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Abstract 

A genetically modified corn hybrid with high α-amylase content was initially developed 

for the ethanol industry to reduce the need for adding exogenous amylase during fermentation. 

This hybrid has since gained attention in the animal industry as a promising feed source. The 

corn ethanol industry also produces by-products that serve as important feed resources for 

livestock, such as Sweet Bran (SB; Cargill, Blair, NE), a branded wet corn gluten feed. Two 

studies were done to evaluate the use of a high-amylase corn hybrid (Enogen corn; EC; Syngenta 

Seeds, LLC, Durham, NC) compared to a conventional corn (CON) as silage (SIL), steam-flaked 

corn (SFC), and high-moisture corn (HMC). A third study evaluated individual SB components 

in high-roughage diets. The first study aimed to evaluate growth performance of backgrounding 

steers as well as their subsequent finishing performance, carcass traits, and liver abscess 

incidence. Crossbred beef steers (n=912; 306 ± 8 kg initial body weight) were assigned to a 

randomized complete block design with four backgrounding treatments with two corn silage 

hybrids (EC-SIL or CON-SIL), and two SFC hybrids (EC-GRA or CON-GRA). During the 

finishing phase, animals were assigned to one of two grain hybrid treatments (EC-GRA or CON-

GRA). There were no three-way interactions for measures of interest, and no differences among 

treatment combinations with respect to average daily gain (ADG) or incidence of abscessed 

livers (P > 0.10). During the backgrounding phase, steers fed EC-GRA had lower feed intake (P 

= 0.04) than CON-GRA, thus leading to improved overall gain:feed (G:F; P < 0.01). And during 

the finishing phase, overall G:F tended to be greater for cattle fed CON-GRA (P = 0.06). There 

was a tendency for interaction between GRA fed in the backgrounding and GRA fed in the 

finishing phase for hot carcass weight (HCW; P = 0.07), such that steers fed the same hybrid in 

both phases had greater HCW compared to those fed different hybrids in each phase. In the 



  

second experiment, fermentation characteristics, aerobic stability, and in vitro ruminal 

fermentation of HMC from either EC or CON, harvested at three distinct dry matter (DM) levels 

(66%, 71%, and 74.5%) and four storage lengths (30, 60, 90, or 120 d) were evaluated. In a 

randomized complete block design HMC was ensiled in 57 L plastic barrels. At d 30, EC 74.5% 

had the highest pH value (P = 0.07), followed by CON 74.5%. The lactic acid concentration was 

lowest for EC 74.5%, followed by CON at the same DM level, while the highest concentration 

was observed for EC 66%, which was similar to CON 66% (P < 0.0001). For yeast and mold 

count, CON 71% and 74.5% had higher amount at d 90 compared to other treatments, and all 

treatments by d 120, except EC 74.5%, lowered the count (P = 0.001). The DM was the only 

variable affecting aerobic stability (P < 0.0001), 66% was the most stable, and 74.5% was the 

least. Regarding the in vitro fermentation, 74.5% took longer to reach half of maximum gas 

production than 66% and 71% (P < 0.0001), and d 0 took longer than d 120 (P = 0.005). Control 

66% had the highest rate of gas production, though not statistically different to EC 66% and 71% 

(P = 0.03). The objective of the third study was to evaluate digestibility, ruminal fermentation 

profiles, and feed intake behavior in steers fed high-forage diets containing individual 

components of SB. Twelve ruminally and duodenally fistulated Holstein steers (497 ± 19 kg) 

were assigned to one of four diets in a 4 x 4 Latin Square design. Diets included a control (CON; 

no SB components), solvent-extracted corn germ meal (Germ), corn bran (Bran), or corn steep 

liquor (Steep). Steers fed CON ate less than other treatments (P < 0.0001). Digestibility of 

protein of Steep diet was greater, for both ruminal and total tract digestion (P < 0.01). 

Additionally, Steep had higher total tract digestibility of starch (P = 0.03). Germ and Bran 

exhibited higher NDF digestibility than other treatments (P < 0.01), and CON had the lowest 

nutrients digestibility percentages. Diets with SB components decreased ruminal pH (P < 0.01) 



  

compared to CON. There were treatment differences (P < 0.01) in all feeding behavior variables. 

Steers on the Steep diet had the most frequent, shortest visits and the fastest intake rate, while 

CON steers had the fewest visits and slowest intake rate. Steers on Germ spent the longest total 

time eating. To conclude, type of grain fed in the backgrounding and finishing phases, but not 

silage, impacted overall system efficiency. In HMC, cultivar type showed minimal influence 

compared to DM content and storage length, yet the observed effect of EC on lactic acid 

concentration suggests potential for optimizing fermentation outcomes. Regarding SB, Steep 

contributed to greater digestibility percentages in our study, while Germ and Bran treatments 

were similar with respect to digestibility of most nutrients. 
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Abstract 

A genetically modified corn hybrid with high α-amylase content was initially developed 

for the ethanol industry to reduce the need for adding exogenous amylase during fermentation. 

This hybrid has since gained attention in the animal industry as a promising feed source. The 

corn ethanol industry also produces by-products that serve as important feed resources for 

livestock, such as Sweet Bran (SB; Cargill, Blair, NE), a branded wet corn gluten feed. Two 

studies were done to evaluate the use of a high-amylase corn hybrid (Enogen corn; EC; Syngenta 

Seeds, LLC, Durham, NC) compared to a conventional corn (CON) as silage (SIL), steam-flaked 

corn (SFC), and high-moisture corn (HMC). A third study evaluated individual SB components 

in high-roughage diets. The first study aimed to evaluate growth performance of backgrounding 

steers as well as their subsequent finishing performance, carcass traits, and liver abscess 

incidence. Crossbred beef steers (n=912; 306 ± 8 kg initial body weight) were assigned to a 

randomized complete block design with four backgrounding treatments with two corn silage 

hybrids (EC-SIL or CON-SIL), and two SFC hybrids (EC-GRA or CON-GRA). During the 

finishing phase, animals were assigned to one of two grain hybrid treatments (EC-GRA or CON-

GRA). There were no three-way interactions for measures of interest, and no differences among 

treatment combinations with respect to average daily gain (ADG) or incidence of abscessed 

livers (P > 0.10). During the backgrounding phase, steers fed EC-GRA had lower feed intake (P 

= 0.04) than CON-GRA, thus leading to improved overall gain:feed (G:F; P < 0.01). And during 

the finishing phase, overall G:F tended to be greater for cattle fed CON-GRA (P = 0.06). There 

was a tendency for interaction between GRA fed in the backgrounding and GRA fed in the 

finishing phase for hot carcass weight (HCW; P = 0.07), such that steers fed the same hybrid in 

both phases had greater HCW compared to those fed different hybrids in each phase. In the 



  

second experiment, fermentation characteristics, aerobic stability, and in vitro ruminal 

fermentation of HMC from either EC or CON, harvested at three distinct dry matter (DM) levels 

(66%, 71%, and 74.5%) and four storage lengths (30, 60, 90, or 120 d) were evaluated. In a 

randomized complete block design HMC was ensiled in 57 L plastic barrels. At d 30, EC 74.5% 

had the highest pH value (P = 0.07), followed by CON 74.5%. The lactic acid concentration was 

lowest for EC 74.5%, followed by CON at the same DM level, while the highest concentration 

was observed for EC 66%, which was similar to CON 66% (P < 0.0001). For yeast and mold 

count, CON 71% and 74.5% had higher amount at d 90 compared to other treatments, and all 

treatments by d 120, except EC 74.5%, lowered the count (P = 0.001). The DM was the only 

variable affecting aerobic stability (P < 0.0001), 66% was the most stable, and 74.5% was the 

least. Regarding the in vitro fermentation, 74.5% took longer to reach half of maximum gas 

production than 66% and 71% (P < 0.0001), and d 0 took longer than d 120 (P = 0.005). Control 

66% had the highest rate of gas production, though not statistically different to EC 66% and 71% 

(P = 0.03). The objective of the third study was to evaluate digestibility, ruminal fermentation 

profiles, and feed intake behavior in steers fed high-forage diets containing individual 

components of SB. Twelve ruminally and duodenally fistulated Holstein steers (497 ± 19 kg) 

were assigned to one of four diets in a 4 x 4 Latin Square design. Diets included a control (CON; 

no SB components), solvent-extracted corn germ meal (Germ), corn bran (Bran), or corn steep 

liquor (Steep). Steers fed CON ate less than other treatments (P < 0.0001). Digestibility of 

protein of Steep diet was greater, for both ruminal and total tract digestion (P < 0.01). 

Additionally, Steep had higher total tract digestibility of starch (P = 0.03). Germ and Bran 

exhibited higher NDF digestibility than other treatments (P < 0.01), and CON had the lowest 

nutrients digestibility percentages. Diets with SB components decreased ruminal pH (P < 0.01) 



  

compared to CON. There were treatment differences (P < 0.01) in all feeding behavior variables. 

Steers on the Steep diet had the most frequent, shortest visits and the fastest intake rate, while 

CON steers had the fewest visits and slowest intake rate. Steers on Germ spent the longest total 

time eating. To conclude, type of grain fed in the backgrounding and finishing phases, but not 

silage, impacted overall system efficiency. In HMC, cultivar type showed minimal influence 

compared to DM content and storage length, yet the observed effect of EC on lactic acid 

concentration suggests potential for optimizing fermentation outcomes. Regarding SB, Steep 

contributed to greater digestibility percentages in our study, while Germ and Bran treatments 

were similar with respect to digestibility of most nutrients. 
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Chapter 1 - Literature Review 

  

 Introduction 

Carbohydrates are the primary source of energy in animal diets, with starch being the 

most energy-dense and essential contributor to energy metabolism. In animal production, energy 

requirements change between phases. During the backgrounding phase, cattle require moderate 

energy from starch, typically provided through diets containing approximately 30% starch. In the 

finishing phase, however, energy demands increase significantly to support rapid weight gain 

and adipose tissue accretion, with diets comprising of up to 62% starch (Zinn et al., 2002). 

Samuelson et al. (2016) identified corn, barley, wheat, and sorghum as the primary grains 

supplying starch to feedlot cattle in the United States, with corn being the predominant choice. 

Beyond grains, corn silage serves as the most commonly used source of roughage, while by-

products such as wet distillers grains, dried distillers grains, wet corn gluten feed (WCGF), and 

dry corn gluten feed are widely incorporated as supplemental ingredients. 

This reliance on corn underscores its vital role in enhancing cattle performance, 

producing high-quality protein food, and driving economic efficiency in the cattle industry. 

Additionally, corn processing industries, including ethanol production and the manufacture of 

glucose syrup and starch, generate significant quantities of nutrient-rich by-products. These by-

products contribute with protein, energy, and fiber to ruminant diets while promoting 

sustainability by repurposing industrial residues, and reducing waste. 

In the early 2000s, a genetically modified high α-amylase corn hybrid was introduced to 

the ethanol industry to eliminate the need for exogenous amylase during fermentation. Over 

time, this hybrid was adopted for cattle feeding with the goal of improving starch digestibility 
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and utilization. This innovation has spurred interest in understanding its broader implications for 

feedlot diets and cattle performance. 

The objective of this literature review is to summarize key findings related to: (1) the use 

of corn starch, and α-amylase in feedlot diets; (2) the use of α-amylase in high-moisture corn 

(HMC); and (3) the contributions of corn by-products that make up WCGF. By addressing these 

topics, this review aims to provide a comprehensive understanding of the role of corn and its 

derivatives in cattle feeding systems. 

 Corn in feedlot cattle nutrition 

Nutrition is undeniably one of the most critical factors influencing the success of animal 

production systems. It not only optimizes animal performance and health but also ensures 

economic profitability and supports sustainable agricultural practices. In the case of beef cattle, 

those raised in feedlots spend the majority of their time in the backgrounding and finishing 

phases, where dietary strategies are carefully tailored to meet their evolving energy and nutrient 

requirements. 

During the backgrounding phase in a feedlot, calves transition from the relatively low-

energy diets of weaning and pasture environments to a confined feedlot setting, where they are 

introduced to higher-energy diets. The primary focus during this phase is to support consistent 

growth, which serves as a critical preparation for the more energy-intensive finishing phase. 

Nutrition during this period supports the development of skeletal and muscle tissues, as these 

processes are heavily affected by dietary management strategies (Owens et al., 1993). Proper 

nutritional planning is critical, as it not only supports immediate growth and development but 

also contributes significantly to establishing the foundation for finishing performance and overall 

productivity in later stages (Guenther et al., 1965). To maximize performance, balanced 
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nutritional strategies are employed, incorporating high-quality protein sources, nutrient-rich 

forage, and energy-dense ingredients such as corn silage and corn grain. 

As cattle move into the finishing phase, the emphasis shifts to maximizing energy intake 

to promote rapid weight gain through muscle growth and fat deposition. Diets during this stage 

are typically composed of high-energy, and grain-based (mostly corn), offering greater net 

energy efficiency for weight gain compared to roughage-based sources. By strategically 

implementing sound nutritional practices throughout both the backgrounding and finishing 

phases, producers can significantly enhance the overall efficiency, productivity, and profitability 

of beef production systems. Furthermore, such practices enable the industry to meet consumer 

demands for high-quality beef products at affordable prices while also addressing the growing 

need for environmentally sustainable agricultural practices. 

 

 Starch in corn grain 

Starch granules, the primary energy reservoirs within corn kernels, are synthesized in 

amyloplasts, which are specialized organelles located in the endosperm of the kernel (Huang et 

al., 2021). These granules play a pivotal role, storing carbon energy that can be released as 

glucose during hydrolysis to fuel the growth and germination of a new plant. The starch in the 

endosperm can exist in two forms: vitreous, characterized by densely packed with the protein 

matrix granules, or floury, with loosely packed granules. In dent corn, which is primarily used in 

the United States, up to 80% of the endosperm is vitreous (Zinn et al., 2011). Structural variation 

in starch granules influences how readily the starch can be utilized. 

At a molecular level, starch granules consist of two polysaccharides: amylose and 

amylopectin. Amylose features linear chains of glucose units connected by α-1,4 glycosidic 
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bonds, while amylopectin is a branched polymer with both α-1,4 linkages in its linear chains and 

α-1,6 linkages at its branch points (Pérez and Bertoft, 2010). Amylopectin typically makes up 

about 80% of the structure of the granule (Jane, 2009). Enzymes like amylase play a key role in 

breaking these glycosidic bonds. Among them, α-amylase, an endo-acting enzyme, cleaves 

internal α-1,4 linkages, producing smaller oligosaccharides.  

Starch granules possess both crystalline and amorphous regions, each influencing 

enzymatic action differently. The amorphous regions have less ordered structure made of 

amylose and some amylopectin, while the crystalline regions are tightly packed and highly 

ordered and consisting predominantly of amylopectin (Ratnayake and Jackson, 2008). Additional 

physical barriers, such as proteins, lipids, and plant cell walls, further impede the activity of 

amylases (Robyt, 2009). To mitigate these challenges and enhance nutrient digestibility in cattle 

feed, various grain processing methods, including grinding, cooking, and fermenting, are 

employed. These techniques disrupt structural barriers, making the starch more accessible and 

digestible, ultimately improving its nutritional value. 

 Starch digestion in ruminants 

When dietary starch enters the rumen, it becomes the substrate for a fermentation process 

driven by amylolytic enzymes produced by rumen microorganisms. These microbes metabolize 

starch to support their growth, energy production, and metabolic activity. The fermentation 

process generates volatile fatty acids (VFA) as its primary end products, with propionate being a 

key energy-yielding component for the host animal. Alongside VFA, other products such as 

lactate, methane, and carbon dioxide are released. While organic acids are absorbed through the 

rumen wall and serve as vital energy sources, methane and carbon dioxide are expelled through 
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eructation. Methane constitutes an important energy loss that could otherwise contribute to 

animal productivity. 

Volatile fatty acids account for approximately 50 to 85% of the total metabolizable 

energy consumed by cattle, highlighting their critical role in the energy dynamics of ruminants 

(Harmon and Swanson, 2020). Strategies that promote propionate production can enhance the 

energy efficiency of fermentation (Chalupa, 1977), further underscoring the importance of 

optimizing ruminal fermentation. This efficiency, combined with microbial protein production, is 

crucial for meeting the energy and nutrient demands of the animal. 

The digestion of starch in the rumen is influenced by intake levels, showing a linear 

relationship (Harmon et al., 2004). Other factors, such as the duration of exposure and the 

accessibility of enzymes to the starch substrate, also play significant roles (Owens et al., 1986). 

To overcome these limitations and enhance starch digestibility, grain processing becomes 

essential. By improving the physical and chemical availability of starch, grain processing ensures 

that the energy potential of dietary starch is effectively utilized. 

Although the majority of dietary starch is hydrolyzed in the rumen, a substantial 

proportion, on average 27.7%, escapes ruminal digestion and flows to the small intestine, where 

approximately 82% of it is digested (Owens et al., 1986). In the small intestine, pancreatic α-

amylase hydrolyzes the starch into smaller oligosaccharides such as maltose, maltotriose, and 

limit dextrins (Harmon, 1993). These oligosaccharides are further broken down to glucose, 

which is absorbed by the epithelial cells of the small intestine and utilized as an energy source by 

the ruminant. Compared to ruminal fermentation, starch digestion in the small intestine is more 

energetically favorable, as it avoids energy losses associated with the production of gases 

(Owens et al., 2016). 
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Ruminants have an inherently limited capacity for starch digestion in the small intestine 

(Orskov, 1986; Westreicher-Kristen et al., 2018). This limitation reflects an evolutionary 

adaptation to their natural high-forage diet, where relatively small amounts of polysaccharides 

reach the small intestine. In contrast, modern beef production systems often involve high-grain 

diets, resulting in greater starch intake throughout much of the animal’s life. Despite this, 

research by Huntington et al. (2006) suggests that small intestinal starch digestion is only more 

efficient than ruminal digestion when digestibility in the small intestine exceeds 75%. Thus, 

under certain feeding practices, the efficiency of starch digestion in the small intestine remains 

constrained. 

