

broilers. 

- To investigate and compare the age-related gut microbial community compositions 

between broilers fed CKMS and a control diet. 

- To understand the development of the gut microbiota with focus on the period 

between 20-30 days when GI problems typically occur. 

- To study the influence of supplementing maize-based diets with CKMS on the 

colonization of Campylobacter jejuni in broilers. 
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The objectives were accomplished with three different studies as follows; 

 

Manuscript I: The influence of feeding crimped kernel maize silage on broiler 

production, nutrient digestibility and meat quality. 

 

Manuscript II: Bacterial succession in the gastrointestinal tract of broilers. 

 

Manuscript III: The influence of feeding crimped kernel maize silage on growth 

performance and intestinal colonization with Campylobacter jejuni in broilers 
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6 Methodological considerations 

 

6.1 Crimped kernel maize silage 

Maize is an important energy source in the poultry diets having a high metabolizable 

energy (~14 MJ/kg) and protein content (~80 g/kg). Despite the fact that it is primarily 

used as an energy source, it roughly fulfils 20% of the protein requirement in the broiler 

diets (Cowieson, 2005; Summers, 2001). Maize is rich in starch which contributes around 

60% of the apparent metabolizable energy in poultry. It contains a very low 

concentration (1g/kg) of soluble NSP compared to other commonly used feed 

ingredients like wheat (24g/kg) (Choct, 1997; Cowieson, 2005). Besides NSP, other anti-

nutritional factors like phytin, trypsin inhibitors and lectins are also present in low 

concentrations. Furthermore with no real dietary inclusion limit, the maize is one of the 

most commonly used feed ingredients in broiler feeds and other livestock feedstuffs 

throughout the world (Cowieson, 2005; Summers, 2001). 

 

In Denmark, the production of maize is advantageous on light and sandy soils, where 

the yield is higher as compared to wheat. Therefore, the production of maize is 

increasing in Denmark (Statistics of Denmark, 2013). Maize can now be grown to full 

ripeness and is harvested in November with an approximate water content of 40% 

(LGseeds, 2010). Maize is prone to Fusarium infection which can occur either during 

production or storage. Mycotoxins produced by Fusarium infection have a deleterious 

effect on poultry health and production (Murugesan et al., 2015). Drying of maize 

kernels can prevent the Fusarium infection but considering the high moisture content, 

artificial drying of the maize is expensive. To avoid the costs related to artificial drying 

and to still achieve storage stability, ensiling of the maize kernels can be used as an 

alternative method.  

 

The kernel maize was crimped and an organic acids mixture providing formic acid, 

propionic acid, and benzoic acid was added to prevent mould and harmful bacterial 

growth. The maize was ensiled for approximately 8 weeks and was vacuum-packed 

and stored at -20C until use in the feeding experiments. Microbial and biochemical 

characteristics of CKMS were analysed and the results are presented in Table 6. The dry 

matter (DM) was analysed following freeze-drying of the samples. The content of crude 

protein (N x 6.25) in the maize silage was determined using the DUMAS method and ash 
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was analysed according to the method as described (Helrich, 1990). Fat was extracted 

with diethyl ether after hydrolysis with hydrochloric acid (Stoldt, 1952). Organic acids 

and NSP content of CKMS were analysed as described by Jensen et al. (1995) and 

Knudsen (1997), respectively. The pH of the intestinal contents was measured using a 

combined glass/reference electrode. Coliform bacteria were enumerated on 

MacConkey agar and incubated at 38ºC for 24 h, and LAB were counted on MRS agar 

and incubated in an anaerobic cabinet at 38ºC for 48 h. Yeast and mould were 

enumerated on MCA agar and incubated aerobically at 25ºC for 48 h (Engberg et al., 

2004). Additionally, dominant Lactobacillus species in the CKMS were identified by 16S 

ribosomal RNA (rRNA) gene sequencing at Eurofins MWG GmbH, Germany. 

 

 

Table 6 Biochemical and microbial characteristics of crimped kernel maize silage 

  CKMS
1
 

Items 1st trial 2nd trial 

Dry matter (DM, g/kg) 535 594 

pH 4.2 3.9 

Microbial count (log cfu/g) 

  Lactic acid bacteria
3
  8.2 7.8 

Coliform bacteria  <3.0 ND
2
 

Lactose negative enterobacteria
 
 <3.0 ND 

Yeasts  <3.0 ND 

 Mould  <3.0 ND 

Short chain fatty acids (mmol/kg) 

      Acetic acid  96 58 

     Propionic acid  16 0.5 

     Succinic acid  1.2 0.0 

Lactic acid (mmol/kg) 212 179 

g/kg DM 

  Crude protein (N x 6.25) 106 94 

Fat 40 45 

Total NSP 74 77 

Lignin 7 10 

Ash 18 16 
1
CKMS, crimped kernel maize silage 

2
Not detected 

3
Major lactic acid bacteria identified are Lactobacillus plantarum, L. brevis and L. nantensis 
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6.2 Animals and diets 

This Ph.D. study is focused on the supplementation of CKMS in the concentrate feed 

rather than using the whole compound feed taking poultry welfare into consideration 

with respect to the wet litter problem, and degradation of synthetic amino acids with the 

feeding of fermented feed. The same starter diet (1-7 days) based on maize and wheat 

was fed in all dietary treatments. In the growing period (8-35 days), three diets based on 

maize as the major feed ingredient was fed to the broilers. The control maize-based 

feed (MBF) contained 51-58% maize. In two experimental maize diets, maize was 

replaced with 15% CKMS (CKMS-15) and 30% CKMS (CKMS-30), respectively on a DM 

basis (Table 7). In all the maize-based diets, additional 10% whole wheat was added to 

increase the feed structure and to ensure an optimal gizzard function. In the 1
st
 feeding 

trial, an additional dietary treatment of wheat-based feed (WBF) containing 150-300 

g/kg whole wheat was also included to represent the conventional feeding strategy in 

Denmark. All grower diets were formulated to be iso-caloric and iso-nitrogenous. The 

whole wheat and CKMS were added and mixed with the pelleted concentrate feed in 

the stable prior to feeding. 

 

 

Table 7 Composition of the maize, wheat and CKMS used in the experimental diets 

    Starter feed  Grower diet 

Feeding trial Item (%) (All groups) WBF
1
 MBF

2
 CKMS-15

3
 CKMS-30

4
 

1
st
 trial Wheat 38 50-59 52 17 27 

 

Maize 20 - 58 43 28 

 

Whole wheat - 15-30 10 10 10 

 

CKMS - - - 15 30 

       
2

nd
 trial Wheat 1 - 13 23 32 

 

Maize 51 - 51 36 21 

 

Whole wheat - - - - - 

  CKMS - - - 15 30 
1
WBF, wheat-based feed

 

2
MBF, maize-based feed  

3
CKMS-15, maize-based feed with 15% crimped kernel maize silage 

4
CKMS-30, maize-based feed with 30% whole kernel maize silage 
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In all experiments, Ross-308 day-old male broiler chicks were used. The chicks were 

randomly assigned to the dietary treatments. Depending upon the feeding trial, 4-8 

replicate pens were used for each dietary treatment, which were likewise distributed 

randomly in the broiler house.  

 

 

 

6.3 Digestibility study 

In the 1
st
 feeding experiment, study on the apparent digestibility of nutrients was carried 

out in broilers from 21 to 25 days in battery metabolism cages (50 cm x 50 cm x 50 cm). 

Two broilers were taken at random from each pen and placed in one cage. The four 

treatments were assigned at random. The contents of DM, ash, fat, nitrogen and energy 

in feed and excreta were analysed as stated earlier. The concentration of phosphorus 

was measured as described (Carlson and Poulsen, 2003). The proximate compositions 

of the diets and the excreta were used to calculate the apparent digestibility of nutrients 

as follows; 

 

Apparent digestibility %  =   Nutrients in feed – Nutrients in faeces x 100 

 

Nutrients in feed  

  

 

6.4 Molecular techniques 

The culturing of  bacteria on solid or liquid media is one of the commonly used 

traditional methods for the identification of bacteria. However, high proportions of 

bacteria fail to grow in laboratory media due to the lack of knowledge on their growth 

requirements, and therefore the culturing method is not suitable to study the 

composition of the intestinal microflora. The introduction of 16S rRNA gene sequencing 

analyses opens the door for identification and quantification of the gut microflora that 

has not been previously identified by culturing methods. The advancement in the 

sequencing technology and the introduction of next generation sequencing (NGS), also 

known as high throughput sequencing (HTS), allow the study of the bacterial 

communities with an unprecedented amount of depth and clarity. Commonly used HTS 

techniques like 454 GS FLX pyrosequencing, Illumina HiSeq/MiSeq, SOLiD FlowChip, Ion 

Torrent personal genome sequencing, PacBio RS sequencing system, etc. can generate 

a large number of sequences, and can offer a wide view on the detection and 
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characterization of microbial populations, and the relationship between different 

microbial groups (Diaz-Sanchez et al., 2013; Hodkinson and Grice, 2015).  

 

 

6.4.1 454 GS FLX pyrosequencing 

The 454 pyrosequencing is one of the NGS platforms based on the "sequencing by 

synthesis" principle. The sequencing preparation begins with lengths of DNA (e.g., 

metagenomic DNA) that have specific adapters on either end, created by using PCR 

primers with adapter sequences (Figure 2a).  

 

 

Figure 2 Pyrosequencing method used by the Roche-454 sequencer (Mardis, 2008) 
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These are mixed with agarose beads whose surfaces carry oligonucleotides 

complementary to the 454-specific adapter sequences. Ideally, one bead is associated 

with one DNA fragment and is suspended in a water-in-oil emulsion. An emulsion PCR 

step is then performed on individual beads resulting in multiple copies of each DNA 

fragment on the surface of each bead (Figure 2b). The beads are arrayed into a 

picotiter plate (Figure 2c) allowing a single bead to drop into each well filled with a set 

of enzymes for the sequencing process (e.g., DNA polymerase, ATP sulfurylase, and 

luciferase). At this point, pure nucleotides (A, C, G, T) are introduced in a stepwise 

fashion. Incorporation of each nucleotide by DNA polymerase results in the release of 

pyrophosphate, which initiates a series of downstream reactions to produce light 

facilitated by an enzyme luciferase. Flashes of lights are recorded to infer the addition 

of each nucleotide on the sequence of the DNA fragment in each well. The amount of 

light produced is proportional to the number of nucleotides incorporated (Hodkinson 

and Grice, 2015; Mardis, 2008).  

 

The huge amount of data generated by the HTS requires bioinformatics tools for data 

analysis to characterize microbial communities. Among many platforms available for 

analysing microbial data, the QIIME (Quantitative Insights Into Microbial Ecology) is an 

integrated open-source bioinformatics pipeline designed for performing microbiome 

analysis from raw DNA sequencing data (Caporaso et al., 2010). In short, QIIME process 

the raw data (sequencing output) and generate the key files such as the operational 

taxonomic unit (OTU) table and phylogenetic tree for microbial analysis. The generated 

OTU table and phylogenetic tree are used to perform diversity analysis (alpha and beta 

diversity) through implementing many diversity metrics, statistical methods, and 

interactive visualization tools (Caporaso et al., 2010; Kuczynski et al., 2012). 

 

 

6.4.2 qPCR assay 

The abundance of three Lactobacillus species in ileal contents of the broilers fed MBF 

and CKMS-30 on days 8, 15, 22, 29 and 36 were measured applying qPCR assay to 

confirm the values generated by pyrosequencing. The qPCR was carried out on 384-

well plates using the ViiA™ 7 Real-Time PCR System (Life Technologies). The primers 

(Invitrogen) used in the assay are targeting the 16S rRNA genes of L. reuteri, L. salivarius 

and L. plantarum (Appendix 1). The thermocycling profile consisted of an initial 
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activation of the polymerase at 95°C for 30 s, followed by 40 cycles of 95°C for 10 s and 

60°C for 40 s. Fluorescence levels were measured after the 60°C annealing/extension 

step. Standard curves were generated using genomic DNA extracted from L. reuteri, L. 

salivarius and L. plantarum. The standard DNA was quantified using  Qubit™ dsDNA HS 

Assay Kits (Invitrogen) and a Qubit
®

 Fluorometer (Invitrogen), and diluted in 10-fold 

steps from 5 x 10
6
 to 5 x 10

1 
genomes/reaction, calculated using target gene copies per 

genome obtained from genome sequence information (NCBI). No-template controls 

were also included and all reactions were carried out in duplicate. 
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Abstract 

1. Two experiments were carried out in parallel with male Ross 308 broilers over 37 

days. To study the effect of dietary inclusion of crimped kernel maize silage 

(CKMS) on broiler production and meat quality, an experiment with a total of 736 

broilers was performed. Another study with 480 broilers was carried out from 21-

25 days to investigate the inclusion of CKMS on nutrient digestibility. 

2. In both trials, four dietary treatments were used: wheat based feed (WBF), maize 

based feed (MBF), maize based feed supplemented with 15% CKMS (CKMS-15) 

and maize based feed supplemented with 30% CKMS (CKMS-30).  

3. Broiler mortality decreased significantly with supplementation of CKMS. Similar 

body weight was recorded between the broilers fed CKMS-15 and MBF. 

However, inclusion of 30% CKMS decreased the broiler growth as well apparent 

fat digestibility. Supplementation of CKMS significantly lowered the apparent 

digestibility of phosphorus. 

4. The consumption of drinking water and total water-dry matter was significantly 

lower in all maize based diets as compared to WBF. The intake of drinking water 

was lowest in broilers fed CKMS-30. An improved litter quality and a lower 

frequency of foot pad lesions were observed in broilers supplemented with 

CKMS.  

5. The addition of CKMS to maize based diets increased the meat quality attributes 

including the juiciness, tenderness and crumbliness.  

6. In conclusion, dietary inclusion of 15% CKMS had no detrimental effect on broiler 

growth but decreased body weight was recorded with supplementation of 30% 

CKMS. Overall feeding of CKMS reduced mortality, and positively influenced 

broiler welfare and some meat quality attributes. 
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INTRODUCTION 

In animal nutrition, maize is an important crop providing a highly available energy of 

~14 MJ/kg and a protein content of approximately 80 g/kg. Maize is rich in starch and in 

contrast to other grain types, the concentration of water soluble non starch 

polysaccharides (NSP) is very low (Choct, 1997; Cowieson, 2005). As there are no real 

dietary inclusion limits, maize is one of the most commonly used ingredient in feed for 

broiler and other livestock throughout the world (Cowieson, 2005; Summers, 2001). Due 

to global climate change, the weather has become warmer in northern Europe which 

now allows maize to be grown to full ripeness. In Denmark, the production of maize is 

advantageous on light and sandy soils, where the yield of maize is higher as compared 

to wheat (LGseeds, 2010). However, maize is harvested late in the year (November) 

with an approximate water content of 40%. To avoid the costs related to artificial drying, 

whole kernel maize is crimped or ground and ensiled to achieve storage stability. During 

the ensiling process, the growth of lactic acid bacteria (LAB) leads to high 

concentrations of lactic acid and acetic acid, thus lowering the pH to approximately 4. 

Ground or crimped ensiled maize is presently used in Danish pig production, primarily as 

an ingredient of fermented liquid feed.  

The feeding of a fermented compound feed to poultry offers some advantages. 

The low feed pH results in an acidification of the upper digestive tract, thus supporting its 

barrier function against acid sensitive pathogenic bacteria such as E. coli, Salmonella 

and Campylobacter (Engberg et al., 2009; Heres et al., 2003a; Heres et al., 2003b).  

Disadvantages of fermenting a compound feed are the degradation of supplemented 

synthetic amino acids and (Canibe & Jensen, 2012) and wet litter problems due to the 

high water content (Engberg et al., 2009; Forbes, 2003). Therefore, the fermentation of 

grains separately and mixing with the compound feed prior to feeding may be a better 

option for poultry. In line with this, Skrede et al. (2003) found an improved body weight 

gain and feed conversion ratio with the addition of dried fermented grains in broiler diet.  

Besides broiler performance, the meat quality holds a key role for successful broiler 

production. The colour, flavour, texture and taste of the meat are the critical attributes for 

the consumers, while other parameters like pH and shelf-life of meat are important for 

further processing industries (Allen et al., 1998; Fletcher, 1999). Studies have shown a 

strong linkage between the composition of the dies and fatty acids content of the meat, 

which directly influences meat quality and sensory parameters (Wood et al., 2004; 

Wood et al., 2008). Improvement in the meat quality was shown in terms of carcass 
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grade using fermented agricultural by-products in liquid feed for pigs (Sasaki et al., 

2007).  

Until now, no information is available on the use of crimped kernel maize silage 

(CKMS) in the nutrition of broilers. Therefore, the objective of this trial was to study the 

influence of the dietary addition of CKMS on performance, nutrient digestibility and 

meat quality attributes in broilers as compared to conventional feeds based on maize 

and wheat.  

 

MATERIALS AND METHODS 

Experimental design 

A production trial and a trial to estimate nutrient digestibility were carried out with male 

broilers (Ross 308) from day 1 to 37 days of age. The production trial comprised a total 

of 736 day-old male broiler chicks which were randomly distributed to 4 dietary 

treatments. Each treatment consisted of 8 replicate pens with 23 birds per pen. For the 

nutrient digestibility study, 480 day old male broiler chicks were reared. They were 

divided randomly into 4 dietary treatments and were distributed to 16 pens (30 birds per 

pen) with 4 replicate pens per treatment. In both trials, replicate pens were randomly 

distributed in the broiler house. All birds were wing tagged and reared in pens with a 

floor area of 1.7m
2
, covered with a thin layer of wood shavings as bedding material. The 

same amount of wood shavings was applied in all pens. The birds in both experiments 

were grown in the same house equipped with the facilities for automatic control of 

temperature, light and humidity. The temperature in the room was maintained at 33 ºC 

for the first three days and thereafter it was gradually reduced by 0.6 ºC
 
per day until it 

reached 21 ºC
 
, and was then maintained for rest the of the trial. The relative humidity 

was 45% in week 1, 50% in week 2, 55% in the week 3 and 60% in week 4 and 5. Light 

was provided for 24 hours on day 1, 23 hours on days 2-5, 16 hours on days 6-13 and 

19.5 hours during the remaining period. At 14 days of age, all birds were vaccinated 

against infectious bursal disease (IBD, Nobilis Gumboro D78 Vet, Merck Animal Health) 

via the drinking water. The experiment followed the guidelines of The Animal 

Experiments Inspectorate (Danish Veterinary and Food Administration) regarding 

animal experimentation and care of animals under study. 
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Characterisation of crimped kernel maize 

The CKMS was obtained from a commercial pig producer in Southern Denmark. The 

maize was harvested and crimped in November 2012 and was analysed for DM, pH 

and microbial counts (coliform bacteria, lactose negative enterobacteria, LAB, yeast 

and mould) before and after ensiling as described by Engberg et al. (2004). Dominant 

LAB were isolated from MRS plates and grown in MRS broth at 38 ºC
 
for 48 h for 

extraction of DNA using the Maxwell
® 

16 Tissue DNA Purification Kit (Promega). The 16S 

ribosomal RNA (rRNA) gene sequencing was carried out at Eurofins MWG GmbH, 

Germany for identification of Lactobacillus species.  

The crimped maize kernels were ensiled for approximately 8 weeks with the 

addition of a commercial organic acids mixture providing formic acid, propionic acid, 

benzoic acid and ammonium formeate (Kemira AIV Pro
®

, Kemira, Finland). The silage 

was then stored immediately in 20 kg evacuated plastic bags at -20 ºC to maintain a 

similar quality throughout the feeding trial. The content of crude protein (N x 6.25) in the 

maize silage was determined using the DUMAS method and ash was analysed 

according to the method described by Helrich (1990), and fat was extracted with 

diethyl ether after acid hydrolysis (Stoldt, 1952). The NSP content of CKMS was analysed 

as described by Bach Knudsen (1997). The short chain fatty acids (SCFA) were analysed 

as described by Jensen et al. (1995). The results of the analyses are given in Table 1. 

Furthermore, the presence of mycotoxins in the CKMS was analysed according to the 

methods described by Sørensen & Sondergaard (2014). 

 

Composition of experimental diets 

Four dietary treatments were included in the experiments. The composition of the starter 

and all grower diets are given in Table 2. From d 1 to d 7, all chicks received the same 

starter diet providing 22.5% crude protein (CP) and 11.4 MJ metabolizable energy (ME) 

per kg of feed. In the growing period (8 to 37 days), the birds were fed with four different 

grower diets: Group 1 received a wheat based feed (WBF) employing a whole wheat 

feeding program where 150 g/kg and 300 g/kg whole wheat was added to the feed 

during the period 8-28 days and 29-37 days, respectively. The WBF diet was included in 

the experiment as it represents the conventional feeding strategy in Denmark. The other 

three diets were based on maize as the major feed ingredient. Group 2 received a diet 

containing 58% maize (maize based feed, MBF). Further, group 3 and 4 received a 

maize based feed supplemented with 15% (CKMS-15) and 30% crimped kernel maize 
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silage (CKMS-30), respectively. In CKMS-15 and CKMS-30, the maize was replaced by 

the CKMS on dry matter (DM) basis whereas the other ingredients were essentially the 

same. Additionally, 10% whole wheat was added to all maize based diets in order to 

increase the feed structure and to ensure an optimal gizzard function.  

The whole wheat and CKMS (after thawing overnight) were added and mixed 

with the pelleted compound feed before feeding to the birds. All four pelleted feeds 

were formulated taking DM content of CKMS and added whole wheat into 

consideration to obtain the similar nutritional composition after mixing. No enzymes or 

coccidiostats were used in the entire feeding trial. All four ready mixed grower diets 

(Table 2) were analysed for DM, dietary protein, ash, fat, SCFA and NSP following the 

methods as mentioned above. The analysis of starch and sugars were carried out using 

the method described by Bach Knudsen (1997) and Jacobsen (1981), respectively. The 

apparent metabolizable energy (AME) was calculated using the formula; AME (MJ/kg) = 

0.3431 x %Fat + 0.1551 x %Crude protein + 0.1669 x %Starch + 0.1301 x %Total sugar 

(Fisher, 2000). The concentration of phosphorous was measured as described by 

Carlson & Poulsen (2003). The number of LAB in the ready mixed grower diets was 

counted on MRS agar as described above. Further, volatile components were analysed 

in triplicate in the grower feeds following the method described below for the volatile 

analysis of the breast fillets.  

