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1 CHAPTER 1: GENERAL INTRODUCTION

There are considerable evidences that feed ingredients and animal feed are frequently
contaminated with foodborne bacterial pathogens like Campylobacter species and non-Typhi
serotypes of Salmonella enterica, Shiga toxin—producing strains of Escherichia coli, and
Yersinia enterocolitica (Mead et al., 1999; Crump et al., 2002). The microbial contamination of
feed ingredients and animal feed may occur during the harvesting, handling, transportation,
processing and/or storage (Mahrous et al., 2001; Maciorowski et al., 2006) and can stay for
months in stored feed (Davies and Wray, 1995), and would thereby be taken up by livestock. In
1994, the FDA reported that 25% of the investigated feed samples, collected from feed mills and
farms were contaminated by Salmonella enterica during the harvesting, handling, transportation
and processing (Crump et al., 2002) Therefore, animal feed could be a potential vector in the
transmission of pathogens and toxins to the poultry and livestock. The slaughtering and/or
processing facilities can be contaminated by carrier or infected carcasses which lead to transmit
of pathogens through the food chain to human (Cox et al., 1986). The high risk ingredients in the
industrial compound feed are oil seed meals, vegetable proteins and animal derived proteins
(EFSA, 2008). For instance fish meal, meat and bone meal, and soy products have been shown to
have a relatively high prevalence of Salmonella (Jones and Richardson, 2004). The role of
contaminated feed for food safety is discussed, however, a positive correlation between the
presence of Salmonella in the poultry feed and their isolation on carcasses has been observed
(Bains and MacKenzie, 1974). This is important as over 50% of all traceable human cases of
salmonellosis have been associated with the consumption of eggs and other poultry products
(Ebel et al., 1992).

The need for biological safety of the poultry products initiated a worldwide search to find
an economically efficacious feed management strategy, which decontaminates feed, and
meanwhile, would be putatively beneficial for the gut microbiota and have no negative impact on
the animal welfare, performance and consumer health.

Several studies have shown the potential of thermal processes in the reduction of
microbial contaminations of feedstuffs (Mossel et al., 1967; Furuta et al., 1980a; Jones et al.,
1991; Adams et al., 1996), however, feed treated with heat is at the risk for recontamination
during the cooling process. Organic acids are often used in feed production to reduce bacterial
contaminations and to prevent recontamination (Ricke, 2003; Martin et al., 2005; Ricke, 2005)
and both strategies may act synergistically (Tabib et al., 1984). Thermal processing of feed and
the inclusion of organic acids can improve the stability and hygiene of feed, might alter the
chemical and physical characteristics of its constitutive ingredients, can improve the nutritional
value of animal feeds, might have beneficial effects on the gastrointestinal function and the
microbial status of gastrointestinal tract (Furuta et al., 1980a; Duffus and Duffus, 1991;
Jongbloed et al., 2000; Dibner and Buttin, 2002; Engberg et al., 2002; Rehman et al., 2007;
Jones, 2011; Abdollahi et al., 2013).

Despite a promising nutritional value, there is not enough knowledge regarding the effect
of organic acid supplementation on performance and particularly feed digestibility in broilers.
The interaction of thermal treatment strategies and the supplementation of organic acids have not
been widely investigated. Therefore, the first part of the present PhD thesis was performed to
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study the effect of different types of thermal processes including pelleting, long-term
conditioning and expansion at two different temperatures (110°C and 130°C) and organic acid
inclusion levels (0, 0.75 and 1.5%) and their interactions on hygienic status of broiler feed, on
performance and feed digestibility in broilers.

The effects of different types of thermal processes on the gut microbiota and possible
interactions with supplementation of organic acids as feed additives have not been widely
studied. The second part of the present PhD thesis was performed to investigate the effect of
different thermal treatments including pelleting, long-term conditioning and expansion at two
different temperatures (110°C and 130°C) and also different organic acid inclusion levels (0,
0.75 and 1.5%) and their interactions on bacterial composition and activity in gastrointestinal
tract of broiler chicks.
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2 CHAPTER2: LITERATURE REVIEW

2.1 Feed Production

The feed cost constitutes up to 70 percent of the poultry production costs (Abdollahi et
al., 2013). The most significant part of this cost is for the feed ingredients. About 95% are
required for meeting energy and protein requirements, about 3-4% for mineral and vitamin needs
and 1-2% for various feed additives (Ravindran, 2013), and the minor but still significant part is
for feed processing. The feed processing consists any treatment that poultry feed is gone through
prior to ingestion (Maier and Bakker-Arkema, 1992) and refers to the basal feed processing
including the practices of receiving, grinding, batching, mixing, loading, and delivering of
constitutive feed ingredients of the diet and a supplementary feed processing called “thermal
processing”. Regarding the fact that after the basal feed processing (receiving to mixing) a
complete feed is already available and further feed processing raises up cost of the final product,
the thermal processing has to be economically justified. However the available thermal
treatments for poultry feed can improve the stability and hygiene of the feed and also may
positively affect the chemical and physical characteristics of the constitutive ingredients, and
positively affect animal performance (Behnke, 1996; Thomas et al., 1999; Behnke and Beyer,
2002; Abdollahi et al., 2013). In recent three decades, several feed processing techniques in
poultry feed production have been developed, however, the cost and benefits of each technique
has to be carefully weighed and justified (Behnke, 1996).

2.1.1 Mash Feed

For mash feed production, the particle size of the majority of feed ingredients,
particularly coarse cereals grains is commonly reduced via grinding and then the ground seeds
are mixed with the protein meals and micro feed ingredients like amino acids (AA), vitamins,
etc. The first step of particle size reduction is the disruption of outer seed coats and the second is
the exposure of endosperm (Koch, 1996; Amerah et al., 2007a). In general, due to the increasing
in the number of particles and the surface area per unit volume, grinding or particle size
reduction cause greater access of the digestive enzymes to the nutritional components (Goodband
et al., 2002; Koch, 1996), as well as better homogeneity, blending ability and less segregation
during and after mixing (Koch, 1996). After the thermal processing, grinding is the second
greatest energy cost in the feed processing (Reece et al., 1985).

2.1.2 Mash Quality

Commonly, the mash quality is assessed by the homogeneity, uniformity and size of its
particles. One of the main challenges in the poultry feed manufacturing is the uniformity. The
feed industry has a desire to produce a consistent homogenized and uniform feed mixture. The
non-uniform mash feed, with different particle sizes, give the more aggressive birds the chance
to consume only the bigger feed particles and leave the smaller fine particles for less aggressive
birds (Behnke and Beyer, 2002). To achieve the ideal mash form, a proper grinding and mixing
is required. The particle size of the ground seeds can change based on the industry demands by
feed mill setting, however, as the protein meals are supplied pre-ground, and the micro-
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ingredient are generally supplied in the fine form (mostly as a powder), there is a little control
over their particle size (Amerah et al., 2007a). Therefore, producing a mash with an absolute
uniform particle size for all of the diet constitutive ingredients seems to be very critical. It has
been reported that different factors like particle size, particle number, particle shape, density,
electrostatic charge, dustiness, hygroscopicity and flowability can significantly affect the quality
of the feed mixture (Axe, 1995). However, by far, particle characteristics, particularly particle
size, can be the most important and limited factor for uniformity. Sorting and selecting of large
particle by the aggressive birds can make homogenized and balanced mash diets failing in the
meeting of the nutritional requirements for the entire herd (Abdollahi et al., 2013). Furthermore,
a mixture of ingredients with different particle sizes is subjected to segregation. In a segregated
mixture, the random mixing cannot be achieved and one component may have a greater
probability of being in the one part of the mixture than other components (Rhodes, 1990; Axe,
1995). Thus, the uniformity of particle sizes in a complete balance diet is necessary to optimize
nutrients reception and utilization. The failure in providing a homogenous and uniform diet
through feed production could lead to a poor animal performance (Behnke, 1996); however,
practically it seems being impossible to achieve an ideal feed mixture (Axe, 1995).