Several factors contribute to the limited capacity for small intestinal starch digestion in 

ruminants. Restricted activity of pancreatic α-amylase, a key enzyme for starch breakdown, is 

one critical factor (Trotta et al., 2022). Physical barriers surrounding starch granules further 

impede enzyme access (Owens et al., 1986). Research has explored conditions that influence 

pancreatic α-amylase activity and secretion. For instance, Kreikemeier et al. (1990) observed that 

α-amylase secretion increases with higher dietary energy intake, regardless of whether the energy 

originates from forage or grain. However, Walker and Harmon (1995) found that abomasal 

infusion of starch hydrolyzate resulted in lower α-amylase secretion in the small intestine 

compared to starch infused directly into the rumen. This finding raises questions about whether 

the observed response was due to increased starch reaching the small intestine, or increased 

microbial protein flow, and the availability of functional amino acids like casein. 

Further research supports the role of amino acid flow in enhancing small intestine starch 

digestion. For example, Richards et al. (2003) demonstrated that infusing starch with increasing 

levels of casein in the abomasum of steers led to a linear increase in both the concentration and 
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activity of pancreatic α-amylase, compared to starch alone. Additional studies have confirmed 

that increased amino acid flow to the small intestine positively influences starch digestion 

(Taniguchi et al., 1995; Swanson et al., 2008; Brake et al., 2014). These findings support the idea 

that starch digestion in ruminants is influenced by both dietary composition and physiological 

conditions. 

With most dietary starch digested in the rumen or small intestine, a smaller portion, an 

average of 46% of the flow, is digested in the large intestine (Harmon et al., 2004). In this 

region, starch undergoes microbial fermentation, producing VFA as the main end-products. 

However, similar to ruminal fermentation, energy losses occur due to gas production, making the 

large intestine the least efficient site for starch digestion in ruminants. 

The limited efficiency of post-ruminal starch digestion has been linked primarily to 

restricted accessibility of starch granules to amylolytic enzymes rather than insufficient enzyme 

production or availability (Zinn et al., 2002). Grain processing methods, widely used in feedlots, 

aim to address these limitations by increasing the availability of starch to ruminal microbes and 

digestive enzymes. Among the most common processing methods in U.S. feedlots is steam-

flaked corn (SFC), dry-rolled corn (DRC), and HMC (Samuelson et al., 2016), each having 

distinct impacts on starch digestibility. Owens et al. (1986) reported that DRC has the lowest 

ruminal digestibility (71.8%), followed by SFC (82.8%), while HMC demonstrates the highest 

ruminal digestibility (86.0%). However, SFC surpasses the others in post-ruminal and total tract 

digestibility, achieving a total digestibility of 97.8%. 

These grain processing methods significantly enhance starch digestibility by increasing 

the accessibility of starch granules to ruminal microorganisms and digestive enzymes. This 

improvement is achieved either by physically breaking down barriers that limit access or by 
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chemically and structurally modifying the starch itself, including alterations to starch structure 

and the disruption of protein-starch bonds (Zinn et al., 2011). 

 Corn grain processing 

Steam-flaking corn involves the combination of heat and moisture, which together lead to 

the gelatinization of the starch within the grain (Ratnayake and Jackson, 2008). This process 

disrupts the crystalline regions of the starch granules, making them more susceptible to 

enzymatic attack and digestion. Furthermore, as the grain is pressed through rollers, the protein 

matrix that encapsulates the starch granules is disrupted (Harbers, 1975), further enhancing 

accessibility of the starch to microbial and enzymatic activity. 

High-moisture corn processing involves anaerobic fermentation of the grain, a process 

that will be explored in greater detail later in this review. This fermentation solubilizes the 

protein matrix surrounding the starch granules, thereby improving their accessibility to digestive 

enzymes. High-moisture corn has a higher ruminal rate of protein digestion compared to DRC 

and SFC (Cooper et al., 2002). Additionally, the fermentation process induces some 

modifications to the starch through microbial activity, particularly by lactic acid-producing 

bacteria (Muck et al., 2018); however, these changes are less dramatic compared to those 

induced by steam-flaking. 

Dry rolling corn only reduces particle size and causes partial rupture of the plant cell 

walls, which in turn exposes the endosperm and makes it more accessible for digestion. The 

protein matrix that surrounds and encloses the starch granules seems to be the main obstacle to 

the digestion of native cornstarch (Zinn et al., 2002). 
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 Corn grain in feedlot cattle diets 

Barajas and Zinn (1998) reported improved performance in finishing heifers SFC 

compared to those fed DRC. Heifers consuming SFC exhibited a 14% improvement in feed 

efficiency and a 17.4 percentage point reduction in fecal starch content. In their metabolism 

study, ruminal starch digestibility of SFC was 70.5% and a post-ruminal digestibility was 95%, 

compared to 51.8% and 55.8%, respectively, for DRC. Overall, the total tract digestibility was 

significantly greater for SFC at 98.6%, compared to just 80.1% for DRC. 

Cooper et al. (2002) evaluated finishing diets and found that ruminal starch digestibility 

was similar for HMC and SFC, with values of 91.7% and 89.6%, respectively, but was notably 

lower for DRC at 76.2%. Post-ruminal starch digestibility was highest for SFC at 98.3% of the 

starch flow to the duodenum, while HMC and DRC showed similar values of 86.5% and 84.4%, 

respectively. Despite these differences, total tract starch digestibility for HMC and SFC was 

statistically comparable, at 98.7% and 99.8%, respectively, while DRC demonstrated a lower 

total tract digestibility of 96.1%. 

Corona et al. (2005) compared SFC, DRC, ground corn (GC), and whole-shelled corn 

(WC) and observed superior animal performance with SFC. Cattle fed SFC exhibited higher 

average daily gain (ADG), lower dry matter intake (DMI), and improved feed efficiency 

compared to the other grain processing methods. Additionally, the fecal starch content for SFC-

fed cattle was significantly less at 1.75%, compared to an average of 20.55% for the other grain 

processing methods. Total tract starch digestibility was greatest for SFC at 98.8%, while starch 

digestibility for DRC, GC, and WC was less at 86.3%, 92%, and 76%, respectively. 

Archibeque et al. (2006) evaluated the effects of HMC and DRC on finishing steer 

performance and digestibility. They reported no difference in total tract dry matter (DM) 



10 

digestibility between treatments. However, HMC significantly increased starch digestibility 

(94.1%) compared to DRC (91.7%), leading to a 34.8% reduction in fecal starch. Furthermore, 

the study noted a tendency for decreased DMI and ADG in HMC-fed steers, while feed 

efficiency and most of the carcass characteristics remained unaffected. 

While HMC offers advantages in starch availability, its rapid ruminal digestion can 

increase the risk of acidosis (Fulton et al., 1979), potentially limiting animal performance. To 

address this concern, HMC is often used in combination with other processed grains, such as 

DRC and SFC. Research by Stock et al. (1987b) demonstrated the benefits of this approach. In 

four trials comparing 100% HMC with HMC combined with dry-rolled sorghum, they observed 

improvements in ADG and feed efficiency with the combinations. Their associated digestibility 

trial further indicated that starch digestibility decreased with increasing sorghum inclusion. This 

positive effect of combining HMC with other grains or processing methods is also supported by 

Stock et al. (1987), who reported improved performance in steers fed mixtures of HMC with dry 

WC or DRC. 

Although considerable progress has been made in characterizing the mechanisms of 

starch digestion in the ruminant digestive tract, the emergence of new technologies, such as 

novel feed additives, grain hybrids, and advanced processing methods, creates new opportunities 

for enhancing starch utilization. Further research is therefore essential to fully understand the 

complex interactions between these emerging strategies, starch structure, and the activity of key 

enzymes like amylase. Optimizing these interactions is key to maximizing starch utilization and 

improving animal performance in ruminant production. 
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 Alpha-amylase expression in corn 

In the dry-milling process for ethanol production, corn is ground, mixed with water, and 

combined with α-amylase (Bothast and Schlicher, 2005) to break down the starch into sugars 

through hydrolysis. According to USDA-APHIS (2011), Syngenta Seeds LLC (Durham, NC) 

developed Enogen corn (EC), a genetically modified corn hybrid incorporating a thermostable α-

amylase gene (AMY797E) into the kernel endosperm to replace the need for externally added α-

amylase. This modification does not alter the starch content or other nutritional components 

compared to conventional No. 2 Yellow Corn. The AMY797E enzyme was engineered by 

combining three α-amylase sequences of archaeal origin. Gamma-zein in the corn endosperm 

acts as the promoter for the α-amylase gene, directing its expression specifically to the 

endosperm tissue. 

While the primary purpose of developing this hybrid was to support the ethanol industry, 

it is also safe for animal consumption and holds potential as a valuable tool to enhance animal 

performance by improving starch utilization. Research in beef and dairy cattle nutrition has 

explored the use of exogenous α-amylase. These enzyme additives are primarily derived from 

fungal fermentation, with some also produced through bacterial fermentation. Nevertheless, 

research has demonstrated varied outcomes when exogenous enzymes are provided to cattle. 

These variations are influenced by factors such as the type and activity level of the enzymes, 

dosage differences, the methods used for administration, enzyme stability, and interaction with 

substrate (Beauchemin et al., 2004; Meale et al., 2014; Muck et al., 2018). 

 Alpha-amylase in cattle nutrition 

Westreicher-Kristen et al. (2018) investigated the post-ruminal digestion of native corn 

starch infused into the abomasum of heifers, with or without the administration of exogenous 
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amylase. Their findings revealed no significant differences between starch alone and starch 

supplemented with amylase in terms of microbial nitrogen excretion, VFA and lactate 

production, or starch digestibility. They did not, however, specify the type of amylase used in 

their study. DiLorenzo et al. (2011) evaluated effects of high-grain diets containing α-amylase on 

feedlot steers over a 42-day period, comparing diets based on DRC and SFC. Their findings 

indicated that SFC improved both animal performance and nutrient digestibility compared to 

DRC. Nonetheless, the inclusion of α-amylase did not result in significant differences in 

performance or digestibility, except for some tendencies for interactions with corn processing 

method. 

Andreazzi et al. (2018) administered a combination of α-amylase and α-glucosidase to 

dairy cows consuming diets containing 32% starch. The enzymes were added to the GC, which 

was likely of the flint variety, although this was not explicitly stated by the authors. The 

supplementation of amylase resulted in decreased DMI, while simultaneously improving milk 

production and feed efficiency, as reflected by increases in milk/DMI and energy-corrected 

milk/DMI by 7.1% and 6.7%, respectively. Additionally, the enzyme treatment led to greater 

lactose production and a tendency for increased milk solids production. No changes observed in 

ruminal VFA concentrations or the total tract digestibility of starch, however. 

In a study by Zhang et al. (2024), diets containing both α-amylase and coated α-amylase 

were fed to Holstein bulls, with results suggesting a tendency for amylase-supplemented animals 

to consume more feed. These animals exhibited 17.3% greater ADG and a 14.2% improvement 

in feed efficiency compared to the control group. Additionally, amylase supplementation resulted 

in improved nutrient digestibility, including starch, a reduction in ruminal pH, and an increase in 

total VFA concentration. The study also assessed α-amylase activity in the rumen and small 
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intestine, finding greater enzymatic activity in the rumen, jejunum, and ileum, but no difference 

in activity in the duodenum. 

Other in vitro ruminal fermentation studies have investigated starch utilization when 

exogenous amylase is added to the substrate. Klingerman et al. (2009) examined the effects of 

different doses of amylase on corns with varying starch types, observing a linear increase in VFA 

production 6 hours after incubation for both flint and dent corn; however, this effect was not seen 

with floury corn. Similarly, Amaro et al. (2020) tested several types of α-amylases, 

glucoamylase, and α-glucosidase, and found that only one out of three α-amylases led to 

improvements in both in vitro DM digestibility and in vitro starch digestibility. 

The first study evaluating EC in ruminant nutrition was conducted by Hu et al. (2010). In 

their study, they found that EC grain resulted in a lower concentration of acetic acid, with no 

difference in propionate compared to its near-isoline. In a separate experiment, they combined 

EC with its near-isoline in varying proportions and observed no differences in VFA production. 

Furthermore, in another experiment where the samples were incubated in water for 24 hours at 

40°C, EC demonstrated 19.6% greater starch degradability. At 65°C, the starch degradability 

was even more pronounced, showing a 92.0% increase. 

Schoonmaker et al. (2014) conducted a study to evaluate effects of including 0%, 10%, or 

20% of dietary DM as EC GC in the diets of finishing steers. The results revealed no significant 

differences in cattle performance or carcass characteristics among the treatment groups. The 

inclusion level of EC in this study was relatively low. In contrast, other researchers have 

investigated the use of EC as the primary corn source in the diet, as well as its application in the 

form of whole plant corn silage (WPCS), and found different results. 
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Jolly-Breithaupt et al. (2019) investigated the use of EC in finishing diets for steers 

through two experiments. In one study, diets included modified distillers grains plus solubles 

(MDGS) or Sweet Bran (SB) combined with GC as a control, EC, or a blend of both. Results 

showed that EC improved performance when paired with SB, leading to a 6.5% increase in ADG 

and a 9.1% better gain-to-feed ratio compared to the control, while no differences were observed 

for diets containing MDGS. Enogen corn also enhanced carcass quality, resulting in higher 

marbling scores, thicker 12th-rib fat, and greater yield grades. In the second experiment, EC was 

compared with control GC, a blend, and control supplemented with exogenous α-amylase. 

Treatments involving EC or α-amylase showed improved energy values, with 4.8% and 6.6% 

increases in net energy for maintenance (NEm) and net energy for gain (NEg), respectively. These 

treatments also led to greater final body weight, ADG, and hot carcass weight (HCW), although 

α-amylase treatments exhibited a slightly poorer adjusted gain to feed ratio (G:F). Collectively, 

these findings demonstrate the potential of EC to enhance starch utilization and improve 

performance in finishing diets for steers containing GC. 

In a performance study, Glaser et al. (2022) compared EC vs control, fed as DRC or WC 

to growing steers. Enogen corn had a 5.4% greater G:F, 3.9% greater NEm, and 5.9% greater 

NEg. Control had 41.2% greater fecal starch than EC, with EC WC having similar percentage 

than control DRC, so EC-fed animals exhibited an improved use of starch. In the metabolism 

study, EC yielded less ruminal acetate concentration comparing DRC, not WC, i.e. the difference 

lays when there is more extensive processing of the grain. Total tract digestibility of DM was 

greater for EC (62.6%) than for control (57.3%), with EC WC having numerically greater DM 

and organic matter (OM) digestibility than control DRC. 
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In other experiments, Glaser et al. (2022) used a 2 × 2 factorial arrangement to compare 

EC or control WPCS, and EC or control DRC fed for growing steers: the differences were 

mostly for type of silage used. They only observed that EC silage was 5.4% greater for ADG, 

and a tendency for cattle fed EC silage to eat more. In the metabolism study, cattle fed EC silage 

consumed less feed, which is in contrast with the performance study. In this experiment they did 

not observe difference in acetate concentration as previously noted, but propionate concentration 

was greater for EC WPCS and control DRC. They did not observe differences in total tract 

digestibility for any nutrient across treatments. But comparing the DM and starch content of the 

silages, EC WPCS had greater DM and starch, which may have impacted the outcomes. 

Horton et al. (2020) fed feedlot finishing heifers either EC or conventional control SFC. 

To ensure similar starch availability, EC corn was flaked to a density of 390 g/L, while the 

control corn was flaked to 360 g/L. Heifers fed EC exhibited improved final body weight, with 

no difference in DMI between treatments, but had greater ADG and a 4.8% greater G:F. They 

also demonstrated differences in carcass characteristics, with EC-fed steers having a greater 

HCW and reduced marbling scores. In a separate in situ experiment, as control corn was replaced 

by EC, DM digestibility and grain starch availability increased linearly up to 11.2 and 7.7 

percentage points, respectively. In vitro VFA production was also affected by the percentage of 

EC in the blend, with linear increases in the concentrations of acetate, propionate, and valerate, 

along with a decrease in the acetate:propionate ratio and isovalerate. Total VFA concentration 

was 11.1% greater for the 100% EC treatment compared to the control.  

Baker (2023) found that finishing steers fed EC WPCS consumed less feed than those fed 

control WPCS and had a 5% greater G:F. Additionally, there was a tendency for an interaction 

between EC WPCS and control SFC to result in greater final body weight, ADG, and HCW. In 
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subsequent metabolism experiments the authors compared 50:50 combinations of HMC and 

DRC as EC or a conventional corn (control), and in a second experiment evaluated EC or control 

as SFC. They found no differences between hybrids in ruminal, intestinal, or total tract 

digestibility of nutrients, nor in the in situ rate of DM disappearance. There were, however, some 

altered ruminal fermentation patterns. In experiment 1, ruminal acetate concentrations were 

statistically less for EC, while butyrate tended to be greater compared to control. In experiment 

2, butyrate was also higher for EC, while propionate was lower, resulting in a higher 

acetate:propionate ratio for the EC treatment. 

In dairy, Cueva et al. (2021) fed lactating cows either EC WPCS or control WPCS and 

found no difference in DMI between the two groups; however, cows fed EC had 2 kg/d more 

milk production, 5.2% greater feed efficiency (milk yield/DMI), and more protein and lactose in 

milk per day, along with lower milk urea nitrogen levels. No differences were observed in most 

ruminal fermentation parameters, except for decreased butyrate concentration in the EC-fed 

group. Additionally, nutrient intake differed for starch, with EC-fed cows consuming more 

starch, which may explain the observed benefits of feeding EC. 

Studies on EC have shown varied results regarding its impact on feed efficiency and 

starch utilization in ruminants. Some studies found no significant differences in animal 

performance, while others reported improvements in ADG, G:F, and nutrient digestibility, 

particularly when EC was included at higher levels or combined with certain ingredients. While 

EC has demonstrated potential in enhancing starch utilization, further research is needed to better 

understand its effects across different feeding strategies. 
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 High-moisture corn 

High-moisture corn is defined as corn harvested at a moisture level typically averaging 

from 30% to 25% (Kung et al., 2018). After harvesting, it is processed either by rolling or 

grinding, and stored in silos where it is compacted to eliminate oxygen, initiating an anaerobic 

fermentation process. This fermentation preserves the feed and alters its nutritive value, 

increasing the solubility of the protein matrix surrounding the starch granules (Hoffman et al., 

2011). As a result, the starch becomes more accessible to microbial and enzymatic digestion. The 

enhanced starch digestibility in HMC boosts its energy value compared to dry rolled corn 

(Owens et al., 1997), making it an important feed ingredient for cattle. 

