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ABSTRACT 

 

 

Corn is typically ground before its incorporation into broiler diets. However, grinding is 

the second most expensive cost center of feed manufacturing after pelleting. Therefore, feeding 

whole corn can be an alternative to reduce the grinding cost without a negative effect on broiler 

performance. Since, corn kernel size is often too big to be included in poultry diets without 

grinding, inclusion of whole corn prior to pelleting can utilize the compressive force of pellet-mill 

to break down the corn kernel. Furthermore, whole corn inclusion might have some benefits on 

broiler performance and processing yield similar to whole wheat inclusion. Two experiments were 

conducted to evaluate the effects of pre-pelleting whole corn inclusion on growth performance, 

processing yield, meat quality, organ development, and intestinal microbiome of broilers. Both 

experiments consisted of 4 dietary treatments with 10 replicate pens per treatment and 25 broilers 

per pen. In the first experiment, treatment diets consisted 0, 2.5, 5, and 7.5% whole corn that 

replaced ground corn and was provide from 1 to 42 d of age. In the second experiment, whole corn 

was included as 0, 3, 6, and 9% of the total diet from 14 to 42 d, following a common starter diet 

fed in crumbled form from 1 to 14 d. In both studies, feed intake and body weight (BW) were 

determined at 14, 28, 42 d and feed conversion ratio (FCR) were adjusted by adding the weight of 

the mortality to the BW of live birds. At 43 d, 10 birds/pen were processed for yield determination. 

Cooking loss and coloration of breast meat fillets were evaluated in each treatment group of 

broilers during the first experiment after 48 h of water chilling. In addition, two-birds per pen were 

euthanized by CO2 asphyxiation at 42 d during the second experiment to determine the weight of 

crop, proventriculus, gizzard, liver and ceca and was expressed as a ratio of total live BW. 

Intestinal microbiome was analyzed at 42 d during the first experiment, however in the second 
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experiment microbiome was analyzed at 28 d. Data were statistically evaluated using ANOVA test 

through GLM procedure of SAS and means were separated by Tukey HSD test. In first experiment, 

7.5% whole corn inclusion significantly improved FCR from 28 to 42 d of age (P<0.05; 1.94 vs. 

2.00). Broilers fed diets with 5% whole corn had higher breast meat yield than broilers fed 7.5% 

(P<0.05; 29.11 vs. 28.40 %) but was similar to broilers fed diets without whole corn. However, 

inclusion of whole corn did not influence cooking loss and color of breast meat (P>0.05). In 

addition, diets with 7.5% whole corn showed a trend towards increased Faecalibacterium (P=0.07) 

and decreased Lactobacillus (P=0.08) in cecal microbiota compared to 5% whole corn. In second 

experiment, the inclusion of whole corn did not influence BW, feed consumption, and FCR 

(P>0.05) from 14 to 42 d of age. However, broilers fed diets with 9% whole corn had higher carcass 

yield (P<0.05; 77.32 vs 77.86) than birds fed diets without whole corn. In the ileum, relative 

abundance of obligatory anaerobes decreased when 3% pre-pelleting whole corn was included, 

followed by a significant increase in diets containing 6 and 9% pre-pelleting whole corn inclusion 

(P<0.05). The inclusion of whole corn did not influence the relative weight of liver, gizzard, crop, 

and ceca (P>0.05). However, relative proventriculus weight decreased in birds fed diets with 9% 

whole corn inclusion compared to birds fed diets with 0% whole corn (P< 0.05; 0.28 vs 0.35%). 

Results of these studies indicated that up to 5% whole corn can be included in starter feed and 9% 

in grower and finisher feeds without any negative effect on broiler performance.  
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INTRODUCTION 

Corn is the most cultivated cereal grain of the world (Awika 2011; USDA WASDE, 2020). 

It contains the highest metabolizable energy among all cereal grains (Barzegar et al., 2019) nearly 

3,360 kcal/kg (NRC., 1944; NRC 1988). Due to its high and consistent energy content corn has 

been used as an economical feed ingredient in livestock diets (Larbier and Leclercq 1994) and has 

been established as energy standard for other cereals and cereal by products (Leeson and 

Summers., 2009). Corn is typically ground prior to its incorporation in broiler diets. Grinding is 

important to improve mixability (Koch 2002), pellet quality (Angulo et al., 1996), feed utilization 

(Douglas et al., 1990) and to increase surface area to facilitate digestive enzyme attachment 

(Goodband et al., 1995; Mavromichalis 2000). However, grinding is the second most expensive 

cost center after pelleting (Deaton et al., 1989) and excessive grinding reduces grinding capacity 

(Wondra et al.,1995) and increases energy consumption (Reece et al., 1986b; Amerah et al., 

2007a). 

Chickens can detect particle size differences using mechanoreceptors in their beak (Gentle 

1979) and prefer coarse particles over finely ground feed particles at all ages (Schiffman 1968; 

Portella et al., 1988). Coarse particles (>1mm) facilitate gizzard development (Svihus, 2011) and 

their absence or limited inclusion can impede proper development and natural functionality of 

gizzard (Svihus et al., 2002; Zaefarian et al., 2016). However, the benefits of coarse particle are 

limited in pelleted and crumbled feed due to additional grinding that occurs during pelleting as 

feed is pressed through the pellet die to form the pellet (Zaefarian et al., 2016). Pre-pelleting whole 

grain inclusion may withstand this grinding effect and overcome this limitation of coarsely ground 

feed. Whole wheat has been used in poultry diets as early as 1951 (Ewing, 1951) and diet 

containing whole wheat has been reported to have higher apparent metabolizable energy 
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(McIntosh et al., 1962; Svihus and Hetland, 2001) and apparent ileal digestibility of starch and dry 

matter (Svihus and Hetland, 2001; Svihus, 2011) compared to ground wheat diet, resulting lower 

FCR (Plavnik et al., 2002; Truong et al., 2017). Research with whole corn inclusion is sparse, 

despite having the capacity to reduce grinding cost and some potential benefit to broiler 

performance similar to whole wheat. Kernel size of corn is typically considered too big to be 

included in broiler diet without grinding. Inclusion of whole corn prior to pelleting could be a 

viable alternative. Pre-pelleting whole corn inclusion can utilize the additional grinding effect of 

pellet-mill described in Zaefarian et al. (2016) to break the kernel down and insert small pieces of 

broken kernel inside pellet. Singh et al. (2014b) used 0, 15, 30, 45 and 60% whole corn in broiler 

diet from 1 to 21 d and reported increased apparent metabolizable energy up to 30% whole corn 

inclusion. The authors also reported a linear increase of relative gizzard weight and decrease of 

proventriculus weight as the concentration of whole corn was increased. In the follow up study 

Singh and Ravindran (2019) used 0 or 11.5% whole corn in association with 3 kernel types of corn 

(hard, semi hard and soft) and reported increased relative gizzard weight without effecting BW, 

feed intake or FCR. Lu et al. (2011) fed Yang-zhou geese with a diet containing 64% whole corn 

from 8 to 28 d and 61.5% whole corn from 29 to 70 d and reported greater gizzard weight and 

marginally significant improvement in FCR (P=0.07) between 50 to 70 d in geese fed diet 

containing whole corn compared to geese feed diets with ground corn. 

Research presented herein consisted of 2 experiments with the objective to determine the 

effect of pre-pelleting whole corn inclusion in broiler diet at different growout phases (starter, 

grower and finisher period). The first experiment was conducted using 0, 2.5, 5 and 7.5% whole 

corn replacing ground corn in broiler diets to determine its effect on broiler performance, intestinal 

microbiota and carcass characteristics from 1 to 42 d. In the second experiment, whole corn was 
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used as 0, 3, 6 and 9% of diet between14 to 42 d following a common starter feed from 1 to 14 d. 

In addition to the parameters of first experiment, the effects of pre-pelleting whole corn inclusion 

on feed particle size, pellet quality and digestive organ development was evaluated in the second 

experiment.  
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KNOWLEDGE GAP IN LITERATURE 

The optimum concentration of whole corn inclusion prior to pelleting has not yet been established 

for commercial broilers. Singh et al. (2014b) reported inclusion of 15% whole corn can limit feed 

intake of broilers resulting poor growth performance from 1 to 21 d despite increasing relative 

gizzard weight and apparent metabolizable energy. Singh and Ravindran (2019) reported higher 

relative gizzard weight for 11.5% whole corn inclusion from 1 to 21 d, however this increased 

gizzard weight neither improved nor worsen broiler growth performance. This finding contradicts 

with Svihus (2011) where the author speculated better performance resulted from increased 

gizzard weight and functionality stimulated by coarse particles in diet. Both of the previous 

experiments with whole corn inclusion in broiler diet (Singh et al., 2014b; Singh and Ravindran 

2019) were conducted at early rearing phases from 1 to 21d. However, Lott et al. (1992) reported 

limiting effects of coarse particle on feed intake of broilers at early age. Portella et al. (1988) 

reported that despite affinity towards coarse particle exhibited at all ages, the actual capacity of 

coarse particle consumption increases with the increase of beak size at advance age. Effect of age 

was not considered during previous experiments with whole corn inclusion. Broiler performance 

might be benefited from gradual increase of whole corn concentration from starter phase to grower 

and finisher phase.  

Therefore, during the first experiment only 0, 2.5, 5 and 7.5% whole corn was used to replace 

ground corn which was kept persistent throughout the rearing phase (1 to 42 d). However, in a 

second experiment a common starter feed without whole corn was provided in crumble form at 

starter period (1 to 14 d) before the birds were provided with diets containing 0, 3, 6 and 9% whole 

corn. Benefits of gradual increment of whole corn concentration can be better understood by 
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comparing results of these two experiments, which can assist in establishing optimum level of 

whole corn inclusion in starter, grower and finisher periods. 
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LITERATURE REVIEW 

 

1.1 Corn usage in poultry diets: 

Corn is the most cultivated cereal grain in the world (Awika, 2011). It is considered 

a caryopsis that originated from wild-pod popcorn which was first domesticated in North 

America (Wet and Harlan, 1972). Currently, United States is the highest corn producing and 

corn consuming country in the world (USDA WASDE, 2020). Corn is the most cultivated 

cereal grain in USA (USDA, National agricultural statistical service 2019) and contains the 

highest apparent metabolizable energy (AME) (Barzegar et al., 2019; NRC 2012) among all 

cereal grains. Nearly 65% of total corn produced in the world is utilized in livestock feeding 

(FAO., 2005) and a major portion is used by the poultry feed industry. In poultry diets, 1 

kilogram of corn supplies nearly 3,360 kcal/kg of metabolizable energy (NRC., 1944; NRC 

1988), which makes it an economical ingredient in livestock diets (Larbier and Leclercq 

1994). Furthermore, due to its high and consistent energy content, corn has been established 

as a standard of energy content for other cereals and cereal by products (Leeson and 

Summers., 2009). 

1.2 Chemical composition of Corn 

Corn represents the major energy source in poultry feeds (Dei, 2017) accounting for 

approximately 60% of required dietary energy (Islam et al., 2018). Indeed, feed costs 

represent between 60 and 70% of total broiler production costs and the majority of those cost 

are associated with purchasing and grinding corn (Thirumalaisamy 2016). Chemical 

composition of corn and its nutritive value is influenced by kernel type, kernel color, 
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moisture content, drying temperature, grinding method and particle size (Amerah et al., 

2007a). Chemical composition of corn kernel primarily determines its nutritive value 

(Gehring et al., 2013) and greatly influences growth performance and processing yield of 

chickens. A mature corn kernel has three major components: endosperm, germ, pericarp 

(Figure 1.). Each component of corn kernel has different nutritional composition (Table 1.1). 

Endosperm is the principal component of corn kernel and it greatly influences overall 

nutrient composition of corn (Watson 1994; Hopkins et al., 1974). 

 

Table 1.1: Nutrient content of different components of corn kernel on dry matter basis. 

 

Corn component 

aKernel  bStarch bSugar bOil bProtein bAsh 

------------------------------------------(% DM basis)----------------------------------- 

Endosperm   82.9 87.6   0.6   0.8   8.0   0.3 

Germ   11.1   8.3 10.8 33.2 18.4 10.5 

Pericarp     5.2   7.3   0.3   1.0   3.7   0.8 

Tip cap     0.8   5.3   1.6   3.8   9.1   1.6 

Overall kernel 100 73.4   1.9   4.4   9.1   1.4 
a Kling. (1991), bEarle et al. (1944) 
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Figure 1.1: Longitudinal cross section of corn kernel in 30X magnification and simplified. 

(source: www.fao.org) 

 

1.2.1 Carbohydrates 

Corn has a high concentration of digestible starch and low concentration of fiber 

and pentosans (table 1.2). Majority of starch is embedded in the protein matrix of the 

endosperm (Earle et al., 1944; Watson 2003; Dei, 2017), which has two markedly distinct parts, 

horny endosperm and floury endosperm. Starch in horny endosperm is almost entirely 
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composed of highly branched amylopectin (Kling 1991). Whereas, floury endosperm contains 

roughly 73% amylopectin and 27% non-branching amylose (MacDonald et al., 1988). 

However, differences in starch composition have minimum effect on the nutritive value of corn 

used in poultry diets (Singh and Ravindran 2019; Larbier and Leclercq, 1994). 

Table 1.2: Concentration of different carbohydrates in corn kernel on dry matter basis. 

Carbohydrate Concentration (% DM) 

Starch 77 

Pentosan 5 

Sugar 2 

Crude fiber 1.2 

MacDonald et al. (1988) 

 

1.2.2 Protein 

In corn, the majority of proteins are stored in the germ (Landry and Moureaux 1980; 

Ryšavá 1994) which can be as high as 18.4% (Earle et al., 1944). However, since germ 

represents only 11.1% of the corn kernel (Kling 1991), the average protein content of corn is 

around 9.1% (Earle et al., 1946). Corn with 85% dry matter contains around 8.5% crude protein 

(Leeson and Summers, 2009). Cowieson et al. (2019) quantified the amino acid content in corn 

and determined their apparent ileal digestibility by feeding a corn-based diet to Ross 308 male 

broilers (table 1.3). According to the authors, threonine had the lowest digestibility (48.9%), 

followed by lysine, aspartic acid, glycine, and serine. Whereas leucine, glutamic acid, alanine, 

methionine, proline, phenylalanine, and arginine of corn had considerably greater digestibility 

with the highest digestibility recorded is 84.3% in leucine. Remaining amino acids in corn had 

an intermediate digestibility. 
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Table 1.3: Amino acid content of corn-based diet and their subsequent apparent ileal digestibility. 

Amino acid Content (g/kg) Digestibility% Digestible AA1% 

Arginine 4.02 78.5 0.32 

Histidine 2.27 78 0.18 

Isoleucine 2.65 70.5 0.19 

Leucine 9.23 84.3 0.77 

Lysine 2.38 56.4 0.13 

Methionine 1.69 79.8 0.13 

Phenylalanine 3.87 79.2 0.31 

Threonine 2.84 48.9 0.14 

Valine 3.85 70.2 0.27 

Alanine 5.52 80.1 0.44 

Aspartic acid 5.34 60.9 0.33 

Cysteine 2.09 74.4 0.16 

Glycine 3.23 63.5 0.21 

Glutamic acid 14.57 83.3 1.21 

Proline 6.84 79.3 0.54 

Serine 3.76 66.6 0.25 

Tyrosine 3.14 74.3 0.23 

Cowieson et al. (2019) 

 

1.2.3 Lipids 

Lipid content of corn has been estimated between 3.8% (Leeson and Summer, 

2009) to 4.4% (Earle et al., 1944) with the majority being stored in germ (table 1.4). Corn 

contains low concentration of long chain saturated fatty acids (Palmitic acid, stearic acid) and 

high concentration of unsaturated fatty acids such as oleic acid, linoleic acid (Martinez et al., 

1996) (table 1.4) which makes the corn oil a desirable fatty acid source. 
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Table 1.4: Different fatty acids concentration in corn kernel determined on dry matter basis. 