2.2 Thermal Processes

The agglomeration of the individual ground ingredients into the larger particles could be
one of the practical solutions for this problem. When a pelleted feed is presented to birds,
practically they are prevented from choosing between different particle sizes. It has been
observed that, broiler performance was more dramatically affected by the particle size when
birds fed mash diets than fed pelleted diets (Amerah et al., 2008). It could be due to the better
uniformity, less ingredients segregation and finally a better assimilation for receiving the micro
and macro ingredients. Concerning the present status of the poultry feed manufacturing and
regarding the difficulties for the appropriate homogenized mash production, recently many of the
farms use the different forms of the thermal processed feed, like crumbled, pelleted or expanded
feed. During thermal processing of the feed, the application of heat, moisture, pressure and shear
alter the physico-chemical properties of feedstuffs, thereby affecting their digesting behavior
(Nielsen, 1994; Thomas and van der Poel, 1996; Goelema et al., 1999). In fact, the interaction
between the constitutive feed ingredients of the diet and the thermal conditioning variables such
as machinery, temperature, pressure, time and steam determines the chemical reactions between
nutrients, the adhesive properties on the surfaces of feed particles and the final physico-chemical
structure of the feed. In terms of returning the invested energy (electrical, steam energy and etc.),
hydrothermally processed feed could be more profitable compared to mash feed, when balancing
against the gain in the available feed energy (Peisker, 2006). The thermal processing can
decrease feed wastage, reduce the time and energy spending for prehension, reduce ingredient
segregation, improve hygienic status of the feed, prevent selecting feed component by the
chickens, and might improve protein and starch digestibility (Behnke, 1994; Jones et al., 1995;
Behnke, 1996; Vilarino et al., 1996; Beyer et al., 2000; Behnke and Beyer, 2002), however,
specific consideration regarding the heat sensitive ingredients like AA, vitamins and feed
additives like probiotics and enzymes, must be given, when applying thermal processes (Peisker,
20006).
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The technology of poultry feed thermal processing consist a broad range of methods like
pelleting, long term thermal treatment, extrusion and expansion.

2.2.1 Long Term Conditioning

In order to eliminate, inactivate or reduce the anti-nutrients and pathogens in the animal
feed ingredients and feed, a simple heat processing method have been used for decades and still
is being used in many animal feed manufactories (Rehman and Shah, 2005). This simple heat
processing method could be dry or moist, and based on the purposes of the usage and its
technical characteristics (machinery, temperature, retention time and etc.) can be classified as
cooking, roasting, toasting, autoclaving and long term conditioning. The basic principles of this
heat processing are comparatively high temperature and long retention time (Rehman and Shah,
2005). In studies which terms of “roasting”, “toasting” and ‘“‘autoclaving” have been used, the
applied temperatures have been higher than 90°C and the applied retention times have been
longer than 10 min (Almas and Bender, 1980; Kadam et al., 1987; Sosulski et al., 1988; Rowe et
al., 1999; Newkirk and Classen, 2002; Gracia et al., 2003; Newkirk et al., 2003). These types of
thermal treatments could sometimes cause some unfavorable reactions, chemical and physical
alterations in feed (like Maillard reaction and degradation of heat-labile AA, enzymes and
vitamins), which could impair the nutritional value of the animal feed (Almas and Bender, 1980,
Newkirk and Classen, 2002; Newkirk et al., 2003). The observations were not consistent
because, the beneficial and impairing effects of mentioned thermal treatments are related to
several variables including the type of feed ingredients, the heating temperature, processing time
at the given temperature, the initial moisture and the volume of water during the treatments
(Almas and Bender, 1980; Rehman and Shah, 2005).

In the typical long term conditioning, which is commonly used in order to decontaminate
feed, the feed is processed at lower temperature and shorter time compared to roasting, toasting
and autoclaving. Although this type of long term conditioning has been the basis of the modern
thermal processes, it has not been widely studied and there is a dearth of information on
performance and nutrients digestibility of long-term conditioned feed in poultry and other
monogastric animals.

2.2.2 Pelleting Process

Pelleting is the most prevalent hydrothermal processing in the poultry feed production. It
agglomerates small particles into larger particles by the means of a mechanical process in
combination with moisture, heat and pressure (Falk, 1985; Behnke and Beyer, 2002). Almost at
the end of the 1920's, the so-called "flat die" pelleting machine and "ring die" pellet mill were
developed.

The early pelleting process involved mixing the feed ingredients and pelleting them with
no further treatment (Calet, 1965; Thomas and van der Poel, 1996). In modern pellet processes,
the mash is pelleted in a roller-die pellet press, both vertically and horizontally (Thomas and van
der Poel, 1996), with preliminary treatments such as mixing with pellet binders (Waldroup et al.,
2002), conditioning with steam (Skoch et al., 1981), expanding (Veenendaal, 1990; Behnke,
1996) and post treatments like spraying of enzymes, vitamins and oils on the final product
(McCracken, 2002). In addition to the roller-die pellet mill itself, auxiliary equipments including
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conditioners, cooler, dryers, and related process equipment are the indispensable part of the
pellet production processing in the animal feed manufacturing.

In the modern pelleting process the conditioning of mash prior to pelleting is the major
step (Skoch et al., 1981), which means injecting steam to the mash feed. After this step, the
conditioned mash flows from conditioner into the pelleting chamber and is formed by pressing
through a metal die. The last step of pelleting process is the cooling and drying. The temperature
of the final pelleted feed before cooling and drying is varying from 80 - 90°C at about 15 — 17%
moisture. The cooling and drying reduce the temperature to about 8°C above the ambient
temperature and decrease the moisture to about 10 — 12% (Zimonja et al., 2007; Abdollahi et al.,
2013).

Improving feed intake (FI) and consequent body weight gain (BWG) are the major
advantages and motivation for pelleted feed compared to mash feed (Engberg et al., 2002; Svihus
et al., 2004; Abdollahi et al., 2013). Furthermore, as explained above, pelleting process prevents
selection of larger particles by aggressive birds and also causes less particle falling from the beak
into the water or onto the floor and finally reduces the feed wastage (Calet, 1965; Axe, 1995;
Jensen et al., 2000; Abdollahi et al., 2013).

It has been reported that broiler chicks fed mash spent approximately 15% of the time for
feed ingestion and those fed pelleted feed spent approximately 4% of the time for the ingestion
(Nir et al., 1994). Productive energy is an estimation of energy per kg of the feed used for protein
and lipid synthetize (Reddy et al., 1962; Abdollahi et al., 2013). It has been shown that mash
feed contained less productive energy than the pelleted feed (Reddy et al., 1962). This is
explained by increasing the diet density through pelleting process (Jensen et al., 2000). The heat
increment during the ingestion and utilization was lower for the chickens fed pelleted diet
compared to those fed mash diet, therefore more energy was available for productive purposes
when pelleted feed was fed to broiler chicks (Latshaw and Moritz, 2009; Abdollahi et al., 2013).
Due to the beneficial effect of pelleting process on the feed wastage, heat increment and
available energy of the feed for productive purposes, there is a general agreement on higher
potential of the pelleted feed compared to the mash, for improving FI, BWG and feed efficiency.
However the observed results regarding the effects of the thermal processes, particularly
pelleting, on broiler performance, nutrient digestibility, energy retention and the apparent
metabolizable energy of the feed have been inconsistent (Jensen et al., 1965; Peisker, 1994;
Behnke and Beyer, 2002; Svihus et al., 2004; Peisker, 2006; Amerah et al., 2007b; Cutlip et al.,
2008; Abdollahi et al., 2013). This inconsistency might be due to the differences in the
proportion of specific feed ingredients in the experimental diets (oil content, cereal source like
wheat, corn or barley based diets etc.) or could be because of differences in the applied
machinery, processing temperatures and times (Peisker, 2006; Abdollahi et al., 2013; Liu et al.,
2013). For instance in terms of the proportion of specific feed ingredients in the experimental
diets and temperature in pelleting, it was shown that pelleting of wheat-based diets at 80—85°C
improved broiler performance, but increasing conditioning temperatures above 85°C impaired
performance (Silversides and Bedford, 1999). With a barley—maize—soy diet, increasing
temperature from 60 to 75°C improved FI and BWG, whereas conditioning temperatures of 90°C
impaired broiler performance (Samarasinghe et al., 2000). A pelleted maize—soy diet treated at
65°C improved BWG compared to diets pelleted at 75 and 85°C (Kirkpinar and Basmacioglu,
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2006). In contrast, a decreased FI, similar BWG and better feed conversion ratio (FCR) were
shown for broilers fed maize—soy diets pelleted at 93.3°C compared to those fed diets pelleted at
82.2°C (Cutlip et al., 2008). Conditioning wheat-based diets with a temperature above 60°C
reduced FI and BWG, but birds fed maize-based diets conditioned at 60 and 90°C had higher FI
and BWG than those fed the diet conditioned at 75°C (Abdollahi et al., 2010a). With maize- and
sorghum-based diets, increasing temperature did not affect FCR, while increasing the
conditioning temperature from 60 to 75°C reduced the BWG, but the BWG was restored at 90°C
(Abdollahi et al., 2010b). Improved pellet quality, in terms of durability and hardness at a higher
conditioning temperature, might cause the restoration of FI and BWG at 90°C (Abdollahi et al.,
2013). With a wheat-based mash starter diet, increasing temperatures per se above 60°C reduced
nutrient utilization and performance of broiler chicks. However, with pelleting at temperatures
above 60°C, better pellet quality was achieved and restored the performance (Abdollahi et al.,
2011). It was concluded that the high temperatures negatively affect nutrient availability and
positively affect pellet quality; therefore, performance responses of broilers fed diets conditioned
at different temperatures reflect a balance between the nutrient availability and the pellet quality
(Abdollahi et al., 2013).

