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ABSTRACT 

 

Improving the nutritive value of corn distiller’s dried grains with solubles (DDGS) for 

growing pigs: Evaluation of processing and fiber degrading enzymes in liquid 

environment 

 

Youngji Rho      Advisors:  Dr. Cornelis F. M. de Lange 

University of Guelph, 2017          Dr. Elijah Kiarie 

 

Three experiments were conducted to evaluate strategies to improve nutritive value of corn 

DDGS for grower-finisher pigs: 1) use of novel physical processing technology designed to 

reduce fiber content in DDGS to produce high protein DDGS (HP-DDGS) (Experiment 1), and 

2) application of fiber degrading enzymes (FDE) with liquid fermentation (LF) (Experiment 2) 

and liquid steeping (LS) (Experiment 3).  

Novel HP-DDGS had greater amounts of digestible AA and energy than conventional DDGS. 

Feeding pigs DDGS treated with FDE with (without) LF improved feed efficiency in phase I 

(weeks 0-3) but there were no growth performance or digestibility effects in phase II (weeks 4-

6) compared with pigs fed non-treated DDGS. Moreover, pigs fed DDGS treated with FDE in 

conjunction with LF exhibited lower growth performance and gross energy digestibility 

compared with pigs fed DDGS treated with FDE without LF in phase II. Treating DDGS with 

FDE for 24 h in LS did not affect gross energy digestibility in growing pigs. 

Physical removal of fiber improved digestible nutrient content in DDGS. Fiber degrading 

enzymes showed potential for improving the nutritive value of DDGS for growing pigs. 

However, further research is required to refine enzyme application in a liquid environment.  



iii 

 

DEDICATION 

 

 

 

To Dr. Kees de Lange, 

 

To my parents, Gyu-Jin Rho and Soon-Ok Lee,  

and to my partner, Kevin Kang.  

 

 

 

  



iv 

 

ACKNOWLEDGEMENTS 

 

There are a lot of people I would like to thank for supporting me throughout my thesis, however, 

I would first and foremost like to thank my advisor Dr. C. F. M. de Lange, who gave me the 

opportunity to work with him. I will never forget the encouraging words and guidance he gave 

me. 

I would like to thank Dr. Elijah Kiarie, who agreed without hesitation to be my advisor. I would 

not have accomplished what I have without his support.  

I would like to thank the members of my advisory committee, Dr. Ira Mandell and Dr. Julang 

Li. 

Special thanks to the de Lange lab family; Lee-Anne Huber, Melissa Wiseman, Emily Miller, 

Wilfredo Mansilla, Quincy Buis, Heather Reinhardt, Adam Totafurno, and Kayla Silva. I have 

been extremely lucky to have you all in this awesome de Lange lab group. 

To our lab dad, Doug, I still remember the first time you came to talk to me at the pig barn for 

the first time. Thank you for introducing to me to Kees. If it wasn’t for you, who knows where 

I would be now ☺. To our lab mom, Julia, thank you for all your help during my trials and 

especially for putting up with so many questions that I had with patience. Wilfredo, thank you 

for helping me with almost everything that I do on campus, what would I have done without 

you? Adam, thanks for offering help without hesitations.  

I cannot forget the Mono-gastric lab members, especially Emily Kim and Aizwarya Thanabalan, 

who have both helped me so much in the lab, in the animal wing, and outside of campus. 

Thank you mom and dad, for all the love and support you give me, even though I am a thousand 

miles away from home. 

To my friends in South Korea and in Canada, I would have not come this far without you all. 

Last but certainly not least, thank you to my partner Kevin, who has always been there to 

support me with my studies and did not complain when helping with all the smelly lab work.    

Finally, I would like to thank the sponsors. Financial support was provided from Ministry of 

Agriculture, Food and Rural Affairs, IGPC Inc., Danisco Animal Nutrition = DuPont Industrial 

Biosciences, Canadian Bio-Systems and Swine innovation porc. through the Canadian swine 

research and development cluster.    

Thank you everyone.  



iv 

 

Table of Contents 

CHAPTER 1. Literature review .......................................................................................... 1 

1. Introduction ................................................................................................................... 1 

2 Conversion of corn into ethanol: Dry milling ............................................................... 3 

3 Corn DDGS ................................................................................................................... 4 

3.1 Processing effects on the nutritive value of corn DDGS .......................................... 5 

3.2 Fiber content in DDGS ............................................................................................. 6 

3.3 DDGS inclusion in grower-finisher pigs diet ........................................................... 7 

4 Liquid feeding ........................................................................................................... 8 

4.1 Definition of liquid feed ........................................................................................... 9 

4.2 Benefits of liquid feeding ....................................................................................... 10 

4.3 Disadvantages of liquid feeding ............................................................................. 11 

4.4 Optimal conditions for fermentation in liquid feeds .............................................. 13 

4.5 The need for attaining an optimal temperature at steeping or fermentation ........... 14 

5 Enzyme use in the swine industry .......................................................................... 15 

5.1 Xylanases and β-glucanases ................................................................................... 17 

6 Summary ................................................................................................................. 18 

7 Tables and Figures .................................................................................................. 19 

CHAPTER 2. Research hypothesis and objectives .......................................................... 20 

CHAPTER 3. Standardized ileal digestible amino acids and digestible energy (DE) 

contents in high-protein distillers dried grains with solubles fed to growing pigs ........ 22 

1 Abstract ....................................................................................................................... 22 

2 Introduction ................................................................................................................. 24 

3 Materials and Methods ................................................................................................ 25 

3.1 DDGS samples and diets ......................................................................................... 25 

3.2 Experiment 1 ........................................................................................................... 26 

3.3 Experiment 2 ........................................................................................................... 27 

3.4 Laboratory analysis, calculations and statistical analysis ........................................ 27 

4 Results and discussion ................................................................................................ 29 

5 Tables and Figures ...................................................................................................... 35 

CHAPTER 4. Responses of growing pigs when fed corn-soybean meal based diet with 

corn DDGS treated with fiber degrading enzymes with or without liquid fermentation 

(FL) ....................................................................................................................................... 43 

1 Abstract ....................................................................................................................... 43 



v 

 

2 Introduction ................................................................................................................. 45 

3 Materials and Methods ................................................................................................ 47 

3.1 Animals .................................................................................................................... 48 

3.2 Preparation of steeped DDGS and diets .................................................................. 48 

3.3 Live animal measurements and sample collection .................................................. 50 

3.4 Laboratory analyses, calculations and statistical analysis ....................................... 50 

4 Results and discussion ................................................................................................ 51 

5 Tables and Figures ...................................................................................................... 59 

CHAPTER 5. Apparent ileal and total tract digestibility of components in corn DDGS 

subjected to liquid steeping without or with fiber degrading enzymes and fed to 

growing pigs ......................................................................................................................... 68 

1 Abstract ....................................................................................................................... 68 

2 Introduction ................................................................................................................. 70 

3 Materials and methods ................................................................................................ 71 

3.1 Animals .................................................................................................................... 71 

3.2 Preparation of steeped DDGS and diets .................................................................. 72 

3.3 Experimental procedures ......................................................................................... 73 

3.4 Laboratory analyses, calculations and statistical analysis ....................................... 73 

4 Results and discussion ................................................................................................ 74 

5 Tables and Figures ...................................................................................................... 79 

CHAPTER 6. General discussion ...................................................................................... 85 

CHAPTER 7. Reference ..................................................................................................... 91 

  



vi 

 

List of Tables 

Table 1. Analyzed chemical composition for DDGS samples, as-fed basis ........................ 35 

Table 2. Ingredient composition of the experimental diets, as-fed basis ............................. 36 

Table 3. Analyzed chemical composition of the experimental diets, as-fed basis ............... 37 

Table 4. Apparent ileal digestibility (%) of chemical components in DDGS samples fed to 

growing pigs, Exp. 1 ............................................................................................................. 38 

Table 5. Endogenous crude protein and amino acid flow at the distal ileum of pigs fed N-

free diet, Exp. 1 ..................................................................................................................... 39 

Table 6. Standardized ileal digestibility (%) of crude protein and amino acids in DDGS 

samples fed to growing pigs, Exp.1 ...................................................................................... 40 

Table 7. Standardized ileal digestible crude protein and amino acids (g/kg DMI) in DDGS 

samples fed to growing pigs, Exp. 1 ..................................................................................... 41 

Table 8. Standardized total tract digestibility of chemical components and DE content in 

DDGS samples fed to growing pigs, Exp. 21 ........................................................................ 42 

Table 9. Composition of experimental diets, as-fed basis ................................................... 59 

Table 10. Analyzed composition of experimental diets, as-fed basis .................................. 60 

Table 11. Growth performance of growing pigs fed corn-soybean meal based diets in 

which corn DDGS were treated with fiber degrading enzymes with (without) liquid 

fermentation. ......................................................................................................................... 61 

Table 12. Gastrointestinal tract weights and digesta pH for growing pigs when fed corn-

soybean meal diets in which corn DDGS were treated with fiber degrading enzymes with or 

without liquid fermentation. ................................................................................................. 62 

Table 13. Jejunum histomorphology for pigs fed corn-soybean meal based diets with corn 

DDGS treated with fiber degrading enzymes with (without) liquid fermentation. .............. 63 

Table 14. Apparent total tract digestibility (ATTD) of components in growing pigs fed 

corn-soybean meal with corn DDGS treated with fiber degrading enzymes with (without) 

liquid fermentation. ............................................................................................................... 64 

Table 15. Diet composition of liquid feed containing steeped DDGS ................................. 79 

Table 16. Analyzed diet composition of liquid feed containing steeped DDGS ................. 80 



vii 

 

Table 17. Apparent ileal digestibility(AID) values for components in growing pigs when 

fed semi purified diets containing liquid steeped DDGS treated with fiber degrading 

enzymes. ............................................................................................................................... 81 

Table 18. Apparent total tract digestibility (ATTD) values for components in growing pigs 

when fed semi purified diets containing liquid steeped DDGS treated with fiber degrading 

enzymes. ............................................................................................................................... 82 

  



viii 

 

List of Figures 

Figure 1. Dry milling ethanol production process and co-products ..................................... 19 

Figure 2. In vitro study examining changes in pH over time when different inclusion levels 

of β-glucanase and Xylanase were mixed with 50 g of DDGS and liquid steeped in water 

(16% DM) at 40℃ with continuous agitation. ..................................................................... 65 

Figure 3. pH of control XBNS1, XBS2 complete liquid feed diet (n = 6) prior to feeding. . 66 

Figure 4. Lactic acid and acetic acid concentrations and pH of DDGS treated with fiber 

degrading enzymes in liquid fermentation tank for 10 days. ................................................ 67 

Figure 5. Changes in pH over 24 h for incubation of corn DDGS steeped with (without) 

enzyme supplementation. ...................................................................................................... 83 

Figure 6. Changes in lactic acid, acetic acid concentrations over 24 h for corn DDGS 

steeped with (without) enzyme supplementation. ................................................................. 84 

 

  



ix 

 

List of Abbreviations 

 

AA: Amino acid 

ADF: Acid detergent fiber 

ADFI: Average daily feed intake 

ADG: Average daily gain 

AID: Apparent ileal digestibility 

Ala: Alanine 

AOAC: Association of Official Analytical Chemists 

Arg: Arginine 

Asp: Aspartate 

ATTD: Apparent total tract digestibility 

BW: Body weight 

 ℃: Degree Celsius 

Ca: Calcium 

CF: Crude Fat 

CP: Crude protein 

CS: Controlled steeping 

Cys: Cysteine 

d: Day (s) 

DDG: Distillers dried grains 

DDGS: Distillers dried grains with solubles 

DE: Digestible energy 

DM: Dry matter 

FDE: Fiber degrading enzyme (s) 

LF: Liquid fermentation  

LS: Liquid steeping  

g: Gram(s) 



x 

 

GE: Gross energy 

Glu: Glutamate 

Gly: Glycine 

h: Hour(s) 

His: Histidine 

HPLC: High performance liquid chromatography 

Ile: Isoleucine 

Kg: Kilogram 

Leu: Leucine 

LMW: Low molecular weight  

Lys: Lysine 

M: Meter(s) 

ME: Metabolizable energy 

Met: Methionine 

NDF: Neutral detergent fiber 

NRC: National Research Council 

NSP: Non-starch polysaccharides 

Pro: Proline 

SAS: Statistical analysis system 

SEM: Standard error of the mean 

Ser: Serine 

SID: Standardized ileal digestibility 

Thr: Threonine 

Trp: Tryptophan 

Val: Valine 



1 

 

 

CHAPTER 1. Literature review 

 

1. Introduction 

Traditional feed ingredients for livestock are subject to price volatility due to increasing 

demand for human and industrial uses, unpredictable weather patterns and sustainability 

concerns among other reasons (Woyengo et al., 2014). As a result, there is great interest 

towards affordable and sustainable alternative ingredients for livestock production 

(Jakobsen et al., 2015).  

Co-products are a very attractive feed source not only economically but also due to their 

valuable nutrient profile of crude protein, crude fat, minerals, vitamins and energy (Emiola 

et al., 2009; Widyaratne and Zijlstra, 2007). Co-products from the ethanol industry 

includes distillers dried grains (DDG), condensed distillers solubles (CDS), and distillers 

dried grains with solubles (DDGS). These co-products are highly concentrated in fiber as 

a large portion of starch is converted to ethanol and carbon dioxide during the fermentation 

process (Stein and Shurson, 2014; Weigel et al., 1997). This leads to reduced amounts of 

utilizable nutrients and energy for non-ruminants (Stein and Shurson, 2014). For example, 

the gross energy (GE, 4,710 kcal/kg DM) content of corn DDGS is much greater than the 

GE content of the parent corn grain (GE 3,933 kcal/kg DM) it is produced from; however, 

the digestible energy (DE) value is similar for both feed ingredients in pigs (NRC, 2012).  

Pigs can utilize fiber mostly through hindgut fermentation (Grieshop et al., 2001). 

Strategies to reduce/remove fiber from corn DDGS to improve nutrient utilization includes 
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mechanical processing, utilizing exogenous enzymes and liquid feeding.  

Fine grinding, pelleting and extrusion have been used for more than 50 years and have 

been shown to improve feed efficiency in pigs (Hancock et al., 2001). Due to continuous 

development of newer technologies, efficient extraction of starch, oil, and ethanol allows 

production of high quality corn DDGS which could be used as an alternative ingredient for 

the swine industry (Urriola et al., 2014). 

Fiber degrading enzymes (FDE) are used to break down specific non-starch 

polysaccharides (NSP) or to remove side chains from the cell walls (Bedford, 2000). 

Addition of specific FDE to high fiber feedstuffs can enhance digestibility (Lamsal et al., 

2012). In studies using barley and wheat based diets, applying FDE improved fiber 

digestibility (Patience et al., 1992; Diebold et al., 2004). However, results from supplying 

FDE to diets are variable (de Vries et al., 2012; Kiarie et al., 2016). As exogenous enzymes 

activate better in a liquid environment, applying FDE in liquid feeding system may 

improve the efficiency of the enzymes by allowing more time to break down fiber 

components before being ingested by the pigs (Canibe and Jensen, 2012). Previous 

research on treating feedstuffs with FDE in a liquid environment showed an improvement 

in feed efficiency (de Lange and Zhu, 2012); however, other observations showed no 

improvement in feed efficiency when feedstuff were treated with FDE in a liquid 

environment (Zhu et al., 2011; de Lange and Zhu, 2012).  

Therefore, it is important to validate the new co-products processed from newly developed 

processing technology and the use of FDE in a liquid feeding environment to improve the 
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feeding value of DDGS. In this literature review, different processing methods for DDGS, 

liquid feeding, and FDE will be explored. 

 

2 Conversion of corn into ethanol: Dry milling 

Approximately 75% of ethanol production is from dry milling (Rendleman et al., 2007). 

Each ethanol company has their own unique processing system; however, one of three 

milling processes is often used including; 1) a tempering, degerming process which is the 

most common process, 2) stone-ground or non-degerming process, 3) alkaline-cooked 

process (NAMA, North America Miller’s Association).  

To obtain ethanol from dry milling, key steps such as grinding, cooking, liquefying, 

saccharifying, fermenting and distilling are performed (Rosentrater and Kongar, 2009) 

(Figure 1). At the end of the fermentation process, non-fermented corn kernel components 

and carbon dioxide are the main co-products. Further processing of non-fermented corn 

kernels result in the production of condensed distillers solubles (CDS), distillers dried grain 

(DDG), DDGS, and distillers wet grains (DWG) (Rosentrater and Kongar, 2009). 

Corn and sorghum are mostly used in dry milling to produce ethanol; however, wheat, 

barley, or a combination of grains can be used as well (Stock et al., 2000). In the US and 

Eastern Canada (Ontario and Quebec), corn is mainly used due to relatively low costs to 

convert it into ethanol (Rosentrater and Kongar, 2009). 
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3 Corn DDGS 

Distillers dried grains with solubles (DDGS) is a co-product of bioethanol production. Its 

use as a livestock feed ingredient has been increasing with the rapid growth of the ethanol 

industry as well as increasing prices for traditional feed ingredients (Woyengo et al., 2014). 

Corn and wheat are the most widely used feed ingredients in pig production in North 

America and much of the world. However, the increasing demands from the ethanol and 

food industry contribute to increases in grain prices (Cromwell et al., 2011; Tyner and 

Taheripour, 2007).  

U.S. department of agriculture (USDA) predicted that by the year 2019-2020, 40 million 

metric tonnes of DDGS will be produced on an annual basis in the U.S. (Hoffman, 2011). 