 

Sample collection 

Fresh feed and water was provided ad libitum throughout the study. In the production 

trial, the body weight of the birds was measured as a pen weight on d 1 and d 37. Feed 

and water intake per pen were recorded on the same days. Samples of the freshly 

prepared feed as well pooled samples of feed remnants were used to determine the 

DM intake of the birds. Dead birds were removed daily after registration of date, wing 

tack number and body weight. The body weight and feed intake of the dead birds were 

also considered when calculating FCR. All calculations regarding feed consumption 

and FCR were done on DM basis. Water consumption for each pen was measured 

manually by recording the weight difference of a container providing the water every 

day. Total water intake was calculated taking moisture percentage of feed into 

consideration along with the consumption of drinking water, which was used to 

estimate the total water-DM ratio. 
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For meat quality and sensory analysis, a total of 160 broilers from the production 

trial (5 birds/pen) were slaughtered on day 37 at a commercial slaughter house 

(Sødams Øko Fjerkræslagteri ApS, Skærbæk, Denmark). Both breast fillets (Musculus 

pectoralis major) were removed from the carcasses, vacuum-packed, coded and stored 

at -18
o
C until further analysis. 

 

Litter quality and foot pad scoring 

Litter samples were collected from the same 3 different areas in the pens, and the litter 

DM content was analysed by freeze drying of the samples. For foot pad scoring, 5 birds 

from each pen were randomly selected and killed by cervical dislocation on day 37. 

The foot pads of both right and left feet were examined for the lesions, and the severity 

of lesions were scored as follows; score 0: no lesion, score 1: mild lesions and score 2: 

severe lesions as described by Ekstrand et al. (1998). The total foot pad score was 

calculated per pen as the cumulative total of the lesion scores and their relative 

frequency.  

 

Apparent nutrient digestibility 

A total of 32 birds were used for the digestibility trial which was carried out from 21 to 25 

days in battery metabolism cages with two tiers. At day 21, two birds from each pen 

were randomly selected and transferred to one metabolism cage with a dimension of 

50 cm x 50 cm x 50 cm, representing every treatment in each tier. The four treatments 

were assigned at random in the metabolic cages. After 1 day of adaptation, excreta 

were collected three times daily on four consecutive days from each cage, and were 

frozen immediately in a closed container after each collection. At the end of the 

digestibility trial, the containers were weighed for the estimation of excreta weight. Feed 

intake was registered during the digestibility trial. The content of DM, ash, fat, starch, 

nitrogen, phosphorus and energy in feed and excreta were analysed as stated above.  

Four birds from each pen from the nutrient digestibility study were randomly 

selected and killed by cervical dislocation on day 36. The weights of the empty 

intestinal segments (gizzard, duodenum, ileum, caeca) as well as the weights of 

pancreas and abdominal fat of each bird were recorded. The ileum was identified as 

intestinal segment caudal to Meckel’s diverticulum. 
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pH, colour and fatty acids composition of breast meat 

For ultimate pH, five grams of chopped meat and 5 ml of milli Q-water were mixed with 

an Ultra turrax (13.500 rpm; IKA T25 basic), and pH was measured for 20 sec using 

Metrohm 713 pH-meter. Colour was measured on the meat surface with a Minolta 

Colorimeter using the L* (lightness), a* (redness), b* (yellowness) values. In addition, 

chroma (C*) and hue (h
o
) were calculated based on L*, a* and b* values. The results 

reported were the average of measurements at five different locations on each muscle 

and three times at each place.   

 Lipids were extracted using a modified Folch extraction method (Folch et al., 1957) 

by using pentane instead of hexane, and the fatty acid composition of the meat was 

determined by gas chromatography (Jart, 1997). The results were analysed using 

Chemstation software (Agilent Technologies) and the fatty acid composition was 

identified by comparing retention times with known standards. The result was expressed 

as fatty acid percentage of the total fatty acids concentrations.  

 

Sensory analysis of breast meat 

The sensory panel consisted of experienced assessors (2 men and 7 women, aged 23 to 

28 years) from the external sensory panel at the University of Copenhagen. Sensory 

intensities were rated on continuous line scales of 15 cm. Vacuum packed breast fillets 

were thawed and pan-fried with the skin side down to a core temperature of 63 ºC. The 

serving order on each day was balanced using a Latin-square design, and one slice per 

assessor was served by placing on 63 ºC hot porcelain plate. Breast fillets from the 4 

different types of feeds were evaluated 10 times by each assessor over two assessment 

days in the individual booth designed for sensory testing according to ISO 8539:2007. 

Data was collected using the Fizz Network Acquisition Version 2.46B software 

(Biosystemes, France). 

 

Volatile component analysis 

Analyses of the volatile components were carried out in triplicate on cooked breast 

meat from each dietary group, cooked exactly the same way as for sensory analysis. 10 

grams of sample was homogenised with 30 mL water and 1 mL 4-methyl-1-pentanol, 

and underwent dynamic headspace sampling on Tenax-TA
® 

traps (Buchem B.V, The 

Netherlands). The trapped volatiles were analysed by thermal desorption-gas 

chromatography-mass spectrometry as described by Petersen et al. (2014). 
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Statistical methods 

Statistical analysis of the results regarding production data, nutrient digestibility, relative 

organ weights, foot pad score, litter moisture as well as meat quality was performed 

using the General Linear Models procedure (GLM) of the SAS
®

 (SAS Institute, 2012) 

according to the general model: Yi = μ + αi + εi, where Yi was the observed dependent 

variable, μ was the overall mean, αi was the effect of treatments (WBF, MBF, CKMS-15 

and CKMS-30) and εi was the random error.  

For the analysis of the sensory data, the mixed model procedure of the SAS
®

 was 

used applying the following model: Yij = μ + αi + βj + (αβ)ij + εij, where Yij was the 

observed sensory variable, μ was the overall mean, αi was the effect of treatment (WBF, 

MBF, CKMS-15 and CKMS-30) as fixed factor, βj was the effect of assessors (random 

factor), (αβ)ij was the interaction between treatment and assessors, and εij was the 

random error.  

Results are given as least square means (LSM) with a pooled standard error (SE). 

Probability values below or equal to 0.05 were accepted to indicate significant 

differences between means. 

 

RESULTS 

Biochemical and microbial analysis of the maize and compound feeds 

As shown in Table 1, a pH of 5.5 and a DM content of 52.2% were recorded in fresh 

crimped maize. After ensiling, the pH of CKMS decreased to 4.2 and the DM content was 

53.5%. In per kg DM, CKMS contained 106 g protein (N x 6.25), 40g fat and 18g ash. The 

LAB counts increased from 7.5 to 8.2 log cfu/g, while coliform bacteria, lactose negative 

enterobacteria, yeast and mould decreased below the detection limit (<3.0 log cfu/g). 

Regarding the presence of mycotoxins in the CKMS, low concentrations of 

Deoxynivalenol (87 µg/kg DM and Enniatin B (38 µg/kg DM) were found. The results of 

the 16S rRNA gene sequencing of LAB revealed three different species: Lactobacillus 

plantarum subsp. plantarum, L. brevis and L. nantensis as the dominant flora of the 

silage.  

As expected the DM content of WBF and MBF was higher compared to the diets 

containing CKMS, and was lowest in CKMS-30 (Table 2). The content of protein, ash and 

phosphorus per kg DM was similar in all diets. However, the fat content in WBF was 

higher than in the three maize based diets (70g/kg vs. 50g/kg), but the AME was similar 

in all dietary treatments (Table 2). The LAB counts were higher in CKMS-15 (6.5 log 
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cfu/g) and CKMS-30 (6.9 log cfu/g) compared to WBF (3.0 log cfu/g) and MBF (3.6 log 

cfu/g).  

In comparison to WBF, the concentrations of monounsaturated fatty acids (MUFA) 

were higher and those of polyunsaturated fatty acids (PUFA) were lower in the maize 

based diets (Table 3). No difference was observed with respect to the dietary saturated 

fatty acids content. The aroma profiles of the four grower feeds (results not shown) were 

quite different from each other showing higher concentrations of terpenes and fatty 

acid oxidation products (aldehydes) in the WBF. The CKMS-30 was rich in many esters 

as a result of the fermentation process. The CKMS-15 was somewhere between MBF 

and CKMS-30 in terms of esters and aldehyde concentrations. 

 

Production performance 

Bird mortality was generally low, being an average of 3.4% in the production trial and 

2.9% in the digestibility study. In both trials, the highest mortality was observed in birds 

receiving WBF (7.6% and 6.7%, respectively), while it was 4.9% and 4.2% in MBF, 

respectively. In both trials, bird mortality was found to be significantly lower (P<0.001) 

when feeding CKMS, resulting in a mortality of 1.1% and 0.8% mortality in CKMS-15, 

respectively, whereas no mortality was observed in the group fed with CKMS-30. The 

predominant causes of mortality were related to leg problems and sudden death, 

where birds were found dead lying on their back.  

As shown in Table 4, significant differences were observed between the dietary 

groups with regard to body weight (P=0.008), feed consumption (P=0.007) and FCR 

(P=0.005). The broilers of all four treatments performed very well with body weights well 

above the production standards of Ross 308 male broilers (2457g/bird on d 37). With an 

average weight of 2683g/bird, the body weight of CKMS-15 was approximately 

50g/bird and 100g/bird higher than birds receiving MBF and WBF, respectively. The 

lowest body weight was registered in CKMS-30 (2497g/bird). The feed DM intake was 

491g/bird and 438g/bird higher in CKMS-15 and CKMS-30, respectively compared to 

WBF. A little feed spillage was observed in both groups receiving CKMS.  

Throughout the production period, the consumption of drinking water was 

significantly influenced by the diets (P<0.001), and was lower when birds were fed 

maize based diets (Table 4). Water consumption in WBF was up to 825 ml/bird (15.6%) 

higher compared to the groups receiving maize based feeds. The concentration of 

CKMS in the feed also had a significant influence on water consumption. Birds receiving 
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MBF and CKMS-15 consumed approximately 340 ml/bird (6.4%) and 402 ml/bird (7.6%) 

more water compared to birds receiving CKMS-30, respectively. The total water-DM 

consumption ratio (Table 4) was also significantly lower in all maize based diets 

compared to the WBF (P=0.001).  

 

Apparent digestibility of nutrients 

Significant differences between the dietary groups were observed with respect to the 

apparent digestibility of ash (P=0.04) and phosphorus retention (P=0.01) which was 

lowest in birds fed CKMS (Table 5). The highest fat digestibility was recorded in broilers 

receiving MBF, and the lowest in the group receiving CKMS-30 (P=0.003). Furthermore, 

no significant difference was observed for the faecal DM content in WBF (18.1%), MBF 

(19.5%), CKMS-15 (19.3%) and CKMS-30 (19.2%).  

 

Relative weight of visceral organs and abdominal fat 

The relative weight of the gizzard (P=0.001), pancreas (P=0.01) and abdominal fat 

(P=0.001) was highest in birds fed with CKMS-30, while relative caeca weight (P=0.01) 

was higher in WBF (Table 6). Regarding the relative weights of duodenum and ileum, 

no significant differences were observed between the experimental groups.  

 

Litter moisture and foot pad lesions 

The moisture content of the litter was lower in all groups receiving maize based diets as 

compared to WBF (Figure 1). The litter moisture decreased significantly with increasing 

inclusion levels of CKMS (P=0.01), and was significantly lowest in CKMS-30 (34.6%) 

compared to WBF (45.4%) and MBF (41.2%). The foot pad scores reflected the moisture 

content of the litter. The score was significantly higher (P<0.001) in WBF (44.4) and MBF 

(28.8) in comparison to CKMS-15 (3.4) or CKMS-30 (3.1). 

 

Meat pH, colour and fatty acids content  

There were no significant differences between the dietary groups with respect to the 

ultimate pH of the breast muscle (Table 7). Data showed the difference in the meat 

colour between the maize based groups, and there was a clear demarcation between 

WBF and groups supplemented with CKMS. Meat colour was darker (L*) and more 

yellowish as shown by the b* and hue values in CKMS-15 and CKMS-30 compared to 

WBF. No difference in the redness (a*) or chroma of the meat was measured between 
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the dietary groups. The concentration of saturated fatty acid was higher and that of 

PUFA was lower in meat from the broilers fed with CKMS-15 and CKMS-30 in relation to 

WBF. No differences between the dietary groups were observed with respect to the 

concentrations of MUFA as well as the total fat content.  

 

Sensory profiles and aroma profiles of the meat 

The descriptive analysis showed no significant difference between breast meat from the 

four dietary groups considering odour, appearance, flavour, basic taste, mouth-feel and 

after-taste. However, some differences were observed in the texture regarding the 

tenderness (P=0.002), juiciness (P=0.01) and crumbliness (P=0.02) between the 

treatments. These characteristics improved with dietary inclusion of CKMS as compared 

to MBF. The tenderness of meat was significantly lower in broilers provided with MBF 

(8.9) than CKMS-15 (9.8), CKMS-30 (10.5) and WBF (10.1). Similarly, juiciness of meat 

was lower in broilers fed MBF (8.2) compared to broilers in WBF (9.8), CKMS-15 (9.5) and 

CKMS-30 (8.8). With respect to crumbliness, the meat from WBF (8.5) fed broilers scored 

significantly lower than the three maize based groups (9.4-9.8).  

 The differences observed between the feeds regarding aroma components were 

not directly reflected in the chicken breast meat. Instead, the volatile profile of the 

chicken meat appeared to be closely related with the fatty acid composition of the 

meat. The meat from WBF fed broilers had much higher levels of linoleic and linolenic 

acid than that of all maize feed broilers. Further, the concentrations of aldehydes 

(hexanal, 2-hexenal, 2-octenal, nonanal, 2,4-heptadienal, decanal, 2-decenal, 2,4-

nonadienal, 2-tridecenal and 2,4-decadienal), which are typical secondary oxidation 

products from fatty acids, were found to be more than twice as high in meat from 

chickens fed WBF as compared to the groups fed maize based diets (results not shown).  

 

 

DISCUSSION 

As shown for fermented compound feed (Canibe & Jensen, 2012; Engberg et al., 

2009), the ensiling of crimped maize resulted in the growth of LAB responsible for high 

lactic and acetic acid concentrations contributing to a pH decrease to around 4, which 

inhibited the growth of enterobacteria as well as yeast and moulds (Table 1). In 

contrast to 10 log cfu/g of LAB in the fermented compound feed (Engberg et al., 2009), 

the total dietary LAB numbers were around 8 log cfu/g in CKMS. The LAB numbers 
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were approximately 1000 times lower following inclusion of 15% and 30% CKMS (~7 

log cfu/g vs. ~10 log cfu/g feed). Moist fermented compound feed has shown to 

decrease broiler weight and feed intake in the early production period, but improved 

FCR associated with an increased villus height to crypt depth ratio in the late growth 

period (Missotten et al., 2013). Further, problems in relation to wet litter have been 

observed in laying hens fed with a fermented compound feed with porridge like 

consistency (Engberg et al., 2009). In order to avoid these negative effects on 

production, the separate fermentation of the grain may be a practical solution for 

poultry. The use of CKMS will further open the possibility for farmers to use their own 

maize or locally available maize in order to reduce the feed cost. 

The body weight of broilers fed CKMS-15 was significantly higher than that of birds 

receiving WBF and CKMS-30 (Table 4), whereas no difference was observed when 

compared to control MBF. However, increasing the dietary concentrations of CKMS to 

30% reduced the body weight (Table 4). A minimum of 100 g/kg whole wheat was 

added to all maize based diets to increase the feed structure and to ensure a proper 

function of the gizzard (Engberg et al., 2004). The feeding of whole wheat results in a 

mechanical stimulation of the gizzard, resulting in an increased gizzard weight which is 

closely related to the increase of feed particle size (Svihus et al., 1997; Engberg et al., 

2004; Bjerrum et al., 2005; Amerah et al., 2007). In the present trial, the highest relative 

gizzard weight was recorded in broilers fed with CKMS-30 (Table 6), indicating an 

increased particle size of this diet compared to the others. The higher relative pancreas 

weight (P=0.01) in both groups receiving CKMS (Table 6) further suggested the 

increased feed structure (Engberg et al., 2002). Reduced weight gain in broilers have 

previously been observed in relation to increased feed particle size (Hetland et al., 2002; 

Parsons et al., 2006), which explains the relatively low body weight gain of the broilers 

receiving CKMS-30 (Table 4). The decreased fat digestibility (Table 5) could be another 

reason for the lower body weight in birds fed with CKMS-30. An increased microbial de-

conjugation of bile acids, which lose their emulsifying properties, has been shown to be 

associated with decreased lipid digestion and absorption (Knarreborg et al., 2002). The 

Lactobacillus plantarum which is known to de-conjugate bile acids actively (Patel et al., 

2010) was found to be one of the three dominant LAB in the CKMS. Therefore, it cannot 

not be excluded that the increased microbial de-conjugation may have contributed to 

the lower fat digestion observed in CKMS-30. 
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The feed DM intake was lower in birds fed with WBF than that of the broilers 

supplemented with CKMS (Table 4). As mentioned above, a little feed spillage was 

registered in both groups fed with CKMS, which may have led to a slight overestimation 

of the feed DM intake. The feeding of 30% CKMS had a profound effect on the water 

consumption (Table 4). The increased moisture content in CKMS-30 decreased the 

additional water consumption by 825 ml/bird and by 400 ml/bird compared to WBF 

and the other maize based diets, respectively. This clearly indicated the birds had 

compensated the dietary water with the lower intake of drinking water. The increased 

water intake in WBF was expected due to the higher contents of water soluble NSP in 

wheat (24g/kg) compared to maize (1g/kg) (Choct, 1997; Cowieson, 2005), which are 

associated with an increased water intake (Francesch & Brufau, 2004). The higher 

relative caeca weight of birds fed WBF (Table 6) may further indicate a higher caecal 

fermentation activity at this location due to higher dietary concentration of soluble NSP. 

The total NSP content (Table 2) was however quite similar in WBF (113g/kg DM) and 

maize based diets (108g/kg DM). In this connection, it has to be noted that no NSP-

degrading enzymes had been added to WBF, which is common practice to alleviate 

the deleterious effect of soluble NSP. A significantly lower excreta DM content was 

expected in relation to the high water consumption by the broilers in WBF, which was 

however not the case. As no water spillage was observed in this trial, the reason for the 

higher litter moisture content when feeding WBF may therefore be an increase of the 

soluble NSP induced mucus secretion, thus preventing subsequent water evaporation 

from the litter by forming an impervious layer (Collett & Perry, 2006; Collett, 2012).  

The prevalence and severity of foot pad lesions is used as an indicator of housing 

conditions and the general welfare of birds. The litter moisture content is a critical factor 

in the development of foot pad lesions in broilers, and the prevalence and severity of 

foot pad lesions increases with an increase in litter moisture (Shepherd & Fairchild, 

2010). The lower litter moisture content in the dietary treatments fed with CKMS-15 and 

CKMS-30 was clearly reflected by an improved foot pad condition in these two groups 

(Figure 1). The present results suggested that the foot pad condition can be improved by 

dietary CKMS supplementation, which also have contributed to the lower mortality in 

these groups (P<0.001). The decreased mortality of broilers receiving CKMS may further 

be due to an acidification of the upper digestive tract related to a higher concentration 

of acetic acid and lactic acid (Table 2), which may support the barrier function against 

possible acid sensitive bacterial pathogens (Heres et al., 2003a; Heres et al., 2003b).  
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Meat quality attributes like appearance, texture, juiciness and flavour play an 

increasing role for the consumer and the meat industry (Fletcher, 2002; Resurreccion, 

2004). The meat colour is most critical for the initial evaluation of meat influencing the 

consumer’s choice of fresh meat, and is often related to the economic value of the meat 

(Fletcher, 2002; Qiao et al., 2001). Due to the high β-carotene content of maize, the 

meat obtained from birds fed with maize was more yellowish. The yellowness further 

increased with increasing dietary CKMS inclusion. It has to be mentioned that meat 

yellowness was measured instrumentally and will be hard to detect with the naked eyes 

on skinless breast fillets. However, the increased yellowness of the skin will be 

immediately visible, and is preferred over a more whitish skin colour in many parts of the 

world including US, Brazil, China and some parts of Italy (Fletcher, 2002; Ponsano et al., 

2004; Sirri et al., 2010). In contrast to previous reports (Allen et al., 1998; Fletcher et al., 

2000; Qiao et al., 2001), no clear relationship was observed between colour and pH of 

the meat in this study.  

The inclusion of CKMS improved the meat texture in terms of tenderness, juiciness 

and crumbliness as compared to MBF. However, the sensory differences between the 

four experimental groups were relatively small as no differences were detected with 

respect to the visual and flavour appearance of the cooked meat, even though much 

higher levels of aldehydes from fat oxidation were found in meat from the broilers fed 

with WBF. Meat rich in PUFA is more prone to lipid oxidation, leading to rancidity, 

colour deterioration and a reduction of shelf life time (Wood et al., 2004). Therefore, the 

meat obtained from broilers fed with MBF is expected to have a longer shelf life than 

that of WBF. The results of the aroma analysis support this, as increased levels of 

secondary oxidation products from fatty acids in terms of aldehydes were found in 

meat from WBF fed broilers. The levels were not high enough to be detected by the 

sensory panel, but these attributes may, however, become more pronounced after 

prolonged storage (Byrne et al., 2002). 