Fatty acid Structure 

(Total No Carbon: No. of double bond) 

Concentration 

(%DM) 

Palmitic acid 16:0 11.3 

Stearic acid 18:0 3.0 

Oleic acid 18:1 43.4 

Linoleic acid 18:2 41.8 

Linolenic acid 18:3 0.6 

Martinez et al. (1996) 

 

1.2.4 Vitamins and Minerals 

Corn is a good source of vitamins (table 1.5) and contains 0.6 to 2.1 mg/gm of alpha 

tocopherol (vitamin E) (Morrison 1977). However, concentration of vitamin E increases as the 

kernel matures. Vitamin A and carotenoids are also present in sizeable amount particularly in 

yellow corn varieties (Egesel et al., 2003; FAO 1992). Lutein was the most predominant 

xanthophyll followed by zeaxanthin and cryptoxanthin (Muzhingi et al., 2008).  Other 

carotenoids like trans-ß-carotenes, 9-cis-ß-caroteins, 13-cis-ß-caroteins were also present in a 

reasonable amount. 
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Table 1.5: Vitamin content of yellow dented corn in dry matter basis.  

Vitamin  Units   Avg  Range 

A   mg/kg  2.5   

E   IU1  30   

Thiamine (mg/kg)  mg/kg  3.8  3.0-8.6 

Riboflavin   mg/kg  1.4  0.25-5.6 

Pantothenic acid   mg/kg  6.6  3.5-14 

Biotin   mg/kg  0.08   

Folic acid  mg/kg  0.3   

Choline   mg/kg  567   

Niacin   mg/kg  28  9.3-70 

Pyridoxine   mg/kg  5.3   

 Watson (1994) 

1IU= 1.49 × (mg of α tocopherol per kg + mg of γ tocopherol per kg × 0.1)  

 

Corn contains a high concentration of water-soluble vitamins like thiamine, niacin, pyridoxin, 

and choline. However, more than 80% of niacin present in corn is bound as undigestible 

niacytin (Watson 1994), which can only be available to chicken after alkaline treatment 

(Harper et al., 1958).  

Corn contains 1.4% ash on DM basis with the highest concentration present in germ. 

Potassium, phosphorous and magnesium are the most predominant minerals, whereas calcium 

and zinc are present in relatively low concentration (table 1.6; IITA-1982; Asiedu 1991; 

Prasanthi et al., 2017). However, up to 72.4% of phosphorous is present in phytate form, which 

is biologically unavailable to chicken (Watson 1994) without phytase supplementation.  
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Table1.6: Mineral content in corn kernel determined on dry matter basis.  

 

Minerals 

Concentration 

 (mg/ 100gmDM) 

Calcium     6.0 

Phosphorus 300.0 

Magnesium 160.0 

Sodium   50.0 

Potassium 400.0 

Chlorine   70.0 

Sulphur 140.0 

Iron     2.5 

Manganese     6.8 

Copper     4.5 

IITA-1982 

 

1.3 Physical Characteristics of corn: 

Interactions between physical characteristics and chemical composition are often 

overlooked (Gehring et al., 2013) while considering nutritive value of feedstuffs. Based on 

kernel characteristics, corn can be classified as flinty, floury, opaque, dent, and sweet corn 

(Watson 1994). Flinty corn has a strong round kernel due to the rigidity of its protein matrix 

in the endosperm (Dei 2017). Whereas, floury corn has soft endosperm and is native to North 

America. Opaque corn is a variety of floury corn where the protein matrix surrounding the 

starch in endosperm is substantially thinner and gets ruptured while drying, resulting the 

formation of a translucent air pocket that acts as a point of weakness (Duvic 1961). Dent corn 

was originated from crossing of floury and flinty corn and has characteristic depression on the 

crown, formed during drying of matured kernel (Watson 1994). According to Li et al. (2014), 

corn varieties have significantly different energy content and metabolizable energy. Feeding 
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broilers with diets containing flinty corn between 0 to 7 d resulted in a slower starch digestion 

rate and lower BW gain than broilers fed diet with dented corn (Grbesa and Kiš, 2005).  

Kernel hardness is influenced mainly by corn genetics, which is considered an innate 

characteristic of corn derived from the proportion of floury and flinty endosperm (Watson 

1994). Kernel hardness influences milling characteristics and particle size distribution. With 

hard corn varieties yielding coarser grind with irregular particle shape compared to soft corn 

varieties (Cordova et al., 2020). Kernel hardness also influence broiler performance, gastro- 

intestinal tract development, and feed utilization. Benedetti et al. (2011) reported higher 

gizzard weight, DM digestibility, and lower nitrogen excretion in broilers fed diets with hard 

corn instead of dent corn from 1 to 21 d. Collins et al. (2001) used two varieties of yellow 

dented corn with varying size and kernel hardness (small and hard, large and soft) in broiler 

diets from 1 to 49 d and reported a higher feed intake, BW gain and chilled carcass weight in 

broilers fed the hard corn variety. Sing and Ravindran (2019) fed broilers diets containing hard, 

semi-hard and soft corn in combination with 0 or 11.5% whole corn inclusion from 1 to 21 d 

and reported a higher relative gizzard weight and better FCR in broilers fed diets with hard and 

semi hard corn compared to broilers fed diets with soft corn.  

Moisture content of corn directly influences its nutrient composition and milling 

characteristics. Islam et al. (2015) deemed corn with 16% moisture unsuitable for both mash 

and pellet feed due to its lower nutrient density. Probst et al. (2013) milled corn with around 

10, 16 and 20% moisture and reported poor particle size uniformity and higher energy 

consumption when corn with 20% moisture was milled compared to corn with 10% moisture. 

Furthermore, hardness typically decreases as moisture content increases (Armstrong et al., 



15 
 

2007), particularly when the moisture contents varies from 10 to 13%. Acceptable moisture 

concentration in corn is considered at 15% (Leeson and Summer 2009). 

Temperature and relative humidity of air used during corn drying influences kernel 

quality (Li et al., 2014). According Fairchild et al. (2005), corn should be dried with a 

minimum of 82°C air temperature with 30 cubic feet per minute (CFM) airflow whereas, the 

optimum level should be 93°C with maximum of 180 CFM airflow. According to the authors, 

grain temperature is the limiting factor in air temperature during drying as kernel quality 

declines if the grain temperature exceeds 40°C. However, kernel quality may decrease at lower 

temperatures (20 to 60C) resulting increased kernel breakage (Gunasekaran and Paulsen 1985) 

and poor grinding uniformity (Floyd 1994). 

1.4 Grinding method: 

The grinding method influences energy consumption, average particle size, particle 

size uniformity, and broiler performance. The most common equipment used for grinding 

are hammermills and roller mills. Although hammermills typically consume more energy 

than roller mills (Vukmirovic et al., 2016; Thomas et al., 2018),  they are the preferred 

grinding equipment in commercial multi-species feed manufacturing facilities due to their 

capacity to produce a wide range of particle sizes and their ease of maintenance (Koch 2002). 

Roller mills are more energy efficient and produce a more uniform particle size with a 

narrower standard deviation of particle size distribution than hammermills, which make them 

the preferred equipment for mash diets (Naylor and Smith 1931; Vukmirovic et al., 2016; 

Thomas et al., 2018). However, roller mills are not efficient in grinding fibrous materials. 

Hammermill consists a row of rotating hammer blades suspended from a central rotating 

shaft enclosed within a metal casing containing a screen with perforated holes (Lyu et al., 
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2020). Grinding occurs due to impact of rapidly moving hammer tip with slowly moving 

grains (Koch., 2002). In roller mills particle size reduction occurs by shear force, as the grain 

passes through a narrow space between pairs of rollers with grooves and corrugations (Koch 

2002). Modern roller mills often consist of multiple pairs of rolls where top pair crack corn, 

intermediate pair crimps and the bottom pair controls the desired particle size (Rydel et al., 

2005).  

1.5 Feed particle size: 

Particle size of ingredients and finished feed has gained interest as an alternative to 

improve performance and nutrient availability (Amerah et al., 2007b). Chickens has a 

mechanical grinder, “gizzard” in their digestive system, which reduces feed particle size, 

regulates feed-flow throughout the gastrointestinal tract, and contributes to physical and 

chemical degradation of nutrients (Svihus, 2011). Chickens detect particle size differences 

using mechanoreceptors in their beak (Gentle 1979) and prefer coarse over finely ground feed 

particles (Schiffman 1968; Portella et al., 1988). Coarse particles (>1mm) facilitate gizzard 

development (Svihus, 2011) and their absence or limited inclusion can impede development 

and natural functionality of gizzard (Svihus et al., 2002; Zaefarian et al., 2016). However, bird 

age must be considered to define the optimum inclusion of coarse particles (Portella et al., 

1988). During pre-starter and starter periods, a high inclusion of coarse particles can reduce 

BW and lead to poor FCR by limiting feed intake and diverting a greater portion of dietary 

energy to gizzard contraction (Lott et al., 1992; Singh et al., 2014a). 

Geometric mean diameter of particles (GMD) is typically used to measure average 

particle size of feed and feed ingredients which is expressed as microns (μm) whereas the 

range of variation in particle size distribution is described as geometric standard deviation 
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(GSD). Particle size is determined by sieving 100 g feed sample (Baker and Herman 2002) 

through a stack of sieves (descending order) with designated screen size (ASTM-E11) placed 

on a mechanical shaker for 10 min. Weight of particles retained on each sieve is used to 

calculate GMD and GSD using the formula:   

dgw = log-1 [
∑(𝐖i 𝐥𝐨𝐠 𝐝i)

∑𝐖i
]                          and                Sgw = log–1  [√

∑𝐖i (𝐥𝐨𝐠 𝐝i−𝐥𝐨𝐠 𝐝gw)

∑𝐖i
] 

 (ASABE standard, S319.4 2009) 

where, 

 dgw= geometric mean diameter of particles 

Sgw= Geometric standard deviation of particles  

di= diameter of particle retained in ith sieve 

Wi= Weight of particle retained in ith sieve 

 

 

1.5.1 Particle size on growth performance: 

Particle size of feed and feed ingredients is shown to influence BW, feed intake, 

FCR of broilers (Table 1.7). Svihus (2011) recommended to include 20 to 30% coarse particle 

(>1mm) in broiler diets to stimulate gizzard development. However, effects of corn particle 

size on broiler performance are more evident in mash diets (Reece et al., 1985; Svihus et al., 

2004b; Chewing et al., 2012). 

Silva et al. (2018) used a meal particle size of 650 and 850 μm in pelleted or expanded 

broiler diets from 1 to 42 d of age and reported no significant influence of meal particle size 

on feed intake, BW, and FCR of broilers. However, Rubio et al. (2020) used corn particle size 

of 1644μm instead of 615μm in pre-pelleted meal diets and reported increased feed intake and 

FCR in broilers between 28 to 42 d of age. Similarly, Benedetti et al. (2011) evaluated the 

effect of corn particle size of (460, 730, and 870 μm) and corn type (hard and dented) on broiler 

performance from 1 to 42 d and reported higher feed intake and FCR, and lower BW in broilers 
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as corn particle size increased from 460 to 870 μm. Parsons et al. (2006) evaluated the effect 

of corn particle size (781, 950, 1042, 1109 and 2242 μm) and feed form (mash, soft pellets and 

hard pellets) from  21 to 42 d of age and reported higher feed intake and increased FCR when 

corn particle size exceeded 1042 μm in mash diets. Xu et al. (2015a) used 0, 25 and 50% coarse 

corn (1362μm) to replace fine corn (294μm) content in broiler diets, which resulted a particle 

size of 432, 541 and 640 μm in pre-pelleting mash diet, which was then pelleted and offered 

to caged broilers from 1 to 50 d. These authors reported higher BW and lower FCR in broilers 

fed diets with 25% and 50% coarse corn replacing finely ground corn. Xu et al. (2015b) used 

a coarse (1,642μm) and fine corn (229μm) in 0, 10, 20, 30 and 50% ratio to obtain a particle 

size of 422, 431, 471, 509, 542, and 640 μm in meal diet which was then provided to broilers 

either as mash or crumbled form from 1 to 14 d of age. The authors reported lower feed intake 

and BW as well as higher FCR when particle size of mixed diet was 542 and 640μm. Reece et 

al. (1985) milled corn using hammermill or roller-mill to obtain 814 and 1343 μm corn particle 

size, which was then incorporated into mash, pelleted or crumbled diets from 1 to 47 d. Authors 

reported higher feed intake, BW and lower FCR at 21 d in broilers fed mash diets with 1343μm 

corn particle size compared to broilers fed mash diet with 814μm corn particle size. Similar 

result was reported by Svihus et al. (2004b) with ground wheat, milled at different hammermill 

and roller mill setup which was provided to broilers as mash (280, 300, 310, 420 and 590 μm) 

or pelleted diet (220, 240, 250, 280 and 300  μm) from 11 to 30 d of age, resulting higher BW 

in broilers fed mash diet with 590 μm particle size compared to mash diet with 420μm particle 

size. 

Chewing et al. (2012) analyzed the effect of meal particle size (300 and 600 μm) and 

feed form (pellet or mash) on growth performance of broilers from 0 to 44 d and reported 
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higher feed intake and FCR in broilers fed diets with 600 μm corn particle size. Mingbin et al. 

(2015) conducted a similar experiment using corn particle size of 573, 865, and 1027μm in 

mash or crumble feed from 1 to 40 d age. The authors reported, an initial increase in BW and 

FCR at 21 d with corn particle size of 865 and 1027μm, however by 40 d of age growth 

performance of broilers evened out among all treatment groups. Lott et al. (1992) used two 

hammermill screen sizes (3.1 8 and 9.59 mm) for corn milling, resulting an average particle 

size of 710 and 1,173μm in ground corn, which was then used in crumbled diets fed to broilers 

from 1 to 21 d. Broilers fed diets containing corn grind with an average particle size of 1,173 

μm had lower BW and higher FCR than broiler fed diets containing corn with an average 

particle size of 710 μm. Singh et al. (2014a) used 0, 15, 30, 45, 60% coarsely ground corn to 

obtain 578, 726, 877, 987, and 1,172 μm particle size in mashed broiler diets which was fed 

from 11 to 35 d. Authors reported a positive linear correlation between feed intake and mash 

particle size, while FCR showed a quadratic effect, increasing up to 877 μm before declining. 

However, Jacob et al. (2010) used 557, 858, 1210, and 1387 μm corn particle size in mash 

broiler diets from 1 to 21 d without any significant effect on BW and FCR. 
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Table 1.7: Effect of particle size on feed intake, body weight and FCR of broilers. 

Particle size  

(μm) 

Feed intake 

(g/bird) 

Body weight 

(g/bird) 

FCR 

(g:g) 

 

Source 

 

Corn grind of  

615 

863 

1644 

2613 

 

 

28 to 42 d  

2,742b 

2,828ab 

2,920a 

2,802ab 

 

At 42 d  

3,231 

3,294 

3,333 

3,250 

 

At 42 d  

1,575bc 

1,574c 

1,599a 

1,597ab 

 

Rubio et 

al. 

(2020) 

Corn grind of 

460 

730  

870 

Corn type 

Dent  

Hard 

 

At 21 d 

1230b  

1279a  

1275ab 

 

1276  

1247 

At 21 d 

929a  

914ab  

913b 

 

924  

914 

At 21 d 

1.39b 

1.48a  

1.47a 

 

1.46  

1.44 

Benedetti 

et al. 

(2011) 

Corn 

814 

1343 

At 21 d 

8321 

8891 

 

At 21 d 

582b 

635a 

At 21 d 

1.43a 

1.40b 

Reece et 

al. 

(1985) 

Mash particle size 

280 

300 

310 

420 

590 

Pellet particle size 

220 

240 

250 

11 to 30 d  

1840 

1849 

1720 

1695 

1845 

11 to 30 d  

2133 

2149 

2095 

11 to 30 d  

1076ab 

1089ab 

1029ab 

993b 

1135a 

11 to 30 d  

1361 

1348 

1333 

11 to 30 d  

1.72 

1.70 

1.68 

1.71 

1.64 

11 to 30 d  

1.57 

1.60 

1.58 

Svihus et 

al. 

(2004b) 
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280 

300 

 

2118 

2076 

1350 

1315 

1.57 

1.58 

Feed form 

Mash 

Pellets 

Particle size 

300 

600 

Feed form×meal 

particle size 

Mash-300 

Mash-600 

Pellet-300 

Pellet-600 

Broiler at 44 d  

4,964B 

5,372A 

 

5,098b 

5,372a 

 

4,776B 

5149AC 

5,423A 

5,320AD 

Male at 44 d  

2,733B 

3,227A 

 

2,981 

2,979 

 

2,739 

2,726 

3,224 

3,231 

  

Broiler of 44 d 

2.02A 

1.94B 

 

1.90B 

1.97A 

 

1.94B 

2.11A 

1.87C 

1.84C 

Chewing 

et al. 

