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Abstract

The pursuit of optimizing feed efficiency in beef cattle has led to investigations into various corn
hybrids and processing methods. This study aimed to evaluate the impact of Enogen corn, known
for its increased expression of alpha-amylase, in comparison to conventional corn, and to assess
effects of dry-rolled versus steam-flaked processing on feedlot cattle performance. Two
complementary experiments were conducted. Experiment 1 was an animal trial involving 960
crossbred beef steers, in a randomized complete block design with a 2 x 2 factorial arrangement,
where steers were randomly assigned to one of four treatment groups. Experiment 2 was an in
vitro investigation examining ruminal fermentation dynamics using a 2 x 2 factorial design. In
Experiment 1, it was hypothesized that Enogen corn would improve growth performance, and
feed efficiency, and evaluate if EC when dry-rolled would lessen the need for steam flaking.
Results indicated that cattle fed steam-flaked either EC or CC, had the heavier final body weight
(P<0.01). Enogen corn when steam-flaked or dry-rolled, and steam-flaked CC presented
improved average daily gain (P=0.012), and G:F ratio (P<0.01) compared to the conventional
corn when it is dry-rolled. Heavier carcasses (P<0.01) were observed for the treatments that
included steam-flaked EC or CC. Dry matter intake was similar among cattle fed different diets
(P=0.269). Experiment 2, focused on in vitro fermentation of Enogen corn processed through dry
rolling or steam flaking, and compared to conventional corn. Results indicated that steam-flaked
EC or CC presented lower gas production (P=0.043). Enogen corn when steam flaked had the
lowest t12 (P=0.027). Conventional corn when steam-flaked had the highest acetate to propionate
ratio (P<0.01). Volatile fatty acid production was not affected by the interaction. In conclusion,

dry-rolled Enogen corn is an alternative to steam-flaking while reducing the cost of the steam



flake process. Similarly, in an in vitro system, dry-rolled Enogen corn performed similarly to

steam-flaking.
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Chapter 1 - Literature Review — Optimizing corn starch utilization
in feedlot cattle: A review of nutritional and environmental

implications.



1.1 Introduction

Corn starch is a cornerstone of beef cattle nutrition, playing an important role in their growth and
overall performance. And with the global demand for beef on the rise, getting starch utilization
right is more important than ever. Corn starch, thanks largely to its branched structure from

amylopectin, influences on how ruminants digest feed and, ultimately, on cattle health [1].

Ruminants, with their complex digestive systems, ferment starch into volatile fatty acids (VFAs)
within the rumen. However, the speed of this fermentation can vary, depending on starch's
physical and chemical structure, how it's processed, and the overall diet. Striking a balance in
fermentation, by getting enough energy while avoiding ruminal metabolic disorders, is a key
challenge [2,3]. So, a solid understanding of starch digestion, covering its composition and how

it's processed, is crucial.

Processing methods, such as grinding, rolling, and steam-flaking, are used to improve starch
digestibility by changing the structure of those starch granules and increasing their surface area.
Steam-flaking, for example, is great for disrupting the starch-protein matrix, which improves
gelatinization and makes energy more available [4]. These processing methods have a significant

impact on corn starch's nutritional value and how well beef cattle perform.

Recent advances, like Enogen corn, hybrid that incorporates alpha-amylase enzyme, further
improve starch digestion. This sort of "pre-digestion" right inside the corn kernel itself ramps up
microbial fermentation in the rumen and enzymatic digestion later on in the small intestine.
Studies suggest Enogen corn can improve feed efficiency, weight gain, and nutrient utilization,

offering a promising avenue for more sustainable beef production [5].



1.2 Structure and biochemistry of starch

A. Molecular structure of starch

Starch is a carbohydrate composed of long chains of glucose monomers bound by glycosidic
bonds. These chains form two distinct types of polymers: amylose and amylopectin. Starch is
stored in plants in the form of granules, primarily within the endosperm of corn kernels. In fact,
digestible starch makes up approximately 80% of a corn kernel. The ratio of amylose to
amylopectin in corn starch is typically around 20:80, although this can vary among different corn

varieties [6].

Amylose

Amylose is a polysaccharide composed of glucose monomers linked by a-1,4 glycosidic bonds,
forming a linear molecule with a molecular mass between 10° and 10° Da. Due to its helical
structure, amylose can form complexes with lipids and may exist in both free and complex
forms [7]. Its helical structure makes it less accessible to enzymatic action compared to
amylopectin, resulting in slower digestion in the rumen and reduced fermentability by ruminal

microbes [8].

Amylopectin

On the other hand, amylopectin is a branched structure that employs a collection of amylose
helices that are organized in parallel to define the granule’s fundamental structure, the helices are
sequentially connected by a-1,6 bonds, and thus provide multiple sites for enzymatic activity
making it more easily digestible, its increased solubility and susceptibility to hydrolysis allows
rapid fermentation in the rumen, leading to the production of volatile fatty acids (VFA’s), which
are crucial energy sources for ruminants [8,9]. Amylopectin is the predominant component of

starch, and it is also larger in size compared to amylose [10].



B. Physical properties of starch

The physical properties of starch granules, such as size, shape, and crystallinity, are key factors
influencing their behavior during digestion and processing. Corn starch granules typically range
between 5 to 25 micrometers in diameter and exhibit a polygonal shape [11-13]. These granules
contain both crystalline and amorphous regions, with the first being more resistant to enzymatic
degradation [10]. Crystallinity in starch is primarily determined by the arrangement of
amylopectin chains, which form a densely packed, ordered structure known as an A-type
crystalline structure in corn starch. This structure is particularly relevant for its resistance to

digestion in the rumen and affects the overall digestibility of starch in ruminants [14,15].

C. Functional properties of starch

Gelatinization is one of the most critical functional properties of starch, particularly in the
context of its digestibility for ruminants. Gelatinization occurs when the starch granules are
heated in the presence of water, leading to the disruption of hydrogen bonds within the granules,
causing them to swell and lose their crystalline structure [16]. This process significantly
increases the enzymatic accessibility of starch, enhancing its digestibility [4]. In feedlot
ruminants, the degree of gelatinization directly impacts the efficiency of starch utilization,
making it more accessible to ruminal and pancreatic enzymes, as it affects the rate at which

starch is fermented in the rumen and subsequently absorbed in the small intestine [17-19].