According to Oude Elferink et al. (2000), the fermentation process consists of four 

phases. Phase one, the aerobic phase, occurs over a few hours as plant respiration and aerobic 

microorganisms consume available oxygen. Phase two, the fermentation phase, lasts for days or 

weeks, during which bacteria ferment water-soluble carbohydrates into lactic acid, reducing the 

pH and inhibiting growth of undesirable microorganisms. Phase three, the stable phase, involves 

minimal activity, with only specialized microbes like Lactobacillus buchneri and certain 

enzymes remaining active. Finally, phase four, the feed-out phase, begins when the silage is 

exposed to air, triggering spoilage. 

The composition of HMC varies significantly due to factors such as harvest DM content, 

storage duration, ensiling methods and quality, the use of additives, grain processing, and other 

contributing variables. Fermentation is highly influenced by the DM content of HMC, which 

varies with grain maturity: drier kernels indicate greater maturity. High DM levels in HMC are 

associated with reduced fermentation efficiency (Ferraretto et al., 2014) and a higher proportion 
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of vitreous endosperm in the kernel (Correa et al., 2002). This increase in DM content adversely 

affects starch degradability (Ferraretto et al., 2014; Benton et al., 2005; Correa et al., 2002). 

Nutrient composition in HMC changes significantly with extended storage, particularly 

soluble protein content. During ensiling, proteolytic bacteria and kernel enzymes degrade the 

protein matrix (Junges et al., 2017), enhancing the accessibility of starch granules to rumen 

microorganisms and improving starch digestibility over time (Stock et al., 1991). Research 

indicates that protein solubility increases as storage length extends (Fernandes et al., 2021; 

Hoffman et al., 2011).  

Silage additives can be used during ensiling to enhance silage quality, acting as 

fermentation inhibitors, aerobic deterioration inhibitors, nutrients, or fermentation stimulants 

(Muck et al., 2018). Among fermentation stimulants, enzymes are commonly employed, 

releasing more sugars from the plant. However, most studies have focused on fibrolytic enzymes 

rather than amylases (Muck et al., 2018).  

 Alpha-amylase in high-moisture corn 

Studies have investigated the effects of exogenous and endogenous amylase on the 

fermentation profile, nutritive value, and aerobic stability of WPCS and earlage (Silva et al., 

2020; Baker, 2023; Heinzen Jr. et al., 2024). Research specifically focusing on the application of 

amylases in HMC or reconstituted corn remains limited. 

Kung Jr. et al. (2007) investigated the effects of adding a mixture of β-glucanase, α-

amylase, and xylanase to HMC with a dry matter content of 73.2%, ensiled for 90 days. The 

enzyme treatment did not significantly alter the chemical composition or improve the aerobic 

stability of the ground HMC. It did, however, result in a higher percentage of acetic acid and an 

increased yeast count compared to the untreated control. 
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Fernandes et al. (2022) evaluated the addition of amyloglucosidases to reconstituted 

HMC and sorghum (65.0% DM) stored for either 30 or 180 days. Enzyme treatment reduced 

starch content while significantly increasing free glucose levels at both 30 and 180 days of 

storage, due to the enzymatic conversion of starch into sugars. The enzyme treatment also led to 

greater DM losses, particularly at 180 days of storage. For corn ensiled for 180 days, ethanol 

production was notably greater compared to 30-day storage. These findings suggest that enzyme 

treatment can be a beneficial strategy for short-term storage but may present challenges for 

longer storage durations. 

Batista et al. (2021) evaluated reconstituted corn (62.5% DM) treated with either α-

amylase or glucoamylase. Glucoamylase-treated corn exhibited greater total losses than the 

control between days 30 and 210, while α-amylase-treated corn showed higher losses than the 

control from day 60 to 210. Enzyme treatments resulted in reduced pH, increased lactate 

concentrations, and reduced concentrations of acetate, propionate, and butyrate, but ethanol 

concentrations were significantly greater in enzyme-treated corn. Consistent with findings from 

other studies, starch content was less in enzyme-treated samples compared to the control. 

The use of amylases in HMC and reconstituted corn demonstrates potential benefits, 

including enhanced glucose availability and modified fermentation profiles, but it also poses 

challenges such as DM losses and elevated ethanol production. These findings emphasize the 

importance of carefully weighing the advantages and limitations of enzyme treatments, 

particularly in relation to storage duration and production objectives. Moreover, they also 

highlight the necessity of further research to understand better the use of amylase enzymes in 

HMC, ensuring improvements in fermentation efficiency and nutritive value while mitigating 

potential disadvantages. 
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 Corn wet-milling by-products 

The corn wet-milling industry primarily focuses on extracting starch and producing 

sweeteners, with the majority of its output destined to human consumption. The process can also 

be utilized to produce ethanol. During wet-milling, corn is steeped in a solution of sulfur dioxide 

and water to soften the kernels (Taiwo and Musonge, 2024). After steeping, corn bran and germ 

are separated, and oil is extracted from the germ, resulting in corn germ meal. The process then 

separates gluten meal from the starch (Bothast and Schlicher, 2005). If the extracted starch is 

fermented to produce alcohol, it generates distillers solubles, which contain unfermented sugars 

and yeast cells (Stock et al., 1999). The by-products of this process, such as bran and the liquid 

remaining after steeping (called steep liquor), which may also contain distillers solubles, form 

the primary components of WCGF, and can also include corn germ meal (Stock et al., 1999). 

Wet-milling products intended for ruminant nutrition include solvent-extracted germ 

meal (GERM), bran, steep liquor, and distillers solubles (Herold et al., 1999). In contrast, 

products not typically destined for ruminants include starch, which is either sold as a standalone 

product or refined into sweeteners and ethanol; germ, which serves as a source of oil; and gluten 

meal, which is utilized as a concentrated source of corn protein (Herold et al., 1999). 

Since the majority of starch is removed during wet-milling, the resulting by-products are 

rich in protein, energy, and fiber, making them valuable feed ingredients (Bernard et al., 1991). 

These by-products can be added to livestock diets to reduce feed costs or to meet specific 

nutritional requirements (Weiss, 2012). However, the nutritional composition of corn gluten feed 

varies significantly due to differences in the inclusion of by-products, making it challenging to 

compare results across studies. 
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Wet corn gluten feed is relatively high in protein, typically ranging from 14% to 25% on 

a DM basis (Bernard et al., 1991), but WCGF provides less metabolizable protein than WC, 

despite its higher crude protein (CP) content (Stock et al., 1999). It is also a rich source of highly 

digestible neutral detergent fiber (NDF), with levels ranging from 25% and 55% (Bernard et al., 

1991), though it is low in physically effective NDF, which limits its ability to stimulate chewing 

and rumination (Allen and Grant, 2000). Additionally, WCGF components have a low starch 

content, as starch extraction is the primary objective of the wet-milling process. These 

characteristic makes WCGF a strategic substitute for starchy grains in animal diets, helping to 

reduce the risk of acidosis in ruminants (Nocek 1977; Krehbiel et al., 1995). 

Wet corn gluten feed has been an attractive feed ingredient in dairy and beef cattle 

because of its nutritive value and lower cost (Boddugari et al. 2001; Scott et al., 2003; Macken et 

al., 2004; Mullins et al., 2010; Huls et al., 2016; Weiss 2019). Due to its importance in ruminant 

production, and its variability in composition, it is important to understand the nutrient use of 

each WCGF component. Herold et al. (1999) reviewed some studies using an average of 37.3% 

of WCGF (bran, steep liquor, and GERM) in beef cattle finishing diets. Samuelson et al. (2016) 

reported that WCGF was one of the primary grain by-products used in finishing diets, after wet 

and dry distillers grains. In dairy, up to 60% inclusion of WCGF in the diet was considered 

acceptable (Fellner and Belyea, 1991); however, Sullivan et al. (2012) observed in their study 

that 24.5% of inclusion was more appropriate.  

Boddugari et al. (2001) conducted two experiments to determine the optimal inclusion 

level of their WCGF blend when replacing concentrate and forage in lactating dairy diets. The 

optimal replacement was identified as 50% of the concentrate and 30% of the forage, accounting 

for 40% of the dietary DM. When comparing a diet with this WCGF inclusion level to a 
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conventional diet without WCGF, they observed improved milk, fat, and protein yields, as well 

as enhanced feed efficiency. 

Germ is separated from kernel through a process of grinding and centrifugation (Ramirez 

et al., 2008). To make GERM, corn germ is treated with hexane, a volatile hydrocarbon, after 

being mechanically pressed to lower its oil content to around 20% (Herold, 1999). The residue 

without oil is then subjected to a process of removing the remaining hexane using a combination 

of direct and indirect steam (Herold, 1999). Alcoholic solvents like ethanol and isopropanol are 

also available as alternative extraction methods (Navarro et al., 2016). 

Degermed corn slurry is further processed to separate gluten and starch, then a clean fiber 

is recovered, which is the bran (Ramirez et al., 2008). Corn bran is part of the kernel pericarp, 

constituting a high fiber material.  

The steep water, according to Hull et al. (1996), is subjected to evaporation, resulting in a 

concentrated liquor rich in carbohydrates, primarily monosaccharides, with smaller amounts of 

oligosaccharides and polysaccharides. This liquor also contains various enzymes, amino acids, 

polypeptides, non-protein nitrogenous compounds, lactic and glycolic acids, as well as inorganic 

compounds, iron in particular (Hull et al., 1996). In their study, lactic acid was 28% on a DM 

basis, which comes from lactobacilli fermentation. 

According to NASEM (2016), on a DM basis, steep liquor contains 11.4% starch, 15.0% 

sugar, 3.5% NDF, and 31.8% of CP, with 21.7% of it being soluble CP. Corn bran contains 

14.8% starch, 75.1% NDF, 17.1% acid detergent fiber (ADF), and 6.9% of CP (Arndt et al., 

2014). And GERM contains 21.0% starch, 60.0% NDF, 6% fat, and 22.8% CP (Herold, 1999). 
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 Wet milling by-products in cattle diets 

In crossbred lactating dairy cows, steep lowers DM and nutrient intakes and digestibility, 

except for NDF that was not different from soybean meal diet, lowers milk yield, but feed 

efficiency was improved due to lowered DMI (dos Santos et al., 2012). Performance of finishing 

steers fed corn steep liquor mixed with distillers soluble used as protein source was not different 

from the control diet that contained soybean meal (Trenkle and Ribeiro, 2000). 

Scott et al. (1997) replaced DRC using bran, steep liquor, and combinations thereof for 

beef cattle finishing diets. They observed that adding the by-products improved ADG, but 

increased DMI, resulting in no change in feed efficiency compared to the DRC diet. They further 

observed that any combination of bran and steep had similar outcomes. 

Herold et al. (1999) fed finishing steers blends of bran and steep liquor or blends of bran, 

steep liquor, and GERM. As steep proportion increased, replacing bran or bran with GERM, F:G 

was lower. Also, when adding GERM, F:G was decreased, thus improving animal performance. 

Arndt et al. (2014) evaluated the effects of diets containing either corn bran or GC in 

lactating dairy cows under high or low-forage conditions. Diets with corn bran led to reduced 

milk, fat, and protein yields compared to GC diets; however, fat percentage and net energy for 

lactation (NEL) were greater for corn bran when in low-forage diets. Cows fed corn bran diets 

consumed more NDF but had lower intakes of starch and digestible non-fiber carbohydrates. 

Among high-producing cows, milk NEL was lower with corn bran diets, regardless of forage 

level. For medium-producing cows, no differences were observed, while for low-producing 

cows, milk NEL was reduced with corn bran only under high-forage conditions. The results 

highlight the importance of adjusting diet ingredients based on production level and forage 

inclusion. 
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Sjostrand (2022) evaluated the effects of replacing SFC in beef cattle finishing diets with 

40% (DM basis) of bran, GERM, or steep. Total tract DM digestibility was lowest in bran diets, 

while steep and control diets yielded the highest digestibility. Starch digestibility did not differ 

among treatments, but digestible energy was reduced in the bran diet compared to other 

treatments. Ruminal pH remained consistent across treatments, though steers on the steep diet 

spent the least time eating and ruminating. Similarly, Anderson (2023) reported improved DM 

digestibility in steep and control diets, with no differences in starch digestibility, and the lowest 

digestible energy observed in bran diets; however, ruminal NDF digestibility and microbial 

efficiency were greater for cattle fed the bran diet. Volatile fatty acid concentrations did not 

differ among treatments, but average ruminal pH was lowest for the control and steep diets. 

Overall, incorporating wet corn milling by-products into ruminant diets represents a 

sustainable strategy to repurpose corn industry by-products while improving animal 

performance, and reducing operation costs. However, the variability in their composition, 

coupled with the interaction with different feed ingredients, presents challenges in consistency of 

cattle performance across different production systems and animal needs. 

 

 Conclusion 

The reviewed literature highlights the applications and implications of EC in ruminant 

nutrition, particularly as grain, WPCS, and HMC. While EC shows promise in enhancing feed 

efficiency, starch utilization, and nutrient digestibility, its outcomes vary depending on factors 

such as inclusion levels, ingredient combinations, and the physical and chemical forms of the 

corn. The use of EC for HMC presents both opportunities and challenges. Enhanced glucose 

availability and altered fermentation profiles demonstrate its potential, while increased ethanol 
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production and losses related to storage are areas of concern. Continued investigation is needed 

to identify optimal strategies for using EC as a feed ingredient and to improve our understanding 

of its preparation and storage as fermented feed. 

Each by-product of the wet corn milling process serve as valuable feed components for 

ruminants due to their unique nutrient profiles. Most research and applications focus on 

combining these by-products into corn gluten feed, which offers notable advantages, such as 

reduced feed costs, improved feed efficiency, and a lower risk of acidosis when strategically 

used to replace starchy grains. Additional exploration of their compositional variability, 

combinations, and nutrient interactions is essential to optimize their application in ruminant 

nutrition. 
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Chapter 2 - Growing and finishing systems for cattle fed corn silages 

and corn grains differing in amylase expression 

 

 Abstract 

Amylase is a key enzyme involved in the hydrolysis of starch, which typically constitutes 

the predominant source of energy in feedlot cattle diets. Performance of cattle during the 

backgrounding phase can influence performance during the subsequent finishing phase. Our 

objective was to assess growth performance of backgrounding steers fed diets that contained 

combinations of corn silage (SIL) and steam-flaked corn (GRA) from hybrids with high amylase 

expression (Enogen corn; EC; Syngenta Seeds, LLC, Durham, NC) or a conventional corn 

(CON), as well as subsequent finishing performance, carcass characteristics, and liver abscess 

incidence when fed GRA produced from the same sources. Crossbred steers (n = 912; 306 ± 8 kg 

initial body weight) were assigned randomly to one of four backgrounding treatments with 12 

replicates in a randomized complete block experiment using a factorial treatment arrangement. 

Factor 1 consisted of two corn silage hybrids (EC-SIL or CON-SIL), and factor 2 consisted of 

two steam-flaked corn hybrids (EC-GRA or CON-GRA). In the subsequent finishing phase, 

animals were assigned to one of two treatments consisting of two grains (EC-GRA or CON-

GRA) representing factor 3, with 24 replicates per treatment. Backgrounding diets (dry basis) 

contained 20.1% flaked corn and 41.6% corn silage, and finishing diets contained 81.5% flaked 

corn with triticale silage as a common roughage source. There were no three-way interactions for 

measures of interest, and no differences among treatment combinations with respect to average 

daily gain (ADG) or incidence of abscessed livers (P > 0.10). Steers fed CON-GRA during the 

backgrounding phase ate more than steers fed EC-GRA (P = 0.04), thus leading to improved 



35 

overall gain:feed (G:F) of steers fed EC-GRA in the backgrounding phase compared to their 

counterparts fed CON-GRA (P < 0.01). Overall G:F tended to be greater for cattle fed CON-

GRA during the finishing phase (P = 0.06) compared to cattle fed EC-GRA during the finishing 

phase. There was a tendency for interaction between CON-GRA fed in the backgrounding and 

CON-GRA fed in the finishing phase for hot carcass weight (P = 0.07), such that steers fed the 

same hybrid in both phases had greater carcass weight compared to those fed different hybrids in 

the backgrounding and finishing phases. Type of grain fed in the backgrounding and finishing 

phases, but not silage, impacted overall system efficiency. 

Keywords: backgrounding, Enogen, finishing, corn silage, steam-flaked corn 

 

 Introduction 

Enogen corn (EC; Syngenta Seeds, LLC, Durham, NC) is a hybrid with genetic 

advantage of having high alpha-amylase levels within the grain endosperm. With ruminants 

having lower starch digestion in the intestine, considering a low endogenous availability of 

amylase, the addition of this enzyme to diets aims to increase starch digestibility, as observed in 

beef cattle studies that supplemented animals with exogenous amylase (Tricarico et al., 2008; 

DiLorenzo et al., 2011). Leahy et al. (1990) reported that feeding corn silage treated with 

exogenous alpha-amylase during the growing phase of heifers enhanced performance not only 

during the growing phase but also during the finishing phase, resulting in an overall increase in 

average daily gain (ADG). In this present study, we will present EC as the source of starch and 

-amylase. 

Also, some studies have observed effects of feeding EC to cattle in the backgrounding 

phase (Johnson et al., 2018; Glaser et al., 2022; Scilacci et al., 2022), and others have evaluated 
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its impact in the finishing phase (Jolly-Breithaupt et al., 2019; Horton et al., 2020; Baker, 2023). 

The backgrounding nutrition affects skeletal and muscle tissue deposition, as these factors are 

strongly influenced by dietary management strategies (Owens et al., 1993), taking part in setting 

the trajectory for finishing performance (Guenther et al., 1965). Here, we discuss overall impact 

of feeding EC to steers during the backgrounding period and subsequent finishing phase. 

This study aimed to determine interactions and main effects of feeding Enogen as steam-

flaked corn grain and silage during the growing and finishing phases on performance and carcass 

characteristics of steers in a feedlot system. Our hypothesis was that feeding steers with a high-

amylase corn hybrid would improve feed efficiency and carcass characteristics due to improved 

utilization of starch. 

 

 Materials and Methods 

The Kansas State University Institutional Animal Care and Use Committee approved this 

study.  