The pelleting process is one the effective strategies for the feed decontamination and
reduction of the bacterial load in feed (Cover et al., 1984). However, heat resistance between
microbial species varies greatly. While the majority of Salmonellae and coliforms can be
eliminated by pelleting at temperatures above 80°C, spore formers are resistant to pelleting
process even at 90°C (Obi, 1978; Furuta et al., 1980b; Cox et al., 1986; Veldman et al., 1995;
Jones and Richardson, 2004). The decontamination effect of pelleting on Enterobacteriaceae in a
standard feed mixture, at two different temperatures rang (80-83°C and 51-67°C) was
investigated. Pelleting process at temperature under 80°C reduced the bacterial count by a factor
of 10° and pelleting at temperature over 80°C eliminated the bacteria by a factor of 10° (Mossel et
al., 1967). Pelleting of a commercial cattle concentrate feed at 70°C for 20 and 120 seconds
resulted in 1.3 and 2.2 log reductions in Escherichia coli O157, respectively (Hutchison et al.,
2007). A study comparing the prevalence of Salmonellae in broiler flocks fed either pelleted feed
at 60-80° C and pelleted feed at 80-82° C indicated a significant reduction in the occurrence of
Salmonellae in the flocks fed the more intensively heated pellets (Voeten and Leest, 1989).
However, the decontaminating efficacy of thermal treatments appears to be influenced by the
moisture content of the feed. The pelleting process of poultry feed with 15% moisture at 82.2° C
for 2.2 seconds eliminated Salmonella enteritidis by 4.5 log units, however in a similar feed
containing 5% moisture only a 1.5 log reduction was observed (Himathongkham et al., 1996). In
the modern thermal processing, the generated steam in the boiler is a medium through which heat
energy can be transferred to the mash feed. The heat transference is accompanied by
condensation of the steam as well as an increase in feed moisture. The conditioning of mash feed
prior to pelleting influences the potential of the applied processes in feed decontamination.

2.2.3 Extrusion Process

Extrusion in food and feed production has been used for almost one century. Extrusion is
a thermal treatment according to the high temperature, short time (HTST) principles and applies
a combination of moisture, pressure, temperature, shaping kneading and shearing forces. In feed
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processing equipments which work with the HTST principle, the steam conditioning and the
friction in the screw generate a high temperature and after passing the resistor in the outlet gate,
the high pressure drops to atmosphere pressure (Armstrong, 1994). This release of pressure and
the spontaneous evaporation of the moisture makes the end product porous with a low density
(Heidenreich, 1994), allowing oil and feed additives to be sprayed on the feed after the
processing.

The HTST equipments like extruders and expanders demand comparatively high energy
expenditures and high investment cost, therefore a substantial capital investment is required.
Extruders could be classified as moist or dry, single or twin screw extruder. The moist extrusion
usually implies process moisture of 30% or more, while dry extrusion generally processes feed at
less than 18% moisture level. Extrusion has the ability to minimize the nutrient degradation
while it eliminates microorganisms, inactivates enzyme inhibitors and destroys anti-nutritional
factors of the feed (Riaz, 2000). The transfer of mechanical energy to thermal energy results in
temperatures of up to 100°C, leading to improved starch gelatinization, protein denaturation and
feed texture (Fancher et al., 1996; Thomas et al., 1997). Extruders have been mainly
implemented for the production of pet and fish feed (Rokey, 1994). Extruded animal feed must
subsequently be more intensively cooled and dried compared to other types of thermal
processing (Heidenreich, 2001).

Broiler chicks fed pelleted and extruded feed had higher BW compared to those fed mash
diets (Kidd et al., 2005). Birds fed a crumbled extruded starter diet had a higher BWG compared
to chicks fed a crumbled pelleted starter diet. It was claimed that extrusion can cause protein and
AA destruction; therefore, extruded broiler feed might need to be formulated with slightly higher
nutrient density to compensate for the nutrient losses during extrusion (Jones et al., 1995).

Regarding the effects of extrusion process on the hygienic status of a standardized feed
formulation, it has been shown that Salmonella typhimurium was eliminated from mash feed
processed in an extruder at 83°C with 28.5% moisture and a retention time of 7 seconds (Okelo
et al., 2006). The same standard feed was inoculated with Salmonella typhimurium and Bacillus
stearothermophilus and subjected to an extrusion process at 77-110°C, 24.5-34.5% moisture and
3-11 seconds retention time. Only Bacillus stearothermophilus could be recovered from the
processed feed over the entire range of extrusion conditions (Okelo et al., 2008).

2.2.4 Expansion Process

Expanders have been introduced more recently in the animal feed industry. Expander and
extruder are similar regarding the design and function. The expander consists of a conveying
screw with mixing bolts which exerts a mixing, transport and shearing action into the mash feed.
The expander is considered as a single screw extruder with a moving die installed at the outlet
(Fancher et al., 1996; Thomas et al., 1997). There are small functional differences between a
single screw extruder and an expander. The temperature of expanders can rise up to more than
150°C, however the common range is between 100 - 130°C, whereas temperatures range in
extruders varies from 80 to 200°C (Fancher et al., 1996; Thomas et al., 1999; Lundblad et al.,
2011; Serensen, 2012; Prestlokken and Forutvikling, 2013). The moisture content, shear action
and production cost in the extrusion process is higher than the expansion. Extrusion processing
lines needs a dryer and a cooler while, for expansion processing a cooler seems to be sufficient
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(Fancher et al., 1996; Thomas et al., 1999; Prestlokken and Forutvikling, 2013). With an
expander, it is possible to produce a pellet shaped feed without using a pelleting mill (Riaz,
2000; Riaz, 2007). Cooking during the expansion process siginificantly gelatinizes starch into an
elastic adhesive that glues the feed particles and results in a puffed and low-density formation for
feed (Camire et al., 1990). Additional benefits of the expansion process can include improvement
of the pellet quality, lower feed moisture, higher diet formulation flexibility, better feed hygiene,
higher mill throughput, manipulation of the feed bulk density and particle size, the ability to
crumble without pelleting, and longer life for die (Fancher et al., 1996; Thomas et al., 1997).