(2012) 

Corn particle size in 

mash 

537 

865 

1027 

Corn particle size in 

crumble 

537 

865 

1027 

 

1 to 21 d  

8592,a 

8592,a 

8592,a 

1 to 21 d  

764.42,c 

816.92,b 

831.62,b   

1 to 21 d  

11683,a 

11553,a 

11703,a 

1 to 21 d  

10563,c 

11213,b 

11213,b 

1 to 21 d  

1.361a,b 

1.346b 

1.360a,b 

1 to 21 d  

1.384a 

1.372a,b 

1.386a 

Mingbin 

et al. 

(2015) 

Corn particle size in 

crumble  

710 

1,173 

 

1 to 21 d  

1048 

1032 

1 to 21 d  

748.6a 

729.2b 

1 to 21 d  

1.40b 

1.42a 

Lott et 

al., 1992 

Meal particle size 

578  

726  

11 to 35 d 

2,673L 

2,889L 

11 to 35 d 

1,595Q 

1,648Q 

11 to 35 d 

1.693Q 

1.754Q 

Singh et 

al., 

2014a 
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877 

987 

1,172 

 

2,896L 

2,882L 

2,901L 

1,707Q 

1,787Q 

1,733Q 

1.768Q 

1.679Q 

1.689Q 

Meal particle size 

432  

541  

640 

 

At 42 d  

5,257 

5,350 

5,154 

At 42 d  

2,929b 

3,118a 

3,059a 

At 42 d 

1.82A 

1.86B 

1.82B 

Xu et al. 

(2015a) 

Corn particle size 

557 

858 

1,210 

1,387 

 

0 to 21 d 

11721 

12161 

12381 

11981 

0 to 21 d 

849 

863 

820 

856 

0 to 21 d 

1.385 

1.415 

1.515 

1.405 

Jacob et 

al. 

(2010) 

Diet type 

Mash 

Crumble 

Meal particle size 

422 

431 

471 

509 

542 

640 

 

At 14 d  

160B 

179A 

At 14 d  

190A 

187AB 

189A 

184ABC 

178BC 

175C 

At 14 d  

168B 

200A 

At 14 d  

190A 

187AB 

189A 

184ABC 

178BC 

175C 

At 14 d  

1.37A 

1.29B 

At 14 d 

1.30c 

1.35a 

1.31bc 

1.33abc 

1.35a 

1.35a 

Xu et al., 

2015b 

Corn particle size of  

781 

950 

1,042 

1,109 

2,242 

 

21 to 42 d 

27394,b 

28714,b 

28524,b 

28544,b 

31234,a 

21 to 42 d 

15784 

15904 

16294 

15764 

16104 

21 to 42 d 

1.925,b 

1.945,b 

1.935,b 

1.975,a 

2.085,a 

Parson et 

al., 2006 
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1Obtained by multiplying FCR with body weight. 

2Obtained by multiplying average daily feed intake by the number of days reared. 

3 Obtained by multiplying average daily gain by the number of days reared 

4 Obtained by dividing the total feed intake of a pen by the total number of birds in a pen (23). 

 5 FCR = 
1

Feed efficiency
 

L Linear effect 

Q Quadratic effect 

a,b,c Column with different superscript differ significantly (P<0.05) 

A,B,C Column with different superscript differ significantly (P<0.01) 

 

1.5.2 Particle size and processing yield: 

Effects of feed particle size on processing yield are inconclusive (Table 1.8).  

Mingbin et al. (2015) formulated diets with corn particle size of 537, 865 and 1027 μm and fed 

them to broilers as mash (1 to 40 d) or as a combination of crumbles (1 to 21 d) and pellets (21 

to 40 d). Particle size of corn did not influence carcass yield, breast meat yield and thigh yield 

at 41 d of age. Singh et al. (2014a) used 0, 15, 30, 45, 60% coarse corn in broiler diet resulting 

a particle size of 578, 726, 877, 987, and 1,172 μm in meal diets and between 11 to 35 d and 

reported a linear decrease in breast meat yield with the increase of meal particle size. Silva et 

al. (2018) used 650 and 850μm meal particle size in pelleted or expanded broiler feeds from 1 

to 42 d age and reported no significant difference in carcass yield, breast and tender yield, drum 

yield, thigh yield and abdominal fat at 42 d. Similar results were reported by Benedetti et al. 

(2011) where diet particle size (460, 730 and 870μm) did not influence carcass yield, breast 

meat yield and drum and thigh yield at 42 d 

Diet particle size 

650  

850 

1 to 42 d 

4,457 

4,455 

1 to 42 d 

2817 

2796 

1 to 42 d 

1.63 

1.64 

Silva et 

al., 2018 
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Table 1.8: Effect of particle size on carcass yield, breast meat yield, tender yield, drum and thigh yield of broilers. 

Particle size (μm) Carcass Y.1 (%) Breast meat Y.2 

(%) 

Tender 

Y.3(%) 

Drum Y4. (%) Thigh Y5. (%) Source 

Crumble-Pellet 

Fine (corn 537μm) 

Medium (corn 865μm) 

Coarse (corn 1027μm) 

Mash 

Fine (corn 537μm) 

Medium (corn 865μm) 

Coarse (corn 1027μm) 

 

At 41 d 

75.89 

75.33 

75.02 

At 41 d  

75.25 

74.19 

75.04 

At 41 d  

19.44 

19.04 

18.98 

At 41 d  

18.63 

19.02 

19.24 

N/A Drum and Thigh at 41 d  

24.91 

24.86 

24.69 

Drum and thigh at 41 d  

25.11 

23.79 

24.40 

Mingbin et al. (2015) 

Corn grind of  

460 

730  

870 

Corn type  

Dent 

Hard 

 

At 42 d  

71.82  

71.85  

72.36  

At 42 d  

72.08  

71.94 

At 42 d  

37.91  

37.47  

37.37  

At 42 d  

37.61  

37.56 

N/A 

 

Drum and thigh at 42 d  

31.96 

32.28 

32.37 

Drum and thigh 42 d  

32.24 

32.16 

Benedetti et al. (2011) 

Meal particle size 

578  

726  

At 35 d  

72.7 

72.5 

At 35 d  

16.6L 

16.5L 

N/A N/A N/A Singh et al. (2014a) 
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4Drum and thigh yield 

1Carcass yield 

2 Breast meat yield 

3Tender yield 

 

877 

987 

1,172 

 

72.2 

71.2 

72.6 

15.5L 

15.3L 

15.3L 

Meal particle size 

650 

850 

At 42 d  

78.32 

77.86 

Breast and tender at 42 d  

28.65 

28.43 

At 42 d 

9.90 

9.83 

At 42 d  

10.44 

10.41 

Silva et al. (2018) 
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1.5.3 Particle size and digestive organ development: 

Broilers fed coarse particles have shown a positive effect on gizzard and 

proventriculus development, particularly in mash feed (Table 1.9). Benedetti et al. (2011) used 

460, 730 and 870 μm corn particle size in broiler diets from 1 to 42 d and reported higher 

combined weight of proventriculus and gizzard at 11 and 42 d in diets with 730 and 870 μm 

corn particle size. Svihus et al. (2004b) used a meal particle size of 280, 300, 310, 420 and 590 

μm in mash diets from 11 to 30 d and reported higher gizzard weight in broilers fed diets with 

420 and 590 μm meal particle size instead of 280, 300 and 310 μm. Chewing et al. (2012) used 

corn particle size of 300 and 600 μm in pelleted and mashed broiler diets from 1 to 44 d and 

reported higher relative gizzard weight in broiler fed diets with 600 μm corn particle size in 

both pelleted and mash form. Singh et al. (2014a) used 0, 15, 30, 45 and 60% coarse corn 

(1,695μm) to increase the particle size meal diet to 578, 726, 877, 987 and 1172 μm and fed to 

broilers from 11 to 35 d. They reported a linear increase of relative gizzard weight at 35 d as 

diet particle size increased, whereas proventriculus weight showed a quadratic effect by 

increasing up to 726 μm particle size before declining with 1172 μm particle size. Xu et al. 

(2015a) used 0, 25 and 50% coarse corn to produce mash diets with 432, 541 and 640 μm meal 

particle size which was fed to caged broilers from 1 to 50 d. They reported significantly greater 

gizzard weight and gizzard-proventriculus ratio at 42 d when 541 and 640 μm particle size was 

used. Jacob et al. (2010) used 557, 858, 1210 and 1387 μm corn particle size in mashed broiler 

diet from 1 to 21 d and reported significantly higher relative gizzard weight for feeding diet 

containing corn particle size of 858, 1210 and 1387 μm. Xu et al. (2015b) used a meal particle 

size of 422, 431, 471, 509, 542, and 640 μm in mash and crumbled diets from 1 to 14 d of age, 

and reported  an increased relative gizzard weight as meal particle size of mash feed was 



27 
 

increased to 471, 509, 542 and 640 μm. Parson et al. (2006) used corn particle size of 781, 950, 

1042, 1109 and 2242 μm in broiler diet that was provided as mash, soft pellet or hard pellet 

form between the age of 21 to 42 d and reported greater gizzard weight once corn particle size 

exceeded 1109 μm in mash feed.  

Table 1.9: Effect of particle size on proventriculus and gizzard development of broilers. 

Particle size(μm) Gizzard R1 Proventriculus R2 Source 

Corn particle size 

460 

730  

870 

 

Gizzard and proventriculus 42 d of age 

3.02b 

3.45a 

3.53a 

Benedetti et al. (2011) 

Meal particle size of mash 

280 

300 

310 

420 

590 

Meal particle size of pellet 

220 

240 

250 

280 

300 

 

At 30 d  

1.49b 

1.44b 

A1.62ab 

1.76a 

1.75a 

 

1.11 

1.18 

1.21 

1.24 

1.25 

N/A 

 

 

 

 

 

 

Svihus et al. (2004b) 

Corn particle size 

300-Mash 

600-Mash 

300-Pellet 

600-Pellet 

At 42d  

1.45b 

1.56a 

1.05d 

1.30c 

N/A Chewing et al. (2012) 
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Corn particle size 

537 

865 

1027 

 

At 41 d  

1.05 

1.09 

1.16 

At 41 d 

0.307 

0.315 

0.314 

Mingbin et al. (2015) 

Meal particle size 

578  

726  

877 

987 

1,172 

 

At 35 d  

1.42L 

1.57L 

1.65L 

1.61L 

1.64L 

At 35 d 

0.318Q 

0.326Q 

0.359Q 

0.359Q 

0.332Q 

Singh et al. (2014a) 

Meal particle size 

432  

541  

640 

 

At 42 d 

0.66C 

0.76B 

0.88A 

At 42 d 

0.250 

0.318 

0.288 

Xu et al. (2015a) 

Corn particle size 

557 

858 

1,210 

1,387 

 

At 21 d  

1.50c 

1.94b 

2.14a 

2.20a 

N/A Jacob et al. (2010) 

Meal particle size of mash 

422 

431 

471 

509 

542 

640 

At 14 d  

0.200C 

0.210C 

0.214BC 

0.229B 

0.252A 

0.254A 

N/A Xu et al. (2015b) 
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Meal particle size in crumble 

422 

431 

471 

509 

542 

640 

At 14 d  

0.175D 

0.182D 

0.182D 

0.187D 

0.189D 

0.188D 

 

Corn particle size of  

781 

950 

1,042 

1,109 

2,242 

At 42 d  

1.51b 

1.54b 

1.60b 

1.61b 

1.81a 

N/A Parson et al. (2006) 

1Gizzard R= Relative gizzard weight is the ratio of average empty gizzard weight and average live weight 

expressed as percent. 

2Proventriculus R = Relative proventriculus weight is the ratio of average empty proventriculus weight and 

average live weight expressed as percent. 

L Linear effect 

Q Quadratic effect 

a,b,c,d Column with different superscript differ significantly (P<0.05) 

A,B,C,D  Column with different superscript differ significantly (P<0.01) 

 

1.5.4 Particle size on nutrient digestibility and metabolizable energy: 

Effects of particle size on nutrient digestibility have yielded confounding results 

and likely have been influenced by birds age and methodology used for evaluation. Amerah et 

al. (2007a) could not detect any alteration on apparent ileal metabolizable energy (AMEn) 

between 17 to 21 d when wheat content of broiler feed was ground in a hammermill equipped 

with 3 and 7mm screens. However, Peron et al. (2005) used ground wheat to an average particle 
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size of 380 and 955 μm between 7 to 21 d and reported higher apparent metabolizable energy, 

dry matter and ileal starch digestibility at 20 d in broilers fed diet with 380μm wheat particle 

size. Xu et al. (2015a) reported significantly higher apparent ileal digestibility of energy and 

nitrogen when pre-pelleting mash diet containing 25 and 50% coarse corn (meal particle size 

of 541 and 640μm) compared to diet without coarse corn (meal particle size 432μm). Singh et 

al. (2014a) used 0, 15, 30, 45 and 60% coarse corn (corn particle size 1,695μm) to obtain 578, 

726, 877, 987, and 1172μm meal particle size in mash diets from 11 to 35 d. The authors 

reported a quadratic effect of meal particle size on AME and DM retention with the highest 

AME and DM was recorded in diet containing 30% coarse corn (meal particle size 877µm). 

Jacob et al. (2010) fed mash diets with an average corn particle size of 557, 858, 1210 and 

1387 μm to broilers from 0 to 21 d and reported a linear decrease in metabolizable energy as 

corn particle size increased.  

 

1.6 Whole grain inclusion: 

Historically early poultry rearing involved backyard birds reared almost exclusively on 

whole grain diets. Grinding feed ingredients was later adopted to increase mixability (Koch 

2002), pellet quality (Angulo et al., 1996), feed utilization (Douglas et al., 1990) and to increase 

surface area to facilitate digestive enzyme attachment (Goodband et al., 1995; Mavromichalis 

2000). However, grinding is the one of the most expensive cost centers in feed manufacturing 

only second to pelleting (Deaton et al., 1989) and excessive grinding reduces grinding capacity 

(Wondra et al.,1995) and increases energy consumption in feed mill (Reece et al., 1986b). 

Moreover, coarse particles are necessary for gizzard development (Svihus et al., 2002; 

Zaefarian et al., 2016) and as much as 20 to 30% coarse particles (>1mm) are required in 

broiler diets to maintain the natural functionality of gizzard (Svihus, 2011). Coarsely ground 
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corn and wheat can be used to increase particle in mash size mash diets, however the additional 

grinding that occurs during pelleting and crumbling process limits their effectiveness in 

pelleted and crumbled feeds (Zaefarian et al., 2016). 

 Pre-pelleting inclusion of whole grains can be an effective alternative to increase 

particle size and reduce grinding cost. Whole wheat has been used in poultry diets as early as 

1951 (Ewing, 1951) and reported to have higher apparent metabolizable energy (McIntosh et 

al., 1962; Svihus and Hetland, 2001) and apparent ileal digestibility of dry matter (Svihus and 

Hetland, 2001; Svihus, 2011). However, until recently the inclusion of whole corn was not 

considered despite being the principal ingredient in poultry diets in the United States. The 

kernel size of corn is typically considered too big to be included in poultry diets without 

grinding. Among other grains, whole sorghum and whole barley (Biggs and Parsons 2009; 

McIntosh et al., 1962; Taylor and Jones 2004; Jacob and Parsons 2013) have also been used in 

broiler feeds.  

1.6.1 Methods of whole grain feeding:  

Rose (1996) first described three key methods of whole wheat inclusion in broilers 

diets; free choice feeding, mixed feeding, and sequential feeding. In free choice feeding, birds 

are provided with ad libitum whole grain in a container while other ingredients (a protein 

source, and a vitamin mineral mixture) simultaneously present in separate containers. This 

feeding system based on the notion of “nutritional wisdom” where chicken is considered to 

have the capability to make the wise decision regarding their nutrient requirement while 

feeding (Forbes and Shariatmadari 1994; Forbes and Covasa 1995). However, Rose et al. 

(1995) reported that, in free choice feeding birds typically chose a diet that gives rapid growth, 
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thus they end up eating too much protein supplement but not enough whole grain (wheat), 

resulting in higher feed costs. 

In in mix feeding whole grain are usually mixed with other ingredients and 

provided as mixed mash or in pellet form. In pelleted mixed feeds, inclusion of whole grain 

can be subdivided in pre-pelleting and post-pelleting inclusion. In sequential feeding method, 

whole grain and other ingredients are fed from same feeder but at two separate times. In each 

of this whole grain feeding methodology, remaining ingredients can be provided as protein 

concentrate, supplementary balancing diet or as a complete diet containing both whole grain 

and remaining ingredients. Among all those methodologies, pre-pelleting whole grain 

inclusion provides better control on feeding and has the least nutrient segregation (Singh et 

al., 2019). 