Utilizing DDGS in pig diets can potentially improve profits as feed costs contribute more 

than 60% of the total costs for producing pork (Noblet and Van Milgen, 2013). 

Roughly two-thirds of corn grain is starch and 60 to 70 % of the starch gets converted to 

ethanol and carbon dioxide in the fermentation process with dry milling of cereal grains 

(Woyengo et al., 2016). Therefore, the chemical components other than starch are more 

concentrated in corn DDGS than in the parent grain (Stein and Shurson, 2009). This makes 

DDGS a good source of minerals, crude fat and crude protein (Emiola et al., 2009). 

Compared with unprocessed corn, DDGS has a greater gross energy value (Agyekum et 

al., 2013). Average gross energy content of corn is 4,496 kcal/kg DM, which is less than 

the average gross energy of 5,434 kcal/kg DM in corn DDGS (Stein, 2006). However, due 

to the large portion of starch being converted in to ethanol and carbon dioxide, DDGS is 
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highly concentrated with fiber (Stein and Shurson, 2014; Weigel et al., 1997).  

The non-starch polysaccharide (NSP) includes a large array of polysaccharide molecules 

except starch and in most plant cell wall; cellulose, hemicellulose and pectin are the most 

abundant (Choct, 1997; Griesop et al., 2001). The high NSP content in DDGS results in 

low total tract digestibility of fiber which influences the digestibility of DM, other nutrients 

and energy (Urriola and Stein., 2010). Also, corn DDGS contains more resistant starch 

compared to wheat DDGS (Jha et al., 2015) which is known to be poorly digested in the 

small intestine of pigs (Jha and Berrocoso, 2015). Therefore, maximum DDGS inclusion 

level should be considered in practical swine diets in order to optimize nutrient absorption 

and subsequent productivity.    

 

3.1 Processing effects on the nutritive value of corn DDGS  

More than 40 million metric tonnes of DDGS were projected to be available by 2020 in 

the US (Hoffman, 2011). Thus, the ethanol industry continues to modify processing 

techniques to produce high quality DDGS (Urriola et al., 2014).  

As previously mentioned, the majority of DDGS in the market place is from the dry milling 

process; different processing and heating techniques along with feedstock grain quality 

and year of harvest can affect DDGS nutritional quality and digestibility (Belyea et al., 

2004; Cromwell et al., 1993; Urriola et al., 2010) which can negatively affect the feeding 

value of DDGS for livestock (Belyea et al., 2004). Not only that, some results show that 

even within the same type of grain, amino acid digestibility of DDGS can be variable (Stein 
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et al., 2009; Fastinger and Mahan, 2006). 

High protein DDGS are produced by dehulling and degerming processes before 

fermentation to reduce amount of unfermentable components (NRC, 2012). According to 

Srinivasan et al. (2005) and Robinson et al. (2008), DDGS produced by elusieve method 

(combination of sieving and elutriation method) and raw starch hydrolysis had higher CP 

but lower fiber (NDF and ADF) content compared with conventional DDGS. Mechanical 

tail-end dehulling also increases CP and decreases fiber content (de Lange et al., 1998). 

 

3.2 Fiber content in DDGS   

Approximately 90% of plant cell walls are made up of NSP (Selvendran, 1984). The NSP 

includes a large array of polysaccharide molecules except starch and in most plant cell 

walls, cellulose, hemicellulose and pectin are the most abundant NSP (Choct, 1997; 

Grieshop et al., 2001). The most common NSP found in feedstuffs from plant origin 

includes cellulose, arabinoxylans, β-glucans, xyloglucans, xylans and arabinogalactans (de 

Lange, 2000). The NSP concentration varies among different plants and cereals; for 

example; barley contains more NSP than wheat or corn (Fincher and Stone 1986). Also, 

growing condition and fertilization can affect NSP content (Oscarsson et al. 1998). The 

NSP content of corn DDGS ranges from approximately 25 to 30% and most of these NSP 

are insoluble fiber which are mainly arabinoxylan and cellulose (Pedersen et al., 2014). 

Neutral detergent fiber (NDF) can be defined as the neutral detergent insoluble portion of 

NSP in addition to lignin, i.e. cellulose, hemicellulose, lignin. Acid detergent fiber (ADF) 
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includes cellulose and lignin. Therefore, the difference between NDF and ADF is the 

hemicellulose portion (Grieshop et al., 2001). 

According to NRC (2012), corn DDGS contains 33.8% NDF and 16.9% ADF. However, 

Urriola et al. (2010) analyzed 8 different samples of corn DDGS and found NDF content 

to range from 37.4 to 44.4% while ADF content ranged from 9.7 to 12.9%. The high fiber 

content in DDGS reduces the total tract digestibility of fiber which influences the 

digestibility of DM, and other nutrients (Urriola and Stein, 2010). Other studies also 

observed a decrease in protein and fat digestibility due to the presence of high levels of 

NSP (Bakker et al., 1998; Choct et al., 2010).  

Many factors can influence the fiber concentration in DDGS such as feedstock grain, 

fermentation method, heating temperature as well as the duration of fermentation and 

heating time (Spiehs et al., 2002; Urriola et al., 2010). Numerous studies indicate that only 

a portion of fiber in DDGS is fermented in the pig digestive tract with the majority of fiber 

being excreted in manure (Kerr and Shurson, 2013). Use of a liquid environment such as 

liquid feeding system to process feedstuff allows the feedstuff to be steeped; pre-steeping 

of high-fiber co-products and could enhance the nutritional value by enhanced hydrolysis.  

 

3.3 DDGS inclusion in grower-finisher pigs diet 

Since high fiber feedstuffs reduce digestibility; inclusion level must be considered as pigs 

cannot efficiently obtain nutrients and energy from them.  

Different inclusion levels of DDGS have been studied (NRC, 2012) to find the optimal 
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inclusion level in swine feed. Feed intake may be reduced when DDGS inclusion levels 

are high because of poor palatability (Whitney and Shurson, 2004). For example, Stender 

and Honeyman, (2008) observed reduced average daily gain (ADG) and average daily feed 

intake (ADFI) in finishing pigs fed 40% DDGS which was in agreement with Cromwell et 

al. (1993). Cook et al. (2005), and Gaines et al. (2007) observed no effects on performance 

when 30% DDGS were added to corn/soybean meal based diets. When comparing 0, 10, 

20, 30% DDGS inclusion in the diet, no differences in ADG, feed efficiency and carcass 

composition were observed (DeDecker et al., 2005). However, other studies have shown 

negative performance results when adding 30% DDGS to pig diets (Cromwell et al. 1993; 

Weimer et al., 2008). The reason behind the different results from adding 30% DDGS in 

pig diet is unclear. However, it may be due to differences in quality of DDGS that have 

been used in each experiment (Stein and Shurson, 2009). 

A review from Stein and Shurson. (2009) on 25 different studies with different DDGS 

inclusion levels found that DDGS can be included up to 30% of the diet without affecting 

growth performance of growing-finishing pigs. Otherwise, growth performance may be 

affected if higher amounts of DDGS are fed. 

 

 

4 Liquid feeding  

Liquid feeding is mixing of a diet containing by-products with conventional dry materials 

or raw materials with water prior to feeding (Missotten et al., 2015). As of 2012, 
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approximately 20% of Ontario swine producers were using a liquid feeding system in pig 

production (de Lange and Zhu, 2012). The use of liquid feeding systems in the North 

America swine industry is growing (Wiseman, 2016).  

Liquid feeding systems allow utilization of a variety of alternative feed ingredients 

(Scholten et al., 1999), and fermentation. Newer liquid feeding systems are highly 

computerized (de Lange and Zhu, 2012) which provide accuracy in rationing water to feed 

(Brooks et al., 2001). Benefits from liquid feeding may include improved growth 

performance and gut health. Within few days of post weaning, villus shortening and crypt 

deepening in the small intestine occurs (Makkink, 1993; Van Beers-Schreurs, 1996). 

Liquid feeding piglets has been shown to improve villus length and crypt depth of the small 

intestine (Scholten et al., 1999). Also, fermented liquid feed can improve digestibility as 

fermented liquid feed can decreases gut pH, which can enhance proteolytic activity 

(Radecko et al., 1988; Missotten et al., 2015). However, inconsistency in fermentation is a 

major problem for liquid feeding which can result in yielding undesirable fermentation 

products. Many factors such as temperature, time, and species of microorganisms can 

influence fermentation.  

Therefore, it is critical to monitor and control the liquid feeding system to ensure optimal 

fermentation conditions (Wiseman, 2016). 

  

4.1 Definition of liquid feed  

The clear difference between liquid feed, steeped liquid feed and fermented liquid feed are: 
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1. Liquid feed or non-fermented liquid feed refers to preparing a mix of feed containing 

co-products or conventional dry feed ingredients with water before feeding or in the 

trough at feeding (Brooks et al., 2001).  

2. Liquid steeping refers to storing the mixture of feed and water in a tank with or 

without enzymes for a short period before feeding (Choct et al., 2004; Columbus et 

al., 2010).  

3. Liquid fermentation refers to storing the mixture of feed and water with the inclusion 

of fermentation aids such as microbial inoculants and feed enzymes for a prolonged 

time with or without back slopping (Christensen et al., 2007). 

 

4.2 Benefits of liquid feeding  

Liquid feeding allows the use of affordable co-products (Scholten et al., 1999) which can 

significantly reduce the cost of feed. As most of the co-products are highly fibrous, soaking 

in water prior to feeding can activate naturally occurring enzymes present in the feed 

ingredient which can hydrolyze fiber (Brooks, 2001). Studies comparing liquid feeding 

versus dry feeding have been conducted by many researchers.  

Soaking feed prior to feeding reduces the pH to between 4.0 and 4.5. Reduced pH can 

decrease the number of pathogens such as E coli and Salmonella in the feed and 

gastrointestinal tract of pigs compared to providing dry feed (Mikkelesen and Jensen, 1998; 

Scholten, 2002; Missotten et al., 2010; Rudback, 2013) and promote protein digestion in 
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the stomach (Smith, 1976; Longland, 1991; Mikkelsen and Jensen, 1998). Steeping results 

in beneficial fermentation and increases lactic acid bacteria (LAB) that are part of the 

natural microflora of grains (Beal et al., 2005; Brooks, 2001; Canibe and Jensen, 2012). 

The dominant fermentation product from carbohydrates by the actions of LAB is lactic 

acid which is the primary factor responsible for the antimicrobial effects of fermented 

liquid feeds (van Winsen et al., 2000). 

Liquid feeding can benefit pig growth performance. Average daily gain (ADG) was greater 

when pigs were fed liquid feeds compared to feeding dry feeds (Jensen and Mikkelsen, 

1998; Hurst et al., 2008), and ADG was further increased when liquid feed was fermented 

(Dung et al., 2005). Also, improvements in nutrient digestibility were observed when 

barley and wheat based diets were fed as liquid feed (Pedersen and Lindberg, 2003; Lyberg 

et al., 2006).  

Not only that, liquid feeding can provide a better housing environment for pigs as dust is 

reduced, and the presence of improved material handling and, accurate rationing as liquid 

feed systems are highly computerized.  

However, besides these beneficial effects on pig performance, gut health, and economics, 

there are disadvantages to liquid feeding which should be carefully considered. 

 

4.3 Disadvantages of liquid feeding   

Newer liquid feeding systems are highly computerized; therefore, the drawback is that 

mechanical, computer knowledge and skills are needed to maintain the system as the 
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system can have complex problems (Columbus, 2008). 

Other negative aspects of liquid feeding may be related to poorly controlled fermentation 

or fermentation that did not reach steady state which can cause proliferation of 

enteropathogens and undesirable high concentrations of yeast (Dujardin et al., 2014), 

fermentation products that provide off-flavors that affect palatability (Beal et al., 2005) 

and the degradation of amino acids during fermentation. 

As soon as feed is mixed with water, fermentation can occur. Canibe and Jensen (2003) 

observed that fermentation decreased amounts of low molecular weight (LMW) sugars, 

and increased LAB, yeasts, and total anaerobes in non-fermented liquid feed compared to 

dry feeding. The non-fermented liquid feed was mixed immediately prior to feeding. 

However, non-fermented liquid feed did not reach steady state as Enterobacteriaceae 

levels were high. 

Fermentation that is not in a steady state may influence loss of essential amino acids such 

as Lys that can impact performance. Steady state refers to a condition with high levels of 

lactic acid bacteria, yeasts, lactic acid, low pH and enterobacteria counts (Lawlor et al., 

2002; Canibe and Jenson, 2003). The disappearance of Lys and Arg in fermented liquid 

feeds is often due to microbial decarboxylation. Decarboxylation is caused by 

Enterobacteriaceae (Marino et al., 2000; Niven et al., 2006) and Enterobacteriaceae can 

be found in both fermented liquid feed and unfermented liquid feeds (Jensen and 

Mikkelsen, 1998; Russell et al., 1996). Niven et al. (2006) observed reduction in Lys 

content in liquid feed which was due to E.coli. 
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In general, a good fermentation in liquid feeding system will have high levels of LAB. 

However, in certain conditions LAB may be involved in decarboxylation and produce 

biogenic amines (Arena and de Nadra, 2001). The off flavors in liquid feeds are often 

related to increased acetic acid production. High concentrations of acetic acid can create 

distinct vinegar flavors and smells, reducing the palatability of the feed (Beal et al., 2005) 

which then results in reduced feed intakes. 

Therefore, proper management and understanding of the system are essential for 

consistency of the fermented feed products. 

 

4.4 Optimal conditions for fermentation in liquid feeds  

Prescott et al. (1996) has defined fermentation as; “A dynamic process whereby starch and 

sugar in particular can be transformed by microbes into the fermentation products; lactic 

acid, organic acids and alcohol”. To conserve food, microbial fermentation has been used 

for over one thousand years by humans (Missotten et al., 2010). Due to antimicrobial 

properties and longer shelf life that fermentation can provide, fermented products are 

widely used (Adams and Mitchell, 2002).  

Liquid feeding allows the potential to ferment various feedstuffs. Newer liquid feeding 

systems are highly computerized. Most of them have a central mixing tank and pumps and 

pipes that transfer liquid feed to individual troughs (de Lange and Zhu, 2012). The 

existence of bio-film and microbes in the liquid feed tanks, feed lines and feeding troughs 

promote fermentation in every liquid feeding system (de Lange and Zhu, 2012). In most 
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raw feedstuffs, beneficial natural microflora such as LAB and yeast exist as well as 

undesirable microorganism such as enterobacteria (Rudback, 2013).  

Fermentation can be divided into two phases. The first phase of fermentation contains low 

concentrations of lactic acid bacteria, yeasts, lactic acid, high pH, and high levels of 

enterobacteria. The second phase is steady state and is characterized by high levels of lactic 

acid bacteria, yeasts, lactic acid, low pH, and low enterobacteria counts (Lawlor et al., 

2002; Canibe and Jenson, 2003). Yeast concentrations may continue to increase over time 

(Canibe and Jensen 2003; Canibe et al., 2010; Rudback, 2013) which can negatively affect 

feed palatability and energy content of the feed (Jensen and Mikkelsen, 1998). However, 

there is an inverse relationship between yeast and enterobacteria concentrations in the 

gastrointestinal tract (GIT) of pigs. Therefore, high yeast concentrations in fermented 

liquid feeds may be beneficial.  

Good quality liquid feeds can be characterized by the following parameters; 1) pH level 

below 4.5 to prevent pathogens and unwanted organisms (van Winsen et al., 2001), and 2) 

lactic acid concentrations above 100 mM to reduce Salmonella and e. coli (Brooks, 2003), 

3) acetic acid concentrations below 40 mM (van Winsen et al., 2001) as acetic acid has a 

distinct vinegar taste and smell at high concentrations reducing the palatability of the feed 

(Beal et al., 2005). 

 

4.5 The need for attaining an optimal temperature at steeping or fermentation  

At lower temperatures, the yeast population develops which contributes to reduced 
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palatability and energy of the feed (Brooks et al., 2001). The common temperature used in 

past studies ranged between 20 to 30°C (Brooks et al., 2001; Scholten et al., 2002; Canibe 

and Jenson, 2003; Missotten, 2010). Fermentation at 15°C required more than 100 h to 

reach pH 4.0 without affecting the microbial population (Dujardin et al., 2014) which may 

not be practical for production.  

Jensen and Mikkelsen (1998) suggested high quality fermented liquid feeds can be 

produced at temperatures above 20°C with the final product reaching pH below 4.5. 

However, in temperatures below 24°C, cold-shock proteins can be produced by Salmonella 

which allows the undesirable bacteria to better survive adverse conditions (Beal et al., 

2002). 

According to Svensson (1999), 37°C is the optimal temperature for probiotic organisms to 

proliferate. An in vitro study by Wiseman (2016) found faster increases in lactic acid 

concentrations and decreased acetic acid concentrations and pH when DDGS was 

fermented at 40°C. Other studies reported rapid increases in lactic acid concentration or 

shorter time to reach steady state of fermentation when fermented at high temperatures 

(Brooks et al., 2001; Jensen and Mikkelsen, 1998). 

 

5 Enzyme use in the swine industry  

Since the late 1980’s, feed enzymes have beneficially impacted meat and egg production 

due to improvements in the nutritional value of feed ingredients and efficiency of digestion 

(Barletta, 2010). 
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Maenz and Classen, (1998) pointed out possible modes of actions for feed enzymes in 

animal nutrition to include; 1) removal of anti-nutritional factors, 2) improvements in 

nutrient digestibility; 3) improvements in NSP utilization; and (4) complementing host 

endogenous enzymes.  