In conclusion, considering feed hygiene, CKMS seems to be safe keeping the low 

pH, and low numbers of enterobacteria and mould in mind. The body weight of broilers 

fed 15% CKMS was comparable with the broilers fed MBF. But, the inclusion of 30% 

CKMS resulted in reduced broiler performance and lower fat digestibility. The 

decreased water intake was observed with the feeding of 30% CKMS. From an animal 

welfare perspective, improved litter quality, lower frequency of foot pad lesions and 

lower bird mortality associated with the feeding of CKMS are encouraging results. With 
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respect to meat quality, the dietary inclusion of CKMS increased meat tenderness and 

juiciness as compared to the control maize based diet.  
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Table 1 Biochemical and microbial composition of crimped kernel maize and crimped kernel maize 

silage  

Items 
Crimped kernel 

maize 
Crimped kernel maize silage 

Dry matter (DM, g/kg) 522 535 

pH 5.5 4.2 

Microbial count (log cfu/g)   

Lactic acid bacteria  7.5 8.2 

Coliform bacteria  6.7 <3.0 

Lactose negative enterobacteria  6.4 <3.0 

Yeasts  6.0 <3.0 

 Mould  5.9 <3.0 

Short chain fatty acids (mmol/kg)   

     Acetic acid  - 95.5 

     Propionic acid  - 1.55 

     Succinic acid  - 1.20 

Lactic acid (mmol/kg) - 212.1 

g/kg DM     

Crude protein (N x 6.25) - 106.0 

Fat - 40.0 

Total NSP - 74.0 

Lignin - 7.0 

Ash - 18.0 
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Table 2 Composition of the starter and grower experimental diets 

Item (g/kg) 

Starter 

feed  Grower feed 

All groups WBF
1
 MBF

2
 CKMS-15

3
 CKMS-30

4
 

1-7 days 
8-28 

days  

29-37 

days 

8-37 

days 8-37 days 8-37 days 
 

Wheat 383.8 588.1 496.4 52.4 169.4 268.8 

Maize 200.0 - - 580.0 430.0 280.0 

Rape seed (LL). Milled 20.0 20.0 20.0 15.0 15.0 20.0 

Soya bean meal  

(dehulled toasted) 323.7 310.2 381.6 301.1 329.7 366.1 

Soya bean oil 22.9 38.8 50.0 10.0 10.0 13.7 

Calcium carbonate 10.9 10.2 12.4 9.9 10.8 12.1 

Monocalcium phosphate 17.3 15.4 18.7 15.5 17.1 18.9 

NaCl 1.9 2.3 2.7 1.5 1.9 2.2 

Sodium-bicarbonate 2.5 1.8 2.2 2.7 2.7 2.9 

Lysine hydrochloride 

(100%) 6.6 3.6 4.3 3.3 3.8 4.3 

DL-Metionine (100%) 4.7 4.1 5.0 3.7 4.1 4.7 

Treonine (98%) 1.7 1.3 1.6 0.9 1.1 1.3 

Viamin and Mineral 

mixture
5
 4.0 4.2 5.1 4.0 4.4 5.0 

Added prior to feeding  

     Whole wheat - 150.0 300.0 100.0 100.0 100.0 

Crimped kernel maize 

silage 

 

- - - - 150.0 300.0 

Analysed composition
6
        

Dry matter (g/kg)  - 872.4 - 873.7 821.3 765.9 

Per kg DM       

AME
7
(MJ) - 13.88 - 13.64 13.63 13.55 

Crude protein (N x 6,25) - 221.3 - 220.6 214.4 217.5 

Starch - 443.2 - 475.0 484.9 477.3 

Total sugar - 49.3 - 42.7 43.1 42.0 

Total NSP - 113 - 108 108 107 

Lignin - 18.0 - 12.0 16.0 13.0 

Fat - 70.4 - 50.6 48.1 48.4 

Ash - 53.8 - 53.6 54.0 53.9 

Phosphorous - 7.0 - 7.4 7.4 7.5 
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Per kg as fed       

Short chain fatty acids  

      Acetic acid (mmol/kg)                                         

 

- 6.2 - 6.4 13.8 18.5 

      Propionic acid 

(mmol/kg)                                         

- 

0.0 - 0.0 3.2 6.8 

      Benzoic acid 

(mmol/kg)                                         

- 

0.0 - 0.0 0.4 1.1 

Lactic acid (mmol/kg)                                        - 2.1 - 2.0 26.7 66.3 

1
WBF, wheat based feed 

2
MBF, maize based feed 

3
CKMS-15, maize based feed with 15% crimped kernel maize silage 

4
CKMS-30, maize based feed with 30% crimped kernel maize silage 

5
The vitamin and mineral mixture provided per kg of diet: retinol (retinyl acetate), 12,000 IU; 

cholecalciferol, 5,000 IU; vitamin E (DL-α-tocopheryl acetate), 50 IU; vitamin E (synthetic), 54.9 IU; 

menadione, 3 mg; thiamin 2 mg; riboflavin, 6 mg; pyridoxine, 4 mg; Dpantothenic acid, 13 mg; 

niacin, 55 mg; betaine hydrochloride, 260 mg; folic acid, 2 mg; biotin, 200 μg; cyanocobalamin, 16 

μg; Calcium-D pantothenate, 1.08 g; FeSO4, 7H2O, 20 mg; ZnO, 100 mg; MnO, 120 mg; CuSO4, 

5H2O, 18 mg; KI, 560 μg; Na2SeO3, 300 μg; CoCO3, 500 μg 

6
Analysis was conducted on the complete feed after mixing with CKMS and whole wheat  

7
AME, apparent metabolizable energy  
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Table 3 Fatty acid composition of the experimental diets (% of total fatty acids) 

  Diets 

Fatty acids
1
 

 

WBF
2
 

 

MBF
3
 

 

CKMS-15
4
 

 

CKMS-30
5
 

Saturated fatty acids  

(C16:0 + C18:0) 

 

14.45
 

14.55
 

14.70
 

14.22 

Monounsaturated fatty acid  

(C18:1) 

 

26.29
 

31.35
 

30.69
 

30.57 

Polyunsaturated fatty acids 58.92
 

53.85
 

54.34
 

55.06 

n-6 fatty acid (C18:2) 52.41
 

48.89
 

49.03
 

50.73 

n-3 fatty acids (C18:3 + C20:5) 6.80
 

5.20
 

5.60
 

4.50 
1
Palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (C18:2 n-6), linolenic acid 

(C18:3 n-3) and eicosapentaenoic acid (20:5 n-3) 

2
WBF, wheat based feed 

3
MBF, maize based feed  

4
CKMS-15, maize based feed with 15% crimped kernel maize silage  

5
CKMS-30, maize based feed with 30% crimped kernel maize silage  
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Table 4 Body weight, feed-dry matter (DM) intake, feed conversion ratio, water consumption and 

total water-DM consumption ratio of broiler chickens fed with wheat based and maize based diets 

on day 37 

 
 

Diets 
  

 Item Day WBF
1
 MBF

2
 CKMS-15

3
 CKMS30

4
 SE P value  

Body weight (g) 37 2574
bc

 2636
ab

 2683
a
 2497

c
 36.82 0.008 

        Feed DM consumption 

(g) 
37 3858

b
 4044

ab
 4349

a
 4296

a
 103.13 0.007 

        
Feed conversion ratio 37 1.50

b
 1.53

b
 1.62

ab
 1.72

a
 0.05 0.005 

(kg feed DM/kg body 

weight) 
     

  

        Water consumption  37 6118
a
 5632

b
 5693

b
 5291

c
 93.59 <0.001 

(drinking water, ml)      
  

  Total water-DM ratio 

(ml water/g feed DM)
 5 37 1.68

a
 1.49

b
 1.47

b
 1.44

b
 0.04 0.001 

a-c
LSMEANS within the same row with different superscripts differ significantly (P < 0.05) 

1
WBF, wheat based feed

 

2
MBF, maize based feed  

3
CKMS-15, maize based feed with 15% crimped kernel maize silage 

4
CKMS-30, maize based feed with 30% crimped kernel maize silage 

5
Including drinking water and dietary water  
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Table 5 Apparent nutrient digestibility, nitrogen retention and metabolizable energy (ME) in 25 days 

old broiler chickens fed with wheat and maize based diets  

  Diets   

Items (%) WBF
1
 MBF

2
 CKMS-15

3
 CKMS-30

4
 

 

SE 

 

P value 

Dry matter  64.52 64.80 62.79 62.98 1.30 NS
*
 

Ash  17.72
a
 17.31

a
 8.55

b
 10.42

b
 2.43 0.04 

Nitrogen retention 53.46 53.52 46.96 49.63 2.07 NS
*
 

Fat  81.21
b
 86.24

a
 83.10

b
 76.96

c
 1.03 0.003 

Phosphorus 28.41
a
 27.45

a
 14.86

c 
 20.53

b
 2.51 0.007 

Starch 96.13 97.59 96.04 96.91 0.61 NS
*
 

ME 68.54 68.99 66.95 66.74 1.21 NS
*
 

a-c
LSMEANS within the same row with different superscripts differ significantly (P < 0.05) 

*
NS, non-significant 

1
WBF, wheat based feed

 

2
MBF, maize based feed  

3
CKMS-15, maize based feed with 15% crimped kernel maize silage 

4
CKMS-30, maize based feed with 30% crimped kernel maize silage 
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Table 6 Relative weights (g/kg body weight) of intestinal segments, organs and abdominal fat of 

broilers fed with wheat based and maize based feed on day 36 

  
Diets   

  

Item WBF
1
 MBF

2
 CKMS-15

3
 CKMS-30

4
 SE P value 

Gizzard 1.38
b
 1.46

ab
 1.46

ab
 1.60

a
 0.00 0.001 

Duodenum 1.67 1.58 1.64 1.71 0.05 NS
*
 

Ileum 0.85 0.80 0.86 0.86 0.02 NS
*
 

Caeca 0.39
a
 0.35

ab
 0.35

ab
 0.33

b
 0.01 0.04  

Pancreas 0.20
b
 0.21

ab
 0.24

a
 0.24

a
 0.01 0.01 

Abdominal fat 0.89
c
 1.09

b
 1.09

b
 1.28

a
 0.06 0.001 

a-c
LSMEANS within the same row with different superscripts differ significantly (P < 0.05) 

*
NS, non-significant 

1
WBF, wheat based feed

 

2
MBF, maize based feed  

3
CKMS-15, maize based feed with 15% crimped kernel maize silage 

4
CKMS-30, maize based feed with 30% crimped kernel maize silage 
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Table 7 Ultimate pH, colour, total fat and fatty acids content in broiler breast fillets (M. pectoralis 

major) fed with wheat based and maize based diets  

  Diets    

 

 

WBF
1
 

 

MBF
2
 

 

CKMS-15
3
 

 

CKMS-30
4
 

 

SE 

 

  P value 

pH 6.0 6.0 6.0 6.1 0.03 NS
*
 

Colour       

Lightness - L*  53.6
a
 53.7

a
 50.9

b
 50.8

b
 0.9 0.04 

Redness - a* 3.7 3.7 3.9 3.1 0.5 NS
*
 

Yellowness - b*  2.4
a
 4.3

b
 4.3

b
 4.9

b
 0.3 <0.001 

Chroma - C* 4.5
a
 5.7

ab
 6.0

b
 5.9

b
 0.5 NS

*
 

Hue – h* 32.6
a
 48.0

b
 49.5

bc
 56.8

c
 2.9 <0.001 

Fat and fatty acids %       

Total fat 1.5 1.7 1.5 1.6 0.1 NS
*
 

Total saturated fatty acids 31.4
c
 33.6

bc
 35.9

ab
 37.1

ab
 1.2 0.01 

Total monounsaturated fatty 

acids 
32.3 38.6 38.5 36.5 2.2 

NS
*
 

Total polyunsaturated fatty 

acids 
35.9 

a
 27.5 

b
 25.2 

b
 25.9 

b
 1.3  

<0.001 

n-6 fatty acid (C18:2)
5
 32.7

a
 25.3

b
 23.5

b
 24.0

b
 1.2 <0.001 

n-3 fatty acids (C18:3 + C20:5)
6
 3.2

a
 2.3

b
 1.7

b
 1.9

b
 0.8 <0.001 

a-c
LSMEANS within the same row with different superscripts differ significantly (P < 0.05) 

*
NS, non-significant 

1
WBF, wheat based feed

 

2
MBF, maize based feed  

3
CKMS-15, maize based feed with 15% crimped kernel maize silage 

4
CKMS-30, maize based feed with 30% crimped kernel maize silage 

5
C18:2, linoleic acid 

6
C18:3, linolenic acid and C20:5, eicosapentaenoic acid                                                      
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Figure 1 Foot pad lesions of broiler chickens fed with wheat based feed (WBF), maize based feed 

(MBF), maize based feed with 15% crimped kernel maize silage (CKMS-15) and maize based feed 

with 30% crimped kernel maize silage (CKMS-30) 

 

a-c
LSMEANS and 

x-y
LSMEANS with different superscripts differ significantly (P < 0.05) 
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ABSTRACT 

A feeding trial was performed with broilers receiving diets based on wheat, maize 

(MBF), and maize-based concentrates supplemented with 15% and 30% (CKMS-30) 

crimped kernel maize silage. The aim of this study was to investigate the bacterial 

community compositions in the contents of crop, gizzard, ileum and ceca in relation to 

the feeding strategy and ages (8, 15, 22, 25, 29 and 36 days). Bacterial diversity was 

analyzed for MBF and CKMS-30 by 454-pyrosequencing of 16S rRNA gene. Since there 

was no significant influence of diets on bacterial diversity, data were pooled for 

downstream analysis. With increasing age, a clear succession of bacterial communities 

and an increased bacterial diversity was observed. Lactobacillaceae (mainly 

Lactobacillus) represented most of the Firmicutes at all ages and in all segments except 

the ceca. The development of a “mature” microbiota in broilers occurred during the 

period from 15-22 days. A striking increase in the relative abundance of L. salivarius (17-

36%) and clostridia (11-18%), and a concomitant decrease of L. reuteri was found in the 

ileum after d 15. L. salivarius and clostridia de-conjugate bile acids, and an increase of 

these bacteria in relation to various nutritional interventions might be associated with 

growth reduction and GI disorders occurring in the critical period between 20-30 days. 

A similar pattern of Lactobacillus succession was observed in the upper and lower GI 

tract. Thus, nutritional strategies modulating the composition of Lactobacillus in the crop 

in a useful way are expected to beneficially modulate the microbiota of the lower gut.   
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INTRODUCTION 

The chicken gastrointestinal (GI) tract harbors complex communities of microorganisms, 

mostly composed of bacteria (1, 2). The communities are distributed throughout the GI 

tract, but due to differences in morphology, functionality, metabolic interactions and 

micro environment, regional heterogeneity in community composition is observed along 

the different GI segments (2, 3). The composition of the bacterial communities is 

believed to be mainly influenced by age, diet, and immune status of the birds, but 

interactions within the communities are probably important (4). The bacterial 

communities play a significant role in broiler growth modulating the development of the 

digestive tract, influencing the production of bile acids and digestive enzymes, and 

consequently nutrient digestion and absorption (5-9). Further, they stimulate gut 

immune functions (10, 11), and prevent the colonization of the GI tract with avian 

pathogenic or zoonotic bacteria via competitive exclusion and the production of 

bacteriocins (8, 12). GI health problems related to subclinical necrotic enteritis and non-

specific small intestinal overgrowth of certain intestinal bacteria (dysbacteriosis) have 

increased after antibiotic growth promoters (AGPs) as feed additives have been 

banned in the European Union. GI health problems in broilers typically occur between 

20 to 30 days of age, and result in wet litter, non-specific enteritis, poor weight gain and 

decreased nutrient digestibility and absorption (13, 14). In order to control GI problems, 

different dietary interventions have been suggested, of which fermented feed has 

gained increasing attention in animal nutrition. Fermented feed has a low pH (3.5-4.5) 

and contains numerous lactic acid bacteria (LAB; 10
8
-10

9 
cfu/g feed) (15, 16), and has 

been shown to improve chicken gut health and performance (17-19). A comprehensive 

understanding of the development of the GI bacterial community in relation to age and 

diet is essential to address the role of bacteria in the etiology of GI problems, and also to 

develop dietary interventions to resolve them (20). Therefore, the aim of this study was 

to investigate the bacterial community composition in different segments of the broiler 

GI tract in relation to age and diet when feeding wheat and maize based diets or maize 

based diets supplemented with crimped kernel maize silage.  

 

MATERIALS AND METHODS 

Experimental design. The trial was performed in accordance with the guidelines of The 

Animal Experiments Inspectorate (Danish Veterinary and Food Administration). A total 

of 480 day-old male broiler chicks (Ross 308) were included. They were divided into 



71 
 

four groups with four replicates, and distributed randomly into 16 pens (30 birds/pen). 

The birds were wing-tagged and reared in pens with a floor area of 1.7m
2
 (covered 

with a thin layer of wood shavings as bedding material), with automatic control of 

temperature, light and humidity. At 14 days of age, all birds were vaccinated against 

infectious bursal disease (IBD, Nobilis Gumboro D78 Vet, Merck Animal Health) via the 

drinking water. Fresh feed and water were provided ad libitum throughout the 

experiment. 

 

Dietary compositions. The starter diet (d 0 to d 8) was the same for all groups and 

contained 22.5% crude protein (CP) and 11.4 MJ metabolizable energy (ME) per kg of 

feed (Supplement A). In the growing period (d 9 to d 36), the birds were fed with four 

grower diets. Group 1 was fed with a wheat-based feed (WBF) containing 150 g/kg 

and 300 g/kg whole wheat during the period of 8-28 days and 29-37 days, 

respectively. The WBF diet was included in the trial as it represents the conventional 

feeding strategy in Denmark. Group 2 (MBF) received maize-based feed containing 

58% maize. In Group 3 (CKMS-15) and Group 4 (CKMS-30), the maize was replaced by 

15% and 30% crimped kernel maize silage (CKMS), respectively, on dry matter (DM) 

basis. All three grower diets were formulated to be iso-caloric (11.58MJ/kg) and iso-

nitrogenous (CP 19.78%). Additionally, 10% whole wheat was added to all maize based 

diets in order to increase the feed structure and ensure an optimal gizzard function. 

Whole wheat and CKMS were added and mixed with the pelleted compound feed in 

the farm prior to feeding. 

 

Fermentation of crimped kernel maize. The CKMS was obtained from a commercial pig 

farm in Southern Denmark. The maize was harvested and crimped in November 2012 

and was then ensiled for approximately 8 weeks with the addition of an organic acid 

mixture containing formic, propionic, and benzoic acids and ammonium formate 

(Kemira AIV Pro, Kemira, Finland). After ensiling, CKMS was stored immediately in 20 kg 

evacuated plastic bags in the freezer to maintain a similar quality of silage throughout 

the feeding trial. Dry matter (DM), pH and microbial counts (coliform bacteria, lactose-

negative enterobacteria, lactic acid bacteria (LAB), yeast and mould) were analyzed 

before and after the ensiling as described by Engberg (21). In summary, DM was 

analyzed following freeze-drying of the samples. Coliforms and lactose-negative 

enterobacteria were enumerated on MacConkey agar incubated at 38 
o
C for 24 h. LAB 
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were counted on MRS agar incubated in an anaerobic cabinet at 38 
o
C for 48 h. Yeast 

and molds were enumerated on MCA agar incubated aerobically at 25 
o
C for 48 h. 

Predominant LAB isolated from the MRS plates were further identified by 16S rRNA gene 

sequencing according to the method described previously (22). The BLAST algorithm 

was used to determine the closest relatives of the retrieved sequences. 

 

Sampling. Four birds were randomly selected from each pen and killed by cervical 

dislocation at six time points (8, 15, 22, 25, 29 and 36 days). The birds were weighed 

individually and the contents from crop, gizzard, ileum (the intestinal segment caudal to 

Meckel’s diverticulum) and ceca were collected. The samples from four chickens of 

each pen were pooled by segment. The samples were divided into aliquots for DNA-

based and culture-based analysis. Samples for DNA analysis were immediately frozen 

in liquid nitrogen and then stored at -80 
o
C

 
until analysis. The pH of a portion of the 

samples for bacterial plate counting was measured using a combined glass/reference 

electrode and the samples were then immediately processed for bacterial counting.  

 

Bacterial culture and short chain fatty acid analysis. Coliform bacteria, lactose-

negative enterobacteria, LAB, Clostridium perfringens and total anaerobes were 

enumerated in the contents of crop, gizzard, ileum and ceca as described by Engberg 

(21). The concentrations of short chain fatty acids (SCFA) and lactic acid were 

measured in the contents of crop, gizzard, ileum and ceca as described by Canibe (16).  

 

DNA extraction. DNA was extracted from the contents of crop, gizzard, ileum and ceca 

of broilers fed MBF and CKMS-30 using QIAamp DNA Stool Mini Kits, (QIAGEN). Briefly, 

approximately 200mg (400mg for ileum) of digesta was placed in a 2 ml microfuge 

tube. After bead-beading for 2 min with 700ul stool lysis buffer (ASL buffer provided in 

the kit), the preparation was centrifuged for 1 min at 7000 x g and transferred into a 2ml 

tube containing 500ul ASL buffer, vortexed for 1 min, then heated for 5 min at 95 °C. The 

preparation was allowed to cool before adding 140ul lysozyme solution (10mg/ml) and 

then kept at 37 °C for 30 min. After centrifuging at 20,000 x g for 1 min, the supernatant 

was transferred into a new microfuge tube. From this point, the QIAamp DNA Stool Mini 

Kit protocol was followed with the addition of InhibitEX tablet supplied with the kit.  
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Bacterial community compositions of MBF and WKMS-30 birds determined by 

pyrosequencing 16S rRNA genes. Phylogenetic composition of the bacterial 

communities was obtained by pyrosequencing the 16S rRNA genes amplified from DNA 

extracted from digesta. The V1 to V3 regions of the bacterial 16S rRNA gene was 

amplified from DNA using a two-step protocol as described previously (23). The first 

amplification was carried out for 20 cycles using the 8fAll 

(5´GRGTTYGATYMTGGCTCAG3´) and HDA2 (5´GTATTACCGCGGCTGCTGGCAC3´) 

primer sets (24). The following conditions were used to amplify the 16S rRNA sequences 

for pyrosequencing: 94 °C for 30 sec, 56 °C for 30 sec, 72 °C for 45 sec, with a final 

extension step of 72 °C for 5 min. This product was diluted 1:5 with PCR-grade water, 

and 1 μl was used as the template in a 25 μl secondary PCR mixture. The secondary 

PCR was carried out for 25 cycles using the 8fAll primer with 454 sequencing Lib-A 

adapter sequence A  

(CGTATCGCCTCCCTCGCGCCATCAGGRGTTYGATYMTGGCTCAG) and HDA2 primer 

454 sequencing Lib-A adapter sequence B plus a 10-base barcode, shown as Ns, 

(CTATGCGCCTTGCCAGCCCGCTCAGNNNNNNNNNNGTATTACCGCGGCTGCTGGC

AC) using conditions identical to those of the primary PCR besides the extension 

temperature of 72 °C for 1 min instead of 45 sec. Products were cleaned using 

NucleoSpin
®

 Gel and PCR Clean-up Kit (MACHEREY-NAGEL, Germany) and quantified 

using a Qubit™ dsDNA HS Assay Kits (Invitrogen) and a Qubit
®

 Fluorometer (Invitrogen). 