1.6.2 Whole wheat in broiler diet: 

Whole wheat is the most commonly used whole grain in broiler diets and has been 

used in broiler feeds under different feeding methods like free choice and mixed feeding 

(Table-1.10). Amerah et al. (2008) used ground wheat or whole wheat at 10% (7 to 21 d) and 

20% (22 to 35 d) under two feeding systems (free choice and mixed feeding) and reported 

decreased feed intake and improved BW and FCR in mixed feeding broiler at 21 and 35 d. 

However, carcass yield and breast meat yield were improved in broilers feed ground wheat 

whereas inclusion of whole wheat in both methods improved relative gizzard weight. Truong 

et al. (2017) used a control diet with ground wheat (0% whole wheat) and diets containing pre-

pelleting and post pelleting inclusion (4.5, 9 and 18%) of whole wheat from 7 to 28 d and 

reported increased relative gizzard weight and decreased FCR for all diets containing whole 

wheat compared to control diet. Authors also reported reduced feed intake when 18% whole 
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wheat added before and after pelleting and decreased BW when 18% whole wheat added as 

post-pelleting inclusion. Inclusion of 18% pre-pelleting whole wheat and 4.5, 9 and 18% 

inclusion of post pelleting whole wheat increased apparent ileal metabolizable energy. WU et 

al. (2004) conducted a 3×2 experiment with ground wheat, 20% pre-pelleting and 20% post-

pelleting whole wheat inclusion in association with 0 or 1000 XU/Kg xylanase enzyme. The 

authors reported higher apparent metabolizable energy in ileum and decreased FCR when 20% 

whole wheat was included in both methods. Furthermore, feed intake decreased, and relative 

gizzard weight increased when 20% whole wheat was added after pelleting. Singh et al. (2019) 

used 0 and 20% whole wheat in broiler feeds included pre-pelleting or post-pelleting from 11 

to 35 d and reported reduced feed intake and BW when 20% whole wheat was included in both 

methods, whereas, FCR was lower when 20% whole wheat was included post-pelleting. 

Furthermore, inclusion of whole wheat increased relative gizzard weight and decreased gizzard 

pH regardless of inclusion method. The authors also analyzed cecal microbiome at 35 d and 

reported decreased relative abundance of Clostridia and Campylobacteria spp. and marginal 

increase of Lactobacillus spp. when 20% whole wheat was added pre-pelleting and post-

pelleting. Plavnik et al. (2002) included 0, 10 and 20% whole wheat to replace ground wheat 

in broiler diets form 6 to 46 d and reported higher BW and relative gizzard weight as well as 

lower FCR when 10 and 20% whole wheat was used to replace ground wheat. Taylor and Jones 

(2004) conducted a 3×2 experiment using ground wheat and 20% pre-pelleting whole wheat 

or whole barley plotted against 0 or 650 BGU/g β-glucanase in broiler diet from 5 to 42 d of 

age. Authors reported greater relative gizzard weight and lower relative proventriculus weight 

when 20% whole wheat was included whereas BW and FCR remained unaffected by whole 

wheat inclusion. Similarly, Svihus et al. (2004a) used 0 and 37.5% whole wheat in broiler diets 
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from 11 to 20 d and reported no significant effect on BW, feed intake and FCR of broilers 

despite an increased apparent metabolizable energy evaluated from 13 to 15 d for whole wheat 

inclusion. Inclusion of whole wheat at higher concentration at early age might have some 

detrimental effect as described in Biggs and Parson (2009). The authors included 0, 5, 10, 15 

and 20% whole wheat in pelleted broiler diet from 1 to 21 d in the first experiment and 0, 20, 

35 and 50% whole wheat in their follow up experiment. In the first experiment, despite an 

increased apparent metabolizable energy and relative gizzard weight of broilers, there was no 

significant effect on BW, feed intake and FCR for whole wheat inclusion (0, 5, 10, 15, 20%). 

However, in the follow up experiment BW decreased and FCR increased when 50% whole 

wheat was added to diets from 1 to 21 d.  
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Table 1.10: Effects of whole wheat inclusion on growth performance, processing yield, apparent metabolizable energy, and relative weight of digestive organs  

Whole wheat (WW) Feed intake 

(g) 

Body weight 

(g) 

FCR1 

(g:g) 

Carc. Y3. 

(%) 

Breast Y4. 

(%) 

Ten. Y5. 

(%) 

AME6 
(Kcal/kg) 

Prov. R7. 

(%) 

Gizzard R8. 

(%) 

Source 

7 to 21 d 

Ground wheat (GW) 

Mixed feed. (10%) 

Free choice (10) 

22 to 35 d 

Ground wheat 

Mixed feed. (20%) 

Free choice (20) 

 

 

7 to 21d 

978a 

1010a 

870b 

22 to 35d 

2168a 

2041b 

1840c 

7 to 21d 

681a 

717a 

540b 

22 to 35d 

1262a 

1184b 

1109c 

7 to 21d 

1.44a 

1.41a 

1.61b 

22 to 35d 

1.79a 

1.77a 

1.71b 

At 35 d 

71.7a 

69.9b 

67.4c 

At 35 d 

26.1a 

26.0a 

24.6b 

N/A 

 

N/A At 35 d 

0.04 

0.01 

0.02 

At 35 d 

0.30b 

1.00a 

0.90a 

 

Amerah et 
al. (2008) 

11 to 35 d 

Ground wheat 

20% pre-pellet WW 

20% post-pellet WW 

 

 

11 to 35 d 

3377a 

3065b 

2972b 

11 to 35 d 

1999a 

1776b 

1794b 

11 to 35 d 

1.689ab 

1.725a 

1.656b 

N/A N/A N/A N/A N/A At 35 d 

 0.690b 

 0.897a 

1.185a 

Singh et al. 
(2019) 

7 to 28 d 

Ground wheat 

Pre-P. inc. 

4.5%WW replaced GW 

9.0%WW replaced GW 

18.0%WW replace GW 

Post-P. inc. 

4.5%WW replaced GW 

9.0%WW replaced GW 

7 to 28 d 

2466a 

Pre-P. Inc. 

2410ab 

2421ab 

2358bc 

Post-P. inc. 

2391abc 

2366bc 

7 to 28 d 

1638a 

Pre-P. Inc. 

1667a 

1672a 

1657a 

Post-P. Inc. 

1669a 

1645a 

7 to 28 d 

1.506a 

Pre-P. Inc. 

1.446b 

1.449b 

1.423b 

Post-P. Inc. 

1.433b 

1.439b 

N/A N/A N/A 26 to 28d 

28852,c 

Pre-P. Inc 

28902,c 

28842,c 

30262,b 

Post-P. Inc 

30282,b 

30742,ab 

N/A At 28 d 

1.45e 

Pre-P. inc. 

1.52dc 

1.54dc 

1.64cb 

Post-P. inc. 

1.69c 

1.81b 

Truong et 
al.,(2017) 
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18.0%WW replace GW 

 

 

2305c 1587b 1.453b 31382,a 2.00a 

Trail-1: 

 6 to 46d  

Ground wheat 

10% WW replaced GW 

20% WW replace GW 

Trial-2: 

Ground wheat 

15% WW (21 to 45d) 

5%+15% WW  

(1 to 21 d + 22 to 45 d) 

 

 

Trail-1: 

 6 to 46d  

4633 

4566 

4563 

Trial-2: 

5409a  

5162b  

5121b 

Trail-1: 

 6 to 46d  

2431b  

2525a 

2494a 

Trial-2: 

2676 

2666 

2623 

Trail-1:  

6 to 46d  

1.931,a  

1.811,b  

1.821,b  

Trial-2: 

2.081,a 

1.941b  

1.961,ab 

Trail-1: 

N/A 

 

 

 

Trial-2:  

67.9 

68.4 

68.8 

Trail-1:  

N/A 

 

 

 

Trial-2: 

15.1a  

14.2b  

14.7ab 

N/A N/A N/A Trail-1:  

6 to 46d 

1,50b  

1.51b  

1.65a 

Trial-2: 

1.05b 

1.36a 

1.27a 

Plavnik et 
al (2002) 

1 to 21 d 

Ground wheat 

20% WW Pre-P. Inc. 

20% WW post-P Inc. 

 

 

1 to 21 d 

1267a 

1265a 

1217b 

1 to 21 d 

800 

831 

817 

1 to 21 d 

1.589a 

1.524b 

1.496c 

N/A N/A N/A 17 to 21 d 

29592,c 

30662,b 

31362,a 

N/A At 21 d 

1.01b 

1.01b 

1.75a 

Wu et al. 

(2004) 

5 to 42 d 

Ground wheat 

20% WW replacing GW 

 

 

N/A 5 to 42 d 

2,606 

2,603 

5 to 42 d 

1.742 

1.739 

N/A N/A N/A N/A At 42 d 

0.57a 

0.41b 

At 42 d 

1.13a 

1.18b 

Tylor and 

Jones 
(2004) 
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11 to 20 d 

Ground wheat 

37.5% WW in diet 

 

 

11 to 20 d 

745 

735 

11 to 20 d 

514 

503 

11 to 20 d 

1.451 

1.471 

N/A N/A N/A 13 to 15 d 

3274b 

3394a 

N/A N/A Svihus et 
al. (2004a) 

1 to 21 d 

0% Whole wheat 

5% Whole wheat 

10% Whole wheat 

15% Whole wheat 

20% Whole wheat 

1 to 21 d 

0% whole wheat 

20% whole wheat 

35% whole wheat 

50% whole wheat 

 

1 to 21 d 

670 

666 

682 

675 

670 

1 to 21 d 

680 

637 

691 

664 

1 to 21 d 

454 

439 

447 

444 

438 

1 to 21 d 

442a 

400b 

436a 

369c 

1 to 21 d 

1.4771 

1.5151 

1.5241 

1.5221 

1.5291 

1 to 21 d 

1.5381,a 

1.5921,a 

1.5821,a 

1.7891,b 

N/A N/A N/A At 21 d 

3514c 

3594b 

3605b 

3673a 

3668a 

 

N/A At 21 d 

2.07c 

2.14c 

2.27b 

2.36ab 

2.42a 

 

Biggs and 
Parson 
(2009) 

1Feed conversion ratio= 
1

Gain per feed
 

2 1 Megajoule/kg = 239 Kcal/Kg 

3Carcass yield 

4Breast meat yield 

5Tender yield 

6Apparent metabolizable energy 

7Relative proventriculus weight 

8Relative gizzard weight
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1.6.3 Whole corn inclusion:  

Whole corn inclusion in broiler diet has the potential to reduce grinding cost by 

utilizing the additional grinding effect of pellet-mill described in Zaefarian et al. (2016). Whole 

corn inclusion may also have beneficial effects in growth performance, gizzard development 

and gut health of broiler similar to whole wheat inclusion. Unfortunately, there is not enough 

research conducted to evaluate this potential or to establish an optimum level of inclusion for 

whole corn due to its large kernel size, which is often considered too big to be included in 

broiler diet without previous grinding.  

Singh et al. (2014b) used 0, 15, 30, 45 and 50% pre-pelleting whole corn in broiler 

diets from 1 to 21 d and reported a linear decrease in feed intake, BW, and relative 

proventriculus weight whereas, pellet hardness and relative gizzard weight linearly increase 

with increasing concentration of whole corn inclusion. The authors also reported a quadratic 

effect on pellet durability index and FCR which increased up to 45% whole corn inclusion then 

levelled out. Apparent metabolizable energy in ileum also showed quadratic effect by 

increasing up to 30% whole corn inclusion and then declining in diets containing 45 and 60% 

whole corn. Additionally, the authors also evaluated cecal microbiome of broilers fed diets 

with 0, 30 and 60% whole corn inclusion and reported a linear increase of Lactobacillus spp. 

and linear decrease of Clostridium and Campylobacterium spp.at 21 d as the whole corn 

inclusion increased from 0 to 30 and 60%. Singh and Ravindran (2019) conducted a 3×2 

experiment with 3 corn kernel hardness plotted against 2 pre-pelleting whole corn inclusion (0 

and 11.5%) in broiler diets from 1 to 21 d. Apart from increased relative gizzard weight, there 

was no effect on feed intake, BW, FCR, apparent metabolizable energy, starch and nitrogen 

digestibility in the  diet with  11.5% whole corn inclusion compared to diet without whole corn. 
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Lu et al. (2011) fed Yang-zhou geese with a diet containing 64% whole corn from 8 to 28 d 

and 61.5% whole corn from 29 to 70 d and reported greater gizzard weight and marginally 

significant improvement in FCR (P=0.07) between 50 to 70 d in geese fed diet containing 

whole corn compared to geese feed diets with ground corn. The authors also reported a 

temporary reduction of feed intake and BW in geese fed diet containing whole corn during 8 

to 49 d period however, this limiting effect of whole corn diminished by the end of 50 to 70 d 

period.  
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Table 1.11: Effects of whole corn inclusion on growth performance, processing yield, apparent metabolizable energy, and relative weight of digestive organs  

Whole Corn 

(WC) 

Feed intake 

(g) 

Body weight 

(g) 

FCR1 

(g:g) 

Carc. Y4. 

(%) 

Breast Y5. 

(%) 

Tend. Y6. 

(%) 

AME7 

(Kcal/kg) 

Prov. R. 

(%) 

Gizzard 

R8. 

(%) 

Source 

1 to 21 d  

0% WC 

15% WC 

30% WC 

45% WC 

60% WC 

 

1 to 21 d  

1,303L  

1,312L  

1,214L  

1,226L  

1,136L 

1 to 21 d  

1,005L 

990L  

919L  

933L  

857L 

1 to 21 d  

1.304Q  

1.324Q  

1.334Q  

1.341Q  

1.341Q 

N/A 

 

N/A 

 

N/A 

 

17 to 21 d 

3,401q 

3,446q 

3,466q 

3,424q 

3,435q 

At 21 d 

0.394L 

0.433L 

0.427L 

0.457L 

0.470L 

At 21 d 

1.19 

1.44 

1.50 

1.57 

1.55 

Singh et al. (2014b) 

1 to 21 d  

0% WC 

11.5% WC 

 

1 to 21 d  

1286 

1277 

1 to 21 d  

980 

970 

1 to 21 d  

1.319 

1.320 

N/A 

 

N/A 

 

N/A 

 

At 21 d 

14.38 

14.35 

At 21 d  

0.401 

0.406 

At 21 d 

1.44b 

1.54a 

Singh and 

Ravindran (2019) 

8 to 28 d  

0% WC 

64% WC 

29 to 49 d 

0% WC 

61.5% WC 

50 to 70 d 

0% WC 

61.5% WC 

8 to 28 d 

18222,a 

17512,b 

29 to 49 d 

57522,a 

54802,b 

50 to 70 d 

102022 

97652 

8 to 28 d 

8953,a 

8613,b 

29 to 49 d 

21343,a 

19743,b 

50 to 70 d 

27613 

27783 

8 to 28 d  

2.0351 

2.0341 

29 to 49 d 

3.1741 

3.3491 

50 to 70 d 

7.0271 

5.3441 

    At 28 d 

0.612 

0.625 

At 49 d  

0.537b 

0.744a 

At 70 d 

0.368 

0.349 

At 28 d 

5.213b 

5.728a 

At 49 d  

3.428b 

4.013a 

At 49 d 

3.626b 

4.335a 

Lu et al. (2011) 

LLinear effect  

QQuadratic effect 
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1Feed conversion ratio = 
1

Gain per feed
 

2Feed intake = Average daily feed intake × number of days 

3Body weight = Average daily gain × number of days 

4Carcass yield 

5Breast meat yield 

6Tender yield 

7Apparent metabolizable energy 

8Relative proventriculus weight 

9Relative gizzard weight 
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1.6.4 Other whole grain inclusion:  

Among other grains, sorghum, and barley have been investigated for their potential 

to be added as whole grain in broiler diets. Taylor and Jones (2004) used 0 and 20% whole 

barley in combination with 0 or 650 BGU/g β-glucanase in broiler diet from 5 to 42 d of age. 

