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Abstract 

A total of 7 experiments were conducted and structured in 3 chapters to evaluate the 

effects of grain sources and feed additive supplementation on feed processing characteristics, 

digestibility of energy and AA, and growth performance of growing pigs. For Chapter 1, two 

experiments were conducted to determine the effects of Kernza® grain on geometric mean 

diameter (dgw), Standard deviation (Sgw), angle of repose (AoR), and pellet durability index 

(PDI). Grinding characteristics were determined by changing hammermill screen hole diameters 

(2.0 mm, 2.8mm, 3.6mm), while pelleting characteristics were observed by increasing inclusion 

levels of Kernza® into treatments (0, 2.5, 5, 10, 30%). Increasing screen hole diameter increased 

dgw and decreased Sgw. Increasing Kernza grain from 0 to 30% of the diet improved PDI from 

58.6% to 88.4%. For Chapter 2, two experiments were conducted to determine the effect of 3 

sorghum varieties (red non-waxy, red waxy, white waxy) on dgw, Sgw, AoR, and PDI when 

ground with consistent hammermill settings (Exp.1), or to a consistent dgw of 550µm (Exp. 2).  

Waxy sorghum had greater dgw and PDI with a lower sgw , and AOR than that of the non-waxy 

sorghum and corn within Exp. 1. When comparing grain sources at a consistent particle size, 

waxy sorghum had a lower sgw leading to a more uniform product. Waxy red sorghum diets 

improved PDI compared to other grain sources. Chapter 3 encompassed three experiments to 

determine the impact of feed additive premix (FAP; proprietary blend of enzymes, prebiotics, 

plant extracts, and acidifiers) on energy metabolism, standardized ileal digestibility of AA, and 

growth performance when fed to pigs with varying diet compositions. Treatments were arranged 

with 2 levels of FAP (0.0, or 0.13%), and 3 diet types (corn-, sorghum-, sorghum & DDGS-

based). Pigs fed corn and sorghum-based diets had similar growth performance and pigs fed 

sorghum and DDGS-based diets had reduced growth performance. The FAP used in this 



  

experiment did not improve growth performance of pigs and even reduced ADG of finishing pigs 

fed sorghum-based.  
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Chapter 1 - Effects of grinding and pelleting Kernza® grain on 

subsequent particle size, flowability, and pellet durability index  

 Abstract 

Two experiments were conducted to determine the effects of Kernza® grain on particle 

size, flowability, and pellet durability index (PDI). An experiment was conducted to determine 

the effects of grinding Kernza® grain on subsequent particle size and flowability. Three separate 

hammermill screen sizes, 2.0 mm, 2.8 mm, and 3.6 mm were used to grind Kernza® grain. Each 

treatment was ground at three separate time points for a total of three replications per screen size. 

When grinding Kernza® grain, particle size analysis showed an increase in geometric mean 

diameter, dgw, (linear, P < 0.001) as screen hole diameter increased from 2.0 mm, 2.8 mm, to 3.6 

mm. However, as dgw increased with increasing screen hole diameter, the standard deviation, Sgw, 

(linear, P < 0.021) decreased. As the dgw increased, Kernza® grain AoR increased (linear, 

P<0.001). With the resulting AoR values of Kernza® grain ground with a screen size of 2.0 mm 

and 2.8 mm this product would classify as a poor flowing material (46-55°). However, as the 

screen size increased to 3.6 mm and subsequent particle size increased, the AoR value decreased 

determining this product as a passable flowing material (41-45°). Pelleting conditions yielded an 

increase (linear, P < 0.01) in Δ temperature as the inclusion of ground Kernza® grain increased. 

As the inclusion of Kernza® grain increased, subsequent PDI increased (quadratic, P < 0.001). 

Pellet durability increased from 58.6% in the control diet to 88.4% in the 30% Kernza® grain 

diet. The largest increase in pellet durability occurred between the 0% and 10% inclusion ranges 

where there was a 20% increase in pellet durability. From 10% to 30% inclusion, pellet 

durability still increased, but at a decreased rate of only 10%.  
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 Introduction 

Kernza® is a perennial grain harvested from intermediate wheatgrass (Thinopyrum 

Intermedium). This grain is similar to wheat in many ways; however, it can deliver ecological 

services such as soil regeneration, erosion control, and control nutrient runoff due largely from 

the deep root system found in this species (Lanker et al., 2020). Kernza® grain (23% CP) also 

has an increased crude protein value compared to that of wheat (14.5% CP; NRC, 2012), leading 

to the possibility of added value for poultry nutrition. In addition to serving as a good source of 

dietary protein, it may also positively affect processing conditions in the feed mill. Gluten 

structures of wheat have been used as an adhesive source for binding pellets in manufacturing 

(Fairfield, 2005). Due to Kernza® having similar characteristics to that of wheat, it is plausible 

that this grain may improve binding in the pelleting process.   

 When considering current circumstances in the agricultural industry, new methods of 

sustainable production will be increasingly important. The possibility to utilize grains with 

advanced growing systems allows great potential for improved sources of nutrients for human 

and livestock consumption. The current application of Kernza® has been found inside the human 

food and beverage industry due to high costs associated with low production of the grain. 

Portions of the harvested grain that are unacceptable for human use are available for livestock 

and feed industries; however, little research has been conducted to further understand the 

application of Kernza® in the poultry industry.  

Currently, several challenges deter the use of this grain in poultry production. Yields are 

less than 20% of that of wheat causing a considerably higher cost to source this product along 

with seed mass being only 25% of that of wheat seeds. Production is also low overall, reducing 

availability. However, it provides a unique opportunity to meet niche market needs. In the future, 
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as efficiency of producing Kernza® grows, there will be increasing opportunities to include it in 

specialized feed production.   

The objective of this study was to determine the feed manufacturing characteristics of 

Kernza® grain, when included into broiler diets.  

 Materials and Methods 

 Grain chemical analysis 

Kernza® grain was sent to a commercial laboratory for a proximate analysis and an 

amino acid analysis (University of Missouri Agricultural Experiment Station Chemical 

Laboratories, Columbia MO). 

 Experiment 1: Particle Size Reduction 

One lot of Kernza® grain was split into 9 batches (11.3 kg each) and ground with a 

laboratory scale 1.5 horsepower (HP) bliss hammermill (Bliss Industries LLC., Ponca City, OK). 

Three separate screen sizes were selected ranging from 2.0 mm (#5), 2.8 mm (#7), and 3.6 mm 

(#9). Each treatment was ground at three separate time points to produce three replications for 

each screen size used. At each time period a complete batch was ground before a sample was 

collected for further analysis. All samples in this study were collected using a sample probe 

method, before being analyzed for geometric mean diameter (dgw), standard deviation (Sgw), and 

flowability characteristics through angle of repose (AoR).  

 Particle size analysis 

Geometric mean diameter, or particle size analysis was conducted according to the 

ANSI/ASAE S319.2 standard particle size analysis method as described by Kalivoda (2017). 

Samples were analyzed in duplicate for particle size using a Tyler ro-tap machine (Model 1116, 

Tyler Industrial Products Inc., Mentor, Ohio) with dispersion agent (model SSA-58, Gilson 
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Company Inc., Lewis Center, OH), balls, and brushes (ANSI/ASAE S319.2 standard). Each 

ground grain sample was split using a riffle divider before weighing 100g of product. The 100g 

sample was then placed on the top sieve of a 13-sieve stack where 0.5g of dispersion agent was 

added. The sieve stack was then placed in the Tyler ro-tap machine for 10 minutes before 

weighing back each sieve. This procedure was done for all treatment samples in duplicate to 

analyze particle size and standard deviation for grinding results. 

 Flowability analysis 

The flowability characteristics of ground treatment samples were evaluated using angle 

of repose. The AoR was determined by allowing a sample to flow from a vibratory conveyor 

above a free-standing platform until it reached maximum piling height. The angle between the 

free-standing platform of the sample pile and the height of the pile was calculated by taking the 

inverse tangent of the height of the pile divided by the platform radius (Appel, 1994). Results of 

angle of repose values can be used to determine the flowability properties of a material. A range 

of 25-30º depicts an excellent flowing product, 31-35 º shows a good flowing product, 36-40 º is 

a fair flowing product, 41-45 º shows a passable result, 46-55 º describes a poor flowing product, 

56-55 º is considered very poor flowing product, and >66 º is a very very poor flowing material 

(Schlick-Hasper et al., 2022). 

 Statistical analysis 

Treatments were replicated three times during three separate time periods. Data was then 

analyzed as a randomized complete block design with the experimental unit being the 11.3kg 

batch of grain, and the block being time period. One composite sample was collected for each 

replication. Linear and quadratic contrasts were utilized for increasing screen hole diameter.  
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 Experiment 2: Pelleting diets 

Feed was manufactured in accordance with Current Good Manufacturing Practices at the 

Kansas State University O.H. Kruse Feed Technology Innovation Center (Manhattan, KS).   

Treatments were arranged in a completely randomized design with increasing levels of 

Kernza® grain of 0, 2.5, 5, 10, and 30% in a corn soybean meal- based diet (Table 1). Diets were 

balanced by digestible amino acids. Amino acids profiles were based on analyzed values, while 

digestible coefficients and ME of wheat were used for Kernza® grain, since these have not been 

previously determined. Added fat was kept constant for all treatments (2.0% soybean oil). Least 

cost formulation was used for increasing inclusion of Kernza® as a replacement for ground corn 

in each diet. Each diet was mixed in separate 158.8 kg batches creating three replications per 

batch, or 476.3 kg per treatment. Kernza® was ground from the same lot with a 2.0 mm screen 

on a laboratory scale 1.5 HP Bliss hammermill, to result in a product with a particle size of 

323µm. Ground corn was produced using a hammermill (Model 22115, Bliss Industries LLC., 

Ponca City, OK) grinding to approximately 1200µm. All ingredients were weighed on a certified 

scale and amounts verified through feed production batching records. Feed was mixed in a 907 

kg, Hayes and Stolz, double ribbon mixer. Kernza® was hand weighed and added with the other 

micro- ingredients during the mixing process. Mixing time included a 120 second dry mix, 

followed by a 60 second wet mix after the inclusion of soybean oil, to produce a total mixing 

time of 180 seconds. 

Once the feed was mixed (476.3 kg batch) it was discharged and sacked off into 50 lb 

bags. Every second bag was sampled and composited as a retained mash feed sample. Bags were 

then emptied into the surge bin above the pellet mill feeder. Treatments were steam conditioned 

for approximately 30 seconds with a target conditioning temperature of 85°C and pelleted on a 
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pellet mill (1112-2, California Pellet Mill) equipped with a 4.4 mm x 32 mm pellet die (L:D 7.3). 

Production rates were targeted at 900kg/ hour (100% of rated throughput) and held constant for 

all treatments. When pelleting, once target throughput and conditioning temperature were 

achieved the pelleting data and sample collection began. Temperature readings were recorded at 

three locations: initial mash feed, conditioned mash feed, and hot pellets. Hot pellets were 

captured directly from the pellet die chamber into a temperature recording container. Samples 

were held in the container until the temperature on the thermometer no longer increased and then 

the temperature was recorded. Hot pellets collected for temperature measurements were then 

compared to the original conditioning temperature. This change in temperature (Δ Temp.) allows 

for the frictional heat from the pellet mill die to be accounted for. During pelleting, hot pellets 

were also collected from the front of the pellet mill die chamber and set in trays at three different 

time points. Pellet samples were cooled in an experimental counter flow cooler for 10 minutes to 

ensure cooled pellets were within 5°F of ambient room temperature. The sample pellets taken 

from each treatment were then used to determine the PDI for each treatment.  

 Pellet durability index analysis 

For PDI analysis each sample was analyzed in duplicate using the Holmen NHP100. 

Each sample was rifle divided and sifted using a number 6 screen to remove any broken-down 

pellet fragments or fines. Next, 100 grams of sifted pellet sample was weighed and placed into 

the Holmen 100 for 60 seconds.  The sample was then removed and sifted using the number 6 

screen to remove pellet fragments and weighed. Samples were tested for each pelleted treatment 

in duplicate. The PDI values were calculated using the equation below:   

PDI: Value = (final weight / initial weight) * 100  
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 Statistical analysis 

Data were analyzed as a randomized complete block design using the PROC MIXED 

procedure of SAS version 9.4 (SAS Institute, Inc., Cary, NC). Experimental unit was pelleting 

run. Fixed effects were the dietary treatment while the blocking factor was set at day of pelleting. 

Linear and quadratic contrasts were utilized for increasing levels of ground Kernza®. Contrasts 

were generated for unequally spaced treatments. 

 Results and Discussion 

Kernza® grain represents the potential to serve as an adequate feedstock to be included in 

broiler diets. With the additional crude protein found within this grain, it could serve as a good 

source of dietary protein to be included into specialized feed production markets (Table 2). This 

grain source also shares close traits to that of wheat, thus leading to possible added feed 

manufacturing benefits. However, processing characteristics of Kernza®, such as particle size 

reduction and pelleting, need further understanding to quantify these added benefits. 

 Experiment 1: Particle Size Reduction 

Particle size of ground grain has been reported as one important factor in animal 

performance. Goodband et al. (2002) describes particle size reduction as a two-step process 

involving the disruption of the outer seed coat and the exposure of the endosperm. Continued 

reduction increases both the number of particles and the surface area per unit volume allowing 

greater access to digestive enzymes. One focus of the feed manufacturing industry is the extent 

to which cereal grains are ground, and the impact it may have on the animal. The target particle 

size for feed manufacturing may be accomplished by changing different hammermill parameters. 

These parameters include tip speed, hammer configuration, feeder rate, and the screen hole 

diameter used (Heiman, 2005). Within experiment one, the screen size was manipulated to better 
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understand the impact of this specific parameter when grinding Kernza® grain. When grinding, 

particle size increased (linear, P < 0.001) as the screen hole diameter increased from 2.0 mm, 2.8 

mm, to 3.6 mm (Table 3). As the particle size increased with increasing screen hole diameter, 

standard deviation (linear, P < 0.021) decreased. This decrease in standard deviation, with 

increasing particle size, results from the number of fine particles decreasing within the product. 

More total fine particles are able to drop to the bottom pan of the sieve stack increasing the 

calculated standard deviation with a finer ground material. 

Flowability was defined by Rosentrater (2006) as the ability of granular solids and 

powders to flow during discharge from transportation or storage containments. Flowability is an 

inherent material property that depends on the powder’s bulk properties (moisture, density, 

composition, shape, and particle size distribution), some of which can change as a result of 

handling, air’s relative humidity, temperature, and storage time conditions (Ambrose et al., 

2015). Poor flowability may result in several types of flow problems that can occur in the bin or 

silo including bridging, or the formation of an arch that prevents feed from flowing out. 

Therefore, the flowability characteristics were evaluated measuring AoR within experiment one. 

As particle size increased, with increasing screen size, the AoR decreased (2.0 mm, 323 µm= 

50.1º; 2.8 mm, 478 µm = 46.7º; 3.6 mm, 672 µm = 43.01º; Table 3). With the resulting AoR 

values of Kernza® grain ground with a screen size of 2.0 mm and 2.8 mm this product would be 

considered a poor flowing material (46-55º). However, as the screen size increased to 3.6mm, 

and particle size increased to 672 µm, the AoR value decreased to a point that would characterize 

the product as a passable flowing material (41-45º). These factors of flowability are important to 

consider when characterizing feed form. Within ingredient sources, flowability would be 

significantly decreased within the more finely ground Kernza® grain. Thus, poorer flowability 
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characteristics would lead to greater issues with bridging in finished feed bins or storage 

compartments and reduce production efficiency when compared to more coarsely ground 

Kernza® grain. 