Equivalent quantities of PCR product from each sample were pooled to obtain a set 

volume of 100ng/μl, and sent to Macrogen (Korea) for unidirectional sequencing from 

the reverse primer using the Roche-454 genome sequencer with titanium chemistry. 

Sequencing results were analyzed using Quantitative Insights Into Microbial 

Ecology (QIIME) version 1.8.0 and UPARSE pyrosequencing pipeline packages with 

default settings (25, 26). Sequences were excluded from analysis if they had an average 

quality score of <25, contained one or more ambiguous bases, had >2 mismatch with 

the sequencing primer. Following splitting into barcoded samples and initial quality 

filtering, the sequences were passed through the QIIME pipeline using default 

parameters, including chimera checking. Sequences were filtered to a fixed length of 

250 base pairs, and reads were clustered at 97% sequence identity into operational 

taxonomic units (OTUs). Taxonomic data was generated for the OTUs using the RDP 

classifier after filtering out the cyanobacteria against the Greengenes database. 
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Furthermore, BLAST within NCBI database was used for assigning additional taxonomy 

data by extracting the representative sequences. 

 

Bile acids analysis. The concentration of conjugated and deconjugated bile acids in 

ileal samples were quantified by reversed-phase HPLC with pulsed amperometric 

detection as described previously (27, 41).  

 

Statistical analysis. The nonparametric statistical tests, ANOSIM and ADONIS, based on 

ANOVA were used in order to verify if there were differences between the two 

treatments (MBF and CKMS-30). It was done through the compare_categories.py script 

of QIIME using a distance matrix generated with the unweighted UniFrac metric. A 

nonparametric t-test was used to compare the rarefactions curve of ages and segments 

generated by alpha diversity indices using compare_alpha_diversity.py script of QIIME.  

Further, relative abundance on each GI segment and bile acids were analyzed 

using the General Linear Models procedure (GLM) of the SAS
®

 (SAS Institute, 2012) 

according to the following general model: Yij = μ + αi + βj + (αβ)ij + εij, where Yij was the 

observed dependent variable, μ was the overall mean, αi was the effect of treatments 

(MBF and CKMS-30), βj was the effect of days, (αβ)ij was the interaction between 

treatment and days, and εij was the random error. Results are given as least square 

means (LSMeans) with a pooled standard error (SE). Probability values below or equal 

to 0.05 were accepted to indicate significant differences between means. 

 

RESULTS 

Biochemical and microbial analysis of the maize and compound feeds. The pH of the 

crimped maize decreased from 5.5 to 4.2 after ensiling. During ensiling, LAB counts 

increased from 7.54 to 8.23 log10 cfu/g, while coliform bacteria, lactose negative 

enterobacteria, as well as yeast and mould decreased below 3.00 log10 cfu/g. Three 

predominant LAB species namely Lactobacillus plantarum subsp. plantarum, L. brevis 

and L. nantensis were identified by 16S rRNA gene sequencing of isolates. The LAB 

counts were highest in CKMS-30 (6.89 log10 cfu/g) followed by CKMS-15 (6.54 log10 

cfu/g), MBF (3.60 log10 cfu/g) and WBF (3.00 log10 cfu/g).  

 

Production performance. The final body weight of broilers at d 36 was greater (P=0.02) 

in MBF (2918g/bird) compared to CKMS-30 (2610g/bird). The weight of broilers in WBF 
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and CKMS-15 was recorded as 2501g/bird and 2752g/bird, respectively. Broiler 

mortality was significantly lower (P<0.001) in groups fed CKMS. No mortality was 

recorded in CKMS-30 while it was 0.8% in CKMS-15. Higher mortality was observed in 

broilers fed WBF (6.7%) and MBF (4.2%). 

 

Culture-based enumerations of bacteria, pH, and short chain fatty acid concentrations. 

The bacterial counts (Table 1) revealed only minor differences between the dietary 

treatments. In the gizzard, the counts of LAB (P=0.001) and total anaerobic bacteria 

(P=0.02) were lower when birds were fed with diets containing maize as compared to 

wheat. Coliform and lactose negative enterobacteria in the ileum and ceca tended to 

be lower in birds fed with maize based diets. The number of LAB in the gizzard was 

higher when birds received WBF (P=0.01). In the other segments, no differences were 

found between the dietary groups with respect to LAB. The results further showed an 

influence of broiler age on bacterial counts. In the crop, the numbers of coliform 

(P=0.01) and lactose negative enterobacteria (P=0.004) decreased with age and were 

significantly lower on d 29 and d 36 (Table 1). No differences in bacterial counts were 

observed in the gizzard. In ileal content, lactose negative enterobacteria increased 

approximately 10-fold from d 8-d 15 (P<0.001) and decreased afterwards. Likewise in 

cecal content, the numbers of coliform bacteria (P<0.001), lactose negative 

enterobacteria (P<0.001) and LAB (P<0.001) decreased gradually as birds grew older.  

The pH of gizzard content (Table 2) was lowest (pH 3), followed by the crop 

content (pH 5). In birds fed with CKMS, the pH of crop contents tended to be lower 

(P=0.06) as compared to the other groups. The cecal pH was lowest in WBF (P<0.001). 

Except for the crop, the pH of the intestinal contents varied with bird age. In gizzard and 

ceca, the pH increased throughout the growth period and was significantly higher at d 

36 compared to d 8 (P=0.01). Ileal pH was lowest during the period d 21-25 and 

increased again until d 36 (P< 0.001). The major product of microbial fermentation was 

lactic acid in crop, gizzard and ileum, whereas it was acetic acid in the ceca (Table 2). 

In general, the concentration of organic acids was highest in the ceca and lowest in the 

gizzard. The influence of diets on organic acids concentrations in the different GI 

segments was minimal. Propionic acid increased from d 8 to d 36. A similar trend was 

observed with respect to acetic acid in ileal contents. In the ceca, lactic acid (P<0.001) 

and succinic acid (P<0.001) declined rapidly at d 15 and remained low throughout the 

growing period, while butyric acid concentration increased with bird age (P<0.001). As 
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the influence of diet on microbial counts and organic acid concentrations appeared 

limited, it was decided to conduct the 16S rRNA gene pyrosequencing only on samples 

from birds receiving MBF and CKMS-30. 

 

Composition of bacterial communities in MBF and CKMS-30 birds determined by 

pyrosequencing 16S rRNA gene amplicons. After quality filtering using UPARSE, an 

average of 1,490 and 1,321 sequences were recovered from each barcoded sample 

with a total of 143,081 and 126,798 sequences obtained from MBF and CKMS-30 birds, 

respectively, for downstream analysis. The sequences were clustered into 292 OTUs and 

308 OTUs for MBF and CKMS-30, respectively, using 97% similarity cut-off. Alpha 

diversity analysis revealed comparable bacterial communities between the two dietary 

groups (P=0.23). Likewise, unweighted unifrac-based distance matrices (beta diversity) 

showed no difference in the microbiota composition between the two diets (Figure 1). 

The statistical test run by QIIME further confirmed that there were no significant 

variations regarding beta diversity (ANOSIM, P=0.07 and ADONIS, P=0.08) between the 

MBF and CKMS-30. Comparable results were obtained when individual but similar gut 

segments of MBF and CKMS-30 were compared separately, e.g. crop (ANOSIM, P=0.36 

and ADONIS, P=0.35), gizzard (ANOSIM, P=0.42 and ADONIS, P=0.61), ileum (ANOSIM, 

P=0.19 and ADONIS, P=0.30) and ceca (ANOSIM, P=0.55 and ADONIS, P=0.68). Since no 

apparent differences were observed between MBF and CKMS-30, further analyses were 

carried out on a pooled data set to study the succession of bacterial communities of the 

different GI segments.  

 

Temporal variation of bacterial community compositions in crop, gizzard, ileum and 

ceca by pyrosequencing 16S rRNA gene amplicons. A total of 277,294 reads were 

obtained from the 192 samples covering an average of 1,444 reads per sample after 

quality filtering using UPARSE. At 97% similarity, the filtered sequences were clustered 

into 324 OTUs. The rarefaction curve for the alpha diversity by PD whole tree (Figure 2), 

Chao1, Observed species, Shannon and Simpson diversity indices (not shown) further 

illustrated the greatest diversity of the microbiota in the ceca followed by gizzard, ileum 

and crop. The alpha diversities between the GI segments were significantly different 

from each other as shown by PD whole tree (P=0.02), and other diversity indices 

(P=0.01) (data not shown). A higher alpha diversity was observed with increasing age of 

the birds demonstrated by various diversity metrics (data not shown). There was a clear 
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increase (P<0.001) in the alpha diversity from d 22 onwards as shown by different 

matrices, but a significant drop in the diversity was observed at d 29 (Table 3). 

Furthermore, beta diversity metrics clearly indicated the difference in the bacterial 

communities among GI segments (Figure 3) and age groups (Figure 4). Statistical 

analysis on beta diversity further demonstrated the differences between the GI 

segments (ANOSIM, P=0.001 and ADONIS, P=0.001) and age of the birds (ANOSIM, 

P=0.001 and ADONIS, P<0.001), respectively.  

In all age groups, the Firmicutes was the predominant phylum throughout the GI 

tract representing 97-98% in crop (Table 4), 87-98% in gizzard (Table 4), 94-98% in 

ileum (Table 5) and 58-96% in ceca (Table 6). The relative abundance of Firmicutes 

only varied in the ceca, where Firmicutes decreased (P<0.001) from d 8 to d 36. 

Concurrently, Bacteroidetes increased (P<0.001) from not detectable to 24% at d 22 

and remained high (Table 6). Actinobacteria was the only other phylum identified in the 

crop with an abundance of less than 1% during the entire growth period (Table 4). In the 

gizzard, Proteobacteria decreased with age (P=0.01), but Actinobacteria became 

dominant (P<0.001) in older broilers (Table 4). In the ileum (d 8 and d 15) and ceca (d 

8), Proteobacteria were the second most abundant phylum, but Actinobacteria 

dominated the ileum whereas Bacteroidetes became dominant in the ceca of older 

broilers. Especially in the ceca (Table 6), Bacteroidetes (P<0.001) which were detected 

from d 15 (2%) were increased at d 22 (24%) and d 29 (36%).  

Within the phylum Firmicutes, Lactobacillaceae was the most abundant family in 

the crop (94-98%), gizzard (59-86%) and ileum (61-73%), and abundances were stable 

throughout the entire growing period of broilers. In gizzard, the relative abundance of 

Lachnospiraceae, Enterococcaceae and Comamonadaceae was higher in the early 

growth period, but gradually the abundance of microbiota shifted towards 

Planococcaceae, Clostridiaceae, Staphylococcaceae, Brevibacteriaceae and 

Corynebacteriaceae in the final growth period of broilers. The Ruminococcaceae (4-

9%) were relatively stable in the gizzard at all ages (Table 4). In ileum, 

Enterococccaceae (P<0.001) were quite high (25%) at d 7, but declined sharply below 

1% at d 15 and remained further low throughout the growing period, whereas 

Clostridiaceae increased from 5% at d 8 to 19% at d 36 (Table 5). In contrast to crop, 

gizzard and ileum, where Lactobacillaceae were dominant, Ruminococcaceae and 

Lachnospiraceae belonging to the phylum Firmicutes, and Rikenellaceae (Phylum 

Bacteroidetes) were most abundant in the ceca. The abundance of Lachnospiraceae, 
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Lactobacillaceae, and Enterobacteriaceae significantly shifted towards Rikenellaceae 

and Clostridiaceae as broilers grew older (Table 6). The Rikenellaceae sharply 

increased from 2% (d 15) to 24% (d 22), and further up to 36% units (d 29). In contrast, 

Lachnospiraceae and Ruminococcaceae declined by 8% units and 11% units, 

respectively at d 22. Further a decrease by 10% units in the relative abundance of 

Ruminococcaceae was observed on d 29.  

At genus level, Corynebacterium and Staphylococcus represented most of the 

Corynebacteriaceae and Staphylococcaceae, respectively in the crop but their 

abundance remained below 1% (Table 4). At d 8, the gizzard was dominated mainly by 

Roseburia (6%) and Ruminococcus (7%), but gradually their abundance decreased 

below 2%, as the broilers grew older. In the meantime, bacterial genera started to shift 

from at d 22 with an increased abundance of Clostridium, Stapylococcus, 

Acenetobacter, and Corynebacterium (Table 4). In the ileum, the relative abundance of 

Enterococcus decreased sharply from 25% at d 8 to below 1% at d 15, and further 

remained low. However, an increase in the relative abundance of Clostridium (1% to 

18%) and Streptococcus (1% to 5%) was observed during the growth of broilers from d 8 

to d 36 (Table 5). In ceca, Ruminococcus (16-23%) was the most dominant genus and 

remained stable throughout the entire growing period. As the broilers grew older, the 

relative abundance of Roseburia (20% to 8%), Blautia (10% to 2%) and Escherichia (5% 

to 0.2%) decreased, whereas the relative abundance of Faecalibacterium (0.4% to 8%), 

Alistipes (0 to 20%), and Clostridium (0.7% to 4%) had increased. A significant influence 

of the diet was observed with respect to the abundance of Streptococcus in ileal 

(P=0.004) and cecal contents (P=0.03). The abundance of Streptococcus was higher in 

broilers receiving MBF compared to CKMS-30 (data not shown). 

 

Temporal variation of Lactobacillus species in crop, gizzard, ileum and ceca. 

Lactobacillus represented most of the Lactobacillaceae (99-100%) in all GI segments. 

Except for ceca, the genus Lactobacillus was most dominant and remained stable 

during the entire broiler production period in the crop (94-98%), gizzard (58-86%) and 

ileum (61-73%). In ceca, Lactobacillus decreased from 17% to 8% at d 15, and remained 

low (2-3%) in the remaining growth period (P<0.001). At all ages, four Lactobacillus 

species (namelyL. johnsonii, L. reuteri and L. crispatus, L. salivarius) were present in all 

segments (Table 7). In general, L. johnsonii was dominant in most of the growing period 

of broilers. Although L. plantarum and L. brevis were present in high numbers in CKMS-
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30 (6.89 log10 cfu/g), their relative abundance in the GI tract was very low. They were 

not detected in crop content whereas their abundance in gizzard, ileum and ceca were 

less than 0.3% (data not shown). Apart from L. johnsonii, the relative abundance of L. 

reuteri and L. crispatus was higher during the early growth period (up to d 15), whereas 

L. salivarius dominated the final growth phase at the expense of L. reuteri (from d 22) in 

all the GI segments. In cecal content, the abundance of L. salivarius was influenced by 

the diet and was higher (P<0.001) in broilers fed CKMS-30 compared to MBF (Table 7). 

A sharp increase in the relative abundance of L. salivarius was observed from d 15 to d 

22 in the crop (26 % units), 8% units in the gizzard, and 25% units in the ileum, and 

remained high throughout the growing period.  

 

Ileal bile acid concentrations. With respect to the concentration of bile acids in ileal 

content, differences between the dietary treatments were observed (P=0.004). The 

proportion of deconjugated bile acids was higher in the ileum of birds receiving CKMS-

30 (P=0.004) as compared to the other groups (Table 8). An age related difference was 

found regarding the total bile acid concentration (P=0.004), where highest 

concentrations were observed on day 8 and day 36. The proportion of de-conjugated 

bile acids decreased from day 8 to day 15 and then increased again at day 22 to 

remain relatively stable during the rest of the growth period (P=0.02). No interaction 

between dietary groups and age was found.  

 

DISCUSSION 

Fermented feed has been suggested as a promising nutritional strategy to modulate the 

gut microbiota resulting in an effective acidification of the upper digestive tract, thus 

preventing acid sensitive potentially pathogenic bacteria from colonizing the intestine 

(18, 29-32). However, in the current study no influence of CKMS was observed on the 

gut bacterial community as determined by culture-dependent and culture-independent 

methods. It has to be noted that the fermented maize in this study was used as a feed 

supplement at a maximum inclusion level of 30%. The dietary supplementation of CKMS 

at that concentration only contributes a Lactobacillus concentration of ~7 log10 cfu/g 

feed, which is approximately 1000 times lower than in fermented compound feed (9-10 

log10 cfu/g feed) as reported by Engberg (18). The minimal effect of the diet was further 

supported by similar pH values, and organic acid concentrations in intestinal contents 

(Table 2). However, due to the addition of propionic acid during the ensiling process, the 
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concentration of propionic acid in CKMS was higher, which was reflected by higher 

propionate concentration in the crop of birds receiving CKMS. Crop concentration of 

propionic acid increased with age due to the increased feed intake of the growing 

broiler. Higher crop concentrations of acetate in birds fed with CKMS can likewise be 

explained by the fermentation process where acetate is a fermentation product of a 

variety of bacteria.  

It is interesting to note that there was no apparent difference in Lactobacillus 

numbers in the GI contents when comparing the two dietary treatments, although 

higher LAB counts were observed in CKMS-30 (6.89 log10 cfu/g) compared to MBF (3.60 

log10 cfu/g). However, keeping the high Lactobacillus numbers already present in crop 

content in mind (10
9 

cfu/g), the contribution of CKMS providing Lactobacillus about 10
7
 

cfu/g of diet will be approximately 1% in the crop. Likewise differences in the 

abundance of different Lactobacillus species were expected especially in crop content, 

as CKMS provided  L. plantarum, L. brevis and L. nantensis. However, these species were 

found to have a negligible abundance (0.3% in all GIT segment) or were not identified 

at this location (Table 7). Since no dietary influence of these Lactobacillus species was 

observed, it would be interesting to understand the fate of these species and the 

modulatory action of probiotics containing Lactobacillus on the gut microbiota. Based 

on our results, the modulatory action of Lactobacillus provided as probiotic feed 

additives or fermented feed will possibly be more effective if used in higher 

concentration exceeding 10
9
 cfu/g of feed.  

The present study showed a dynamic heterogeneity of gut microbiota in relation to 

the different GI segments (crop, gizzard, ileum and ceca), along with the development 

of the bacterial diversity in growing broilers. Differences in the bacterial composition 

between different GI segments were observed (Figure 3), and have been reported to be 

related to differences in their morphology, pH, oxygen concentration, nutrient 

availability, the presence of bile acids and digestive enzymes (33). Similar to previous 

reports (34-36), the highest bacterial diversity was found in the ceca (Figure 2), which 

was supported by both higher concentrations and higher diversity of organic acids in 

cecal contents (Table 2). The dominant bacteria of the crop belonged to the genus 

Lactobacillus with a relative abundance of 97-98% (Table 4), which is in agreement 

with earlier reports (3, 37, 38). Unlike previous studies reporting a low bacterial diversity 

in the gizzard (37, 38), our results revealed a relative complex bacterial community at 

this location comprising five phyla and 17 genera (Table 4). As compared to the other 
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segments, the bacterial composition of gizzard content seems to vary considerably 

(Figure 3). However, due to the low pH in the gizzard, a low bacterial number (Table 1) 

and decreased bacterial activity was recorded as indicated by low lactic and acetic 

acid concentrations (Table 2). Compared to the caeca, a lower bacterial activity in 

terms of lower organic acids concentrations was found in the ileum (Table 2), which can 

be explained by a shorter transit time of digesta at that location (33).  

Similar to previous reports (39-41), bacterial diversity increased with broiler age as 

indicated by the presence of a more complex bacterial community structure in older 

broilers (Table 3). The observed temporal variation in the gut microbiota clearly suggests 

that the bacterial communities present at the beginning of life are relatively transient, 

and are gradually replaced by a more mature bacterial community as broilers grow 

older. As shown in Figure 4, the bacterial composition was different from d 22 onwards 

to that observed up to d 15. No difference in the beta diversity was observed between        

d 22 to day 36, which indicates the development of a “mature” microbiota after d 15. 

Bacteria belonging to the genus Lactobacillus are the early colonizers of the entire GI 

tract in the young bird. Throughout the whole production period, their abundance 

remained relatively stable in crop, gizzard and ileum, whereas in the caeca, 

Lactobacillus was replaced by other bacteria beginning at d 15. These findings are 

supported by the LAB counts (Table 1) and lactic acid concentrations (Table 2) which 

remained constant throughout the growing period in these segments. However, in the 

ceca, a decline in the relative abundance of Lactobacillus with age of broilers was 

accompanied with a decreased LAB count (Table 1). Lactic acid concentrations in the 

ceca are usually low in the older bird, as lactic acid is a substrate for butyrate producing 

bacteria like Clostridium, Faecalibacterium and Ruminococcus (42, 43).  

Some of the results obtained from this study were quite different from those of 

others authors. Many studies had identified Clostridium as a major genus in the ceca 

ranging from 20-47% depending on age (40, 44, 45). In the present study, the relative 

abundance of Clostridium in the ceca was estimated to be below 5% throughout the 

growing period. This is in agreement with the low cecal counts of C. perfringens (Table 

1). The genus Bacteroides was not detected in ileum and ceca at any time point, which 

is in contrast to other authors reporting abundancies of 1-20% in the ileum (40, 46), and 

18-22% in the ceca (40, 46-48). In the present study, the genus Alistipes belonging to the 

same phylum (Bacteroidetes) was found to have a similar abundance (up to 36%) in the 

ceca. When comparing the results of these studies, it should be noted that the rearing 
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environment, dietary ingredients, growth rate and age influence the gut microbiota of 

poultry (20, 40, 41, 49, 50). Therefore, a direct comparison of the results from this study 

with the others may be difficult.  