The authors reported increased relative gizzard weight and decreased proventriculus weight 

without any alteration of BW and FCR when broilers were fed diets containing whole barley 

instead of ground barley. Biggs and Parson (2009) initially used whole sorghum (10 and 20%) 

and whole barley (10 and 20%) in broiler diets from 1 to 21 d and compared the results with a 

corn soybean-meal based basal diet without any whole grain inclusion. Feed intake of birds 

was similar in all diets however, broilers fed diets containing 10 and 20% whole sorghum had 

significantly lower weight gain and higher FCR than broilers fed basal diets or the diet 

containing 10 and 20% whole barley. Broiler fed diets containing whole grain resulted higher 

relative gizzard weight and diet containing 20% whole barley had higher apparent 

metabolizable energy compared to basal diet. In the follow up study, the authors used whole 

wheat (20 and 35%), whole barley (10 and 20%) and whole sorghum (10 and 20%) in broiler 

diets from 1 to 21 d and  again compared the results with a basal diet devoid of any whole 

grain. This time all whole grain containing diets resulted a significantly higher weight gain in 

broilers from 8 to 21 d period compared to basal diet. Diet containing 10% whole barley had 

the lowest FCR, whereas the diet with 35% whole wheat had the highest FCR and remaining 

diets resulted an intermediate FCR. Jacob and Parson (2013) conducted a 3×2 experiment with 

diets containing either finely ground corn (557μm), coarse corn (1,387μm) and 20% whole 

sorghum plotted against 0 or 15% DDGS inclusion. The authors reported higher feed intake 

and poor FCR in broilers fed 20% whole sorghum diet at 21 d, despite it containing the highest 
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apparent metabolizable energy compared to diet formulated from fine or coarse corn. 

Furthermore, the diet containing coarse corn and whole sorghum found to increase relative 

gizzard weight of broilers compared to diet with finely ground corn. 
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EFFECTS OF PRE-PELLETING WHOLE CORN INCLUSION ON BROILER 

PERFORMANCE, INTESTINAL MICROBIOTA AND CARCASS 

CHARACTERISTICS 

 

ABSTRACT 

This study was conducted to evaluate the effect of whole corn inclusion before pelleting 

on performance, processing yield, and microbiome modulation of broilers from 1 to 42 d of 

age. One thousand male YPM × Ross 708 broilers were randomly distributed among four 

treatments with 10 replicate pens per treatment and 25 broilers per pen. Treatments consisted 

of four levels of whole corn (0, 2.5, 5.0, and 7.5%) replacing ground corn. Feed intake and BW 

were determined at 14, 28, and 42 d and FCR calculated by considering the weight of the 

mortality. At 42 d, ileal and cecal contents were analyzed to determine intestinal microbiota. 

At 43 d, 10 birds/pen were processed for yield determination. Data were evaluated using 

ANOVA test (PROC GLM) and means separated by Tukey HSD test. Inclusion of whole corn 

did not influence BW and feed intake (P>0.05) to 42 d of age. However, broilers consuming 

diets with 2.5, 5.0 and 7.5% whole corn had lower FCR from 28 to 42 d of age (1.93, 1.95 and 

1.94 vs. 2.00, P<0.05) when compared to broilers fed diets with 0% whole corn. Broilers fed 

diets with 5% whole corn had higher breast meat yield (29.11 vs. 28.40 %, P<0.05) than 

broilers fed 7.5% whole corn, but yields were similar to broilers fed diets without whole corn. 

Diets with 7.5% whole corn showed a trend towards increased Faecalibacterium (P=0.07) and 

decreased Lactobacillus (P=0.08) in cecal microbiota compared to 5% whole corn. The results 

of this experiment indicated that up to 5% whole corn can replace ground corn in broiler diets 

from 1 to 42 d. 
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INTRODUCTION 

Grinding is one of the most expensive procedure in feed manufacturing (Deaton et al., 

1989) after pelleting. However, the majority of ingredients used in poultry diets requires some 

degree of grinding to improve mixing uniformity, reduce segregation after mixing, improve 

pellet quality (Koch, 1996) and to increase surface area between digesta and digestive enzymes 

for better digestion (Goodband et al., 2002). However, excessive grinding increases grinding 

costs, reduces grinding capacity (Wondra et al., 1995), and hampers gizzard development 

(Svihus et al., 2002). In fact, chickens have a grinding organ “gizzard” to grind coarse feed 

particles and increase their surface area to facilitate enzyme binding, nutrient digestion, and 

absorption (Svihus, 2011). Chickens can also detect particle size differences using 

mechanoreceptors in their beak (Gentle 1979) and have shown preferences toward coarse 

particles over finely ground feed particles (Schiffman 1968; Portella et al., 1988). However, 

coarse particles offered during pre-starter and starter phases can reduce feed intake and BW, 

which can lead to an increase in FCR by diverting a large portion of dietary energy to gizzard 

contraction in young broilers (Lott et al., 1992; Singh et al., 2014). Therefore, an optimum 

balance between grinding equipment and gizzard grinding is necessary for maximum growth 

performance. In previous trials, coarsely ground corn (Nir et al., 1994; Amerah et al., 2007; 

Xu et al., 2015;), cracked corn (Dozier et al., 2006; Clark et al., 2009) and whole grain inclusion 

(Svihus and Hetland, 2001; Amerah and Ravindran 2008; Singh et al., 2014; Singh et al., 2019; 

Singh and Ravindran 2019) have been used to increase particle size of feed. However, particle 

size reduction during pelleting and crumbling can limit effectiveness of coarse particles in 

pelleted feed (Zaefarian et al., 2006).  
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Among whole grains, whole wheat has been the main whole grain included in poultry 

diets, as early as 1951 (Ewing, 1951). However, until recently inclusion of whole corn was not 

considered despite being the principal ingredient in poultry diets in the United States. Kernel 

size of corn is typically considered too big to be included in poultry diets without grinding. 

However, including whole corn prior to pelleting can be an alternative to overcome this 

challenge. Additional grinding during pelleting and crumbling can be utilized to break the corn 

kernel and force it into pellets. Thus, whole corn inclusion can be an alternative to increase 

particle size inside pellets and reduce grinding costs by bypassing grinding equipment with the 

help of the pelleting process. Moreover, structural material inside the pellets can be used to 

stimulate gizzard development and reverse peristalsis, which can lead to better gut health and 

improved nutrient utilization (Gabriel et al., 2008). Therefore, this study was conducted to 

determine effects of pre-pelleting whole corn inclusion in broiler diets from 1 to 42 d of age 

on a corn and soybean-meal based diet. 

MATERIAL AND METHODS 

               All procedures involving live birds were approved by Auburn University 

Institutional Animal Care and Use Committee (PRN 2017–3018). 

Husbandry Practices 

A total of 1000 YPM × Ross 708 male broiler chicks (Aviagen North America, 

Huntsville, AL) were obtained from a commercial hatchery at 1 d of age. Upon arrival, broilers 

were weighed and randomly distributed among 40 floor pens (25 birds per pen, 0.12 M2/chick) 

in a solid-sided house with negative pressure ventilation system. Housing was equipped with 

exhaust fans, forced-air heaters, cooling pads, and electronic controllers to manage temperature 
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and ventilation. Each pen was 150 cm in width, 200 cm in length, and 60 cm in height and was 

equipped with 5 nipple drinkers and 1 pan feeder that granted birds ad-libitum access to feed 

and water throughout the experimental period. Photoperiod was set at 23L:1D from 1 to 7 d, 

21L:3D from 8 to 20 d and 16L:8D from 21 to 42 d. Environmental temperature was 34°C at 

placement, 31.3°C from 2 to 5 d, 29.4°C from 6 to 14 d, and 28.3°C from 15 to 23 d, 26.7ºC 

from 24 to 28 d and 23.8ºC from 29 to 42 d. Birds were inspected twice daily and room 

temperature, bird condition, mortality, and availability of feed and water were checked during 

each inspection. Feed intake, BW and FCR were determined at 14, 28, and 42 d during the 

experiment. 

 

Feed Formulation, Manufacture, and Experimental Design 

               Starter, grower, and finisher diets were formulated to meet or exceed NRC 

suggested minimum nutrient requirement of broilers (NRC, 1994) (Table 1). Each pen was 

randomly assigned to 1 of 4 treatments (0.0, 2.5, 5.0, or 7.5%) with 10 replicate pens per 

treatment. Treatments had identical ingredient and nutrient composition apart from level of 

whole corn inclusion. Starter feed was provided in crumbled form, while grower and finisher 

feeds were provided as whole pellets of 4.0 mm diameter.  

Corn was ground using a hammer mill (Model 11.5 × 38, Roskamp Champion, 

Waterloo, IA) equipped with 3.175 mm screens. Ground corn, whole corn, soybean meal, and 

additional dietary ingredients were mixed for 150 seconds (30 second dry and 120 second wet) 

in a twin shaft ribbon mixer (Model 726, Scott Equipment Co., New Prague, MN) to produce 

mash feeds, which were conditioned at 82°C for 45 seconds before forcing them through a ring 

die of 4.0 mm diameter using a pellet mill (Model 1112–4, California Pellet Mill Co., 
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Crawfordsville, IN). Pellets were dried and cooled in a counterflow pellet cooler (Model 

CC0909, California Pellet Mill Co., Crawfordsville, IN) using ambient air. Starter feed was 

crumbled in a crumbler (Model 624SS, California Pellet Mill Co., Crawfordsville, IN) with a 

manual roll adjustment. 

Initially, two feed samples of 500 g collected from each treatment were homogenized 

before nutrient analysis. Duplicate samples of 250 mg dried feed from each treatment were 

placed into aluminum foil and analyzed for crude protein (N x 6.25) by combustion method 

(AOAC 990.03) using Leco equipment (Leco Corporation, St. Joseph, MI). 

 

Measurements 

Broilers and feed were weighed at the beginning of experiments and at 14, 28, and 42 

d to determine BW, feed intake, and FCR. Birds were observed twice a day, mortalities were 

removed daily, and their BW was considered to adjust FCR. On d 43, 10 birds from each pen 

were randomly selected and processed to determine carcass and parts yield. Feed was removed 

10 h prior to processing but birds had access to drinking water during the feed removal period. 

On processing day selected birds were loaded into coops and transferred to Auburn University 

Pilot Processing Plant. Broilers were electrically stunned, exsanguinated, scalded, picked and 

eviscerated mechanically and placed on ice. Carcasses were static chilled for 4 h in ice water 

(4°C) and then excess water was drained for around 5 minutes before chilled carcass weights 

were determined. Chilled carcasses were deboned the following day by experience personnel 
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utilizing stationary cones. During deboning, breast fillets (Pectoralis major) and tenders 

(Pectoralis minor) were weighted to determine parts yield. Carcass yield was calculated in 

relation to live BW of birds, whereas parts yield was calculated as a percentage of chilled 

carcass weight. 

 Cooking loss of breast meat fillets was measured according to methodology described 

by Lee et al. (2009). From each treatment 72 breast meat fillets were randomly collected and 

stored at 4C for 4 d, followed by roasting at 200C for 30 min in an air convection oven. Initial 

and final weight of breast fillets were measured and the difference was used to determine 

percentage of cooking loss.  

Cooking Loss = 
(Initial weight−Final weight)

Initial weight
×100% 

Color of meat analyzed according to the methodology of Küçüközet and Uslu (2018) 

using CR-400 Minolta Chromameter, after a 48 h of water chilling following collection. Prior 

to any measurement, the chromameter was calibrated using a standard white plate. Data were 

collected using CIE Lab parameters, lightness (L*), redness (A*>0), greenness (A*<0), 

yellowness (B*>0), and blueness (B*<0) of cooked chicken meats were measured at 3 different 

spots of each fillet.  

Intestinal Microbiota 

Sample collection and analysis performed: 



58 
 

 On d 42, two birds per pen were randomly selected, euthanized by cervical 

dislocation, and the entire gastrointestinal tract collected into a ziploc bag, immediately placed 

in ice, and taken to the laboratory. Ileal and cecal contents were gently squeezed and frozen at 

-20oC for further analysis of ileal and cecal microbiota. 

 

Analysis of ileal and cecal microbiota: 

 Sample preparation was done in accordance to Bortoluzzi et al. (2017) with a slight 

modification when using ileal digesta. Cecal content and ileal digesta were diluted in a 1:10 

sterile phosphate buffer solution (PBS); 5 mL of mixed solution (ileal) and 1mL of mixed 

solution (cecal) were transferred to an adequate size tube, centrifuged for 3 minutes at 3,270 

g, the supernatant discarded, and 200 µg of content used for DNA isolation.  

DNA isolation of ileal and cecal digesta, and polymerase chain reaction (PCR) 

amplification and sequencing were done in accordance to Bortoluzzi et al. (2017).  Sequencing 

of 16S rRNA was performed using the Illumina Miseq platform. Bioinformatic analysis was 

done according to Bortoluzzi et al. (2018). Briefly, sequences were paired-end and quality 

trimmed using Geneious (Newark, NJ). Operational taxonomic units (OTUs) were assigned at 

a 97% identity using SILVA database. Alpha (Chao 1, Observed species, Phylogenetic 

diversity (PD) of the Whole Tree, and Shannon indeces) and beta diversity indices were 

calculated using QIIME v1.9.1. Principal Coordinates Analysis (PCoA) was used to visualize 

the data.  

 

Statistical Analysis 
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               The experiment was conducted in a randomized block design where pen 

location was considered as blocking factor. Each treatment had 10 replicate pens and each 

individual pen was considered the experimental unit. Mortality data were subjected to arcsine 

transformation before analysis. Data were analyzed using one-way ANOVA in GLM 

procedure of JMP software under following model. 

Yij = µ+Ti+ εij 

Where, Yij = observed response in birds of each pen; μ = is the overall mean; Ti = fixed 

effect of feed form treatment; and εij = residual error.  

Mean values among the 4 dietary treatments were compared using Tukey’s honestly 

significant difference procedure and level of significance was considered at P ≤ 0.05 unless 

otherwise indicated. For microbiome analysis, frequency of main bacterial groups observed in 

ileum and ceca was submitted to a non-parametric one-way ANOVA (Kruskal-Wallis test) and 

in case of significant difference, means were separated by Dunn’s test. 

RESULTS AND DISCUSSION 

 

Growth performance data are presented in Table 2. Inclusion of whole corn did not 

influence BW gain, feed intake, and FCR among the treatments (P > 0.05) at 14, 28 or 42 d of 

age. However, there was a trend towards lower FCR (P = 0.07) in broilers fed diets with 2.5, 

5.0, and 7.5% whole corn compared to broilers fed diets without whole corn at 42 d of age. In 

addition, broilers fed diets with 2.5, 5.0, and 7.5% whole corn had lower FCR (P < 0.05) during 

the finisher period from 28 to 42 d of age, compared to broilers fed diets without whole corn. 

Similar to this experiment, Wu et al. (2004) reported lower FCR and higher apparent 

metabolizable energy in broilers fed 20% pre-pelleting whole wheat inclusion in a wheat-based 
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diet from 1 to 21 d of age. Singh and Ravindran (2019) reported the inclusion of 11.5% whole 

corn in broiler diets from 1 to 21 d had no influence on BW, feed intake, and overall FCR. 

However, in an earlier study, Singh et al. (2014) reported a linear decrease of feed intake and 

BW as the concentration of whole corn was increased (0, 15, 30, 45 and 60%) in broiler diets 

provided from 1 to 21 d as 3-mm pellets. The discrepancies observed when whole corn or 

wheat has been added in broiler diets is likely influenced by inclusion rate of the whole cereal 

grains, age of birds during the evaluation period and even the diameter of pellets fed, which 

can influence internal particle size of pellets.  

Whole corn inclusion did not influence chilled carcass weight, carcass yield, and tender 

yield (Table 3). However, broilers fed diets with 5% of whole corn had higher breast meat 

yield (29.2 vs. 28.4%, P < 0.05) than broilers fed 7.5%, but similar to broilers fed diets without 

whole corn. Similar to this experiment, Wu and Ravindran (2004) used 10 and 20% pre-

pelleting whole wheat in broilers from 1 to 35 d without any effect on carcass weight and 

carcass yield compared to diet without whole wheat. Plavnik et al. (2002) reported 6% 

reduction of breast meat yield with inclusion of 25% whole wheat in corn-wheat-SBM based 

diet. Amerah and Ravindran (2008) reported 4% lower carcass yield along with significant 

reduction in breast meat yield when broilers were fed 20% whole wheat from 22 to 35 d of 

age. According to Parsons et al. (2006), the reduction in breast meat can be a resulted from a 

higher amount of energy diverted to gizzard development and maintenance instead of breast 

development. However, inclusion of whole grains might also increase variation in particle size 

possibly causing nutrient segregation (Silva 1997) in pelleted diets leading to reduction in 

breast meat weight and yield.  
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Cooking loss and CIE lab color score of cooked breast meat is presented in Table 4. 