 Experimental design and treatments 

The experiment was a randomized complete block design with a 2 x 2 x 2 factorial 

arrangement of treatments. Factor 1 consisted of two corn silage hybrids (EC-SIL or commercial 

near-isoline (CON-SIL)), and factor 2 consisted of two steam-flaked corn (SFC) grains (EC-

GRA or conventional corn (CON-GRA)), both factors in the growing phase. Subsequently, steers 

entered the finishing phase, and factor 3 consisted of two SFC grains (EC-GRA or CON-GRA) 

in the finishing phase. At the beginning of the growing phase, 912 crossbred steers (306 ± 8 kg 

of initial body weight; BW) were blocked by weight and randomly assigned to one of 4 

treatments, 12 replicates per treatment, and 12 blocks for the growing phase. In the finishing 



37 

phase, the animals were assigned to one of 2 treatments, 24 experimental units per treatment, 

distributed across 12 blocks. The experiment was conducted at the Beef Cattle Research Center, 

Manhattan, KS, from January to September of 2020. 

 Initial processing and handling 

After arrival at the feedlot on different days, steers were housed in the pens and offered 

ad libitum water and alfalfa hay. Steers were individually weighed, vaccinated against viral and 

clostridial diseases with Ultrabac 7/Somnubac and Bovishield Gold5 (Zoetis Animal Health, 

Florham Park, NJ), received the antibiotic Micotil (Elanco US, Inc., Indianapolis, IN), and an 

oral parasiticide (Safeguard; Merck Animal Health, Rahway, NJ). On day-1, individual BW of 

steers was recorded for weight stratification, blocking, and randomization to pen and treatment. 

Of the 982 steers received at the research facility, 912 were used in the trial. Animals with 

discrepant weight, signs of illness, or other abnormalities were excluded from the study. One 

steer had to be excluded shortly after beginning the study due to a broken leg. On the first day of 

the experiment, steers were implanted with Component TE-200 with Tylan (Elanco US, Inc., 

Indianapolis, IN) and reimplanted on day 90 (first day of the finishing phase). Steers were 

assigned to 48 dirt-surfaced pens of 280 m2 or 427.5 m2, each holding 15 or 23 animals, with 

0.67 or 0.41 m of bunk space per animal, respectively. The initial processing was completed in 2 

days, blocks 1 to 6 in one day, and blocks 7 to 12 the following day. Steers were individually 

weighed before they transitioned to the finishing phase. 

 Ingredients and diets 

Pre-trial diet consisted of alfalfa hay, non-EC-SIL, non-EC-GRA, and a mineral and 

vitamin supplement. Growing and finishing diet formulations are shown in Tables 2.1 and 2.2, 

respectively. Total mixed rations were fed in the morning for 90 d during the growing phase, and 
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for 133 to 155 d during the finishing phase. The adaptation period for the finishing diet consisted 

of 3 intermediate diet step-ups and, eventually, the final diet. Ratios of concentrate:roughage 

were 60:40, 71:29, and 82:18 for the step-up diets, and each step-up diet was fed for 5 d. 

Growing diets were formulated to contain 20 mg/kg of monensin, and finishing diets to have 33 

mg/kg. For the last 30 d on feed, 400 mg/steer of ractopamine hydrochloride (Optaflexx; Elanco 

US, Inc., Indianapolis, IN) was mixed with ground corn and top-dressed in the bunks daily. 

Bunks were assessed each morning to determine the amount of feed to deliver for ad libitum 

intake, and orts were collected when needed. 

Corn grains were conditioned and flaked daily. Control corn was flaked to a bulk density 

of 360.4 kg/L, and EC was flaked to 386.2 kg/L to provide similar starch availability, according 

to Horton et al. (2020). Corn silages were prepared 1.5 y before the start of the trial. Silage dry 

matter (DM) content was monitored daily by placing samples in a 105⁰C forced air oven for 24 

h. Additionally, each ingredient was sampled weekly and dried in a 55⁰C oven for 48 h for DM 

determination and posterior chemical analysis. Chemical analysis of the feed ingredients was not 

completed due to a power failure that resulted in spoilage of the samples. 

Feed ingredients were mixed in a horizontal truck-mounted feed mixer and distributed to 

their respective bunks. Average daily gain (ADG), dry matter intake (DMI), and gain:feed (G:F) 

were determined for each pen. 

 Body weights and carcass assessment 

After the finishing feeding period, steers were weighed by pen on a pen scale, and their 

weight was multiplied by 0.96 to obtain shrunk body weights that were used in subsequent 

calculations of ADG and G:F. Cattle were shipped on 2 different days, approximately 450 km to 

a commercial abattoir, where hot carcass weight (HCW) and liver abscess scores (Liver Abscess 
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Technical Information AI 6288; Elanco US, Inc., Greenfield, IN) were assessed at the time of 

harvest. Following a 24-h period of refrigeration, United States Department of Agriculture 

(USDA) quality and yield grades (QG and YG); 12th-rib subcutaneous fat thickness; longissimus 

muscle area; percent kidney, pelvic, and heart fat (KPH); and marbling scores were obtained 

using camera images (VBG 2000, E+V Technology GmbH & Co. KG, Oranienburg, Germany) 

at the abattoir. 

 Statistical analyses 

Data were analyzed using the GLIMMIX procedure of the Statistical Analysis System 

(SAS Studio; SAS Inst. Inc., Cary, NC). Fixed effects included treatment (corn silage hybrid, and 

corn grain type for growing phase; and corn grain type for finishing phase), and two- and three-

way interactions. Experimental unit was the feedlot pen, and random effect was block. Statistical 

significance was declared at P ≤ 0.05, and tendencies when 0.05 < P < 0.10. 

 

 Results 

There were no 3-way interactions for any of the variables tested in this study (P > 0.10), 

except for percentage of carcasses graded as Select (P = 0.04), discussed later. 

 Performance 

Overall performance is presented in Tables 2.3 and 2.4. No statistical differences for 

ADG were observed (P > 0.10). Animals fed CON-GRA during the growing phase ate 3.36% 

more overall than animals fed EC-GRA (P = 0.04). There was a tendency (P = 0.09) for 

interaction between growing grain and finishing grain, in which animals fed EC-GRA in the 

growing, and CON-GRA in the subsequent finishing phase were more feed-efficient than the 

other treatment combinations. This was led by a tendency (P = 0.06) for steers fed CON-GRA in 
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the finishing phase to be 2.7% more efficient than the ones fed EC-GRA in the same phase. Also, 

by the 4.16% increase in overall feed efficiency of steers fed EC-GRA than CON-GRA during 

the growing phase (P = 0.003). There were no differences in performance for steers fed different 

corn silages (P > 0.10) in this study.  

 Carcass characteristics 

Carcass characteristics are presented in Table 2.5. There were no statistical differences 

for Longissimus muscle area or KPH (P > 0.10). 

We observed some interactions for growing grain by finishing grain with respect to 

HCW, dressing percentage, back fat thickness, and marbling score. There was a tendency for 

interaction in HCW (P = 0.07) for growing grain by finishing grain, in which steers fed the same 

grain hybrid during both phases had numerically greater HCW. Likely influenced by HCW, this 

same interaction was observed for back fat thickness (P = 0.09) and dressing percentage (P = 

0.07); steers fed CON-GRA in both phases had numerically thicker back fat, and they had 

greater carcass yields. This suggests that the consistency of grain type across the growing and 

finishing phases may positively influence these factors. Furthermore, when steers were fed CON-

GRA in the finishing phase, they showed a 4.8% thicker back fat than those fed EC-GRA (P = 

0.05). 

There was a significant interaction between growing grain and finishing grain for 

marbling score as well (P = 0.03). Animals fed CON-GRA during both the growing and 

finishing phases had a marbling score 6.0% higher than animals fed CON-GRA during growing 

and EC-GRA during finishing. However, there is no statistical difference between the 

combinations for animals fed EC-GRA in the growing phase and either EC-GRA or CON-GRA 

in the finishing phase. 
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In this study, the average incidence of abscessed livers (Table 2.6) was 21%; however, no 

statistically significant differences were observed among treatments. Furthermore, there were no 

differences among treatments with respect to severity of abscessed livers. 

 USDA Quality Grade 

Regarding QG, there were no statistical differences for carcasses graded as Prime in this 

study, nor were there any three-way interactions (P > 0.10; Table 2.7). The majority of carcasses 

were graded as low and premium Choice. 

There were tendencies for interaction between the type of grain fed in the growing and 

finishing phases for carcasses graded as low Choice (P = 0.10) and premium Choice (P = 0.07). 

Steers fed the same type of grain in both phases had numerically fewer carcasses graded low 

Choice and more graded premium Choice compared to steers fed alternate grains in each phase. 

There was also a tendency for a greater proportion of carcasses to be graded as Select when 

steers consumed CON-SIL during the backgrounding phase (5.47%; P = 0.09) compared to those 

fed EC-SIL (3.11%). 

 USDA Yield Grade 

Yield grade results are shown in Table 2.8. There was a trend towards an interaction (P = 

0.07) for which steers fed the same type of grain during both growing and finishing phases 

tended to have a greater proportion of overly-finished (i.e., yield grade 5) carcasses. Steers fed 

EC-GRA during the finishing phase had a greater proportion of carcasses with YG 2 compared 

to those fed CON-GRA (P = 0.04). Moreover, steers fed EC-GRA during the growing phase 

exhibited a greater proportion of lean carcasses (i.e., yield grade 1) compared to those fed CON-

GRA (P = 0.04). 
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 Discussion 

We observed that the use of a corn grain with endogenous alpha-amylase in a growing 

diet positively impacts overall performance of steers, suggesting that EC-GRA is a strategy that 

may benefit the feedlot industry. The type of corn silage hybrid fed to the animals in the growing 

phase, or the type of grain fed in the finishing phase did not significantly affect performance or 

carcass characteristics. 

Supporting the findings of our study, Glaser et al. (2022) observed that calves fed EC 

grain as dry-rolled or whole-shelled during the growing phase were more feed efficient (2.4% 

and 9.1%, respectively), and tended to eat and gain less than cattle fed CON. In another 

experiment with growing steers, the authors observed no interactions between corn grain and 

corn silage when steers were fed either EC or CON grain and silage. Unlike our study, however, 

performance was not influenced by corn grain hybrid as a main effect, and EC-SIL had 5.7% 

greater ADG, and tended to have a higher DMI compared to CON-SIL. 

In a study utilizing SFC during the finishing phase, Baker (2023) observed a 2.6% poorer 

G:F for steers fed EC-GRA compared to CON, reinforcing our findings. Following the 

similarities, during the finishing phase, Brinton et al. (2020) observed that steers fed EC as dry-

rolled corn or high moisture corn ate less than CON. Rusche et al. (2020) showed no difference 

in performance or carcass characteristics comparing steers fed EC and CON corn silages.  

Unlike this study, but also utilizing SFC, Horton et al. (2020) showed an increase of 5% 

or more in ADG and G:F for steers fed EC-GRA compared to CON-GRA during the finishing 

phase. In a study by Jolly-Breithaupt et al. (2019), the authors noted that steers fed EC dry-rolled 

during the finishing phase had greater marbling scores, but also increased back-fat thickness and 

increased yield grades compared to steers fed CON.  
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We observed that efficiency was improved to a greater extent when EC was added to a 

diet with higher forage content, as seen in the backgrounding phase of our study. This 

improvement is likely due to the greater capacity to enhance starch digestion by feeding more 

amylase. Clary et al. (1969) observed a positive linear relationship between the starch percentage 

in the diet and endogenous amylase activity in the intestine. With lower starch percentage in 

backgrounding diets, there would be low amylase activity compared to finishing diets. Hence, 

adding amylase would make a positive impact.  

Glaser et al. (2022) did not observe differences in digestibility when feeding EC or CON 

dry rolled grain with silage in one of their studies; however, in another experiment when steers 

were fed EC or CON (dry-rolled or whole-shelled) with hay and dried distillers’ grains, EC had 

8.3% greater digestibility of organic matter (OM) compared to CON, and 4.1% greater starch 

digestibility. Larger differences were noted for grains that were less extensively processed, as 

expected. 

Identifying significant differences in grains characterized by differences in amylase 

content may be challenging due to the already extensive digestibility of SFC within the small 

intestine. With a SFC-based finishing diet, starch that reaches the intestine is 88.1% digested, 

whereas with dry-rolled corn, for example, it is only 56.7% (Owens et al., 1986). Baker (2023) 

observed no statistical differences between EC and CON treatments with respect to digestibility 

when finishing animals were fed either SFC or a blend of high-moisture corn and dry-rolled 

corn. In contrast, in a finishing diet digestibility study conducted by Jolly-Breithaupt et al. 

(2016), the authors observed that DM, OM, and starch total tract digestibility percentages of 

animals fed dry-rolled EC were greater, and fecal output was less than for cattle the CON.  
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Despite the promising outcomes, our study had limitations, such as the lack of evaluation 

of starch content in the grains and silages, which could have provided additional insights. 

Nonetheless, our large sample size ensured high statistical power, reinforcing reliability of our 

findings. Future studies should conduct a more comprehensive analysis of digestibility and 

potential environmental benefits of these outcomes to achieve more sustainable beef production. 

 

 Conclusion 

The type of corn grain fed in the growing and finishing phases, but not the type of silage 

fed in the growing phase, impacted overall system efficiency. This approach not only lowers 

production costs but also mitigates the environmental impact of animal production waste. 
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Table 2.1 Composition of diets containing corn grain and corn silage differing in amylase 

concentration fed to steers in the growing phase. 

  Treatments1 

Feedstuff, DM%  CGCS EGCS CGES EGES 

Corn silage  40.79 40.44 42.71 42.36 

Steam-flaked corn  20.12 20.81 19.47 20.14 

Alfalfa hay  21.42 21.23 20.73 20.55 

Prairie hay  11.51 11.41 11.13 11.03 

Soybean meal  4.07 4.04 3.95 3.92 

Supplement  2.09 2.07 2.02 2.00 

Soybean meal  0.99 0.98 0.96 0.95 

Limestone  0.60 0.59 0.57 0.57 

Urea  0.45 0.44 0.43 0.43 

Trace minerals  0.04 0.04 0.04 0.04 

Rumensin 902  0.01 0.01 0.01 0.01 

Vitamin A 30,000  0.007 0.007 0.007 0.007 

Vitamin E 50%  0.003 0.003 0.003 0.003 

1CGCS = control grain and control silage; EGCS = Enogen (Syngenta Seeds, LLC, 

Durham, NC) grain and control silage; CGES = control grain and Enogen silage; EGES = 

Enogen grain and Enogen silage. 

2Elanco US, Inc., Greenfield, IN. 
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Table 2.2. Composition of diets containing corn grain differing in amylase concentration fed to 

steers in the finishing phase. 

  Treatments1 

Feedstuff, DM%  Control grain Enogen grain 

Steam-flaked corn  81.47 81.57 

Triticale haylage  7.54 7.49 

Corn steep liquor  6.89 6.85 

Supplement  4.11 4.08 

Soybean meal  0.82 0.81 

Limestone  1.66 1.65 

Urea  1.17 1.16 

Salt  0.24 0.23 

Potassium chloride  0.16 0.16 

Trace minerals  0.04 0.04 

Rumensin 902  0.02 0.02 

Vitamin A 30,000  0.006 0.006 

Vitamin E 50%  0.003 0.003 

1Enogen, Syngenta Seeds, LLC, Durham, NC. 

2Elanco US, Inc., Greenfield, IN.  



49 

Table 2.3 Body weight at the growing phase of steers fed a combination of control and Enogen1 

corn grain or silage 

Treatments1  Item2 

Growing grain Growing silage  Growing initial BW, kg Growing final BW, kg 

Control Control  306 424 

Control Enogen  305 418 

Enogen Control  306 426 

Enogen Enogen  305 419 

SEM3  8 8 

P-value 

Growing grain  0.96 0.90 

Growing silage  0.93 0.38 

Grain x silage  0.97 0.96 

1Enogen, Syngenta Seeds, LLC, Durham, NC. 

2Animal weight was corrected for 4% of gut fill. 

3SEM = standard error of the mean. 
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Table 2.4 Overall performance during growing and finishing phases of steers fed a combination of control and Enogen1 corn grain and 

silage. 

Treatments1  Item2 

Growing grain Growing silage Finishing grain 

 Finishing 

initial BW, 

kg 

Finishing 

final BW, 

kg 

Total ADG, 

kg 

Total DMI, 

kg/d 

Total G:F, 

kg 

Control Control Control  425 665 1.526 10.39 0.147 

Control Control Enogen  425 655 1.500 10.38 0.145 

Control Enogen Control  417 660 1.499 10.20 0.147 

Control Enogen Enogen  420 656 1.518 10.30 0.148 

Enogen Control Control  418 660 1.541 9.81 0.157 

Enogen Control Enogen  434 671 1.528 10.31 0.148 

Enogen Enogen Control  417 657 1.516 9.76 0.156 

Enogen Enogen Enogen  420 662 1.510 10.05 0.150 

SEM3  11 9 0.025 0.22 0.003 

P-value 

Growing grain  0.91 0.58 0.45 0.04 0.003 

Growing silage  0.39 0.54 0.44 0.36 0.73 

Growing grain x silage  0.96 0.72 0.63 0.95 0.75 

Finishing grain  0.47 0.92 0.69 0.16 0.06 

Growing grain x finishing grain  0.57 0.24 0.84 0.26 0.09 

Growing silage x finishing grain  0.73 0.95 0.45 0.88 0.43 

3-way interaction  0.59 0.63 0.58 0.62 0.92 
1Enogen, Syngenta Seeds, LLC, Durham, NC. 

2Animal weight was corrected for 4% of gut fill. 

3SEM = standard error of the mean. 
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Table 2.5 Carcass characteristics of steers fed a combination of control and Enogen1 corn grain and silage during the backgrounding 

and finishing phase. 