Retrogradation, a related phenomenon, occurs when gelatinized starch molecules reassociate
upon cooling, forming a more ordered structure. This can reduce the digestibility of starch, as the
newly formed crystalline regions are more resistant to enzymatic breakdown, therefore an
undesirable process. The extent of retrogradation depends on several factors, including the

amylose content and the conditions under which the feed is processed and stored. Controlling the



gelatinization and retrogradation processes is crucial in feed preparation to maximize the
nutritional value of starch-based diets for ruminants, therefore, water content, storage conditions,

and the utilization of feed additives are crucial [20,21].

1.3 Corn as a source of starch for ruminants

A. Overview of corn

Corn (Zea mays) is the most widely produced feed grain in the United States according to the
USDA [22], and one of the most cultivated crops globally according to the FAO [23], serving as
a staple food source, an essential industrial raw material, and a primary feed ingredient in
livestock production [24]. For ruminant nutrition, corn is particularly valued for its high starch
content, making it a crucial energy source in feedlot diets [25]. Maize's versatility and
adaptability allow it to be grown in a wide range of environments, contributing to its prominence
as a key feed ingredient. Corn can be classified into five types based on kernel characteristics,
including dent corn, flint corn, soft corn, sweet corn, and popcorn according to Sturtevant’s
classification and described by Anderson and Cutler [26]. Dent corn, characterized by its soft
starch content, is commonly used in livestock feed, owing to its favorable digestibility and ease
of processing [27]. Based on the starch composition, maize can be categorized into three classes:
(1) waxy maize, which contains almost 100% amylopectin; (2) high-amylose maize, containing
amylose between 40-70%; and (3) sugary maize, with lower starch content and a higher level of
sucrose. The maize grain is composed of endosperm (=82%), germ (=6%), pericarp (=11%), and
tip cap (=1%) [1]. The starch in corn is primarily located in the endosperm, which constitutes
around 80% of the kernel [6,28]. The high starch content and the potential to be nearly 100%
digested are critical for meeting the energy requirements of feedlot ruminants, supporting rapid

weight gain and efficient feed conversion [29]. Besides starch, the whole maize grain also has



protein between 6 and 11 %, and fat between 4 and 5.5 %, respectively. However, the primary
focus in ruminant nutrition is on optimizing starch utilization, given its impact on animal
performance and feed efficiency. Corn is typically processed in different ways, aiming to
increase starch availability and digestibility, and to do so, these processing methods break down
the outer pericarp and disrupt the endosperm, increasing the surface area available for microbial

fermentation in the rumen [30,31].

Feeding high levels of corn starch in ruminant diets requires careful management to prevent
digestive disorders such as acidosis. The rapid fermentation of corn starch in the rumen can lead
to the production and accumulation of large quantities of VFAs and other acids such as lactic
acid and with it a drop in rumen pH, which can negatively impact animal health [2,3]. Therefore,
balancing corn starch with effective fiber and other nutrients is critical to maintaining optimal

rumen function and preventing metabolic disorders.

B. Corn starch characteristics

Corn starch being a highly digestible and fermentable source of energy for ruminants, is
considered the most important in feedlot diets. Starch is primarily composed of amylose and
amylopectin, with the latter making up around 80% and amylose around 20% as mentioned
before. The high amylopectin content in corn is associated with rapid fermentation in the rumen,

leading to a quick release of energy that supports growth and feed efficiency [1].

The digestibility of corn starch can vary based on factors like corn variety, processing methods,
and granule structure. For example, when steam-flaking and fine grinding, significantly improve
starch digestibility by breaking down the granule structure, and changing the physical structure

of the grain, making it easier for rumen microbes to access and ferment the starch [25].



1.4 Digestion and utilization of starch in ruminants

A. Starch digestion in the rumen

In ruminants, starch digestion starts in the rumen, where microbial fermentation plays a central
role. Once ingested, starch from the feed is exposed to a diverse microbial population primarily
consisting of bacteria that specialize in breaking down carbohydrates, by microbial attachment to
feed particles and enzyme production [32]. These microbes produce enzymes, such as amylases,
pullulanase and isoamylase, maltase, and others, that hydrolyze starch into simpler sugars like
maltose and glucose, which further fermented into VFAs, primarily acetate, propionate, and
butyrate [8,33]. This process of starch fermentation allows bacteria to produce adenosine
triphosphate (ATP), which is essential for microbes to accomplish their metabolic processes and
produce waste products, VFAs, which is the main energy source for ruminants, with it

constitutes a symbiotic relationship between microbes and ruminants [34].

The rate and extent of ruminal starch digestion depend on factors, such as the source of starch;
processing method; physical and chemical properties of starch [25]. Corn starch is less rapidly
degraded in the rumen than starch from other sources such as barley and wheat, as well as the

passage rate, this slower fermentation rate is advantageous in feedlot diets, as it helps in the

prevention of rapid acid production which can lead to ruminal acidosis [35].

Managing starch digestion in the rumen becomes a crucial task for nutritionists for maintaining
rumen health, if the rate of starch degradation is high, VFA and other acids such as lactic will

accumulate causing ruminal pH to drop and leading to subacute ruminal acidosis (SARA), and
other problems for the host. To avoid this, the nutritionist's challenge is to balance a starch-rich

diet with adequate fiber, helping fermentation rates and maintaining a stable rumen environment.



B. Post-ruminal starch digestion

After undigested starch escapes the rumen, it enters the small intestine, where it undergoes
further digestion and absorption. The importance of post-ruminal starch digestion increases when
the extent of ruminal digestion is low and more of the dietary starch is flushed into the intestines.
Huntington et al. [36], describe the digestion and absorption of starch in the small intestine of
ruminants in three phases, the first, luminal phase begins in the lumen of the duodenum, where
pancreatic a-amylase initiates the breakdown of starch, through this process various products
such as maltose, and branched-chain products called limit dextrins are produced; the next phase,
brush border membrane phase occurs at the brush border membrane of the small intestine where
carbohydrases like maltase and isomaltase breakdown maltose and limit dextrins into simpler
sugars; the third phase is the glucose transport phase, which involves the transport of glucose out

of the intestinal lumen into the circulation portal.