 Experiment 2: Pelleting Diets 

The advantages of utilizing high quality pelleted diets has been reported (Abdollahi et al., 

2012) to improve broiler growth performance. However, to maintain pellet quality, the utilization 

of specific ingredients with high pellet-ability becomes increasingly important (Fairfield, 2005). 

Utilizing wheat sources into pelleted diets has been found to improve pellet quality and hardness 

due to binding characteristics found within the grain. Gluten structures within wheat products 

have greater gelatinization with the addition of heat and moisture in steam pelleting, leading to 

higher binding capabilities within the pellet die (Zimonja et al., 2009). Fahrenholz (1989), 

described a linear increase in pellet durability index from 92.2% to 97.3% as wheat mill run was 

included up to 45% of the total diet. Due to similar characteristics between wheat and Kernza®, 

this grain source shows the possibility to act as a pelleting binder within processing and can be 

observed within experiment two of this report. As the inclusion of Kernza® grain increased, 

subsequent PDI increased (quadratic, P < 0.001). Pellet durability increased from 58.6% in the 

control diet to 88.4% in the 30% Kernza® grain diet. The largest increase in pellet durability 

occurred between the 0% and 10% inclusion ranges where there was approximately a 20% 

increase in pellet durability. From 10% to 30% inclusion, pellet durability still increased, but at a 

decreased rate of only 10% (Table 4). It can be concluded that Kernza® grain included into 

pelleted broiler diets can be added at increasing inclusion levels with positive effects on pellet 

durability index. 
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 Results from this experiment demonstrated that by increasing the screen hole diameter 

used in particle size reduction, Kernza® grain will increase in dgw thus leading to a smaller AoR, 

and improved flowability characteristics when compared to that of smaller screen hole diameters. 

Similarly to what is seen when utilizing wheat products, Kernza® demonstrated the ability to 

improve pellet quality when included into pelleted broiler diets. These aspects show significant 

possibility of this grain being utilized in the feed manufacturing industry. However, due to 

current restraints within production, Kernza® grain will need further genetic development to be 

efficiently utilized in feed production.  
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Table 1.1 Diet composition (as-is) 

  

 Inclusion of Kernza® Grain in Diet 

Item, %   0% 2.5% 5% 10% 30% 

Ground Corn, 1200µm 66.09 64.34 62.60 59.04 42.70 

Soybean Meal 29.18 28.43 27.67 26.23 22.66 

Kernza® Grain 0.00 2.50 5.00 10.00 30.00 

Soybean Oil 2.00 2.00 2.00 2.00 2.00 

Limestone, Ground 0.87 0.87 0.87 0.87 0.87 

Dicalcium Phosphate 0.73 0.73 0.74 0.75 0.77 

Salt 0.47 0.47 0.47 0.46 0.44 

Methionine 0.28 0.28 0.27 0.26 0.19 

Trace Mineral Premix 0.10 0.10 0.10 0.10 0.10 

Vitamin Premix 0.10 0.10 0.10 0.10 0.10 

Threonine 0.13 0.14 0.14 0.14 0.13 

Choline Chloride 0.04 0.04 0.04 0.04 0.04 

Phytase1 0.01 0.01 0.01 0.01 0.10 

Total 100.00 100.00 100.00 100.00 100.00 

1 Quantum Blue (AB Vista, Plantation, FL) Phytase, 10,000 FTU/g. 
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Table 1.2. Nutrient composition comparison of Kernza® and Wheat grains 

 

Nutrient, %   Kernza®1 Wheat2 

Crude Protein 23.18 14.46 

Moisture 10.41 11.33 

Crude Fat 1.84 1.82 

Crude Fiber 3.80 2.57 

Ash 2.74 1.98 

NDF 16.96 10.60 

ADF 5.26 3.55 

1Analyzed values of Kernza® grain. 

2Reported as Wheat, Hard Red in NRC, 2012. 
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Table 1.3. Effect of hammermill screen hole diameter on subsequent Kernza® grain particle size, 

standard deviation, and AoR 

   Screen hole diameter  P Value, < 

Item,     2.0 mm 2.8mm 3.6mm SEM linear quadratic  

Particle Size (dgw)1 
 

323 478 672 16.4 0.001 0.380 

Standard deviation (Sgw)1 3.15 3.10 2.78 0.083 0.021 0.224 

AoR (◦)2     50.1 46.7 43.0 0.76 0.001 0.888 

1Particle size (dgw) and standard deviation (sgw) were determined using a 13-sieve stack Tyler ro-

tap machine with dispersion agent, balls, and brushes.  
2AoR was determined using a flowdex machine for estimating grain pile height. 
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Table 1.4. Effect of Kernza® grain inclusion on change in temperature and pellet durability 

index (PDI) when pelleting diets 

 Inclusion of Kernza® Grain in Diet  P Value, < 

Item,   0% 2.5% 5% 10% 30% SEM linear quadratic 

Δ Temp. (◦C)1 5.2 5.3 5.9 5.4 7.4 0.64 0.01 0.434 

PDI (%)2   58.6 61.6 70.2 77.2 88.4 0.85 0.001 0.001 

1Δ Temperature (◦C) is the change in temperature recorded from hot pellet samples 

collected from the pellet mill die chamber compared to the condition mash 

temperature. 
2Pellet Durability Index was determined by analyzing duplicates using the Holmen 

NHP100 (60 second). 
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Chapter 2 - Effect of grinding and pelleting sorghum grain varieties 

with a hammermill on subsequent particle size, flowability, and 

pelleting durability index 

 Abstract 

Two experiments were conducted to compare the processing characteristics of corn, red 

non-waxy, red waxy, and white waxy sorghum grain. Experiment 1 was conducted to evaluate 

the resulting mean particle size (dgw), standard deviation (Sgw), and angle of repose (AoR) when 

grinding each grain source with the same hammermill parameters. The four grain sources ground 

within the first experiment were then formulated into diets to be manufactured into pelleted feed. 

Diets were pelleted in a consistent fashion to determine the effects of different grain sources on 

the pelleting process and subsequent pellet durability index (PDI). Data were analyzed as a 

randomized block design using the GLIMMIX procedure in SAS 9.4. The dgw was greater (P = 

0.001) in both waxy sorghum varieties compared to red non-waxy sorghum and corn which also 

reflected the amount of fine particles in all of the treatments, where the waxy sorghum varieties 

had less total fine material than that of the corn or non-waxy sorghum grains (P < 0.001). Corn 

had a greater (P < 0.001) Sgw compared to all sorghum grain varieties and non-waxy sorghum 

was greater compared to both waxy varieties. Waxy sorghum grain had improved (P < 0.001) 

AoR in comparison to the other grain sources with corn having the poorest AoR. Both red and 

white waxy sorghum-based diets had improved PDI (P < 0.05). Results indicated the four grain 

sources had significantly different dgw and Sgw, which lead to confounding factors of grain source 

and particle size.  Therefore, Exp. 2 was conducted using the same experimental design; 
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however, each of the four grain types was ground to achieve a target dgw of 550 µm (+/- 50µm). 

When grains were ground to the same target mean particle size, both waxy sorghum varieties had 

a reduced Sgw (P = 0.002), while the red waxy sorghum- variety had the lowest quantity of fine 

material (P = 0.01). The sorghum varieties had improved (P < 0.001) AoR values compared to 

corn. Similar to Exp. 1, both red and white waxy sorghum-based diets had improved PDI (P < 

0.05) compared to both corn and red non-waxy sorghum. In conclusion, waxy sorghum had 

greater dgw and PDI with a lower Sgw, and AOR than that of the non-waxy sorghum and corn 

when using the same grinding parameters. When grinding grain to the same target mean particle 

size, waxy sorghum had a lower Sgw leading to a more uniform product. All sorghum grain 

sources resulted in improved AOR and flowability characteristics compared to corn. Waxy red 

sorghum had the greatest PDI values when included in diets resulting in the most improved pellet 

quality across the different grain sources used in this experiment. Waxy sorghum grain sources 

resulted in improved feed processing characteristics when compared to corn including particle 

size uniformity, and pellet durability. 

 

Key words: Corn, Particle size, Pellet Quality, Sorghum variety 
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 Introduction 

Cereal grains are utilized within livestock feeds as the main source of dietary energy.  

Corn is the most common starch source available for livestock feed; however, sorghum grain is 

becoming an increasingly popular feed commodity as it becomes more available. Like many 

other cereal grains grown throughout the world, sorghum grain has many varieties that comprise 

total production. Within these different varieties, one major component of interest is the 

chemical composition of the endosperm starch molecules. The waxy endosperm composition 

found in some varieties of sorghum is associated with high expansion properties and feeding 

value making this grain source beneficial for livestock and feed production (Sang et al., 2008). 

While waxy sorghum hybrids have been found to consist almost entirely of amylopectin, 

non-waxy, or traditional grain sorghum, is reported to have a composition of 25% amylose and 

75% amylopectin, which is very similar to corn, (Bean et al., 2018). The fine structure of 

amylopectin has been observed to improve starch gelatinization (Sang et al., 2008) while the 

absence of amylose in waxy starches provides benefits for food processing properties such as 

gelling, viscosity, and stability. Additionally, the branched structure of amylopectin enhances 

starch digestibility by increasing the surface area available for enzymatic activity (Yang et al., 

2023).  

To effectively utilize grain sources of differing chemical composition in livestock feed, 

producers must understand the composition and characteristics of these grain sources to better 

utilize their specific attributes to enhance feed production. The influence of high levels of 

amylopectin observed in other applications give the possibility for similar enhancements in feed 

production. Therefore, the objective of this study was to determine the effects of grinding 

different grain sorghum varieties with a hammermill on subsequent particle size, standard 
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deviation, and flowability characteristics, and determine the further effects of these grain sources 

on the pelleting process and subsequent pellet durability index.  

 Materials and Methods 

 Experiment 1 and 2: Grain Sourcing 

Four grain sources, corn, red non-waxy, red waxy, and white waxy sorghum, were used 

in these experiments (Table 1). Single, same lot sources of red non-waxy, red waxy, and white 

waxy sorghum were obtained for use in this study. Locally sourced mill-run yellow corn, (MKC, 

Manhattan, KS) was collected from whole grain storage in the O.H Kruse feed mill at the 

beginning of each experimental period, subsequently producing a separate corn control treatment 

for both experiments 1 and 2. All grain sources were submitted to Midwest Laboratories Inc., 

Omaha, NE for analysis of proximate composition including DM (Method 930.15; AOAC, 

1999), crude protein (Method 990.03; AOAC, 2002) crude fat (Method 2003.05; AOAC, 2006), 

crude fiber (Method Ba 6a-05; AOCS, 2017), and ash (Method 942.05; AOAC, 2005). 

 Experiment 1: Constant hammermill parameters 

Cereal grains were split into 3- 21kg batches and ground with a 1.5 horsepower bliss 

hammermill (Bliss Industries LLC., Ponca City, OK). All hammermill parameters were held 

constant throughout the duration of this experiment, including a constant manual feeder rate, a 

tip speed of 6,607 m/s, and a screen hole diameter of 3.97 mm (#10). Grains were ground at each 

of 3 time points to create three individual, randomized grinding periods. At each period, one 

complete 21kg batch from each of the four grain varieties was ground before a sample probe was 

used to collect a composite grain sample for each treatment within each period, producing three 

replications per treatment.  All samples were then further analyzed for geometric mean diameter 

(dgw), standard deviation (Sgw), and angle of repose (AoR) as described below.   
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Following the completion of the grinding portion of this experiment, ground grain was 

used to manufacture diets to determine the impact of the four grain sources on the pelleting 

process. Feed was manufactured in accordance with Current Good Manufacturing Practices at 

the Kansas State University O.H. Kruse Feed Technology Innovation Center (Manhattan, KS). 

Diets were formulated as a late finishing swine ration using the four grain sources as the sole 

grain inclusion. Diets were formulated to keep major ingredient additions consistent, including 

83.15% of the respective grain source, 13.7% soybean meal, and 1.0% added soybean oil (Table 

3). Diets were balanced based on digestible amino acids. Constant STTD P % and Ca:P were 

observed throughout each treatment. Each diet was mixed on a 90 kg Davis paddle mixer to 

produce a total of 68 kg per treatment. Once the feed was mixed, it was discharged and sacked 

into 22.7 kg bags to produce three replications per treatment. Every bag was sampled and 

composited as a retained mash feed sample. Bags were then emptied into the hopper of the pellet 

mill to be manufactured into pelleted diets. Treatments were steam conditioned for 

approximately 30 seconds with a target conditioning temperature of 82°C and pelleted on a pellet 

mill (Model CL-5, California Pellet Mill) equipped with a 4.0 mm x 22.2 mm pellet die (L:D 

5.6). Production rates were targeted at 1.0 kg/min and held constant for all treatments. When 

pelleting, once target throughput and conditioning temperature were achieved, the pelleting data 

and sample collection began. Temperature readings were recorded for conditioned mash feed and 

hot pellets. Hot pellets collected for temperature measurement were then compared to the 

original conditioning temperature to calculate the change in temperature (Δ Temp.) over the die. 

During pelleting, hot pellets were collected directly off the pellet mill die chamber into cooler 

trays. Pellet samples were cooled in an experimental counter-flow cooler for 10 minutes. The 

pellets collected were then used to determine the pellet durability index (PDI) for each treatment. 



21 

Three total conditioned mash temperatures, corresponding hot pellet temperature measurements, 

and pellet samples were collected at evenly spaced intervals to produce 3 replicate samples of 

each treatment per pellet mill run. 

 Experiment 2: Constant target mean particle size (dgw) 

Cereal grains were split into 3- 21kg batches and ground with a 1.5 horsepower bliss 

hammermill (Bliss Industries LLC., Ponca City, OK) producing 3 replications per grain 

treatment. A target particle size of 550 µm was achieved by changing the screen hole diameter 

for each grain source.  Corn was ground with a 4.37 mm (#11) screen while red non-waxy 

sorghum was ground with a 3.97 mm (#10) screen. Both the red and white waxy sorghum gains 

were ground using a 3.18 mm (#8) screen. Three time points were designed to produce three 

individual, randomized grinding periods. At each period, one complete 21kg batch from each of 

the four grain varieties was ground before a sample probe was used to collect a composite grain 

sample for each treatment within each period, producing three replications per treatment. All 

samples were then further analyzed for geometric mean diameter (dgw), standard deviation (Sgw), 

and angle of repose (AoR). The same diets used in Exp. 1 were manufactured with the grain 

ground in Exp. 2 to determine the impact of grain sources ground to a constant particle size on 

the pelleting process. Pelleted diets were produced with the same formulation strategy, 

manufacturing processes, and sampling protocols as described in Exp. 1.  