Treatments1  Item2 

Growing grain Growing silage Finishing grain 
 HCW, 

kg 

Dressing 

yield, % 

Longissimus 

muscle area, cm2 

Back fat, 

cm 

Marbling 

score 

KPH, 

% 

Control Control Control  415 62.39 89.15 1.83 526 1.936 

Control Control Enogen  406 62.06 87.20 1.64 490 1.891 

Control Enogen Control  412 62.43 87.97 1.75 523 1.912 

Control Enogen Enogen  407 61.96 89.18 1.64 496 1.903 

Enogen Control Control  408 61.74 88.75 1.73 501 1.915 

Enogen Control Enogen  417 62.13 89.39 1.75 506 1.887 

Enogen Enogen Control  408 62.07 88.80 1.69 512 1.917 

Enogen Enogen Enogen  414 62.47 90.39 1.65 522 1.894 

SEM3  5.5 0.30 1.15 0.06 14.2 0.024 

P-value 

Growing grain  0.70 0.63 0.25 0.78 0.90 0.68 

Growing silage  0.71 0.48 0.58 0.19 0.40 0.96 

Growing grain x silage  0.96 0.40 0.94 0.63 0.48 0.76 

Finishing grain  0.92 0.98 0.65 0.05 0.17 0.13 

Growing grain x finishing grain  0.07 0.07 0.37 0.09 0.03 0.95 

Growing silage x finishing grain  0.99 0.89 0.21 0.94 0.69 0.54 

3-way interaction  0.67 0.86 0.50 0.36 0.90 0.65 
1Enogen, Syngenta Seeds, LLC, Durham, NC. 

2Marbling score: 400 to 499 = small degree of marbling; 500 to 599 = modest degree of marbling. 

3SEM = standard error of the mean.  
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Table 2.6 Abscessed liver incidence in steers fed a combination of control and Enogen1 corn grain and silage during the 

backgrounding and finishing phase. 

Treatments1  Item3 

Growing grain Growing silage Finishing grain  Total abscessed livers, % A-, % A, % A+, % 

Control Control Control  18.66 5.17 3.66 9.86 

Control Control Enogen  21.69 6.19 5.55 9.98 

Control Enogen Control  15.33 3.29 6.61 5.46 

Control Enogen Enogen  21.50 5.54 4.05 11.94 

Enogen Control Control  23.54 6.23 8.10 9.18 

Enogen Control Enogen  20.44 6.68 5.56 8.22 

Enogen Enogen Control  21.95 5.12 8.83 8.02 

Enogen Enogen Enogen  25.66 9.01 8.69 7.98 

SEM2  4.40 2.18 2.48 3.22 

P-value 

Growing grain  0.25 0.27 0.11 0.68 

Growing silage  0.99 0.83 0.45 0.68 

Growing grain x silage  0.57 0.55 0.73 0.91 

Finishing grain  0.43 0.23 0.64 0.54 

Growing grain x finishing grain  0.49 0.86 0.78 0.41 

Growing silage x finishing grain  0.43 0.45 0.77 0.43 

3-way interaction  0.77 0.72 0.33 0.55 
1Enogen, Syngenta Seeds, LLC, Durham, NC. 

2SEM = standard error of the mean. 

3Elanco scoring system (Elanco US, Inc., Greenfield, IN): 0 for no abscess; A- for one or two small abscesses or inactive scars; 

A for one or two large abscesses or several small abscesses; A+ for multiple large abscesses.
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Table 2.7 USDA quality grades for steers fed a combination of control and Enogen1 corn grain and silage during the backgrounding 

and finishing phase. 

Treatments1  USDA Quality Grade, % 

Growing grain Growing silage Finishing grain  Prime Low choice Premium choice Select 

Control Control Control  9.49 40.65 46.18 3.82 

Control Control Enogen  4.91 51.00 36.87 7.36 

Control Enogen Control  9.44 42.77 44.49 3.44 

Control Enogen Enogen  5.04 55.84 35.40 3.86 

Enogen Control Control  6.83 50.85 36.95 5.29 

Enogen Control Enogen  3.6 47.85 43.29 5.4 

Enogen Enogen Control  7.6 47.56 41.16 3.82 

Enogen Enogen Enogen  8.27 46.25 44.29 1.33 

SEM2  2.77 6.07 5.83 2.15 

P-value 

Growing grain  0.74 0.89 0.85 0.63 

Growing silage  0.47 0.90 0.89 0.09 

Growing grain x silage  0.48 0.47 0.57 0.76 

Finishing grain  0.14 0.25 0.55 0.77 

Growing grain x finishing grain  0.40 0.10 0.07 0.25 

Growing silage x finishing grain  0.59 0.79 0.84 0.30 

3-way interaction  0.63 0.95 0.82 0.93 

1Enogen, Syngenta Seeds, LLC, Durham, NC. 

2SEM = standard error of the mean.  
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Table 2.8 USDA Yield Grade for steers fed a combination of control and Enogen1 corn grain and silage during the backgrounding and 

finishing phase. 

Treatments1  USDA Yield Grade, %2 

Growing grain Growing silage Finishing grain  YG1 YG2 YG3 YG4 YG5 

Control Control Control  0.59 8.16 53.35 30.92 6.97 

Control Control Enogen  -0.13 19.02 44.65 32.93 3.51 

Control Enogen Control  0.59 14.34 50.79 29.86 4.41 

Control Enogen Enogen  1.32 18.98 51.09 26.37 2.23 

Enogen Control Control  3.39 13.38 42.06 37.21 3.83 

Enogen Control Enogen  1.35 15.58 48.85 28.30 5.90 

Enogen Enogen Control  2.43 13.66 52.52 29.13 2.23 

Enogen Enogen Enogen  0.98 16.44 55.43 23.71 3.41 

SEM3  1.07 3.79 5.34 5.64 1.73 

P-value 

Growing grain  0.04 0.88 0.94 0.90 0.71 

Growing silage  0.96 0.45 0.13 0.16 0.10 

Growing grain x silage  0.31 0.61 0.33 0.73 0.96 

Finishing grain  0.20 0.04 0.92 0.28 0.62 

Growing grain x finishing grain  0.20 0.28 0.19 0.37 0.07 

Growing silage x finishing grain  0.45 0.56 0.71 0.89 0.94 

3-way interaction  0.75 0.48 0.35 0.53 0.65 

1Enogen, Syngenta Seeds, LLC, Durham, NC. 

2YG = Yield Grade. 

3SEM = standard error of the mean. 
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Chapter 3 - Fermentation characteristics, aerobic stability, and in 

vitro fermentation of high-moisture corn from hybrids with varying 

amylase expression and moisture 

 

 Abstract 

Ensiling high-moisture corn (HMC) is a common practice to preserve and ferment the 

grain, enhancing its digestibility by the animal. The fermentation process will degrade starch and 

provide soluble sugars, eventually producing lactic acid. The objective of this study was to 

evaluate the fermentation characteristics, aerobic stability, and in vitro ruminal fermentation of 

HMC from either Enogen corn (EC; Syngenta Seeds, LLC, Durham, NC) or a near-isoline corn 

hybrid (CON), harvested at three distinct dry matter (DM) levels (66%, 71%, and 74.5%) and 

stored for four durations (30, 60, 90, or 120 d). It was a randomized complete block design with 

a 2 x 3 x 4 factorial arrangement of treatments. High-moisture corn was ensiled in 57 L plastic 

barrels in quadruplicate, totaling 96 mini-silos. At d 30, EC 74.5% had the highest pH value (P = 

0.07), followed by CON 74.5%. The lactic acid concentration was lowest for EC 74.5%, 

followed by CON at the same DM level, while the highest concentration was observed for EC 

66%, which was similar to CON 66% (P < 0.0001). For yeast and mold count, CON 71% and 

74.5% had higher levels at d 90 compared to other treatments, and all treatments by d 120, 

except EC 74.5%, lowered the count (P = 0.001). The DM was the only variable affecting 

aerobic stability (P < 0.0001), 66% was the most stable, and 74.5% was the least. Regarding 

ruminal in vitro fermentation, 74.5% took longer to reach half of maximum gas production than 

66% and 71% (P < 0.0001), and d 0 took longer than d 120 (P = 0.005). Control 66% had the 
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highest rate of gas production, though not different to EC 66% and 71% (P = 0.03). While 

cultivar type showed minimal influence compared to DM content and storage length, the 

observed effect of hybrid on lactic acid concentration suggests potential for optimizing 

fermentation outcomes. 

Keywords: Enogen, ensiling, starch 

 

 Introduction 

Corn quality is vital to the cattle industry, as rations often consist of 50-80% or more 

corn. High moisture corn (HMC) is a way to conserve grains and provide the animals with a 

highly digestible source of starch. Ensiling is a process commonly used as a method to conserve 

feed for ruminants, modifying the feed through anaerobic fermentation. With respect to grain 

preservation, degradation of starch yields soluble sugars that can be utilized by bacteria to 

support fermentation during the ensiling process. The use of Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC), which contains higher concentrations of amylase, may help starch 

degradation, providing additional substrate for lactic acid bacteria. A study has been conducted 

adding exogenous amylolytic enzymes to HMC (Kung Jr. et al., 2007), and another study have 

utilized amylolytic enzymes but in combination with microbial inoculants (Taylor and Kung Jr., 

2002). To our knowledge, none have been conducted studying the fermentative profile and 

aerobic stability of a HMC hybrid expressing high amylase within its endosperm. 

Key factors in successful ensiling include compaction (to create an oxygen-free 

environment), moisture content, the duration of ensiling, and storage conditions. We hypothesize 

that high amylase hybrid will enhance fermentation quality by hydrolyzing starch and providing 

more soluble sugars, increasing lactic acid concentration, and lowering pH. Thus, the objectives 
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of this study were to compare the production of volatile fatty acids (VFA), non-volatile organic 

acids, alcohols, aerobic stability, and yeast and mold counts within HMC hybrids preserved by 

ensiling for different days, with different levels of dry matter (DM). Additionally, in vitro 

ruminal fermentation was conducted to evaluate gas production, VFA concentration, and in vitro 

dry matter digestibility (IVDMD). 

 

 Materials and Methods 

Two experiments were conducted. The first experiment evaluated the fermentation 

characteristics of HMC, and aerobic stability, while the second assessed in vitro gas production 

and IVDMD. 

 Experiment 1 

 Experimental design 

The experiment was a randomized complete block design with a 2 x 3 x 4 factorial 

arrangement of treatments. Factor 1 consisted of hybrid EC or a near-isoline hybrid as a control 

(CON)]; factor 2 consisted of 3 different harvests targeting different amounts of DM within the 

grain (66, 71, or 74.5%); and factor 3 consisted of 4 different storage length (30, 60, 90, or 120 

d) to evaluate progression of the ensiling process. The actual DM for CON was 65.40%, 71.20%, 

and 74.50%; as for EC, it was 66.81%, 71.06%, and 74.63%. The experiment consisted of 24 

treatments ensiled in quadruplicate (a total of 96 mini-silos). 

 Preparation of experimental silos 

Whole grains were harvested from crop fields near Manhattan, KS, at appropriate times 

for each of the target moisture levels and delivered to the indoor feed preparation area for 

processing at Kansas State University, Beef Cattle Research Center. Grains were rolled, placed 



58 

into 57 L plastic barrels with 2-mm sidewall thickness, and compacted using a hydraulic press. 

The target silo density was 720 kg of DM/m3 but it varied from 700 to 720, depending on the 

HMC moisture content. Plastic lids were secured to the top of each barrel with a spring-type 

compression ring. Lids were modified to include a Bunsen valve, as well as a port for insertion 

of a stainless-steel thermocouple probe (Pace Scientific, Inc., Mooresville, NC 28117; Model 

PT-960). In the silos that stayed closed for 120 d, thermocouple probes were placed to reach the 

middle of the barrel, and were connected to a data logger (Pace Scientific, Inc; Model XR5-SE) 

programmed to record internal temperature at 1 h intervals for the duration of the ensiling period. 

Barrels were stored in a covered building to avoid contact with direct solar radiation and 

precipitation. One thermocouple probe was also placed into a barrel containing dry ground corn 

to capture ambient temperature. Moisture content of fresh HMC was determined using a forced-

air oven at 105°C for 24 h. Empty weight of barrels with lids and compression rings was 

recorded. After ensiling, the weight of each barrel was recorded on d 0, 10, 20, 30, 60, 90, and 

120 to determine respiration losses. At the beginning of the trial, we also prepared a set of silos 

designated to be opened at 240 d. However, due to unforeseen circumstances, these silos were 

not opened and thus were excluded from the primary analysis of this study. Despite this, the silo 

weights were recorded, and we included these weight measurements in the statistical analysis. 

 Aerobic stability 

Stability of grains following exposure to air was assessed after opening experimental 

silos on d 30, 60, 90, and 120. High-moisture corn was removed from each silo, mixed to 

incorporate ambient air, and placed into 18 L clean, insulated containers without packing. The 

container lid was prepared with a hole vent in the center to allow the escape of CO2, the bottom 

side of the container was perforated, and a 12 mm diameter tube was introduced with a single 5 
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cm hole in the center to allow air exchange. A thermocouple probe was placed in the center of 

the grain mass and programmed to record temperature at 1 h intervals for 14 d. Aerobic stability 

was defined as the time interval over which the temperature of the mass remained no more than 

3°C above the initial temperature. 

 Laboratory analyses 

Right after each silo opening, two samples of each HMC silo were collected. One sample 

was frozen for later laboratory analyses, the other sample was refrigerated and sent to a private 

laboratory for yeast and mold count, and ethanol quantification.  

To determine pH of the ensiled material, 25 g of HMC was placed in a beaker with 75 

mL of distilled water and shaken in an orbital shaker equipment for 30 min at ambient 

temperature. Measurement of pH was taken of the liquid portion, which was then filtered with 2 

layers of cheesecloth. An aliquot of the extract was then combined 4:1 with a 25% (w/v) solution 

of m-phosphoric acid and frozen in a -20°C freezer, for organic acids analysis. Liquid extract 

was centrifuged at 14,000 x g for 15 min, supernatant was transferred to chromatography vials, 

and concentrations of VFA were determined using an Agilent 7890 gas chromatography (Agilent 

Technologies, Santa Clara, CA) equipped with a flame ionization detector and capillary column 

(DB-624 UI 30 m x 0.53 µm x 3 µm film thickness; Agilent Technologies, Santa Clara, CA) 

using hydrogen as the carrier gas. Concentrations of lactate were determined by a colorimetric 

method described by Barker and Summerson (1941).  

 Statistical analyses 

Data were analyzed using the GLIMMIX model procedure of the Statistical Analysis 

System (SAS Studio version; SAS Inst. Inc., Cary, NC). Yeast and mold count were log 

transformed. Fixed effects included hybrid, moisture, and storage length, and random effect was 
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block. For weight loss, data were analyzed using the MIXED model procedure of SAS, with 

storage length as repeated measure. Statistical significance was declared at P ≤ 0.05, tendency 

when 0.05 < P < 0.10. 

 Experiment 2 

 In vitro analyses 

We used the same HMC samples as in experiment one, but we also added d 0 of storage 

length to the analysis. Each HMC sample collected from the previous experiment was mixed 

with dry ice and ground in a Willey Mill (Thomas Scientific, PA) equipped with a 1 mm screen. 

Samples were analyzed in duplicate, split into 8 in vitro runs in a randomized complete block 

design to analyze pH, extent and rate of gas production during fermentation, VFA 

concentrations, and IVDMD. Each run contained one sample replicate, with a total of 26 250 mL 

Pirex® bottles, including 2 bottles in each run containing just the buffered ruminal fluid as the 

blank culture for the quantification of IVDMD. 

One day prior to each in vitro incubation, 1.5 g of DM from each substrate sample was 

weighed into individual bottles, and McDougall's buffer solution (McDougall, 1948) was 

prepared. On the incubation day, ruminal fluid was collected from a cannulated steer fed a diet 

consisting of 50% forage and 50% concentrate. The fluid was strained through two layers of 

cheesecloth, transported to the laboratory in insulated bottles, and placed in a separatory funnel 

for stratification over approximately 20 min, or until the fluid was well stratified. Nitrogen gas 

was applied to displace oxygen in the funnel. After stratification into three layers, the bottom 

layer was discarded, and the middle layer, rich in microbial content, was mixed with 

McDougall's buffer in a 1:4 ratio. Throughout the procedure, the ruminal fluid was maintained at 

39°C to preserve microbial viability. 
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In each bottle, 150 mL of buffered ruminal fluid was added, nitrogen gas was flushed in, 

and the bottle was immediately sealed with a module from the Ankom RF gas production system 

(Ankom Technology, Macedon, NY). The culture vessels were then placed in an orbital shaker 

set at 39°C and shaken at 25 rpm. Cumulative gas pressure was recorded every 15 min in psi, 

and the data were converted to milliliters of gas produced using the Ideal Gas Law and 

Avogadro’s law. The in vitro incubation lasted 24 h. At the termination of incubation, bottles 

were placed on ice for 20 min to stop fermentation, the pH was measured, and an aliquot of the 

liquid was combined with 25% m-phosphoric acid for VFA analysis. To quantify IVDMD, 

contents of each bottle were then transferred to individual aluminum pans and placed in a forced-

air oven at 105°C for 24 h, or until the contents were completely dry, and weighed. Liquid 

extract for VFA analysis was centrifuged, 0.4 mL of supernatant was transferred to 

chromatography vials with 1.2 mL of pivalic acid solution as the internal standard, and 

concentrations of VFA were determined using an Agilent 7890 gas chromatography (Agilent 

Technologies, Santa Clara, CA) equipped with a flame ionization detector and capillary column 

(DB-WAX 10 m x 100 µm x 0.1 µm film thickness; Agilent Technologies, Santa Clara, CA) 

using hydrogen as the carrier gas. 

 Statistical analyses 

Gas production data were analyzed using the nonlinear regression procedure NLIN of the 

Statistical Analysis System (SAS Studio version; SAS Inst. Inc., Cary, NC) for each in vitro 

culture, with log-logistic providing the best fit for the data. The model estimated each gas 

production parameter using time and gas production. The gas production parameter was used to 

estimate the extent of the gas production potential (parameter K) and the rate of gas production 

(parameters r, and t1/2). With that, the parameter estimates K, r, and t1/2, in addition to pH, VFA 
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concentrations, and IVDMD data were analyzed using the GLIMMIX model procedure of the 

Statistical Analysis System (SAS Studio version; SAS Inst. Inc., Cary, NC). Fixed effects 

included hybrid, moisture, and storage length, the random effect was block and replicate. 

Statistical significance was declared at P ≤ 0.05, tendency when 0.05 < P < 0.10. 

 

 Results 

 Experiment 1 

There was an interaction for hybrid x DM in HMC bulk density (P < 0.01; Table 3.1). As 

DM content increased, bulk density decreased in both hybrids, with EC consistently exhibiting 

lower values than CON. 