1.5 Corn processing methods and their impact on starch utilization.

The path of the maize from the field to the feed bunk is marked by a variety of processing
methods, each developed to enhance the nutritional factors of starch for ruminants, to make the
most of its potential. Raw corn presents a formidable challenge to the microbial ecosystem
within the rumen. The kernel’s outer layer limits the accessibility of starch to microbes and
microbial enzymes. Therefore, processing becomes essential to enhance digestibility and with it

animal performance.

A. Processing techniques
Dry milling:
Dry milling is a relatively straightforward approach that involves grinding corn kernels into

smaller particles. This process increases the surface of the area exposed to microbial activity,



thereby accelerating starch digestion. However, the extent of starch gelatinization is limited in

dry milling, affecting the overall digestibility.

Wet milling:

Wet milling, on the other hand, is a more complex process that involves stepping the corn
kernels into water and sulfur dioxide to loosen the bran and the germ from the endosperm,
facilitating the separation of starch. The resulting starch is utilized for further processing, such as
gelatinization, enhancing its digestibility, through this process starch can be labeled with a more

predictable digestion profile [37]

Steam flaking:

Steam flaking combines the benefit of heat and pressure. Through this method, corn kernels are
exposed to steam, and with it hydrates and softens the starch inside, the next step involves
passing the softened corn kernels through rollers, creating thin flakes. This process induces
partial gelatinization and disrupts the crystalline structure of starch, making it available for
microbial activity. When steam flaking, the density of the final flake has a large impact on rumen

digestibility [31].

High-moisture corn:

Harvesting corn at a higher moisture content, and then storing it under anaerobic conditions,
allows fermentation processes to occur, often this method results in the partial breakdown of the
corn kernel increasing starch availability. During the fermentation process, organic acids are

produced, which would further enhance digestibility [38].



B. Effect of processing on starch digestibility.

As we have explored various corn processing methods employed in feedlot operations aiming to
enhance digestibility through physical and chemical modifications on the structure of starch.
These alterations will determine the accessibility of starch granules to microbial activity,

influencing the extent and rate of starch digestion.

Increased surface area:

Techniques like dry rolling and grinding primarily increase the surface area of corn, exposing
more starch molecules to microbial enzymes, these physical modifications of corn accelerate the
stages of starch digestion, as the enzymes have grater greater access to the substrate. However,

increasing surface area does not gelatinize the starch, and limits the overall extent of digestion.

Gelatinization and disruption of crystalline structure:

Methods like steam flaking and wet milling induce gelatinization, a process that disrupts the
crystalline structure of starch granules making them more susceptible to enzymatic breakdown.
This transformation is crucial for maximizing starch digestion in the rumen, however, the extent
of gelatinization varies depending on specific processing parameters like flake density that

directly correlates with the amount of starch gelatinized.

Variability and individuality:

Factors like corn variety, different hybrids, corn moisture content, and processing conditions can
change the final product since the effects of processing on starch digestibility can be uniform.
Additionally, animal individual variation (age, diet, health status), the rumen microbiome, and

digestive capabilities, like rumen size, can influence how starch is effectively utilized.

10



The “Sweet Spot” of processing:

The process of gelatinization is important, but not necessarily to gelatinize completely starch,
some amount should be able to escape from ruminal digestion, as starch digested in the small
intestine can provide a more efficient source of glucose for the ruminant [39]. Therefore, finding
the optimal balance between ruminal and post-ruminal starch digestion is crucial for maximizing

feed efficiency and animal performance.

Implications for feedlot management:

For feedlot managers to make the most efficient decision it is important to understand the effects
of processing on starch digestibility, regarding feed selection and processing methods. By
optimizing starch utilization, through various processing methods of corn, producers can

improve feed efficiency, reduce feed costs, and enhance animal performance.

1.6 Enogen corn for feedlot ruminants.

As producers explored new ways to improve ruminant nutrition, Syngenta, a global company
that seeks sustainable agriculture through crop protection, seed production, and modification for
adaptability and enhanced production through improved genetics, first developed Enogen feed
corn in the early 2000s. Enogen feed corn was first developed for the ethanol production
industry, a corn hybrid characterized by a high alpha-amylase expression, and rapidly gaining

attention for its potential to be capable of enhancing starch digestion in feedlot cattle.

Traditional corn processing methods, while effective, often face limitations to achieve consistent
or optimal starch digestibility. Enogen corn, by introducing alpha-amylase enzyme within the

kernel, was meant to offer an advantage, this enzyme, typically produced by microbes, is

11



responsible for starting the breakdown of starch into smaller and simpler sugar units, making it

available for microbial fermentation.

Enhanced starch digestibility:

The presence of alpha-amylase in Enogen corn significantly enhances starch digestibility. Recent
research has shown that cattle-fed Enogen corn has greater performance indicating higher
ruminal starch digestibility compared to a conventional corn hybrid, some recent authors like
Volk et al. [5], Glaser et al. [40], and Jolly-Breithaupt et al. [41]. This improved digestibility of
starch to greater energy available for the animal, leading to improved feed efficiency and growth

performance as concluded by the authors mentioned before.

Reduced use of external enzyme supplementation:

Feedlot diets often include exogenous enzyme supplements to enhance starch digestion, for
example, exogenous alpha-amylase, Enogen corn, by providing the enzyme within the corn
kernel, reduces the need for utilization of this external supplement, assuming so lower cost and

simplification of the diet formulation.

Flexibility in processing:

Enogen corn has been shown to offer flexibility in processing methods, while it can be used in
traditional processing techniques like steam flaking, and dry rolling, and it also performs well as
whole-shelled corn [5]. This adaptability provides feedlot managers with greater control over

feed processing and diet formulation.

The “Bigger Picture” of sustainability:
As various researchers concluded, Enogen corn has been demonstrated to improve feed

efficiency, besides animal performance, which could contribute to reducing manure output and
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greenhouse gas emissions, aligning with the growing emphasis on sustainable livestock

production, thus this corn hybrid holds a potential for environmental sustainability.

1.7

Nutritional and performance impacts

A. Energy contribution of starch

Starch, as we have explored, plays a primordial role in providing available energy to ruminants,

its fermentation end product in the rumen are volatile fatty acids, primarily acetate, propionate,

and butyrate, which serve as the primary energy source for growth and maintenance [42]. The

efficiency of starch utilization directly influences performance metrics in feedlot operations.