Enzymes used in livestock production mainly targets phytates, carbohydrates and protein. 

In the current enzyme market, phytases represent 60%, carbohydrases 30%, and others 10% 

of the total enzyme sales (Kiarie et al., 2013b). The main carbohydrases used in livestock 

production are fiber degrading enzymes (FDE), including xylanase and β-glucanase. Other 

FDE are used such as β-mannanase, pectinase, and α-galactosidase; however, these are 

used to a lesser extent. 

Most feedstuffs of plant origin contain cellulose, arabinoxylans, β-glucans, xyloglucans, 

xylans and arabinogalactans (de Lange, 2000). In corn DDGSs, arabinoxylan and cellulose 

are the most abundant NSP (Pedersen et al., 2014). The digestion of these NSP by the pig 

is limited to the actions of the microflora in the gastrointestinal tract. Therefore, xylanases 

and β-glucanase matches well with the nature of fiber found in DDGS.  

The role of fiber degrading enzymes includes: 1) soluble and insoluble fiber hydrolysis, 2) 

improving fermentation in the lower gut and energy utilization by reducing digesta 

viscosity, and 3) disruption of cell walls (Dierick, 1989). 

Enzymes can be used in dry or liquid feeds; however, the addition of enzymes to liquid 

feeds results in enzyme activation prior to feeding (Canibe and Jensen, 2012). 
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5.1 Xylanases and β-glucanases 

Commercial xylanases used as feed additive are mostly of fungal in origin (Paloheimo et 

al., 2010). The use of xylanases in feedstuffs containing high amounts of arabinoxylans 

can improve nutritional value by degrading arabinoxylan structures in cell walls. The 

actions of the xylanase liberate nutrients within the cell from encapsulation for use by the 

animal. This can increase digestion of energy and protein (Dierick and Decuypere, 1994).  

β-glucans are found in the endosperm wall of grains especially in barley. The mixed link 

of β -β-(1→4) and β-(1→3) structures in β -glucans are known to be anti-nutritional, NSP 

which negatively impacts nutrient digestion and absorption (Li et al., 1996). As β-

glucanase hydrolyzes β-glucan and can improve growth and nutrient digestibility in pigs 

(Li et al., 1996), many studies suggest that supplementation of β-glucanases to diets 

containing high amounts of β -glucans can be beneficial (Bedford et al., 1992, Tsai et al., 

2017). 

Xylanases and β -glucanases have been shown to be beneficial in poultry diets due to an 

improvement in feed efficiency and bird uniformity when these enzymes are used (Barletta, 

2010). However, growth performance responses from pigs fed diets with added xylanase 

and β-glucanase are inconsistent (de Vries et al., 2012; l’Anson et al., 2013). 

Many study have supplemented individual enzymes or cocktails of enzymes in high fibre 

diets to disrupt NSP. While some studies have found that the addition of enzymes have 

improved nutrient digestibility and/or growth performance (O’Connell et al., 2005; 

Lordelo et al., 2008; Woyengo et al., 2008; Yoon et al., 2008; Owusu-Asiedu et al., 2015), 
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other studies have found decreased nutrient digestibility and/or depressed growth 

performance when enzymes were provided in the diet (Feoli et al., 2009; Jacela et al., 

2010). With increasing use of high-fiber co-products, the use of exogenous enzymes may 

be very beneficial. However, with inconsistent responses in studies utilizing enzymes, 

further research is needed.  

 

6 Summary 

DDGS is a great alternative energy and nutrient source that can be used to replace 

conventional feed grains; however, pigs have a limited ability to utilize high amounts of 

fiber present in DDGS. Newer technologies allow efficient extraction of starch, oil, and 

ethanol which can affect the nutritional value of co-products for feeding livestock. 

Removing fiber fractions produces high protein DDGS.  

The use of liquid feeding systems and FDE can potentially disrupt and hydrolyze fiber in 

corn DDGS. Liquid feeding can improve management, nutritive value of highly fibrous 

feedstuffs and health status of pigs. The aqueous environment in liquid feeding systems 

activates naturally occurring enzymes present in the diet.  

The application of FDE in the swine industry has shown promising results on pig growth 

performance, and digestibility of fibrous feedstuffs. Enzymes can be used in dry or in liquid 

feeds; the advantage of enzyme addition to liquid feeds is enzyme activation, prior to 

feeding; therefore, enzyme application in liquid feeding systems can provide significant 

improvements when using highly fibrous feedstuffs in pig diets. 
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7  Tables and Figures 

Figure 1. Dry milling ethanol production process and co-products 

 

ICM Inc. (www.icminc.com)  
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CHAPTER 2. Research hypothesis and objectives 

 

The use of DDGS as a livestock feed ingredient has been increasing with the rapid growth 

of the ethanol industry and newer processing methods are being developed to produce high 

quality DDGS. Inclusion of DDGS in pig feeds can potentially improve profits as the cost 

of DDGS is cheaper than traditional feed ingredients. However, the value of DDGS for 

pigs is low because of the high fiber content. The fiber content can be modified by different 

processing methods, utilization of enzymes and/or liquid feeding. Fiber degrading enzyme 

(FDE) supplementation has been shown to improve growth performance and fiber 

digestibility in pigs. Use of liquid fermented feeds also has been shown to improve growth 

performance, gut health and fiber digestibility. However, these results are variable among 

studies. Therefore, it is critical to understand the response of utilizing FDE and liquid 

feeding to improve utilization of DDGS in pig diets.  

 

Hypothesis: Feeding value of corn DDGS can be improved by removal of fiber prior to 

making DDGS and with the use of fiber degrading enzymes in a liquid environment. 

Overall objective: To evaluate effects of processing and use of fiber degrading enzymes 

for improving nutritive value of corn DDGS in pigs. 

Specific objectives:   

1) To measure standardized ileal digestible crude protein and amino acids contents, 

and digestible contents of energy yielding nutrients of a novel high protein DDGS 
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fed to growing pigs (Experiment 1).  

2) To evaluate the effects of treating corn DDGS with fiber degrading enzymes with 

(without) fermented liquid feeding system (LF) on growth performance, 

gastrointestinal parameters and digestible energy in growing pigs (Experiment 2). 

3) To evaluate the effects of treating DDGS with fiber degrading enzymes in 

controlled steeping (CS) on digestible amino acids and energy in growing pigs 

(Experiment 3).  
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CHAPTER 3. Standardized ileal digestible amino acids and digestible energy (DE) 

contents in high-protein distillers dried grains with solubles fed to growing pigs1  

 

1 Abstract  

Chemical composition and potential nutritive value of corn distillers dried grains with 

solubles (DDGS) are constantly evolving as the ethanol industry becomes innovative to 

improve ethanol production efficiency. We determined standardized ileal digestibility (SID) 

values for AA (Exp. 1) and DE content (Exp. 2) in high-CP (HP; >40% on DM basis) 

DDGS samples. Two HP DDGS samples (HP-A and HP-B) and one conventional DDGS 

sample (C) were selected for this study. Three semi-purified corn-starch based diets 

(minimum 18% crude protein (CP), as-fed basis) were formulated with DDGS as the sole 

source of amino acids (AA). A fourth nitrogen (N)-free diet was prepared to estimate basal 

ileal endogenous AA losses. The ratio of corn starch: sucrose: oil was kept constant across 

diets to allow calculation of digestible energy (DE) content in DDGS by the difference 

method. In Exp. 1, 8 ileal-cannulated barrows (body weight = 23.9 kg) were used in a 

replicated 4 x 4 Latin square design (n=8). Pigs were fed at 2.8 x maintenance energy 

requirements. In each period, pigs were adjusted to diets for 5 d followed by 2-d, 8 h 

continuous collection of ileal digesta. In Exp. 2, nine barrows (body weight = 24.9 kg BW) 

                                           

 

1 Published.  

Y.Rho, C.Zhu, E. Kiarie and C.F.M. de Lange. Journal of Animal Science 2017. 95: 8: 3591-3597 

doi:10.2527/jas.2017.1553 
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were assigned to the previously described four diets in a repeated 9 x 4 Youden square 

design to give 9 replicates per diet. In each period, pigs were adjusted to diets for 7 d, 

followed by 5 d of grab fecal sample collection. The analyzed CP contents were 30.1, 42.3 

and 43.1% (DM basis) in C, HP-A and HP-B DDGS samples, respectively; the 

corresponding values for GE were 5,067, 5,425 and 5,407 kcal/kg DM, respectively. The 

concentrations of fat and NDF were comparable among the DDGS samples. Except for 

Arg and Val, the SID values for indispensable AA were not different (P > 0.05) among the 

three DDGS samples. However, HP samples had higher (P < 0.05) SID content values for 

indispensable AA and CP compared with C. The SID values for Lys were 4.9, 6.1 and 7.4 

g/kg DM for C, HP-A and HP-B, respectively; the corresponding values for Met and Thr 

were 4.6, 6.8 and 7.4 g/kg DM and 6.8, 9.5 and 10.7 g/kg DM, respectively. The DE content 

in HP samples was greater (P < 0.01) than in C (3,614, 4,494 and 4,555 kcal/kg DM for C, 

HP-A, HP-B, respectively). In conclusion, high-protein DDGS had higher SID content of 

AA and DE compared with conventional DDGS. 

Key words: High-protein DDGS, pig, standardized ileal digestible AA, DE 
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2 Introduction 

The swine industry is constantly being presented with alternative feedstuffs; characterizing 

the nutritive value of these alternative ingredients might stimulate their adoption in swine 

diets (Woyengo et al., 2014). Distillers dried grain with solubles (DDGS), a co-product 

from the ethanol industry is now widely used in swine diets (Stein and Shurson, 2009; 

Woyengo et al., 2014). An aspect of corn ethanol production is continuous modification 

and innovation of the processing techniques to yield more ethanol and diversified products 

(Sekhon et al., 2015). As a consequence, the chemical composition and therefore the 

nutritive value of corn DDGS are constantly evolving. Different processing and heating 

techniques as well as various sources of feedstock grains can affect DDGS chemical 

composition and digestibilites of AA and energy (Urriola et al., 2010; Pedersen et al., 2014; 

Pedersen et al., 2015). It is therefore important to evaluate and understand the chemical 

composition and characterize digestible nutrients in new DDGS products for accurate diet 

formulations (NRC, 2012).  

A typical approach in production of high protein (HP) DDGS is installation of processes 

to remove non-fermentable components of the grain prior to fermentation (Sekhon et al., 

2015). The industry employs different technologies to generate HP DDGS which may 

impact the chemical composition and nutritive values of the DDGS (Widmer et al., 2007; 

Kim et al., 2009). Moreover, there is generally limited information on the nutritive value 

of HP DDGS relative to conventional DDGS. A mechanical sieving technology for ground 

grains to separate some fiber fractions prior to fermentation has been jointly developed by 
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IGPC Inc. (Aylmer, ON, Canada) and ICM Inc. (Colwich, KS). The resulting DDGS has a 

CP concentration of more than 40% on a DM basis. The nutritive value of the HP DDGS 

from this process has not been characterized. Therefore, the objective of this study was to 

determine SID of CP and AA and DE content in two HP DDGS samples. 

 

3 Materials and Methods 

Animal care and use protocols were approved by the University of Guelph Animal Care 

and Use Committee. Pigs were cared for in accordance with the Canadian Council on 

Animal Care guidelines (CCAC, 2009). 

 

3.1 DDGS samples and diets 

One conventional (C) and two high-protein (HP: HP-A, HP-B) DDGS samples were 

evaluated. The HP DDGS samples were produced by a process jointly developed by IGPC, 

Inc. (Aylmer, ON, Canada) and ICM, Inc. (Colwich, KS) (Table 1). Briefly, corn is 

subjected to dry-grinding using a hammer mill; the pulverized material is placed in 

mechanical sieves to remove portions of fiber particles prior to fermentation. The 

conventional DDGS was procured from a local feed ingredient supplier (Floradale Feed 

Mill Ltd, Floradale, ON Canada) (Table 1). Three semi-purified corn-starch based diets 

(target minimum 18% CP as fed) were formulated (Table 2) with DDGS as the sole source 

of AA. The three DDGS diets included C, HP-A and HP-B. A fourth diet was a N-free diet 
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formulated to estimate basal ileal endogenous AA losses for calculation of SID values for 

various AA (Stein et al., 2007). The ratio of corn starch: sucrose: oil was kept constant 

across diets to allow for calculation of the DE content for DDGS by the difference method 

(Kiarie et al., 2016). Minerals and vitamins were added to diets to meet or exceed nutrient 

requirements of growing pigs (NRC, 2012). Titanium dioxide (0.3% of the diet) was 

included as an indigestible marker to determine nutrient digestibility (Kiarie et al., 2016). 

 

3.2 Experiment 1 

Eight barrows (Yorkshire*Landrace ♀ X Duroc ♂; BW, 23.9 ± 1.02 kg) were procured 

from University of Guelph’s Arkell Swine Research Station (Guelph, ON, Canada) and 

housed in individual plexiglass lined pens with tenderfoot floors in a temperature 

controlled room at 20-22°C for 5 d prior to surgery. Pigs were surgically fitted with a 

simple T-cannula at the distal ileum, followed by a one-week postsurgical recovery period 

(de Lange et al., 1998). The surgical area was cleaned every day with warm water, and zinc 

oxide cream was applied after the area was fully dried. The experiment was conducted 

according to a replicated two 4 x 4 Latin Square design (n = 8). Feeding levels were based 

on body weight (2.8 x estimated maintenance energy requirements, NRC, 2012) adjusted 

for individual pigs at the beginning of each experimental period. Diets were fed as wet 

mash with a water to feed ratio of 2:1 twice daily (0830 and 1630 h). Water was provided 

ad-lib from a low pressure drinking nipple. Each period lasted for 7 d, with 5 d for 

adaptation to the dietary treatments followed by 8 h of continuous ileal digesta collection 
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on d 6 and 7. The ileal digesta collection bag was filled with 10 mL 10% formic acid and 

was attached to the cannula by an elastic band and was replaced as needed. Digesta were 

kept in the refrigerator during the collection, pooled at the end of the day and stored at -

20°C. The pigs were euthanized after the study to assess any intestinal abnormalities from 

cannulation. 

 

3.3 Experiment 2 

A metabolism trial was conducted at the same time as Exp. 1 and was located in the next 

room with the same environmental control, identical feeding level and similar 

experimental design. Briefly, nine barrows with an average BW of 24.9 ± 1.03 kg were 

assigned to one of the four experimental diets (Table 2) in a 9 × 4 Youden square design 

(Kiefer, 1975). Feeding levels and feeding h (0830 and 1630 h) were identical to Exp. 1. 

In each experimental period, pigs were adjusted to diets for 7 d, followed by a 5-d grab 

fecal collection. Fresh fecal samples were collected 6 times daily and stored at -20°C. 

 

3.4 Laboratory analysis, calculations and statistical analysis 

The DDGS, ileal digesta, and fecal samples were freeze-dried and finely ground for 

chemical analyses. All samples were analyzed for DM, N, gross energy, crude fat and 

titanium. Samples of DDGS, diets, and ileal digesta were further analyzed for AA whereas 

fiber (NDF and ADF) content was determined in DDGS samples, diets and fecal samples. 
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Dry matter determination was carried out according to standard procedures method 930.15 

(AOAC, 2005). Nitrogen was determined by the combustion method 968.06 (AOAC, 2005) 

using a CNS-2000 carbon, N, and sulfur analyzer (Leco Corporation, St. Joseph, MI). The 

CP values were derived by multiplying the assayed N values by a factor of 6.25. Gross 

energy was determined using a bomb calorimeter (IKA Calorimeter System C 5000; IKA 

Works, Wilmington, NC). The NDF and ADF concentrations were determined according 

to (Van Soest et al., 1991) using Ankom 200 Fiber Analyzer (Ankom Technology, Fairport, 

NY). Titanium content was measured on a UV spectrophotometer following the method of 

Myers et al. (2004). Crude fat content was determined using ANKOM XT 20 Extractor 

(Ankom Technology, Fairport, NY). Amino acid analyses were carried out at the lab of 

Evonik Industries AG, Hanau-Wolfgang, Germany. Briefly, samples were oxidized with 

performic acid and then neutralized with Na metabisulfite; AA were quantified using ion-

exchange chromatography with post-column derivatization with ninhydrin (Llames and 

Fontaine, 1994). Tryptophan and Tyr were not determined.   

Apparent ileal digestibility (AID) and standardized ileal digestibility (SID) values for CP 

and AA were calculated according to de Lange et al. (1998). The DE content in DDGS 

samples was calculated using the difference method (Adeola, 2001). Briefly, the energy 

concentration in the N-free diet was divided by 0.9303 to obtain the energy concentration 

contributed by corn starch, sucrose and corn oil. The contribution of DE from corn starch, 

sucrose and corn oil was then subtracted from test diet to calculate the amount of DE 

contributed by conventional DDGS, HP-A and HP-B in respective diets. 
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Data were analyzed using MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). For Exp. 

1, the model contained the fixed effects of the diet and the random effects of pig and period. 

For Exp.2, data obtained were subjected to ANOVA as a 9 × 4 Youden square design 

(Kiefer, 1975) with 8 df for barrows, 3 df for periods and 3 df for diets. An alpha level of 

0.05 was used to determine statistical significance and dietary treatment means were 

compared using Tukey’s test. 