With respect to different Lactobacillus species, a clear temporal variation was 

determined throughout the GI tract (Table 7). The increase in the abundance of L. 

salivarius in the period after d 15 resulted in the shift of Lactobacillus species, where L. 

salivarius replaced L. reuteri and L. crispatus in older broilers. The abundance of L. reuteri 

and L. salivarius were in accordance with the findings that L. reuteri are early colonizers 

whereas L. salivarius is determined in older birds (51). This study further determined the 

direct influence of the Lactobacillus composition of the upper digestive tract (crop and 

gizzard) on the succession of Lactobacillus species in ileum and ceca (Table 7). A similar 

succession of Lactobacillus species starting from the crop and continuing to the ileum 

has been observed previously (51). The crop can be considered as a seeding organ for 

the lower digestive tract, which implies that a modulation of the composition of the 

Lactobacillus population in the upper digestive tract may be a useful tool to achieve a 

desired Lactobacillus population in the lower gut, especially the ileum in order to 

maintain gut health.  

Lactobacillus species are commonly applied as probiotics in poultry nutrition due 

to their important role in decreasing the colonisation of enteropathogens through 

competitive exclusion, antagonistic activity and production of bacteriocins (52, 53). 

Among others, L. salivarius has gained increasing attention as a promising probiotic 

species (54-56) as the bacteriocins produced by L. salivarius were reported to decrease 

the colonization of enteropathogens such as Campylobacter and Salmonella in broilers 

(56, 57). Although used as probiotic, the ability of L. salivarius to de-conjugate bile acids 

has been often overlooked. The L. salivarius de-conjugates bile acids, which lose their 

ability to emulsify lipids, thus leading to poor fat digestion and depressed broiler growth 

(22, 58, 59). The rise in L. salivarius in the ileum coincides with the period between 20-30 

days where typically GI problems related to dysbacteriosis occur in broilers. Also, the 

relative abundance of the genus Clostridium increased from 8% to 18% between d 22 

and d 36. The genus Clostridium includes potential pathogenic species like C. 

perfringens known to play a role in the development of dysbacteriosis (14, 60). As 

reported by Engberg (61) and Guban (59), a significant decrease in both L. salivarius 

and C. perfringens was recorded in broilers receiving feed supplemented with 

antimicrobial drugs compared to a non-supplemented control. After the withdrawal of 
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AGPs, the frequency of gut related problems (dysbacteriosis and necrotic enteritis) in 

broilers in the period from 20-30 days has increased (62). A significant variation in the 

bacterial diversity between d 25 to d 36 (Table 3) along with the sharp decline in the 

bacterial diversity at d 29 indicated the changes in the GI environment affecting the gut 

bacterial populations during this period. In this connection, a substantial increase in the 

abundance of L. salivarius and Clostridium in the ileum after d 15 could be a possible 

factor contributing to the increased frequency of GI problems in broilers after the 

discontinuation of AGPs. Furthermore, it has to be noted that the final body weight of 

broilers receiving CKMS-30 was 300 g lower that of broilers fed with MBF (P=0.02). As 

shown in Table 8, birds receiving CKMS-30 had higher concentrations of de-conjugated 

bile acids as compared to group fed with MBF. This suggests that L. salivarius (Table 7) 

capable of causing bile acid de-conjugation might have contributed to the impaired 

growth of birds receiving CKMS-30.  

In summary, the inclusion of CKMS in maize based diet had no influence on the 

diversity of the gut microbiota compared to the control maize diet. The results of this 

study demonstrated a significant alteration in the abundance of bacterial populations in 

relation to age. The significant increase in the ileal abundance of L. salivarius and 

clostridia occurring after d 15 could be a predisposing factor for the occurrence of GI 

problems related to dysbacteriosis after the discontinuation of AGPs. The use of L. 

salivarius as a probiotic strain has to be reviewed considering its ability to de-conjugate 

bile acids. Furthermore, this study demonstrated the importance of the Lactobacillus 

composition of the crop on the succession of Lactobacillus species in the lower GI tract. 

Therefore, nutritional strategies for an optimal modulation of the microbiota in the upper 

gut may in turn improve GI health of broilers in particular during the critical period 

between 20-30 days.  
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Table 1 Bacterial counts (log cfu/g) in the crop, gizzard, ileum and ceca of broiler chickens fed with wheat based feed (WBF), maize based feed 

(MBF), maize feed with 15% crimped kernel maize silage (CKMS-15), and maize feed with 30% crimped kernel maize silage (CKMS-30) at different 

ages  

  Diet  Day   P-value* 

Item WBF MBF 

CKMS-

15 

CKMS-

30 SE 8 15 22 25 29 36 SE Diet Day 

Crop               

Coliform bacteria 5.2 5.0 5.1 5.0 0.16 5.4
 a

 5.0
 ab

 5.4
 a

 5.4
 a

 4.8
 b

 4.6
 b

 0.19 0.767 0.013            

Lactose negative bacteria 4.2 4.0 4.3 4.1 0.15 4.7
a
 4.1

 ab
 4.4

 a
 4.3

b
 3.7

 b
 3.8

 b
 0.18 0.546 0.004 

Lactic acid bacteria 9.0 8.9 9.0 8.8 0.06 8.9 9.0 8.9 8.9 8.9 8.8 0.08 0.142 0.802 

Total anaerobic bacteria 8.8 8.7 8.8 8.7 0.07 8.8 8.8 8.8 8.7 8.7 8.6 0.09 0.449 0.551 

Gizzard               

Coliform bacteria 4.0 3.6 3.8 3.6 0.16 3.9 3.4 3.7 3.8 3.7 3.7 0.20 0.275 0.652 

Lactose negative bacteria 3.3 3.1 3.0 3.2 0.11 3.4 3.2 3.2 3.4 3.1 2.9 0.14 0.278 0.194 

Lactic acid bacteria 7.5
a
 7.0

b
 7.2

ab
 7.1

b
 0.12 7.1 7.4 7.3 6.9 7.2 7.3 0.14 0.011 0.098 

Total anaerobic bacteria 7.4
a
 6.9

b
 7.1

ab
 6.9

b
 0.13 7.0 7.3 7.2 6.7 7.1 7.3 0.15 0.027 0.116 

Ileum               

Coliform bacteria 5.6 5.7 5.4 5.2 0.16 5.1 5.6 5.4 5.7 5.6 5.4 0.20 0.070 0.322 

Lactose negative bacteria 5.1
a
 4.8

ac
 4.6

bc
 4.4

b
 0.13 4.5

bc
 5.4

a
 4.7

b
 4.6

bc
 4.7

b
 4.2

c
 0.16 0.002 <0.001 

Clostridium perfringens 3.3 3.1 3.4 2.6 0.31 3.1 3.5 3.3 3.6 2.7 2.4 0.38 0.313 0.231 

Lactic acid bacteria 8.6 8.5 8.6 8.5 0.06 8.6 8.6 8.6 8.5 8.6 8.5 0.08 0.509 0.835 

Total anaerobic bacteria 8.4 8.4 8.3 8.3 0.07 8.5 8.3 8.5 8.2 8.5 8.4 0.08 0.307 0.051 

Ceca               

Coliform bacteria 8.1 8.1 8.1 7.9 0.07 8.8
a
 7.9

bc
 7.8

bc
 8.1

b
 8.0

b
 7.7

c
 0.09 0.226 <0.001 

Lactose negative bacteria 6.9 6.8 6.8 6.5 0.09 8.2
a
 7.1

b
 6.3

c
 6.5

c
 6.4

c
 5.9

d
 0.11 0.094 <0.001 

Clostridium perfringens 3.4 3.2 3.8 2.9 0.29 3.5 3.5 3.6 3.7 2.9 2.8 0.33 0.213 0.410 
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Lactic acid bacteria 9.1 9.0 9.0 8.9 0.06 9.4
a
 9.3

a
 8.8

bc
 9.0

b
 8.8

bc
 8.8

c
 0.07 0.091 <0.001 

Total anaerobic bacteria 9.8 10.0 9.7 9.9 0.10 10.1 9.9 9.6 9.8 9.9 9.7 0.13 0.277 0.186 
a-d

 LSMeans within the same row with different superscripts differ significantly (P ≤ 0.05) 

*No significant interaction between day and diet was observed 
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Table 2 pH, and concentrations (mmol/kg) of SCFA
1
 and lactic acid in the contents of crop, gizzard, ileum and ceca of broilers fed with whole wheat 

based feed (WBF), maize based feed (MBF), maize feed with 15% crimped kernel maize silage (CKMS-15), and maize feed with 30% crimped kernel 

maize silage (CKMS-30) at different ages 

  Diet  Day  P-value* 

Item WBF MBF CKMS-15 CKMS-30 SE 8 15 22 25 29 36 SE Diet Day 

Crop               

pH 5.0 5.2 5.0 4.9 0.06 5.1 4.9 5.0 5.1 5.1 4.9 0.08 0.065 0.126 

Acetate 9.3
ab

 7.9
b
 10.4

a
 11.1

a
 0.84 9.9

b
 13.1

a
 8.9

b
 8.9

b
 8.9

b
 8.3

b
 1.00 0.038 0.015 

Propionate 0.2
c
 0.3

c
 0.8

b
 1.7

a
 0.10 ND 0.5

bc
 0.5

c
 0.8

b
 1.3

a
 1.3

a
 0.12 <0.001 - 

Butyrate 0.1 0.1 0.3 0.1 0.09 ND 0.3
ab

 0.4
a
 0.1

b
 0.1

b
 0.1

b
 0.11 0.573 - 

Isovalerate  0.2 0.3 0.3 0.2 0.08 0.7
a
 0.3

b
 0.1

b
 0.2

b
 0.1

b
 0.1

b
 0.09 0.659 0.001 

Lactate 48.8 36.1 45.7 49.6 4.6 46.3 45.0 47.3 44.4 42.2 45.1 5.68 0.159 0.993 

Succinate 2.9 2.0 2.3 1.8 0.39 2.5
ab

 3.6
a
 1.9

b
 1.2

b
 1.8

b
 2.5

ab
 0.48 0.230 0.024 

Gizzard               

pH 3.0 3.1 2.9 2.9 0.12 2.6
c
 2.8

bc
 2.9

abc
 3.1

ab
 3.2

a
 3.2

a
 0.14 0.579 0.016 

Acetate 2.3 2.7 2.7 2.6 0.5 2.5 2.2 2.2 2.2 2.9 3.2 0.57 0.913 0.686 

Propionate 0.2 0.4 0.3 0.4 0.1 0.1 ND ND 0.1 0.6 1.1 - - - 

Butyrate 0.10 0.40 0.33 0.66 0.2 0.3
bc

 0.9
a
 0.5

b
 0.5

b
 0.1

c
 0.6

b
 0.20 0.107 0.032 

Lactic acid 7.1 4.1 5.6 6.9 1.20 4.7 6.6 8.2 4.6 6.4 5.1 1.11 0.256 0.454 

Succinate 0.2 0.3 0.1 0.1 0.12 0.27 ND ND ND 0.1
b
 0.7

a
 - - - 

Ileum               

pH 6.7 6.7 6.7 6.8 0.07 7.1
a
 6.5

c
 6.4

c
 6.7

c
 6.8

b
 6.8

b
 0.09 0.913 <0.001 

Acetate 7.1
b
 8.9

a
 8.8

a
 7.6

ab
 0.47 7.2

bc
 5.9

c
 7.5

bc
 7.9

ab
 9.3

a
 10.8

a
 0.56 0.013 <0.001 

Propionate 0.2 0.2 0.2 0.3 0.07 ND ND ND ND 0.6
a
 0.7

b
 - - - 

Butyrate 0.1 0.1 0.1 0.1 0.05 ND 0.1 0.1 0.0 ND 0.1 - - - 

Lactate 29.7 26.6 32.9 29.7 3.40 24.5 26.1 33.9 28.9 32.3 32.5 4.12 0.637 0.526 

Succinate 0.2 0.1 0.2 0.2 0.12 ND ND ND ND 0.1
b
 1.1

a
 - - - 

Ceca               

pH 6.1
c
 6.4

ab
 6.5

a
 6.3

b
 0.06 6.0

c
 6.4

a
 6.2

bc
 6.3

ab
 6.4

ab
 6.3

ab
 0.07 <0.001 0.001 

Acetate 76.8 77.4 78.2 74.5 3.1 79.3 68.7 81.1 79.1 80.1 71.9
b
 3.77 0.855 0.119 

Propionate 4.9 5.2 5.3 4.6 0.04 0.9
c
 3.2

b
 6.0

a
 6.3

a
 7.3

a
 6.3

a
 0.04 0.652 <0.001 

Butyrate 17.3 15.1 15.6 13.8 0.94 8.6
c
 12.9

b
 19.1

a
 17.4

a
 18.1

a
 16.4

a
 1.15 0.078 <0.001 
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Isovalerate 0.2 0.3 0.3 0.2 0.05 ND 0.1
b
 0.3

a
 0.3

a
 0.3

a
 0.3

a
 0.06 0.506 0.001 

Lactate 8.2 7.1 3.1 7.6 1.60 26.4
a
 1.3

b
 1.8

b
 3.4

b
 4.6

b
 1.3

b
 1.90 0.090 <0.001 

Succinate 10.8
a
 8.6

ab
 6.2

b
 11.9

a
 1.40 25.7

a
 7.8

b
 6.9

b
 5.4

b
 5.7

b
 4.7

 b
 1.68 0.024 <0.001 

1
SCFA= short chain fatty acids

 

a-c
 LSMeans within the same row with different superscripts differ significantly (P ≤ 0.05) 

ND = Not detectable 

*No significant interaction between day and diet was observed 
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Table 3 Alpha diversity indices (700 rarefaction depths) at day 8, 15, 22, 25, 29 and 36  

  Day     

Indices 8 15 22 25 29 36 SE P-value 

PD whole tree 2.5
c
 2.5

c
 3.4

a
 3.5

a
 3.0

b
 3.5

a
 0.07 <0.001 

Chao1  50.1
b
 46.9

b
 69.4

a
 73.5

a
 51.1

b
 75.4

a
 1.74 <0.001 

Observed species 32.3
b
 34.2

b
 45.3

a
 46.9

a
 36.5

b
 46.1

a
 1.39 <0.001 

Shannon  2.8
c
 3.1

b
 3.2

a
 3.2

a
 2.5

d
 3.2

a
 0.01 <0.001 

a-d
 LSMeans within the same row with different superscripts differ significantly (P ≤ 0.05) 
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Table 4 Relative abundance of bacteria in the upper digestive tract (crop and gizzard) of broilers at 

different ages 

  Day   

 Item 8 15 22 25 29 36 SE P-value 

Crop 
        Firmicutes 97.4 97.8 98.3 98.3 98.4 97.4 0.65 0.761 

Lactobacillaceae
*
 97.4 96.7 96.1 97.6 96.4 94.2 1.16 0.399 

Lactobacillus 97.4 96.7 96.1 97.6 96.3 94.2 1.17 0.399 

Planococcaceae ND 1.0 2.2 0.6 1.8 1.7 0.50 - 

Staphylococcaceae
*
 

        Staphylococcus ND ND 0.1 0.02 0.1 1.1 0.30 - 

Actinobacteria
*
 

        Corynebacteriaceae 

        Corynebacterium ND ND 0.03 0.02 0.2 0.9 0.20 - 

         

Gizzard 
        Firmicutes 88.9 98.1 91.1 90.0 88.9 86.9 2.96 0.143 

Lactobacillaceae
*
 

        Lactobacillus 64.2 86.5 63.8 62.3 60.9 58.4 6.94 0.075 

Lachnospiraceae 10.3 2.7 5.5 4.8 4.3 2.3 2.05 0.104 

Roseburia 6.3
a
 1.2

b
 2.1

b
 1.6

b
 1.2

b
 1.1

b
 1.17 0.023 

Blautia 1.7 0.2 0.6 0.6 0.1 0.2 0.45 0.151 

Fusicatenibacter 1.1 0.4 1.1 0.8 1.3 0.3 0.34 0.214 

Ruminococcaceae 9.3 3.8 6.2 8.8 8.7 4.7 8.70 0.295 

Ruminococcus 7.4 2.8 4.0 4.6 4.9 2.1 1.42 0.149 

Faecalibacterium 0.3
b
 0.2

b
 0.7

b
 2.7

a
 1.5

ab
 1.7

a
 0.52 0.011 

Enterococcaceae
*
 

        Enterococcus 2.8 0.1 1.3 1.3 0.8 1.2 0.75 0.259 

Clostridiaceae 0.6 1.3 1.3 1.4 2.5 3.3 0.69 0.119 

Clostridium 0.4
c
 1.3

bc
 0.7

bc
 0.9

bc
 2.3

ab
 3.2

a
 0.68 0.038 

Planococcaceae 0.01
c
 3.4

bc
 11.4

a
 9.3

ab
 9.5

ab
 9.5

ab
 2.53 0.019 

Staphylococcaceae
*
 

        Staphylococcus ND ND 0.2 0.4 0.8 4.8 - - 

Proteobacteria 10.6
a
 1.4

b
 5.7

ab
 4.8

b
 3.4

b
 2.4

b
 1.81 0.014 

Comamonadaceae 2.8 0.4 2.0 0.9 0.5 0.6 0.66 0.070 

Moraxellaceae
*
         

Acenetobacter 1.9 0.2 0.9 1.4 1.0 5.0 0.45 0.136 

Enterobacteriaceae 1.7 0.1 0.3 0.8 0.3 0.4 0.42 0.093 

Escherichia 1.2 0.1 0.3 0.8 0.1 0.3 0.37 0.232 

Sphingomonadaceae 1.6 0.1 1.6 1.0 0.5 0.4 0.44 0.075 

Sphingomonas 0.9 0.1 1.2 0.4 0.2 0.1 0.88 0.108 

 

Bacteroidetes 

 

0.2 

 

0.4 

 

1.3 

 

2.4 

 

3.2 

 

0.8 

 

0.81 

 

0.077 

Rikenellaceae
*
         

Alistipes 0.1 0.2 1.2 2.2 2.8 0.4 0.75 0.064 
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Actinobacteria 0.2
b
 0.1

b
 1.4

b
 1.3

b
 2.9

b
 9.5

a
 1.37 <0.001 

Corynebacteriaceae
*
 

        Corynebacterium ND ND 0.6 0.8 0.5 3.7 - - 

Dermabacteraceae
*
 

      

  

Brachybacterium ND ND 0.6 0.3 1.8 2.5 - - 

Brevibacteriaceae
*
 

      

  

Brevibacterium ND ND 0.1 0.1 0.6 2.9 - - 

Tenericutes 0.1
c
 0.1

c
 0.4

bc
 1.3

a
 1.1

ab
 0.3

bc
 0.31 0.015 

1
 Bacteria with a relative abundance of more than 1% in one the six sampling days are presented in 

the table 

*
99-100% sequences belong to their corresponding genus 

a-c
LSMeans within the same row with different superscripts differ significantly (P ≤ 0.05) 

ND = not detectable 
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Table 5 Relative abundance
1 

of bacteria present in ileal content of broiler at different ages  

  Day  

P-value Item 8 15   22 25 29 36 SE 

Firmicutes 97.7 93.8 97.4 97.1 96.4 97.2 1.82 0.669 

Lactobacillaceae
*
         

Lactobacillus 61.3 65.9 72.6 73.3 67.3 67.7 7.19 0.856 

Enterococcaceae
*
         

Enterococcus 25.3
a
 0.6

b
 2.2

b
 2.4

b
 1.8

b
 0.9

b
 2.89 <0.001 

Lachnospiraceae 6.1 11.3 3.5 1.4 1.6 2.3 6.12 0.243 

Roseburia 1.7 1.8 0.8 0.2 0.1 0.5 0.66 0.323 

Clostridiaceae 4.7 16.7 11.7 12.0 18.4 19.3 4.45 0.204 

Clostridium 1.5
b
 11.6

a
 7.9

ab
 10.8

ab
 15.5

a
 18.1

a
 4.19 0.049 

Ruminococcaceae 2.0 3.1 1.7 1.3 2.4 1.3 0.96 0.752 

Ruminococcus 1.5 1.8 0.9 0.5 1.2 0.5 0.56 0.487 

Streptococcaceae
*
         

Streptococcus 1.2 0.04 0.7 1.7 2.5 4.7 1.23 0.131 

Planococcaceae 0.0
c
 1.5b

c
 6.2

a
 5.1

a
 3.2

ab
 1.5

bc
 1.43 0.033 

Proteobacteria 2.2 5.4 0.6 1.0 1.0 0.6 1.55 0.229 

Enterobacteriaceae
*
         

Escherichia 0.4 1.6 1.7 0.5 0.6 0.2 0.53 0.433 

Actinobacteria 0.1 0.02 1.4 1.1 1.1 1.7 0.58 0.232 

Corynebacteriaceae
*
         

Corynebacterium ND 0.01 0.8 0.9 0.8 1.1 - - 
1
Bacteria with a relative abundance of more than 1% in one the six sampling days are only presented in 

the table 

*
99-100% sequences belong to their corresponding genus 

a-c
LSMeans within the same row with different superscripts differ significantly (P ≤ 0.05) 