The observations regarding the effects of expanded broiler diets on poultry performance
are inconsistent, which might be due to the temperatures and feed ingredients used in different
studies (Vest and Calhoun, 1997; Peisker, 2006; Liu et al., 2013). It has been reported that the
expansion process does not act on all ingredients in the same manner (Peisker, 2006). Expanding
is well known as a technology which increases the fiber solubility, fat stability, starch
gelatinization and metabolisable energy due to more available starch and fat, and in comparison
to pelleting, can be more flexible for diet formulation (Armstrong, 1994; Peisker, 1994; 2006).
This technology allows using a high level of oils, molasses and milling by-products, which
usually reduce pellet quality (Armstrong, 1994; Fancher et al., 1996). Thus, the differences in the
proportion of specific feed ingredients in the experimental diets like oil and cereals, could be one
of the main factors for the final results of the experiments and the observed inconsistency
(Peisker, 2006; Liu et al., 2013).

In a former study, the effects of pelleting (P) and expanding plus pelleting (E+P) on the
performance variables of broiler chicks were investigated. The E+P group had a lower BW and
better FCR compared to the P group (Smith et al., 1995). Average daily gain and average daily
FI were higher for broiler chickens fed pelleted diets compared to those fed expanded diets
(Lundblad et al., 2011). Birds fed pelleted feed tended to have a better BWG and FCR compared
to those received expanded-pelleted feed (Zimonja and Svihus, 2005). Feeding an expanded diet
improved performance variables of broiler chicken by 5-10%, compared to those fed pelleted
diet (Beyer et al., 2000). An improvement in growth and FCR was observed for male turkeys fed
expanded compared to those fed pelleted diet (Fancher et al., 1996). In other studies, no
significant differences in the final BW and FCR were reported between broilers fed pelleted and
expanded feed (Nissinen et al., 1993; Peisker, 2006). Regarding the results of the mentioned
studies, the destruction of the certain heat sensitive nutrients during the expansion process should
not be a restrictive factor for using this kind of processes in poultry feed production (Coelho,
1994; Broz et al., 1997).

Expansion process could be considered as an effective tool in order to improve the
hygienic quality of the feed (Fancher et al., 1996; Broz et al., 1997; Beyer et al., 2000; Behnke
and Beyer, 2002). It has been reported that processing temperatures higher than 110°C reduced
the bacterial count of naturally occurring Enterobacteriaceae by a factor of 10°, and ensured the
elimination of Salmonella spp. (Koenig, 1995). Similarly Heidenreich (1994) reported bacterial
decontamination rates of 10°-10° cfu/g.
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2.3 Water and Pressure in Thermal Processing

In thermal processes, heat, water and pressure are the main variables. The quality and
quantity of these factors directly influence the final product of hydrothermal processing and have
the main role determining the product quality.

2.3.1 Water

Water in thermal processing is known as a binding agent between different particles,
especially with capillary forces. Increased moisture can improve physical quality of the
processed feed (Moritz et al., 2001; Moritz et al., 2002; Moritz et al., 2003). During steam
conditioning, the feed particles are covered with a thin film of water. This thin film of water with
its effect on the surface structure of the materials may exhibit bonds via capillary sorption
between the particles (Rumpf, 1958; Thomas and van der Poel, 1996). The intensity of the
binding bridges between the particles is depending to the amount and surface tension (Knacke
and Pohl, 1959). More moisture bridges took place between particles when the amount of water
in the steam conditioning step increased and it caused more binding forces (Knacke and Pohl,
1959). Overload of the water saturation during the feed processing fills all the pores between the
particles and prevents the capillary forces and structural binding establishment (Knacke and
Pohl, 1959; Thomas and van der Poel, 1996). Due to the different machinery design and the type
of processing, the optimum amount of required steam during processing can be highly variable;
however, the overload of the injected steam may block the dies and considerably decreases the
efficiency of the processing (Knacke and Pohl, 1959; McBain, 1966).

The feed components and ingredients exhibit different interactions when water and heat
are combined (Thomas et al., 1997). During thermal processing, degradation, denaturation,
solubilization and gelatinization of AA, vitamins, proteins and starch can occur and different
binding bridges can be formed between the feed particles (Wood, 1987; Mommer and
Ballantyne, 1991; Thomas and van der Poel, 1996).

In modern feed thermal processing, steam instead of liquid state of the water is
commonly used (Thomas and van der Poel, 1996; Abdollahi et al., 2013). The application of
steam is the routine way to insert heat, pressure and water in the same time (Smallman, 1996;
Thomas et al., 1997; Abdollahi et al., 2013). In the steam conditioning, the live steam is injected
into the feed mash as it is conveyed through the conditioner which generally consists of a
cylindrical tube with a rotating shaft. The condensing steam increases the temperature and
moisture content of the mash (Smallman, 1996). Steam is homogeneously and fast scattered and
distributed through the feed particles (Thomas et al., 1999). The steam conditioning increases the
pellet production rate, improves the pellet durability, lengthens the roller- and die-life, reduces
the energy costs, decreases fine particles, reduces the fine particles recycling, and decreases the
dust during handling, transportation and feeding (Skoch et al., 1981; Moritz et al., 2001; Moritz
et al., 2002; Cutlip et al., 2006; Vukmirovi¢ et al., 2010; McBain, 1966).

Dry-pelleting caused higher temperature in the final product compared to steam-
conditioning-pelleting (Skoch et al., 1981). It is obvious that less mechanical friction can
increase the life of the die and roller assembly (Skoch et al., 1981; Moritz et al., 2001; McBain,
1966). Furthermore, steam conditioning before pelleting can reduce separation of fine particles
during scalping (Bartikoski, 1962; Skoch et al., 1981; Moritz et al., 2001; McBain, 1966).
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Steam conditioning has some disadvantages. Pelleted feed with higher moisture content
had higher durability and lower hardness (Vukmirovi¢ et al., 2010). Furthermore, the moisture
addition during the feed processing might increase the weight per volume of the feed and causes
a higher transportation cost (Dozier, 2001). However, the moisture content of the final product is
changed by cooling and drying. The ambient atmospheric condition and the quality of cooling
process as well as the nutrient composition of the diet greatly affect the final moisture content in
the processed feed (Cutlip et al., 2006; Cutlip et al., 2008). Steam conditioning decreased the
availability of several AA, specifically lysine digestibility, due to the Maillard reaction (Smith
and Circle, 1978).

2.3.2 Pressure

One of the important developments in the feed processing technology was the processing
system in which the conditioner and die cavities were pressurized. The pressure inside of the
chamber (barrel conditioner) is directly related to the volume and temperature of the injected
steam during the conditioning (Skoch et al., 1981; Stevens, 1987). The pressure during the feed
processing is originated from the motor power and steam (Stevens, 1987; Thomas and van der
Poel, 1996; Thomas et al., 1999). The motor power and steam pressure affect durability and
hardness of the processed feed (Thomas et al., 1999), most probably because of the densification
effect on the mash feed (Thomas et al., 1998). It has been reported that the steam pressure did
not affect pellet quality as dramatic as conditioning temperature, however it was still remarkable
(Cutlip et al., 2008).

The applied pressure during the thermal processes can de-aerate the feed mash and also
can decrease its porosity, which finally causes improvement in the energy consumption of the
subsequent compaction by pellet press and also causes stronger binding forces between the
neighboring particles due to the shorter radiuses (Rumpf, 1958; Ouchiyama and Tanaka, 1985;
Thomas et al., 1997). In feed with high viscous ingredients, the solid-solid interactions between
the different particles are the main adhering forces that stick particles together (Thomas and van
der Poel, 1996). The high pressure decreases the distance between the particles and these
interactions could more easily come into effect. Therefore, high pressure for feed mixtures which
contain highly viscous ingredients can increase hardness, but on the other hand, due to the
reduction in flexibility and redistribution of the binding agents around particles, it can also
impair durability (Thomas and van der Poel, 1996).

Low steam pressure during conditioning (injection of more water relative to heat) should
only be used when diets contain high level of the starch or heat sensitive material like dry milk
powder, sugar and whey (Thomas et al., 1997). However, in feed processing systems with low
steam pressure, the system may not be able to sufficiently remove sediments, thus, gradually; a
wet choke can block the die holes (Briggs et al., 1999).