 

 

4 Results and discussion  

Pigs were healthy throughout the study and no abnormalities were observed in any of the 

pigs when euthanized for examination at the end of the study. The CP and AA 

concentrations in HP DDGS samples were higher than in the conventional DDGS (Table 

1). Specifically, the CP concentrations in the two HP DDGS samples was greater than 40% 

relative to the conventional DDGS (30.1% on DM basis). On a DM basis, the concentration 

of CP in HP-A (42.3%) and HP-B (43.2%) were within the range of 38 to 49% CP for HP 

DDG samples reported in the literature (Widmer et al., 2007; Widmer et al., 2008; Kim et 

al., 2009; Son et al., 2017). The AA concentrations for HP DDGS samples were higher 

than in conventional DDGS, specifically Lys, Met and Thr concentrations were more than 

31, 41 and 41% higher in HP-DDGS. The concentrations of AA and the ratio of Lys: CP 

in HP DDGS samples were consistent with values reported for HP-DDG (Widmer et al., 

2007; Widmer et al., 2008; Kim et al., 2009).  
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The concentration of fiber (NDF and ADF) and fat among three DDGS samples were 

comparable (Table 1). Fiber and CP are the major components in DDGS and the ratio of 

CP:NDF was similar to the value reported by NRC (2012) for conventional DDGS. In this 

context, it is anticipated that the removal of the fibrous portion of corn prior to fermentation 

will result in production of DDGS with less fiber (NRC, 2012). The CP: NDF ratio in HP-

DDGS-A (1.32) and HP DDGS-B (1.39) (Table 1) was comparable to the previously 

reported HP DDG samples CP:NDF ratio which were 1.11 (Kim et al., 2009) and 1.35 

(NRC, 2012) but lower than the ratio of 2.51 reported by Widmer et al. (2007). The 

concentration of ADF in conventional DDGS was lower than the two HP DDGS samples. 

The two HP DDGS samples and the conventional DDGS sample were produced with 

different corn and was obtained from different ethanol plants. According to Pedersen et al. 

(2014) and Stein et al. (2007), nutrient composition varies from different ethanol plants 

and grains. Stein et al. (2007) also reported that the different nutrient contents in various 

DDGS sources can’t be reduced by obtaining DDGS from geographically close plants that 

use similar technologies and quality of corn. 

Many factors can influence the fiber concentration in DDGS such as feedstock grain, 

processing, fermentation method and heating temperature as well as duration of heating 

and fermentation (Spiehs et al., 2002; Urriola et al., 2010; Pedersen et al., 2014). The 

DDGS produced by elusieve and other fractionation methods had higher CP but lower fiber 

(NDF and ADF) contents compared with conventional DDGS (Srinivasan et al., 2005; 

Widmer et al., 2007; Robinson et al., 2008). Aspirators for removal of bran from pulverized 
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grains prior to fermentation resulted in HP DDGS with high concentrations of CP but with 

similar NDF concentrations compared to conventional processing (Kim et al., 2009). It is 

also plausible that NDF and ADF concentrations did not accurately reflect the total fiber 

concentration in DDGS subjected to different production processes (Urriola et al., 2010). 

Detergent fibers analyses (NDF and ADF) do not account for soluble fiber relative to fiber 

analysis using the total dietary fiber method which is more accurate as it accounts for both 

soluble and insoluble fiber concentration (Campbell et al., 1997; Cho and Prosky, 1997).  

The HP DDGS samples had higher (P < 0.05) apparent ileal digestibility (AID) of DM than 

conventional DDGS (Table 4). However, AID of CP was highest in HP-B (65.5) and lowest 

for HP-A (52.3). The AID of CP for conventional (58.7) was not different with both HP 

DDGS treatments (P = 0.04). The AID values for CP, Arg, Ile, Met and Val for HP-B were 

greater (P < 0.05) than corresponding AID values for HP-A which in turn were similar (P 

> 0.05) to AID values for conventional DDGS. The lowest AID values among the 

indispensable AA were found for Lys, corresponding to 43.7, 39.2 and 48.5% for 

conventional, HP-A and HP-B samples, respectively (Table 4). These observations agree 

with the well-known phenomenon that Lys is the least digestible indispensable AA in 

conventional DDGS (NRC, 2012; Kiarie et al., 2013a) and HP DDGS (Widmer et al., 2007; 

Kim et al., 2009). The AID values for Lys in the present study were within the range (55 ± 

11%) or close to the reported values for conventional DDGS (NRC, 2012). However, 

Widmer et al. (2007) and Kim et al. (2009) reported a much higher AID for Lys (57%, 

72.1%, respectively) in HP DDG samples compared with HP DDGS samples used in the 
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current study as addition of solubles can decrease AID and SID values for AA (Widmer et 

al., 2007). The differences could also be attributed to the use of much heavier pigs (110 kg 

BW) in previous studies (Shi and Noblet, 1994) compared with the current study where 

pigs weighed less than 30 kg BW at the start of the study.  

The basal endogenous CP and AA loses at the terminal ileum of pigs fed N-free diets (Table 

5) are comparable to values reported in a recent review (Adeola et al., 2016). The SID 

values (% basis) were generally not different (P < 0.05) among the DDGS samples (Table 

6). However, the SID values for CP, Arg and Val were greater (P < 0.05) for HP-B 

compared with HP-A. The HP-B and conventional DDGS had similar SID values for CP 

and Arg. But, SID values for Val in HP-A were not different (P > 0.05) from conventional 

DDGS. In agreement with AID values, Lys had the lowest SID value among the 

indispensable AA; these SID values for Lys included 51.6, 47.2 and 55.9% for 

conventional DDGS, HP-A and HP-B, respectively. The SID values for Met were 80.0, 

78.9 and 82.9% for conventional DDGS, HP-A and HP-B, respectively. The corresponding 

values for Thr were 60.6, 60.4 and 66.9%, respectively. The reported SID values for Lys 

and Thr for conventional DDGS fell in the range of 61 ± 8.8% and 71 ± 5.7%, respectively 

as reported in NRC (2012). The SID values for Met were within the range of 82 ± 4.13% 

for conventional DDGS (NRC, 2012). The SID values (g/kg DMI basis) for CP and 

indispensable AA in HP DDGS samples were greater (P < 0.05) than corresponding values 

for conventional DDGS (Table 7). This was a reflection of the higher concentrations of CP 

and AA in HP DDGS samples. Furthermore, the SID content of CP, Arg, His, Ile, Leu, Lys, 
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Met and Val were greater (P < 0.05) in HP-B compared with HP-A (Table 7). The SID 

content of Lys in conventional DDGS, HP-A and HP-B were 4.91, 6.10 and 7.35 g/kg DM, 

respectively. The corresponding values for Met and Thr were 4.63 and 6.78 g/kg DM for 

conventional DDGS, 6.80 and 9.54 g/kg DM for HP-A and 7.44 and 10.70 g/kg DM for 

HP-B. The SID values are preferred in modern swine diet formulations as they are additive 

in mixed diets and improve precision in feed formulation (Stein et al., 2007; Adeola et al., 

2016). Lysine, Met and Thr are among the four most limiting AA in swine diets and are a 

major focus in least cost feed formulation; it is therefore of interest that the HP DDGS 

samples have higher SID concentrations for these AA than conventional DDGS. 

Interestingly the observed SID content for Met in HP DDGS was greater than SID content 

of Met for high (5.9 g/kg) and medium (5.1 g/kg) protein soybean meals (NRC, 2012).   

High-protein DDGS samples had higher (P < 0.05) standardized total tract digestibility 

(STTD) values for DM, NDF, ADF and GE than respective STTD values for conventional 

DDGS (Table 8). The STTD values for CP were numerically highest in HP-B; however, 

STTD values for CP did not differ for HP-A versus conventional DDGS. The DE contents 

calculated by the difference method (Adeola, 2001) in the current study were 3,614, 4,494 

and 4,555 kcal/kg DM for conventional, HP- A and HP-B DDGS, respectively. The DE 

content for conventional DDGS (9.3 % fat on a DM basis) in the present study was 

comparable to the DE content for conventional DDGS samples with less than 4% oil (4 % 

fat on a DM basis) reported by NRC (2012). The DE values for HP DDGS samples tested 

in the current study were higher than 3,962 kcal/kg DM reported by Son et al. (2017) but 
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lower than 4,763 kcal/kg DM reported by Widmer et al. (2007) and 5,043 kcal/kg DM 

reported by Kim et al. (2009). The HP DDGS data from the current study were compared 

with HP DDG data reported in the literature as there are no reports in the literature for SID 

values for AA from HP DDGS samples. Interestingly, the DE content for HP DDGS 

samples in the present study were much higher than DE values for conventional DDGS 

with > 4% oil content (10.1 % fat in a DM basis) (NRC, 2012).  

Dietary energy is not only the most expensive component of the feed but it is the greatest 

contributor to the growth and efficiency of pork production (NRC, 2012). The present data 

generated information to allow accurate formulation of HP DDGS in practical swine diets. 

The HP DDGS should be evaluated for optimal and economical inclusion levels to replace 

corn and soybean meal in practical swine diets. 
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5 Tables and Figures  

Table 1. Analyzed chemical composition for DDGS samples, as-fed basis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Conventional: Conventional corn DDGS obtained from commodity market (Floradale 

Feed Mill Ltd, Floradale, ON Canada).   
2High protein corn DDGS collected at time point A (HP-A). (IGPC Inc., Aylmer, ON, 

Canada)  
3High protein corn DDGS collected at time point B (HP-B). (IGPC Inc., Aylmer, ON, 

Canada) 

Item Conventional1 HP- A2 HP- B3 

DM, % 92.1 91.9 91.3 

CP, % 27.7 38.9 39.4 

GE, kcal/kg 4,665 4,986 4,935 

ADF, % 11.9 14.6 14.8 

NDF, % 28.9 29.4 28.4 

Starch, % 2.72 1.33 1.09 

Crude fat, % 8.57 9.27 8.63 

Ash, % 4.53 2.40 2.34 

Ca, % 0.07 0.05 0.06 

P, % 0.86 0.50 0.47 

Indispensable AA, % 
 

  

 Arg 1.25 1.64 1.66 

 His 0.74 1.01 1.04 

 Ile 1.00 1.48 1.50 

 Leu 3.17 4.78 5.01 

 Lys 0.88 1.19 1.20 

 Met 0.53 0.79 0.82 

 Met + Cys 1.08 1.52 1.60 

 Phe 1.35 2.01 2.07 

 Thr 1.03 1.45 1.46 

 Val 1.34 1.92 1.95 

Dispensable AA, %    

 Ala 1.96 2.78 2.87 

 Asp 1.83 2.62 2.60 

 Cys 0.55 0.73 0.78 

 Glu 4.70 6.69 6.92 

 Gly 1.10 1.44 1.43 

 Pro 2.25 3.29 3.40 

 Ser 1.32 1.89 1.93 

(Lys/CP) x 100 3.18 3.06 3.05 
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Table 2. Ingredient composition of the experimental diets, as-fed basis 

 Distillers dried grains with solubles N-free 

Ingredients, % Conventional1 HP- A2 HP- B3 

  Conventional DDGS 65.6 - - - 

  HP-A - 50.0 - - 

  HP-B - - 50.0 - 

  Corn starch 28.3 41.20 41.2 84.8 

  Sucrose 2.06 3.00 3.00 6.17 

  Cellulose 0.69 1.00 1.00 2.06 

  Corn oil 0.69 1.00 1.00 2.06 

  Limestone 1.35 1.00 1.00 0.80 

  Mono calcium phosphate 0.20 1.50 1.50 2.30 

  NaCl 0.30 0.50 0.50 0.50 

  K2CO3 - - - 0.40 

  MgO - - - 0.14 

  Vitamin and mineral4 

premix4 

0.60 0.60 0.60 0.60 

  TiO2 0.20 0.20 0.20 0.20 
1Conventional: Conventional corn DDGS obtained from commodity market (Floradale 

Feed Mill Ltd, Floradale, ON Canada).   
2High protein corn DDGS collected at time point A (HP-A), (IGPC Inc., Aylmer, ON, 

Canada).  
3High protein corn DDGS collected at time point B (HP-B), (IGPC Inc., Aylmer, ON, 

Canada). 
4Provided per kilogram of diet: vitamin A, 12,000 IU as retinyl acetate; vitamin D3, 1,200 

IU as cholecalciferol; vitamin E, 48 IU as dl-α-tocopherol acetate; vitamin K, 3 mg as 

menadione; pantothenic acid, 18 mg; riboflavin, 6 mg; choline, 600 mg; folic acid, 2.4 mg; 

niacin, 30 mg; thiamine, 18 mg; pyridoxine, 1.8 mg; vitamin B12, 0.03 mg; biotin, 0.24 

mg; Cu, 18 mg from CuSO4×5H2O; Fe, 120 mg from FeSO4; Mn, 24 mg from MnSO4; 

Zn, 126 mg from ZnO; Se, 0.36 mg from Na2SeO3; and I, 0.6 mg from KI (DSM 

Nutritional Products Canada Inc., Ayr, ON, Canada). 
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Table 3. Analyzed chemical composition of the experimental diets, as-fed basis 

 Distillers dried grains with solubles  N-free 

Item Conventional1 HP- A2 HP- B3 

DM, % 90.8 91.0 90.6  91.2 

CP, % 18.9 17.5 21.6  0.76 

Ash, % 5.04 4.37 3.92  3.58 

NDF, % 21.3 15.4 15.8  0.50 

ADF, % 8.80 7.38 7.44  1.94 

GE, kcal/kg 4,376 4,277 4,271  3,612 

Ca, % 0.61 0.73 0.82  0.91 

P, % 0.66 0.62 0.67  0.62 

Indispensable AA, % 
   

 
 

 Arg 0.91 0.87 0.95  0.02 

 His 0.52 0.53 0.60  0.01 

 Ile 0.72 0.78 0.87  0.02 

 Leu 2.26 2.52 2.89  0.06 

 Lys 0.64 0.63 0.69  0.02 

 Met 0.38 0.4 0.45  0.01 

 Met + Cys 0.77 0.78 0.89  0.03 

 Phe 0.97 1.06 1.20  0.03 

 Thr 0.75 0.77 0.84  0.02 

 Val 0.96 1.02 1.13  0.03 

Dispensable AA, %      

 Ala 1.39 1.46 1.65  0.04 

 Asp 1.33 1.39 1.51  0.05 

 Cys 0.39 0.39 0.44  0.02 

 Glu 3.38 3.55 4.00  0.09 

 Gly 0.79 0.77 0.83  0.03 

 Pro 1.63 1.71 1.92  0.05 

 Ser 0.95 1.00 1.11  0.03 
1Conventional: Conventional corn DDGS obtained from (Floradale Feed Mill Ltd, 

Floradale, ON Canada).   
2High protein DDGS collected on time point A (HP-A). (IGPC Inc., Aylmer, ON, Canada)  
3High protein DDGS collected on time point B (HP-B). (IGPC Inc., Aylmer, ON, Canada) 
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Table 4. Apparent ileal digestibility (%) of chemical components in DDGS samples 

fed to growing pigs, Exp. 1 

 Distillers dried grains with solubles SEM P- value 

Item Conventional1  HP- A2 HP- B3 

DM 50.3b 58.4a 60.8a 2.96 0.004 

CP 58.7a,b 52.3a 65.5b 3.32 0.002 

Indispensable AA       

  Arg 71.0a 65.3b 72.5a 1.86 0.028 

  His 64.8 60.9 67.7 3.08 0.108 

  Ile 65.0a,b 63.3b 70.0a 2.47 0.031 

  Leu 78.5 78.2 81.8 1.57 0.059 

  Lys 43.7 39.2 48.5 4.21 0.104 

  Met 76.5a,b 75.5b 80.0a 1.68 0.032 

  Met + Cys 68.3 68.7 73.9 2.46 0.053 

  Phe 68.4 69.5 73.6 2.99 0.202 

  Thr 50.4 50.5 57.9 3.72 0.085 

  Val 64.1a 62.8b 69.6a 2.49 0.026 

Dispensable AA      

  Ala 70.9 69.1 74.2 2.54 0.138 

  Asp 53.1 53.7 60.8 3.47 0.061 

  Cys 60.3 61.7 67.8 3.44 0.087 

  Glu 75.5 73.6 77.5 2.40 0.285 

  Gly 33.6 22.7 37.6 6.72 0.093 

  Pro 43.5 22.1 46.3 10.9 0.070 

  Ser 61.1 61.4 66.9 3.28 0.158 

Means within a row with similar superscripts are not different at P < 0.05, n=8. 
1Conventional: Conventional corn DDGS obtained from commodity market (Floradale 

Feed Mill Ltd, Floradale, ON Canada).   
2High protein corn DDGS collected at time point A (HP-A), (IGPC Inc., Aylmer, ON, 

Canada).  
3High protein corn DDGS collected at time point B (HP-B), (IGPC Inc., Aylmer, ON, 

Canada). 
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Table 5. Endogenous crude protein and amino acid flow at the distal ileum of pigs 

fed N-free diet, Exp. 1 

 Mean Range SD 

Item Min Max 

CP, g/kg 17.0 8.7  20.9 4.06 

Indispensable AA, mg/kg DM intake 

Arg 572 296  696 127 

His 262 136  349 64 

Ile 405 200  530 109 

Leu 720 363  943 192 

Lys 510 258  760 138 

Met 134 66  181 36 

Met + Cys 397 227  540 101 

Phe 785 300  1,228 318 

Thr 762 392  947 184 

Val 583 277  749 158 

Dispensable AA, mg/kg DM intake 

Ala 674 340  820 160 

Asp 1,016 548 1,320 242 

Cys 263 161 370 70 

Glu 1,194 623 1,484 280 

Gly 1,767 872  3,181 758 

Pro 2,814 936 4,307 1,300 

Ser 744 396 924 177 

n = 8.  
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Table 6. Standardized ileal digestibility (%) of crude protein and amino acids in 