There were no significant differences in cooking loss and coloration of breast meat among 

treatments which implies that whole corn inclusion does not affect water holding capacity and 

visual appearance of meat.  Previous research with whole grain inclusion only evaluated 

quantitative influence on breast meat yield and possibly it is the first time that effects of whole 

corn inclusion on breast meat quality was evaluated. Water holding capacity of meat is 

influenced by the presence of polar amino acids in actin-myosin protein of meat fiber (Zayas 

1997), but diets used in this experiment were identical for all treatments as shown in Table 1. 

A wide range of post-processing factors like carcass aging (Karaoğlu et al., 2006), chilling 

method (Wang et al., 2000) and scalding temperature (Silva-Buzanello et al., 2019) can 

influence water holding capacity and meat coloration. These factors were cautiously kept 

constant while processing broilers of all treatments.   

Inclusion of whole corn did not influence diversity of intestinal microbiota as there 

were no differences among experimental groups for alpha and beta diversity indices (Figure 

1). Ileal microbiota was dominated by phylum Firmicutes (over 99%). Predominate genera 

found in ileal microbiota was Lactobacillus (84%), followed by Streptococcus (5.4%), and 

Enterococcus (4.7%) with no differences among treatments (P > 0.05; Figure 2A). Cecal 

microbiota was dominated by phylum Firmicutes (89%) consisting mainly of Clostridiales 

(19.3%), followed by Ruminococcus (12.3%), Ruminococcaceae (11.8%), and 

Lachnospiraceae (7%), with no differences among treatments (P > 0.05; Figure 2B). Cecal 

microbiota had a higher microbial diversity and showed a greater response with whole corn 

inclusion. Feeding 7.5% of whole corn, tended to increase Faecalibacterium (P = 0.07), and 

decrease Lactobacillus (P = 0.08) in cecal microbiota, when compared to 5% of whole corn 
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inclusion. In a previous trial, Singh et al. (2014) reported a linear increase in Lactobacillus 

population with higher levels of pre-pelleting whole corn inclusion (0, 15, 30, 45 and 60%) in 

broiler diets at 21 d of age. Gabriel et al. (2003b) also reported more beneficial microbiota and 

lower count of coliform bacteria at 22 d of age in broilers fed whole wheat-based diets 

compared to broilers fed a ground wheat-based diet. Differences observed are possibly due to 

limited concentration of whole corn inclusion and differences in sampling age (21 d vs 42 d). 

Likely at 42 d of age, when samples were collected, ileal and cecal microbiota were already 

established after shifting from brooding to grow out composition (Ngunjiri et al., 2019). Whole 

grain inclusion is believed to promote changes in intestinal microbiota by decreasing gizzard 

pH through stimulation of gastric hydrochloric acid secretion and by altering transit time of 

digesta throughout the gastro-intestinal tract (Singh et al., 2014). Gabriel et al. (2003a) reported 

a significant reduction in gizzard pH when birds were fed a diet with 20% whole wheat instead 

of ground wheat. Santos et al. (2008) reported significant decrease in gizzard pH and cecal 

Salmonella population at 42 d of age in broilers fed diet with an average feed particle size of 

1,700 μm compared to broilers fed diet with an average particle size of 560 μm. Based on 

performance data observed in this study, as much as 5% whole corn can be used to replace 

ground corn prior to pelleting in broiler diets between 1 to 42 d of age.   
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TABLES 

Table 3.1:  Ingredient and nutrient composition of dietary treatments fed to YPM × Ross 708 

male broilers from 1 to 42 d of age. 

Ingredient, % “as-fed”    Starter Grower Finisher 

Corn        51.96    58.83    61.88  

Soybean Meal, 46 % Crude Protein        35.97    27.56    23.14  

Distillers dried grains with solubles (DDGS)          5.00      7.00      9.00  

Poultry Oil          3.40      3.33      3.45  

Dicalcium phosphate, 18% P          1.27      0.97      0.48  

Calcium carbonate          1.24      1.16      1.02  

Sodium chloride          0.37      0.37      0.28  

D-L Methionine          0.28      0.25      0.20  

L-Lysine          0.12      0.17      0.18  

Trace mineral premix1          0.10      0.10      0.10  

Vitamin premix2          0.10      0.10      0.10  

Choline Chloride          0.08      0.07      0.08  

L-Threonine          0.04      0.06      0.06  

Copper chloride3          0.02      0.02      0.02  

Quantum phytase4          0.008      0.008      0.008  

      100.00     100.00  100.00  

 

Calculated analysis, % (unless otherwise noted)  

  

  

  

  

AMEn, kcal/kg   3,025  3,117  3,175  

Crude Protein5       23.24    20.45     19.01  

Digestible Lys          1.18      1.02       0.95  

Digestible Thr           0.77      0.68       0.63   

Digestible Trp          0.23      0.19       0.18  

Digestible TSAA6          0.91      0.78       0.72  

Calcium          1.00      0.88       0.76  

Available phosphorus          0.48      0.42       0.38  
1Mineral premix include per kg of diet: Mn (manganese sulfate), 120 mg; Zn (zinc sulfate), 100 mg; Fe (iron sulfate 

monohydrate), 30 mg; Cu (tri-basic copper chloride), 8 mg; I (ethylenediamine dihydriodide), 1.4 mg; and Se 

(sodium selenite), 0.3 mg.  
2Vitamin premix includes per kg of diet: Vitamin A (Vitamin A acetate), 18,7390 IU; Vitamin D 

(cholecalciferol),6,614IU;Vitamin-E(DL-alpha tocopherol acetate),6 IU; menadione (menadione sodium bisulfate 

complex), 4 mg; Vitamin B12 (cyanocobalamin), 0.03 mg; folacin (folic acid), 2.6 mg: D-pantothenic acid (calcium 

pantothenate), 31 mg; riboflavin (riboflavin), 22 mg; niacin (niacinamide), 88 mg; thiamin (thiamin mononitrate), 

5.5 mg; D-biotin (biotin), 0.18 mg; and pyridoxine (pyridoxine hydrochloride), 7.7 mg.  
3Intellibond® C (Micronutrients, Indianapolis, IN).  
4Quantum® Blue 5G (AB Vista Feed Ingredients, Marlborough, UK) provides per kg of diet: 500 FTU/kg of 

phytase activity.  
5Analyzed crude protein content in starter, grower and finisher diets were 21.11 and 22.32, 19.17 and 20.31, and 

17.63 and 18.74%, respectively (AOAC-2006) 
6TSAA = Total sulfur amino acids.   
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Table 3.2: Growth performance of YPM × Ross 708 male broiler fed with 4 different levels of whole corn inclusion from 1 to 42 d. 

Item1 

Whole corn, % 

BW2 

(gm/bird) 
 FI3 

(gm/bird) 
 FCR4  

(gm/gm) 

 PFCR5 

(gm/gm) 

--------------------------------------------------------------------------------Days of Age-------------------------------------------------------------------------------- 

 0 14 28 42  14 28 42  1-14 1-28 1-42  0-13 14-27 28-42 

0.0  39.04 462 1,660 3,312  525 2,250 5,524  1.24 1.39 1.70  1.24 1.44   2.01A 

2.5  38.90 466 1,649 3,346  525 2,254 5,528  1.23 1.40 1.67  1.23 1.46   1.93B 

5.0  39.00 460 1,642 3,307  522 2,227 5,466  1.24 1.39 1.67  1.24 1.45   1.95B 

7.5  38.72 459 1,636 3,299  522 2,218 5,434  1.24 1.39 1.66  1.24 1.44   1.94B 

SEM6    0.25    4     15      21     3      16      39   0.008  0.007  0.009    0.008   0.008   0.015 

P value    0.80     0.71           0.75             0.43          0.88             0.32             0.29  0.61 0.57 0.07  0.61 0.29   0.006 

1Dietary treatments consisted of 0, 2.5, 5.0, and 7.5% whole corn inclusion. Diet was provided in crumble form from 0 to 14 d, before shifting to pellets with 4 

mm in diameter.  

ᵃ,ᵇ Means column with different superscript differ significantly (P<0.05) 
2BW= Body weight 
3FI= Average feed intake 
4FCR= Feed conversion ratio 
5PFCR= Period feed conversion ratio 
6SEM= Standard Error of Mean for 10 replicates. (n=10) 
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Table 3.3: Carcass and processing yield of YPM × Ross 708 male broiler fed with 4 different levels of whole corn inclusion. 

Item1 

Whole Corn, % 

 Live Weight2  Carcass Weight3  Carcass Yield4  Breast Meat Yield5         Tender Yield6 

 (gm)  (gm)  (%)  (%)  (%) 

0.0  3,311  2,541  76.74  29.11ᵃᵇ  5.72 

2.5  3,388  2,593  76.53  29.03ᵃᵇ  5.71 

5.0  3,367  2,583  76.71  29.24ᵃ  5.63 

7.5  3,378  2,580  76.34  28.40ᵇ  5.60 

7SEM       27       22    1.89  0.23  0.09 

P value                    0.14                       0.29   0.37                 0.04  0.76 

1Dietary treatments consisted of 0, 2.5, 5.0, and 7.5% whole corn inclusion. Diet was provided in crumble form from 0 to 14 d, before shifting to pellets with 4 

mm in diameter. 

ᵃ,ᵇ Means column with different superscript differ significantly (P<0.05) 
2Finished weight= Weight of live bird just before processing, measured in gram. 
3Carcass weight= Wight of processed carcass after 4 hrs chilling in slush cold water, measured in gram. 
4Carcass yield= Ratio of finished chilled carcass weight and finished weight expressed as percent.  
5Breast meat yield= Weight of breast meat/Pectoral major is divided by chilled carcass weight and expressed as percent. 
6Tender yield= Weight of tender/pectoral minor is divided by chilled carcass weight and expressed as percent.  
7SEM= Standard Error of Mean of 10 replicates (n=10). 
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Table 3.4: Cooking loss of breast fillets of YPM × Ross 708 male broiler fed with 4 different levels of whole corn inclusion.  

Item1 

Whole corn, % 

 Initial Weight2  Final Weight3   Cooking Loss4  Breast meat color* 

 (gm)  (gm)  (%)  L*5  A*6  B*7 

0.0  376  255  31.97  59.97  4.96  8.38 

2.5  380  261  31.55  60.29  5.02  9.47 

5.0  379  260  31.26  59.89  4.94  9.13 

7.5  374  261  30.05  59.43  5.09  8.96 

SEM8          43.54         38.59    0.07    2.76  2.06  2.32 

P value            0.84           0.37    0.11    0.15  0.78  0.25 
1Dietary treatments consisted of 0, 2.5, 5.0, and 7.5% whole corn inclusion. Diet was provided in crumble form from 1 to 14 d, before shifting to pellet form with 

4mm diameters.  
2Initial Weight= The weight of breast fillet after deboning.  
3Final Weight= The weight of breast fillet after cooking.  
4Cooking loss%= Portion weight that a breast fillet loss during cooking, is expressed as a percentage of initial weight. The difference between initial and final 

weight is divided by initial weight and multiplied by 100 to get the cooking loss%. 

Breast meat color* was evaluated after a 48 hour of water chilling following collection. 
5L*= Measure of Lightness of the cooked meat. 
6A*= Measure of redness (A*>0) of the cooked meat. 
7B*= Measure of yellowness (B*>0) of the cooked meat.  
8SEM= Standard Error of Mean for 10 replicates. (n=72) 
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Figure 3.1: UniFrac PCoA plots of the ileal (A) and cecal (B) microbiota of broiler chickens at 42 d according to the treatments: Red: 0% WC; Blue: 2.5% WC; 

Orange: 5% WC; Green: 7.5% WC. No differences visible among experimental groups for alpha and beta diversity indices. 
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(A) 

 

 

(B) 

Figure 3.2: Relative abundance (%) of main bacterial groups present in ileal (A) and cecal (B) microbiota of broilers 

at 42 d according to each experimental treatment. Feeding 7.5% WC inclusion tended to increase Faecalibacterium 

(P = 0.07) and decrease Lactobacillus (P = 0.08) in cecal microbiota compared to 5% WC inclusion. 
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EFFECTS OF PRE-PELLETING WHOLE CORN INCLUSION ON FEED 

PARTICLE SIZE, PELLET QUALITY, GROWTH PERFORMANCE, CARCASS 

YIELD, AND DIGESTIVE ORGAN DEVELOPMENT AND INTESTINAL 

MICROBIOME OF BROILERS BETWEEN 14 TO 42 DAY OF AGE. 

 

 

ABSTRACT 

 

This study was conducted to evaluate the effects of pre-pelleting whole corn inclusion 

on body weight (BW), feed intake, feed conversion ratio (FCR), processing yield, organ 

development, and gut microbiome of broilers from 14 to 42 d of age. One-thousand male YPM 

× Ross 708 broilers were randomly distributed among four treatments with 10 replicate pens 

per treatment and 25 broilers per pen (0.12 m2/chick). A common starter was fed from 1 to 14 

d of age. At 14 d, four experimental treatments containing 0, 3, 6 and 9% whole corn pre-

pelleting were provided. Feed consumption and BW were determined at 14, 28, and 42 d of 

age and FCR was calculated including the weights of the mortality. On d 28, two birds per pen 

were selected to evaluate the ileal and cecal microbiota. At 43 d, 10 birds/pen were processed 

for yield determination. Data were statistically evaluated by ANOVA test using GLM 

procedure of SAS and means were separated by Tukey HSD test. Inclusion of whole corn did 

not influence growth performance from 14 to 42 d of age (P > 0.05), but 9% whole corn 

increased carcass yield (P < 0.05). The inclusion of whole corn did not influence carcass traits 

(P > 0.05). Inclusion of 9% whole corn reduced the relative proventriculus weight (P < 0.05). 

Romboutsia spp. and ileal anaerobes increased when the level of WC exceeded 6% (P < 0.05). 

These data demonstrate that as much as 9% WC can be incorporated in broiler diets prior to 

pelleting from 14 to 42 d without negative effects on broiler performance and processing yield.  
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INTRODUCTION 

 

Grinding is one of the most expensive cost-centers during feed manufacturing (Deaton 

et al., 1989) after pelleting. Nevertheless, grinding improves mixability, reduces feed 

segregation (Koch, 1996) and increases surface area for digestive enzyme interactions 

(Goodband et al., 2002). However, excessive grinding reduces grinding capacity and increases 

energy consumption in feed mill (Reece et al., 1986; Amerah et al., 2007). The degree of 

grinding is important, as chickens prefer coarser feed particles at all ages (Schiffman 1968; 

Gentle et al., 1979; Portella et al., 1988). Furthermore, chickens have naturally evolved a 

mechanical grinder “gizzard” in their digestive system, which reduces feed particle size, 

regulates feed-flow throughout the gastrointestinal tract, and contributes to physical and 

chemical degradation of nutrients (Svihus, 2011). Coarse particles facilitate gizzard 

development (Svihus, 2011) and their absence or limited inclusion can hamper its development 

and natural functionality (Zaefarian et al., 2016). 

Previous researchers have reported that large corn particle size increases relative 

gizzard weight and improves performance and feed efficiency in pelleted broiler diets (Amerah 

and Ravindran 2008; Xu et al., 2015a; Xu et al., 2017), mash broiler diets (Xu et al., 2015b), 

and mash layer diets (Bozkurt et al., 2019). However, coarse particles (>1500 µm) offered 

during  pre-starter and starter phases can reduce feed intake and BW, leading to an increased 

feed conversion ratio (FCR) by diverting a large portion of the dietary energy to gizzard 

contraction in young broilers (Lott et al., 1992). Lu et al. (2011) fed geese with a diet containing 

64% whole corn from 8 to 28 d and 61.5% whole corn from 29 to 70 d and reported greater 
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gizzard weight, without a significant effect on FCR compared to geese feed diets with ground 

corn. Particle size can also influence pellet quality, as particle size decreases, there is greater 

heat and moisture penetration during conditioning and higher surface for particles adhesion 

during pelleting. Several authors have reported improved pellet durability when particle size 

of corn was decreased (Wondra et al., 1995; Chewning et al., 2012; Abadi et al., 2019). 

Therefore, an optimum balance between grinding by equipment and grinding in the 

gizzard is necessary to ensure maximum broiler performance and feed efficiency. Furthermore, 

additional particle size reduction during pelleting and crumbling should be considered when 

determining the optimum particle size of corn in poultry diets (Zaefarian et al., 2016). 