 Particle size analysis 

Particle size analysis was conducted according to the ANSI/ASAE S319.2 standard 

particle size analysis method as described by Kalivoda et al., (2017). Samples were analyzed in 

duplicate for geometric mean diameter (dgw) using a Tyler ro-tap machine (Model 1116, Tyler 

Industrial Products Inc., Mentor, Ohio) with flow agent, balls, and brushes. Each ground grain 



22 

sample was split using a riffle divider before weighing 100g of product. The 100g sample was 

then placed on the top sieve of a 13-sieve stack where 0.5g of silicon dioxide (Sieving Flow 

Agent; SSA-58, Gilson Company Inc., Lewis Center, OH) was added. The sieve stack was then 

placed in the Tyler ro-tap machine for 10 minutes before individually weighing each sieve. This 

procedure was completed for all treatment samples in duplicate to calculate particle size and 

standard deviation.  

Percentage of fine material was observed as the calculated total mass below the 

designated screen opening diameter, 100 (150 µm), on a percentage basis. Weight reported in 

grams per sieve used in standard particle size analysis (Kalivoda et al., 2017) is determined on a 

percentage basis and reflected as the total percentage value less than the previous size in relation 

to whole sample percentage. Particles less than 150 µm are the particle observed on the bottom 3 

sieves of a 13-sieve stack. 

 Flowability analysis 

The flowability characteristics of ground treatment samples were evaluated using angle 

of repose (AoR). The AoR was determined by allowing a sample to flow from a magnetic 

vibratory conveyor (Model: F-TO, Syntron Material Handling, Saltillo, MS) above a free-

standing platform until it reached maximum piling height. The angle between the free-standing 

platform of the sample pile and the height of the pile was calculated by taking the inverse tangent 

of the height of the pile divided by the platform radius (Appel, 1994). Results of angle of repose 

values can be used to determine the flowability properties of a material. A range of 25-30 

degrees represents an excellent flowing product, 31-35 degrees is a good flowing product, 36-40 

degrees is a fair flowing product, 41-45 degrees represents a passable result, 46-55 degrees 
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describes a poor flowing product, 56-55 degrees is considered very poor flowing product, and 

>66 degrees is a very, very poor flowing material. 

 Pellet durability index analysis 

Each pelleted diet sample was analyzed using the Holmen NHP100 (Tekpro Limited, 

North Walsham, Norfolk, UK) machine to analyze pellet durability. Each sample was rifle 

divided and sifted using a #6 screen to remove any broken-down pellet fragments or fines 

(Fairfield, 2005, Appendix F, Table 2). 100g of sifted pellet samples were weighed and placed 

into the chamber and were air agitated for 30 seconds at 70 mbar of pressure. After agitation, the 

sample was then removed and sifted using the #6 screen to remove pellet fragments or fines and 

weighed. Samples were tested for each pelleted treatment in duplicate. The PDI values were 

calculated using the equation below:    

PDI Value = (final weight / initial weight) * 100   

 Statistical analysis 

For the grinding portion, data were analyzed as a randomized complete block design 

using the PROC GLIMMIX procedure of SAS version 9.4 (SAS Institute, Inc., Cary, NC). The 

experimental unit was a 21 kg batch of grain resulting in 3 replications per treatment. Fixed 

effects were the treatments, while the blocking factor was period of grinding. Least square means 

were calculated for each independent variable, and means were separated using the PDIFF 

option. Results were considered significant at P ≤ 0.05 and a trend at P ≤ 0.10. 

 For the pelleting portion, data were analyzed as a randomized complete block design 

using the PROC GLIMMIX procedure of SAS version 9.4 (SAS Institute, Inc., Cary, NC). 

Experimental unit was pelleting run resulting in 3 replications per treatment. Fixed effects were 

dietary treatment while the blocking factor was the period of pelleting. Least square means were 
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calculated for each independent variable, and means were separated using the PDIFF option. 

Results were considered significant at P ≤ 0.05 and a trend at P ≤ 0.10. 

 Results 

 Experiment 1 

Red and white waxy sorghum grain had increased (P < 0.05) dgw compared to red non-

waxy sorghum and corn (Table 2). In addition, red non-waxy sorghum had increased (P < 0.05) 

dgw compared to corn.  Corn had increased (P < 0.05) Sgw compared to all sorghum varieties. 

Red and white waxy sorghum had decreased (P < 0.05) Sgw compared to non-waxy sorghum. 

The waxy sorghum varieties resulted in fewer (P < 0.001) fine particles <150 µm. Ground corn 

contained a greater (P < 0.001) proportion of fine material <150 µm compared to the red non-

waxy (Figure 1). Corn exhibited a greater (P < 0.05) AoR (53.1º) than red non- waxy sorghum 

(45.6º). However, both corn and red non-waxy sorghum had an increased (P < 0.05) AoR 

compared to both the red (43.4º) and white (43.3º) waxy sorghum grains which did not differ. 

When including the corn and sorghum ingredients in diets, there was no difference (P = 0.672) 

between grains in the change in temperature (Δ temp.) from the conditioner to the final pellet 

exiting the die (Table 4). The corn-based and red non-waxy sorghum-based diet did not differ but 

had poorer PDI (P < 0.05) compared to that of the waxy sorghum-based diets, which also did not 

differ.  

 Experiment 2 

Even though hammermill screen size was altered to achieve a similar mean particle size, 

the distribution of particles still varied between grain sources (Table 5; Figure 2).  Corn and red 

non-waxy sorghum had similar Sgw and both were greater (P < 0.05) than both waxy varieties of 

sorghum which were not different from each other. There was a significantly larger (P < 0.05) 
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quantity of fine material, < 150 µm, within ground red non- waxy sorghum, compared to the red 

and white waxy sorghum. Corn had greater (P < 0.05) AoR to that of all the sorghum varieties 

which did not differ from each other. No difference (P = 0.348; Table 6) in the change of 

temperature (Δ temp.) from the conditioning system to the final pellet exiting the die chamber 

was observed between grain sources. The corn and red non-waxy sorghum-based diets had the 

poorest PDI (P < 0.05) compared to that of the waxy sorghum-based diets. Red waxy sorghum-

based diets had greater (P < 0.05) PDI compared to white waxy sorghum-based diets.  

 Discussion 

Both sorghum and corn kernels’ composition consist of mainly endosperm starch, but 

also provide protein, fiber, oil, and other minerals at lower concentrations through the remaining 

sections of grain composition. Sorghum grain is comprised of the pericarp (3-6%) the endosperm 

(84-90%), and the germ (5-10%), (Bean et al., 2018). Similarly, yellow corn is comprised of the 

same components; pericarp (7.0%), endosperm (81.0%), germ (12.0%), respectively (García-

Lara et al., 2019). The color provided by sorghum grain is influenced by the pericarp, testa, and 

endosperm, and has been found to indicate nutritional characteristics of the respective grain 

source such as tannin content, but not always impact physical characteristics (Bean et al., 2018). 

In the case of this experiment, waxy sorghum grains were utilized in comparison to normal 

endosperm grain sources, to determine their feed processing nature. Waxy grain sources contain 

higher levels of amylopectin as compared to that of normal endosperm starches (Bertoft et al., 

2008), subsequently impacting processing characteristics of the grain sources.  

Particle size reduction is recognized as one of the first main processing areas within feed 

manufacturing and is critical for animal performance. The reduction of whole grains into a finer 

meal form allows for greater surface area for digestive enzymes within the gastrointestinal tract 
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and has been reported to improve feed efficiency and energy digestibility in growing pigs 

(Wondra et al., 1995; Paulk et al., 2015; Rojas and Stein, 2015). Grinding involves the 

mechanical breakdown of cereal grains to achieve a particle size suitable for the intended 

application. In feed production, hammermills are commonly used to reduce particle size by using 

impact force from rotating hammers to break grain kernels until they pass through a specified 

screen size (Heiman, 2005). Many factors can influence the process of particle size reduction 

including equipment parameters, such as feeder rate, tip speed, screen hole diameter, or hammer 

configuration (Heiman, 2005). However, chemical composition and moisture content of cereal 

grains may influence the grinding process. Therefore, equipment adjustments may be necessary 

to achieve target particle sizes when grinding different cereal grains. 

When each grain source was ground using the same hammermill settings, the final dgw, 

Sgw, and percentage of fine material of the ground cereal grains varied. Similarly, when grains 

were ground to a constant mean particle size, the Sgw was reduced, and percentage of fine 

material was less in the waxy varieties of sorghum. The waxy endosperm sorghum sources 

produced a more uniform particle distribution, and a larger geometric mean diameter compared 

to corn and red non-waxy sorghum.  

Waxy sorghum is comprised of almost entirely amylopectin. The higher levels of vitreous 

endosperm (densely packed starch granules surrounded by protein matrix) found in non-waxy 

sorghum yield a harder grain endosperm texture in most cases (Bean et al., 2018), possibly 

influencing grinding mill efficiency. It is accepted that starches with low amylose content will 

have amylopectin chains that intertwine to form double helices that will then be arranged to a 

high-density crystalline structure within the starch molecule (Haziman et al., 2025; Delcour and 

Hoseney, 2010a). Subsequently, the high crystalline structure and reduced level of amylose of 
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the waxy grain sources used in this experiment contributed to the lower quantity of fine particles 

observed in the final ground product. Few reports indicate direct correlation to amylopectin 

concentration and particle distribution characteristics. However, Zarate et al., (2004) indicated 

similar results to the current experiment when grinding waxy corn sources, where the waxy 

endosperm texture resulted in greater coarseness of the final ground product. Kim et al., (2000) 

reported that waxy endosperm grains have larger starch molecules, and less densely packed 

endosperm as compared to normal endosperm grains, while Bertoft et al., (2008) reported 

amylopectin to contribute to the high crystallinity of a starch, creating greater structure in the 

molecule. Thus, the endosperm texture, larger granule size, and greater crystallinity within 

amylopectin may have caused the increased particle size found in waxy sorghum sources, while 

the lack of smaller amylose particles led to less variability in the final distribution of the ground 

grain.  

Particle size, standard deviation, and the percentages of fine material found within a 

product all have a combined impact on the flowability characteristics of grain sources. 

Flowability is defined as having multidimensional behavior patterns impacting a material’s flow 

characteristics. It is not only the natural state of the material, but also the consequence of 

environmental conditions, and the equipment used for handling, storing, and processing 

(Ganesan et al., 2008). Within the first experiment, the red non- waxy and corn grain sources led 

to poorer flowability traits, as defined by AoR values. The finer particle size and larger 

variability of particles within these grain sources led to more binding and cohesion between 

particles, thus causing poorer flowability traits when compared to that of the waxy sorghum 

grains. This is in agreement with Kudo et al., (2020) who described a negative impact on AoR 

and compressibility index in granular lactose products with increasing particle size variation 
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(Sgw), and Kalivoda et al., (2017) describing the negative impact of greater fine material (<282 

µm) in corn, on composite flow index.  However, when all grain sources were ground to a 

constant mean particle size, there were no observed differences in AoR, as they all were 

characterized as poor flowing materials. 

Pelleting diets involves the use of a mechanical process to mold mash feed into larger 

particles with the combination of moisture, heat, and pressure. This process has been recognized 

to improve feed handling as well as animal efficiencies by increasing feed digestibility through 

starch gelatinization, reduced ingredient segregation, and decreased feed wastage (Fairfield, 

2005). However, to attain these benefits of pelleted diets, a high-quality pellet must be 

manufactured. Many different aspects can be changed to improve pellet quality, such as pelleting 

parameters, target grinding parameters, or diet formulation specifications. Traditionally, it is 

considered that reducing the particle size of cereal grains will aid in the pelleting process, 

resulting in improved PDI. Finely ground grains are expected to result in higher quality pellets 

due to the reduction of air spaces within the pellets, and improved steam penetration into the feed 

particles leading to greater binding properties in the pellet die (Fairfield, 2005). However, more 

coarsely ground grains with larger particles provide breaking points in the final pellet and can 

subsequently reduce pellet durability (Mores et al., 2020). 

In the data reported herein, the increased dgw of waxy sorghum grains did not negatively 

affect the PDI of these diets, but conversely improved PDI compared to the non-waxy sorghum 

and corn-based diets. These results contrast with other reported data indicating significant 

improvements in PDI when particle size of grain sources were reduced from 1000 to 400 µm 

(Wondra et al., 1995). No significant pellet durability differences were expected to occur in Exp. 

2, due to the consistent dgw achieved, like that described by Fahrenholz (2012). However, we 
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observed that the red waxy sorghum-based diet had a significantly greater PDI than both the red 

non-waxy sorghum and corn-based diets. Due to the pelleting process generally being limited on 

heat and moisture addition to feeds in the preconditioner, a majority of feed gelatinization is 

found towards the outside of the complete pellet, while the internal section is more porous and 

less cooked, caused by the frictional force and incremental heat that the feed undergoes through 

the pellet molding process (Delcour and Hoseney, 2010c), indicated by the frictional heat 

increment of mash feed (Δ Temperature). Other data indicates frictional heat can be manipulated 

by ingredients used in formulation, and processing parameters used in production. Pellet die 

thickness, and subsequently increased Δ Temperature, can improve pellet quality (Briggs et al., 

1999), while differing ingredient composition, specifically oil inclusion, can reduce frictional 

heat, subsequently reducing pellet quality (Shipe et al. 2012). These reports observe changes in 

frictional heat increment, subsequently affecting pellet quality. However, in the case of this 

experiment, no significant differences were observed in Δ Temperature. Thus, the changes 

observed in pellet quality can be accredited to the chemical structure of the grain sources and 

endosperm characteristics, rather than that of processing factors alone.  

It has been observed that the higher levels of amylopectin in waxy sorghum starch leads 

to higher peak gelling points, lower pasting temperatures, and increased peak viscosity in food 

applications (Sang et al., 2008), indicating an earlier point of starch swelling and initial 

gelatinization causing earlier thickening of the product, thus improving product binding. 

(Subramanian et al. 1982) reported greater water absorption and swelling of waxy starch, while 

(Delcour and Hoseney, 2010b) describe the retrogradation properties of amylopectin, displaying 

the ability of amylopectin starch molecules to restructure after gelatinization. In feed 

applications, Zarate et al., (2004), reported significant improvements in pellet quality of broiler 



30 

feed when substituting waxy endosperm corn within respective diets. Similarly, Ankrah et al., 

(1999) indicated a lower gelatinization temperature of poultry diets comprised of waxy barely 

starch, subsequently leading to a greater pellet hardness, and Froeschner et al., (1997) reported a 

significant improvement in pellet quality when diets were comprised of waxy sorghum as 

compared to normal endosperm sorghum grain. Thus, improvements in gelling properties can be 

observed in high amylopectin starch sources, contributing to greater gelatinization of the initial 

mash feed, creating a more densely packed pellet. These factors substantially improved pellet 

durability, non-circumstantial to other processing factors such as particle size and Δ 

Temperature, as observed in this experiment.  