DDGS samples fed to growing pigs, Exp.1 

 Distillers dried grains with solubles SEM P- value 

Item Conventional1 HP- A2 HP- B3 

CP 66.8a 61.1b 72.6a 3.32 0.007 

Indispensable AA      

Arg 77.3a 71.9b 78.5a 1.86 0.044 

His 69.8 65.9 72.1 3.08 0.145 

Ile 70.6 68.4 74.6 2.47 0.057 

Leu 81.7 81.1 84.3 1.57 0.119 

Lys 51.6 47.2 55.9 4.21 0.135 

Met 80.0 78.9 82.9 1.68 0.061 

Met + Cys 73.5 73.8 78.4 2.46 0.102 

Phe 76.5 76.9 80.2 2.99 0.421 

Thr 60.6 60.4 66.9 3.72 0.156 

Val 70.1a,b 68.5b 74.7a 2.49 0.049 

Dispensable AA      

Ala 75.8 73.7 78.3 2.54 0.207 

Asp 60.8 61.0 67.6 3.47 0.101 

Cys 67.1 68.5 73.7 3.44 0.147 

Glu 79.0 77.0 80.5 2.40 0.356 

Gly 56.0 45.7 58.8 6.72 0.144 

Pro 60.7 38.6 60.9 10.9 0.081 

Ser 68.9 68.9 73.6 3.28 0.277 

Means within a row with similar superscripts are not different at P < 0.05, n = 8. 
1Conventional: Conventional corn DDGS obtained from commodity market (Floradale 

Feed Mill Ltd, Floradale, ON Canada).   
2High protein corn DDGS collected at time point A (HP-A), (IGPC Inc., Aylmer, ON, 

Canada).  
3High protein corn DDGS collected at time point B (HP-B), (IGPC Inc., Aylmer, ON, 

Canada). 
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Table 7. Standardized ileal digestible crude protein and amino acids (g/kg DMI) in 

DDGS samples fed to growing pigs, Exp. 1 

 Distillers dried grains with solubles SEM P- value 

Item Conventional1 HP- A2 HP- B3 

CP 200.2c 258.7b 313.2a 13.4 <0.01 

Indispensable AA      

Arg 10.5c 12.8b 14.3a 0.46 <0.01 

His 5.59c 7.22b 8.20a 0.33 <0.01 

Ile 7.61c 11.0b 12.3a 0.39 <0.01 

Leu 28.1c 42.2b 46.2a 0.80 <0.01 

Lys 4.91c 6.10b 7.35a 0.52 <0.01 

Met 4.63c 6.80b 7.44a 0.14 <0.01 

Met + Cys 8.62c 12.2b 13.7a 0.40 <0.01 

Phe 11.2c 16.8b 18.2b 0.60 <0.01 

Thr 6.75c 9.54b 10.7b 0.56 <0.01 

Val 10.2c 14.3b 16.0a 0.51 <0.01 

Dispensable AA      

Ala 16.1c 22.3b 24.6a 0.76 <0.01 

Asp 12.0c 17.4b 19.3b 0.95 <0.01 

Cys 3.99c 5.42b 6.29a 0.27 <0.01 

Glu 40.2c 56.0b 61.0a 1.73 <0.01 

Gly 6.63c 7.17a,b 9.24b 1.01 0.036 

Pro 14.7c 13.9a 22.7b 3.55 0.036 

Ser 9.82c 14.1b 15.6a 0.65 <0.01 

Means within a row with similar superscripts are not different at P < 0.05, n = 8. 
1Conventional: Conventional corn DDGS obtained from commodity market (Floradale 

Feed Mill Ltd, Floradale, ON Canada).   
2High protein corn DDGS collected at time point A (HP-A), (IGPC Inc., Aylmer, ON, 

Canada).  
3High protein corn DDGS collected at time point B (HP-B), (IGPC Inc., Aylmer, ON, 

Canada). 
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Table 8. Standardized total tract digestibility of chemical components and DE content 

in DDGS samples fed to growing pigs, Exp. 21 

 Distillers dried grains with solubles SEM P- value 

Item Conventional2 HP- A3 HP- B4 

DM, % 75.9b 88.0a 89.4a 1.35 <0.01 

CP, % 71.1b 72.1b 79.8a 2.14 <0.01 

NDF, % 39.3b 67.7a 66.7a 5.10 <0.01 

ADF, % 57.6b 77.8a 79.6a 2.98 <0.01 

GE      

  Digestibility, % 71.4b 82.9a 84.3a 1.48 <0.01 

  DE, As fed basis, kcal/kg 3,327b 4,130a 4,157a 70.9 <0.01 

  DE, DM basis, kcal/kg 3,614b 4,494a 4,555a 77.2 <0.01 

Means within a row with similar superscripts are not different at P < 0.05, n = 8. 
1Calculated by difference method (Adeola, 2001). 
2Conventional: Conventional corn DDGS obtained from commodity market (Floradale 

Feed Mill Ltd, Floradale, ON Canada).   
3High protein corn DDGS collected at time point A (HP-A). (IGPC Inc., Aylmer, ON, 

Canada).  
4High protein corn DDGS collected at time point B (HP-B). (IGPC Inc., Aylmer, ON, 

Canada). 
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CHAPTER 4. Responses of growing pigs when fed corn-soybean meal based diet with 

corn DDGS treated with fiber degrading enzymes with or without liquid fermentation 

(FL) 

 

1 Abstract  

Fermenting high fiber ingredients such as DDGS with fiber degrading enzymes may 

potentially improve their feeding value. We investigated the effects of treating DDGS with 

a blend of β-glucanase and xylanases (XB) with (without) liquid fermentation (LF) on 

growth performance, gut parameters and nutrient digestibility in growing pigs. Dietary 

treatments included: 1) corn soybean meal based diet containing 30% DDGS (C), 2) C + 

XB without LF (XBNS), and 3) C + XB with LF (16% DM) for 3 to 10 d at 40°C (XBS). 

All diets contained phytase (750 FTU/kg) and met nutrient requirements for growing pigs. 

The target activities for XB were 1,050 and 5,500 U/g of DDGS for β-glucanase and 

xylanases, respectively. Samples were taken at time points during fermentation and at 

feeding for pH analyses. A total of 144 pigs (25 kg BW) were assigned to pens (3 barrows 

and 3 gilts) based on initial weight and allocated to the three dietary treatments in a 2-

phase feeding program (3-wk/phase). Diets were delivered by a computer controlled liquid 

feeding system at a feed to water ratio of 1:4, four times per day. Pigs had free access to 

water. Fecal samples were collected in the last week for digestibility, and 1 pig per pen was 

euthanized and examined at the end of the experiment for gastrointestinal measurements. 

The average pH of LF DDGS on d 0, 3, 6, 7, and 10 was 4.42, 3.65, 3.86, 3.89, and 3.92, 

respectively. The pH of diets at feeding time was lower (P < 0.01) for XBS (4.72) 



44 

 

 

compared to C (5.45) and XBNS (5.45). Pigs fed XBNS had higher ADG than C in phase 

1 (P = 0.04) and XBS (P= 0.01) in phase 2. Overall (week 0-6) ADG was higher (P = 0.01) 

for XBNS than XBS, while ADG for pigs receiving C were similar (P > 0.05) to ADG for 

XBS pigs. There were no effects (P > 0.05) on ADFI throughout the experiment. However, 

pigs fed XBS had numerically lower ADFI in phase 1 (-4.0%) and phase 2 (-5.2%) relative 

to XBNS pigs. Feed to gain values for pigs receiving XBNS (1.68) and XBS (1.69) was 

better (P =0.001) feed: gain than pigs fed C (1.78) in phase 1. However, there was no 

treatments effects on feed: gain in phase 2 or overall (P > 0.05). Pigs fed DDGS treated 

with XB did not have different (P > 0.05) gastrointestinal weight, jejunal morphometric 

and digestibility of components relative to the control. However, pigs fed XBNS had (P < 

0.05) lower jejunal crypt depth and lower total tract digestibility of dry matter, crude 

protein and gross energy compared with pigs fed XBS. In conclusion, treating DDGS with 

XB with (without) LF improved feed efficiency for the first 3 wk, suggesting degradation 

by XB of dietary fibrous components that may limit nutrient utilization in younger pigs. 

However, these benefits could not be seen after 3 weeks of feeding suggesting the pigs gut 

microbiota may have become adapted to utilizing fiber. The observed poor performance 

yet better nutrient digestibility in pigs fed XBS needs further investigations. 

Key words: Digestibility, enzyme, growth performance, fermented liquid feeding, liquid 

feeding, xylanase, β-glucanase 
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2 Introduction 

Feed costs contribute approximately 75% of variable costs for pork production; and will 

continue to be the main concern when considering profitability of pig production. Thus, 

great interest towards cheaper alternative feed ingredients has been increasing (Jakobsen 

et al., 2015). As an alternative feed ingredient, co-products from the ethanol industry such 

as distillers’ dried grains with solubles (DDGS) have been widely adopted by the swine 

industry (Stein and Shurson, 2009; Woyengo et al., 2014). DDGS contains high 

concentrations of energy, crude protein, fat, and minerals (Emiola et al., 2009). For 

example, corn DDGS (GE 4,710 kcal/kg DM) contains greater amounts of energy than 

parent corn grain (GE 3,933 kcal/kg DM) (NRC 2012). However, during the fermentation 

process to produce DDGS, most of the starch in corn is converted to ethanol and carbon 

dioxide which leaves the final product highly concentrated with fiber (Stein and Shurson, 

2014; Weigel et al., 1997). This leads to reduced digestibility of various dietary nutrients 

in DDGS (Stein and Shurson, 2014). 

Supplementation of exogenous enzymes in diets containing fibrous feedstuffs can 

hydrolyze fibrous components which can promote nutrient extraction resulting in 

improved feed efficiency (Diebold et al., 2004; Nortey et al., 2008; Passos et al., 2015; 

Kiarie et al., 2016). However, not all studies evaluating the response of inclusion of 

enzymes in pig diets found improvements in growth performance and digestibility (Barrera 

et al., 2004; Jacela et al., 2009; Jones et al., 2010; Leek et al., 2007; Olukosi et al., 2007) 
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which may be due to different types of cereal grains, enzymes and animal age among other 

factors (Adeola and Cowieson, 2014). 

Fermented liquid feeding can improve gastrointestinal health by reducing the number of 

pathogens (Canibe and Jensen, 2012) and can improve growth performance (Missotten et 

al., 2010). Liquid feeding systems allows feedstuffs to be soaked in water, which provides 

a favorable environment for endogenous enzymes in feed ingredients to be activated for 

short or pro-longed periods. Previous literature has found that prolonged soaking of 

feedstuffs increased phytate, calcium, crude protein, crude fiber and amino acid 

digestibilites as well as volatile fatty acid (VFA) production (Jakobsen et al., 2015). Also, 

when DDGS, wheat, barley meal based diets were fermented, concentrations of NSP 

decreased (Jørgensen et al., 2010; Jakobsen et al., 2015). However, not all studies reported 

positive results when feeding fermented liquid feeds. Canibe and Jensen (2003) saw 

improved growth performance in pigs fed non-fermented, liquid feed compared to dry feed, 

but there was no improvement in growth performance feeding fermented liquid feeds. 

Negative results have often been associated to problems with palatability and the 

disappearance of amino acids during fermentation (Canibe and Jensen, 2012). 

The different response of feeding liquid feeds to pigs in previous studies may be due to the 

variability that can be related to the different parameters used in each study. For example, 

the difficulty of optimizing the incubation environment (time and temperature) and/or the 

selection of different enzymes. van Winsen et al. (2001) suggested that lactic acid 

concentrations be at least above 150 mmol/L; however, Beal et al. (2002) reported that 
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liquid feed must have a minimum of 75 mmol /L of lactic acid to prevent growth of 

Salmonella, Brooks et al, (2003) suggested 100 mmol/L to prevent other enterobacteria 

growth. Different acetic acid concentrations were suggested. Acetic acid concentration 

above 30mmol/L negatively affects palatability (Brooks et al., 2003; Missotten et al., 

2010a)., however, Van Winsen et al. (2001) suggests acetic acid concentration below 40 

mmol/L. Therefore, it is not surprising that a variety of studies have concluded with 

different criteria for an optimal fermentation.  

The objective of this study was to evaluate corn DDGS treated with exogenous xylanase 

and β-glucanase (XB) in a fermented liquid system (LF) on growth performance, nutrient 

digestibility, and gastrointestinal morphology in growing pigs. It was hypothesized that 

treating DDGS in LF with specific NSP-degrading enzymes can enhance the nutritional 

value of DDGS for growing pigs. 

 

 

3 Materials and Methods 

Animal care and use protocols were approved by the University of Guelph Animal Care 

and Use Committee. Pigs were cared for in accordance with the Canadian Council on 

Animal Care guidelines (CCAC, 2009).  
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3.1 Animals 

A total of 144 crossbred (Yorkshire*Landrace ♀ X Duroc ♂) pigs with an average initial 

body weight of 23 ± 3.5 kg were used. Pigs (3 barrows and 3 gilts) were randomly allocated 

to one of 24 pens in 2 identical temperature controlled rooms. Stainless steel feed troughs 

were connected to the liquid feed system with transporter pipe (Squire, 2005) and each pen 

was equipped with a nipple drinker. 

 

3.2 Preparation of steeped DDGS and diets  

All diets were made to meet or exceed the nutrient requirements for growing pigs 

according to NRC (2012); TiO2 was included as an indigestible marker at 0.3% of the diet. 

All dietary treatments were based on corn/soybean meal along with supplementary 

vitamins, minerals and Lys making up 70% of the diet along with DDGS treated with 

(without) XB and with (without) LF making up 30% of the diet (Table 9). β-glucanase and 

two xylanases (xylanase X and xylanase Y) were supplied by Danisco Animal Nutrition, 

DuPont Industrial Biosciences (Marlborough, Wiltshire, UK). Inclusion levels for each 

enzyme were based on an in vitro preliminary study in our lab (see Figure 2. footnote) for 

this experiment, xylanase and β-glucanase mix (XB) was added; 300 g of β-glucanase and 

296 g of xylanases were added for 1,000 kg feed containing 30% corn DDGS. Targeted 

activity levels for β-glucanase and xylanases were 1,050 and 5,500 U/g, respectively.  
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The three dietary treatments were prepared as follows: 1) Corn- soybean meal based diet 

containing 30% corn DDGS, prepared as a complete diet without XB (C). 2) Corn- soybean 

meal based diet containing 30% corn DDGS, prepared as a complete diet with XBS 

(XBNS). 3) Corn- soybean meal based diet without corn DDGS was prepared as a 

complete diet. The 30% corn DDGS was separately subjected to LF with XB, and was later 

mixed with the basal diet (XBS) at the time of feeding time to make up a complete feed. 

For XBS, DDGS were treated using the Big Dutchman Inc, (Big Dutchman HydroJet, Big 

Dutchman Int., Vechta, Germany) liquid feed system by mixing 1:4 ratio of corn DDGS to 

water and addition of enzymes to achieve approximately 16% DM (Wiseman, 2016). Once 

it was mixed in the fermentation tank it was left to ferment for 10 days at 40°C. Steeped 

DDGS were fed to the pigs starting on d 3 of fermentation until the last day (d 10). 

Immediately before feeding, all diets were mixed with more water to achieve 25% DM 

(Columbus et al. 2010;Wiseman, 2016). 

Every hour, and prior to feeding, 15 min of agitation was programmed. Two fermentation 

tanks were used, interchanging weekly. Between each batches of steeped DDGS, both base 

and acid rinse were performed with 90% L-lactic acid (pH of 1.2; Acros Organics, Geel, 

Belgium) and a 50% sodium hydroxide solution (pH of 12.0; Fisher Scientific, Ottawa, 

ON, Canada), followed by a final rinse with water. Pigs were fed at 2.8 times maintenance 

energy requirement, fed in four equal meals per day (600, 1000, 1400, 1800). All three 

dietary treatments were mixed at feeding time and were delivered by a computer controlled 

liquid feeding system (Squire, 2005). Water was provided ad libitum throughout the trial. 
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3.3 Live animal measurements and sample collection  

Weekly measurements included individual pig body weight and feed intakes by pen. 

Fermented DDGS samples were taken on d 0, 3, 6, 7, 10 of fermentation for pH and organic 

acid analyses. Complete liquid feeds which were fed to pigs were sampled from the sample 

valve for nutrient content and pH measurements. Complete liquid diets and fermented 

DDGS samples were kept frozen at -20°C until analysis. Fecal samples were collected on 

the final 3 day of the experiment to determine apparent total tract digestibility (ATTD). 

Fecal samples were pooled per pen and stored at -20°C until further analyses. One pig from 

each pen was euthanized at the end of the experiment for determination of empty 

gastrointestinal tract (GIT) weight, collection of jejunum tissue for morphology, and 

collection of ileal and caecal digesta for pH determination. Jejunum tissues for 

histomorphology were prepared according to the procedures of Carleton et al. (1980). 