Heretofore, coarsely ground corn (Amerah et al., 2007; Xu et al., 2015a), cracked corn 

(Dozier et al., 2006; Clark et al., 2009) and whole grain inclusion (Svihus and Hetland, 2001; 

Singh et al., 2014b; Singh et al., 2019; Singh and Ravindran, 2019) has been used to increase 

particle size of broiler feeds. Whole wheat has been included in poultry diets for more than 65 

years (Ewing ,1951) and previous researchers have reported higher apparent metabolizable 

energy (McIntosh et al., 1962; Svihus and Hetland, 2001) and higher apparent ileal digestibility 

of dry matter (Svihus and Hetland, 2001; Svihus, 2011) in whole wheat containing diets. Whole 

corn inclusion may have similar benefits when included in broiler diets, but its kernel’s size is 

typically considered too big to be included in poultry diets without grinding. However, 

inclusion of whole corn prior to pelleting can be an alternative to overcome this challenge 

(Singh et al., 2014b). Grinding effect that occurs as feed is compressed between rolls and the 

die of pellet mill can be utilized to break the corn kernels and incorporate them inside the 

pellets.  
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Addition of whole corn prior to pelleting can also influence intestinal microbiota. Singh 

et al. (2014b) reported an increase of Lactobacillus in ceca with increased levels of whole corn 

inclusion prior to pelleting. Lactobacillus spp. are beneficial bacteria that produces lactic acid 

which lowers gut pH and releases bacteriocin-like compounds, that have a bacteriostatic effect 

against pathogenic bacteria (Chateau et al., 1993). In a more recent study, Singh et al. (2019) 

reported a decrease in Clostridium and Campylobacter at 21 d of age with the inclusion of 20% 

whole wheat. Clostridium spp. are often pathogenic to chicken (Achakzai et al. 2019) whereas 

campylobacter is a public health concern for their zoonotic potential (World Health 

Organization, 2009). Therefore, this experiment was conducted to determine the effects of pre-

pelleting whole corn inclusion on feed quality broiler performance, carcass yield, organ 

development, and microbiome modulation from 14 to 42 d of age. 

MATERIAL AND METHODS 

All procedures involving live bird were approved by Auburn University Institutional 

Animal Care and Use Committee (PRN 2017–3018). 

Husbandry Practices 

A total of 1000 YPM × Ross 708 male broiler chicks were obtained from a commercial 

hatchery (Aviagen North America, Huntsville, AL) at 1 d of age. Upon arrival, broilers were 

weighed and randomly distributed among 40 floor pens (25 birds per pen, 0.12 m2/chick) in a 

solid-sided house with negative pressure ventilation system. The house was equipped with 

exhaust fans, forced-air heaters, cooling pads, and electronic controllers to manage temperature 

and ventilation. Each pen was 150 cm in width, 200 cm in length, and 60 cm in height and 

equipped with five nipple drinkers and one tube feeder that granted birds ad-libitum access to 
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feed and water throughout the experimental period. Photoperiod was set at 23L:1D from 1 to 

7 d, 21L:3D from 8 to 20 d and 16L:8D from 21 to 42 d. Room temperature was 33°C during 

placement, 31.3°C from 2 to 5 d, 29.4°C from 6 to 14 d, and 28.3°C from 15 to 23 d, 26.7ºC 

from 24 to 28 d and 23.8ºC from 29 to 42 d. Birds were inspected at least twice daily and room 

temperature, bird condition, mortality and availability of feed and water were carefully 

checked during each inspection.  

 

Feed Formulation, Manufacture, and Experimental Design 

Diets was formulated to meet or exceed the NRC suggested minimum nutrient 

requirement of broilers (NRC, 1994) (Table 1). Each pen was randomly assigned to 1 of 4 

treatments (0, 3, 6 or 9% whole corn) and each treatment had 10 replicate pens with 25 birds 

in each pen. Each treatment had identical ingredient and nutrient composition apart from the 

level of whole corn inclusion. Starter feed was provided in crumble form, while grower and 

finisher diets were provided as whole pellets of 4.0 mm diameter.  

Corn was ground to a particle size of 696 µm for grower feed and 624 µm for finisher 

feed using a hammer mill (Model 11.5 × 38, Roskamp Champion, Waterloo, IA) equipped 

with 3.175 mm screen size. Particle size of the soybean meal used in the study was 832 and 

796 in the grower and finisher diets. Ground corn, soybean meal, other ingredients were added 

to a twin shaft ribbon mixer (Model 726, Scott Equipment Co., New Prague, MN). 

Subsequently, depending on the treatment being mixed either 0, 3, 6 and 9% whole corn was 

added to the mix as a percentage of total diet respective to each treatment. All the ingredients 

were mixed for 150 seconds (30 second dry and 120 second wet) in the mixer to produce meal 

feeds. Feed was conditioned at 82°C for 45 seconds and then pelleted through a ring die of 4.0 
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mm diameter using a pellet mill (Model 1112-4, California Pellet Mill Co., Crawfordsville, 

IN). As the conditioned mash was compressed through the pellet die and rolls, whole corn was 

broken into pieces and incorporated into the pellets. Hot and moist pellets leaving the pellet 

mill, were dried and cooled in a counterflow pellet cooler (Model CC0909, California Pellet 

Mill Co., Crawfordsville, IN) using ambient air. Starter feed was crumbled in a crumbler 

(Model 624SS, California Pellet Mill Co., Crawfordsville,IN) with manual roll adjustment.   

Initially, two feed samples of 500 g collected from each treatment were homogenized 

before nutrient analysis. Duplicate samples of 250 mg dried feed from each treatment were 

placed into aluminum foil and analyzed for crude protein (N x 6.25) by combustion method 

(AOAC 990.03) using Leco equipment (Leco Corporation, St. Joseph, MI).  

The particle size of the ground corn, soybean meal, and pre-pelleting mash feed was 

analyzed using a Ro-tap shaker (Model RX-30 W.S. Tyler’s Ro-Tap®, Mentor, OH) to sift 

100 ± 5 g samples for 10 min using 13 sieves stack with US sieve (ASTM-E11) numbers 6, 8, 

12, 16, 20, 30, 40, 50, 70, 100, 140, 200, 270 and pan. Geometric mean diameter of particles 

by mass (Dgw) for the different treatments was determined using the quantity of material 

retained on each sieve according to American Society of Agricultural and Biological Engineers 

(ASABE) method S319.4 (ASABE standard, 2009). 

 In addition, pellet durability index (PDI) was measured according to the procedures 

described in ASABE Standard S269.5 (ASABE Standards, 2012). Initially, fines were 

removed using a US No 6 sieve with an opening of 3,350 µm. Samples were tumbled at 50 

rpm for 10 min using a tumbler (Seedburo pellet durability tester) with a dimension of 12.7 × 

30.5 × 30.5 cm containing a 5.1 × 22.9 cm plate affixed diagonally along 2.54 cm of the 30.5 

× 30.5 cm sides.  After tumbled samples were sifted again using a No. 6 sieve and weighed, 
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PDI was calculated by dividing the weight of the pellets after tumbled by the weight of the 

pellets before tumbling and then multiplying it by 100.  

Measurements 

Broilers and feed were weighed at the beginning and at 14, 28, and 42 d to determine 

BW gain, feed intake, and FCR. Birds were observed twice a day, mortalities were removed 

daily and their BW was considered to adjust FCR. On 42 d, 10 birds from each pen were 

randomly selected and processed to determine carcass and parts yield. Feed was removed 10 

hours prior to processing, but birds had access to water during the feed removal period. On the 

processing day, selected birds were loaded into coops and transferred to Auburn University 

Pilot Processing Plant. Broilers were electrically stunned, exsanguinated, scalded, picked and 

eviscerated mechanically, and placed on ice. Carcasses were chilled for 4 h in ice and then the 

excess water was drained for around 5 minutes before chilled carcass weights were determined. 

Chilled carcasses were deboned the following day by experienced personnel utilizing 

stationary cones. During deboning, breast fillets (pectoralis major), tenders (pectoralis minor), 

wings, and drum and thighs were weighed to determine parts weights and yield. Carcass yield 

was calculated in relation to live BW of the birds, whereas parts yield was calculated as a 

percentage of chilled carcass weight. Moreover, on d 42, two birds from each pen were 

randomly selected and their digestive organs (crop, proventriculus, gizzard, and ceca) were 

collected to determine their total and relative weight. 

Sample collection and preparation for investigation of intestinal microbiota 

 On d 28, two birds per pen were randomly selected, euthanized by cervical 

dislocation, and the entire gastro-intestinal tract was collected into a ziploc bag, placed in ice, 

and taken to the laboratory. Ileal and cecal contents from the two birds were frozen at -20oC 
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for further analysis of ileal and cecal microbiota. Sample preparation was done in accordance 

with Bortoluzzi et al. (2017) with slight modifications. Cecal content and ileal digesta were 

diluted 1:10 in sterile microbiology grade water and 5 mL of mixed ileal solution and 1mL of 

the mixed cecal solution were Centrifuged individually for 3 minutes at 3,270 g. Supernatant 

was discarded and 200 µg of the content were used as the source of metagenomic DNA. DNA 

was extracted using PowerSoil DNA extraction kit according to the manufacturer’s instruction 

and the DNA was diluted to 1:5 by adding 20μl of molecular biology grade water to 5μl of 

purified DNA at 0.1ng/μl concentration. Then 2 μl of the diluted DNA solution were  mixed 

with 25 μl of universal TaqMan reaction mix without uracil-N-glycoslyase and 0.1μl of both 

PCR primers at 100 μM concentration (Illumina -V4-515F-RJ: TCG TCG GCA GCG TCA 

GAT GTG TAT AAG AGA CAG GTG CCA GCM GCC GCG GTAA and Illumina -V4-

806R-RJ: GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGG ACT ACH 

VGG GTW TCT AAT) and 23.8μl of molecular biology grade water to produce a 50μl solution 

which was used in  polymerase chain reaction (PCR). Solution was subjected to initial 

denaturation for 10 minutes at 95°C followed by amplification by 35 cycles of denaturation + 

annealing + extension at 95°C for 15 sec + 55°C for 30 sec + 72C for 2 min. Aamplified 

reactions were purified using Ampure XP Magnetic Beads (Beckman Coulter A63881) as per 

manufacturer’s instructions. Then 2 μl of each amplicon pool was indexed in a second PCR 

reaction using the same conditions as before with 5 μl of Illumina XT Index Primers (Illumina 

XT v2.0 #FC-131-2001-2004) and 25 μL 2× Kapa HiFi Hot Start Ready mix (Anachem, 

Dublin, Ireland) for 15 cycles. Indexed amplicons were then pooled and purified with AmPure 

XP Magnetic Beads (Labplan, Dublin, Ireland). Indexed and pooled amplicons were 

quantitated using the Kapa Illumina Library Quantification Kit (KAPA #KK4835) as per 
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manufacturer’s instructions. Finally, purified, quantitated, indexed, pools were loaded on the 

Illumina MiSeq at a final concentration of 9pM along with 10% Illumina PhiX (Illumina FC-

110-3001) for sequencing.  

Bioinformatics 

 Bioinformatic analysis was done according to Bortoluzzi et al., (2018). Briefly, 

sequences were paired-end and quality trimmed using Geneious (Newark, NJ). Operational 

taxonomic units (OTUs) were assigned at a 97% identity using SILVA database. Alpha (Chao 

1, observed species, phylogenetic diversity of the whole tree, and Shannon indexes) and beta 

diversity indexes were calculated using QIIME v1.9.1. Principal Coordinates Analysis (PCoA) 

was used to visualize the data. 

  

Statistical Analysis 

               Experiment was conducted as a randomized complete block design with pen 

location as the blocking factor. Each treatment had 10 replicate pens and each individual pen 

was considered as an experimental unit. Mortality data were subjected to arcsine 

transformation before analysis. Data of particle size, pellet quality, growth performance, 

carcass yield, and relative organ weight were analyzed using one-way ANOVA in GLM 

procedure of JMP software with the following model. 

Yij=µ+Ti+ εij 

Where, Yij =observed response in birds of each pen; μ = is the overall mean; Ti = fixed 

effect of feed form treatment; and εij=residual error.  
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Mean values among the four dietary treatments were compared using the Tukey HSD 

procedure with statistical significance considered at P ≤ 0.05 unless otherwise indicated.  

For microbiome analysis, the frequency of the main bacterial groups observed in the 

ileum and ceca was submitted to a non-parametric one-way ANOVA (Kruskal-Wallis test) and 

in case of significant difference, means were separated by Dunn’s test. 

  RESULTS AND DISCUSSION 

Particle size and pellet durability index 

Feed particle size and PDI are presented in table 2. The particle size of the pre-pelleting 

mash increased (P < 0.05) in grower feed as the inclusion of whole corn increased from 0 and 

3% to 9% and was nearly significant (P=0.07) in the finisher feeds. Pellet durability index was 

significantly higher in finisher feed when 9% whole corn was included in diet instead of 0% 

whole corn (P<0.05), and this effect was marginally significant (P=0.07) in grower feed. These 

results were similar to Silva et al. (2018) who reported higher PDI in diets with 850 µm corn 

particle size compared to diets with 650 µm of corn particle size. Abadi et al. (2019) reported 

that the combination of coarse particles with 3% pellet binder resulted in greater pellet 

hardness. Singh et al. (2014b) included 0, 15, 30, 45, 60% whole corn in broiler diets and 

reported a positive linear correlation between PDI and whole corn inclusion. Typically, as the 

particle size increases there is a reduction in PDI (Angulo et al., 1996) mainly because coarse 

particles have smaller surface area (Behnke 2001), and are more resistant to steam penetration 

during the conditioning process, which results in a poor starch gelatinization, protein gelation 

(Lund and Lorenz 1984) and lower pellet durability. The improvement of PDI associated with 

higher inclusion of whole corn observed in this experiment might have resulted from pieces of 
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whole corn retained in the sieve after the tumbling process and thus counted as whole pellets 

during the PDI analysis.   

Growth performance 

Whole corn inclusion did not influence BW, feed intake, and FCR (P > 0.05; Table 3) 

at 28 and 42 d. Singh and Ravindran (2019) evaluated the effect corn kernel hardness (hard, 

semi-hard and soft) and whole corn inclusion (0 and 11.5%) in broilers from 1 to 21 d and 

found no effect of whole corn inclusion on BW gain or FCR. Singh et al. (2014b) used higher 

concentration of pre-pelleting whole corn (0, 15, 30, 45 and 60%) in 3 mm pelleted diets from 

1 to 21 d and reported a linear decrease in feed intake and BW gain as the inclusion of whole 

corn increased.  In this trial, 4 mm pellets were used and pre-pelleting whole corn inclusion 

did not exceed 9% and the treatment diet was provided from 14 to 42 d, allowing sufficient 

time for gizzard development before whole corn was included in feed.  

Carcass and parts yield 

Whole corn inclusion did not influence chilled carcass weight, breast meat yield, tender 

yield, wing yield, drum and thigh yield (P > 0.05; Table 4). However, there was an increase in 

carcass yield of broilers (P < 0.05) fed diet with 9% whole corn compared to broilers fed diet 

without whole corn. Similar results were reported by Plavnik et al. (2002) who reported an 

increase in carcass yield and abdominal fat when 5 and 15% whole wheat was included from 

1 to 21 d and 21 to 45 days, respectively. The authors hypothesized that stimulated gizzard 

development associated with whole wheat inclusion, improved the overall nutrient utilization 

resulting in higher carcass yield and fat deposition.  

Relative weight of digestive organs 
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The inclusion of whole corn did not influence relative weight of crop, gizzard, liver 

and ceca (P > 0.05; Table 5). Previous studies reported an increase in relative gizzard weight 

with inclusion of whole wheat (Amerah and Ravindran, 2008; Biggs and Parsons, 2009; Singh 

et al., 2019) and coarse corn (Amerah et al., 2008; Sing et al., 2014a; Xu et al., 2015a). Singh 

et al. (2014b) indicated a linear increase in gizzard weight at 21 d in broilers raised on battery 

cages, when the inclusion of whole corn increased from 0, to 15, 30, 45 and 60%. The lack of 

statistical differences obtained in this trial might have derived from a lower inclusion of whole 

corn fed during this experiment, as well as longer experimental period. Furthermore, as 

reported previously by Xu et al. (2017), the access to fresh pine wood shavings in the litter 

during this trial could have also reduced the differences in gizzard development between 

treatments. However, relative proventriculus weight decreased as the inclusion of whole corn 

increased, and broiler fed diets with 9% whole corn had significantly lower relative 

proventriculus weight (P < 0.05) compared to broiler fed diets without whole corn. Similar 

results were reported by Gracia et al. (2016) and Truong et al. (2017) where relative 

proventriculus weight decreased with increasing levels of whole wheat inclusion. Since the 

proventriculus is the site where protein digestion is initiated, a smaller proventriculus might 

increase the interaction between the digesta and pepsin and hydrochloric acid and promote 

better N retention.  