Weight gain: Increased digestibility through processing methods or by different corn
hybrids shows greater energy available for growth. Studies have consistently shown a
positive correlation between starch intake and the average daily gain in feedlot cattle,
however, this relationship is not always linear and excessive starch intake can cause
potential health issues and lead to diminished returns.

Feed conversion: Improving starch utilization enhances feed efficiency, as more energy
is utilized from the diet, resulting in lower feed conversion, meaning that less feed is
required to produce a unit of weight gain. An enhanced feed conversion not only benefits
the producers economically but also has implications for environmental sustainability by
reducing resource use and waste output.

Overall performance: Starch also contributes to overall animal performance by
enhancing other physiological functions when supplied adequately like immune system,
reproduction, lactation, maintenance, and muscle development. Furthermore, starch also
influences carcass characteristics, such as fat deposition and marbling score, which are

important factors in determining meat quality.
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B. Health considerations

While starch is the primary source of energy offered in feedlot diets, its utilization when

formulating requires careful consideration to maintain animal health and well-being.

¢ Rumen health: The microbiome of the rumen is sensitive to changes in the diet
composition, a sudden increase in starch intake can disrupt the balance of the rumen
microbes, followed by a drop of pH, leading to acidosis. This ruminal disorder causes
effects on rumen function, feed intake, and overall animal health. Additionally, excessive
starch intake can lead to other metabolic disorders, such as fatty liver, which negatively
impact animal health and productivity. Therefore, a step-up ration allows ruminants to
gradually adapt to the final high starch diet and also ensure an adequate fiber content to
maintain rumen health.

e Acidosis risk: Factors such as type of starch, processing method, or feeding
management, can increase the risk of causing ruminal acidosis. Processing methods that
increase starch gelatinization or highly fermentable starches like those from finely ground
corn can also increase the risk of acidosis. Therefore, carefully formulating rations, and
including an appropriate amount of forage, and bunk management strategies are crucial to

prevent and mitigate ruminal acidosis.

C. Economic implications
The utilization of corn as the principal starch source in diets has a significant economic impact

on feedlot operations.

e Cost-Effectiveness: Corn is an effective source of energy for ruminants when compared

to other feed ingredients based on its cost, however, it can fluctuate depending on market
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conditions and geographical location. Nutritionists, managers, and producers evaluate the
cost of corn relative to its energy content, its potential for digestibility, and other benefits
to determine its economic viability.

e Feed efficiency and profitability: Improved feed efficiency through enhanced starch
utilization can be reflected in the economic gains, summarizing, by reducing the amount
of feed per unit of gain, producers can lower feed costs and improve profitability.
Furthermore, enhanced animal performance, such as increased weight gain, and improved
carcass characteristics, such as fat deposition and marbling for better scoring, also
contribute to the producer's economic returns.

e Sustainability: While corn’s economic benefits are important, it is also important to
consider sustainability, for example, the environmental impact of corn production,
including resource use, especially water, and greenhouse gas emissions, must be taken
into account into the economic evaluation. Sustainable practices, such as optimizing corn
yields, utilizing byproducts, or developing hybrids to better adapt, can contribute to the

long-term economic viability of corn starch.

1.8 Environmental Considerations

The increased use of starch-based diets, particularly those that depend on corn, has formulated
important environmental questions. To make ruminant production sustainable, we need to look

closely at how our choices impact the environment.

e Resource use: Corn production demands significant resources like land, water, and
fertilizers, the demand for these resources places pressure on ecosystems. Deforestation
and habitat loss occur when the land is converted for agriculture, especially large-scale

corn production. Furthermore, in arid regions, irrigation for corn crops can deplete water
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resources, which would impact human and ecological needs. Additionally, the use of
fertilizers in corn production creates concerns about nutrient runoff into the water and
potentially harm aquatic life. It is clear that adopting sustainable practices is no longer
just an ethical practice but also a necessity to ensure the long-term viability of corn-based
feed production.

Soil health and erosion: Continuous monoculture, where corn is grown repeatedly in the
same field, can deplete soil organic matter and biodiversity. This makes the soil more
susceptible to erosion, especially in regions with heavy rainfall or strong winds, soil
erosion also contributes to sedimentation in rivers and streams, which harms the aquatic
ecosystems. Innovative practices have been developed and applied to mitigate this
impact, such as no-till farming, cover crops, and crop rotation.

Emissions and climate change: Ruminants, particularly cattle, are significant
contributors to greenhouse gas emissions, primarily methane. Diets high in rapidly
fermentable starch can lead to increased methane production. Therefore, strategies to
optimize starch digestion and reduce methane emissions are critical for mitigating the
environmental impact of ruminants. Emerging research that certain feed additives can
reduce enteric methane emission, Duin et al.[43] through an in vitro study and Melgar et
al.[44]] through an animal trial, demonstrated that 3-NOP (3-nitrooxypropanol)
effectively reduces methane emissions from ruminants. Furthermore, lubabegron has
been shown to reduce ammonia gas emissions as demonstrated by Teeter et al.[45].
Further research of these and other innovative approaches is crucial to the carbon

footprint of livestock production.
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1.9 Corn and Starch Byproducts for Enhanced Sustainability

To accomplish an efficient and sustainable ruminant feeding system, it is important to consider
the full utilization of corn and starch, which includes not only the whole grain but also the
byproducts generated during corn processing, such as corn gluten feed, distiller grains, and corn
germ meal. Byproducts can offer economic and environmental benefits, contributing to a more

holistic and sustainable approach to ruminant nutrition.

e Variety of resources: The corn processing industry generates a variety of by-products,
each with its nutritional profile and potential for its utilization in ruminant diets, these
byproducts can be gluten feed, distiller grains, corn germ meal, and corn steep liquor.
Corn gluten feed is a byproduct of wet milling, rich in protein and fiber, and can be used
as a supplement for growing and lactating animals [46]. Distiller grains are the corn’s
residues of ethanol production and high in energy and protein and can be incorporated
into feedlot diets to replace a portion of the corn percentage [47]. Corn germ meal is rich
in oil and protein, and corn steep liquor is a concentrated liquid byproduct used as a feed
supplement or as a biostimulant for agriculture [48,49].

e Economic and environmental advantages: Utilizing byproducts offers advantages.
From an economic standpoint, these products are offered at a lower cost compared to
whole corn grain, this can help reduce feed costs and improve profitability, particularly
when corn prices are high. From an environmental perspective, finding valuable uses to
byproducts reduces waste and with it minimizes the environmental impact associated
with corn processing and livestock production.