 

3.4 Laboratory analyses, calculations and statistical analysis 

Samples collected during fermentation and at the point of feeding were analyzed for 

organic acids and pH using methods described by Wiseman (2016). Fixed jejunal tissues 

were embedded in paraffin, sectioned (5 μm), and stained with hematoxylin and eosin for 

morphological examinations. In each cross-sectioned tissue, at least 4–5 complete villous-

crypt structures were examined under a Leica DMR microscope (Leica Microsystems, 
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Wetzlay, Germany). Villous height and crypt depth were measured using a calibrated 

micrometer.  

Sub-samples of diet and fecal materials were freeze dried and finely ground for chemical 

analyses. DM, CP, NDF, titanium and CF were analyzed in diet, fecal and digesta samples 

as described in chapter 3.   

Apparent total tract digestibility (ATTD) was calculated as explained in chapter 3. Data 

were analyzed using MIXED procedure of SAS 9.4 (SAS Inst. Inc., Cary, NC), where pen 

was the experimental unit. An alpha level of 0.05 was used to determine statistical 

significance among dietary treatment means and means were separated using a Tukey’s 

test.  

 

 

4 Results and discussion   

In this study, a combination of two xylanases and β-glucanase were used as arabinoxylans 

are abundant in most of the grains and co-products followed by concentrations of cellulose 

and β-glucans (de Vries et al., 2012, Jakobsen et al., 2015). Chemical analyses of complete 

diets are shown in Table 10. The analytics for phase 1 diets were to ensure proper 

formulation and mixing; therefore, only DM, CP and Ca were reported. However, in phase 

2, dietary concentrations for DM, GE, CP, Ca, NDF and CP were determined in order to 

calculate ATTD. Analyzed nutrient composition of phase 2 showed slightly lower DM, GE, 

CP, NDF and CF in XBS than in other two non-steeped treatments (Table 10). The data 
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suggest not much organic matter disappeared when DDGS was subjected to fermented 

liquid feeding system. 

The different incubation temperature was suggested in different studies. In the current 

study, steeping the DDGS at 40°C was used based on previous work done in our lab 

(Wiseman, 2016) as the high temperature can increase rates of fermentation to accelerate 

the increase of lactic acid concentrations and decrease acetic acid and pH at a higher rate 

than fermentation at lower temperatures. At lower temperatures, the prevalence of yeast 

development is greater which contributes to poor palatability and energy content of the 

feed (Brooks et al., 2001). The common temperature used in other studies range between 

20~30°C (Brooks et al. 2001; Scholten et al. 2002; Canibe and Jenson, 2003; Missotten, 

2010). However, in temperatures below 24°C, cold-shock proteins are produced by 

Salmonella which allow the bacteria to better survive different conditions (Beal et al, 2002). 

van Winsen et al. (2001) recommended that lactic acid concentrations should be above 150 

mmol/L to prevent unwanted pathogens; however, others reported lactic acid 

concentrations above 75 mmol/L (Beal et al., 2002) or 100 mmol/L (Missotten et al., 2010). 

A wide range of  acetic acid concentrations have been suggested. Brooks et al. (2003) and 

Missotten et al. (2010a) reported that acetic acid concentrations above 30 mmol/L can 

negatively affects palatability. Contrary to that, Van Winsen et al. (2001) suggested acetic 

acid concentration below 40 mmol/L. In the current study, three parameters were 

considered to produce good quality, liquid feed: 1) pH below 4.5 to prevent pathogen 

growth (van Winsen et al., 2001) and to reduce incidence of diarrhea (Pedersen et al., 1998), 
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2) lactic acid concentrations above 100 mmol/L (Brooks, 2003) to prevent unwanted 

pathogens and reduce gastric pH, and 3) acetic acid concentrations below 40 mmol/L (van 

Winsen et al., 2001) as acetic acid has a distinct vinegar taste and smell at high 

concentrations reducing the palatability of the feed (Beal et al., 2005). 

The pH of three complete feeds were 5.45, 5.45 and 4.72 for control, XBNS and XBS, 

respectively, where the pH for XBS complete feed was the lowest (P <0.05) relative to 

other dietary treatments (Figure 3). 

Changes in pH and organic acid concentrations over 10 d of steeping of DDGS are 

illustrated in Figure 4. DDGS steeped with enzymes at 40°C had a decrease from a pH 

4.42 at day 0 to pH 3.65 at day 3 (P < 0.05). After day 3, pH started to rise to pH 3.86 and 

on day 6 with pH values leveled off to a pH of 3.89 on day 7 and finally pH 3.92 at day 10 

but, pH values did not differ (P > 0.05) between days 3 to 10. Observed pH for the steeped 

DDGS started at 4.42 ± 0.07 on day 0, and decreased to an acceptable range from day 3 to 

day 10 of fermentation. However, Canibe and Jensen (2003) reported that over fermenting 

can result in a condition called “A too low pH (pH below 4.2)” which can reduce feed 

intake.  

Lactic acid concentrations for steeped DDGS started at 29 mM on d 0 and increased to 116 

mM on day 3 (P < 0.05). After day 3, lactic acid concentrations dropped to 53, 52, and 47 

mM, on d 6, 7, and 10, respectively. Lactic acid and acetic acid concentrations were within 

the recommended range on day 3. However, fermentation of DDGS did not seem to reach 

stable conditions. Reduction of lactic acid concentrations and increase in acetic acid 
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concentrations occurred from day 3 to the last day (d 10) of fermentation. Acetic acid 

concentrations for steeped DDGS showed a steady increase from 6.9 mM on d 0 to 14.2 

on day 3 (P > 0.05). However, acetic acid concentrations increased to 96.1, 117.5, and 

115.5 mM on d 6, 7, and 10, which was significantly different (P < 0.05) from day 0 and 3 

(Figure 4). 

The high acetic acid concentrations in liquid feed may have influenced palatability and 

possibly contributed to numerically lower feed intake (ADFI) and ADG. The reason for 

the poor quality of steeped DDGS is unclear but agree with previous observations by 

Wiseman (2016). Demecková et al. (2002) found that a ‘sanitized’ liquid feed, (a diet 

treated with chlorine dioxide to prevent microbial activity) was more palatable than a 

fermented diet. Perhaps controlling fermentation by using a defined LAB inoculant can 

markedly reduce the production of biogenic amines by preventing decarboxylation of 

amino acids (Brooks, 2003; Niven et al., 2006). 

Average daily gain (ADG) was affected (P = 0.043) by dietary treatments in phase 1; in 

this context pigs fed XBNS had the highest ADG (0.959 kg/d) as compared to pigs fed C 

(0.902 kg/d) and pigs fed XBS (0.918 kg/d) being intermediate and similar to other 

treatments (Table 11). However, average daily feed intake (ADFI) was not different (P > 

0.05) between treatments, which resulted in lower feed to gain: ratio (F: G) for XBNS and 

XBS than C (P < 0.01) in phase 1. The average body weight (P = 0.04) at the end of phase 

1 was 44.0, 45.3, and 44.4 kg for C, XBNS, XBS, respectively.  
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In phase 2 and overall, pigs fed DDGS treated with XB had similar ADG to control fed 

pigs, however, pigs fed XBNS had significantly higher (P = 0.01) ADG relative to XBS 

fed pigs. Although ADFI was not influenced (P > 0.05) by treatments, there was a 

numerical difference where pigs fed XBS ate less in comparison to pigs fed non-fermented 

DDGS. This may partly explain lower ADG for XBS fed pigs as acetic acid (explained in 

previous section) appeared to increase over the fermentation period and possibly presented 

palatability issues (Beal et al., 2005). Feed: gain was not affected (P >0.18) by treatments 

in phase 2 and in overall (Table 11). At the end of phase 2, final body weights were affected 

by DDGS treatment where BW of pigs fed XBNS (70.1) were the highest and XBS fed 

pigs (67.2) were lowest (P = 0.01). Pigs fed control diet (68.1) were not different with 

XBNS and XNS fed pigs.  

The improved ADG for pigs fed diet with non-fermented DDGS with enzymes agrees with 

Canibe and Jensen. (2003) who also observed higher ADG and ADFI in growing pigs when 

fed non-fermented diets with enzymes. In the previous study by Canibe and Jensen. (2003) 

and in the current study steeping seemed to reduce feed intake, resulting in poorer ADG.  

Feeding younger pigs non-fermented liquid feed resulted in increased ADFI and ADG 

compared to feeding fermented liquid feed (Moran, 2016). Adding xylanase to wheat based, 

liquid feeds did not improve growth performance as compared to feeding fermented liquid 

feed without xylanase (L’Anson et al.,2013). 

At the end of the study one pig with BW close to pen average body weight was chosen and 

was euthanized for gastrointestinal weights and jejunal histomorphology. There were no 
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difference (P > 0.10) among dietary treatments for stomach weight, small intestinal weight, 

or the combined weight of the cecum and colon (Table 12). The villus height, crypt depth 

and villi to crypt depth ratio data is shown in Table 13. Villus height and villi to crypt depth 

ratio were not different (P > 0.05) among treatments. Although crypt depth of pigs fed XB 

did not differ (P>0.05) from the control fed pigs, XBS fed pigs showed greater (P = 0.04) 

crypt depth (219 μm) relative to pigs fed XBNS (183 μm). The renewal of the intestinal 

epithelium is a consequence of a dynamic equilibrium between production of enterocytes 

in the crypt and desquamation of the villi (Willing and Van Kessel, 2007). Thus, crypt 

depth is a useful criterion for assessing intestinal health and function (Pluske et al., 1997). 

Increased crypt depth in pigs fed XBS diet suggests that the pigs were experiencing greater 

intestinal cell renewal (Pluske et al., 1997). However, as the difference between XBNS and 

XBS treatments was the fermentation process, the present study design did not allow 

discerning whether such effects were as a result of fermentation process or its interaction 

with XB. Interestingly, as presented later, nutrient digestibility was greater in XBS versus 

XBNS fed pigs suggesting the increased intestinal cell proliferation was not detrimental to 

gut function (Kiarie et al., 2013b). Nonetheless, our results do agree with Hurst et al. (2001) 

who found that when finishing pigs were fed liquid feed, greater villus height and better 

feed efficiency were observed compared to pigs fed dry feed. Moran et al. (2016) also 

observed that supplementing xylanase in 24 h steeped liquid feed improved villus height. 

However, supplementing the same xylanase in dry feed reduced villi height (Moran et al., 

2016). In weanling piglets, feeding fermented wheat based diets resulted in higher villus 
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heights, better villus shape and villi to crypt ratio (Scholten et al., 2002). Agyekum et al. 

(2012) observed increased villus heights when pigs (body weight =19.9 kg) were fed diets 

containing 30% DDGS supplemented with fiber degrading enzymes compared to diets 

containing 0 or 30% DDGS without enzymes.  

Apparent total tract digestibility (ATTD) of components was not affected by feeding XB 

treated DDGS relative to pigs fed the control diet (Table 14). However, ATTD values for 

DM (P = 0.05), OM (P = 0.02), CP (P=0.04) and gross energy (P = 0.01) were greater for 

pigs fed XBS than pigs fed XBNS. Treatments differences were not (P > 0.05) observed 

for ATTD of NDF and crude fat. However, it is noteworthy that the ATTD values for DM, 

OM, crude protein and GE were highest in pigs fed XBS compared to pigs fed the other 

two un fermented diets. Interestingly, digestibility of NDF was not improved in pigs fed 

XB treated DDGS relative to the control diet. This agrees with Diebold et al. (2004) and 

Kerr and Shurson (2013), who found no improvement in fiber digestibility using 

exogenous enzymes in DDGS based diets. The explanation for this is unclear; but dietary 

enzymes hydrolyze soluble fibers more readily than insoluble fiber (Urriola et al., 2013). 

However, DDGS have greater concentrations of insoluble fiber than soluble fiber (Urriola 

et al., 2010), which are highly resistant to degradation (Moran et al. 2016); this may be the 

reason for no improvement in ATTD for NDF in the present study. 

In conclusion, treating DDGS with FDE with (without) LF improved feed efficiency in the 

first three weeks. However, reduced performance of pigs fed DDGS from LF in phase 2 

may be related to poor fermentation but was counter intuitive to improved digestibility. 
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Fermentation of feed ingredients has great potential to improve nutritive value of feedstuffs; 

however, this process needs to be carefully monitored and optimized as fermentation of 

feed ingredients is a complex process.  
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5 Tables and Figures 

Table 9. Composition of experimental diets, as-fed basis  

 
Phase I Phase II 

Ingredient 

Corn, yellow dent         33.44 39.29 

Wheat, hard red winter    10 10 

Poultry fat               1 1 

Soybean meal, 47.5% CP    22.63 16.65 

L-lysine HCl              0.29 0.31 

Salt                      0.5 0.5 

Limestone                 1.48 1.41 

Mono calcium phosphate 21% 0.12 0 

Vitamin and Mineral1   0.5 0.5 

Corn DDGS                 30  30  

Axtra (PHY)2 0.04 0.04 

TiO2                      0 0.3 

Predicted content      
 Dry Matter % 89.2 89.15 

 NE - kcal/kg 2,380 2,417 

 Crude Protein % 23.37 21.04 

 NDF % 15.72 15.75 

 Crude Fiber % 4.11 4.04 

 Crude Fat % 6.15 6.2 

 SID AA:  
    

Lys % 1.08 0.95 

Thr % 0.68 0.6 

Met % 0.35 0.32 

Met + Cys% 0.66 0.6 

Trp % 0.2 0.17 

 Ca % 0.7 0.63 

 P.% - total 0.52 0.47 

 Available P.%e 0.35 0.32 
1Provided per kilogram of diet: vitamin A, 12,000 IU as retinyl acetate; vitamin D3, 1,200 

IU as cholecalciferol; vitamin E, 48 IU as dl-α-tocopherol acetate; vitamin K, 3 mg as 

menadione; pantothenic acid, 18 mg; riboflavin, 6 mg; choline, 600 mg; folic acid, 2.4 mg; 

niacin, 30 mg; thiamine, 18 mg; pyridoxine, 1.8 mg; vitamin B12, 0.03 mg; biotin, 0.24 

mg; Cu, 18 mg from CuSO4×5H2O; Fe, 120 mg from FeSO4; Mn, 24 mg from MnSO4; 

Zn, 126 mg from ZnO; Se, 0.36 mg from Na2SeO3; and I, 0.6 mg from KI (DSM 

Nutritional Products Canada Inc., Ayr, ON, Canada). 
2Buttiauxella spp. phytase (Axtra® PHY, Danisco UK Ltd, Marlborough, UK). 
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Table 10. Analyzed composition of experimental diets, as-fed basis  

 Phase 11 Phase 22 

Item control XBNS XBS control XBNS XBS 

Dry matter, % 86.85 87.47 86.51 87.16 88.08 86.30 

GE, kcal/kg - - - 4,279 4,288 4,173 

Crude protein, % 21.57 24.03 22.61 26.29 27.35 25.99 

Calcium, % 0.75 0.66 0.612 0.56 0.62 0.64 

NDF, % - - - 18.80 18.37 17.27 

Crude fat, % - - - 4.68 4.76 3.95 
1Analyzed components differ as components analyzed in phase 1 was only to ensure proper 

feed mixing.  
2Analyzed feed composition in phase 2 were used to calculate ATTD, and were done on 

liquid complete diets 
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Table 11. Growth performance of growing pigs fed corn-soybean meal based diets in 

which corn DDGS were treated with fiber degrading enzymes with (without) liquid 

fermentation. 

    Enzyme     

Item Control XBNS1 XBS2 SEM P-value 

Phase I, week 1 to 3      

Initial BW, kg 25.0 25.0 25.3 0.445 0.847 

ADG, kg/d 0.902b 0.959a 0.918ab 0.021 0.043 

ADFI, kg/d 1.601 1.614 1.54 0.037 0.132 

Feed: gain, kg/kg 1.779a 1.680b 1.681b 0.026 0.001 

Final BW, kg 44.0b 45.3a 44.4b 0.448 0.037 

Phase II, week 4 to 6      

ADG, kg/d 1.146ab 1.184a 1.087b 0.029 0.01 

ADFI, kg/d 2.322 2.359 2.219 0.076 0.187 

Feed: gain, kg/kg 2.031 1.997 2.042 0.049 0.634 

Final BW, kg 68.1ab 70.1a 67.2b 0.831 0.008 

Overall, week 1 to 6      

ADG, kg/d 1.024ab 1.072a 1.003b 0.020 0.009 

ADFI, kg/d 1.964 1.986 1.881 0.051 0.13 

Feed: gain, kg/kg 1.918 1.857 1.875 0.033 0.185  

Means within a row with similar superscripts are not different at P < 0.05. 
1A complete diet containing DDGS and enzymes (xylanases and β-glucanase) was mixed 

with water (25% DM) immediately before feeding. 
2DDGS was steeped with enzymes (xylanases and β-glucanase (3 to 10 d at 40°C), mixed 

with a basal diet and more water (25% DM) immediately before feeding.  
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Table 12. Gastrointestinal tract weights and digesta pH for growing pigs when fed 

corn-soybean meal diets in which corn DDGS were treated with fiber degrading 

enzymes with or without liquid fermentation.  