On the other hand, when relatively low water volumes and high temperatures are needed,
high steam pressure conditioning could be the first choice (Thomas et al., 1997). High steam
pressure processing should be used for diets which contain high concentrations of fiber, protein
and anti-nutrient factors, as well as when high hygienic status of the feed is required (Maier and
Gardecki, 1993; Thomas et al., 1997; Cutlip et al., 2008). With applying high pressure steam
conditioning, a temperature higher than 80°C can easily be reached. However it might
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economically be inefficient (Thomas et al., 1997). The difference between the enthalpies of the
saturated vapor steam at 138 and 552 kPa is just 2.2% (Briggs et al., 1999). Steam pressures
between 241 to 276 kPa for conditioning have been recommended (Briggs et al., 1999).
Furthermore, Stevens (1987) and Briggs et al. (1999) reported that a high steam pressure did not
significantly affect pellet durability, production rate, moisture gain and temperature rise across
the die. The achieved pellet quality with various steam condition pressures has not been as
drastic as the pellet quality associated with different temperatures (Cutlip et al., 2008).

2.4 Organic Acids

In terms of feed decontamination, chemical treatments are often used. As advantage,
organic acids provide some residual protection against recontamination, depending on the
product implemented, the application rate, the thoroughness of the application, as well as the
persistence of the substance in the feed (Hinton and Linton, 1988; Rouse et al., 1988) (Hinton
and Linton, 1988; Rouse et al., 1988). Formic, propionic and acetic acid are the main agents used
in animal feed production to reduce bacterial contaminations and to prevent recontamination
(Ricke, 2003; Martin et al., 2005; Ricke, 2005).

The organic acids have a long history of use as preservatives and functional feed
additives (Vogt et al., 1982; Jongbloed et al., 2000; Dibner and Buttin, 2002; Ricke, 2003; Ricke,
2005). The utilization of organic acids in the animal feed industry was originally started to serve
as fungistats (Paster, 1979; Dixon and Hamilton, 1981), however, in past 40 years these organic
acids individually or in various combinations have also been used for their antimicrobial activity
and growth promoting effects (Hinton and Linton, 1988; Izat et al., 1990b; Berchieri and Barrow,
1996; Thompson and Hinton, 1997; Dibner and Buttin, 2002).

2.4.1 Antimicrobial Activity of Organic Acids

The mechanism of bacteriostatic and bactericidal activities of organic acids is not fully
elucidated and it is related to the physiological status of the targeted bacteria and the
physicochemical characteristics of the external environment (Ricke, 2003; Ricke, 2005).
Regarding the fact that the common antimicrobial organic acids are weak acids and have a pKa
(the pH at which the acid is half dissociated) between 3 and 5 (Dibner and Buttin, 2002), the pH
of the external environment, by its effect on the dissociation of the organic acids, is the main
primary determinant factor. At higher pH of the external environment, organic acid will be
increasingly dissociated (Davidson, 2001; Dibner and Buttin, 2002; Ricke, 2003). The
undissociated from of organic acids is lipophilic and can penetrate across the cell membrane of
the bacterial and mold cells, and when they are into the neutral environment of the cytoplasm,
dissociate into protons and anions (Eklund, 1985; Cherrington et al., 1990; Cherrington et al.,
1991; Davidson, 2001; Ricke, 2003). Bacterial cells needs a near neutral pH in the cytoplasm,
therefore a reduced cytoplasmic pH can disrupt enzymatic reactions and nutrient transportations
(Cherrington et al., 1991; Dibner and Buttin, 2002; Ricke, 2003; van Immerseel et al., 2006).
Furthermore, unloading the cells of the excess free protons requires energy and consumption of
ATP, which may cause discharge of cellular energy and depletion of energy availability for cell
proliferation (Davidson, 2001; Dibner and Buttin, 2002; Ricke, 2003). The other proposed
antimicrobial mechanisms of organic acids are relating to the interference of organic acid with
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the cell membrane protein, cell membrane structure and eventually subsequent disruption of pH
and electrical gradients across the cell membrane (Sheu and Freese, 1972; Sheu et al., 1972;
Salmond et al., 1984; Russell, 1992; Davidson, 2001).

2.4.2 Bacterial Resistance to Antimicrobial Activities of Organic Acids

The sensitivity of bacteria to the certain organic acids can differ greatly among the forms
(endospore versus vegetative cell) and strains (Heinzel, 1998; Dibner and Buttin, 2002; Ricke,
2003). For instance, vegetative cells are very susceptible and spores are the most resistant forms
(Heinzel, 1998). It might be due to the fact that some bacteria under effect of organic acids are
capable of allowing their cytoplasmic pH to decline (Russell, 1992) or could be because of less
antimicrobial activities of some organic acids (Dibner and Buttin, 2002; Ricke, 2003). The
antibacterial effect and the minimal inhibitory concentration (MIC) of one acid versus another
can be highly different (Hsiao and Siebert, 1999; van Immerseel et al., 2006). For instance E.
coli is approximately 10 times more resistant to malic, tartaric and citric acid compared to acetic,
butyric, lactic and caprylic acid and on the other hand the MIC of acetic acid for Bacillus subtilis
is 250 times lower than for lactobacilli (Hsiao and Siebert, 1999). The different antimicrobial
abilities of organic acids might be explained by the different abilities of organic acids in
disruption of cell membrane permeability, interference with nutrient transportation, interruption
in macromolecular synthesis, creating damage in cell membrane and subsequent membrane
leakage (Cherrington et al., 1991; Alakomi et al., 2000; Davidson, 2001; Ricke, 2003).

Each individual organic acid is better known for certain spectrum of antimicrobial
activity (Dibner and Buttin, 2002). For instance, lactic acid is more known for antibacterial
activity and sorbic acid is more effective against molds; however butyric, propionic and formic
acid are known to be effective against fungi, bacteria and yeasts and have a wider antimicrobial
spectrum (Doerr et al., 1995; Partanen and Mroz, 1999; Dibner and Buttin, 2002). It has been
reported that mixtures of organic acids have synergistic antimicrobial activity in vitro (Dibner
and Buttin, 2002; Huyghebaert, 2005). Thus, there is a tendency in feed industry to use a blend
of organic acid (Mroz, 2000).

2.4.3 Organic Acids as Feed Additives

The use of organic acids, especially formic and propionic acid as well as their mixture, as
feed additives in poultry nutrition is practically important for feed preservation, however,
nutritional or health benefits are debated controversially (Canibe et al., 2001; Ricke, 2003; do
Vale et al., 2004). Acids exert their effects in the feed prior to the consumption and/or upon
ingestion by chicken, as feed is moistened by the bird’s alimentary secretions, and comes into
contact with the crop, proventriculus and intestinal endogenous secretions and acids (Cherrington
et al., 1991). The organic acids in the crop and gizzard may reduce the bacterial activity and total
bacterial load and, are specifically effective against Campylobacter jejuni, Escherichia coli and
Salmonella spp. (Izat et al., 1990b; Hadorn et al., 2001; Dibner and Buttin, 2002). In several
studies it has been reported that both formic and propionic acids were able to reduce Salmonella
spp., E. coli and coliforms in the small intestinal, caecum and fecal contents of chickens (Hinton
and Linton, 1988; Rouse et al., 1988; Izat et al., 1990a; McHan and Shotts, 1992; Ricke, 2003).
Hinton and Linton (1988) and Berchieri and Barrow (1996) reported, that formic acid alone or in
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combination with propionic acid at a concentration of 0.6% in poultry diet were able to prevent
infection with Salmonella kedougou and Salmonella gallinarum.

Less microbial proliferation in the small intestine causes less competition for the
endogenous nitrogen between the host and microflora (Dibner and Buttin, 2002) and can
decrease the microbial bile acid deconjugation (Klaver and van der Meer, 1993; Engberg et al.,
2002). Microbial bile acid deconjugation can impair lipid digestion resulting in a poor broiler
performance (Partanen et al., 2001). Therefore, the antimicrobial role of organic acids in the
crop, ileum and caecum could be partly different. However, the major reason for using organic
acids in poultry diet could be as aid in controlling horizontal bacterial transmission from the crop
(Ewing and Cole, 1994).