The statistical significance values for HMC differing in hybrids, harvest DM, and storage 

length, it’s main effects and interactions are shown in Table 3.2. Main effect will be described if 

no interactions occurred. For pH (Figure 3.1), a tendency for three-way interaction was observed 

among hybrid, DM, and storage length (P = 0.07), with EC 74.5% at d 30 having the highest pH 

value. Overall, 74.5% DM consistently exhibited elevated pH levels across all storage durations 

for both hybrids (P < 0.01). By d 90 and 120, CON hybrid showed similar pH values for 66% 

and 74.5% DM, suggesting that prolonged storage may mitigate the adverse effects of lower 

moisture content in the CON hybrid, a trend not observed in EC. 

In the hybrid x DM interaction, significant differences in pH were found between CON 

66% and CON 71%, with 71% having a lower level, while EC 66% and EC 71% showed no 

significant differences between them and compared to either CON 66% or CON 71% (P < 0.01). 

This indicates that for CON, a 71% DM at harvest is better, while EC offers a wider harvest 
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window without substantially affecting pH. At 74.5% both hybrids had a higher pH, although EC 

was even more prominent. 

In the DM x storage length interaction (P < 0.01), HMC at 74.5% DM exhibited 

significantly higher pH levels than other DM levels across all storage durations, but notably, 

storage duration had a more pronounced positive effect at 74.5% DM, where pH decreased as 

storage length increased, suggesting that if corn is harvested with a higher DM content, longer 

storage periods are necessary to achieve lower pH. 

Yeast and mold counts (Figure 3.2 and 3.3, respectively) had a very similar graph pattern, 

and there was a significant three-way interaction in both (P < 0.01). On d 90, the CON group 

exhibited significantly higher levels at both 71% and 74.5% DM compared to other 

combinations. Both hybrids at 66% DM showed a consistent lower and decreasing count as 

storage length increased. Treatments CON 71%, CON 74.5%, and EC 74.5% kept proliferating 

by d 90, and by d 120 all treatments, except EC 74.5%, reached lower levels. Notably, while 

extended ensiling periods benefit higher dry matter percentages, this trend does not apply to EC 

at 74.5% DM. 

In the DM x storage length interaction, 66% DM consistently exhibited the lowest 

microbial counts (P = 0.04 for yeast, P = 0.05 for mold) across all ensiling durations compared 

to higher DM levels. However, extended storage again appeared to mitigate the negative effects 

of higher DM content, as yeast and mold counts at d 120 at 71% DM became statistically similar 

to those at 66% DM. In contrast, at d 30, 60, and 90, microbial levels for 71% and 74.5% DM 

were not significantly different. 

In the hybrid x storage length interaction (yeast P < 0.01; mold P < 0.01), the most 

notable difference is that CON at 90 d exhibited the highest counts, while CON at 120 d, EC at 
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120 d, and EC at 90 d showed the lowest. This suggests that ensiling EC for 90 d is as effective 

in controlling yeast and mold proliferation as ensiling either hybrid for 120 d. 

For lactic acid concentration (Figure 3.4), there was no three-way interaction (P = 0.37), 

but there were two-way interactions for hybrid x DM (P < 0.01), and DM x storage length (P = 

0.05). Enogen corn 66% exhibited similar lactic acid concentrations to CON 66%, but was 

significantly higher than all other treatment combinations. The lowest lactic acid concentrations 

were observed in both hybrids at 74.5% DM, with EC 74.5% showing the most pronounced 

reduction compared to all other treatments. Overall, lactic acid concentrations decreased as the 

DM of HMC increased (P < 0.01). Notably, at 74.5% DM, extended storage duration resulted in 

continuous improvements in lactic acid levels. There was a tendency for hybrid x SL interaction 

(P = 0.09), but no differences between treatments after applying the Bonferroni adjustment test. 

Acetic acid, butyric acid, and ethanol concentrations had a two-way interaction for hybrid 

x DM (P < 0.01). Acetic and butyric acid concentrations (Figures 3.5 and 3.6, respectively) 

decreased progressively as DM at harvest increased, but it depended on hybrid. For acetic acid, 

the highest concentration was CON at 66% DM, while for the EC group it was at 71%. There 

was a tendency for a three-way interaction (P = 0.09) for acetic acid, but it seems to be more 

driven by the interaction hybrid x DM. 

Regarding butyric acid, both hybrids at 66% DM had the highest concentrations, with EC 

surpassing CON, aligning with the observed lactic acid patterns. Ethanol concentrations (Figure 

3.7) followed a different trend, with CON at 66% DM showing the highest levels across all 

treatments, whereas both hybrids at 71% DM demonstrated the lowest ethanol concentrations. 

For aerobic stability, there was no interaction (P > 0.05; Figure 3.8). Of the main effects, 

only harvest DM percentage affected the HMC parameters we are discussing in this study (P < 
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0.01). Dry matter 66% took 205 h longer than DM 71% to reach 3°C above ambient temperature, 

and 265 h longer than 74.5%. This finding clearly suggests that the lower the DM content in the 

HMC, the more stable it is. 

Silo weight loss had a three-way interaction (P < 0.01; Figure 3.9). CON weight loss 

decreased as harvest DM increased for all storage lengths, except at d 90 which 71% had the 

highest loss. However, we believe that there was a flaw in data collection for CON d 90 to have 

had this expressive increase in loss, since the loss percentage by d 120 decreased. While the scale 

used for weighing the silos was validated prior to use, it may have provided inaccurate results, 

contributing to this variation. Enogen corn hybrid had similar losses for 66% compared to 

74.5%, and in many cases had the lowest loss at 71%. CON 66% had higher loss compared to 

EC 66%, and CON 74.5% had the lowest loss, when not the same, compared to EC 74.5%. 

 Experiment 2 

Statistical significance values for in vitro fermentation parameters of HMC differing in 

hybrids, harvest DM, and storage length, the main effects and interactions are shown in Table 

3.3. There were no three-way interactions for any of the variables presented in this study (P > 

0.05). For the maximum in vitro gas production (K; Figure 3.10), IVDMD (Figure 3.13), acetate 

(Figure 3.14), propionate (Figure 3.15), butyrate (Figure 3.16), and valerate (Figure 3.18) there 

were no statistical difference for any interactions or main effects (P > 0.05). There were some 

tendencies across the variables, but after applying the Bonferroni adjustment there was no 

difference among them. 

For time to reach half maximum gas production (t1/2; Figure 3.11), there was an effect of 

DM x storage length (P = 0.02). There was no difference between the three DM at d 0, 60, and 

120. At d 30 and 90, 74.5% took longer (higher t1/2) to reach the half maximum gas production 
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than 66%. At 74.5% DM, t1/2 was consistently higher than both 66% and 71% (P < 0.01). And 

for storage length, d 0 had a higher t1/2 value than d 120 (P < 0.01), indicating a decrease in time 

to reach t1/2. 

For rate of gas production (r; Figure 3.12), there was an effect for hybrid x DM (P = 

0.03), which CON 66% had a higher rate of gas production than CON 71% and 74.5%, as well as 

EC 74.5%. Overall, for the DM effect, the highest rate was at 66% compared to 71% and 74.5% 

(P < 0.01). 

For isovalerate concentration (Figure 3.17), there was an effect for hybrid x DM (P = 

0.02), but no difference was shown after applying the Bonferroni adjustment. In the storage 

length effect (P < 0.01), d 90 had more than d 0 and 120, in which the concentration started low 

at d 0, reached the highest at d 90, and decreased at d 120.  

 

 Discussion 

The primary factor influencing the observed differences in results was DM content at 

harvest, with DM at 74.5% consistently exhibiting the most unfavorable effects than the 66% and 

71%. Microbial activity is dependent on moisture content, therefore low moisture content should 

negatively affect the fermentation profile of HMC. Moreover, dry materials are more challenging 

to pack into the silos, making it difficult to expel oxygen. The reason for the difference in bulk 

density between hybrids is unknown, but could be attributed to procedural factors, due to the fact 

that EC HMC was prepared in days after CON, resulting from the different planting times.  

Significant interactions between DM and hybrid type were observed at 66% and 71% 

DM. The optimal hybrid choice for HMC depends on the DM at harvest and the specific variable 

under consideration; however, with respect to aerobic stability, one of the critical factors in 
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determining HMC quality, both hybrids performed similarly. Additionally, storage length had a 

substantial impact, with extended ensiling periods, particularly at 120 d, improving HMC 

quality, especially at higher DM concentrations. 

The pH of an ensiled product should drop within the first 30 d for its adequate 

conservation. In our results, pH at d 30 for DM 74.5% was still high. It eventually decreased, 

although EC 74.5% kept at higher levels compared to other treatments by d 120. The pH is 

inversely proportionate to lactic acid concentration. Fermentation efficiency is influenced by 

moisture content, given that lactic acid is produced through the fermentation of water-soluble 

carbohydrates (Oude Elferink et al., 2000). Our findings, which show that the 74.5% DM 

treatment had the lowest lactic acid production, align with this relationship. Although the highest 

lactic acid was for EC 66% (while not different from CON 66%), the lowest was for EC 74.5%, 

suggesting that the relation of lactic acid concentration and amylase present in the corn depends 

on DM content.  

In a study comparing EC and its near-isoline as whole plant corn silage (WPCS) and 

earlage, most of the differences Heinzen Jr. et al. (2024) observed were related to storage length. 

They did not find differences for lactic acid, acetic acid, and yeast and mold counts between 

hybrids. Aerobic stability was greater for EC WPCS, as well as a lower DM loss; however, the 

opposite happened for earlage. For earlage, EC had an overall higher pH, as in our study. 

Batista et al. (2021) observed that reconstituted corn with added enzyme had superior 

ensiling characteristics compared to CON, showing that it increased lactic acid concentration, 

and decreased pH and VFA. But showed higher total losses from d 60 to 210, and higher ethanol. 

Their study used reconstituted flint HMC with an initial DM of 62.5%, which can produce 

different outcomes compared to the dent corn used in our experiment. 
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With more yeasts and molds present, the ensiled material is less stable after opening the 

silo. Our results support that higher HMC DM and lower storage time have greater yeast and 

mold counts, thus are more prone to spoilage. And as storage length increases, there is a decrease 

in yeast and mold counts; though EC-74.5% did not decreased by d 120. With respect to aerobic 

stability, however, both hybrids at 74.5% had poorer stability, and at 66% they had the greatest 

stability, telling us that harvest DM and storage length are the major factors for the HMC quality 

in our study.  

Kung Jr. et al. (2018) stated that silage DM loss can be related to high concentration of 

ethanol. That could explain our CON-66% showing higher weight loss and ethanol than other 

treatments. Butyric acid is almost undetected in fermented feeds, but concentrations of this 

organic acid can be elevated under certain conditions. Besides producing higher energy and DM 

losses, its presence coupled with a high pH can be an indication of clostridia growth (Rooke and 

Hatfield, 2003). Although we see higher concentration of butyric acid and silo weight loss for 

EC-66% followed by CON-66% compared to other treatments, the pH was still low. 

For the total weight loss of HMC, our findings show that EC lost less than CON, and is 

more similar across different DM levels. CON had big changes between DM, with the highest 

loss when DM was 66% compared to 71% and 74.5%. In general, at 66% DM, CON lost 

approximately 48% more than EC. But at 71% and 74.5%, hybrids were mostly similar and low 

in weight loss. Most of the fermentation losses occur when oxygen is present (Seglar and Shaver, 

2014). With that we would expect HMC with higher DM content to show greater loss, due to 

poorer compaction, instead, for CON, the lower DM resulted in greater loss. 

More similar results to our study, Kung Jr. et al. (2007) observed no differences for pH, 

lactate, and aerobic stability when he compared HMC with or without a mixture of amylolytic 
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enzymes, with HMC being ensiled for 90 d and initial DM of 73.17%. They observed higher 

concentrations of acetic acid and yeast count for the treatment receiving the enzyme compared to 

CON. However, besides -amylase, their enzyme mixture also contained -glucanase and 

xylanase, making it difficult to ascertain the extent to which -amylase contributed to the effects. 

There were few statistically significant differences in the variables measured in this in 

vitro digestion study, but DM content had appeared to be the major factor influencing outcomes. 

In some instances, the effects were also influenced by the hybrid type and storage length. Dry 

matter 74.5% reached t1/2 faster than both 66% and 71% for most of the ensiling periods. Also, 

both hybrids at 66% and EC 71% had a greater rate of gas production compared to CON 71% 

and CON 74.5%. That shows that EC ferments faster than CON at 71% DM. If 74.5% reaches 

t1/2 faster, and has a slower rate of gas production, it suggests that it can produce less gas, 

although there was no difference for maximum gas production. 

Like in our study, Hu et al. (2010) did not find differences in in vitro ruminal VFA 

concentration when they compared different combinations of EC and its near-isoline. They also 

compared the starch degradation of 1-mm ground grains incubated in water for 24 h, and 

observed that at 40C and 65C EC had greater degradability than isoline, with a more 

expressive difference at 65C. In a different type of assay, Heinzen Jr. et al. (2024) evaluated in 

situ starch disappearance, where WPCS and earlage samples were dried and ground to a 6-mm 

sieve, and found that, at h 6, isoline was higher than EC by 5.2 and 3.5 percentage units for 

WPCS and earlage, respectively.  

Our studies included a sufficient number of experimental units, providing reliable results. 

However, due to the nature of ensiled materials, controlling variability, especially between 

hybrids and fields, can be challenging. To gain a more comprehensive understanding, further 



70 

studies on amylase-treated corn and EC are needed to assess fermentation profiles, aerobic 

stability, microbial populations, chemical composition, and in vitro characteristics of HMC. 

 

 Conclusion 

As anticipated, the DM content of the grains at harvest significantly influenced ensiling 

characteristics and was the primary factor driving differences in HMC pH, lactate, acetate, 

butyrate, ethanol concentrations, yeast and mold counts, and aerobic stability. It also affected in 

vitro parameters such as t1/2, r, and isovalerate concentrations. In contrast, the effects of grain 

hybrid were relatively minor in comparison. 
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Table 3.1 Bulk density of high-moisture corn, experiment 1. 

Treatments1  Item2 

DM, % Hybrid  Bulk density, kg/m3 

66 
Control  1071.39a 

Enogen  1058.81b 

71 
Control  1006.88c 

Enogen  986.48d 

74.5 
Control  977.85e 

Enogen  949.04f 

 SEM3  1.8 

P-value4 

H  <0.01 

DM  <0.01 

SL  0.48 

HxDM  <0.01 

HxSL  0.76 

DMxSL  0.52 

HxDMxSL  0.76 
1DM = dry matter at harvest; Control = near isoline hybrid; Enogen = Enogen (Syngenta 

Seeds, LLC, Durham, NC). 

2High-moisture corn (on an as is basis) bulk density. 

3Standard error of the mean. 

4H = hybrid; DM = dry matter at harvest; SL = storage length (30, 60, 90, or 120 d). 

a,b,c,d,e,fMeans without a common superscript letter are different.
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Table 3.2 Overall mean and P-values for the main effects and interactions of hybrid, dry matter at harvest, and storage length on the 

ensiling characteristics of high-moisture corn, experiment 1. 

      P-value3 

Item1 Mean SEM2 H DM SL H x DM H x SL DM x SL H x DM x SL 

pH 4.05 0.06 <0.01 <0.01 0.03 <0.01 0.31 <0.01 0.07 

Yeast count, CFU/g 5.18 0.43 0.44 <0.01 <0.01 0.21 <0.01 0.04 <0.01 

Mold count, CFU/g 0.69 0.04 0.53 <0.01 <0.01 0.22 <0.01 0.05 <0.01 

Lactic acid, % of DM 4.84 0.34 0.94 <0.01 0.11 <0.01 0.09 0.05 0.37 

Acetic acid, % of DM 0.13 0.02 <0.01 <0.01 <0.01 <0.01 0.75 0.64 0.09 

Butyric acid, % of DM 0.06 0.01 <0.01 <0.01 0.17 <0.01 0.62 0.48 0.63 

Ethanol, % 0.46 0.03 <0.01 <0.01 0.87 <0.01 0.55 0.47 0.44 

Aerobic stability, h 164 23.3 0.71 <0.01 0.78 0.32 0.84 0.77 0.57 

Weight loss, % 0.73 0.09 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

1CFU = colony forming unit; DM = dry matter; aerobic stability = time the silage temperature took to reach 3°C above ambient 

temperature after exposure to air, with a total recorded time of 330 h. 

2Standard error of the mean. 

3H = hybrid (Control or Enogen; Syngenta Seeds, LLC, Durham, NC); DM = dry matter at harvest (66%, 71%, or 74.5%); SL 

= storage length (30, 60, 90, or 120 d). For weight loss, storage length was 10, 20, 30, 60, 90, or 120 d. A P-value < 0.05 indicates a 

statistically significant difference between treatments.  



74 

Table 3.3 In vitro fermentation overall mean and P-values for the main effects and interactions of hybrid, dry matter at harvest, and 

storage length on the ensiling characteristics of high-moisture corn, experiment 2. 

   P-value3 

Item1 Overall mean SEM2 H DM SL HxDM HxSL DMxSL HxDMxSL 

K, mL 431 29.6 0.46 0.06 0.37 0.30 0.98 0.09 0.11 

T1/2, h 12.16 1.92 0.09 <0.01 <0.01 0.83 0.87 0.02 0.44 

R, mL/h 2.37 0.34 0.62 <0.01 0.28 0.03 0.94 0.33 0.75 

IVDMD, % 53.89 2.32 0.10 0.85 0.08 0.52 0.10 0.06 0.97 

Acetate, mM 50.22 3.69 0.65 0.06 0.30 0.14 0.09 0.73 0.78 

Propionate, mM 22.82 2.44 0.39 0.79 0.57 0.54 0.44 0.88 0.88 

Butyrate, mM 12.21 1.49 0.82 0.07 0.15 0.40 0.12 0.31 0.92 

Isovalerate, mM 1.92 0.34 0.55 0.71 <0.01 0.02 0.34 0.16 0.75 

Valerate, mM 0.96 0.33 0.52 0.30 0.17 0.18 0.26 0.66 0.11 

          
1K = maximum in vitro gas production; t1/2 = time to reach half maximum gas production; r = rate of gas production; IVDMD 

= in vitro dry matter digestibility. 

2Standard error of the mean. 