    Enzyme     

Item Control XBNS1 XBS2 SEM P-value 

Gastrointestinal weight, g/kg      

Stomach. g/kg 6.56 7.15 6.56 0.28 0.24 

Small intestine, g/kg 31 31.7 31.7 1.25 0.89 

Large intestine, g/kg 17.9 16.7 19.1 0.78 0.11 

Digesta pH      

Ileal  6.83 6.70 6.96 0.13 0.54 

Caecal 5.53 5.40 5.66 0.09 0.14 

Means within a row with similar superscripts are not different at P < 0.05. 
1A complete diet containing DDGS and enzymes (xylanases and β-glucanase) was mixed 

with water (25% DM) immediately before feeding. 
2DDGS was steeped with enzymes (xylanases and β-glucanase (3 to 10 d at 40°C), mixed 

with a basal diet and more water (25% DM) immediately before feeding.  
*Gastrointestinal tract weights on g per final body weight kg (g/kg). 
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Table 13. Jejunum histomorphology for pigs fed corn-soybean meal based diets with 

corn DDGS treated with fiber degrading enzymes with (without) liquid fermentation. 

  Enzyme   

Item Control XBNS1 XBS2 SEM P-value 

Villi height (VH), μm 555 527.9 570.6 14.74 0.11 

Crypt depth CD), μm 210.5ab 182.6b 219.2a 10.76 0.04 

VH:CD ratio 3.768 3.817 3.491 0.258 0.62 

Means within a row with similar superscripts are not different at P < 0.05. 
1A complete diet containing DDGS and enzymes (xylanases and β-glucanase) was mixed 

with water (25% DM) immediately before feeding. 
2DDGS was steeped with enzymes (xylanases and β-glucanase (3 to 10 d at 40°C), mixed 

with a basal diet and more water (25% DM) immediately before feeding.  
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Table 14. Apparent total tract digestibility (ATTD) of components in growing pigs fed 

corn-soybean meal with corn DDGS treated with fiber degrading enzymes with 

(without) liquid fermentation.  

  Enzyme   

Item, % Control XBNS1 XBS2 SEM P-value 

DM 77.9ab 76.5b 78.7a 0.58 0.05 

Organic matter 79.5ab 77.9b 80.2a 0.55 0.02 

Crude protein  79.3ab 78.5b 83.6a 1.43 0.04 

Crude Fat 64.1 66.2 67.9 3.46 0.73 

NDF 53.8 49.9 51.0 1.49 0.19 

Gross energy 80.3ab 78.9b 81.1a 0.47 0.01 

Means within a row with similar letters are not different at P < 0.05. 
1A complete diet containing DDGS and enzymes (xylanases and β-glucanase) was mixed 

with water (25% DM) immediately before feeding. 
2DDGS was steeped with enzymes (xylanases and β-glucanase (3 to 10 d at 40°C), mixed 

with a basal diet and more water (25% DM) immediately before feeding.  
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Figure 2. In vitro study examining changes in pH over time when different inclusion 

levels of β-glucanase and Xylanase were mixed with 50 g of DDGS and liquid steeped 

in water (16% DM) at 40℃ with continuous agitation. 

 

1; Figure 2.1 shows changes in pH values over time when different amounts of β-

glucanase were added to 50g of DDGS in water (16% DM) at 40℃ with continuous 

agitation. 50mg of β-glucanase were selected as this quantity of enzyme with substrare 

attained the lowest pH among other inclusion level. 

2; Figure 2.2 shows changes in pH values over time when a combination of enzymes were 

added to 50 g of DDGS soaked in water (16% DM) at 40℃ with continuous agitation. 

Xylanase was added while keeping β-glucanase inclusion level at 50mg to 50g of DDGS 

soaked in 40’C, continuous agitation. 
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Figure 3. pH of control XBNS1, XBS2 complete liquid feed diet (n = 6) prior to feeding. 

 

Similar letters are not different at P < 0.05. (n=6) 
1A complete diet containing DDGS and enzymes (xylanases and β-glucanase) was mixed 

with water (25% DM) immediately before feeding. 
2DDGS was steeped with enzymes (xylanases and β-glucanase (3 to 10 d at 40°C), mixed 

with a basal diet and more water (25% DM) immediately before feeding.  
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Figure 4. Lactic acid and acetic acid concentrations and pH of DDGS treated with 

fiber degrading enzymes in liquid fermentation tank for 10 days. 

 

 

At day 0, DDGS and fiber degrading enzymes (xylanase and β-glucanase) were mixed 

with water to achieve 16% DM and were held in fermentation tank for up to 10 days. 

Feeding steeped DDGS started on day 3. 
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CHAPTER 5. Apparent ileal and total tract digestibility of components in corn DDGS 

subjected to liquid steeping without or with fiber degrading enzymes and fed to 

growing pigs 

 

1 Abstract 

Corn dried distillers grains with solubles (DDGS) is high in gross energy but its use in pig 

diets is limited due to high fiber concentrations. Liquid steeping fiber rich ingredients with 

fiber degrading enzymes (FDE) may improve their feeding value. We evaluated apparent 

ileal digestibility (AID) and total tract digestibility (ATTD) for CP, crude fat, fiber and 

gross energy in DDGS liquid steeped (LS) with (without) the addition of 2 commercially 

available FDE (A and B). FDE-A supplied 5,500 U of xylanase and 1,050 U of β-glucanase 

per kg of feed while FDE-B supplied 1,200 U of xylanase, 150 U of β-glucanase, 500 U 

of cellulase and 5,000 U of protease per kg of feed. A mixture of 350 g of DDGS, additives 

(none for control) and 1.5 l of water was placed in sterile containers and incubated at 40°C 

with agitation every 40 min for 24 h. In animal trials, respective DDGS samples were 

mixed with a basal mixture at a ratio of 65: 35 to provide an 18% CP diet prior to feeding. 

The basal mixture contained corn starch, minerals, vitamins and 0.2% TiO2 as indigestible 

marker. Six ileal-cannulated pigs (20 kg BW) were fed the 3 diets in a replicated 3 x 3 

Latin square design to give 6 replicates per diet. Pigs were fed at 2.8 x maintenance energy 

requirements and had free access to water. In each period, pigs were adjusted to diets for 

5 d followed by 2 d for grab fecal and 2 d, 8 h continuous collection of ileal digesta. Dietary 

treatments did not affect (P > 0.05) AID for CP, fiber and crude fat. Liquid steeped DDGS 
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with FDE-A had lower (P = 0.005) ATTD for NDF than control but higher (P= 0.001) 

ATTD for crude fat compared to the control or DDGS steeped with FDE-B. In conclusion, 

steeping DDGS with fiber degrading enzymes did not affect fiber (NDF and ADF) 

digestibility in growing pigs.  

Key words: corn DDGS, digestibility, liquid fermentation, multi-carbohydrase, steeping, 

xylanase, β-glucanase 
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2 Introduction  

DDGS is a good source of nutrients including minerals, crude fat and crude protein (Emiola 

et al., 2009). However, the fiber content (lignin and non-starch polysaccharides, NSP) in 

DDGS is high, which can range from 19.96% to 28.3% (Jha and Leterme, 2012; Pedersen 

et al., 2014). Fermentation of NSP occurs in the pig gastrointestinal tract but less than 50% 

NSP in DDGS get degraded with the rest being excreted with feces (Urriola et al., 2010). 

Therefore, high fiber feeds reduce total tract digestibility of fiber which influences the 

digestibility of other nutrients and energy (Stein and Shurson, 2014) as well as growth and 

feed efficiency (Kass et al., 1980).  

Feed efficiency was improved in pigs when wheat and wheat middling were fed using a 

liquid feeding approach (de Lange and Zhu, 2012). Liquid feeding also provides the 

opportunity to steep or ferment feedstuffs for a prolonged amount of time which can 

promote hydrolysis of the feedstuff. When DDGS, wheat, and barley meal based diets were 

fermented, concentrations of NSP decreased (Jørgensen et al., 2010; Jakobsen et al., 2015). 

Previous research showed that prolonged soaking of feedstuffs increased phytate, calcium, 

crude protein, crude fiber and amino acid digestibilites as well as volatile fatty acid (VFA) 

production (Jakobsen et al., 2015). 

Supplementing fiber degrading enzymes (FDE) in high fiber diets can enhance feeding 

value by improving nutrient extraction (Diebold et al., 2004). Since FDE are not activated 

until they reach a liquid medium, a combination of liquid feeding and FDE may have a 

synergistic effect for improving the feeding value of highly fibrous feedstuffs. 
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Chapter 4 reported improvements in feed efficiency when pigs were fed DDGS treated 

with fiber degrading enzymes in liquid fermentation. However, it is unknown whether 

improved efficiency was due to improved nutrient absorption from the small intestine or 

hindgut fermentation. Therefore, the focus of the present study was to investigate the 

effects of liquid steeping corn DDGS with (without) FDE on apparent ileal digestibility 

(AID) and apparent total tract digestibility (ATTD) of nutrients, fiber and energy in 

growing pigs. 

 

 

3 Materials and methods 

Animal care and use protocols were approved by the University of Guelph Animal Care 

and Use Committee. Pigs were cared for in accordance with the Canadian Council on 

Animal Care guidelines (CCAC, 2009). 

 

3.1 Animals 

Six barrows (Yorkshire*Landrace ♀ X Duroc ♂, BW = 22.3 kg) were procured from the 

University of Guelph’s Arkell Swine Research Station (Guelph, ON, Canada). The barrows 

were individually housed in plexiglass lined pens with tenderfoot floors in a temperature 

controlled room at 20-22°C for 7 d prior to surgery. Pigs were surgically fitted with a 

simple T-cannula at the distal ileum and cared for as described in Chapter 3. 
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3.2 Preparation of steeped DDGS and diets  

Three dietary treatments were developed based on an identical inclusion level of semi-

purified corn-starch based diet (CS) (18% CP), with partially fermented DDGS with 

(without) FDE. Titanium dioxide added as an indigestible marker at 0.2% of the diet (Table 

15). The three dietary treatments were prepared as follows: 1) 35% of CS + 65% of DDGS 

steeped at 40°C for 24 hours without enzymes (C); 2) 35% of CS + 65% of DDGS steeped 

at 40°C for 24 hours with β-glucanase and two xylanases (xylanase X and xylanase Y) 

(FDE-A); supplied by Danisco Animal Nutrition, DuPont Industrial Biosciences. The 

targeted activity level for β-glucanase and xylanases were 1,050 and 5,500 U/g, 

respectively and the ratio of DDGS and enzymes was similar to Experiment 2 (chapter 4) 

and 3) 35% of CS + 65% of DDGS steeped at 40°C for 24 hours with an enzyme cocktail 

containing xylanase, β-glucanase, invertase, protease, cellulose, amylase, mannanase 

(FDE-B) with targeted activity level 2,500 U/g, 300 U/g, 700 U/g, 10,000 U/g, 1,200 U/g, 

24,000 U/g, 20 U/g, respectively. Superzyme (FDE-B) was supplied by Canadian Bio-

Systems and was included at 0.5g/kg of DDGS as per manufacturer recommendation.  

Liquid steeping of DDGS was done in a sterile plastic container. Briefly, DDGS were 

mixed with water at 1:4.3 ratio with (without) enzymes depending on treatment. The 

DDGS were incubated at 40°C with 15 min of agitation every 40 min for 24 h. Immediately 

before feeding, liquid steeped DDGS were mixed with S. Pigs were fed 2.8 times 

maintenance energy requirements (NRC, 2012), and feed was fed in two equal meals a day 

(0830 and 1630). Water was allowed ad libitum throughout the trial. 
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Complete feed samples were taken twice every week for further analysis. Samples of each 

steeped DDGS were taken on 0, 4, 8, and 24 h of steeping for determination of pH and 

organic acid concentrations. 

 

3.3 Experimental procedures 

The experiment was designed as repeated 3 x 3 Latin Square design (n = 6) with 3 periods. 

Each period lasted for 11 d: 7 d of adaptation, with 2 d of grab fecal collection followed 

by 2 d continuous 8 h ileal digesta collection. For ileal digesta collection bags were filled 

with 10 mL 10% formic acid before attaching it to the cannula; the bags were replaced as 

needed. Digesta samples were kept in the refrigerator during the collection, pooled at the 

end of the day and stored at -20°C. After the study, the pigs were euthanized to examine 

any intestinal abnormalities from cannulation. 

 

3.4 Laboratory analyses, calculations and statistical analysis   

The complete feed samples, steeped DDGS samples, ileal digesta, and fecal samples were 

freeze-dried and finely ground and kept frozen until analyses. All samples were analyzed 

for DM, N, gross energy, crude fat, NDF, ADF and titanium as explained in chapter 3. 

Organic acid concentrations for the supernatant of steeped DDGS samples were analyzed 

by HPLC (Agilent 1100 Series, Agilent Technologies, Santa Clara, CA, USA).  
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Apparent ileal digestibility (AID) and ATTD values were calculated as explained in chapter 

3. Data were analyzed using MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). For pH 

and organic acids, each sample was considered as an experimental unit. For digestibility 

data, individual pigs were considered the experimental unit and diets were considered as a 

fixed effect while period was considered as a random effect. An alpha level of 0.05 was 

used to determine statistical significance and means comparison for dietary treatments 

were compared using Tukey’s test. 

 

 

4 Results and discussion  

Pigs showed no abnormality in the gut and were healthy throughout the experiment. In the 

current study, three parameters were considered to determine the stability and quality of the 

liquid feed. These included; 1) pH level below 4.5 (van Winsen et al., 2001) and 2) lactic 

acid concentrations above 100 mmol/L (Brooks, 2003), 3) acetic acid concentrations below 

40 mmol/L (van Winsen et al., 2001).  

The average pH values for the three liquid steeped DDGS at time point 0, 4, 8, 24 h were 

5.12, 4.98, 4.93, 3.91, respectively, where significant differences were observed over time 

(P < 0.05; Figure 5). A rapid decrease in pH starting at 8 h after initiating steepage was 

observed. However, there were no difference in pH (P > 0.05) between the control and 

FDE treated DDGS. The explanation for no differences in pH among the three dietary 

treatments may be due to spontaneous activation of naturally occurring microflora present 
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on the raw materials when fermented for minimum of 8 h (Jensen and Mikkelsen, 1998). 

Other studies have shown reduced pH below 4.5 when liquid feeds were fermented with 

(without) inoculants for 24 h (Lawlor et al., 2002; Mikkelsen and Jensen, 2000). The 

naturally occurring microflora present on control treatment may have been active.  

Lactic acid and acetic acid concentrations were not different among treatments (P > 0.05) 

although significant differences were observed over time (P < 0.05; Figure 6). The Average 

lactic acid concentrations over time increased as follows:73.5, 83.0, 85.5, 97.5 mmol/L at 

0h, 4h, 8h, 24h, respectively. The average acetic acid concentrations increased over time 

as well as follows: 16.9, 19.3, 19.4, 20.0 mmol/L, for 0h, 4h, 8h, 24h, respectively. The 

changes in lactic acid and acetic acid concentrations over time in the current study agree 

with the trends observed by Dujardin et al. (2014), when wheat flour based liquid feed was 

fermented at different temperatures (20, 25, 30℃) for 24 h. These authors found similar 

levels of microbial populations between different temperature settings with LAB being 

dominant and increased lactic acid and acetic concentrations. After 24 h steeping, all three 

treatments were considered optimal as the final steeped DDGS fell under the three 

indicators of ideal liquid feed conditions with the final steeped DDGS obtaining a pH 

below 4.5, lactic acid concentration approaching 100 mmol/L and acetic acid 

concentrations below 40 mmol/L.  

There were no differences in AID values for any component across dietary treatments (P > 

0.05; Table 17). There was a numeric trend for FDE-B having the highest AID values for 

DM, OM, NDF, ADF and fat. Conversely, Owusu-Asiedu et al. (2012) reported that 
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supplementing xylanase and β- glucanase in wheat- and barley-based diets improved AID 

values for DM, CP, energy, and AA. Another study by Tsai et al. (2017) found 

improvements in digestibility when diets containing 30% corn DDGS were fed with added 

xylanase or/and β-glucanase. Therefore, it is unclear why we did not see FDE effects in 

the current study. However, the aforementioned studies were conducted with younger pigs 

(6.0~7.2 kg body weight) whereas the current study evaluated growing pigs (22.3kg). The 

use of FDE-A (xylanase and β-glucanase) may not be as effective for older pigs as fiber 

degrading activity in the small intestine increases with age (Graham et al., 1988). In 

addition, Thacker and Baas (1996) noted that low gastric pH in the pig stomach can 

negatively affect β-glucanase activity which may have caused the numeically reduced AID 

values of DM, OM, NDF, ADF and fat in FDE-A compared to FDE-B in the present study. 

Although not significantly different, a numerical improvement in AID for pigs fed FDE-B 

may have been due to differences in enzyme activities between FDE-A and FDE-B (Jha et 

al., 2015). 

Apparent total tract digestibility values for DM, OM, ADF, CP and GE were not different 

(P > 0.06) among treatments (Table 18). In contrast, Villca et al. (2016) observed improved 

ATTD for DM, NDF, ADF, CP, fat and GE when a multi-carbohydrase mix was included 

in rye based liquid feed fed to grower/finisher pigs. The ATTD value for CP for FDE-B 

tended to be lower than values for pigs fed control and FDE-A. The reduced digestibility 

of CP may be an indication of CP degradation during fermentation (l’Anson et al., 2013). 

Hong and Lindberg (2007) observed improvements in protein digestibility when liquid or 
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fermented liquid diets were fed to pigs and suggested the improvements in digestibility 

were due to reduced stomach pH and reduced gastric emptying (Lybergetal, 2006).  

Whereas ATTD for GE was not different among the treatments (P = 0.37), the ATTD value 

for fat was greater for FDE-A than the other dietary treatments (P < 0.05). Pigs fed control 

diet had the numerically highest ATTD value for NDF (55.3) followed by FDE-B (50.7) 

and FDE-A (46.7) (P > 0.05). This was likely due to the NDF concentration in each diet 

where control had slightly higher NDF content followed by FDE-B and FDE-A (Table 16). 