Intestinal microbiome 

In the intestinal microbiota analysis, 152 different bacterial species were identified, and 

the diversity in microbial population of the ileum showed no significant changes (P > 0.05) 

within the groups of experimental treatments for alpha and beta diversity indices (Figure 1). 

These diversity indices are predicated on relative abundance changes that are grouped by sub-
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categories, common species between groups and contrasted by groups individual to singular 

community.   

 However, in the ileum, the relative abundance of Romboutsia spp. decreased with 3% 

whole corn inclusion compared to diet without whole corn inclusion, but later increased in 

higher concentration (6 and 9%) of whole corn diets (Figure 2). Romboutsia is a genus that is 

related to Clostridia and has been detected in a number of vertebrate hosts, including chickens 

(Maki et al., 2020; Jurburg et al., 2019; Chen et al., 2020). Its relevance is unclear, but it has 

been suggested that they play a role in maintaining the health status of the host (Chen et al., 

2020; Ricaboni et al., 2016; Mangifesta et al., 2018). In the ileum, the relative abundance of 

obligatory anaerobes decreased when 3% whole corn was included, followed by a significant 

increase in diets containing 6 and 9% whole corn inclusion (P < 0.05; Figure 3). The inclusion 

of whole corn did not influence the population of Lactobacillus spp.in ileal content (P > 0.05; 

Figure 4). In a previous study, Singh et al. (2014b) reported a linear increase in Lactobacillus 

spp on cecal microbiota counts as the inclusion of pre-pelleting whole corn of the inclusion 

increased from 0 to 60% and the authors attributed the increase in Lactobacillus spp to lower 

gizzard pH and competitive exclusion. There were some Escherichia coli and Clostridium spp., 

sparsely distributed in random samples, but they were not associated with any specific dietary 

treatment. It was predicted that the significant biosecurity at the trial site and maintenance of 

unused bedding material restricted these bacteria from accumulating in the environment and 

initiating a circular pattern of inoculation.  

The data from this trial demonstrate that up to 9% whole corn can be incorporated in 

broiler diets prior to pelleting from 14 to 42 d of age without negative effects on broiler 

performance. 
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TABLES 
Table 4.1: Ingredient and nutrient composition of dietary treatments fed to YPM × Ross 708 male 

broilers from 1 to 42 d of age 

Ingredient, % “as-fed”  Starter  Grower   Finisher  

Corn        52.00    59.00    59.82  

Soybean meal       36.00    26.48    23.47  

Distillers dried grains with solubles (DDGS)          5.00      7.00      9.00  

Poultry Oil          3.40      4.26      4.96*  

Dicalcium phosphate, 18% P          1.27      0.92      0.48  

Calcium carbonate          1.24      1.11      1.02  

Sodium chloride          0.37      0.34      0.28  

D-L Methionine          0.31      0.24      0.20  

L-Lysine          0.12      0.25      0.18  

Trace mineral premix1          0.10      0.10      0.10  

Vitamin premix2          0.10      0.08      0.10  

Choline chloride          0.08      0.10      0.08  

L-Threonine          0.04      0.08      0.06  

Copper chloride3          0.02      0.03      0.02  

Quantum phytase4          0.01      0.01      0.008  

      100.00     100.00  100.00  

Calculated analysis, % (unless otherwise noted)          

AMEn, kcal/kg   3,025  3,120  3,175  

Crude Protein5
       23.24    19.59     19.01  

Digestible Lys          1.18      1.02       0.95  

Digestible Thr           0.77      0.68       0.64   

Digestible Trp          0.23      0.22      0.20  

Digestible TSAA6          0.91      0.78       0.72  

Calcium          1.00      0.88       0.76  

Available phosphorus          0.48      0.42       0.38  
1Mineral premix include per kg of diet: Mn (manganese sulfate), 120 mg; Zn (zinc sulfate), 100 mg; Fe (iron sulfate 

monohydrate), 30 mg; Cu (tri-basic copper chloride), 8 mg; I (ethylenediamine dihydriodide), 1.4 mg; and Se 

(sodium selenite), 0.3 mg.  
2Vitamin premix includes per kg of diet: Vitamin A (Vitamin A acetate), 18,7390 IU; Vitamin D (cholecalciferol), 

6,614 IU; Vitamin E (DL-alpha tocopherol acetate), 66 IU; menadione (menadione sodium bisulfate complex), 4 

mg; Vitamin B12 (cyanocobalamin), 0.03 mg; folacin (folic acid), 2.6 mg: D-pantothenic acid 

(calcium pantothenate), 31 mg; riboflavin (riboflavin), 22 mg; niacin (niacinamide), 88 mg; thiamin 

(thiamin mononitrate), 5.5 mg; D-biotin (biotin), 0.18 mg; and pyridoxine (pyridoxine hydrochloride), 7.7 mg.  
3Intellibond® C (Micronutrients, Indianapolis, IN).  
4Quantum® Blue 5G (AB Vista Feed Ingredients, Marlborough, UK) provides per kg of diet: 500 FTU/kg 

of phytase activity.  
5
Analyzed crude protein content in starter, grower and finisher diets were 21.11 and 22.32, 19.17 and 20.31, and 

17.63 and 18.74%, respectively (AOAC-2006) 
6TSAA = Total sulfur amino acids. 

*Poultry oil in finisher diet was incorporated as 1% in wet mixing and the remaining 3.96% was added as post pellet 

liquid application (PPLA). 
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Table 4.2: Particle size and pellet quality of feed manufactured with 4 different levels of pre-

pelleting whole corn inclusion. 

Item1 Particle size of pre-pelleting mash2, µm  PDI3, % 

Whole corn, % Grower  Finisher  Grower Finisher 

      

   0      762bc   665  52.21 52.01b 

   3      754c   794  53.58 59.29ab 

   6      930ab   831  54.51 54.55ab 

   9    1000a   837  55.88 61.12a  

SEM        49     53    1.08   1.65   

P-value          0.02       0.08    0.07   0.02 

ᵃ,ᵇ,ͨ  Means column with different superscript differ significantly (P < 0.05) 
1Dietary treatments consisted 0, 3, 6 and 9% whole corn inclusion. A common starter diet was provided in crumble 

form from 0-14 day and the experimental treatments were provided as 4.0 mm pellets from 14 to 42 d of age.  
2Particle size = Particle size of mixed mash feed prior to conditioning and pelleting was measured according to 

ASABE standard S319.4 (ASABE standards 2009). 
3PDI= Pellet durability index measured according to ASABE Standard S269.5 (ASAE Standards, 2012) using a 

Seedburo pellet durability tester. 
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Table 4.3:  Growth performance of YPM × Ross 708 male broilers fed with 4 different levels of whole corn inclusion from 14 to 42 d.  

Item1 BW, g/bird2  FI, g/bird3  FCR, g/g4 

Whole corn, % ------------------------------------------------------------------ Days of Age ----------------------------------------------------------------- 

   0 14    28    42   14 28 42  1-14 1-28 1-42 

              

0.0 39 489 1,712 3,249  516 2,216 5,259  1.15 1.33 1.65 

3.0 39 488 1,738 3,289  512 2,243 5,299  1.14 1.33 1.63 

6.0 39 488 1,741 3,298  509 2,235 5,313  1.14 1.32 1.64 

9.0 39 487 1,729 3,277  510 2,228 5,294  1.14 1.33 1.64 

SEM⁴   1     6       18      26           6       21      45  0.011 0.005 0.013 

P value   0.99     0.99         0.68        0.58      0.83         0.83        0.86  0.95 0.77 0.94 
1Treatments consisted 0, 3, 6, and 9% whole corn inclusion. A common starter diet was provided in crumble form from 0-14 day and the experimental treatments 

were provided as 4.0 mm pellets from 14 to 42 d of age. 
2BW= Average body weight of birds. 
3FI= Average feed intake of birds. 
4FCR= Feed conversion ratio. 
5SEM= Standard error of mean for 10 replicates (n=10). 
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 Table 4.4: Carcass and processing yield of YPM × Ross 708 male broilers fed with 4 different levels of whole corn inclusion. 

a,b Means column with different superscript differ significantly (P < 0.05) 
1Dietary treatments consisted of 0, 3, 6, and 9% whole corn inclusion. A common starter diet was provided in crumble form from 0-14 day and the experimental 

treatments were provided as 4.0 mm pellets from 14 to 42 d of age. 
2Carcass weight= Weight of processed carcass after 4 hrs chilling in slush cold water and measured in gram. 
3Carcass yield= Chilled carcass weight is divided by the live weight of the bird and expressed as percent. 
4Breast meat yield= Weight of breast meat/Pectoral major is divided by chilled carcass weight and expressed as percent. 
5Tender yield= Weight of tender or Pectoral minors is divided by chilled carcass weight and expressed as percent.  
6Wing yield= Weight of wing is divided by chilled carcass weight and expressed as percent. 
7Drum and thigh yield= Weight of hind quarter (drum and thigh combined) is divided by chilled carcass weight and expressed as percent. 
8SEM= Standard error of mean for 10 replicates (n=10).  

Item1 

Whole corn, % 

Carcass Weight2 Carcass Yield3 Breast Meat Yield4   Tender Yield5         Wing Yield6 Drum and Thigh Yield7 

          (g) ------------------------------------------------------- (%)--------------------------------------------------------- 

       

0.0          2,627          77.32b          29.48            5.39        9.69                 39.63 

3.0          2,633          77.67ab          29.61            5.48        9.62                 39.55 

6.0          2,623          77.41ab          29.64            5.39        9.64                 39.58 

9.0          2,619          77.86a          29.46            5.40        9.61                 39.55 

SEM⁷               20            0.14            0.18            0.06        0.05                   0.20 

P-value                 0.97            0.03            0.86            0.60        0.65                   0.99 
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Table 4.5: Relative weight of digestive organs of YPM × Ross 708 male broilers fed with 4 

different levels of whole corn inclusion.  

a,b Means column with different superscript differ significantly (P < 0.05) 

1Dietary treatments consisted of 0, 3, 6, and 9% whole corn inclusion. A common starter diet was provided in 

crumble form from 0-14 day and the experimental treatments were provided as 4.0 mm pellets from 14 to 42 d of 

age. 
2Body weight= average weight of live bird before euthanasia. Two birds from every representative pens of each 

treatments were randomly selected and weighted to get the average live body weight for the treatments. 
3Crop R= Relative crop weight is the ratio of average empty crop weight and average live weight expressed as 

percent.  
4Proventriculus R= Relative proventriculus weight is the ratio of average empty proventriculus weight and average 

live weight expressed as percent.   
5Gizzard R= Relative gizzard weight is the ratio of average empty gizzard weight and average live weight expressed 

as percent. 
6Liver R= Relative liver weight is the ratio of average liver weight and average live weight expressed as percent. 
7Ceca R= Relative ceca weight is the ratio of average empty ceca weight and average live weight expressed as 

percent.  
8SEM= Standard error of mean for 10 replicates (n=10). 

Item1 

Whole corn, % 

Body weight2 Crop R3 Proventriculus R4 Gizzard R5  Liver R6 Ceca R7 

 (g) ------------------------------------ (%)----------------------------------------- 

        

0.0 3,611 0.29 0.35a     1.03 2.63 0.34 

3.0 3,635 0.30  0.31ab     0.95 2.48 0.35 

6.0 3,741 0.24  0.31ab     0.99 2.56 0.32 

9.0 3,696 0.27 0.28b     1.02 2.46 0.32 

SEM⁸      65 0.02             0.01     0.03 0.06 0.02 

P value        0.500 0.120  0.004     0.28 0.13 0.63 
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Figure 4.1: UniFrac PCoA plots of intestinal microbiota of broilers at 28 d in response to different concentration whole 

corn inclusion: Black: Diet A= 0% whole corn; Red: Diet B= 3% whole corn; Green: Diet C= 6% whole corn; and 

Blue: Diet D= 9% whole corn. A total of 80 birds were sampled (20 birds per treatment or 2 birds per pen). There 

were no differences among the experimental groups for the alpha and beta diversity indices. 
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Figure 4.2: Relative abundance (%) of the main bacterial group present in ileal microbiota of broilers at 28 d in 

response to different concentration whole corn (WC) inclusion. A total of 80 birds were sampled (20 birds per 

treatment or 2 birds per pen). Romboutsia spp. and ileal anaerobes increased when the level of WC exceeded 6% (P 

< 0.05 
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Figure 4.3:  Relative abundance of obligate anaerobes in ileal microbiome at 28 d in response to different concentration 

whole corn inclusion. A total of 80 birds were sampled (20 birds per treatment or 2 birds per pen). Bars with different 

superscripts differs significantly (P<0.05). In the ileum, the relative abundance of obligatory anaerobes decreased 

when 3% pre-pelleting whole corn was included, followed by a significant increase in diets containing 6 and 9% pre-

pelleting whole corn inclusion. 
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Figure 4.4: Relative abundance Lactobacillus spp in cecal microbiome of  broilers at 28 d in response to different 

concentration whole corn inclusion. A total of 80 birds were sampled (20 birds per treatment or 2 birds per pen). 

Pre-pelleting inclusion of whole corn did not influence the population of Lactobacillus spp.in ileal content.  
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SUMMARY AND CONCLUSION 

Pre-pelleting whole corn inclusion could be an effective alternative to reduce grinding 

cost by utilizing the additional grinding effect of pellet mill. Furthermore, whole corn inclusion at 

certain concentration have some potential benefit to growth performance and processing yield of 

broilers. 

The first experiment was conducted to evaluate the effects of pre-pelleting whole corn 

inclusion (0, 2.5, 5 and 7.5%) on growth performance, processing yield, breast meat quality and 

intestinal microbiome of broilers from 1 to 42 d. Whole corn inclusion up to 7.5% did not interfere 

with feed intake or BW of broilers (P>0.05), which challenges the established notion that corn 

kernel is too big for pre-pelleting inclusion. However, breast meat yield was reduced for feeding 

diet containing 7.5% whole corn inclusion compared to diet with 0 and 5% whole corn. 

Furthermore, there was a marginal increase of Faecalibacterium (P = 0.07) and marginal decrease 

Lactobacillus (P = 0.08) in cecal microbiota at 42 d, as the concentration of whole corn was 

increased from 5 to 7.5%. Cooking loss and coloration of breast meat fillet was unaffected by 

whole corn concentration in diet (P>0.05).  Based on these data it can be inferred that, as much as 

5% pre-pelleting whole corn can be included in broiler diets from 1 to 42 d without negative effects 

on broiler growth performance or processing yield. 

The objective of the second experiment was to challenge broilers with higher 

concentration of pre-pelleting whole corn (0, 3, 6 and 9%) from 14 to 42 d of age and to evaluate 

its effects on pellet durability, particle size, growth performance, processing yield, intestinal 

microbiome and relative weight of digestive organs. There was no influence of whole corn 

inclusion on feed intake, BW and FCR which implies that after two weeks of age, broilers diets 

can contain up to 9% whole corn pre-pelleting without compromising their growth performance. 
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Processing at 42 d revealed improved carcass yield (P<0.05) with 9% whole corn containing diet 

compared to 0% whole corn diet, without affecting breast meat or tender yield. Intestinal 

microbiome analysis at 28 d found that obligatory anaerobes population in ileum decreased 

(P<0.05) when 3% pre-pelleting whole corn was included, followed by a significant increase 

(P<0.05) in diets containing 6 and 9% pre-pelleting whole corn inclusion. This variation in 

anaerobic population indicate key shifts of ileal micro-environment between aerobic and anaerobic 

condition in response to different concentration of whole corn inclusion. Particle size of pre-

pelleting mash of grower feed and pellet durability index of finisher feed increased (P>0.05) with 

9% whole corn inclusion compared to 0% whole corn inclusion. These data demonstrate that as 

much as 9% whole corn can safely be included in broiler diet from 14 to 42 d.   