3H = hybrid (Control or Enogen; Syngenta Seeds, LLC, Durham, NC); DM = dry matter at harvest (66%, 71%, or 74.5%); SL 

= storage length (30, 60, 90, or 120 d). A P-value < 0.05 indicates a statistically significant difference between treatments. 
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Figure 3.1 pH of high-moisture corn hybrids differing in amylase expression, dry matter, and 

storage length. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, 

stored (SL) for 30, 60, 90, or 120 d. Values are least square means and error bars are the standard 

error. H, P < 0.01; DM, P < 0.01; SL, P = 0.03; HxDM, P < 0.01; HxSL, P = 0.31; DMxSL, P < 

0.01; HxDMxSL, P = 0.07; standard error of the mean = 0.06. 
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Figure 3.2 Log of yeast count presented as colony forming unit/g (CFU/g) of high-moisture corn 

hybrids differing in amylase expression, dry matter, and storage length. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, 

stored (SL) for 30, 60, 90, or 120 d. Values are least square means and error bars are the standard 

error. H, P = 0.44; DM, P < 0.01; SL, P < 0.01; HxDM, P = 0.21; HxSL, P = 0.0002; DMxSL, P 

= 0.04; HxDMxSL, P = 0.001; standard error of the mean = 0.43. 
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Figure 3.3 Log of mold count presented as colony forming unit/g (CFU/g) of high-moisture corn 

hybrids differing in amylase expression, dry matter, and storage length. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, 

stored (SL) for 30, 60, 90, or 120 d. Values are least square means and error bars are the standard 

error. H, P = 0.53; DM, P < 0.01; SL, P < 0.01; HxDM, P = 0.22; HxSL, P = 0.003; DMxSL, P 

= 0.05; HxDMxSL, P = 0.004; standard error of the mean = 0.04. 
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Figure 3.4 Lactic acid as % of dry matter (DM) of high-moisture corn hybrids differing in 

amylase expression, dry matter, and storage length. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at DM levels of 66%, 71%, or 74.5%, stored (SL) for 

30, 60, 90, or 120 d. Values are least square means and error bars are the standard error. H, P = 

0.94; DM, P < 0.01; SL, P = 0.11; HxDM, P < 0.01; HxSL, P = 0.09; DMxSL, P = 0.05; 

HxDMxSL, P = 0.37; standard error of the mean = 0.34. 
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Figure 3.5 Acetic acid as % of dry matter (DM) of high-moisture corn hybrids differing in 

amylase expression, dry matter, and storage length. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at DM levels of 66%, 71%, or 74.5%, stored (SL) for 

30, 60, 90, or 120 d. Values are least square means and error bars are the standard error. H, P = 

0.007; DM, P < 0.01; SL, P = 0.001; HxDM, P < 0.01; HxSL, P = 0.75; DMxSL, P = 0.64; 

HxDMxSL, P = 0.09; standard error of the mean = 0.02. 
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Figure 3.6 Butyric acid as % of dry matter (DM) of high-moisture corn hybrids differing in 

amylase expression, dry matter, and storage length. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at DM levels of 66%, 71%, or 74.5%, stored (SL) for 

30, 60, 90, or 120 d. Values are least square means and error bars are the standard error. H, P < 

0.01; DM, P < 0.01; SL, P = 0.17; HxDM, P < 0.01; HxSL, P = 0.62; DMxSL, P = 0.48; 

HxDMxSL, P = 0.63; standard error of the mean = 0.01. 
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Figure 3.7 Ethanol percentage of high-moisture corn hybrids differing in amylase expression, dry 

matter, and storage length. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at DM levels of 66%, 71%, or 74.5%, stored (SL) for 

30, 60, 90, or 120 d. Values are least square means and error bars are the standard error. H, P < 

0.01; DM, P < 0.01; SL, P = 0.87; HxDM, P < 0.01; HxSL, P = 0.55; DMxSL, P = 0.47; 

HxDMxSL, P = 0.44; standard error of the mean = 0.03. 
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Figure 3.8 Hours for the high-moisture corn to reach 3⁰C above ambient temperature of high-

moisture corn hybrids differing in amylase expression, dry matter, and storage length. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, 

stored (SL) for 30, 60, 90, or 120 d. Values are least square means and error bars are the standard 

error. H, P =0.71; DM, P < 0.01; SL, P = 0.78; HxDM, P =0.32; HxSL, P = 0.84; DMxSL, P = 

0.77; HxDMxSL, P = 0.57; standard error of the mean = 23.3. 
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Figure 3.9 Percentage of silo total weight loss after 10, 20, 30, 60, 90, and 120 days of ensiling 

of high-moisture corn. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids harvested at dry matter levels of 66%, 71%, or 74.5%. Values are 

least square means and error bars are the standard error. P < 0.01; standard error of the mean = 

0.09. 
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Figure 3.10 Maximum in vitro gas production (k; mL) of high-moisture corn. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, 

stored (SL) for 30, 60, 90, or 120 d. Values are least square means and error bars are the standard 

error. H, P = 0.46; DM, P = 0.06; SL, P = 0.37; HxDM, P = 0.30; HxSL, P = 0.98; DMxSL, P = 

0.09; HxDMxSL, P = 0.11; standard error of the mean = 29.6. 
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Figure 3.11 Interaction between dry matter and storage length for time to reach half maximum in 

vitro gas production (t1/2; h) of high-moisture corn. 

High-moisture corn was composed of Control or Enogen corn (Syngenta Seeds, LLC, Durham, 

NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, stored (SL) for 30, 

60, 90, or 120 d. Values are least square means and error bars are the standard error. H, P = 0.09; 

DM, P < 0.01; SL, P = 0.005; HxDM, P = 0.83; HxSL, P = 0.87; DMxSL, P = 0.02; HxDMxSL, 

P = 0.44; standard error of the mean = 1.92. 
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Figure 3.12 Interaction between hybrid and dry matter for rate of in vitro gas production (r; 

mL/h) of high-moisture corn. 

High-moisture corn was composed of Control or Enogen corn (Syngenta Seeds, LLC, Durham, 

NC) hybrids (H), harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, stored for 30, 60, 

90, or 120 d. Values are least square means and error bars are the standard error. H, P = 0.62; 

DM, P < 0.01; SL, P = 0.28; HxDM, P = 0.03; HxSL, P = 0.94; DMxSL, P = 0.33; HxDMxSL, 

P = 0.75; standard error of the mean = 0.34. a,bMeans without a common superscript letter are 

different. 
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Figure 3.13 Percentage of in vitro dry matter digestibility (IVDMD) of high-moisture corn. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, 

stored (SL) for 30, 60, 90, or 120 d. Values are least square means and error bars are the standard 

error. H, P = 0.10; DM, P = 0.85; SL, P = 0.08; HxDM, P = 0.52; HxSL, P = 0.10; DMxSL, P = 

0.06; HxDMxSL, P = 0.97; standard error of the mean = 2.32. 
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Figure 3.14 In vitro ruminal fermentation acetate concentration (mM) of high-moisture corn. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, 

stored (SL) for 30, 60, 90, or 120 d. Values are least square means and error bars are the standard 

error. H, P = 0.65; DM, P = 0.06; SL, P = 0.30; HxDM, P = 0.14; HxSL, P = 0.09; DMxSL, P = 

0.73; HxDMxSL, P = 0.78; standard error of the mean = 3.69. 
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Figure 3.15 In vitro ruminal fermentation propionate concentration (mM) of high-moisture corn. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, 

stored (SL) for 30, 60, 90, or 120 d. Values are least square means and error bars are the standard 

error. H, P = 0.39; DM, P = 0.79; SL, P = 0.57; HxDM, P = 0.54; HxSL, P = 0.44; DMxSL, P = 

0.88; HxDMxSL, P = 0.88; standard error of the mean = 2.44. 
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Figure 3.16 In vitro ruminal fermentation butyrate concentration (mM) of high-moisture corn. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, 

stored (SL) for 30, 60, 90, or 120 d. Values are least square means and error bars are the standard 

error. H, P = 0.82; DM, P = 0.07; SL, P = 0.15; HxDM, P = 0.40; HxSL, P = 0.12; DMxSL, P = 

0.31; HxDMxSL, P = 0.92; standard error of the mean = 1.49. 
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Figure 3.17 In vitro ruminal fermentation isovalerate concentration (mM) of high-moisture corn. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, 

stored (SL) for 30, 60, 90, or 120 d. Values are least square means and error bars are the standard 

error. H, P = 0.55; DM, P = 0.71; SL, P = 0.002; HxDM, P = 0.02; HxSL, P = 0.34; DMxSL, P = 

0.16; HxDMxSL, P = 0.75; standard error of the mean = 0.34. 
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Figure 3.18 In vitro ruminal fermentation valerate concentration (mM) of high-moisture corn. 

High-moisture corn was composed of Control (CON) or Enogen corn (EC; Syngenta Seeds, 

LLC, Durham, NC) hybrids (H) harvested at dry matter (DM) levels of 66%, 71%, or 74.5%, 

stored (SL) for 30, 60, 90, or 120 d. Values are least square means and error bars are the standard 

error. H, P = 0.52; DM, P = 0.30; SL, P = 0.17; HxDM, P = 0.18; HxSL, P = 0.26; DMxSL, P = 

0.66; HxDMxSL, P = 0.11; standard error of the mean = 0.33. 
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Chapter 4 - Individual Sweet Bran components in high forage 

rations fed to Holstein steers contribute to changes in nutrient 

digestibility 

 

 Abstract 

The three components of Sweet Bran (SB; Cargill, Blair, NE) are solvent-extracted germ 

meal, bran, and steep liquor. They are by-products of the ethanol, starch, and sweeteners 

industry, being valuable feed ingredients. Each one of them has different nutrient composition. 

The objective of this study was to evaluate and compare the digestibility, ruminal fermentation 

profile, and feed intake behavior in Holstein steers fed high-forage diets with individual 

components of SB. Twelve Holstein steers (497  19 kg initial body weight) ruminally and 

duodenally fistulated were randomly assigned to one of four diets in a 4 x 4 balanced Latin 

Square design, blocked by weight. Periods consisted of 18 d for diet adaptation, and sample 

collections on d 19 to 23. Treatments were without any SB component (CON), with solvent-

extracted corn germ meal (Germ), with corn bran (Bran), and with corn steep liquor (Steep). 

Steers fed CON ate less than other treatments (P < 0.0001). Digestibility of DM and protein of 

the diet containing Steep was greater, or tended to be, than that of other treatments for both 

ruminal (P = 0.08 and P < 0.01, respectively) and total tract digestion (P < 0.01). Additionally, 

Steep had higher total tract digestibility of starch (P = 0.03). Germ and Bran exhibited higher 

NDF digestibility than other treatments (P < 0.01), and similar overall nutrient digestibility, 

while the Control had the lowest digestibility percentages. Diets with SB components decreased 

ruminal pH (P < 0.01) compared to CON. The Steep diet notably increased ruminal ammonia 
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nitrogen concentration by 3 to 6 times that of other treatments (P < 0.01). It also led to the 

highest butyrate levels (P < 0.01). Germ, Bran, and CON had mostly similar volatile fatty acids 

concentration. Treatments were different (P < 0.01) in all feeding behavior variables. Steers on 

the Steep diet had the most frequent, shortest visits and the fastest intake rate, while CON steers 

had the fewest visits and slowest intake rate. Germ steers spent the longest total time eating, and 

Bran steers fell between Germ and Steep in most measures. In this study, Steep contributed to 

greater digestibility percentages, while Germ and Bran treatments were similar with respect to 

digestibility of most nutrients. 

Key words: bran, germ meal, metabolism, steep liquor 

 

 Introduction 

The primary outcomes of the wet corn milling process are starch, sweeteners, and 

ethanol. This process also generates secondary products, known as by-products, which are 

valuable feed ingredients for ruminants. These by-products compose the corn gluten feed which 

include solvent-extracted germ meal, bran, and steep liquor.  

Sweet Bran (SB; Cargill, Blair, NE) is a branded version of wet corn gluten feed. It is 

used to partially replace corn grain, fiber, and soybean meal in cattle diets (Boddugari et al., 

2001; Brouk et al., 2006; Weiss, 2012), as an excellent source of energy, and protein.  

Many studies have been conducted evaluating SB or wet corn gluten feed (Armentano 

and Dentine, 1988; Allen and Grant, 2000; Huls et al., 2016; Weiss, 2019) on a high-forage diet. 

Sjostrand (2022) and Anderson (2023) investigated the effects of incorporating individual SB 

components in a high-grain diet as a partial replacement for steam-flaked corn. 
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Corn bran, found in the pericarp of the kernel, is a fibrous ingredient composed primarily 

of neutral detergent fiber (NDF). Corn steep liquor is rich in soluble nutrients, especially 

reducing sugars and protein, which is largely present in the form of free amino acids and small 

peptides (Herold, 1999). Solvent-extracted germ meal has a moderately high NDF concentration, 

lower than that of bran, but contains twice the protein content of corn, enhancing its value as a 

feed ingredient. Understanding the effects of each component on ruminant diets is crucial for 

determining their inclusion rates in the final SB product. Due to the distinct nutrient profiles of 

each SB component and variations in their inclusion rates, this study aimed to evaluate and 

compare the digestibility, ruminal fermentation profile, and feed intake behavior of Holstein 

steers fed high-forage diets where individual SB components partially replaced corn silage. 

 

 Materials and Methods 

This study was approved by the Kansas State University Institutional Animal Care and 

Use Committee. Twelve Holstein steers (497  19 kg initial BW) ruminally and duodenally 

fistulated were housed at the Kansas State University Intake Facility and randomly assigned to 

one of four diets in a 4 x 4 Latin Square design, balanced to avoid carryover effects and blocked 

by weight. Treatments were (Table 4.1): 1) without any Sweet Bran components (CON), 2) with 

solvent-extracted corn germ meal (Germ), 3) with corn bran (Bran), and 4) with corn steep liquor 

(Steep). The study lasted four periods of 23 d with 18 d for diet adaptation, and sample 

collections on d 19 to 23. 

Animals were housed in dirt floor pens, concreted in front of the bunks, and partially 

covered, with ad libitum access to water and food. Diets were mixed daily in the morning in a 

horizontal feed mixer, and fed as Total Mixed Ration (TMR) twice daily at 9 am and 3 pm. The 
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Roughage Intake Control (Hokofarm Group, The Netherlands) feed-weight system monitored the 

times and bunk weights when animals arrived and left the bunks. This allowed us to determine 

feed intake and behavior for each individual animal. In each period, there were 3 steers per 

treatment, and 2 bunks available per treatment. 

 Sample collections 

Silage samples were collected daily, and other feed ingredients and diets were collected 

weekly. Part of the samples collected were used for DM determination in a 105°C air-forced 

oven. The other part was dried in a 55°C air-forced oven for 48 h, composited by period, and 

ground through a 1 mm screen in a Wiley Mill grinder (Model 4; Thomas Scientific, 

Swedesboro, NJ) at the end of the trial for chemical analysis. Before and after the collection 

period, orts were weighed, sub-sampled, dried at 55ºC for 48 h, and subtracted from the amount 

fed to estimate actual DMI. 

Titanium dioxide (TiO2) was used as a marker to track digesta flow, and it was dosed 

twice daily (10 g/dose) into the rumen from d 7 through 21. Ruminal, duodenal, and fecal 

samples were taken every 6 h from d 19 to 21, advancing the sampling time by 2 h each day, 

such that over the 3-day period there were samples representing each 2-h timepoint over the 24 h 

post-feeding. 

Determination of ruminal fluid pH was performed immediately after the collection using 

a portable pH meter (Thermo Scientific Orion 3-star portable pH meter; Waltman, MA), then the 

samples were filtered through two layers of cheesecloth. An aliquot was then combined 3:1 with 

a 25% (w/v) solution of m-phosphoric acid and frozen at -20°C for subsequent analysis of 

organic acids and ammonia. Duodenal and fecal samples were also frozen at -20℃ for posterior 

chemical analyses. 
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On d 23 of each period, as a liquid phase marker, Cobalt EDTA (CoEDTA) was 

ruminally dosed (3 g mixed in 200 mL of distilled water) and mixed in the ruminal contents prior 

to feeding in the morning. Ruminal fluid samplings were done on h 2, 4, 6, 10, 16, and 22 post-

feeding. Samples were filtered using two layers of cheesecloth, and immediately frozen at -20℃. 

 Laboratory analyses 

Duodenal content and fecal samples were thawed, and dried in a 55°C oven for 48 h. 

Digesta were composited for each animal per period on an equal dry weight basis, and ground 

through a 1 mm screen in a Wiley Mill grinder (Model 4; Thomas Scientific, Swedesboro, NJ). 

Protein, neutral detergent fiber (NDF), and starch in the composites of feed, duodenal, and fecal 

samples were analyzed by a private laboratory (SDK Laboratories; Hutchinson, KS). Crude 

protein (CP) and total starch were determined according to the Association of Official Analytical 

Chemists International (AOAC International, 2023), methods 976.06 and 979.10, respectively. 

Neutral detergent fiber was analyzed using ANKOM Technology (2017) method 6, treated with 

amylase enzyme. The concentrations of TiO2 in digesta composites were determined using a 

colorimetric spectrophotometer (BioTek PowerWave XS plate reader; BioTek, Winooski, VT) as 

described by Titgemeyer et al., 2001. Apparent digestibility was then calculated based on the 

concentration of TiO2 ingested and the concentration in digesta. 

For cobalt concentrations, ruminal fluid samples were thawed, centrifuged at 25,000 x g 

for 15 min, supernatant was transferred to a test tube, and diluted with deionized water to ensure 

concentrations were within the linear range of the assay standards. Samples were then analyzed 

for Co concentration using an atomic absorption spectrophotometer (PerkinElmer AAnalyst 100; 

PerkinElmer, Waltham, MA). Fluid passage rate through the rumen was calculated based on the 
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concentration of cobalt added to the rumen and the concentration in ruminal fluid at determined 

hours. 

Acidified ruminal fluid samples were thawed, centrifuged at 15,000 x g for 15 min, 0.4 

mL of supernatant were transferred to gas chromatography vials with 1.2 mL of pivalic acid 

solution as the internal standard, and concentrations of VFA were determined using an Agilent 

7890 gas chromatography (Agilent Technologies, Santa Clara, CA) equipped with a flame 

ionization detector and capillary column (DB-WAX 10 m x 100 µm x 0.1 µm film thickness; 

Agilent Technologies, Santa Clara, CA) using hydrogen as the carrier gas. The ruminal fluid 

sample supernatant was also used to quantify ammonia nitrogen levels (Broderick and Kang, 

1980) using a colorimetric spectrophotometer (BioTek PowerWave XS plate reader; BioTek, 

Winooski, VT).  