¢ Challenges and considerations: As corn and starch byproducts offer benefits, these are

associated with challenges and considerations when used. The nutritional composition of
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the byproducts can vary depending on the source and processing methods, which requires
careful analysis and formulation to ensure balanced diets, some byproducts may have
limitations in terms of digestibility, requiring further processing or limiting its inclusion
to the diets. Additionally, the availability and transportation of byproducts may also
increase the costs which will vary depending on geographic location and market

conditions.

1.10 Future Directions and Research

While our understanding of starch in ruminant nutrition has grown, the quest for optimal
utilization continues. Technologies like micronization or precision nutrition emerged, aiming to
enhance starch digestion and animal performance. Further research is needed to better
understand the rumen microbiome, starch structure, and fermentation, this will help future
generations to further develop sustainable feeding strategies, aiming to maximize efficiency

while minimizing environmental impact.

1.11 Conclusion

This review has highlighted the important role that starch plays in ruminant nutrition, particularly
in feedlot systems. We have explored the complexities of starch digestion, from its molecular
structure to the impacts of processing methods. To optimize starch utilization a careful approach
needs to be taken into account, factors such as corn hybrid, processing methods, and feeding
management. Moreover, the development of genetically modified corn varieties, such as Enogen,
offers enhanced digestibility and feed efficiency. Furthermore, the economic and environmental
implications of corn starch-based diets underscore the need for sustainable practices that balance

profitability with resource conservation and ecological responsibility. Moving forward, more
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research and innovation will be important to better understand starch digestion, develop feed

technologies, and ensure the long-term viability of ruminant production systems.
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Chapter 2 - Evaluating Enogen® and conventional corn grain
processed by dry-rolling and steam-flaking for energetic efficiency

and animal performance.
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2.1 Abstract

This study investigated the impact of corn hybrid (Enogen [EC] vs. conventional [CC]) and
processing method (dry-rolled vs. steam-flaked) on feedlot cattle performance and carcass
characteristics. Crossbred beef steers (n=960; initial body weight 427.21 + 10.76 kg) were
stratified by weight and assigned to one of four treatment groups in a randomized complete block
design. Cattle were fed for a total of 155 or 162 days. The finishing diets consisted of corn silage
(14% of diet DM) with steam-flaked or dry-rolled corn (78.18% of diet DM). Weights were
recorded at the beginning and the end of the study, and steers were harvested at a commercial
abattoir where carcass data were collected. We hypothesized that Enogen corn, with its enhanced
starch digestibility, would improve growth performance and feed efficiency, and Enogen corn
when dry-rolled could perform similarly to steam-flaked corn. Dry matter intake (DMI) was
similar across all treatments (P=0.269). An interaction between grain processing and grain type
was observed for average daily gain (ADG; P=0.01) and feed efficiency (P<0.01), where cattle
fed dry-rolled CC performed poorly compared to other treatments, the remaining three
treatments were not different (P>0.05). Dry-rolled Enogen corn performed comparably to, and

could be an alternative to steam-flaking.

Keywords: Corn, processing, Enogen, hot carcass weight, steam-flaking, dry-rolling.
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2.2 Introduction

Corn processing has been an important tool used by producers to achieve improvements in
digestion and animal performance. Corn is the primary grain used by nutritionists [1,2]. In the
past, a challenge for the production manager has been to adjust processing techniques and diet
formulation to accommodate characteristics of the available sources of starch [3]. To improve the
digestibility of starch in ruminants, various processing methods have been utilized such as

ensiling, grinding, dry-rolling, and steam-flaking, all of which increase starch availability [4,5].

Syngenta, introduced Enogen® feed corn (EC) in 2011 [6], a corn hybrid that is genetically
enhanced, containing a thermotolerant alpha-amylase enzyme that afforded advantages for the
dry-milling ethanol process [7]. Enogen® corn has been tested for its capacity in different diet
formulations. Johnson et al.[8] concluded that calves fed Enogen® corn had improved feed
efficiency when compared to control (yellow) corn fed calves. Cueva et al.[9] fed Enogen® corn
as silage to dairy cows and evaluated lactational performance, concluding that cows fed the high-
amylase corn silage had greater milk production, milk protein content, lactose yields, and
improved feed efficiency. Studies have been conducted to demonstrate benefits and effectiveness
of Enogen® corn grain compared to conventional corn using different processing methods. When
Enogen® corn was fed as steam-flaked to beef heifers, Horton et al.[10] observed improvements
in cattle performance and carcass characteristics. Schoonmaker et al.[11] found no differences in
performance and carcass characteristics of feedlot steers fed ground Enogen corn compared to
those fed a diet were up to 20% of a non-genetically modified graund corn was replaced.
Similarly, Baker et al. [12] reported no improvement on average daily gain (ADG) or dry matter

intake (DMI) for feedlot finishing steers fed steam-flaked Enogen® corn compared to the control,
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but they observed that animals fed the genetically modified grain were less efficient. Objectives
of the present study were to evaluate animal performance, and carcass characteristics utilizing

two grain types processed by two methods, either steam flaking or dry rolling.

2.3  Materials and Methods:

The procedures used in this experiment were approved by the Kansas State University

Institutional Animal Care and Use Committee (IACUC).

Experimental design

A randomized complete block design with a 2 x 2 factorial arrangement of treatments
with twelve replicates was used, with feedlot pen as the experimental unit. Crossbred beef steers
obtained from a commercial source (n=960; 427.2 £+ 10.76 kg initial body weight) were selected
from a population of 1,000 cattle, and blocked by weight within the receiving group. Each block
was randomly assigned to one of four treatments with two factors. Factor 1 consisted of grain
type, including Enogen corn (EC) or conventional corn (CC). Factor 2 was grain processing
method, which included dry-rolled corn (DR) or steam-flaked corn (SF). Cattle were housed in
48 pens, which measured approximately 10.15 x 30.48 meters (15 cattle/pen; 24 pens) or 10.15 x
45.72 meters (25 cattle/pen; 24 pens). Animals had ad libitum access to feed and were fed once
daily approximately 11:00 am throughout the study. Bunks were monitored daily to facilitate
feed management such that cattle were nominally allowed ad /ibitum access to diets but with a
minimum of unconsumed feed remaining in the bunks the following day. Municipal water was
available throughout the study from in-pen automatic waterers that were shared between adjacent

pens.
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Initial processing

Initial processing of steers included a dewormer (Dectomax; Zoetis, Parsippany, NJ) for
internal and external parasites; vaccination with Bovishield Gold-5 (Zoetis) and Ultrabac 7
(Zoetis); and administration of probiotic Lactipro (Axiota Animal Health; Fort Collins, CO).
Steers were implanted with Component TE-200 (Elanco Animal Health, Greenfield, IN). Cattle
were identified with uniquely numbered ear tags and radio frequency identification tags. At the
onset of the study, full body weight per pen was determined on day 0 (pretreatment), establishing

a baseline measurement for each group of animals.