Moreover, it is likely that adding FDE during liquid steeping may have led to conversion 

of some fiber fractions to simple sugars leaving mainly indigestible fiber fractions.  

There were no differences in ATTD for ADF (P > 0.06); however, similar trends were 

observed as for NDF with the control having the numerically highest ATTD for ADF, 

FDE-B being moderate and FDE-A being lowest. Moran et al. (2016) observed that 

supplementing xylanase in DDGS based dry or steeped liquid feeds (24 h) did not improve 

ATTD for NDF however, xylanase improved ATTD for NDF when wheat middling based 

diets were fed as a dry feed. Interestingly and in agreement with the current study, 

supplementation of xylanase in wheat middling based diets with liquid steeping reduced 

ATTD of NDF. Enzymes hydrolyze soluble fibers much easier than insoluble fiber (Urriola 

et al., 2013). Studies have shown significant reductions in NSP content when wheat, barley 

and soybean meal based diets were fermented (Christensen et al., 2007; Jørgensen et al., 

2010). The NDF and ADF analysis may not be an ideal method for fiber content as entire 

soluble fiber portion isn’t included in detergent fiber analysis (Kerr and Shurson, 2013). 
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Studies have found inconsistent results when utilizing exogenous enzymes to improve 

breakdown of indigestible dietary components for pigs. The reason for this is mainly due 

to highly complex substrates in feedstuffs and the use of enzymes which cannot effectively 

hydrolyze substrate components (Slominski, 2000). In addition, most of the arabinoxylans 

that can be degraded by FDE, are previously degraded during the processing of DDGS 

(Pedersen et al., 2014). Corn DDGS contains more resistant starch and less protein than 

wheat DDGS (Jha et al., 2015). The fiber degrading enzymes applied for degradation of 

corn DDGS need to be targeted towards highly complex substrates. With respect to 

enzymatic degradation, corn bran has been acknowledged as a recalcitrant substrate, as a 

consequence of the highly branched structure of the arabinoxylan (Saulnier et al., 2001; 

Agger et al., 2010). Therefore, the enzymes used in the current study may have not been 

efficient in hydrolyzing components found in DDGS. 

In conclusion, supplementation of FDE in a controlled liquid steeping did not significantly 

improve AID and ATTD. However, there were numerical improvements in AID using FDE 

containing multiple enzymes (FDE-B). Therefore, further studies are needed to better 

understand the different enzyme effects on the complex structure of corn DDGS.   
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5 Tables and Figures 

Table 15. Diet composition of liquid feed containing steeped DDGS 

Ingredient (%, as fed) Control FDE-A2 FDE-B3 

DDGS, % 65.00 65.00 65.00 

Corn Starch, % 28.92 28.92 28.92 

Sucrose, % 2.06 2.06 2.06 

Cellulose, % 0.69 0.69 0.69 

Corn oil, % 0.69 0.69 0.69 

Limestone, % 1.35 1.35 1.35 

mono-calcium phosphate, % 0.20 0.20 0.20 

Salt, % 0.30 0.30 0.30 

  Vitamin and mineral premix1, % 0.60 0.60 0.60 

Titanium dioxide 0.20 0.20 0.20 

Predicted content (DM basis)        

  Dry matter,% 92.0 92.0 92.0 

  Digestible energy, kcal/kg 3617 3617 3617 

  Crude protein, % 17.78 17.78 17.78 

  Crude Fat, % 6.44 6.44 6.44 

Calcium, % 0.570 0.570 0.570 

Total Phosphorus, % 0.433 0.433 0.433 

Sodium, % 0.314 0.314 0.314 
1Provided per kilogram of diet: vitamin A, 12,000 IU as retinyl acetate; vitamin D3, 1,200 

IU as cholecalciferol; vitamin E, 48 IU as dl-α-tocopherol acetate; vitamin K, 3 mg as 

menadione; pantothenic acid, 18 mg; riboflavin, 6 mg; choline, 600 mg; folic acid, 2.4 mg; 

niacin, 30 mg; thiamine, 18 mg; pyridoxine, 1.8 mg; vitamin B12, 0.03 mg; biotin, 0.24 

mg; Cu, 18 mg from CuSO4×5H2O; Fe, 120 mg from FeSO4; Mn, 24 mg from MnSO4; 

Zn, 126 mg from ZnO; Se, 0.36 mg from Na2SeO3; and I, 0.6 mg from KI (DSM 

Nutritional Products Canada Inc., Ayr, ON, Canada). 
2FDE-A DDGS were steeped with FDE A (xylanases and β-glucanase) for 24 h at 40℃ 

and was mixed with base diet immediately before feeding.  
3FDE-B DDGS were steeped with FDE B (multi-carbohydrase) for 24 h at 40℃ and was 

mixed with base diet immediately before feeding. 
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Table 16. Analyzed diet composition of liquid feed containing steeped DDGS 

Analyzed (DM basis) Control FDE-A1 FDE-B2 

Dry Matter, % 91.0 90.9 91.2 

Crude Protein, %  18.7 18.5 17.1 

Ash, % 6.2 6.4 6.1 

Fat, % 6.4 6.9 6.2 

Neutral Detergent Fiber, % 24.2 22.5 23.1 

Acid Detergent Fiber, % 7.1 6.9 7.1 

Gross Energy, kcal/kg 4,434 4,411 4,377 

 Calcium, % 0.51 0.51 0.51 

Total Phosphorus, % 0.60 0.60 0.60 

Sodium, % 0.34 0.34 0.34 
1FDE-A DDGS were steeped with FDE A (xylanases and β-glucanase) for 24 h at 40℃ 

and was mixed with base diet immediately before feeding.  
2FDE-B DDGS were steeped with FDE B (multi-carbohydrase) for 24 h at 40℃ and was 

mixed with base diet immediately before feeding. 
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Table 17. Apparent ileal digestibility(AID) values for components in growing pigs 

when fed semi purified diets containing liquid steeped DDGS treated with fiber 

degrading enzymes. 

Item DM OM NDF ADF Fat CP 

Control 59.0 61.0 26.5 17.4 66.1 59.9 

FDE-A1 58.9 60.8 24.7 19.2 66.2 59.4 

FDE-B2 60.5 62.9 28.9 21.4 67.1 56.3 

SEM 2.2 2.1 5.8 6.7 2.5 2.7 

P value 0.794 0.685 0.847 0.900 0.945 0.450 

Within a column, means with different letters are significantly different (P < 0.05) 
1FDE-A DDGS were steeped with FDE A (xylanases and β-glucanase) for 24 h at 40℃ 

and was mixed with base diet immediately before feeding.  
2FDE-B DDGS were steeped with FDE B (multi-carbohydrase) for 24 h at 40℃ and was 

mixed with base diet immediately before feeding. 
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Table 18. Apparent total tract digestibility (ATTD) values for components in growing 

pigs when fed semi purified diets containing liquid steeped DDGS treated with fiber 

degrading enzymes. 

  DM OM NDF ADF Fat CP GE 

Control 76.2 77.6 55.3a 59.3 46.8b 73.3 74.8 

FDE-A1 74.8 76.3 46.7b 54.5 56.4a 71.8 74.1 

FDE-B2 76 77.4 50.7ab 58.6 46.4b 70.7 73.8 

SEM 1.14 1.17 1.94 2.56 2.44 2.15 1.17 

P value 0.109 0.132 0.005 0.065 0.001 0.109 0.376 

Within a column, means with different letters are significantly different (P < 0.05) 
1FDE-A DDGS were steeped with FDE A (xylanases and β-glucanase) for 24 h at 40℃ 

and was mixed with base diet immediately before feeding.  
2FDE-B DDGS were steeped with FDE B (multi-carbohydrase) for 24 h at 40℃ and was 

mixed with base diet immediately before feeding. 
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Figure 5. Changes in pH over 24 h for incubation of corn DDGS steeped with (without) 

enzyme supplementation.  

 

1FDE-A DDGS were steeped with FDE A (xylanases and β-glucanase) for 24 h at 40℃ 

and was mixed with base diet immediately before feeding.  
2FDE-B DDGS were steeped with FDE B (multi-carbohydrase) for 24 h at 40℃ and was 

mixed with base diet immediately before feeding. 
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Figure 6. Changes in lactic acid, acetic acid concentrations over 24 h for corn DDGS 

steeped with (without) enzyme supplementation.  

1FDE-A DDGS were steeped with FDE A (xylanases and β-glucanase) for 24 h at 40℃ 

and was mixed with base diet immediately before feeding.  
2FDE-B DDGS were steeped with FDE B (multi-carbohydrase) for 24 h at 40℃ and was 

mixed with base diet immediately before feeding. 
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CHAPTER 6. General discussion  

 

After making ethanol, the remaining co-product contains approximately threefold of the 

chemical components other than starch compared with the parent grain (Weigel et al., 

1997). In general, DDGS has high GE and contains, high concentrations of protein, fat and 

fiber. Therefore, DDGS is an attractive feed source. However, the high fiber content in 

DDGS limits its use/inclusion in practical swine diets as fiber digestibility is only 43.7% 

(Stein and Shurson, 2014). This negatively influences utilization of other nutrients and 

energy digestibility (Stein and Shurson, 2014) in pigs as they have limited ability to digest 

fiber which mostly happens through hindgut fermentation (Grieshop et al., 2001). 

Removal/reduction of fiber content can potentially improve the feeding value of corn 

DDGS. The fiber fraction can be separated during the production of ethanol. Other direct 

approach may be to utilize exogenous enzymes and liquid feeding to improve digestion of 

DDGS by pigs.  

Therefore, the overall objective of this thesis was to evaluate the different methods to 

remove/reduce fiber content in corn DDGS to improve the feeding value for pigs. 

The study to determine standardized ileal digestible crude protein (CP) and amino acids 

(AA) contents, and digestible contents of energy yielding nutrients in a novel high protein 

DDGS (HP DDGS) is presented in chapter 3. The HP DDGS were processed/developed 

by IGPC, Inc. (Aylmer, ON, Canada) and ICM, Inc. (Colwich, KS); this process removes 

the fiber fraction prior to fermentation, resulting in higher CP and AA contents compared 
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to conventional DDGS from a local feed company (Floradale Feed Mill Ltd, Floradale, 

ON, Canada). However, the neutral detergent fiber (NDF) values in HP DDGS were similar 

to NDF values for conventional DDGS. The concentration of acid detergent fiber (ADF) 

in HP DDGS was higher than the conventional DDGS. As Pedersen et al. (2014) and Stein 

et al. (2007) reported, the composition of nutrients varies from different ethanol plants and 

grains; from the current study the two HP DDGS samples and conventional DDGS samples 

were obtained from a different ethanol plant and were processed with a different source of 

corn. 

Higher apparent ileal digestibility (AID) of DM was observed in HP DDGS as compared 

to conventional DDGS (P < 0.05). However, AID of CP was numerically highest in HP-B 

followed by conventional and HP-A (P=0.04). Most of the SID values were not different 

(P < 0.05) between the DDGS samples; however, the SID values for CP, Arg and Val were 

greater (P < 0.05) for HP-B than HP-A. High protein DDGS samples had higher (P < 0.05) 

standardized total tract digestibility (STTD) values for DM, NDF, ADF and GE than 

respective STTD values for conventional DDGS. The STTD values for CP was highest in 

HP-B; however, STTD values for CP were similar between HP-A and conventional DDGS. 

The two HP DDGS had a greater DE than the conventional DDGS. 

From this study variation between the two HP DDGS was clearly observed. The nutrient 

composition of DDGS is related to the nutrient content of the original cereal grain (Weigel 

et al. 1997; Mustafa et al. 1999). Cereal grains harvested in different year and regions can 

affect the nutrient composition (Belyea et al. 2004). Therefore, it is not surprising to 
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observe variation between the two HP DDGS sampled from two different time point in the 

same plant. The inconsistency of nutrient content in DDGS limits its use in livestock feed 

as it introduces risks in least cost-formulation. Therefore, yearly chemical analysis is 

recommended to account for this variability (Spiehs et al., 2002), especially for new 

products such as high protein DDGS. 

In chapter 4, the effect of steeping corn DDGS with specific NSP-degrading enzymes 

(blend of 2 xylanases and 1 β-glucanase) on growth performance and nutrient digestibility 

of growing pigs was presented. 

Corn DDGS treated with enzymes with (without) liquid fermentation was shown to 

improve feed efficiency I phase 1 (week 0-3). In phase 2, although neither of XB included 

treatments were different from control, DDGS with XB without liquid fermentation (XBN) 

showed improvement on ADG relative to DDGS treated in liquid fermentation (XBS). 

Fermentation of liquid feed seemed to reduce feed intake which could have led to reduced 

ADG. The reduced feed intake may be due to the poor quality of fermentation as lactic 

acid and acetic acid concentrations were far off the optimal levels when it was fed to the 

pigs (day 3 ~ day 10 of fermentation). The high acetic acid concentration is known to 

produce a vinegary smell which reduces the palatability (Beal et al., 2005). 

Albeit not different from the control, pigs fed DDGS treated with enzymes in liquid 

fermentation showed greater ATTD for DM, OM, CP and GE compared to DDGS with 

enzymes without liquid fermentation. These observations were counterintuitive with 

observed depression in growth performance. However, the data agrees with Cho et al. 
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(2013) where fermented feed improved ATTD for DM. Jørgensen et al. (2010) also 

observed improved digestibility of DM, OM and energy when feed was fermented. 

Nutrient digestibility values correlate positively with feed efficiency, suggesting the 

observed improved feed efficiency in phase 1 was due to increased digestibility. However, 

we did not measure digestibility in phase 1. Pigs have the ability to adapt their 

gastrointestinal physiology to utilize fibrous feeds when fed for prolonged periods (Urriola 

et al., 2010; Kiarie et al., 2013b). Perhaps this phenomenon may have negated pig growth 

performance response to increased nutrient supply provided by increased nutrient 

digestibility in phase 2. Moreover, the diets were designed to meet the nutrient 

requirements.  

Treating DDGS with FDE did not improve ATTD of NDF. Diebold et al. (2004) and Kerr 

and Shurson, (2013) also observed no improvements in fiber digestibility when enzymes 

were added to DDGS based diets. The reason for this may be due to the high concentration 

of insoluble fiber in DDGS (Urriola et al., 2010). Soluble fiber fractions are easily 

hydrolyzed by enzymes much more than insoluble fiber (Urriola et al., 2013). Studies have 

shown significant reductions in NSP content when wheat, barley and soybean meal based 

diets were fermented (Christensen et al., 2007; Jorgensen et al., 2010). Therefore, another 

explanation for unimproved NDF digestibility may be that the enzymes used in this study 

may not be effective for corn DDGS as it has a complex structure regarding NSP. Also, the 

different methods used to analyze fiber can affect results as it measures different fiber 

factions (Kerr and Shurson, 2013).  
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The study presented in chapter 5 was conducted to evaluate the effects of liquid steeping 

corn DDGS with fiber degrading enzymes on apparent ileal digestibility (AID) and total 

tract digestibility (ATTD) of DDGS. The study also sought to investigate whether the 

improved feed efficiency in phase 1 (chapter 4) for pigs fed DDGS treated with enzymes 

in liquid fermentation was due to improved absorption. In this study, 24 h of liquid steeping 

with (without) addition of FDE reduced pH below 4.5. Similarly, low pH levels can be 

achieved with (without) inoculants when steeped for 24 h (Lawlor et al., 2002; Mikkelsen 

and Jensen, 2000) in agreement with the current study.  

For nutrient digestion across the entire gastrointestinal tract, only ATTD of NDF and fat 

were influenced using enzymes. In this context, control fed pigs and FDE-B fed pigs were 

not different in ATTD of NDF; however, FDE-A was lower. (P < 0.05). This may be partly 

due to the NDF content in each diet as control had the highest NDF content followed by 

FDE-B and FDE-A (Table 16). Previous work has shown no improvements in ATTD of 

NDF when xylanase was added in DDGS based dry or liquid steeping diets (Moran et al., 

2016). However, improved ATTD of NDF was observed when wheat middling based diets 

were fed as a dry feed with supplemental enzymes (Moran et al., 2016). Therefore, there 

may be a complicated relationship between enzyme activity and steeping.  

In conclusion, high protein DDGS derived from removing/reducing fiber during the 

production of ethanol is possible. The high protein DDGS can potentially provide greater 

nutrient value to pigs; however, variations in corn DDGS nutrient content can still exist 

due to variation in nutrient content found in different sources of corn. This variation could 
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limit the use of corn DDGS in pig diets. Therefore, the variation of nutrient content should 

be carefully considered when formulating pig diets with co-products.  

There was no clear advantage of treating DDGS with fiber degrading enzymes in liquid 

fermentation relative to dry feeding. However, it is noteworthy DDGS treated with 

enzymes with liquid fermentation did improve nutrient digestibility. The incongruity 

between improved digestibility and poor performance is most likely due to quality of the 

fermented DDGS observed in chapter 4, as the lactic and acetic acid concentrations were 

not ideal. Therefore, there in a need for better parameters to accurately determine the liquid 

fermentation conditions.  

In a controlled liquid steeping, supplementation of FDE did not significantly improve AID 

and ATTD of components in DDGS. Therefore, further studies are required to understand 

the effects of fermentation and their interaction with different enzymes on complex 

structure of corn DDGS. 
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