ND = not detectable   
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Table 6 Relative abundance
1 

of bacteria present in the ceca of broiler at different ages 

  Day    

Item 8 15 22 25 29 36 SE P-value  

Firmicutes 93.4
a
 96.3

a
 71.6

b
 70.1

b
 57.5

c
 75.4

b
 3.92 <0.001 

Lachnospiraceae 39.1
a
 35.0

a
 27.3

b
 20.1

c
 19.5

c
 22.7b

c
 2.39 <0.001 

Roseburia 19.7
a
 9.8

b
 7.9

bc
 5.7

bc
 4.7

c
 8.6

b
 1.43 <0.001 

Blautia 9.8
a
 3.9

b
 2.4

bc
 1.5

c
 1.0

c
 1.6

c
 0.77 <0.001 

Fusicatenibacter 4.8 8.1 8.7 5.34 4.8 4.1 1.44   0.090 

Coprococcus 1.6
a
 1.7

a
 0.7

b
 0.6

b
 0.56

b
 1.0

ab
 0.24   0.002 

Ruminococcaceae 29.5
b
 43.9

a
 32.5

b
 37.6

ab
 28.4

b
 36.1

ab
 3.50   0.020 

Ruminococcus 19.8 23.1 19.0 16.9 15.8 16.2 2.35   0.191 

Oscillospira 5.9
b
 9.9

a
 4.5

b
 5.5

b
 4.4

b
 5.9

b
 0.92 <0.001 

Butyricicoccus 2.0
a
 1.6

ab
 0.6

c
 1.1

bc
 0.5

c
 1.1

bc
 0.28   0.001 

Faecalibacterium 0.4
c
 4.2

bc
 3.4

c
 8.9

a
 3.2

c
 7.9

ab
 1.34 <0.001 

Ethanoligenes 0.7
b
 2.3

a
 1.3

b
 0.9

b
 0.9

b
 0.9

b
 0.34   0.020 

Lactobacillaceae
*
         

Lactobacillus 17.5
a
 7.8

b
 3.1

bc
 3.1

bc
 2.2

c
 3.3

bc
 1.25 <0.001 

Streptococcaceae
*
         

Streptococcus 2.7
a
 0.01

c
 0.3

bc
 0.4

bc
 0.7

bc
 1.5

ab
 0.49   0.002 

Erysipelotrichaceae 2.01
b
 1.1

b
 1.7

b
 1.8

b
 1.5

b
 3.2

a
 0.41   0.010 

Enterococcaceae
*
         

Enterococcus 1.7 0.1 0.1
b
 0.04 ND 0.02 - - 

Clostridiaceae 0.7
c
 5.7

a
 4.3

ab
 4.3

ab
 3.1

b
 4.8

ab
 0.74 <0.001 

Clostridium 0.7
c
 4.7

a
 3.4

bc
 3.3

bc
 2.3

bc
 4.4

a
 0.60 <0.001 

Catabacteriaceae
*
         

Catabacter ND ND 0.4 0.6 0.4 1.2 - - 

Oscillospiraceae 0.01 ND 0.8 0.4 0.2 1.0 0.26   0.030 

Peptostreptococcaceae ND 2.1 0.6 0.8 0.7 0.3 0.34   0.002 

Proteobacteria 6.3
a
 0.6

b
 0.2

b
 0.7

b
 0.2

b
 0.2

b
 0.69 <0.001 

Enterobacteriaceae 6.2
a
 0.5

b
 0.2

b
 0.6

b
 0.2

b
 0.2

b
 0.69 <0.001 

Escherichia 4.9
a
 0.5

b
 0.2

b
 0.6

b
 0.2

b
 0.2

b
 0.61 <0.001 

Bacteroidetes
*
         

Rikenellaceae         

Alistipes ND 1.8 23.6 21.2 35.7 20.2 3.8 <0.001 

Tenericutes 0.1
a
 1.1

bc
 4.3

ab
 7.7

a
 6.3

a
 3.7

b
 1.4   0.002 

1
Bacteria with a relative abundance of more than 1% in one the six sampling days are presented in the 

table 

*
99-100% sequences belong to their corresponding family and/or genus 

a-c
LSMeans within the same row with different superscripts differ significantly (P ≤ 0.05) 

ND = not detectable  
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Table 7 Relative abundance
1 

of Lactobacillus species in crop, gizzard, ileum and ceca of broiler at different ages 

  Diet  Day  P-value* 

Item MBF
2
 CKMS-30

3
 SE 8 15 22 25 29 36 SE Day Diet 

Crop             

L. johnsonii 50.0 47.6 4.1 47.7 56.4 51.6 46.3 50.5 40.4 6.89 0.690 0.665 

L. reuteri 14.5 15.0 1.9 19.8
a
 23.8

a
 8.7

b
 17.0

ab
 8.3

b
 10.9

b
 3.29 0.010 0.856 

L. crispatus 5.3 6.0 3.2 23.3
a
 4.2

b
 1.8

b
 0.5

b
 1.5

b
 2.8

b
 5.39 0.040 0.900 

L. salivarius 24.8 23.9 3.2 2.2
b
 7.0

b
 32.6

a
 32.7

a
 33.6

a
 37.9

a
 5.62 <0.001 0.856 

Gizzard             

L. johnsonii 37.3 36.3 3.5 36.0
b
 55.4

a
 33.1

b
 31.1

b
 32.4

b
 32.9

b
 6.06 0.058 0.843 

L. reuteri 5.6 7.2 1.1 7.0
ab

 11.8
a
 4.1

b
 6.2

b
 3.2

b
 6.0

b
 1.96 0.059 0.329 

L. crispatus 2.9 2.9 1.0 6.5 3.6 1.7 0.9 1.6 3.2 1.71 0.239 0.988 

L. salivarius 8.0 8.1 1.5 0.3
c
 3.7

bc
 12.3

a
 14.5

a
 10.7

ab
 6.8

bc
 2.61 0.003 0.952 

Ileum             

L. johnsonii 38.5 37.9 3.5 34.8 45.1 39.6 48.8 34.6 26.5 6.09 0.145 0.898 

L. reuteri 4.6 6.4 0.8 10.0
a
 10.0

a
 3.6

b
 5.0

b
 3.2

b
 1.6

b
 1.34 <0.001 0.109 

L. crispatus 5.7 5.6 2.05 15.6 7.2 3.0 2.2 2.2 3.7 3.55 0.079 0.991 

L. salivarius 16.7 19.5 2.70 0.9
c
 0.9

c
 26.5

ab
 17.1

b
 27.3

ab
 35.8

a
 4.68 <0.001 0.478 

Ceca             

L. johnsonii 3.0 2.4 0.38 7.0
a
 4.0

b
 1.4

c
 1.4

c
 0.8

c
 1.1

c
 0.71 <0.001 0.295 

L. reuteri 1.2 2.2 0.43 6.7
a
 2.6

b
 0.2

c
 0.1

c
 0.2

c
 0.3

c
 0.79 <0.001 0.100 

L. crispatus 0.7 0.8 0.31 3.6
a
 0.8

b
 0.1

b
 0.01

b
 ND 0.1

b
 0.58 <0.001 0.815 

L. salivarius 0.6
b
 1.4

a
 0.15 0.1

b
 0.3

b
 1.2

a
 1.5

a
 1.3

a
 1.8

a
 0.27 <0.001 <0.001 

1
Lactobacillus species with the relative abundance of more than 1% in one the six sampling days are only presented in the table 

2
MBF, maize based feed; 

3
CKMS-30, maize based feed with 30% crimped kernel maize silage 

a-c
LSMeans within the same row with different superscripts differ significantly (P ≤ 0.05)

 

ND = Not detectable 

*No significant interaction between day and diet was observed 
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Table 8 Bile acid concentration (mmol/kg) and proportion of conjugated and de-conjugated bile acids (%) in ileal contents of broilers fed wheat based 

feed (WBF), maize based feed (MBF), maize based feed with 15% CKMS
1
 (CKMS-15), maize based feed with 30% CKMS (CKMS-30) at different ages 

  Diet   Day   P value* 

Item WBF MBF CKMS-15 CKMS-30 SE 8 15 22 25 29 36 SE Diet Day 

Total bile acids  59.1 51.0 49.9 58.5 3.5 61.9
a
 42.4

c
 47.6

bc
 57.3

ab
 49.5

bc
 69.0

a
 4.33 0.150 0.004 

Total de-conjugated  

bile acids  36.4
b
 38.8

b
 37.8

b
 43.6

a
 1.4 42.6

a
 33.7

b
 40.2

a
 40.6

a
 39.5

a
 38.3

ab
 1.71 0.004 0.021 

Total conjugated  

bile acids  63.6
a
 61.2

a
 62.2

a
 56.4

b
 1.4 57.4

b
 66.3

a
 59.8

b
 59.3

b
 60.5

bc
 61.7

ab
 1.71 0.004 0.021 

1
CKMS, crimped kernel maize silage 

a-c
LSMeans within the same row with different superscripts differ significantly (P ≤ 0.05) 

*No significant interaction between day and diet was observed 
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Figure 1 Principal coordinates analysis (PCoA) plot of unweighted pairwise UniFrac distances 

showing clustering of bacterial groups in the intestinal contents of broilers fed MBF (red spheres) and 

CKMS-30 (blue spheres). The PCoA plot of each dietary treatment represents the pooled data of six 

sampling days (8, 15, 22, 25, 29 and 36) of four intestinal segments (crop, gizzard, ileum and ceca). 
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Figure 2 Alpha diversity rarefaction plots as measured by phylogenetic diversity with respect to 

sequence accumulation per sample of four intestinal segments (crop, gizzard, ileum and ceca). The 

alpha diversity plot of each segment represents the pooled data of six sampling days (8, 15, 22, 25, 

29 and 36) from both dietary treatments (MBF and CKMS-30). 
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Figure 3 Principal coordinates analysis (PCoA) plot of unweighted pairwise UniFrac distances 

showing clustering of bacterial groups present in the contents of crop (blue spheres), gizzard (orange 

spheres), ileum (green spheres) and ceca (red spheres). The PCoA plot of each segment represents 

the pooled data of all sampling days (8, 15, 22, 25, 29 and 36) from both dietary treatments (MBF 

and CKMS-30). 
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Figure 4 Principal coordinates analysis (PCoA) plot of unweighted pairwise UniFrac distances 

showing clustering of bacterial groups present on six sampling days (8, 15, 22, 25, 29 and 36). The 

PCoA plot represents the pooled data of four intestinal segments (crop, gizzard, ileum and ceca) 

from two dietary treatments (MBF and CKMS-30).  
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Supplemental A Composition of starter and grower diets for wheat based feed (WBF), maize based 

feed (MBF), maize based feed with 15% CKMS
1
 (CKMS-15), maize based feed with 30% CKMS 

(CKMS-30) 

Item (g/kg) 

Starter feed  Grower feed 

All groups WBF MBF CKMS-15 CKMS-30 

1-7  

days 

8-28 

days  

29-37 

days 

8-37 

days 

8-37  

days 

8-37  

days 
 

Wheat 383.8 588.1 496.4 52.4 169.4 268.8 

Maize 200.0 - - 580.0 430.0 280.0 

Rape seed (LL), milled 20.0 20.0 20.0 15.0 15.0 20.0 

Soya bean meal  

(dehulled toasted) 323.7 310.2 381.6 301.1 329.7 366.1 

Soya bean oil 22.9 38.8 50.0 10.0 10.0 13.7 

Calcium carbonate 10.9 10.2 12.4 9.9 10.8 12.1 

Monocalcium phosphate 17.3 15.4 18.7 15.5 17.1 18.9 

NaCl 1.9 2.3 2.7 1.5 1.9 2.2 

Sodium-bicarbonate 2.5 1.8 2.2 2.7 2.7 2.9 

Lysine hydrochloride 

(100%) 6.6 3.6 4.3 3.3 3.8 4.3 

DL-Metionine (100%) 4.7 4.1 5.0 3.7 4.1 4.7 

Treonine (98%) 1.7 1.3 1.6 0.9 1.1 1.3 

Viamin and Mineral 

mixture
2
 4.0 4.2 5.1 4.0 4.4 5.0 

Added prior to feeding       

Whole wheat - 150.0 300.0 100.0 100.0 100.0 

Crimped kernel maize 

silage 

 

- - - - 150.0 300.0 

Analysed composition
3
        

Dry matter (g/kg)  - 872.4 - 873.7 821.3 765.9 

Per kg DM       

AME
4 

(MJ) - 13.88 - 13.64 13.63 13.55 

Crude protein (N x 6,25) - 221.3 - 220.6 214.4 217.5 

Starch - 443.2 - 475.0 484.9 477.3 

Total sugar - 49.3 - 42.7 43.1 42.0 

Total NSP - 113 - 108 108 107 

Lignin - 18.0 - 12.0 16.0 13.0 

Fat - 70.4 - 50.6 48.1 48.4 

Ash - 53.8 - 53.6 54.0 53.9 
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Phosphorous - 7.0 - 7.4 7.4 7.5 

Per kg as fed       

Short chain fatty acids  

Acetate (mmol/kg) 

 

- 6.2 - 6.4 13.8 18.5 

Propioate (mmol/kg)     - 0.0 - 0.0 3.2 6.8 

Benzoate (mmol/kg)       - 0.0 - 0.0 0.4 1.1 

Lactate (mmol/kg)  - 2.1 - 2.0 26.7 66.3 

1
CKMS, crimped kernel maize silage 

2
The vitamin and mineral mixture provided per kg of diet: retinol (retinyl acetate), 12,000 IU; 

cholecalciferol, 5,000 IU; vitamin E (DL-α-tocopheryl acetate), 50 IU; vitamin E (synthetic), 54.9 IU; 

menadione, 3 mg; thiamin 2 mg; riboflavin, 6 mg; pyridoxine, 4 mg; Dpantothenic acid, 13 mg; 

niacin, 55 mg; betaine hydrochloride, 260 mg; folic acid, 2 mg; biotin, 200 μg; cyanocobalamin, 16 

μg; Calcium-D pantothenate, 1.08 g; FeSO4, 7H2O, 20 mg; ZnO, 100 mg; MnO, 120 mg; CuSO4, 

5H2O, 18 mg; KI, 560 μg; Na2SeO3, 300 μg; CoCO3, 500 μg 

3
Analysis was conducted on the complete feed after mixing with CKMS and whole wheat  

4
AME, apparent metabolizable energy  
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Abstract 

An infection trial and a production trial over 35 days were conducted in parallel to study 

the influence of feeding crimped kernel maize silage (CKMS) on the intestinal 

Campylobacter jejuni colonization and broiler performance, respectively. The CKMS 

was used at dietary inclusion levels of 15% and 30% in maize-based diets. Broilers were 

orally inoculated with 2x10
5
 log cfu/ml C. jejuni on day 14. Four birds from each pen 

were randomly selected and killed by cervical dislocation on d 3, 6, 9, 14 and 21 post 

infection and intestinal contents from ileum, caeca and rectum as well as liver samples 

were taken. Body weight and feed consumption of broilers were registered on d 13, 22 

and 35. On d 35, Litter dry matter was measured and the condition of the foot pads was 

evaluated. There was no significant effect of CKMS on the colonization of C. jejuni. Body 

weight of the broilers supplemented with 15% CKMS was comparable with the control 

MBF, whereas addition of 30% CKMS reduced broiler body weight (P<0.001). However, 

feed dry matter (DM) consumption and feed conversion ratio were the same in all three 

dietary treatments. Furthermore, the foot pad condition of broilers significantly improved 

with the inclusion of CKMS on broiler diets as a result of a higher DM content in the litter 

material. It is concluded that CKMS did not influence intestinal C. jejuni colonization, but 

improved the foot pad health of broilers. 
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Introduction 

Campylobacter infection is the most frequently reported human food-borne 

gastroenteritis worldwide, with 80–90% of infections being attributed to Campylobacter 

jejuni. Consumption of poultry meat and other poultry products contaminated with C. 

jejuni is the major source of human campylobacteriosis (Hermans et al., 2011b; Hermans 

et al., 2012; Lin, 2009). Despite being an enormous health problem in humans, broilers 

are the natural host for Campylobacter and are often colonized by 10
4
-10

5 
cfu/g 

content in the upper intestine and 10
8
 cfu/g content or more in the lower intestine, 

mainly in the caeca (Hermans et al., 2011a). The probability of colonization increases 

with the age of the broilers, and around 60-80% of them are found to be positive at 

slaughter age worldwide. Infected livestock, rodents, flies, contaminated water, and lack 

of biosecurity measures are the probable sources of primary infection (Hermans et al. , 

2012; Hermans et al., 2011; Hald et al., 2004 ; Hald et al., 2007). Thus, on-farm control of 

Campylobacter in poultry is very important in relation to food safety and public health 

(Lin, 2009; Sahin et al., 2002). 

Various methods including hygiene and biosecurity measures, drinking water 

treatment with organic acids, vaccination, and application of prebiotics and probiotics 

in the feed have been used to prevent the Campylobacter colonization in poultry 

(Hermans et al., 2011b). Besides these, the feeding of fermented wet feed was found to 

decrease the shedding of Campylobacter in broiler, which has been suggested to be 

due low feed pH and high content of organic acids (Heres et al., 2003b). However, 

fermented compound feed has been associated with poor litter quality and loss of 

nutrients like synthetic amino acids, especially lysine (Canibe and Jensen, 2003; 

Engberg et al., 2009). Therefore, the feeding strategy for poultry can be changed by 

supplementing a compound feed with fermented grains to avoid the negative impacts 

of feeding fermented a whole compound feed.  

In line with this, fermented grain in the form of ground or crimped ensiled maize 

(CKMS) is now a common practice in the pig nutrition as a basic ingredient for 

fermented liquid feed. Due to a rise in temperature in Northern Europe, maize can now 

be grown to full ripeness in Denmark and is harvested in November with an 

approximate moisture content of 40%. To achieve storage stability, the maize is ensiled, 

which is cheaper than artificial drying of the grains (LGseeeds, 2010). In addition to the 

reduced production cost, ensiled maize may further improve the gut health of poultry 

keeping the positive results of feeding fermented feed in mind. However, to the best of 
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our knowledge, scientific literature is lacking on crimped kernel maize silage (CKMS) 

and its role on gut microbiota. Therefore, the influence of CKMS on broiler performance 

and on the intestinal colonization of C. jejuni was investigated applying a broiler 

infection  model.  

 

Materials and methods 

Experimental design 

The experiments were carried out following the guidelines of The Animal Experiments 

Inspectorate (Danish Veterinary and Food Administration) regarding animal 

experimentation and care of animals under study. Two experiments were carried out in 

parallel with Ross 308 male broilers from d 1 to d 35. A total of 450 and 300 day-old 

male broiler chicks were randomly distributed to 3 dietary treatments for the infection 

study and production trial, respectively. In both trials, each treatment consisted of 5 

replicate pens with 30 birds per pen for the infection study and 20 birds per pen for the 

production trial, respectively. The replicate pens were distributed randomly in the 

broiler house in both studies. All birds were wing-tagged and reared in pens with a 

floor area of 1.7m
2
, covered by the same amount of wood shavings as bedding 

material in all the pens. The two trials were carried out in two individual and isolated 

rooms equipped with the facilities for automatic control of temperature, light and 

humidity. For the first three days, the temperature was maintained at 33ºC and 

thereafter gradually reduced by 0.6ºC
 
per day until it reached 21ºC. The temperature 

was then maintained at 21ºC for rest of the experiment. The relative humidity was 45% 

in week 1, 50% in week 2, 55% in the week 3 and 60% in weeks 4 and 5. Light was 

provided for 24 h on day 1, 23 h on days 2-5, 16 h on days 6-13 and 19.5 hrs during the 

remaining period.  

 

Characterisation of crimped kernel maize 

The CKMS used in this study was obtained from a commercial pig producer in Southern 

Denmark. The maize was harvested, crimped and ensiled in November 2014 for 

approximately 8 weeks with the addition of an organic acids mixture containing formic 

acid, propionic acid, benzoic acid and ammonium formeate (Kemira AIV Pro®, 

Kemira, Finland). The crimped kernel maize silage (CKMS) was stored in 20-kg 

evacuated plastic bags at -20ºC to maintain a similar quality throughout the feeding 

trial. According to the method described by Engberg et al. (2004), CKMS was analysed 
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for dry matter (DM), pH and microbial counts (coliform bacteria, LAB, yeast and mould). 

In short, DM was analysed following freeze-drying of the samples. Coliform bacteria 

were enumerated on MacConkey agar incubated at 38ºC for 24 h and LAB were 

counted on MRS agar incubated in an anaerobic cabinet at 38ºC
 
for 48 h. Yeast and 

mould were enumerated on MCA agar incubated aerobically at 25ºC for 48 h.  

The content of crude protein (N x 6.25) in the CKMS was determined using the 

DUMAS method. The ash was analysed according to the method described by Helrich  

(1990), and fat was extracted with diethyl ether after acid hydrolysis (Stoldt, 1952). The 

analyses of starch, non-starch polysaccharides (NSP) and lignin were conducted using 

the method as described by Knudsen (1997). The short chain fatty acids (SCFA) and 

lactic acids were analysed as described by Jensen et al. (1995).  

 

Composition of experimental diets 

Three dietary treatments were included in the experiments. The compositions of the 

starter and all grower diets are given in Table 2. The starter pelleted diet (1 to 7 days), 

containing 265.8 g/kg crude protein (CP) and 13.54 MJ/kg gross energy, was the same 

for all dietary treatments. In the growing period (8 to 35 days), the birds were fed with 

three different grower diets: All three grower diets contained maize as the major feed 

ingredient and were formulated without addition of enzymes and coccidiostats. Group 

1 received a diet containing 58% maize (maize-based feed, MBF). Further, groups 2 

and 3 received a maize-based feed supplemented with 15% CKMS (CKMS-15) and 

30% CKMS (CKMS-30), respectively. In CKMS-15 and CKMS-30, the maize was 

replaced by the CKMS on a dry matter (DM) basis. 

The CKMS was thawed overnight and mixed with the pelleted grower feeds 

before being fed to the birds. All three grower diets were formulated taking the DM 

content of CKMS into consideration to obtain the same nutritional composition after 

mixing. The ready-mixed grower diets were analysed for DM, crude protein, ash, fat, 

starch, organic acids, NSP and lignin following the methods mentioned above. The 

total sugar and phosphorus were analysed as described by Jacobsen (1981) and 

Carlson and Poulsen (2003), respectively. The gross energy was measured using a 

LECO AC 300 automated calorimeter system 789-500 (LECO, St Joseph, USA). The 

apparent metabolizable energy (AME) was calculated using the formula; AME (MJ/kg) 

= 0.3431 x %Fat + 0.1551 x %Crude protein + 0.1669 x %Starch + 0.1301 x %Total sugar 
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(Fisher et al., 2000). The numbers of LAB in the ready-mixed grower diets were counted 

on MRS agar as described above. 