Finishing diet, formulation, and preparation

Basal diets pre-trial consisted of a mixture of corn silage, steam-flaked corn, and
supplements to provide approximately equal proportions of concentrate and roughage. During
the trial phase, the forage component of finishing diets consisted of corn silage (14% of diet dry
matter) with steam-flaked or dry-rolled corn (78.18% of diet DM). Enogen grain was sourced
from the study sponsor and CC was sourced from a producer near Manhattan, KS. Diets were
balanced for protein using a combination of urea and soybean meal and contained supplemental
vitamins, minerals, and monensin as presented in Table 1. During the final 42 days on feed
(DOF), cattle received 300 mg/animal daily of ractopamine hydrochloride (Optaflexx; Elanco
Animal Health). Steam-flaked corn was processed daily. Control corn was processed to a bulk
density of 360 g/L (28 lb/bu), and Enogen corn was processed to a density of 386 g/L (30 1b/bu).
The final moisture content of flaked grains was approximately 20%. Starch availabilities, flaked
density, moisture content, and particle size distribution were determined daily on freshly
processed material. For the steam flaking process, water was applied to grains before steam

conditioning with a moisture applicator (SarTec; Anoka, MN) to obtain a final moisture content
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of 20%, for Control and the Enogen corn. Corn was then conditioned for 30 to 45 minutes before
processing in a steam-flaker (R & R Machine Works; Dalhart, TX) equipped with 46 cm dia x 91
cm long corrugated rolls (6.3 corrugations/cm). Corn conditioning commenced daily at 05:30
am. Rollers were adjusted for each corn type to achieve the desired bulk density with the goal of
achieving similar starch availability for the grain types. Samples of steam-flaked corn for each
hybrid were retained at the beginning of the daily processing and analyzed immediately
according to standard operating procedures for bulk density, particle size, and starch availability.
Particle size was measured using 7 sieves stacked according to sizes (9.5mm > 6.7mm > 4.75mm
>3.35mm > 2.36mm > 1.7mm > 1.18mm and a pan); 200 grams of steam flaked corn were
placed on the first sieve and the stack of sieves was placed onto a Ro-Tap shaker (W.S. Tyler,
Mentor, OH) for five min, and residues within each sieve were weighed. Starch availability was
determined for each corn hybrid by mixing 25 g of the steam-flaked corn, collected 15 minutes
after starting the flaking process, with 100 mL of buffered 2.5% amyloglucosidase solution. The
mixture was placed in waterbath for 15 minutes at 55 °C [13], the solution was filtered using
Whatman hardened ashless filter paper (Whatman International Limited, Kent, England) and
several drops were placed on the prism of a handheld refractometer and the percentage of
solubles was measured and recorded. The dry matter of each corn hybrid was measured by
placing a representative amount in an aluminum pan and placed into a 105 °C forced-air oven for
24 h. Percent of solubles and dry matter values were utilized to determine starch availability as
described by Sindt et al. [13]. Dry-rolled corn was processed approximately weekly to achieve
similar particle sizes for Enogen and control grain. Corn was processed at the O.H. Kruse Feed
Technology Center weekly. Dry-rolled corn was delivered to the research center twice weekly

and stored in a covered commodity storage barn. Amounts of rations delivered each day were
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based on a visual assessment of bunks each morning. All ingredients for each diet were mixed in
a Roto-Mix feed truck (ROTO-MIX, Dodge City, KS), and then delivered to the corresponding

feed bunks beginning at approximately 0800 h each day.

Final body weights and harvesting

Cattle were weighed twice during the study, first at the beginning the day prior to
receiving the finishing diet, and finally the night prior to sending the steers to harvest. Cattle
were divided into two groups of 24 pens (based on initial weight and block) and were harvested
one week apart. Blocks four, five, and six were sent after 155 DOF and the remaining 24 pens
were sent the week after for a total of 162 DOF. On the last day of the study, the weight of each
pen of animals was determined using a group scale, and cattle were loaded onto trucks and
transported 450 km to a commercial abattoir in Holcomb, Kansas. Once at the plant, all cattle
were unloaded and placed into pens where they were sprayed with water to facilitate cooling,
subjected to an ante-mortem inspection, and presented for slaughter after a lairage of
approximately 6 h. Ear tag numbers and EID numbers were recorded to establish order of
harvest. Carcasses were identified with unique tag numbers after hide removal. With the visible
tags on the carcasses, livers were scored. After 48 h in the cooler, carcasses were graded using a
camera imaging system (VBG 2000; E+V Technology GmbH & Co. KG, Oranienburg,
Germany), and other data such as hot carcass weight (HCW), ribeye area (REA), backfat, quality

grade, and kidney, pelvic and heart fat percentage (KPH).

Liver scores followed the Elanco scoring system (0 = healthy; A— = one or two small abscesses;
A = two to four well-defined abscesses; A+ = more than four abscesses active and large; Elanco,
USA). Marbling scores followed USDA scoring system (200 to 299 = Trace; 300 to 399 = Slight;

400 to 499 = Small; 500 to 599 = Modest; 600 to 699 = Moderate; 700 to 799 = Slightly

33



Abundant; 800 to 899 = Moderately Abundant; USDA). Yield grades were calculated with a
formula according to USDA (Yield grade (YG) = 2.50 + (2.5 X adjusted fat thickness) +

(0.2 X KPH fat percentage) + (0.0038 x HCW) — (0.32 X REA); USDA).