Differences in the endosperm composition of the four grain sources led to the waxy 

sorghum varieties having less fine material when grinding, subsequently changing the 

characteristics of particle size reduction in these specific grains, yielding a greater mean particle 

size and more uniform product than that of the corn or non-waxy sorghum. Within applied feed 

manufacturing, producers will need to account for starch compositional differences, specifically 

with greater concentrations of amylopectin, and determine adequate processing parameters to 

meet quality standards, due to the differences observed in mean particle size, particle 

distribution, and flowability traits of waxy and non-waxy endosperm grains. The chemical 

differences found between waxy and non-waxy endosperm grains led to greater binding 

properties within the pellet system; thus, a greater pellet quality was achieved. The use of waxy 

sorghum in swine feed production is a novel concept with possible future application, depending 

on the availability and price characteristics of waxy sorghum grain. Nevertheless, waxy 

endosperm sorghum grain presents a quality starch and energy source for livestock with the 
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possibility to naturally improve feed quality, specifically grain particle uniformity and pellet 

durability index. 
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Table 2.1. Chemical composition of grain sources used in experiments (as-fed basis)1 

 
Grain Type 

Item, %  Corn, Exp. 1  Corn, Exp. 2 Red Non- waxy Red Waxy White Waxy 

Pre- grind DM2 88.01 87.88 88.66 88.24 88.46 

Post- grind DM, Exp. 1  87.76 - 88.44 87.64 87.90 

Post- grind DM, Exp. 2  - 87.11 88.86 88.64 88.66 

Crude Protein 8.45 7.79 9.94 11.8 11.55 

Crude Fat 2.75 3.38 2.85 3.52 2.94 

Crude Fiber 2.00 1.43 2.15 2.05 2.60 

Ash 1.20 0.91 1.51 1.68 1.55 

 

1Grain samples analyzed for proximate composition at Midwest Laboratories Inc., Omaha, NE. 

2Grain sources analyzed for DM content before subject to grinding portion of experiment. 
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Table 2.2. Effect of grinding corn and different sorghum grain varieties with constant hammermill settings on 

subsequent particle size (dgw), standard deviation (Sgw), angle of repose (AoR), and percentage of fine particles, Exp. 11 

 Grain Type   

Item,   Corn Red Non-waxy Red Waxy White Waxy SEM P < 

Particle Size (dgw)2 438c 567b 664a 688a 21.1 0.001 

Standard Deviation (Sgw)3 3.34a 2.84b 2.39c 2.39c 0.059 0.001 

<150µm (%)4 21.15a 15.18b 8.55c 8.53c 0.822 0.001 

AoR (◦)5 53.1a 45.6b 43.4c 43.3c 0.468 0.001 
1Four grain sources were ground in a randomized block design using a bliss hammermill with constant feeder rate, 

a tip speed of 6,607 m/s and a screen size 3.97 mm (#10). 

2Geometric mean diameter was determined using ASABE S319.2 standard particle size method. 
3Standard deviation of the geometric mean diameter was determined using ASABE S319.2 standard particle size 

method.  
4Fine particle were determined as a percentage of material below the dgw of 150µm.  
5Flowability characteristics were observed using a Syntron magnetic vibratory conveyor to determine free fall max 

piling height, and corresponding angle of repose values. 
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Table 2.3. Corn and sorghum-based diet composition1 

 Grain Type 

Item  Corn Red Non-waxy Red Waxy White Waxy 

Ingredients, %     

Corn 83.11 0.00 0.00 0.00 

Sorghum 0.00 83.11 83.11 83.11 

Soybean meal, 46.5% CP 13.68 13.68 13.68 13.68 

Soybean oil 1.00 1.00 1.00 1.00 

Calcium carbonate 0.60 0.61 0.61 0.61 

Monocalcium P, 21% P 0.10 0.02 0.02 0.02 

Salt 0.50 0.50 0.50 0.50 

L-Lys 0.35 0.39 0.39 0.39 

DL-Met 0.07 0.08 0.08 0.08 

L-Thr 0.12 0.11 0.11 0.11 

L-Trp 0.03 0.02 0.02 0.02 

L-Val 0.03 0.00 0.00 0.00 

Trace mineral premix  0.15 0.15 0.15 0.15 

Vitamin premix 0.25 0.25 0.25 0.25 

Phytase2 0.02 0.02 0.02 0.02 
1Diets were formulated for finishing pigs weighing 100- 127 kg. 
2Quantum Blue 5G (AB Vista., Plantation, FL) provided 5000 FTU/g.  
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Table 2.4. Effect of corn and sorghum grain-based diets on change in temperature (Δ Temp.) 

across the die and pellet durability index (PDI), Exp. 11 

 Grain Type    

Item,   Corn Red Non- waxy Red Waxy White waxy SEM P = 

Δ Temp., ◦C2 5.74 6.69 5.66 6.26  0.573 0.672 

PDI, %3 68.6b 70.4b 92.1a 85.2a 4.15 0.006 
1Diets were pelleted using constant pelleting parameters throughout all treatments. Steam 

conditioning occurred for 30 seconds with a temperature of 82°C before being pelleted using a CL-5, 

California Pellet Mill, equipped with a 4.0 mm x 22.2 mm pellet die (L:D 5.6). Production rates were 

targeted at 1.0 kg/ min and held constant for all treatments. 
2Change in temperature was determined by calculating the difference in conditioning temperature 

and hot pellet temperature directly from the die chamber. 
3Pellet durability index was determined using a Holmen NHP100 machine at the 30 second setting. 

Pellet samples were screened before and after this process using a #6 sieve.  
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1Four grain sources were ground with a bliss hammermill to produce a target mean particle 

size of 550µm by altering the screen hole diameter (Corn- 4.37 mm, #11; non- waxy red 

sorghum- 3.97 mm, #10; red and white waxy sorghum- 3.18 mm, #8). All other parameters were 

held consistent including feeder rate and tip speed (6,607 m/s). 
2Geometric mean diameter was determined using ASABE S319.2 standard particle size 

method. 
3Standard deviation of the geometric mean diameter was determined using ASABE S319.2 

standard particle size method. 
4Fine particle were determined as a percentage of material below the dgw of 150µm.  
5Flowability characteristics were observed using a Syntron magnetic vibratory conveyor to 

determine free fall max piling height, and corresponding angle of repose values. 

 

 

Table 2.5. Effect of grinding corn and different sorghum grain varieties with a hammermill to a 

consistent mean particle size on AoR and percentage of fine particles, Exp. 21 
    

 Grain Type   

Item,  Corn Red Non-waxy Red Waxy White Waxy SEM P =  

Particle Size (dgw)2 587 544 558 569 16.7 0.104 

Standard Deviation (Sgw)3 2.95a 2.92a 2.44b 2.49b 0.054 0.002 

<150 µm (%)4 13.76ab 16.42a 11.09b 11.96b 0.975 0.012 

AoR (◦)5 50.2a 46.7b 46.0b 46.0b 0.61 0.001 



39 

 

 

1Four treatments were pelleted using constant pelleting parameters throughout all treatments. 

Steam conditioning occurred for 30 seconds with a temperature of 82°C before being pelleted 

using a CL-5, California Pellet Mill, equipped with a 4.0 mm x 22.2 mm pellet die (L:D 5.6). 

Production rates were targeted at 1.0 kg/ min and held constant for all treatments. 
2Change in temperature was determined by calculating the difference in conditioning 

temperature and hot pellet temperature directly from the die chamber. 
3Pellet durability index was determined using a Holmen NHP100 machine at the 30second 

setting. Pellet samples were screened before and after this process using a #6 sieve.  

 

 

Table 2.6. Effect of diets manufactured with corn and sorghum grain ground to the same mean particle 

size on temperature (Δ Temp) and pellet durability index (PDI), Exp. 21 
    

 Grain Type2   

Item,   Corn Red Non-waxy Red Waxy White Waxy SEM P = 

Δ Temp., ◦C2 4.54 6.99 6.51 5.01 1.178 0.348 

PDI, %3 80.91c 78.75c 93.07a 88.18b 2.47 0.001 
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Figure 2.1. Particle size distribution of corn, red non- waxy, waxy white, and red waxy sorghum 

when ground through a hammermill. 

Constant feeder rate, tip speed (6,607 m/s), and screen size (3.97 mm, #10). 
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Figure 2.2. Particle size distribution of grain sources ground to a consistent particle size (550µm) 

by altering hammermill screen hole diameter. 

Corn- 4.37 mm, #11; non- waxy red sorghum- 3.97 mm, #10; red and white waxy sorghum- 3.18 

mm, #8. All other parameters were held constant, including feeder rate and tip speed (6,607 m/s). 
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Chapter 3 - Effects of a feed additive based on enzymes, prebiotics, 

plant extracts and acidifiers in a corn-, sorghum-, or distillers’ 

grains- based diet on metabolizable energy, standardized ileal 

digestibility of amino acids, and growth performance in growing 

finishing pigs 

Abstract 

Three experiments were conducted to determine the effect of addition of a feed additive premix 

(FAP; proprietary blend of enzymes, prebiotics, plant extracts, and acidifiers) to corn-, sorghum-, 

or sorghum and DDGS- based diets on apparent total tract digestibility (ATTD) of dry matter 

(DM) and gross energy (GE), digestible energy (DE), metabolizable energy (ME), standardized 

ileal digestibility (SID) of amino acids (AA), and growth performance of grow-finish pigs. 

Treatments were arranged in a 3 × 2 factorial with 3 diet types (corn-, sorghum-, or sorghum and 

DDGS- based diets) and two FAP inclusions (0 or 0.13%). In Exp. 1, 12 barrows were randomly 

allotted to a replicated 6 × 6 Latin square design with 6 diets and 6 periods to determine ATTD 

DM and GE, and diet DE and ME. There was a diet type x FAP interaction (P < 0.04) for ATTD 

of DM and GE, DE, and ME. Addition of the FAP to the diet decreased (P < 0.05) ATTD DM 

and GE in all diet types. The addition of the FAP to the corn-based diet reduced (P < 0.05) DE 

and ME, but there was no evidence of differences in the remaining diets. For Exp. 2, 14 barrows 

were surgically fitted with a T-cannula at the distal ileum and were randomly allotted to a 

replicated 7 × 7 Latin square design with 7 diets (including nitrogen free diet) and 7 periods for 
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the determination of SID of nutrients. There was a diet type × FAP interaction (P < 0.02) for SID 

of Arg, Trp, Asp, Glu, Gly, and Tyr where addition of FAP to corn-based diets decreased (P < 

0.05) SID of Arg, Trp, Glu, Gly, and Tyr. Addition of FAP to sorghum-based diets decreased (P 

< 0.05) SID of Trp and increased (P < 0.05) digestibility of Asp. Addition of FAP to sorghum 

and DDGS-based diets increased (P < 0.05) SID of Trp and Asp. Addition of FAP to all diets 

decreased (P < 0.03) SID of Leu and Lys. For Exp. 3, a total of 360 mixed sex pigs (DNA 600 x 

241; Initial BW: 52.8 kg) were housed in 36 pens with 10 pigs per pen. There was a tendency for 

an interaction (P = 0.122) for overall ADG. Pigs fed sorghum diets without FAP had improved 

(P < 0.05) ADG compared to those fed sorghum diets with FAP, but there was no evidence of 

difference in the remaining diets. For main effects of FAP, there was no evidence of difference in 

ADG or ADFI; however, pigs fed diets with FAP had a tendency for poorer (P = 0.06) G:F 

compared to those fed diets without FAP. The results of this study indicate reduced nutrient 

digestibility, early finishing ADG, and a tendency to reduce overall feed efficiency with the 

supplementation of the proposed FAP. Thus, the combination of products used in this experiment 

should be further investigated to better understand the adequate inclusion level, possible 

synergetic or competitive effects, as well as specific substrate and product interactions when 

supplemented to diets differing in ingredient and nutrient composition. 

  

 

 

 

 

Key words: Sorghum, DDGS, Nutrient digestibility, Growth performance, Feed additive 
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 Introduction 

In commercial swine production, the most expensive nutrients to formulate within a feed 

ration include energy and protein. These nutrients are provided commonly by a cereal grain and 

byproducts such as soybean meal or DDGS, respectively. As feed ingredient prices have 

continued to increase, the need to determine feasible strategies to decrease diet cost with the use 

of alternative feed ingredients is becoming increasingly important for swine producers.  

Yellow corn is the most common grain source utilized in swine feed production as a form 

of dietary energy. However, sorghum grain is becoming increasingly popular for partial or 

complete substitution of corn. Sorghum is a widely produced grain source with comparable CP 

levels to that of corn making it a viable replacement in many swine diets. However, sorghum has 

historically been considered to have a lesser feeding value due to high antinutritional factors and 

low essential AA content, subsequently leading to poorer animal performance (Zhang et al., 

2025). With recent efforts in genetic enhancement, current sorghum grain is estimated to have a 

comparable relative feeding value to corn making the grain more effective for swine producers to 

utilize in partial or complete replacement to corn (Goodband et al., 2019). 

As the ethanol industry has grown and become more efficient in the United States, corn 

DDGS have become more readily available for swine feed production. DDGS can be included 

into diets as a partial replacement to corn, soybean meal, and inorganic P sources with little 

negative effect on animal performance (Jang et al., 2021).  However, there are also limitations to 

the use of DDGS in swine production. While providing a concentrated form of protein, DDGS 

also have higher levels of dietary fiber which can lead to feed bulking and decreased animal 

nutrient intake. While DDGS are considered a cheaper alternative to other feed ingredients, the 
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increased inclusion of DDGS in swine rations tends to decrease ADG (-1.86%), ADFI (-1.04%), 

and G:F (-1.18%), respectively, when compared to general corn- soybean meal-based diets (Jang 

et al., 2021). 

Feed additives are supplied to pigs in many forms to improve nutrient availability, animal 

performance, and health, while decreasing some of the negative impacts of alternative 

ingredients. Many producers will utilize commercially available enzyme and feed additive 

products to enhance nutrient utilization of feedstuffs and subsequently improve animal 

performance. Many enzyme additive products are available in the feed production industry to 

enhance the bioavailability of major nutrients such as energy, protein, and P. In some cases, 

multi-enzyme combinations are considered for use in production to enhance multiple nutrient 

values across many different feed ingredients. Phytogenic compounds, acidifiers, direct fed 

microbials (DFM), prebiotics, and probiotics are used to enhance animal health and performance, 

while reducing reliance on in feed antibiotics by regulating gut microbiota and supporting 

immunity (Menegat et al., 2019). However, the efficacy of enzyme combinations can be 

questionable due to the interactive effects of enzymes and the feed substrates used in diet 

formulation (Jacela et al., 2010), and the mode of action and effect of most phytogenic 

compounds, DFM products, and acidifiers are relatively uncertain (Menegat et al., 2019). 

For the current experiment, the proprietary feed additive product (FAP; Powergrow SG-

A, Pyramid Feeds, Scott City, KS) provided a blend of β-mannanase, fungal amylase, bacterial 

amylase, xylanase, fungal protease, neutral protease, cellulase, SafMannan® (Active ingredients: 

mannan oligosaccharides, b-glucans; Phileo by Lesaffre, Milwaukee, WI), and Ambitine® 

(Proprietary blend of plant extracts and acidifiers; Purina Mills, Arden Hills, MN), and was 

hypothesized to improve nutrient digestibility of sorghum-based diets and improve the overall 
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health and performance of growing pigs. The enzyme portion of this product has undergone 

previous in-vitro testing to determine their efficacy of degradation to sorghum specific 

substrates. However, SafMannan® and Ambitine® were supplemented to the final FAP blend 

for the first in-vivo demonstration for product efficacy when fed to growing pigs. Thus, the 

objective of this experiment was to evaluate the effects of this FAP on energy metabolism, AA 

digestibility, and growth performance of grow- finishing pigs fed diets containing varying 

ingredient composition. 

 

 Materials and Methods 

The protocols used in this experiment were approved by the Institutional Animal Care 

and Use Committee of Kansas State University (Manhattan, Kansas), and conducted in a totally 

enclosed, environmentally regulated facility at the Kansas State University Swine Teaching and 

Research Center in Manhattan, KS. 