 

Campylobacter jejuni infection 

Cloacal swabs from the broilers (6 birds/pen) was taken at d 13 on AHB media, and 

incubating them at 41ºC for 48 hours to check the status of C. jejuni shedding in broilers. 

A similar procedure was also followed in the broilers from production trial. Inoculation 

was carried out with C. jejuni with DVI-sc181 strain incubated overnight in BHI medium 

at 41ºC. The birds were inoculated individually by oral gavage of 1 ml of culture 

suspension (2x10
5
 log cfu/ml) at d 14 using a syringe.  

On days 3, 6, 9, 14 and 21 post infection (p.i.), four birds were randomly selected 

from each pen and killed by cervical dislocation to collect the intestinal contents from 

ileum (the intestinal segment caudal to Meckel’s diverticulum), caeca and rectum. The 

content from each segment was collected separately and pooled from the chickens 

within the same pen at each sampling time. The liver tissue was also collected at days 3, 

6, 9, 14 and 21 p.i. At the end of experiment (d 35), the status of the C. jejuni was 

checked in the broilers from the production trial by taking the cloacal swabs as 

mentioned above to determine whether cross infection had occurred.  

 

Enumeration of Campylobacter jejuni 

About 2-3 g of the contents from ileum, cecum and rectum were weighed and 

subsequently 1:10 serial dilutions were made in microaerophilic phosphate buffered 

saline (PBS) and incubated on AHB media at 41ºC for 48 hours for quantitative 

enumeration. For the liver tissue, 2-3 g of sample was aseptically taken after having 

sterilized the liver surface in a flame. The enumeration of C. jejuni was done in AHB agar 

at 41ºC for 48 hours as described above for the intestinal samples. Only the liver 

samples from 3 d p.i. were enumerated in Bolton broth to check whether they were 

positive or negative for C. jejuni.  

 

Production parameters 

Fresh feed and water were provided to the birds ad libitum throughout the trial. The 

body weight of the birds was measured individually at days 13, 22 and 35. The feed 

intake per pen was also recorded on the same days. Samples of the freshly prepared 

feed as well as pooled samples of feed remnants were used to determine the DM 
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content in the feed for the calculation of feed-DM intake and feed conversion ratio 

(FCR) of the birds. Dead birds were removed daily after registration of date, wing 

number and body weight. Body weight and feed-DM intake of the dead birds were 

also considered when calculating FCR. All calculations regarding feed-DM 

consumption, and FCR were done on a DM basis.  

 

Litter quality and foot pad scoring 

Litter samples were collected from the same 5 different areas in all the pens and 

freeze-dried for the analysis of litter DM content. Foot pad scoring was done on the 

right foot of all birds from each pen after killing them by cervical dislocation on day 35. 

The foot pads were examined for lesions, and the severity of the lesions was scored as 

follows: score 0: no lesion, score 1: mild lesions and score 2: severe lesions) as 

described (Ekstrand et al., 1998). The number of score 0 feet was multiplied by 0, the 

number of score 1 feet was multiplied by 0.5 and the number of score 2 feet was 

multiplied by 2 to calculate the total cumulative lesion scores and their relative 

frequency. 

 

Statistical analysis 

A statistical analysis of the comparison of the colonization of C. jejuni was performed 

using the General Linear Models procedure (GLM) of the SAS
®

 (SAS Institute, 2012) 

according to the following general model: Yij = μ + αi + βj + (αβ)ij + εij, where Yij was the 

observed dependent variable, μ was the overall mean, αi was the effect of treatments 

(MBF, CKMS-15 and CKMS-30), βj was the effect of days , (αβ)ij was the interaction 

between treatment and days, and εij was the random error.  

The results of body weight, feed-DM intake, FCR, foot pad score and litter DM 

were compared according to the general model: Yi = μ + αi + εi, where Yi was the 

observed dependent variable, μ was the overall mean, α was the effect of treatments 

(MBF, CKMS-15 and CKMS-30) and εi was the random error.  

Results are given as least square means (LSMeans) with a pooled standard error 

(SE). Probability values below or equal to 0.05 were accepted to indicate significant 

differences between means. 
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Results 

Biochemical and microbial analyses of CKMS and compound feeds 

The pH and DM content of CKMS were 3.95 and 59.3%, respectively (Table 1). The LAB 

count in CKMS was determined to be 7.8 log cfu/g. Coliform bacteria, yeasts and 

mould were below the detection limit (<3.0 log cfu/g). Concentrations of acetic acid 

(57.6 mmol/kg) and lactic acid (179.1 mmol/kg) were higher in CKMS. As presented in 

Table 2, the dietary DM content was higher in MBF (88.7%) compared to the diets 

containing CKMS-15 (84.5%) and CKMS-30 (80.4%). The contents of protein, ash and 

phosphorus per kg DM were similar in all diets. The fat content was slightly higher in 

diets containing CKMS than MBF (55g/kg vs. 61-64g/kg), however, the AME was similar 

in all three grower diets. Organic acids concentrations and LAB counts were higher in 

CKMS-30 followed by CKMS-15 and MBF (Table 2).  

 

Counts of C. jejuni in cloacal swabs and intestinal contents 

All the birds were determined to be negative for the shedding of C. jejuni before the 

inoculation. The broilers in the production trial that were used as negative controls 

remained negative for C. jejuni throughout the experiment. Counts of C. jejuni in the 

contents of ileum, cecum and rectum, and liver tissue result did not vary between the 

three dietary treatments (Table 3). From all the intestinal segments, C. jejuni was 

isolated at d 3 p.i. with a count ranging from 6-8 log cfu/g which increased to 7-9 log 

cfu/g at d 21 p.i. A significant increase in the C. jejuni counts was observed on d 6 p.i. 

in all segments, and continued to increase until the end of the experiment (P<0.001). 

All liver samples were positive for C. jejuni at d 3 p.i. A similar increase in the counts of 

C. jejuni was also determined in the liver tissue (P=0.008) as the broilers grew older. 

However, no significant difference in the colonisation level of C. jejuni was observed 

between the three dietary treatments in all intestinal segments as well liver tissues.  

 

Production performance 

The body weight of the broilers between the dietary treatments MBF and CKMS-15 did 

not differ, but the body weight of broilers fed CKMS-30 was significantly lower 

throughout the growing period (Table 4). At d 35 (P<0.001) the body weight of the 

broilers in CKMS-30 (2354 g/bird) was reduced by 153 g/bird and 232 g/bird 

compared to the broilers in CKMS-15 and MBF, respectively. Except for d 13, the feed-

DM intake did not vary between dietary treatments. During the entire growth period, no 
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significant difference was observed for FCR between the three dietary groups. The 

mortality of the broilers was low (2-3%) during the production trial and did not differ 

between the dietary treatments (P=0.94).   

 

Litter dry matter and foot pad lesions 

The DM content in the litter (P=0.026) increased significantly with the addition of CKMS 

in the feed, and was highest in CKMS-30 (57.9%) compared to MBF (52.8%) and CKMS-

15 (55.0%) (Figure 1). The foot pad lesions further reflected the DM content of the litter. 

The foot pad score was significantly lower (P=0.042) in the broilers supplemented with 

CKMS-15 (31.2) and CKMS-30 (21.6) compared with the very high score in birds 

receiving MBF (94.8). 

 

Discussion 

Fermented feed has been shown to be beneficial for maintaining a healthy 

gastrointestinal tract due to its characteristics such as low pH, high numbers of 

lactobacilli and high concentrations of lactic acid and acetic acid (Canibe and Jensen, 

2003; Canibe and Jensen, 2012; Engberg et al., 2009). The low pH of the fermented 

feed with a higher concentration of organic acids is suggested to acidify the upper 

digestive tract improving its barrier function especially against the acid sensitive 

pathogens. In line with this, a reduction in the susceptibility and shedding of Escherichia 

coli, Salmonella, and Campylobacter in poultry were reported earlier with the feeding of 

fermented compound feed (Engberg et al., 2009; Heres et al., 2003a; Heres et al., 

2003b; Heres et al., 2004).  

The results of this experiment indicated no difference in the colonization of C. 

jejuni between the control MBF and the diets supplemented with CKMS. Since 

Campylobacter colonized the caeca in high numbers, there was a slight tendency for 

the colonization of Campylobacter to decrease in the broilers fed CKMS (Table 3). 

Unlike previous experiments (Engberg et al., 2009; Heres et al., 2003b) applying wet 

fermented compound feed with a porridge like consistency, this study supplemented 

CKMS as a feed supplement to a dry compound feed. Broilers receiving wet fermented 

compound feed were reported to be less susceptible to intestinal colonisation with C. 

jejuni (Heres et al., 2003b). The discrepancy in the result was probably due to the 

difference in the LAB counts between the wet fermented compound feed and diets 

containing CKMS. The LAB counts in CKMS-15 (6.4 log cfu/g) and CKMS-30 (6.9 log 
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cfu/g) were approximately 1000 times lower than in fermented compound feed as 

previously reported by Engberg et al. (2009). Keeping the high numbers of lactobacilli 

around 10
9
cfu/g of crop contents in mind, the contribution of CKMS containing about 

10
7
cfu/g diet added at dietary levels of 30% will increase the lactobacilli population by 

only 1% in the crop. The numbers of LAB in the crop play an important role in preventing 

colonization from the undesirable and pathogenic bacteria in the lower digestive tract 

through a competitive exclusion mechanism (Juven et al., 1991). Therefore, the lower 

numbers of LAB in the feed supplemented with CKMS in comparison to wet fermented 

compound feed may be insufficient to increase the LAB population in the crop to induce 

a sufficient competitive exclusion at this location.  

Other studies conducted with acidified feed using organic acids such as lactic 

acid (5.7%) and acetic acid (0.7%) (Heres et al., 2004), and acetic acid (1-2%) and 

sorbate (0.1%) (Skånseng et al., 2010) reported a decrease in the colonization of 

Campylobacter in the lower digestive tract. It was further demonstrated that acidified 

drinking water with commercial organic acid (Selko-DWB, Selko Co., The Netherlands) 

prevented the spreading of Campylobacter in broilers (Chaveerach et al., 2004). Thus, 

organic acids play an important role in the prevention of Campylobacter infection. 

However, the concentration of organic acids such as lactic acid (160-250 mmol/kg) 

and acetic acid (20-30 mmol/kg) was higher in the wet fermented feed (Engberg et al., 

2009) compared to feed supplemented with CKMS (Table 2), which may explain the 

ineffectiveness of CKMS on Campylobacter colonization.  

In this study, a steady increase in the numbers of Campylobacter was observed 

as the broilers grew older (Table 3). In the study by Heres et al. (2004), it was reported 

that the number of infected broilers increased until 20 days p.i., demonstrating that C. 

jejuni can be easily established in the gut and increase their counts rapidly after 

infection. This emphasizes the importance of a Campylobacter prevention strategy in 

broilers as Campylobacter infections will be rather difficult to control once they have 

colonized in the gut. None of the non-infected broilers were found positive with respect 

o the shedding of C. jejuni at the end of the experiment which was attributed to the strict 

hygienic procedure maintained during the experiment. Therefore, it can be suggested 

that the cross-contamination or the transmission of the C. jejuni between the farms can 

be controlled through strict bio-security measures.  

The results of the current study showed comparable body weights  in the control 

group (MBF) and the group fed with CKMS-15. However, a significant reduction in the 
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body weight of broilers was determined when feeding the diet containing 30% CKMS. 

The body weight of broilers in CKMS-30 was 153-231 g lower than that of broilers 

receiving MBF and CKMS-15, respectively. This results support our previous results 

(Ranjitkar et al., unpublished). It has been shown that fermented feed has a positive 

influence on body weight with the feeding of 10% rapeseed meal (Chiang et al., 2010), 

fermented wet feed (water:feed ratio= 1.3:1) (Missotten et al., 2013), and 20-60% 

fermented dry barley or wheat (Skrede et al., 2003). In this feeding trial, feed-DM 

consumption and FCR in all three dietary treatments were similar (Table 4), suggesting 

that the lower body weight of broilers fed CKMS-30 was not due to the lower feed 

consumption. Therefore, the decreased digestibility of the nutrients as a result of the 

dilution of digestive enzymes due to high moisture content in the diets supplemented 

with 30% CKMS (Table 2) may have resulted in a reduced body weight of broilers. 

However, further studies will be needed to confirm this hypothesis.  

Apart from the production performances of broilers, bird welfare is an emerging 

issue in the poultry meat industry, which is due to increased consumer concerns 

regarding bird welfare in intensive broiler production. The prevalence and severity of 

foot pad lesions are used as an indicator to estimate the general housing conditions and 

welfare standards of birds in different parts of the world. The moisture content in the litter 

is directly correlated with the development and severity of foot pad lesions in broilers. In 

this connection, the foot pad scores of broilers fed CKMS-15 and CKMs-30 were 

significantly lower than those of broilers fed MBF, which is attributed to a higher DM 

content of the litter in the birds fed CKMS (Figure 1). There was only a slight difference in 

the litter DM content between MBF (53%) and CKMS-15 (55%), but the foot pad scores in 

both groups were significantly different. Therefore, even the minor variation in the litter 

DM content seems to have a large impact on the development of foot pad lesions.  

In conclusion, the supplementation of maize-based diets with CKMS did not 

significantly influence the intestinal colonization with C. jejuni in broilers The results of 

this study also supported the importance of bio-security measures on the prevention of 

Campylobacter transmission between farms. Apart from the depressed body weight 

gain in broilers fed CKMS-30, no other negative effects on production performance 

were observed in relation to the dietary supplementation of CKMS. . The increased litter 

DM content and improved foot pad health clearly suggested that the supplementation 

of CKMS in broiler diets has advantageous with respect to broiler welfare.  
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Table 1 Biochemical and microbial composition of crimped kernel maize silage 

Items Crimped kernel maize silage 

Dry matter (DM, g/kg) 593.9 

pH 3.95 

Microbial counts (log cfu/g)  

Lactic acid bacteria 7.8 

Coliform bacteria  0.0 

Yeasts  0.0 

Mould  0.0 

Short chain fatty acids (mmol/kg)  

     Acetic acid  57.6 

     Benzoic acid  2.7 

     Propionic acid  0.5 

     Formic acid  1.6 

Lactic acid (mmol/kg) 179.1 

g/kg DM 
 

Protein (N x 6.25) 93.7 

Starch 724.7 

Total NSP 77.0 

Lignin 10.0 

Fat 44.6 

Ash 15.7 
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Table 2 Composition of the starter and grower diets 

  

Starter feed  

(1-7 days)   

Concentrated grower feed  

(8-35 days) 

Item (g/kg) All groups   MBF
1
 CKMS-15

2
 CKMS-30

3
 

Wheat 8.3 
 

127.4 230.0 322.8 

Maize 510.0 
 

510.0 360.0 210.0 

Rape seeds (LL), milled 20.0 
 

20.0 41.6 63.6 

Oat 60.0 
 

- - - 

Maize gluten (60%) 30.0 
 

- - - 

Soybean meal (de-hulled) 315.4 
 

300.8 322.9 353.8 

Soybean oil 15.0 
 

10.0 10.0 10.0 

Calcium carbonate 10.6 
 

8.6 9.6 10.6 

Monocalcium phosphate 12.3 
 

7.9 8.6 9.6 

Sodium chloride 1.4 
 

1.5 1.7 1.9 

Sodium bicarbonate 2.8 
 

2.5 2.7 3.0 

Lysine hydrochloride (100%) 4.6 
 

2.9 3.4 4.0 

DL-Methionine (100%) 4.0 
 

3.6 4.0 4.5 

Threonine (98%) 1.6 
 

1.3 1.6 1.8 

Vitamin and mineral mixture
4
 4.0   3.5 3.9 4.4 

 

Added prior to feeding (g/kg of concentrated grower feed) 

Crimped kernel maize silage -   - 150.0 300.0 

Analysed composition
5
 

Dry matter (g/kg) 893.1 
 

887.5 845.9 804.5 

Per kg DM 
     

AME
6
 (MJ) 13.54 

 
13.97 13.63 13.98 

Protein (N x 6.25) 265.9 
 

236.6 233.4 236.3 

Starch 393.2 
 458.9 437.0 447.8 

Total sugar 51.5 
 

57.5 54.8 51.7 

Total NSP 115.0 
 

104.0 112.0 108.0 

Lignin 37.0 
 

12.0 28.0 18.0 

Fat 63.8 
 

55.1 61.2 63.7 

Ash 58.7 
 

52.0 51.7 51.3 

Phosphorus 7.8 
 

6.4 6.5 6.5 

Microbial count      

Lactobacilli (log cfu/g) -  3.3 6.4 6.9 

Organic acids (mmol/kg)       

Acetic acid  -  6.3 13.8 19.0 

Benzoic acid  -  0.0 0.5 0.5 

Lactic acid  -  0.0 21.8 29.6 
1
MBF, maize-based feed 

2
CKMS-15, maize-based feed with 15% crimped kernel maize silage 

3
CKMS-30, maize-based feed with 30% crimped kernel maize silage 
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4
The vitamin and mineral mixture provided per kg of diet: retinol (retinyl acetate), 12,000 IU; 

cholecalciferol, 5,000 IU; vitamin E (DL-α-tocopheryl acetate), 50 IU; vitamin E (synthetic), 54.9 IU; 

menadione, 3 mg; thiamin 2 mg; riboflavin, 6 mg; pyridoxine, 4 mg; D-pantothenic acid, 13 mg; 

niacin, 55 mg; betaine hydrochloride, 260 mg; folic acid, 2 mg; biotin, 200 μg; cyanocobalamin, 16 

μg; Calcium-D pantothenate, 1.08 g; FeSO4, 7H2O, 20 mg; ZnO, 100 mg; MnO, 120 mg; CuSO4, 

5H2O, 18 mg; KI, 560 μg; Na2SeO3, 300 μg; CoCO3, 500 μg 

5
Analysis was conducted on the complete feed after mixing with CKMS and whole wheat                                

6
AME, apparent metabolizable energy 
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Table 3 Number of colony forming units (log cfu/g) of C. jejuni in intestinal content and liver tissue of broilers fed with maize-based diets at 3, 6, 9, 14 and 

21 days post infection (p.i.) 

  Diets   Days (p.i.)   P value 

Item MBF
1
 

CKMS-

15
2
 

CKMS-

30
3
 SE 3 6 9 14 21 SE Diet Days Diet*Days 

Ileal content 6.47 6.55 6.49 0.09 5.76
d
 6.4

bc
 6.75

b
 6.26

c
 7.34

a
 0.11 0.813 <0.001 0.623 

Ceacal 

content 8.62 8.58 8.56 0.07 8.14
b
 8.54

a
 8.73

a
 8.73

a
 8.79

a
 0.09 0.848 <0.001 0.716 

Rectal content 7.47 7.37 7.38 0.08 6.83
c
 7.29

b
 7.50

b
 7.40

b
 8.02

a
 0.11 0.650 <0.001 0.722 

Liver tissue 2.16 1.93 2.28 0.11 - 2.16
ab

 1.88
b
 1.97

b
 2.46

a
 0.12 0.078 0.008 0.136 

1
MBF, maize-based feed 

2
CKMS-15, maize-based feed with 15% crimped kernel maize silage 

3
CKMS-30, maize-based feed with 30% whole kernel maize silage 

a-d
LSMeans with different superscripts differ significantly (P ≤ 0.05) 
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Table 4 Body weight, feed-dry matter (DM) intake and feed conversion ratio of the broilers fed with 

maize-based diets on13, 22 and 35 days 

  Diets     

Item MBF
1
 CKMS-15

2
 CKMS-30

3
 SE P-value 

Body weight (g) 

     Day 13 445
ab

 463
a
 438

b
 6.58 0.04 

Day 22 1209 1214 1148 19.34 0.06 

Day 35 2595
a
 2517

a
 2364

b
 25.53 <0.001 

      Feed-DM intake (g) 

     Day 13 501
b
 536

a
 512

ab
 7.69 0.02 

Day 22 1440 1484 1406 29.91 0.22 

Day 35 3660 3825 3678 102.86 0.48 

      Feed conversion ratio  

(kg feed-DM/kg body 

weight) 

     Day 13 1.13 1.16 1.17 0.01 0.09 

Day 22 1.19 1.22 1.22 0.03 0.65 

Day 35 1.41 1.52 1.56 0.05 0.16 
1
MBF, maize-based feed 

2
CKMS-15, maize-based feed with 15% crimped kernel maize silage 

3
CKMS-30, maize-based feed with 30% crimped kernel maize silage 

a-b
LSMeans with different superscripts differ significantly (P ≤ 0.05) 
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Figure 1 Litter dry matter and foot pad lesions of broilers fed with maize-based feed (MBF), maize-

based feed with 15% crimped kernel maize silage (CKMS-15), and maize-based feed with 30% 

crimped kernel maize silage (CKMS-30) on day 35 

 
a-b

LSMeans and 
x-y

LSMeans with different superscripts differ significantly (P ≤ 0.05) 
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10 General discussion 

 

Today, the poultry meat industry is not only focused on animal production performance, 

but has to deal with consumer concerns regarding the safeguard of human health as 

well as animal health and welfare. The use of fermented feed or fermented feed 

ingredients in animal nutrition is a feeding strategy with the potential to improve animal 

gut health and production performance without the use of antibiotics. The feeding of 

CKMS provides a possibility for the farmers to utilize their own produced or locally grown 

maize. The ensiling and storage of high moisture kernel maize on the broiler production 

site reduces costs in relation to transport and feed production. Another option to ensure 

storage stability of high moisture kernel maize is the storage in anaerobic silos, which is 

currently used by Danish broiler farmers for the storage of whole wheat. To our best 

knowledge, no literature is available on the use of CKMS in broiler nutrition and 

therefore its influence on broiler production and gut microbiota is not known. Since the 

use of fermented compound feed is not a good option for poultry considering the 

deterioration of the litter which increases the risk of foot pad dermatitis, it was decided 

to study the effects of supplementation of CKMS on maize based diets at inclusion levels 

of 15% and 30%. The major findings considering the influence of CKMS on production 

parameters and gut microbiota of broilers are presented in manuscripts I, II, & III, and are 

discussed in the following. 