Statistical analyses

All data were analyzed using the GLIMMIX procedure of the Statistical Analysis System
(SAS version 9.4; SAS Inst. Inc., Cary, NC). Fixed effects included treatment (corn hybrid type,
corn processing, and their interaction). Experimental unit was feedlot pen and block was the
random effect. Statistical significance was declared at P < 0.05 and tendencies for an effect if
0.05 < P<0.10. Average daily gain was calculated using initial and final body weights, divided
by days on feed. Dry matter intake was calculated using the percentage of the diet ingredients as-
fed and the dry matter was corrected with the weekly analyses conducted across the study for

these ingredients. Gain:feed was computed as ADG/DMI.

2.4 Results & Discussion

Diet composition and nutrient analyses are presented in Table 1. Analysis of monthly composites
of the ingredients showed fluctuations in the nutrient composition, mainly corn; therefore, some
minor differences can be observed among treatments. Daily steam-flaked corn samples for
analyses (starch availability, particle size and bulk density), showed that while both corn hybrids
were flaked to different densities to achieve similar starch availability, EC was higher (P<0.01).

Geometric particle size means, and standard deviations are presented in Table 2.

Animal performance
Results of this experiment are presented in Table 3. The interactions between corn processing by

grain type did not affect DMI (P=0.269) across treatments. An effect for the interaction for cattle
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fed steam-flaked CC and steam-flaked EC was observed exhibiting greater final BW (P<0.01)
compared to dry-rolled corn diets. Interestingly, no differences were observed when EC was
steam-flaked or dry-rolled. Steers fed steam-flaked CC did not differ from those receiving steam-
flaked EC, but they had heavier final body weights compared to dry-rolled CC, and dry-rolled
EC. Steam-flaked EC was not different from dry-rolled EC (P>0.05). Average daily gain
(P=0.01) was greater for steers fed steam-flaked diets (EC or CC) and dry-rolled EC compared to
animals fed dry-rolled CC. Similarly, G:F (P<0.01) was greater for cattle fed steam-flaked corn
(EC or CC) and dry-rolled EC compared to those fed dry-rolled CC diets. When comparing
steam-flaked diets (EC or CC) no differences were observed for G:F, which aligns with results
reported by Jolly-Breithaupt et al. [14]. The findings of the current study align with previous
research by Theurer et al. [15], which reported an increase in ADG and gain efficiency for SFC
compared to DRC. This can also be explained by the fact that steam-flaked corn has greater
starch digestibility in the rumen and total tract compared to dry-rolled corn [15]. Dry-rolled EC
was not different compared to the steam-flaked diets, but outperformed CC when dry-rolled, as
demonstrated by Zerby et al.[16] cattle fed dry-whole corn with exogenous alpha-amylase
improved gain efficiency compared to the control. Alpha-amylase is an enzyme that breaks down
starch to simpler sugars for digestion, while Enogen corn expressing high concentrations of this
enzyme had an advantage over dry-rolled CC. In contrast, DiLorenzo et al.[17] conducted an
experiment comparing steam-flaked corn with dry-rolled corn with or without inclusion of
exogenous amylase, where no difference in DMI, ADG and G:F were observed for the
interaction of grain processing by amylase supplementation. Contrary to the results presented in
this study, Miller et al.[18] reported an increase in DMI for finishing beef steers fed dry-rolled

Enogen corn compared to the control, but no improvements were reported for ADG or G:F.
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There were no differences between steam-flaked control and steam-flaked Enogen corn (P>0.05)
across this study. As demonstrated through previous research by Corona et al. [19], diets
containing SFC, when compared to DRC, exhibited greater ruminal, post-ruminal, and total tract

starch digestion in finishing steers.

Effects of processing were evident insofar as steers fed steam-flaked corn exhibited greater ADG
(P<0.01), and heavier FBW (P < 0.01) compared to those fed dry-rolled corn. This can be
explained by the fact that steam-flaking increases energy value of grains [20,21]. By processing
corn through this method, producers enhance its digestibility through increased starch
digestibility, which improves cattle performance [22-24]. Researchers demonstrated in two trials
that steam-flaking reduces feed intake and improves feed conversion [25]. Furthermore,
Harrelson et al.[26] reported a 24% improvement in ruminal starch digestibility with SFC
compared to DRC. Similarly, Plascencia et al.[21] found that steam-flaking corn increased
ruminal, postruminal and apparent total tract starch digestion. Contrary to the findings of the
present study where the main effect of processing showed that steam-flaked corn performed
better than dry-rolled corn, Gonzalez-Vizcarra et al. [27] substituted steam-flaked corn for dry-

rolled corn and concluded that it enhances ADG, gain efficiency, and dietary net energy.

An effect of grain type was observed for G:F (P = 0.03), as shown in Table 3. Cattle fed Enogen
corn had greater G:F independent of processing method compared to CC. This result aligns with
findings of previous researchers [7] comparing Enogen to conventional corn, demonstrating
improved gain efficiency. Horton et al. [10], reported that heifers fed high-amylase corn
exhibited improved feed efficiency and carcass quality compared to the control. Similarly, Jolly-
Breithaupt et al. [28] compared a control diet containing conventional corn, a diet containing

Enogen corn, and a diet combining conventional corn with a commercial a-amylase enzyme
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supplement. They observed that cattle fed Enogen corn or the conventional corn combined with
o-amylase enzyme supplement had improved ADG and feed efficiency compared to animals fed
the control diet. Johnson et al.[8], by feeding growing steers either EC or control processed by
dry-rolled or whole-shelled, observed a 5.5% improvement in feed efficiency for cattle-fed EC
compared to those fed conventional corn. The current study showed a tendency (P = 0.09) of EC
to have greater ADG compared to CC fed steers, contrary to findings reported by Jolly-
Breithaupt et al. [28]. Through two experiments Glaser et al. [29], showed in the first experiment
that EC improved feed efficiency, showing a 5.5% improvement compared to the control. The
second experiment used cannulated steers to evaluate intake and digestibility and the authors
observed greater dry matter and organic matter digestibility for the EC fed group, as well as
faster fermentation for EC-fed animals. On the other hand, Scilacci et al.[30] did not find

differences when replacing conventional corn with Enogen corn.

Carcass characteristics

Going back to the cattle performance results (Table 3), while no difference was observed for the
initial weight among treatments, cattle fed CC specifically when steam-flaked tended (P=0.06) to
have heavier initial weight. For the current study an approximately 7 kg difference was observed
for the steers fed steam-flaked CC, this advantage when starting the experiment impacted in the

final body weight and later HCW.