Three experiments were conducted to determine the effects of a feed additive premix that 

contained a combination of exogenous enzymes, prebiotics, plant extracts and acidifiers added to 

corn-, sorghum-, or sorghum and distillers' grains- based diets on ATTD dry matter (DM) and 

gross energy (GE), digestible energy (DE), metabolizable energy (ME), standardized ileal 

digestibility (SID) of crude protein (CP) and amino acids (AA), and growth performance in 

growing- finishing pigs. The proprietary feed additive premix (FAP; Powergrow SG-A, Pyramid 

Feeds, Scott City, KS) provided a blend of β-mannanase, fungal amylase, bacterial amylase, 

xylanase, fungal protease, neutral protease, cellulase, SafMannan®, and Ambitine®. The FAP 

was expected to enhance digestive efficiency, animal performance, and digestive health of 

growing pigs.   
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 Exp. 1 Digestible and Metabolizable Energy 

Experiment 1 was conducted to determine the effect of addition of FAP to diets 

comprised of corn, sorghum, DDGS, and soybean meal (Table 1) on ATTD DM, ATTD GE, DE, 

and ME. Treatments were arranged in a 3 × 2 factorial with 3 diet types (Corn-, sorghum-, or 

sorghum and DDGS- based diets) and FAP inclusion (0 or 0.13%). Experimental diets (Table 2) 

were formulated by balancing estimated SID AA, calcium, and STTD P levels to meet or exceed 

the estimated nutrient requirements of growing pigs (75-100 kg; NRC, 2012). Feed was 

manufactured in accordance with Current Good Manufacturing Practices at the Kansas State 

University O.H. Kruse Feed Technology Innovation Center (Manhattan, KS). Corn and sorghum 

were ground on a three- high RMS roller mill (RMS Model 924) achieving a target particle size 

of 650 µm (+/- 50 µm). Grain particle size analysis was conducted according to the ANSI/ASAE 

S319.2 standard particle size analysis method as described by (Kalivoda et al., 2017). All diets 

were mixed using a 907 kg Hays and Stolz double ribbon mixer. After the feed was mixed, it was 

discharged and packaged in 22.7 kg bags, where every second bag was sampled and composited 

as a retained mash feed sample. 

Twelve barrows (DNA 600 × 241; BW: 36.3 kg) were allotted to a replicated 6 × 6 Latin 

Square design with 6 diets, 6 periods and 2 pigs per treatment in each period resulting in 12 

replications per dietary treatment. Dietary treatments were allotted in a completely randomized 

order per pig in each period, as described by (Kim and Stein, 2009). All pigs were individually 

housed in stainless steel metabolism crates equipped with a self- feeder, pan waterer, and a 

slatted floor. Barrows were given ad libitum access to water and were fed 3.2 times their energy 

requirement by body weight i.e., 197 kcal of ME per kg of BW0.60 (NRC, 2012). Daily feed was 
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divided into two equal meals and provided at 0800 and 1600 hours. This experiment lasted 60 

days including 5 days of adaptation and 5 days of total collections per period.  

During collection, a urine pan and a screen were installed underneath the floor of the 

crates to allow for the total and separate collection of fecal and urine samples. Fecal samples 

were collected following the marker-to-marker approach (Adeola, 2001). In short, an indigestible 

marker (1 g/ 50kg BW of ferrous oxide) was included in the meal of the morning of the first day 

of collection, and the collection of feces started the moment the marker was spotted in the feces. 

A second indigestible marker was included in the meal on the morning of the last day of 

collection, and then the fecal collection stopped the moment the second marker was spotted in 

the feces. During collection periods, feed refusals were collected and weighed, while spillage 

(orts) were subsequently dried and weighed. Fecal matter was collected twice daily from each 

pig for the duration of the collection period and immediately stored at -20 ºC. Urine was 

collected in buckets containing 50 mL of 6 N HCl. Total urine volume was weighed daily and 

20% of the daily urine collection was retained at -20 ºC. At the conclusion of the experiment, 

urine samples were thawed and mixed within animal and diet. Urine samples were filtered and 

lyophilized in preparation for analysis in accordance with Kim et al., (2009). A subsample was 

collected for chemical analysis. Fecal samples were dried in a forced-air oven at 55°C (Jacobs et 

al., 2011), finely ground, and subsampled. Feed, ingredient, urine, and fecal samples were 

analyzed for DM (method 930.15; AOAC, 2019) and GE using bomb calorimetry (Parr 6200, 

Parr Instruments Company, Moline, IL, USA) method.  

In addition, ingredient samples were analyzed for N using a LECO combustion analyzer 

(method 990.03; AOAC, 2019). Crude protein was calculated as N × 6.25. Ingredient samples 

were also analyzed for EE (method 920.39; AOAC, 2019), ADF and NDF using an ANKOM 
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fiber analyzer (ANKOM technology, Macedon, NY, USA; method 14 and 15), ash (method 

942.05; AOAC, 2019), crude fiber (method 978.10; AOAC, 2019), starch (method 996.11; 

AOAC, 2019), and AA (method 982.30 E [a, b, c]; AOAC, 2019).  

Values for DE and ME in each diet were calculated. The ATTD for DM and GE was 

calculated using the following equation:  

 

ATTD = [(Fi – Ff)/Fi] x 100%, 

 

where ATTD is the apparent total tract digestibility of DM or GE, Fi is the total intake of GE 

(kcal) or DM (g) from d 6 to 10, and Ff is the total fecal output of GE (kcal) or DM (g) 

originating from the feed that was fed from d 6 to 10. 

 Exp. 2 Ileal digestibility of CP and AA 

Experiment 2 was conducted to determine the treatment effect on AID and SID of CP and 

AA of growing-finishing pigs. Treatments were the same as Exp. 1 and also included a N-free 

diet for the determination of basal endogenous losses of AA. Experimental diets were formulated 

by balancing estimated AA, calcium, and P levels to meet or exceed the estimated nutrient 

requirements of growing pigs (75-100 kg; NRC, 2012). Titanium dioxide was included into all 

dietary treatments at a level of 0.5% as an indigestible marker for the calculation of AID and SID 

of CP and AA (Table 3). Grains were ground and feed manufactured and sampled in the same 

way as described for Exp. 1.  

A total of 14 barrows (DNA 600 x 241; BW: 36.3 kg) were fitted with a T-cannula at the 

distal ileum (Stein et al., 1998) and allotted to a replicated 7 x 7 Latin square design with 7 diets, 

7 periods, and 2 pigs per treatment in each period resulting in 14 replications per dietary 
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treatment. Dietary treatments were allotted in a completely randomized order per pig in each 

period, as described by (Kim and Stein, 2009). 

Pigs were individually housed in pens (1.22m x 1.22m) equipped with a self-feeder, 

nipple waterer, and a slatted floor. Barrows were provided ad libitum access to water and were 

fed 3.2 times their energy requirement by body weight i.e., 197 kcal of ME per kg of BW0.60 

(NRC, 2012). Daily feed was divided into two equal meals and provided at 0800 and 1600 hours. 

Barrows were allotted to 1 of the 7 diets for a total of 7- days. The first 5 days were considered a 

dietary adaptation period followed by 2- days ileal digesta collection beginning at 0800 after the 

morning meal and lasting approximately 8- hours. Plastic bags were attached to the barrel of the 

cannula for digesta collection, and changed every 30 minutes, or as they became full. Digesta 

was then immediately stored at -20ºC. At the end of each individual period, digesta samples were 

thawed and mixed within animal and diet and a subsample was collected for further processing.  

 At the conclusion of the experiment, digesta samples were thawed, subsampled, 

lyophilized, and ground in preparation for analysis. Representative samples of experimental diets 

and ileal digesta were analyzed at ATC Scientific (North Little Rock, AR). Experimental diets 

and ileal digesta were analyzed for dry matter (method 930.15, AOAC Int., 2019) and CP 

(990.03, AOAC Int., 2019). Crude protein was calculated as N x 6.25. They were also analyzed 

for AA with Ala, Arg, Asp, Glu, Gly, His, Iso, Leu, Lys, Phe, Pro, Ser, Tar, Thr, Tyr, Val 

analyzed by hydrochloric acid (method 982.30., AOAC Int., 2019), while Met and Cys were 

analyzed by performic acid (method 994.12., AOAC Int., 2019), and Trp was analyzed by 

sodium hydroxide (method 988.15., AOAC Int., 2019). Experimental diets and ileal digesta were 

also measured for titanium (method 2006.03., AOAC Int., 2019). Representative samples of 

experimental diets were analyzed for fat/oil (method 920.39), ash (method 942.05), crude fiber 
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(method Ba 6a-05., AOACS), acid detergent fiber (ADF; Ankom Method 14), neutral detergent 

fiber (NDF; Ankom Method 15), and starch by amyloglucosidase (method 996.11., AOAC Int., 

2019).  

AID values of amino acids were calculated using the following equation (Stein et al., 

2007b): 

AIDAA,%=100−[(AAdigestaAAfeed)×(MfeedMdigesta)]×100 

 

Where AIDAA is the AID of an AA expressed as a percentage, AAdigesta is the concentration of 

AA in the ileal digesta (mg/kg), AAfeed is the concentration of AA in the feed (mg/kg), Mfeed is 

the concentration of marker in the feed (mg/kg), and Mdigesta is the concentration of marker in the 

ileal digesta (mg/kg). 

The basal endogenous loss of AA was calculated using the values of pigs fed the n-free 

diet using the following equation (Stein et al., 2007b): 

Basal IAAend=[AAdigesta×(MfeedMdigesta)] 

 

Where IAAend is the basal ileal endogenous loss of AA expressed as mg per kg of DM intake.  

The SID of AA was calculated by correcting the value of AID for the IAAend using the following 

equation: 

SIDAA, %=AIDAA+[(Basal IAAend /AAfeed)×100] 

 

Where SIDAA is the value of SID of each AA expressed as percentage. 

 Exp. 1 and 2: Statistical Analysis 

Data were analyzed using the GLIMMIX procedure of SAS (v. 9.4, SAS Institute, Inc., 

Cary, NC) as a completely randomized Latin square design. An ANOVA procedure was used to 
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determine the statistical significance of diet type, FAP inclusion, and their interaction. Pig was 

considered the experimental unit while fixed effects were treatment, and random effects were pig 

and period. Least square means were calculated for each independent variable and means were 

separated using the PDIFF option. Results were considered significant at P ≤ 0.05 and a 

tendency for significance at P < 0.15. 

 Exp. 3 Growth Performance 

Exp. 3 was conducted to determine the effects of addition of FAP to corn-, sorghum-, or 

sorghum and DDGS- based diets on growth performance of growing-finishing pigs. Treatments 

were the same as those used in Exp. 1. A total 360 mixed sex pigs (DNA 600 x 241; initial BW: 

52.8 kg) across 36 pens were used in this study. Pens of pigs (5 barrows and 5 gilts per pen) were 

randomly allotted to 1 of 6 dietary treatments within location block. The floor space allowance 

was approximately 2.44 m2/ pig. Each pen was equipped with slated floors, a single sided 2- hole 

dry feeder (Farmweld, Teutopolis, IL), and a 1-cup waterer, giving pigs ab libitum access to feed 

and water for 83 days. Diets (Table 4) were fed in three phases and formulated to be 90% of the 

recommended SID Lysine requirement and balanced based on SID Lys: NE level (NRC, 2012). 

Monocalcium phosphate (21% P) and limestone inclusion to all diets were balanced to provide a 

Ca: P of 1.25 across all feeding phases. All other nutrient levels were formulated to meet or 

exceed requirements for the respective weight ranges (45 to 72.5 kg, 72.5 kg to 99.8 kg, 99.8 to 

127 kg). DDGS were included into phase 1 and 2 diets at a rate of 30% but reduced to 15% 

inclusion in phase 3 as a withdrawal period before animal harvest. Grains were ground and feed 

manufactured and sampled in the same way as described for Exp. 1 with the exception that this 

feed was not bagged.  
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Feeders and pens of pigs were weighed on day 0, 14, 27, 42, 55, 70, and 83. Daily feed 

additions to each pen, and feed disappearance were observed and tracked by using a robotic 

feeding system (Feedpro, Feedlogic Corp., Wilmar, MN) and used for the determination of 

ADG, ADFI, and G: F.  

Data were analyzed as a randomized complete block design using the GLIMMIX 

procedure of SAS (v. 9.4, SAS Institute, Inc., Cary, NC). An ANOVA procedure was used to 

determine the effect of diet type, FAP inclusion, and their interaction on the growth performance 

and carcass composition. Initial body weight was used as a covariant in the model response 

parameters to account for differences in initial allotment body weight. Individual pen was 

considered the experimental unit, while fixed effects were treatment and blocking factors were 

pen location. Least square means were calculated for each independent variable and means were 

separated using the PDIFF option. Results were considered significant at P ≤ 0.05 and a trend at 

P ≤ 0.15. 

 Results 

 Nutrient Analysis: Exp. 1 and 2 

The analyzed chemical composition of ingredients used for experiments 1 and 2 are 

shown in Table 1.  

 Exp. 1: Digestible and Metabolizable Energy 

There was no evidence of a diet type × FAP interaction in DM intake, GE intake, or GE 

excretion in urine (P > 0.05) (Table 5). A diet type × FAP interaction (P < 0.05) was observed 

for GE in feces, ATTD DM, ATTD GE, DE and ME (DM basis) where pigs fed the corn- and 

sorghum-based diets with FAP had greater (P < 0.05) fecal GE excretion compared to those fed 

diets without FAP. However, FAP addition did not influence GE excretion in diets with sorghum 
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and DDGS. ATTD of DM and GE was decreased (P < 0.05) in corn-, sorghum-, and sorghum 

and DDGS- based diets when FAP was included in the diet. A greater decrease in ATTD DM 

and GE was observed when FAP was added to corn-based diets compared to the other diet types. 

Therefore, pigs fed the corn-based diet with FAP resulted in a decreased (P < 0.05) DE and ME 

(DM- basis) compared to corn-based diets without FAP.  

Although there were differences in ATTD when adding FAP to sorghum- and sorghum 

and DDGS-based diets, there was no evidence of difference in DE or ME (DM basis) when 

adding FAP to sorghum- and sorghum and DDGS-based diets (P > 0.05). When considering the 

main effect of diet type, sorghum-based diets had the greatest ATTD DM and GE, DE, and ME 

(DM basis), followed by corn-based diets, and sorghum-DDGS diets having the lowest (P 

<0.05). 

 Exp. 2: Amino acid digestibility 

There was a diet type × FAP interaction (P < 0.05) for AID of Arg, His, Phe, Trp, Ala, 

Asp, Glu, Gly, Ser, Tyr, and Total AA (Table 6). Addition of FAP to corn-based diets decreased 

(P < 0.05) AID of Arg, His, Phe, Trp, Ala, Glu, Gly, Ser, Tyr, and Total AA. Addition of FAP to 

sorghum-based diets decreased (P < 0.05) AID of Trp and increased (P < 0.05) AID of Arg, Asp, 

and Tyr, with no evidence of difference in AID of His, Phe, Ala, Glu, Gly, Ser, and total AA. 

Addition of FAP to sorghum and DDGS-based diets increased (P < 0.05) AID of Trp and Asp, 

while there was no evidence of difference for Arg, His, Phe, Ala, Glu, Gly, Ser, Tyr, and total 

AA. There was a tendency for a diet type × FAP interaction (P < 0.08) for AID of Lys and Cys. 