 

Two feeding trials (Manuscripts I and III) were carried out where the influence of CKMS 

on broiler production results was studied. In both experiments, the body weight of 

broilers receiving CKMS-15 was equal to the maize based control diets. However, 

although not significant, there was a tendency of a higher feed-DM intake when broilers 

received CKMS compared to control, which in relation to feeding costs may be a 

disadvantage of CKMS. The production results in relation to the feeding of fermented 

feed or fermented feed ingredients have been shown to vary a high degree. Beneficial 

results were found when feeding a fermented wet compound feed (Missotten et al., 

2013) or supplementing broiler diets with fermented rape seed meal (Chiang et al., 

2010), and fermented dried barley (Skrede et al., 2003). On the other hand, Skrede et al. 

(2003) also observed the lower body weight in broilers when provided with fermented 

dried wheat. The supplementation of 15% CKMS showed better results in terms of body 
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weight gain than the inclusion of 30% CKMS, which was lowest among all treatments. 

The feed consumption of CKMS-15 and CKMS-30 fed broilers did not differ significantly 

in both experiments, and may therefore not be the main reason for this observation.  

 

In the 1
st
 feeding trial, whole wheat was added in all maize-based diets to simulate the 

conventional feeding strategy in Denmark. The addition of whole wheat along with 

CKMS increased the feed structure of CKMS-30 as indicated by higher relative gizzard 

and pancreas weights in broilers of this group (Manuscript I, Table 6). These findings are 

in agreement with previous reports by Engberg et al. (2002), Engberg et al. (2004) and 

Svihus (2011). Thus, the reduced weight gain of broilers in CKMS-30 could be linked 

with the increased coarseness of the feed as a lower body weight in broilers has 

previously been observed with an increased feed structure (Hetland et al., 2002; 

Parsons et al., 2006). To avoid a possible negative influence on growth performance 

via an increased feed coarseness, whole wheat was not included in the 2
nd

 feeding 

trial. The fact that the body weight of CKMS-30 was still lower in the 2
nd

 trial indicates 

that the feed structure may not have been a crucial factor for the body weight 

reduction.  

 

Unlike previous results reporting an increased nutrient digestibility associated with the 

feeding of fermented rapeseed meal (Chiang et al., 2010), the apparent digestibilities 

of nutrients were relatively lower in birds fed CKMS (Manuscript I, Table 5). The 

significantly lowest fat digestibility found in broilers fed CKMS-30 was most likely the 

cause for the decreased body weight in this group. It has to be noted that the activity of 

pancreatic enzymes (amylase, trypsin, chymotrypsin and lipase) did not differ between 

the four dietary treatments (Appendix 2). Whether these enzymes are diluted in the 

intestine due to the higher water content of the CKMS-30 diet is a matter of speculation. 

More studies will be needed to confirm this hypothesis. Another explanation for the 

lower fat digestibility in the group receiving CKMS-30 may be the elevated 

concentration of de-conjugated bile acids in the ileal contents in this group compared 

to the other dietary treatments (Manuscript II, Table 8). As reported by Knarreborg et al. 

(2002), the de-conjugation of bile acids is related to poor lipid digestion resulting in 

lower body weight gain of broilers. The higher relative abundance of bacteria with BSH 

activity like L. salivarius and L. reuteri in the ileal contents of broilers fed CKMS-30 
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determined by both HTS (Manuscript II, Table 7) and qPCR assay (Appendix 3) may be 

responsible for the increased microbial de-conjugation. L. salivarius and L. reuteri are 

used commercially as probiotics (Klose et al., 2006). Due to their negative impact on 

body weight gain attributed to bile acids de-conjugation, the use of these two 

Lactobacillus species as probiotics in broilers should be re-evaluated.  

 

Soluble NSP present in cereals has been associated with increased water consumption 

of birds (Francesch and Brufau, 2004). Due to the high NSP content in wheat, the 

increased water intake of the broilers fed WBF was expected. The combination of the 

low NSP content in maize and the high moisture content in CKMS was found to be 

highly effective in reducing the drinking water consumption. Broilers receiving CKMS-

15 and CKMS-30 compensated for the higher feed moisture in CKMS by reducing the 

water consumption (Manuscript I, Table 4). In view of the total Danish broiler 

production, which is 116 million birds/year (Danish Poultry Meat Association, 2014), it is 

worth mentioning that approximately 45 million and 94 million litres of drinking water 

can be saved annually in Denmark if broilers were fed with MBF or CKMS-15 and 

CKMS-30, respectively as compared to WBF. Hence, maize-based diets and in 

particular CKMS-30 seem to be an environmentally friendly feeding strategy with 

respect to the lower water consumption. Since the addition of an NSP-degrading 

enzyme to wheat based feed is common practice to alleviate the deleterious effect of 

soluble NSP, maize-based diets can be fed without enzyme supplementation. 

 

Animal welfare is becoming increasingly important for the poultry industry due to an 

increasing consumer awareness of animal welfare standards in recent years (Jonge and 

Trijp, 2013; Vanhonacker and Verbeke, 2014). Wet litter is a critical factor for the 

development of foot pad dermatitis in broilers as the incidence and severity were 

reported to increase along with elevated litter moisture content (Ekstrand et al., 1997; 

Shepherd and Fairchild, 2010; Wang et al., 1998). The evaluation of foot pad health is 

used as a tool to generally assess welfare of broilers in Europe and United States, and is 

a strong indicator of the housing conditions and litter quality (Ekstrand et al., 1998; 

Shepherd and Fairchild, 2010). The feeding trials clearly showed a notable 

improvement in the food pad health of broilers after addition of CKMS in maize based 

diets (Manuscript I and III). The lower moisture litter content was the likely reason for the 
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improved foot pad condition of broilers fed CKMS in both studies. It is interesting to note 

that the difference in litter moisture between MBF and CKMS-15 in both trials was only 

around 2-3 percent units (Appendix 4). However, this was enough to increase the foot 

pad lesions significantly. Thus, the results of both studies showed that the dietary 

inclusion of CKMS beneficially influence broiler welfare in terms of foot pad health. 

Compared to the other dietary groups, bird mortality decreased significantly when 

broilers received CKMS (Appendix 5). Considering the marginal influence of CKMS on 

the composition of the gut microbiota, the lower mortality was most likely due to the 

improved foot pad health of the broilers associated with the feeding of CKMS.  

 

The addition of CKMS to broilers diets had no significant effect on the bacterial counts of 

selected bacteria (LAB, lactose negative enterobacteria, coliform bacteria and total 

anaerobic bacteria) in any of the GI segments (Manuscript II). Further, it was expected 

that the addition of CKMS would reduce the pH in the crop and gizzard contents due to 

the presence of LAB as well as lactic and acetic acid. However, no significant effect of 

CKMS with respect to the pH of crop and gizzard contents was observed. Although HTS 

can provide a better picture of the microbiota in the given environment, it has been 

applied only in a limited number of studies including the ileal and/or cecal microflora 

(Callaway et al., 2009; Hoeven-Hangoor et al., 2013; Martynova-Van Kley et al., 2012; 

Sergeant et al., 2014; Stanley et al., 2012; Stanley et al., 2013). Only one study also 

included crop and gizzard (Choi et al., 2014), which is peculiar considering that the crop 

harbours high numbers of different LAB and acts as seeding organ for the lower 

digestive tract.  

 

The knowledge on the development of gut microbiota in relation to the age of chickens 

is quite limited as only few studies were done to characterize the succession of the 

microbiota in ileum and ceca (Danzeisen et al., 2011; Lu et al., 2003; Oakley et al., 2014; 

Shaufi et al., 2015). However, in-depth studies of the age-related community structure of 

the entire gut microbiota of the chicken are lacking so far, which is considered a major 

hindrance in understanding the development of GI problems of bacterial origin (Wei et 

al., 2013). Therefore, the study on the succession of gut microbiota is critical as the 

bacterial community at a given time point reflects the prevailing environmental 

condition of the GI tract along with the capability of each bacterial group to compete 



133 
 

with other bacterial groups (Apaalahtii et al., 2004). Therefore, pyrosequencing was 

carried out to determine the temporal changes in the gut microbiota along the GI tract 

of broilers with focus on the third week of broiler age where GI problems are often 

observed. Considering the high cost of HTS, only the samples collected from the broilers 

in the MBF and CKMS-30 treatments were analysed.  

 

The results of the pyrosequencing study were comparable to those obtained from the 

bacterial culture, showing no significant difference related to diets (Manuscript II). The 

HTS study revealed a high demarcation in the bacterial communities between the 

different GI segments (Appendix 6) reflecting their different physiological functions. This 

study confirmed the succession of the microbiota in broilers along the GI tract (from crop 

to ceca) as shown previously (Choi et al., 2014; Lu et al., 2003). A clear increase in the 

bacterial diversity was observed from d 8 to d 36 (Appendix 7), indicating that the 

bacterial communities present at the beginning of life are relatively transient, and are 

gradually replaced by a more mature bacterial community as broilers grow older. In line 

with this, the development a “mature” microbiota was determined from d 22 in this 

study, which is in accordance with previous findings (Lu et al., 2003; Shaufi et al., 2015). 

Various Lactobacillus species are the early colonizers of the entire GI tract of broiler 

chicks and they remained relatively stable except in the caeca. It is an important 

observation that the succession of Lactobacillus species in the lower digestive tract 

(ileum and ceca) reflected the Lactobacillus succession of the upper digestive tract 

(crop and ileum), which indicates that a beneficial modulation of the microbiota in the 

lower intestine may be possible by dietary interventions that modulating the crop 

microbiota.  

 

Broilers are growing rapidly nowadays and achieve a body weight of 2 kg in less than 5 

weeks (Ross poultry, 2014). Due to the intense genetic selection for fast growth, broilers 

are always under pressure and especially in the fast growing period after 2 weeks of 

age resulting in general immunosuppression (Kogut, 2013). The ad libitum feeding 

strategy in broiler production virtually leads to the endless availability of nutrients to the 

gut microbiota. Thus the combination of available substrates and compromised immune 

status may lead to the proliferation of microbiota in the proximal part of the small 

intestine, which may end up with bacterial overgrowth at that location. Furthermore, 
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over-nutrition was reported to trigger an inflammation of the gut mucosa leading to 

metabolic disorders in poultry. All these factors in combination may contribute to the 

development of non-specific enteritis related to dysbacteriosis in broilers (Kogut, 2013; 

Teirlynck et al., 2011). In this connection, a significant difference in the diversity of the 

microbiota between d 15 and d 36 indicated an alteration of the GI environment in this 

period (Manuscript II, Table 3). From d 22 onwards, a high abundance of Clostridium 

and L. salivarius was determined in the ileum. The steep increase of L. salivarius was also 

confirmed with the qPCR assay (Appendix 3). The period from 15 to 22 days is also the 

time point where broilers generally start to grow rapidly and increase their feed intake 

considerably. The increased relative abundance of L. salivarius and Clostridium may be 

related to a general increase of fermentable substrate in the small intestine possibly 

causing GI problems related to dysbacteriosis as discussed above. In humans, small 

intestinal overgrowth is considered to be related to an inflammation of the small 

intestine which is triggered by the high lactic acid concentration (DiBaise et al., 2006; 

Quigley and Quera, 2006). Whether this mechanism holds true for the development of 

dysbacteriosis in broilers is not known, however, considering the dominance of lactic 

acid bacteria in the small intestine, these bacteria are likely to play a major role. 

Therefore to avoid the accumulation of fermentable substrate in the small intestine, a 

modification in the feeding strategy e.g. the use of intermittent feeding instead of ad 

libitum feeding would be beneficial. Supportive measures to address this problem are 

the use of exogenous enzymes such as NSP degrading enzymes and phytase.  

 

Besides the understanding of the diversity of the gut microbiota, it is also important to 

study the influence of CKMS on the prevention of gut pathogens. Fermented feed was 

reported to reduce intestinal colonization with zoonotic pathogens such as Escherichia 

coli, Salmonella, and Campylobacter in poultry due to acidification of the upper 

digestive tract (Engberg et al., 2009; Heres et al., 2003a; Heres et al., 2003b). Among 

others, Campylobacter and Salmonella are responsible for most of the food-borne 

disease outbreaks in Europe (European Food Safety Authority, 2015). Since the Danish 

broiler production is considered to be free from Salmonella (ScienceNordic, 2012), the 

infection trial in the present work was carried out with Campylobacter jejuni. In 

accordance with previous results reporting decreased C. jejuni colonization in relation to 

fermented feed (Engberg et al., 2009; Heres et al., 2003b), a similar positive effect of 
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CKMS was expected. However, no difference between the broilers fed CKMS and the 

control group (Manuscript III) was observed with respect to C. jejuni colonization of the 

ileum and caeca. As discussed in Manuscript III, the most likely reason may be the lower 

numbers of LAB, and lower lactate and acetate concentrations in the CKMS containing 

diets as compared to fermented compound feed. Likewise, the CKMS supplementation 

had only a limited effect on the pH in the upper digestive tract.  
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11 Conclusion 

 

This Ph.D. study provided some new information on the nutritional aspects of CKMS and 

how it influences broiler production and gut microbiota. This study further provided 

additional information on the age related succession of the broiler gut microbiota. The 

main findings from the present thesis are summarized below. 

 

 The inclusion of 15% CKMS has no adverse effects on broiler body weight gain. 

However, the inclusion of 30% CKMS reduced broiler performances considerably.  

 The consumption of drinking water is reduced by the feeding of maize-based diets as 

compared to wheat-based diets, and is further reduced by the dietary inclusion of 

CKMS.  

 Wet litter problems and foot pad health of broilers can be remarkably improved by 

dietary inclusion of CKMS in broiler diets. With respect to the food pad health of 

broilers, maize based diets were better than wheat based diets. 

 There was a clear indication that the mortality of broilers had decreased with the 

addition of the CKMS in the maize-based broiler diets.  

 The use of 15% CKMS may be recommended to farmers considering the positive 

effect on bird welfare and no negative influence on growth performance. 

 Certain meat quality parameters like colour, tenderness, juiciness and shelf life 

improved in broilers fed maize-based diets compared to wheat-based diets. All these 

attributes further improved with the inclusion of CKMS in broiler diets.  

 A clear age related succession of bacterial communities was determined in all GI 

segments (crop, gizzard, ileum and ceca), which differed significantly in microbial 

richness and composition.  

  The bacterial diversity increased with age of the broilers and was considerably 

different at d 36 from what was determined at d 8. The development of a “mature” 

microbiota in broilers was determined in the period from d 22. 

 A sharp increase in the relative abundance of L. salivarius and high abundance of 

Clostridia during the period between 20-30 days could be the probable factors 

behind the development of GI problems related to dysbacteriosis in broilers.  

 The succession of Lactobacillus species in the ileum and ceca which was a reflection 

of the lactobacilli succession in the crop and gizzard. Therefore it is suggested that 
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the composition of Lactobacillus population in the upper gut can plays a vital role in 

the determination of Lactobacillus diversity in the lower GI tract.   

 The inclusion of CKMS in the broiler diets did not influence the bacterial diversity in 

the gut.  

 The inclusion of CKMS did not influence the intestinal colonization with C. jejuni in 

broilers.  
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12 Perspectives 

 

This study showed that the supplementation with fermented maize at concentrations of 

15% in the pelleted compound broiler feed can be a strategic tool to enhance animal 

welfare in terms of foot pad health and mortality without negative consequences on 

broiler performance. Since the results on the foot pad health of broilers were highly 

encouraging, it would be interesting to investigate whether other fermented feed 

ingredients such as wheat, barley, rapeseed, etc. will likewise improve litter conditions 

and foot pad health. During the feeding trials, a little spillage of feed was observed in 

the latter part of the growing period when using round feeders. In this relation, the use of 

feeding troughs would be a good choice when feeding crimped or whole wet 

fermented grains. Along with the new information on the use of CKMS in broiler diets, 

this study raised some questions that can only be answered through further studies.  

 

An increase in the abundance of L. salivarius and Clostridia was observed in the period 

between 20-30 days where GI problems typically occur in broilers. However, the role of 

these bacteria in the development of dysbacteriosis was not studied. Therefore, a 

comparative study of the gut microbiota of healthy broilers and broilers suffering from 

dysbacteriosis could clarify this. In humans, the concentration of D-lactic acid in 

peripheral blood serves as diagnostic tool for small intestinal overgrowth (DiBaise et al., 

2006; Quigley and Quera, 2006). It would be interesting to study whether high blood D-

lactate concentrations are also indicative for dysbacteriosis in broilers, which would 

support the hypothesis of lactic acid bacteria being involved in the disease.  

 

Beside the pyrosequencing of 16S rRNA genes a metagenomic study on intestinal 

contents would allow the investigation of intestinal microbial ecology in much more 

detail. In addition to the information about taxonomic diversity of the microbiota, 

metagenomics would give insight into the physiology of the organisms through their 

gene expressions (Handelsman, 2004). Metabolomics could be another approach to 

study the changes in the GI segments by metabolic profiling of the intestinal contents 

which can give an instantaneous snapshot of the change in their physiology (Dettmer et 

al., 2007). Thus, all this information together will aid to understand the role of the gut 

microbial ecology in maintaining gut health and performance in broiler production.  
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13 Appendices 

 

 

 

Appendix 1 qPCR primers of Lactobacillus species 

Target Primers                Sequence 5'-3' 

L. reuteri  UniF 
ACTCCTACGGGAGGCAGCAGT 

 
Lr468R 

TCACGCACGTTCTTCTCCAA 

L. salivarius  L_Sal_F GTCGTAACAAGGTAGCCGTAGGA 

 
L_Sal_R TAAACAAAGTATTCGATAAATGTACAGGTT 

L. plantarum  L_plan_F TTACATTTGAGTGAGTGGCGAACT 

  
L_plan_R AGGTGTTATCCCCCGCTTCT 
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Appendix 2 Activity of digestive enzymes  in pancreatic homogenates of broiler chickens fed whole 

wheat-based feed (WBF), maize-based feed (MBF), maize feed with 15% crimped kernel maize 

silage (CKMS-15), maize feed with 30% crimped kernel maize silage (CKMS-30) 

  Diets     

Enzymes (U/g tissue) WBF MBF CKMS-15 CKMS-30 SE P value 

Amylase 9762 14025 19020 12444 4240 0.486 

Chymotrypsin  188.60 181.60 201.40 191.50 11.40 0.670 

Trypsin  1.26 1.36 1.34 1.33 0.11 0.921 

Lipase  17.70 18.40 17.20 19.00 1.70 0.885 
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Appendix 3 Abundances of the three Lactobacillus species in the ileal contents of broilers fed MBF
1
 and CKMS-30

2
 as estimated using the qPCR assay 

  Diets   Days   P value 

Item (%) MBF
1
 CKMS-30

2
 SE 8 15 22 29 36 SE treat days 

Lactobacillus reuteri 11.76 14.83 1.97 22.15
a
 21.15

a
 10.11

ab
 8.15

b
 4.92

b
 3.12 0.28 <0.001 

Lactobacillus salivarius 9.01 10.20 1.67 1.24
b
 0.49

b
 16.24

a
 12.46

a
 17.61

a
 2.65 0.62 <0.001 

Lactobacillus plantarum 0.014
b
 0.19

a
 0.03 0.02 0.17 0.12 0.09 0.09 0.04 <0.001 0.14 

1
MBF, maize based feed 

2
CKMS-30, maize based feed with 30% crimped kernel maize silage 

a-b
LSMeans within the same row with different superscripts differ significantly (P ≤ 0.05) 
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Appendix 4 Litter moisture and foot pad scores of  broilers fed wheat-based feed (WBF), maize-

based feed (MBF), maize feed with 15% crimped kernel maize silage (CKMS-15), maize feed with 

30% crimped kernel maize silage (CKMS-30) from two feeding trials 

  Litter moisture   Foot pad score 

Diets 1st trial 2nd trial   1st trial 2nd trial 

WBF
1
 45.4

a
 - 

 

44.4
a
 - 

MBF 41.2
ab

 47.2
a
 

 

28.7
a
 94.8

a
 

CKMS-15 38.7
bc

 44.9
b
 

 

3.3
b
 31.2

b
 

CKMS-30 34.6
c
 42.1

b
   3.1

b
 21.6

b
 

1
WBF dietary treatment did not used in 2

nd
 trial 

a-c
LSMeans within the same column with different superscripts differ significantly (P ≤ 0.05) 
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Appendix 5 Mortality percentage of broilers fed wheat-based feed (WBF), maize-based feed (MBF), 

maize feed with 15% crimped kernel maize silage (CKMS-15), maize feed with 30% crimped kernel 

maize silage (CKMS-30) from two feeding trials 

  Diets     

Item WBF
1
 MBF CKMS-15 CKMS-30 SE P value 

1
st
 trial 7.14

a
 4.53

b
 0.96

c
 0.00

d
 0.17 <0.001 

2
nd 

trial
1
 - 3.50 2.33 1.83 0.84 0.395 

1
WBF dietary treatment did not used in 2

nd
 trial 

a-d
LSMeans within the same row with different superscripts differ significantly (P ≤ 0.05) 
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Appendix 6 Composition of the bacteria in crop, gizzard, ileum and ceca of broiler fed maize based 

diets 

 

Relative abundance of bacterial composition on each intestinal segment represents the pooled data 

of six sampling days (8, 15, 22, 25, 29 and 36) from both dietary treatments (MBF and CKMS-30). 
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Appendix 7 Alpha diversity rarefaction plots as measured by phylogenetic diversity with respect to 

sequence accumulation per sample of six sampling days (8, 15, 22, 25, 29 and 36). 

 

The alpha diversity plot of each sampling day represents the pooled data of from both dietary 

treatments (MBF and CKMS-30), and four intestinal segments (crop, gizzard, ileum and ceca). Lines 

are coloured according to sampling days.  
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