 Statistical analyses 

Data were analyzed using the MIXED model procedure of the Statistical Analysis System 

(SAS version SAS Studio; SAS Inst. Inc., Cary, NC). One steer was excluded from the analysis 

because it consumed alternative treatment diets. The analysis of feed intake was based on the 

average DMI recorded over the five-day collection period. Fixed effects included treatment and 

period. Animal was utilized as a random effect. Ammonia, VFA, pH, and feeding behavior were 

analyzed using hour as repeated measures, and animal within period as subject. Statistical 

significance was declared at P ≤ 0.05, tendency when 0.05 < P < 0.10. 

 

 Results 

Dry matter intake, ruminal and total tract apparent digestibility are shown in Table 4.2. 

For DMI, cattle fed CON consumed around 23.35% less than other treatments (P < 0.01). There 
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was a tendency for ruminal apparent DM digestibility of Steep to be greater than CON, with 

Germ and Bran not differing from any treatment (P = 0.08). Which contributed to total tract DM 

digestibility being greater for Steep compared to Germ and CON, while Bran was not different 

from Steep and Germ (P < 0.01). Ruminal protein digestibility was, on average, 8.21% greater 

for Steep than other treatments (P < 0.01). Total tract digestibility of protein was, on average, 

4.92% greater for Steep than other treatments, a reflection of greater protein intake (P < 0.01), 

with CON having the least digestibility, and Germ being similar to Bran and CON (P < 0.01).  

For ruminal NDF digestibility, Germ and Bran had the greatest values, and Steep and 

CON had the lowest values (P = < 0.01), a consequence of NDF intake (P < 0.01). Whereas for 

total tract digestibility of NDF, Germ and Bran had the greatest values, and CON had the 

poorest, but Steep was similar to Bran (P < 0.01). There was no difference for intake or ruminal 

digestibility of starch (P > 0.10). For total tract, Steep diet showed higher starch digestibility 

than other treatments (P = 0.03), implying it may offer an advantage in energy provision from 

starch. 

The pattern of ruminal digestibility generally matched total tract digestibility, except for 

starch, where CON had numerically higher ruminal digestibility but not higher total tract 

digestibility. There was no difference for fluid passage rate among treatments (P > 0.10). 

Regarding feeding behavior (Table 4.3), Steep resulted in steers making 7.09 more visits 

to bunk each day than CON, while Bran was not different to Steep and Germ, and Germ was not 

different to Bran and CON (P = 0.003). Steers on Germ spent 22.71 min/d longer eating than 

CON, with Bran not being different to Germ and Steep, and Steep not being different to Bran 

and CON (P < 0.01). Steers on Steep spent 1.34 min less in each visit to the bunk than on other 

treatments (P < 0.01), and had the greatest intake rate (P < 0.01). 
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Ruminal fermentation parameters are shown in Table 4.4. There was no difference among 

treatments for acetate, propionate, and total VFA concentrations (P > 0.10). Ruminal pH of 

steers fed CON was greater than of steers fed components of SB (P < 0.01). A significant 

treatment by hour interaction was observed for pH (P = 0.02; Figure 4.1). Beginning at 10 h 

post-feeding, the CON treatment exhibited higher pH values. By 16 h post-feeding, however, the 

Steep treatment showed a marked reduction in pH values.  

Concentration of N-NH3 for Steep was the greatest, from 69.03 to 84.59% higher than 

other treatments, followed by Bran and CON. Germ had the lowest concentration (P < 0.01). 

There was an interaction between treatment and hour (P < 0.01; Figure 4.2), which shows that 

Steep had consistently higher concentration of N-NH3 than other treatments. Steep resulted in the 

highest concentration of isobutyrate, butyrate, isovalerate, and valerate (P ≤ 0.01), while the 

other treatments were not different among each other. Valerate also had an interaction between 

treatment and hour (P = 0.03; Figure 4.4), which reinforces the difference of Steep diet to the 

other ones. For caproate concentration, steers fed Steep had the highest levels, followed by CON, 

while Bran had the lowest (P < 0.01). The concentration in Germ did not differ significantly 

from those in CON and Bran. There was an interaction between treatment and hour (P < 0.01; 

Figure 4.5), showing a variation in caproate concentration among treatments, but with Steep diet 

resulting in higher levels, especially from h 12 to 20 post-feeding. 

Although there was no difference among treatments for acetate (P > 0.10), there was an 

interaction for treatment x hour (P = 0.04; Figure 4.3) from h 6 to 10 after feeding. By h 6, Bran 

had higher acetate concentration than Steep and Germ, and by h 10, Bran had the highest 

concentration compared to all other treatments, likely due to its higher NDF content. Total VFA 
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concentration demonstrated a tendency toward a treatment by hour interaction (P = 0.07; Figure 

4.6), with notable fluctuations observed among treatments throughout the day. 

 

 Discussion 

The high-forage diet containing corn steep liquor exhibited distinct differences in nutrient 

digestibility compared to diets containing solvent-extracted corn germ meal and corn bran. 

Treatments that had the latter two ingredients showed similarities across most variables 

evaluated in this experiment, likely due to comparable nutrient intake profiles. Steep treatment 

exhibited greater DM and protein digestibility, as well as increased N-NH₃ concentrations, 

reflecting its high protein content and extensive ruminal degradability. These results suggest that 

diets with corn steep liquor may enhance protein utilization efficiency by the animal. Germ and 

Bran exhibited higher NDF digestibility than other treatments, highlighting their advantage in 

fiber-derived energy from a non-forage source. Diets containing SB components reduced ruminal 

pH, indicating increased fermentation activity compared to CON. 

Most of the protein from corn steep liquor is soluble protein (DeFrain et al., 2002), which 

is converted to ammonia by the ruminal microorganisms. Hence the increased N-NH3 

concentration in ruminal fluid by steers fed Steep, and possibly the reason for the greater total 

protein digestibility. Due to greater soluble nutrients and moisture, we hypothesized that the 

liquid passage rate for Steep would be faster than for other treatments. However, no difference 

among treatments was observed in our study. Firkins et al. (1984) did not find a difference in 

fluid passage rate either when he compared wet corn gluten feed to a control diet or to distillers 

grains. 
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Greater DMI was observed for steers on the individual SB components treatments in 

relation to CON. This can be due to their smaller particle size compared to corn silage and lower 

NDF digestibility, which affects passage rate, and consequently satiety and feeding behavior. 

Regarding feed behavior, steers on the Steep diet had the most frequent bunk visits, the shortest 

duration per visit, and the fastest intake rate. In contrast, steers on CON diet had the fewest visits 

and the slowest intake rate. Steers had the most prolonged total meal duration when consuming 

Germ diet, while on the Bran diet, they fell between Germ and Steep in most metrics. This is 

probably due to their similar diet nutrient composition when comparing to CON and Steep. 

Similar to our study, diet containing corn steep liquor provided the greatest total tract DM 

digestibility compared to Germ and Bran in a study conducted by Anderson (2023) in which 

steers were fed 40% individual SB components in finishing high-grain diets. Their study also 

observed greater ruminal NDF digestibility for Germ and Bran compared to Steep, and 

numerically, total tract NDF digestibility of steers fed Steep was about half that of steers fed 

Germ and Bran. Besides, like in our study, they observed no difference in total VFA 

concentration in the ruminal fluid. However, the intake of these nutrients was a lot different from 

our study. 

Another study feeding finishing high-grain diets with 40% of individual components of 

SB also observed the greatest total tract DM digestibility for steers fed Steep, with Bran having 

the lowest digestibility (Sjostrand, 2022). They showed no statistical difference, but numerically 

higher total tract NDF digestibility for steers fed Germ compared to Bran and Steep. However, 

when measuring meal duration, they observed that steers fed Steep spent at least 50 to 59 min 

less time eating than when fed Germ and Bran, respectively. In our study, steers on Steep spent 
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approximately 19 min less time eating than on Germ, and was statistically not different from 

steers on Bran. 

The Steep diet led to the highest butyrate levels, which likely was derived from the 

conversion of lactate within steep liquor by lactic acid consuming bacteria. There is expressive 

amount of lactic acid in corn steep liquor as a fermentation product during the steeping of the 

corn in the wet milling industry (Herold, 1999). Azizi-Shotorkhoft et al. (2016) fed 0 to 10% of 

corn steep liquor to lambs. They observed a linearly lower pH and greater N-NH3 concentration 

in the ruminal fluid, possibly due to the 20% (DM basis) of lactic acid and 32.4% of rumen-

degradable protein in the corn steep liquor. 

We anticipated differences in results among treatments due to the varying nutrient 

compositions of the tested ingredients and the lack of uniformity in protein or energy 

concentrations across the final diets. Despite this, the study incorporated sufficient adaptation 

periods, achieved low standard errors indicative of result consistency, and employed an efficient 

statistical design to control for variability among animals and experimental periods. 

 

 Conclusion 

Adding corn steep liquor to the diet increased ruminal fermentation and nutrient digestion 

compared to other components of SB. Corn germ meal and corn bran treatments were similar 

with respect to the digestibility of most nutrients and feeding behavior. 
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Table 4.1 Composition and chemical analyses of diets containing components of Sweet Bran fed 

to Holstein steers. 

 Treatments1 
 CON Germ Bran Steep 

DM, % 46.80 63.04 62.92 50.65 

Ingredients, % DM    

Corn silage 70.00 35.00 35.00 35.00 

Alfalfa hay 15.00 15.00 15.00 15.00 

Corn, fine ground 13.06 13.84 13.07 12.43 

Urea 1.00 - 0.76 - 

Vitamin and mineral supplement 0.94 1.16 1.17 2.56 

Solvent-extracted germ meal - 35.00 - - 

Corn bran - - 35.00 - 

Corn steep liquor - - - 35.00 

Analyzed nutrients, % DM    

Crude protein 12.07 13.57 13.51 17.03 

NDF 32.99 37.04 43.19 21.82 

Starch 32.80 29.00 25.00 24.20 
1CON = control; Germ = solvent-extracted germ meal; Bran = corn bran; Steep = corn 

steep liquor. 
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Table 4.2 Nutrient intake, apparent digestibility, and ruminal fluid passage rate of a high-forage 

diet containing components of Sweet Bran fed to Holstein steers. 

 Treatments1   

Item CON Germ Bran Steep SEM2 P-value 

Nutrient intake, kg/d       

DM 8.79b 11.18a 11.26a 11.99a 0.69 <0.01 

Protein 1.06c 1.51b 1.51b 2.04a 0.11 <0.01 

NDF 2.88c 4.13b 4.84a 2.64c 0.28 <0.01 

Starch 2.87 3.23 2.79 2.91 0.21 0.21 

Total tract apparent digestibility, %      

DM  89.58c 90.90b 89.98bc 93.20a 0.59 <0.01 

Protein  87.71c 88.26bc 89.34b 93.01a 0.59 <0.01 

NDF  84.31c 88.67a 87.50ab 87.04b 0.75 <0.01 

Starch  99.40b 99.39b 99.32b 99.67a 0.09 0.03 

Ruminal apparent digestibility, %      

DM 83.17 84.36 84.32 86.42 1.12 0.08 

Protein  73.56b 71.97b 75.13b 80.13a 1.53 <0.01 

NDF  81.06b 86.89a 87.40a 82.75b 1.36 <0.01 

Starch  95.35 94.68 93.86 94.93 0.73 0.44 

Fluid passage rate, %/h 7.78 9.90 9.09 8.71 0.77 0.29 
1CON = control; Germ = solvent-extracted germ meal; Bran = corn bran; Steep = corn 

steep liquor. 

2Standard error of the mean. 

a,b,cMeans without a common superscript letter are different. 
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Table 4.3 Feed behavior of Holstein steers fed a high-forage diet containing components of 

Sweet Bran. 

 Treatments1   

Item CON Germ Bran Steep SEM2 P-value 

Number of visits to bunk/d 23.4c 26.2bc 29.1ab 30.5a 1.4 <0.01 

Meal duration, min/d 96.7c 119.5a 110.3ab 100.8bc 4.6 <0.01 

Visit duration, min 5.1a 5.1a 4.6a 3.6b 0.3 <0.01 

Intake rate, g/min 210.2b 210.8b 228.0b 270.8a 7.7 <0.01 
1CON = control; Germ = solvent-extracted germ meal; Bran = corn bran; Steep = corn 

steep liquor. 

2Standard error of the mean. 

a,b,cMeans without a common superscript letter are different. 
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Table 4.4 Effects of a high-forage diet containing components of Sweet Bran fed to Holstein 

steers on ruminal fermentation parameters. 

 Treatments2   

Item1 CON Germ Bran Steep SEM3 P-value 

pH 6.40a 6.22b 6.20b 6.16b 0.05 <0.01 

N-NH3, mM 2.38b 1.18c 2.00b 7.67a 0.27 <0.01 

Acetate, mM 60.26 58.19 61.24 59.54 1.50 0.49 

Propionate, mM 18.74 20.32 20.41 21.72 0.84 0.12 

Isobutyrate, mM 0.08b 0.13b 0.10b 0.29a 0.05 0.01 

Butyrate, mM 11.33b 11.75b 11.09b 14.26a 0.63 <0.01 

Isovalerate, mM 1.03b 0.98b 0.80b 1.40a 0.12 0.01 

Valerate, mM 1.44b 1.56b 1.38b 2.71a 0.21 <0.01 

Caproate, mM 0.38b 0.31bc 0.20c 0.62a 0.06 <0.01 

Total VFA, mM 93.26 93.24 95.23 100.52 2.82 0.21 

1N-NH3 = ammonia nitrogen; VFA = volatile fatty acids. 

2CON = control; Germ = solvent-extracted germ meal; Bran = corn bran; Steep = corn 

steep liquor. 

3Standard error of the mean. 

a,b,cMeans without a common superscript letter are different. 
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Figure 4.1 pH in ruminal fluid of Holstein steers fed high-forage diets containing components of 

Sweet Bran. 

Diets had solvent-extracted germ meal (Germ), corn bran (Bran), corn steep liquor (Steep), or no 

components of Sweet Bran (CON). Values are least square means for the interaction of treatment 

and hour, and error bars are the standard error. Treatment x Hour, P = 0.02; SEM = 0.11. 
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Figure 4.2 Ammonia nitrogen (N-NH3) concentration in ruminal fluid of Holstein steers fed 

high-forage diets containing components of Sweet Bran. 

Diets had solvent-extracted germ meal (Germ), corn bran (Bran), corn steep liquor (Steep), or no 

components of Sweet Bran (CON). Values are least square means for the interaction of treatment 

and hour, and error bars are the standard error. Treatment x Hour, P < 0.01; SEM = 0.84. 
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Figure 4.3 Acetate concentration in ruminal fluid of Holstein steers fed high-forage diets 

containing components of Sweet Bran. 

Diets had solvent-extracted germ meal (Germ), corn bran (Bran), corn steep liquor (Steep), or no 

components of Sweet Bran (CON). Values are least square means for the interaction of treatment 

and hour, and error bars are the standard error. Treatment x Hour, P = 0.04; SEM = 4.43. 
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Figure 4.4 Valerate concentration in ruminal fluid of Holstein steers fed high-forage diets 

containing components of Sweet Bran. 

Diets had solvent-extracted germ meal (Germ), corn bran (Bran), corn steep liquor (Steep), or no 

components of Sweet Bran (CON). Values are least square means for the interaction of treatment 

and hour, and error bars are the standard error. Treatment x Hour, P = 0.03; SEM = 0.42. 
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Figure 4.5 Caproate concentration in ruminal fluid of Holstein steers fed high-forage diets 

containing components of Sweet Bran. 

Diets had solvent-extracted germ meal (Germ), corn bran (Bran), corn steep liquor (Steep), or no 

components of Sweet Bran (CON). Values are least square means for the interaction of treatment 

and hour, and error bars are the standard error. Treatment x Hour, P < 0.01; SEM = 0.15. 
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Figure 4.6 Total volatile fatty acid (VFA) concentration in ruminal fluid of Holstein steers fed 

diets containing components of Sweet Bran. 

Diets had solvent-extracted germ meal (Germ), corn bran (Bran), corn steep liquor (Steep), or no 

components of Sweet Bran (CON). Values are least square means for the interaction of treatment 

and hour, and error bars are the standard error. Treatment x Hour, P = 0.07; SEM = 7.84. 

 


	Abstract
	Copyright
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Acknowledgements
	Dedication
	Chapter 1 -  Literature Review
	Introduction
	Corn in feedlot cattle nutrition

	Starch in corn grain
	Starch digestion in ruminants
	Corn grain processing

	Corn grain in feedlot cattle diets

	Alpha-amylase expression in corn
	Alpha-amylase in cattle nutrition

	High-moisture corn
	Alpha-amylase in high-moisture corn

	Corn wet-milling by-products
	Wet milling by-products in cattle diets

	Conclusion
	References

	Chapter 2 -  Growing and finishing systems for cattle fed corn silages and corn grains differing in amylase expression
	Abstract
	Introduction
	Materials and Methods
	Experimental design and treatments
	Initial processing and handling
	Ingredients and diets
	Body weights and carcass assessment
	Statistical analyses

	Results
	Performance
	Carcass characteristics
	USDA Quality Grade
	USDA Yield Grade


	Discussion
	Conclusion
	Disclosure
	Acknowledgments
	References

	Chapter 3 -  Fermentation characteristics, aerobic stability, and in vitro fermentation of high-moisture corn from hybrids with varying amylase expression and moisture
	Abstract
	Introduction
	Materials and Methods
	Experiment 1
	Experimental design
	Preparation of experimental silos
	Aerobic stability
	Laboratory analyses
	Statistical analyses

	Experiment 2
	In vitro analyses
	Statistical analyses


	Results
	Experiment 1
	Experiment 2

	Discussion
	Conclusion
	Disclosure
	Acknowledgments
	References

	Chapter 4 -  Individual Sweet Bran components in high forage rations fed to Holstein steers contribute to changes in nutrient digestibility
	Abstract
	Introduction
	Materials and Methods
	Sample collections
	Laboratory analyses
	Statistical analyses

	Results
	Discussion
	Conclusion
	Disclosure
	Acknowledgments
	References