2.4.4 Organic Acids in the Gastrointestinal Tract

The transportation and diffusion of organic acids mainly occur in undissociated form.
The relatively low pH of the proximal part of the gastrointestinal tract in poultry tends to be
supportive for the antimicrobial activity of organic acids and also their diffusion into the gut
epithelium (Mroz, 2000; Dibner and Buttin, 2002). If organic acids reach to the distal part of the
gut, the pH in the distal part of the gastrointestinal tract could be in favor of the dissociated form
of organic acid, thus, the diffusion of organic acids reduces, however, the epithelial surface of
gastrointestinal tract has an acidic microenvironments which permit the transportation of
undissociated acid into the enterocytes and bacteria (Von Engelhardt et al., 1989; Dibner and
Buttin, 2002). It has been reported that butyric, formic and propionic acid are readily
metabolized and absorbed in the proximal part of the digestive tract and do not reach the distal
part in sufficient quantities to be effective (Bolton and Dewar, 1965; Hume et al., 1993;
Thompson and Hinton, 1997; Leeson et al., 2005; van Immerseel et al., 2006). Therefore, direct
effects of organic acids on bacterial composition and metabolism in poultry may be assumed in
the crop and proximal part of small intestine.

2.4.5 The Benefits of Organic Acids in Poultry Nutrition

The benefits of using organic acids in animal nutrition, specifically poultry nutrition,
could be beyond their antimicrobial activities and modification of gut microbiota. It has been
reported that individual organic acid and blends of organic acids, apart from their antimicrobial
activity, reduce the digesta pH, improve in digestive enzymes and microbial phytase activity,
increase the pancreatic secretion, have beneficial effects on the gastrointestinal microbiota and
morphology, stimulate gastrointestinal cell proliferation and have trophic effects on the
gastrointestinal mucosa (Jongbloed et al., 2000; Dibner and Buttin, 2002). Variables such as
buffering capacity of dietary ingredients, the pancreatic secretion, presence of other
antimicrobial compounds, the hygienic status of production environment, and finally the
heterogeneity of the gut microbiota make the benefits of using organic acids in poultry diets less
predictable (Dibner and Buttin, 2002).

Several studies have investigated the effects of organic acids supplementation in diets on
poultry performance. Some findings indicated a negative influence on palatability, appetite and
FI (Cave, 1984). Moreover, it has been shown that formic and propionic acid, their salts, lactic
and fumaric acid could have a positive effect on feed efficiency (Runho et al., 1997; Paul et al.,
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2007) and propionic, tartaric and sorbic acid could improve growth performance (Vogt et al.,
1982).

Supplementation of 0.5 and 1% fumaric acids in a broiler diet improved BWG and had no
effect on FI (Patten and Waldroup, 1988). The supplementation of male broiler chicks with
0.125, 0.25 and 0.50% fumaric acid improved FCR and BWG (Skinner et al., 1991). Broiler
chicks fed a diet containing 0.5 to 1% fumaric acid had significantly lower FI and better feed
efficiency compared to the control group (Runho et al., 1997). Adding 0.2% of butyric acid to a
broiler diet had no significant effect on FI, however, in vaccinated chicken challenged with
coccidia, was helpful in order to maintain performance of broiler chicks comparable to the
control group (Leeson et al., 2005). The supplementation of the propionic and formic acid
mixture below 1% in the broiler diets had no significant effect on the final performance variables
(Kaniawati et al., 1992; do Vale et al., 2004; Isabel and Santos, 2009). A blend of 2.1 g/kg
propionic acid and 5 g/kg formic had no significant effect on performance variables after the
second week of the broiler chick’s fattening period (Isabel and Santos, 2009). An identical
observation was reported in the study in which 5 or 10 g formic acid/kg was investigated
(Hernandez et al., 2006). Under hygienic conditions, dietary formic acid did not have a positive
effect on the performance of broiler chickens, even if there was a very slight positive effect on
the apparent ileal digestibility of dry matter (Hernandez et al., 2006). Buffered propionic acid at
0, 0.2, 0.4, and 0.8% had no positive effect on BWG and feed utilization (Izat et al., 1990b). In a
study, in which broiler chickens received 0, 0.25, 0.50, 1.0 and 2.0% of a mixture with formic
and propionic acid, it was shown that the effective doses of this blend for the control of
Salmonella spp. did not affect broiler performance. The inclusion of 1% organic acids in the diet
resulted in a performance similar to that of untreated birds (do Vale et al., 2004). Similarly to this
study, the supplementation of broiler diets with 1% of a blend of formic and propionic acid
(Kaniawati, 1993) and 1% formic acid or 1.45% calcium formate (Izat et al., 1990a) did not
influence growth and feed efficiency in broilers at 42 d of age. Ammonium formate or calcium
propionate (3g/kg diet) inclusions improved the BW at d 21 and the feed efficiency of broiler
chicks at d 42 of age, whereas no significant effect on BW was observed at d 42 of age. It was
reported that the use of the salt form of these organic acids in broiler diets lowered feed
consumption, but the growth was comparable with control birds and FCR was improved (Paul et
al., 2007).
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3 CHAPTER 3: AIMS AND OBJECTIVES

Thermal treatment of feed has an impact on the feed hygiene, while simultaneously might
affect feed digestibility, subsequent nutrient availability for the gut microbiota and the
performance of broilers. Organic acids supplementation might conserve feed from subsequent
contaminations and may simultaneously affect gut function, gut microbiota and the feed
digestion process. However, the interactions of different thermal processes and organic acid
levels have not been investigated to date. Despite a promising nutritional effect, the interaction of
thermal processing methods and the addition of organic acids have not been widely studied and
there is a little information assessing the effect of organic acid supplementation, solely or/and in
combination with thermal processing, on gut microbiota, performance and particularly feed
digestibility in broilers. Therefore, the aim of the present dissertation was to evaluate the effect
of different thermal treatments including pelleting, long-term conditioning at 85°C for 3 minutes,
or expanding at 110°C and 130°C for 3-5 seconds without or with 0.75 and 1.5% organic acids
supplementation (63.75% formic acid, 25.00% propionic acid and 11.25% water) and their
interactions on:

1. Hygienic status of broiler feed
Bacterial composition in crop, ileum and caecum of broilers
Bacterial metabolism in crop, gizzard, ileum and caecum of broilers
Relative weights of the proventriculus, gizzard, duodenum, ileum, caecum and pancreas
Nutrient digestibility of broiler feed
Performance variables of broiler chicks
The results of the present thesis have been reported and described in the published
manuscripts of the following chapters (Chapter 4 and Chapter 5).
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6 CHAPTER 6: GENERAL DISCUSSION AND CONCLUSION

The results on hygienic status of feed, performance and nutrients digestibility, bacterial
composition and activity in gastrointestinal tract of broiler chicks have been described and
discussed in detail in chapters 4 and 5.

In accordance with the results of other studies, the findings of the decontamination trial in
the current study demonstrated that the applied thermal treatments and organic acids inclusion
were effective strategies in order to decontaminate broiler feed (Mossel et al., 1967; Cover et al.,
1984; Israelsen et al., 1996; Ricke, 2003; Martin et al., 2005; Ricke, 2005; Okelo et al., 2006;
van Immerseel et al., 2006).