Addition of FAP to corn-based diets decreased (P < 0.05) AID of Lys. Addition of FAP to 

sorghum-based and sorghum and DDGS- based diets did not influence AID of Lys. For the 

remaining AA without interactive effects, diets containing FAP had decreased (P = 0.027) AID 
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of Leu and tendency for decreased (P < 0.120) AID Thr and Val compared to diets without FAP, 

independent of diet type. In addition, corn- and sorghum-based diets had increased (P < 0.01) 

AID CP, Iso, Leu, Met, and Val compared to the sorghum and DDGS-based diets. 

There was a diet type × FAP interaction (P < 0.02) for SID of Arg, Trp, Asp, Glu, Gly, 

and Tyr (Table 7). Addition of FAP to corn-based diets decreased (P < 0.05) SID of Arg, Trp, 

Glu, Gly, and Tyr. Addition of FAP to sorghum-based diets decreased (P < 0.05) SID of Trp and 

increased (P < 0.05) digestibility of Asp. Addition of FAP to sorghum and DDGS-based diets 

increased (P < 0.05) SID of Trp and Asp. Within these AA, corn and sorghum diets without FAP 

had increased (P < 0.05) SID of Arg and Trp compared to sorghum and DDGS diets without 

FAP. Corn diets without FAP had improved (P < 0.05) SID Asp, Glu, and Tyr compared to 

sorghum and sorghum and DDGS diets without FAP. There was a tendency for a diet type × 

FAP interaction (P < 0.11) for SID of His, Lys, Phe, Ala, Cys, Ser, and total AA. Addition of 

FAP to corn-based diets decreased (P < 0.05) SID of His, Lys, Phe, Ala, Ser, and total AA. 

Addition of FAP to sorghum-based and sorghum and DDGS- based diets did not influence SID 

of His, Lys, Phe, Ala, Ser, and total AA. For the remaining AA without interactive effects, diets 

containing FAP had decreased (P = 0.027) SID of Leu and tendency for decreased (P = 0.131) 

SID Val compared to diets without FAP, independent of diet type. In addition, corn- and 

sorghum-based diets had increased (P < 0.01) SID CP, Iso, Met, Val compared to the sorghum 

and DDGS-based diets. Corn-based diets had the greatest (P < 0.01) SID Leu, followed by 

sorghum-based diets and sorghum and DDGS diets having the lowest. 

 Exp. 3: Growth Performance 

For phase 1 (d 0-27), there was no evidence of a diet type × FAP interaction for d 27 BW, 

ADG, ADFI, or G:F (Table 8). Pigs fed the sorghum and DDGS-based diets had decreased (P < 
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0.05) d 27 BW, ADG, ADFI, and G:F compared to those fed the corn- and sorghum- based diets 

(Table 9). Pigs fed the corn- and sorghum-based diets had similar growth performance. Pigs fed 

diets containing the FAP had decreased (P < 0.05; Table 10) d 27 BW and ADG and a tendency 

for reduced G:F (P=0.130).  

For phase 2 (d 27-55), there was no evidence of a diet type × FAP interaction for d 55 

BW, ADG, ADFI, or G:F. Pigs fed sorghum and DDGS- based diets had a decreased (P < 0.05) 

d 55 BW, ADG, and G:F compared to pigs fed corn- and sorghum-based diets. Pigs fed diets 

containing FAP had decreased (P < 0.05) d 55 BW, but there was no evidence of differences in 

growth performance.  

For phase 3 (d 55-83), there was a diet type × FAP interaction (P = 0.009) for ADG. Pigs 

fed sorghum- based diets with FAP, had decreased (P < 0.05) ADG compared to those fed 

sorghum-based diets without FAP, but a similar response was not observed in the other diets. For 

main effects of diet type, pigs fed sorghum-based diets had decreased (P < 0.05) ADFI compared 

to those fed corn- and sorghum and DDGS based diets. There was no evidence of difference (P > 

0.15) in G:F between pigs fed different diet types. There was no evidence of difference (P > 

0.15) in ADG, ADFI, and G:F of pigs fed diets with or without FAP.  

There was a tendency for an interaction (P = 0.122) for overall ADG. Pigs fed sorghum 

diets without FAP had improved (P < 0.05) ADG compared to those fed sorghum diets with 

FAP; however, the same response was not observed in other diet types. For main effects of diet 

type, pigs fed corn-based diets from d 0-83 had increased (P < 0.05) ADG compared to those fed 

sorghum and DDGS-based diets with those fed sorghum- based diets being intermediate. Pigs 

fed the corn-based diets had the greatest (P < 0.05) ADFI followed by those fed the sorghum and 

DDGS based diets and those fed the sorghum-based diets had the lowest ADFI. Therefore, pigs 
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fed the corn- and sorghum-based diets had improved (P < 0.05) G:F compared to those fed the 

sorghum and DDGS based diet. For main effects of FAP, there was no evidence of difference in 

ADG or ADFI; however, pigs fed diets with FAP had a tendency for poorer (P = 0.06) G: F 

compared to those fed diets without FAP.  

 Discussion 

The chemical composition of GE, CP, and AA of the ingredients used in this experiment were 

similar to published results (NRC, 2012; Urriola et al., 2009; Stein et al., 2016; Stein, 2007a). 

The concentrations of DE and ME found in sorghum- based diets have been found to be 

comparable to that of corn-based diets (Cervantes‐Pahm et al., 2014; Pan et al., 2017). The 

greater DE and ME values observed in the sorghum-based diets compared to that of the corn-

based diets in this experiment may be associated with greater concentration of DM, GE, and CP 

in sorghum, resulting in the observed improvement in energy utilization. These findings are in 

agreement with (Oliveira et al., 2022), who reported increased levels of DE and ME in sorghum-

based diets.  

In Exp. 1, a blend of sorghum and corn derived DDGS were used for diet formulation. 

The inclusion of DDGS to sorghum-based diets reduced ATTD of DM and GE, and the 

concentration of DE and ME in the diet as compared to grain- based treatments. These findings 

are in agreement with (Oliveira et al., 2022) where the DE and ME values were reduced in 

sorghum and DDGS- based diets. The reduction in energy digestibility can be explained by the 

higher levels of concentrated dietary fiber, and lower levels of DE found DDGS, regardless of 

DDGS origin grain (Jaworski et al., 2015). Subsequently, reduced digestibility of DM and 

energy can be observed with greater inclusion of DDGS into swine diets (Stein and Shurson, 

2009; Urriola et al., 2009; Stein, 2007a). 
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The SID of CP and AA in sorghum grain are reduced when compared to that of yellow 

corn (Cervantes‐Pahm et al., 2014; Stein et al., 2016). However, when rations are formulated to 

balance digestible AA levels, and account for the differences in AA content of cereal grain 

sources, the digestibility of the subsequent diets can be improved and become similar (Goodband 

et al., 2019; Stein et al., 2007b). In the current experiment digestibility coefficients derived from 

the NRC (2012) were used for diet formulation, and crystalline AA sources were supplemented 

to reach adequate digestible AA levels to meet the requirements of growing pigs. Subsequently, 

pigs fed mixed corn-, or sorghum- based diets resulted in similar SID of CP and most AA when 

levels of digestible AA were balanced.  

In Exp. 2, a blend of corn and sorghum derived DDGS were included in diets at a rate of 

30% additive to sorghum and soybean meal and balanced in a ratio of calculated digestible AA 

levels to Lys, with commercially available synthetic AA. Analyzed results indicated similar or 

increased concentrations of most AA in the sorghum and DDGS-based diets as compared to the 

remaining treatments, however digestible levels of CP and AA were reduced with the inclusion 

of DDGS. The NRC (2012) reports greater concentrations of CP and AA in sorghum, or corn 

derived DDGS than the original precursor grain source used in ethanol production. However, 

digestible AA concentrations are commonly reduced in DDGS. Moreover, Urriola et al., (2009) 

reported reductions in SID of most AA in blended corn and sorghum derived DDGS as 

compared to that of pure corn DDGS. The DDGS used for this experiment were not chemically 

analyzed for nutrient levels prior to diet formulation, and the exact product disposition was 

unknown. Subsequently, the reductions in AA digestibility can be explained by reduced levels of 

digestible AA in the product used in diet manufacturing, as compared to that of the coefficient 

values used in formulation (NRC, 2012). Furthermore, the source location (Pahm et al., 2008) for 
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DDGS have been observed to cause variation in digestible AA content, which may have caused 

further reductions in digestibility observed in the current experiment. Higher concentrations of 

insoluble fiber have also been determined to influence AID of CP through encapsulation of 

proteins, and increased digesta bulking (Zhang et al., 2024). There are negative correlations 

associated with increasing dietary fiber through inclusion of ingredients such as DDGS. Schulze 

et al., (1994) reported greater endogenous, and exogenous losses of nitrogen, and a reduced ileal 

digestibility of CP and AA with inclusion of dietary fiber. Evidence indicates that the 

determination of endogenous losses of nitrogen for the calculation of SID can be used in mixed 

feed formulation, however specific endogenous losses associated with ingredient characteristics 

and fiber content are not accounted for in SID values (Stein et al., 2007b). Thus, the reduced 

levels of digestible AA observed in the sorghum and DDGS-based diets indicate that when 

including DDGS in diets fed to pigs, the variability of ingredient sources, differences in DDGS 

composition by parent grain source, and specific effects of fiber and ingredient characteristics on 

endogenous losses of nitrogen should all be evaluated to ensure accurate diet formulation. 

Historically, sorghum grain has been considered to have a reduced feeding value as 

compared to corn primarily caused by antinutritional factors, specifically tannins, found within 

sorghum grain, subsequently reducing animal efficiency (Cousins et al., 1981). However, with 

recent genetic enhancements of sorghum grain, and the removal of tannins within US grain 

sorghum, the substitution or replacement to corn in swine diets can yield comparable growth 

performance in many cases (Goodband et al., 2019). Other results conclude that sorghum grain 

may yield similar, or improved intake, gain, and feed efficiency when compared to pigs fed corn, 

depending on specific grain characteristics such as genotype and endosperm composition 

(Cabrera et al., 1993), and processing parameters such as particle size reduction (Paulk et al., 
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2015). In the current experiment, pigs fed either a corn- or sorghum- based diet had similar 

growth parameters across the duration of the experiment. These findings agree with other 

reported data (Shelton et al., 2004; Benz et al., 2011; Paulk et al., 2015) supporting the 

replacement of sorghum grain for corn, resulting in comparable growth performance of finishing 

pigs. 

With any DDGS source, independent of the parent grain used in ethanol production, it is 

commonly accepted that high inclusions in swine diets yield negative effects in growth 

performance, caused by the increased insoluble fiber content, and decreased energy digestibility. 

As expected, pigs fed sorghum and DDGS- based diets in the current experiment had a depressed 

feed intake, poorer feed conversion, and reduced final body weight when compared to pigs fed 

corn-based diets. These findings agree with (Sotak et al., 2015), who reported ADG (0.99 kg), 

ADFI (3.05 kg), G:F (0.33), and final body weight (130.4 kg) similar to that of the current 

experiment when pigs were fed 30% DDGS, and subsequently a linear reduction in performance 

parameters as DDGS inclusion increased further. Similarly, Xu et al., (2010), reported an overall 

linear decrease in ADFI, and subsequently a poorer feed conversion in pigs fed increasing levels 

of DDGS to 30% of total diet composition. These results are likely caused by the increased 

dietary fiber content found in DDGS leading to greater feed bulking and lower total nutrient 

density in the diets fed to pigs (Stein and Shurson, 2009). However, when DDGS inclusion was 

reduced from 30 to 15%, as a withdrawal period in phase 3, pigs performed similarly to that of 

the corn-based diet with comparable feed intake and conversion ratio, subsequently, the negative 

impacts of feeding DDGS were reduced. These findings are in agreement with previous research 

(Whitney et al., 2006; Xu et al., 2010; Graham et al., 2014; Sotak et al., 2015) displaying that the 

inclusion of DDGS to swine diets over 20% can have detrimental effects on growth performance, 
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but lower inclusion quantities can yield more comparable performance measures to that of 

common corn/soy rations. 

The FAP used in this experiment was designed to improve nutrient digestibility and 

utilization of sorghum grain specific substrates. Sorghum grain is comprised of three main 

components: pericarp, 3-6%, endosperm, 84-90%, and germ, 5-10%, respectively (Bean et al., 

2019). The germ of the grain is comprised of mainly lipids and protein, while the endosperm of 

the grain is comprised of starch and protein structures. The pericarp is the outermost layer of the 

grain and is comprised of non-starch polysaccharides (NSP) including, cellulose, hemicellulose, 

arabinoxylans, lignin, and pectin which constitute a majority of the grain’s cell wall (Bean et al., 

2019). The combined NSP concentration in sorghum (29%) has been reported greater than that 

of corn (22%), respectively, and in vitro analysis reports little to no ileal digestive ability of NSP 

(Jaworski et al., 2015). Thus, to better enhance the initial digestion of these components of 

sorghum grain, and subsequently supply greater digestive efficiency to the animal, the proposed 

FAP provided a blend of carbohydrases (β-mannanase, xylanase, amylase, and cellulase) to 

begin the initial hydrolysis and breakdown of the NSP components of the pericarp and the 

starchy endosperm in sorghum grain. Protease was provided in two forms for the hydrolysis of 

protein structures of sorghum grain. SafMannan® (β- glucan, carbohydrate adjuvant) and 

Ambitine® (phytogenic acidifier of plant extracts) were supplemented in the feed additive blend 

to enhance intestinal integrity, promote beneficial bacteria growth to reduce pathogenic bacterial 

infection, reduce animal stress, and increase growth performance, respectively (Vetvicka et al. 

2014; Crowder et al., 2019). 

Carbohydrases and proteases are major constituents of the commercially available 

enzymes used in swine production. Similarly, combinations of many of these enzymes are 
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promoted to enhance animal digestion and utilization of NSP, starch, and protein components of 

common rations to improve animal efficiency. However, the additivity of enzymes blends is 

questionable due to the possible synergetic or competitive effects of specific enzymes within 

substrates (Adeola and Cowieson, 2011). Similarly, there are a multitude of novel products 

available to promote animal health and performance, as an alternative to antibiotic growth 

promotants. In the case of this experiment, yeast fractions, acidifiers, and phytogenic plant 

extracts were included to the FAP as a means of enhancing animal health and performance 

through microbiome modulation. While many of these products are reported to enhance animal 

health and performance, there is a wide range of variability within results, indicating further 

research is necessary for the determination of the exact mode of action, and effectiveness of 

these products (Liu et al., 2018; Menegat et al., 2019). 

In the current experiment a complex blend of additive products was utilized, to 

investigate their combined effects in pigs fed diets of varying ingredient composition. The 

inclusion of the FAP reduced the ATTD of DM and GE in all diet forms, as well as reduced DE, 

ME, and the SID of most AA in the corn-based diet. These findings agree with previous reports, 

(Jiang et al., 2015; Shires et al., 2012), indicating reduced performance and nutrient digestibility 

with the combination of phytogenic products and exogenous enzyme blends in both broilers and 

swine. Similarly, O’Shea et al., (2014) reported reduced energy digestibility with the 

combination of xylanase and protease, as compared to singular inclusion. Kerr et al., (2013) 

reported reductions in the ATTD of GE and N when pigs were fed xylanase, β-

glucanase/protease combination, or yeast cultures, and Reilly et al., (2010) reported reductions in 

digestibility of DM, N, and GE of diets containing β-glucans fed to pigs. 
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Specific blends of exogenous enzymes and antibiotic alternatives may present positive 

benefits to animal performance, health, and digestive efficiency (Nochta et al., 2010; Waititu et 

al., 2016; Atoo et al., 2025). However, in complex combinations, reduced effects can be 

observed due to negative product interactions. Competitive effects can be observed in blended 

products that may be attributed to the mode of action present for each individual product. 