The inclusion of organic acids mixture in the broiler diet linearly improved FCR at 7 d of
age (P < 0.05), but did not affect performance variables after the first week. The organic acids
inclusion had no significant effect on the pH of the gastrointestinal tract, relative organ weights
and ileal digestibilities of AA and crude protein. The effects of organic acids supplementation on
the metabolites and bacterial cell numbers were remarkable in the crop, but appeared to be
reduced along the length of the gut. The organic acids inclusion drastically reduced the overall
bacterial activity in the crop. The dominant bacterial group in the crop was lactobacilli, and
although lactic acid was reduced due to organic acids inclusion, no differences were observed for
lactobacilli cell counts. However the organic acids supplementation slightly reduced the ileal
lactobacilli and enterobacteria cell numbers as well as moderately increased the ileal acetate
concentration. The same study was also conducted to investigate the effects of thermal
treatments (P, L and E130) and organic acids inclusion levels (0 and 1.5%) on the apparent ileal
absorption of calcium, phosphorus, sodium, potassium, magnesium, copper, iron, zinc and,
manganese as well as various tibial quality parameters and retention of mentioned minerals in
tibia and liver of broiler chicks (Hafeez et al., 2014). The inclusion of organic acids had no
marked effect on the apparent ileal absorption of the investigated trace elements and minerals as
well as the tibial mineral concentrations, tibial quality parameters and retention of investigated
mineral in hepatic tissue (P > 0.05). The reason for these findings might be provided by taking
into account that the ingested formic and propionic acid are readily metabolized and absorbed in
the proximal part of the gastrointestinal tract and do not reach the distal part in sufficient
quantities to be significantly effective (Hume et al., 1993; Thompson and Hinton, 1997; van
Immerseel et al., 2006). Therefore, the beneficial effects of organic acids in poultry nutrition can
only be assumed for the parameters and variables related to the upper part of gastrointestinal
tract, specifically, in the crop, gizzard and proximal small intestine. The observed effects in the
distal part of digestive tract in the present study could probably be due to the changes in the crop
microbiota that reached the small intestine.

The different thermal treatments in the present study had no remarkable effect on broiler
performance variables. However, the long-term thermal conditioning significantly impaired the
apparent ileal digestibilities of crude protein and AA, except cysteine (P < 0.05). A high
temperature in combination with moisture and shear would provide favorable conditions for the
Maillard reaction to occur (Mauron, 1981; Cheftel, 1986). Moreover, a high temperature may
cause marked degradation of the most heat-labile AA, lysine, followed by threonine, arginine
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and serine (Papadopoulos, 1989; Svihus and Zimonja, 2011). The apparent ileal absorption of
calcium, sodium and phosphorus was significantly higher in E130 group compared to L group
(Hafeez et al., 2014). In contrast to the ileal apparent absorption and digestibility results, the
performance variables were not negatively affected by the thermal processing treatments,
indicating that the safety margins for the minerals and AA recommended allowances for broiler
are obviously high enough to cover the observed differences in the mineral absorption and AA
digestibilities. In fact the total amounts of absorbed minerals and digested AA in the ileum were
sufficient to cover the needs of broiler chicks at high growth rates.

The cell number of Lactobacillus spp. in the crop and ileum were higher in E130 group
compared to groups P and L, while clostridia and enterobacteria in the crop seemed unaffected
by thermal processes. The cell number of Bifidobacterium spp. in the crop was lower for groups
P and E130 in comparison to group E110 (P < 0.05), but this effect was reversed in the ileum.
Furthermore, in the crop, a high numeric increase for lactate as well as a significant increase for
acetate was found for the E130 group compared to all other thermal processes. The ileal SCFA
concentrations remained identical but the ileal lactate concentrations increased in expansion
groups. Therefore, the impact of the different thermal treatments in the crop and the small
intestine was mostly confined to lactobacilli and their metabolism. On the other hand, the relative
weights of jejunum and small intestine were significantly higher in the E130 group compared to
P and L (P <0.05).

Therefore, the fermentation activity in the proximal part of gastrointestinal tract and the
relative weights of jejunum and small intestine were higher in the birds fed expanded diets
compared to those fed pelleted and long term conidtioned diets. It might be explained by the fact
that expansion changes the size of microstructural particles, reduces the density of feed particles
and increases the fiber solubility and starch availability of the diet (Armstrong, 1994; Peisker,
1994). Soluble fibers are considered as anti-nutritional factor contributing to the high viscosity of
digesta, inhibiting digestion, impairing absorption and thereby reducing nutrient digestibility
(Smits and Annison, 1996). The soluble fibers compared to insoluble ones are generally more
rapidly and easily fermented in the gut and this makes their influence on the bacterial
composition and activity significant (Choct et al., 1996; Langhout, 1998; Bach Knudsen, 2001;
Montagne et al., 2003; Hetland et al., 2004). Furthermore it has been reported that the soluble
fibers could cause some morphological changes in the small intestine and increase its weight
(Smits et al., 1997; Iji, 1999; Iji et al., 2001). It seemed that the expansion process in the present
study increased the portion of soluble fiber in the broiler diets which might cause marked
improvement in the accessibility of the fermentable carbohydrates for bacteria, in general, and
for lactobacilli, in particular. Thus, the production of lactic acid by lactobacilli could be
increased and subsequently might change the morphology of the small intestine.

In conclusion, the results of the present dissertation indicated that the applied thermal and
organic acid treatments were efficient strategies in order to hygienize the poultry feed. The long-
term thermal conditioning might decrease the ileal nutrient digestibility, while pelleting and
expansion, without or/and with organic acids supplementation, seem to be less critical. While
expansion increased lactobacilli and lactate in the crop and ileum, organic acids addition
remarkably influenced bacterial composition and activity in the crop. Regarding the observed
effects of applied thermal and organic acids treatments on the microbiology of gastrointestinal
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tract, they might have modification effects on the bacterial composition of the upper
gastrointestinal tract in broiler chicks that may offer interesting perspectives to achieve a better
control of intestinal bacterial colonization in broilers. These indicate the potential of expansion
process and organic acids addition for hygienization of broiler feed.
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7 CHAPTER 7: SUMMARY

Title of the PhD thesis: The Effects of Different Thermal Treatments and Organic
Acids Levels in Feed on Nutrient Digestibility and Gut Microbiota in Broilers.

Poultry feed could be a potential vector in the transmission of pathogens to the poultry.
The processing facilities of poultry products can be contaminated by carrier or infected carcasses
which lead to transmit of pathogens through the food chain to human. There is a correlation
between the presence of Sa/monella in poultry feed and their isolation on poultry meet. On the
other hand, over 50% of all traceable human cases of salmonellosis have been associated with
the consumption of eggs and other poultry products. The need for biological safety of the poultry
products initiated a worldwide search to find an economically efficacious feed management
strategy, which decontaminates feed, and meanwhile, would be putatively beneficial for the gut
microbiota and have no negative impact on the animal welfare, physiology, performance,
nutrient digestibility and consumer health (Chapter 1).

In Chapter 2, a summary of the literature on different types of feed management
strategies is given. The main objective of the present thesis was to investigate the effects of
different thermal treatments including pelleting, long-term conditioning at 85°C for 3 minutes, or
expanding at 110°C and 130°C for 3-5 seconds without or with 0.75 and 1.5% organic acid
supplementation (63.75% formic acid, 25.00% propionic acid and 11.25% water) and their
interactions on hygienic status of broiler feed, nutrient digestibility and bacterial composition
and activity in gastrointestinal tract of broiler chicks. The detailed information on the main aims
and hypotheses of the present study can be found in Chapter 3.

In Chapter 4 and 5, the effects of different thermal treatments including pelleting (P),
long-term conditioning at 85°C for 3 minutes (L), or expanding at 110°C (E110) and 130°C for
3-5 seconds (E130) without or with 0.75 and 1.5% organic acids supplementation on hygienic
status of feed, performance, nutrient digestibility, gastrointestinal microbiota and organ weights
of broilers are investigated an disccused. In total, 960 one-day-old broiler chicks were randomly
assigned to 8 replicates using a 3 x 4 factorial arrangement. Performance variables were
determined, and the relative organ weights, ileal and total amino acid (AA) digestibilities were
measured at d 35. Also, at d 35, bacterial cell numbers in the crop, ileum and caecum, and
bacterial metabolites in the crop, gizzard, ileum and caeccum were determined. The organic acids
inclusion linearly improved feed efficiency in the first week (P < 0.05). The acid inclusion levels
and thermal treatments had no significant effect on the performance variables at later intervals of
the growing period. The inclusion of organic acids had a quadratic effect on total and ileal
digestibility of isoleucine (P < 0.05); while it had no significant effect on the ileal and total
digestibility of other AA and nutrients. The inclusion of 1.5% organic acids increased cell
numbers of all clostridial clusters in the crop. The organic acids supplementation increased the
propionic acid concentration in the crop and gizzard whilst there was a decrease in lactic acid
concentration. In the ileum, the 0% organic acids group had the highest numbers of Lactobacillus
spp. and enterobacteria. Inclusion of 1.5% organic acids increased ileal acetate concentration.
The L group showed the lowest ileal AA and crude protein digestibility. The relative weights of
jejunum and small intestine were significantly higher in the E130 group compared to P and L (P
< 0.05). Increasing the feed processing temperature led to an increase of lactobacilli in the crop
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and ileum, while clostridia and enterobacteria seemed unaffected. Similarly, lactate
concentrations increased in the ileum, but short chain fatty acids remained identical. In the crop,
an increase for acetate was found for the E130 group compared to all other thermal treatments.

In conclusion, the results of the present thesis demonstrated that the applied thermal and
organic acids treatments were efficient strategies in order to hygienize broiler feed. The long-
term thermal conditioning might decrease the ileal nutrient digestibility, while pelleting and
expansion, without or/and with organic acids supplementation, seemed to be less critical. While
expansion increased lactobacilli and lactate in the crop and ileum, organic acid addition
remarkably influenced bacterial composition and activity in the crop. Taking into account all the
observed effects of applied thermal and organic acids treatments on the microbiota of
gastrointestinal tract, the evaluated treatments in the present study might have positive effects on
the bacterial composition and activity of the upper gastrointestinal tract in broiler chicks that
might offer interesting perspectives to achieve a better control of intestinal bacterial colonization
in poultry. These indicate the potential of expansion process and organic acids addition for the
hygienization of broiler feed (Chapter 6).
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8 KAPITEL 8: ZUSAMMENFASSUNG

Titel der Dissertation: Der Einfluss verschiedener Wiarmebehandlungen und Zulagen
organischer Siuren im Futter auf die Nihrstoffverdaulichkeit und die Mikrobiota des Darms von
Broilern.

Gefliigelfutter stellt eine potenzielle Ubertragungsmoglichkeit von pathogenen Erregern auf das
Gefliigel dar. Zur Verbesserung der Sicherheit bei Gefliigelprodukten sind Okonomische
Fiitterungsstrategien erforderlich, die das Futter dekontaminieren, vorteilhaft fiir die Mikrobiota des
Darms sind und die keine negativen Auswirkungen auf die Tiergesundheit, die Physiologie und Leistung
der Tiere, die Néhrstoffverdaulichkeit und die Sicherheit der Lebensmittel haben (Kapitel 1).

In Kapitel 2 sind verschiedene Fiitterungsstrategien aus der Literatur zusammengefasst. Ziel
dieser Arbeit war es den Finfluss verschiedener Wiarmebehandlungen, darunter das Pelletieren, die
Langzeit-Aufbereitung bei 85 °C fiir 3 Minuten, oder die Expansion bei 110 °C und 130 °C fiir 3-5
Sekunden mit oder ohne den Zusatz von 0,75 und 1,5 % organischer Saure (63,75 % Ameisenséure, 25,00
% Propansdure und 11,25 % Wasser) und deren Wechselwirkungen auf den Hygienestatus von
Broilerfutter, die Nahrstoffverdaulichkeit und bakterielle Zusammensetzung und die Aktivitit des Magen-
Darm-Trakts von Broilerkilken zu untersuchen. Detaillierte Informationen zu den Hauptzielen und
Hypothesen dieser Arbeit sind in Kapitel 3 aufgefiihrt.

In Kapitel 4 und 5 wurden die Einfliisse verschiedener Wéarmebehandlungen, darunter das
Pelletieren (P), Langzeit-Aufbereitung bei 85 °C fiir 3 Minuten (L), oder Expansion bei 110 °C (E110)
und 130 °C fiir 3-5 Sekunden (E130) mit oder ohne den Zusatz von 0,75 und 1,5 % organischer Sdure auf
den Hygienestatus des Futters, die Leistung, Nahrstoffverdaulichkeit, die Mikrobiota des Magen-Darm-
Trakts und die Organgewichte von Broilern untersucht und diskutiert. Insgesamt wurden 960
Eintagskiiken randomisiert in einem 3 x 4 faktoriellen Versuchsplan acht Wiederholungen zugeordnet.
Die Leistungsvariablen wurden ermittelt und die relativen Organgewichte sowie die ileale und die
gesamte Verdaulichkeit der Aminosduren an Tag 35 gemessen. An Tag 35 wurden zudem die bakteriellen
Zellzahlen in Kropf, lleum und Caecum sowie die bakteriellen Metabolite in Kropf, Muskelmagen, Ileum
und Caecum bestimmt. Der Zusatz von organischen Séduren fiihrte zu einer Verbesserung der
Futtereffizienz in der ersten Woche (P < 0.05). Die verschiedenen Mengen an zugefiihrten organischen
Sduren und die Wirmebehandlungen zeigten zu spéteren Zeitpunkten der Wachstumsphase keine
signifikanten Auswirkungen auf die Leistungsvariablen. Der Sdurenzusatz zeigte einen quadratischen
Effekt auf die ileale und die Gesamtverdaulichkeit von Isoleucin (P < 0.05), hatte jedoch keinen
signifikanten Einfluss auf die anderen Aminoséuren und Nahrstoffe. Der Zusatz von 1,5% eines Produkts
mit organischen Sauren erhdhte die Zellzahl aller Clostridiengruppen im Kropf. Durch die Zugabe
erhohte sich die Propionsdurekonzentration in Kropf und Muskelmagen bei einem gleichzeitigen
Absinken der Milchséurekonzentration. Im Ileum zeigte die Gruppe ohne Séurenzusatz die hochsten
Zellzahlen an Lactobacillus spp. und Enterobakterien. Der Zusatz organischer Sduren erhdhte die ileale
Acetatkonzentration. Die  L-Gruppe zeigte die  geringste ileale = Aminosduren- und
Rohproteinverdaulichkeit. Die relativen Gewichte des Jejunums und des gesamten Diinndarms waren in
der E130 Gruppe signifikant héher als in den Gruppen P und L (P < 0.05). Eine Erhohung der
Verarbeitungstemperatur des Futters fiihrte zu einer erhdhten Anzahl an Milchsdurebakterien in Kropf
und Ileum, wobei Clostridien und Enterobakterien unbeeinflusst schienen. Zudem erhdéhten sich die
Laktatkonzentrationen im Ileum, die kurzkettigen Fettsduren blieben jedoch unveridndert. Im Kropf
konnte ein erhdhter Acetatgehalt in der E130 Gruppe im Vergleich zu allen anderen Warmebehandlungen
gezeigt werden.

Schlussfolgernd konnten die Ergebnisse dieser Arbeit zeigen, dass die angewandten
Wiérmebehandlungen und der Einsatz organischer Séuren effiziente Strategien einer Hygienisierung von
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Broilerfutter  darstellen. Die  Langzeiterhitzung  verringert  moglicherweise  die  ileale
Néhrstoffverdaulichkeit, wihrend Pelletierung und Expansion mit oder ohne Zugabe organischer Séure
weniger bedenklich erscheinen. Wihrend die Expansion Milchsdurebakterien und Laktat in Kropf und
Ileum erhdhte, beeinflusste die Zugabe organischer Séduren die bakterielle Zusammensetzung und
Aktivitit im Kropf.

Aufgrund der beobachteten Effekte von Wérmebehandlung und organischen Séuren auf die
Mikrobiota des Magen-Darm-Trakts filhren diese beiden Ansétze moglicherweise zur Verdnderung der
bakteriellen Zusammensetzung des oberen Magen-Darm-Trakts bei Broilerkiikken, wodurch sich
interessante Aspekte fiir eine Kontrolle der bakteriellen Besiedlung beim Gefliigel ergeben.
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