Carbohydrases and protease work competitively; thus, the hydrolytic activity of carbohydrases 

are limited, and may even be degraded in the presence of protease, (Saleh et al., 2004), rendering 

the carbohydrase ineffective. β-glucans show improvements in animal health by modulating the 

gut microbiome, increasing favorable microflora in the colon, however, these products may also 

increase fiber concentrations in the diet and reduce nutrient digestibility (Reilly et al., 2010). 

Phytogenic additives may influence the activity of microflora in the digestive system, and create 

further competition for substrates when combined with other feed additives (Shires et al., 2012). 

Furthermore, the ingredients used in diet formulation have shown effects on efficacy of 

feed additives. Willamil et al., (2012) reported differing effects of a carbohydrase complex on 

performance in growing pigs fed diets of differing cereal composition, similar to the data 

reported in this experiment. Pigs fed corn, sorghum, or sorghum and DDGS- based diets differed 

in energy and AA digestibility. The corn- based diet resulted in a negative interaction of energy 

and AA digestibility as compared to the other diets when the FAP was included. Higher 

concentration of NSP in diets are generally considered to interfere with nutrient digestibility and 

increase digesta volume (Low, 1990). The increased levels of NSP found in sorghum grain, and 

DDGS as compared to corn may have delayed gastric emptying and reduced digesta passage rate 

similarly to that of Willamil et al., (2012). Thus, it can be theorized that the negative effects of 

FAP inclusion observed in nutrient digestibility on the corn-based diets were reduced by higher 
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levels of insoluble fiber in the sorghum- and sorghum and DDGS- based diets, leading to 

increased digestive volume and reduced passage rate. 

Negative implications observed in the nutrient digestibility portion of this study were not 

directly observed in the growing finishing experiment. There was no significant interactive 

effects of the diet type and FAP inclusion across the duration of the experiment, with the 

exception of a reduction in performance of pigs fed the positive sorghum-based diet in phase 3. 

Past data has indicated similar findings, where significant changes are observed in nutrient 

digestibility, however no relative effects in growth performance (Carneiro et al., 2008; Thacker 

and Campbell, 1999). It can be noted that in the initial phase of growth, the inclusion of the FAP 

resulted in a numerical reduction in ADG across all diet types, indicating a correlation to the 

initial nutrient digestibility observations reported in this experiment. Kim et al., (2003) reported 

significant effects of carbohydrase supplementation in nursery pigs, while (Olukosi et al., 2007) 

reported significant effects in younger pigs, but diminishing results as pigs aged. Thus, there may 

also be age dependent factors of feed additive combinations in regards to animal performance 

and digestibility as pigs age and their digestive tract matures (Willamil et al., 2012).  

In conclusion, sorghum- based diets fed to pigs had an improved DE and ME value when 

compared to corn- based diets but were similar in AA digestibility and growth performance in 

this study. Pigs fed sorghum and DDGS- based diets had reduced energy and AA digestibility, 

and performed poorer in the initial phases of production, but as DDGS inclusion was reduced in 

late finishing, pigs performed more similarly to that of corn- or sorghum- based diets. The 

addition of the FAP yielded no significant improvements in nutrient digestibility, or growth 

performance in this experiment. The ATTD of DM and GE was reduced with the inclusion of 

FAP across all diet types, while the corn-based diet with FAP inclusion reduced DE and ME 
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values. The corn-based diet with the inclusion of FAP had significantly reduced SID values in 

most AA, and pigs fed sorghum-based diets with FAP resulted in reduced ADG in the later 

stages of production, when compared to that of no FAP. 

The results of this study indicate reduced nutrient digestibility with the supplementation 

of the proposed FAP, and a tendency to reduce overall feed efficiency. Thus, the combination of 

products used in this experiment should be further investigated to better understand adequate 

inclusion level, possible synergetic or competitive effects of individual products, as well as 

specific substrate and product interactions when supplemented to diets differing in ingredient and 

nutrient composition.  
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Table 3.1. Chemical composition of test ingredients, Exp. 1 and 2 (as- fed basis)   

   Ingredient Source  

Item, Corn1   Sorghum2   Soybean Meal3   DDGS4   

DM, %   87.63   88.63   87.84   85.41   

Gross Energy, kcal/kg   3,838   3,903   4,155   4,539  

Crude Protein, %   7.80   10.05   46.70   32.42   

Crude fiber, %   3.20   3.00   3.90   8.70   

Ash, %   1.22   1.47   6.44   4.56   

Ether Extract, %   3.24   2.74   0.84   6.41   

ADF, %   4.20   6.80   8.90   22.40   

NDF, %   11.70   10.00   7.80   27.20   

Starch, %   48.47   50.58   1.33   1.66   

Indispensable AA, %               

Arg   0.38   0.46   3.25   1.34   

His   0.22   0.25   1.23   0.73   

Ile   0.26   0.42   2.15   1.22   

Leu   0.84   1.26   3.55   3.49   

Lys   0.26   0.32   3.16   0.94   

Met   0.13  0.12   0.57   0.50   

Phe   0.36   0.54   2.28   1.50   

Thr   0.28   0.36   1.97   1.10   

Trp   0.06   0.09   0.64   0.35   

Val   0.35   0.51   2.21   1.51   

Dispensable AA, %               

Ala   <0.05   0.89   2.11   2.60   

Asp   0.56   0.75   5.68   2.15   

Cys   0.17   0.17   0.63   0.55   

Glu   1.34   2.17   9.25   6.32   

Gly   0.31   0.35   1.91   1.12   

Pro   0.61   0.79   2.32   2.25   

Ser   0.36   0.48   2.43   1.44   

Tyr   0.30   0.35   1.63   1.04   
1Corn, yellow dent, sourced from Manhattan Kansas Coop (MKC, Manhattan, KS). 
2White pericarp sorghum grain, sourced from Nulife Market (Scott City, KS). 
3Soybean meal, dehulled, solvent extracted, sourced from ADM (Green, KS). 
4Corn and sorghum blend distillers dried grains with solubles, sourced from Kansas Ethanol LLC 

(Scott City, KS). 
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Table 3.2. Composition of experimental diets, Exp. 1 (as-fed basis)1,2 

 Experimental Treatment 

Ingredient, %  Corn Sorghum Sorghum and DDGS 

Corn 73.47  - - 

Soybean Meal  23.83  23.80  13.15  

Sorghum - 73.46  53.99  

DDGS  - - 30.00  

Limestone  0.90  0.93  1.10  

Monocalcium Phosphate, 21%  0.40  0.35  - 

Salt  0.50  0.50  0.50  

L-Lysine  0.30  0.34  0.55  

DL-Methionine  0.09  0.13  0.13  

L-Threonine  0.12  0.11  0.15  

L-Tryptophan  0.03  0.02  0.07  

Trace Mineral Premix  0.13  0.13  0.13  

Vitamin Premix  0.13  0.13  0.13  

Phytase3  0.10  0.10  0.10  

Total  100.00  100.00  100.00  

Analyzed Composition4     

Dry Matter, %  88.16 89.06 88.85  

Gross Energy, kcal/kg  3,828 3,893 4,021 
1Diets were formulated to meet or exceed the nutrient requirements of growing pigs (75-100 kg; 

NRC, 2012). Synthetic AA were included to balance all treatment types in a ratio to SID Lys, 

Monocalcium phosphate (21% P), and limestone were included to balance all treatment types 

Ca:P.  
2Powergrow SG-A (Nulife Market/ Pyramid Feeds; Scott City, KS 67871) was supplemented for 

experimental treatments as a positive inclusion to each phase within respective diet type, 

sorghum-, corn, or sorghum and DDGS- based diet, at a rate of 0.13%;  

FAP provided: β-mannanase, fungal amylase, bacterial amylase, xylanase, fungal 

protease, neutral protease, cellulase, SafMannan®, and Ambitine®. 
3Ronozyme Hiphos (GT) 2700 (DSM Nutritional Product, Inc, Parisippany NJ), provided 1,001 

phytase units (FTY/ kg of the diet), for an estimated release of 0.13% STTD P. 
4Nutrient content of ingredients used in diet manufacturing were unknown, therefore nutrient 

values derived from NRC, (2012) were used in formulation. 
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Table 3.3. Composition of experimental diets, Exp. 2- (as-fed basis)1,2  
  Experimental Treatment  

Ingredient, %  Corn  Sorghum  Sorghum and DDGS N-Free3  

Corn  72.95  -  -  -  

Soybean Meal  23.85  23.85  13.20  -  

Sorghum  -  72.91 53.44  -  

DDGS   -  -  30.00  -  

Limestone   0.90  0.93  1.10  0.50  

Monocalcium Phosphate, 21%   0.40  0.35  -  2.45  

Salt   0.50  0.50  0.50  0.40  

L-Lysine HCl  0.30  0.34  0.55  -  

DL-Methionine   0.09  0.13  0.13  -  

L-Threonine   0.12  0.11  0.15  -  

L-Tryptophan   0.03  0.02  0.07  -  

Trace Mineral Premix   0.13  0.13  0.13  0.15  

Vitamin Premix   0.13  0.13  0.13  0.25  

Phytase4   0.10  0.10  0.10  -  

Titanium Dioxide   0.50  0.50  0.50  0.50  

Corn Starch   -  -  -  68.25  

Soybean Oil   -  -  -  3.00  

Solka Floc   -  -  -  4.00  

Sucrose   -  -  -  20.00  

Magnesium Oxide   -  -  -  0.10  

Potassium Carbonate   -  -  -  0.40  

Total   100.00  100.00  100.00  100.00  

Analyzed Composition, %5       

Dry Matter   90.85  89.23  89.24  88.80  

Crude Protein   18.01 18.41 22.74 0.71 

Crude Fiber   3.60 3.90 4.95 2.75 

Ash   4.88  5.26  4.91  3.29  

Ether Extract   3.71 3.94 4.36 4.35 

ADF   5.75 7.50 11.85 1.05 

NDF   9.30 10.45 14.15 1.45 

Starch   37.44 34.84 26.70 54.20 
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Indispensable AA       

Arg   1.24 1.01 1.19 <0.05  

His   0.51 0.39 0.54 <0.05    

Ile   0.64 0.73 0.96 <0.05    

Leu   1.61 1.68 2.32 <0.05    

Lys   1.25 1.12 1.35 <0.05    

Met   0.35 0.40 0.44 <0.05    

Phe   0.93 0.84 1.15 <0.05    

Thr   0.71 0.77 0.99 <0.05    

Trp   0.22 0.25 0.28 <0.05    

Val   0.74 0.85 1.09 <0.05    

Dispensable AA       

Ala   1.01 1.08 1.58 <0.05    

Asp   1.52 1.28 1.53 <0.05    

Cys   0.28 0.26 0.34 <0.05    

Glu   3.45 3.20 4.40 <0.05    

Gly   0.77 0.66 0.83 <0.05    

Pro   1.12 1.06 1.50 <0.05    

Ser   0.95 0.84 1.10 <0.05    

Tyr   0.62 0.50 0.80 <0.05    
1Diets were formulated to meet or exceed the nutrient requirements of growing pigs (75-100 kg; 

NRC, 2012). Synthetic AA were included to balance all treatment types in a ratio to SID Lys, 

Monocalcium phosphate (21% P), and limestone were included to balance all treatment types 

Ca:P.  
2 Powergrow SG-A (Nulife Market/ Pyramid Feeds; Scott City, KS 67871) was supplemented for 

experimental treatments as a positive inclusion to each phase within respective diet type, 

sorghum-, corn, or sorghum and DDGS- based diet at a rate of 0.13%;  

FAP provided: β-mannanase, fungal amylase, bacterial amylase, xylanase, fungal 

protease, neutral protease, cellulase, SafMannan®, and Ambitine. 
3The N-free diet was formulated to contain no source of dietary AA for the determination of 

basal endogenous losses of AA. 
4Ronozyme Hiphos (GT) 2700 (DSM Nutritional Product, Inc, Parisippany NJ), provided 1,001 

phytase units (FTY/ kg of the diet), for an estimated release of 0.13% STTD P. 
5Nutrient content of ingredients used in diet manufacturing were unknown, therefore nutrient 

values derived from NRC (2012) were used in formulation.
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Table 3.4. Composition of experimental diet, Exp. 3 (as-fed basis)1,2 

    Phase 13   Phase 24   Phase 35 

 Ingredient, %   Corn Sorghum 

Sorghum and 

DDGS   Corn Sorghum 

Sorghum and 

DDGS   Corn Sorghum 

Sorghum and 

DDGS 

Corn    80.10  -  -    85.17  -  -    88.37  -  -  

Soybean Meal    17.20  16.40 5.20    12.42  10.93  0.41    9.44  7.89  2.36  

Corn DDGS6    -  -  30.00    -  -  30.00    -  -  15.00  

Sorghum    -  80.73  62.02    -  86.46  66.85    -  89.79  80.17  

Monocalcium Phosphate, 21%  0.55  0.50  -    0.35  0.30  -    0.20  0.10  -  

Limestone    0.91  0.91  1.20    0.83  0.83  1.18    0.77  0.77  0.95  

Sodium Chloride    0.50  0.50  0.50    0.50  0.50  0.50    0.50  0.50  0.50  

L-Lysine HCl    0.31  0.41  0.60    0.29  0.42  0.59    0.28  0.40  0.50  

DL-Methionine    0.02  0.09  0.01    0.01  0.09  -    -  0.07  0.03  

L-Threonine    0.07  0.09  0.07    0.07  0.10  0.07    0.08  0.11  0.10  

L-Tryptophan    0.02  0.03  0.06    0.02  0.03  0.06    0.02  0.03  0.05  

Trace mineral premix    0.15  0.15  0.15    0.15  0.15  0.15    0.15  0.15  0.15  

Vitamin premix    0.15  0.15  0.15    0.15  0.15  0.15    0.15  0.15  0.15  

Phytase7    0.04  0.04  0.04    0.04  0.04  0.04    0.04  0.04  0.04  

Total    100.0  100.0  100.0    100.00  100.00  100.00    100.00  100.00  100.00  

Calculated Composition8                        

SID AA, %             

SID Lys, %    0.84   0.88   0.83     0.71  0.74  0.70    0.63   0.66   0.64   

Ile:Lys    61   62   61     61  61  61    61   61   61   

Leu:Lys    145   152   207     155  163  229    165   176   210   

Met:Lys    28   32   29     30  35  30    30   34   32   

Met and Cys:Lys    55   55   55     58  58  58    60   58   58   

Thr:Lys    60   60   60     62  62  62    66   66   66   

Trp:Lys    19   19   19     19  19  19    19   19   19   
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Val:Lys    69   69   75     71  70  78    73   72   75   

NE, kcal/kg    2,513   2,608   2,460     2,548  2,654  2,496    2,571   2,683   2,604 

SID Lys:NE g/mcal    3.35   3.35   3.35     2.80  2.80  2.80    2.45   2.45   2.45   

STTD P, %    0.35   0.35   0.35     0.30  0.30  0.34    0.26   0.26   0.28   

Ca: P    1.25   1.25   1.25     1.25  1.25  1.25    1.25   1.25   1.25   

Analyzed Composition, %             

Dry matter  87.07 88.80 88.51  86.50 88.75 88.53  86.95 88.54 88.36 

Fat  3.04 2.29 3.69  2.43 3.46 4.08  3.20 2.88 3.81 

Crude Protein  14.80 17.45 19.41  13.17 15.40 17.34  12.37 14.81 15.86 

Crude Fiber  1.90 2.00 3.30  2.00 2.10 2.90  2.20 2.00 2.70 

Ash  3.72 4.12 4.08  3.28 3.57 3.82  3.31 3.40 3.20 
1Diets were formulated to be 90% of the recommended SID Lysine requirement and balanced based on SID Lys: NE level (NRC, 

2012). Monocalcium phosphate (21% P) and limestone were provided balance Ca: P of 1.25 across all feeding phases. All other 

nutrient levels were formulated to meet or exceed requirements for the respective weight range. 
2 Powergrow SG-A (Nulife Market/ Pyramid Feeds; Scott City, KS 67871) was supplemented for experimental treatments as a 

positive inclusion to each phase within respective diet type, sorghum-, corn, or sorghum and DDGS- based diet at a rate of 0.13%.  

FAP provided: β-mannanase, fungal amylase, bacterial amylase, xylanase, fungal protease, neutral protease, cellulase, 

SafMannan®, and Ambitine®. 
3Phase 1, fed from 45 to 72.5 kg 
4Phase 2, fed from 72.5 kg to 99.8 kg 
5Phase 3, fed from 99.8 to 127 kg 
6Distillers dried grains, sourced from Nutra Blend, LLC (Cambridge, Ontario). 
7Ronozyme Hiphos (GT) 2700 (DSM Nutritional Product, Inc, Parisippany NJ), provided 1,001 phytase units (FTY/ kg of the diet), 

for an estimated release of 0.13% STTD P. 
8Nutrient content of ingredients used in diet manufacturing were unknown, therefore nutrient values derived from NRC (2012) were 

used in formulation. 
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Table 3.5. Interactive effects of diet type and FAP on energy digestibility1    

   Corn-based   Sorghum-based   Sorghum and DDGS-based     P- Value, < 

Item,   Control FAP 
 
Control FAP 

 
Control FAP 

 
SEM 

 
Diet × FAP Diet FAP 

Dry matter intake, kg/d    1.59  1.61    1.54  1.57    1.52  1.51    0.125    0.627  0.005 0.396  

Gross energy intake, kcal/d    6884  7001    6721  6936    6867  6863    552.6    0.633  0.586 0.245  

Gross energy feces, kg/d    969c  1133b    788e  891d    1279a  1315a    87.0    0.045  0.001 0.001  

Gross energy urine, kg/d    216  192    249  216    278  275    26.1    0.531  0.001 0.089  

ATTD, %                              

Dry matter    88.34c  86.55d    90.61a  89.68b    84.61e  83.92f    0.301    0.039  0.001 0.001  

Gross energy    86.00c  83.75d    88.19a  87.11b    81.45e  80.70f    0.340    0.013  0.001 0.001  

Dry matter basis                              

DE, kcal/kg    3734b  3630d    3855a  3838a    3686c  3681c    15.1    0.001  0.001 0.001  

ME, kcal/kg    3597b  3509c    3693a  3702a    3506c  3497c    16.7    0.002  0.001 0.011  
a,b,c,d,e, f Least squares within a row lacking a common superscript letter are significantly different (P<0.05) tendency (P<0.15). 

1Data are means of 12 observations per treatment. 
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Table 3.6. Interactive effects of diet type and FAP on apparent ileal digestibility of CP and amino acids1    

                                         

 Corn-based     Sorghum-based    Sorghum and DDGS-based        P- Value, < 

Item Control FAP    Control FAP    Control FAP    SEM     Diet × FAP Diet FAP 

AID, %                                          

CP  69.05  66.48     68.18  67.12     63.60  65.22     1.384     0.211  0.008 0.500 

Arg  85.76a  82.61b     81.97b  85.27a     79.32c  79.34c     0.886     0.001  0.001 0.922 

His  79.60a  75.24b     72.74b  74.50b     68.68c  68.87c     1.187     0.017  0.001 0.351 

Iso  71.47  71.34     71.55  71.18     67.55  65.73     1.300     0.715  0.001 0.411 

Leu  76.71a  72.51b     73.86ab  71.64bc     68.77cd  68.51d     1.245     0.206  0.001 0.016 

Lys  84.87a  81.33c     83.40ab  81.55bc     80.07c  79.79c     0.794     0.065  0.001 0.001 

Met  85.05  85.38     86.61  85.01     79.91  80.74     1.051     0.307  0.001 0.829 

Phe  78.22a  73.91b     73.25bc  75.12b     70.56cd  70.08d     1.200     0.019  0.001 0.253 

Thr  63.36  61.79     66.57  63.19     64.77  64.93     1.392     0.348  0.115 0.113 

Trp  72.68a  63.80b     71.05a  64.96b     65.44b  69.64a     1.518     0.001  0.862 0.002 

Val  67.76a  66.01abc     69.66a  67.32ab     64.26bc  63.10c     1.407     0.891  0.001 0.089 

Ala  70.03a  63.68b     66.74ab  65.32b     63.37b  63.89b     1.442     0.026  0.033 0.023 

Asp  69.95a  69.43a     61.05c  72.76a     56.32d  65.05b     1.521     0.001  0.001 0.001 

Cys  64.40a  60.09ab     60.10ab  58.89b     56.94b  60.02b    1.937     0.073  0.061 0.531 

Glu  78.93a  73.13bc     72.52bc 74.61b     70.17c 70.84c     1.332     0.001  0.001 0.243 

Gly  59.55a  51.24c     55.12abc  57.97ab     52.45c  54.79bc     2.120     0.005  0.253 0.478 

Ser  74.58a  68.75bc     70.33b  71.27b     66.66c  65.64c     1.297     0.017  0.001 0.039 

Tyr  76.05a  68.70bc     67.10c  72.14b     69.06bc  66.98c     1.480     0.001  0.005 0.165 

Total  74.99a  70.42bcd     71.21bc  72.29ab     67.77d  68.43cd     1.219     0.020  0.001 0.280 
a,bLeast squares within a row lacking a common superscript letter are significantly different (P<0.05) tendency (P<0.15). 

1Data are means of 12 observations per treatment. 
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Table 3.7. Interactive effects of diet type and FAP on standardized ileal digestibility of CP and amino acids1,2    

 Corn-based     Sorghum-based    Sorghum and DDGS-based        P- Value, < 

Item Control FAP    Control FAP    Control FAP    SEM     Diet × FAP Diet FAP 

SID, %                                        

CP  83.29  80.98     81.87  80.53     74.86  77.00     1.421     0.163  0.001 0.617 

Arg  93.12b  90.65b     90.89b  92.56ab     86.97c  87.48c    0.867     0.018  0.001 0.863 

His  84.79a  80.94b     79.36b  80.18b     73.64c  74.20c     1.202     0.061  0.001 0.346 

Iso  78.88a  78.14a     77.98a  77.26a     72.55b  71.39b     1.315     0.975  0.001 0.356 

Leu  81.35a  77.48b     78.25ab  75.88b     72.02c  72.02c     1.273     0.223  0.001 0.027 

Lys  89.48a  86.50bc     88.45ab  86.96b     84.34d  84.55cd     0.809     0.079  0.001 0.016 

Met  87.52  87.62     88.74  87.16     81.88  82.88     1.052     0.290 0.001 0.815 

Phe  83.17a  79.41b     78.63b  79.79b     74.61c  74.44c     1.218     0.069  0.001 0.280 

Thr  75.81  73.74     77.82  74.61     73.66 74.53     1.418     0.234  0.224 0.152 

Trp  82.25a  75.84bcd     79.43ab  75.12cd     73.03d  76.84bc     1.559     0.001  0.012 0.039 

Val  76.64  74.62     77.26  74.99     70.32  69.88     1.434     0.726  0.001 0.131 

Ala  79.68a  74.36b     75.55b  73.78bc     69.57d  70.47cd     1.491     0.065  0.001 0.058 

Asp  77.98a  76.75a     70.41b  79.14a     64.29c  71.96b     1.502     0.001  0.001 0.001 

Cys  74.51a  70.72ab     70.74ab  69.36bc     65.32c  68.59bc     1.926     0.086  0.003 0.626 

Glu  83.48a  78.18b     77.36cb  78.79b     73.75d  74.60cd     1.336     0.005  0.001 0.246 

Gly  89.57a  84.32bcd     89.47ab  87.93abc     80.30d  84.25cd     2.185     0.039  0.002 0.515 

Ser  83.76a  79.15b     80.63ab  80.41b     74.64c  74.49c     1.305     0.103  0.001 0.822 

Tyr  82.10a  76.17cb     74.56cbd  78.04b     73.92cd  72.43d    1.508     0.003  0.001 0.209 

Total  86.68a  82.85b     83.39b  83.20b     77.17c  78.39c     1.253     0.069  0.001 0.300 
a,bLeast squares within a row lacking a common superscript letter are significantly different (P<0.05) tendency (P<0.15). 

1Data are means of 12 observations per treatment. 
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2Values for SID were calculated by correcting the values of AID with basal ileal endogenous losses. Basal ileal endogenous losses 

were determined (g/kg of dry matter intake) as crude protein, 28.23; Arg, 1.01; His, 0.29; Iso, 0.53; Leu, 0.82; Lys, 0.64; Met, 0.10; 

Phe, 0.51; Thr, 0.97; Trp, 0.23; Val, 0.73; Ala, 1.07; Asp, 1.34; Cys, 0.31; Glu, 1.73; Gly, 2.53; Pro, 8.90; Ser, 0.96; Tyr, 0.41. 



81 

 

 

Table 3.8. Interactive effects of diet type and FAP on growth performance of growing finishing pigs1,2  

 Corn-based   Sorghum-based  Sorghum and DDGS-based    P-Value 

 Control FAP  Control FAP  Control FAP  SEM  Diet × FAP 

BW, kg              

day 27  79.5 78.5 
 78.9 78.1 

 76.3 75.5  0.52  0.958 

day 55  108.8 107.7 
 108.2 106.9 

 103.5 102.9  0.60  0.783 

day 83  140.5 140.7  139.4 136.7 
 135.9 135.5  1.04  0.257 

Phase 1, day 0-27             

ADG, kg  1.13  1.09 
 1.11 1.08 

 1.01 0.99 
 0.019  0.915 

ADFI, kg  2.43  2.41  2.39 2.34 
 2.27 2.26 

 0.035  0.799 

G: F  0.46  0.45 
 0.46 0.46 

 0.44 0.44 
 0.006  0.644 

Phase 2, day 27-55             

ADG, kg  1.04  1.04 
 1.05 1.03 

 0.97 0.97 
 0.017  0.890 

ADFI, kg  2.97  2.97 
 2.90 2.97 

 2.95 3.00 
 0.038  0.509 

G: F  0.35 0.35 
 0.36 0.35 

 0.33 0.32 
 0.005  0.389 

Phase 3, day 55-83             

ADG, kg  1.13ab 1.18 a  1.11b 1.06c 
 1.13b 1.17ab 

 0.019  0.009 

ADFI, kg  3.45ab 3.58 a  3.34bc 3.25c 
 3.46ab 3.57a 

 0.061  0.127 

G: F  0.33  0.33   0.33 0.33   0.33 0.33 
 0.006  0.604 

Overall, day 0-83             

ADG, kg  1.10 a 1.10 a  1.09 a 1.05b  1.03b 1.04b  0.011  0.122 

ADFI, kg  2.96 2.99  2.88 2.86 
 2.90 2.95 

 0.034  0.516 

G: F  0.37 0.37  0.38 0.37  0.36 0.35  0.003  0.654 
a-bLeast squares means within differing letter superscripts are significantly different (P<0.05), tendency (P<0.15).
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1Least squares represent 6 replicate pens per treatment, respectively. 
2BW 0, used as a covariant in the model response parameters to account for differences in initial body weight allotment. 
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Table 3.9. Effects of diet type on growth performance of growing finishing pigs1,2 

  Corn  Sorghum  DDGS  SEM  P- Value, ≤ 

Item,          

BW, kg           

day 27   79.0a 
 78.5 a  75.9b 

 0.35  0.001 

day 55   108.2 a  107.6 a  103.2b 
 0.40  0.001 

day 83   140.6 a  138.0b 
 135.7c 

 0.72  0.001 

Phase 1, day 0-27          

ADG, kg  1.11 a  1.09 a  1.00b 
 0.012  0.001 

ADFI, kg  2.42 a  2.36 a  2.27b 
 0.024   0.001 

G: F  0.46 a  0.46 a  0.44b 
 0.004  0.002 

Phase 2, day 27-55          

ADG, kg  1.04 a  1.04 a  0.97b 
 0.011  0.001 

ADFI, kg  2.97   2.93  2.98  0.025  0.453 

G: F  0.35 a  0.35 a  0.33b 
 0.003  0.001 

Phase 3, day 55-83          

ADG, kg  1.16a 
 1.08b 

 1.15a 
 0.013  0.001 

ADFI, kg  3.51 a  3.29b 
 3.52 a  0.041  0.001 

G: F  0.33  0.33  0.33  0.004  0.688 

Overall, day 0-83          

ADG, kg  1.10 a  1.07b 
 1.04c 

 0.007  0.001 

ADFI, kg  2.97 a  2.88b 
 2.92ab 

 0.023  0.010 

G: F  0.37 a  0.37 a  0.36b 
 0.002  0.001 

a-bLeast squares means within differing letter superscripts are significantly different (P<0.05), 

tendency (P<0.15). 
1Least squares represent 6 replicate pens per treatment, respectively.  
2BW 0, used as a covariant in the model response parameters to account for differences in initial 

body weight allotment. 
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Table 3.10. Effects of FAP on growth performance of growing finishing pigs1,2 

  Control  Feed additive premix  SEM  P-Value 

Item,         

BW, kg         

day 27  78.3 
 77.4 

 0.28  0.040 

day 55  106.8 
 105.8 

 0.32  0.044 

day 83  138.6 
 137.6  0.61  0.219 

Phase 1, day 0-27        

ADG, kg  1.08 
 1.05 

 0.010  0.049 

ADFI, kg  2.36 
 2.34  0.020  0.374 

G: F  0.46 
 0.45   0.004  0.130 

Phase 2, day 27-55        

ADG, kg  1.02  1.02  0.009  0.770 

ADFI, kg  2.94  2.98  0.020  0.203 

G: F  0.35  0.34  0.003  0.167 

Phase 3, day 55-83        

ADG, kg  1.12  1.13  0.010  0.534 

ADFI, kg  3.41  3.47  0.034  0.277 

G: F  0.33  0.33  0.003  0.576 

Overall, day 0-83        

ADG, kg  1.07  1.07  0.006  0.338 

ADFI, kg  2.91  2.93  0.019  0.460 

G: F  0.37  0.36   0.002  0.060 
1Least squares represent 6 replicate pens per treatment, respectively. Least squares are 

significantly different (P<0.05), tendency (P<0.15). 
2BW 0, used as a covariant in the model response parameters to account for differences in initial 

body weight allotment. 