Interaction between corn processing by grain type was observed for HCW, cattle fed steam-
flaked corn, either CC or EC, had heavier HCW (P<0.01) compared to the other treatments. As
mentioned before, and concluded by Corona et al.[31], steam-flaked corn improves carcass yield.
This is in contrast with Huck et al.[32], and Baker et al.[12], who did not observe differences in

carcass characteristics. Given the difference in initial weight impacting on the HCW we assumed
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a common dressing percentage (DP) among treatments set at 50%, the estimated HCW gain
would be 289, 297, 305 and 301 for dry-rolled CC, dry-rolled EC, steam-flaked CC and steam-
flaked EC respectively. By computing these assumptions and values statistically analyzed, we
would observe an interaction effect for HCW gain (P<0.01; SEM:3.2), where dry-rolled CC
treatment would present the lightest carcasses, steam-flaked CC would present the heavier
carcasses but not different from steam-flaked EC, and dry-rolled EC intermediate but not
different from EC when steam-flaked. No differences were observed for REA (P = 0.249), KPH
(P=0.719), liver abscesses (P = 0.777), quality grades or yield grades 1, 2, 3, 4 (P>0.05). A
tendency for interaction was observed for cattle fed steam-flaked diets (EC or CC) and dry-rolled
EC to have greater marbling scores (P=0.079) compared to those fed dry-rolled CC. Similarly,
backfat deposition tended (P=0.088) to be greater for steers fed steam-flaked diets (EC or CC)
and dry-rolled EC, as Wertz et al.[33] showed a linear relationship between backfat and marbling
score. Interestingly, when comparing results between DRC treatments, these were different for
the items described before, EC when dry-rolled outperformed dry-rolled CC. Conversely,
Brinton et al.[34] observed no differences between dry-rolled EC and CC, concluding no benefit
of EC dry-rolled over the control. Approximately 80% of the carcasses among each treatment
graded Choice, and by breaking it down, carcasses corresponding to treatments including steam-
flaked corn (EC or CC), and dry-rolled EC tended (P=0.098) to have more carcasses grading
premium Choice, but no differences were observed among treatments for low Choice (P=0.289).
Approximately 55% of the carcasses graded USDA yield grade 3 for each treatment, but
treatments did not differ (P=0.638). An interaction effect was observed for number of carcasses
categorized Yield Grade 5 for each (P=0.04), where steers fed dry-rolled EC, did not grade in

this group compared to the other treatments. Around 14% of livers corresponding to each
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treatment presented abscesses, although no differences (P=0.777) were observed among

treatments.

Effects of processing were observed for HCW, REA and backfat. Steers fed with steam-flaked
corn, exhibited heavier carcasses (P<0.01), a greater rib eye area (P=0.02), and more backfat

deposition (P=0.01) compared to those fed dry-rolled corn.

Cost of gain to target weight
Due to the difference in the initial weight we decided to compare the treatments to the same
target gain set at 215.5 kg (approximately the weight gained by steers fed steam-flaked CC).
Results are presented in Table 5. We assumed that the approximately 7 kg initial weight
advantage in one treatment group did not affect DMI and ADG:; therefore, the raw values for
each treatment were utilized. Feed cost of each ration was calculated on a daily basis per steer
accounting for the grain, processing method, silage, soybean meal, and supplement. Days on feed
were calculated by dividing target gain by ADG, where fewer DOF were observed for cattle fed
steam-flaked CC compared to other treatments. Furthermore, the feed cost per animal to the
target gain was calculated, and finally, the cost to produce one kilogram of gain. The analysis of
cost of gain revealed that, while animals fed dry-rolled EC were estimated to be 5 days more
compared to those fed steam-flaked CC, and no differences in DMI or ADG were observed
between this treatment group and steam-flaked EC or CC, the cost to produce one kilogram was
less compared to the other treatments. When comparing the cost of gain for each treatment with
the group of steam-flaked CC, dry-rolled CC showed 0.05 dollars more. Treatment of steam-
flaked EC while DMI, ADG was not different from steam-flaked CC, a 0.01-dollar difference
was observed. Finally, Enogen corn when dry-rolled exhibited 0.07 dollars less to produce one

kilogram compared to steam-flaked CC.
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2.5 Conclusion

This study highlights the significant impact of corn hybrid and processing choices on feedlot
cattle performance. Our results suggest that Enogen corn, with its higher alpha-amylase content,
offers a promising approach for improving feed efficiency and potentially boosting growth rates.
While steam flaking may offer some advantages, dry-rolled Enogen corn performed comparably
to steam-flaked Enogen corn, suggesting that dry-rolled Enogen may be a viable alternative to
steam flaking without capital expenditures necessary for instalation of steam-flaking equipment.
While various studies have been conducted comparing dry-rolled with steam-flaked corn, our
results suggest that future research should focus on evaluating the economic implications of
Enogen corn processed through different methods, particularly when compared to other grain

types in terms of costs and benefits.
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Table 1. Composition of experimental diets (dry matter basis)

Dry-rolled corn

Steam-flaked corn

Item* Control Enogen Control Enogen
Corn hybrid

No.2 yellow corn 78.18 - 78.18 -

Enogen corn - 78.18 - 78.18
Corn silage 14 14 14 14
Dehulled soybean meal, 47.5% 4 4 4 4
Supplement! 3.82 3.82 3.82 3.82
Analyzed composition?, %DM
CP 13.6 13.7 14.0 14.2
NPN 3.5 3.5 3.7 3.5
NDF 13.7 14.8 14.5 14.4
Salt 0.28 0.27 0.29 0.28
Fat 2.9 33 3.6 33
Ca 0.66 0.65 0.69 0.67
K 0.64 0.65 0.67 0.69

*CP: crude protein; NPN: non-protein nitrogen; NDF: neutral detergent fiber; Ca: calcium;

K: potassium.

!Consisted of urea, salt, limestone, trace mineral premix, vitamin premix, and KCI to provide (on a total
diet DM basis): 0.10 mg/kg cobalt, 10 mg/kg copper, 0.50 mg/kg iodine, 40 mg/kg manganese, 0.10
mg/kg selenium, 40 mg/kg zinc, 2205 [U/kg vitamin A, 22 [U/kg vitamin E, and 33.3 mg/kg monensin

(Rumensin; Elanco Animal Health, Greenfield, IN).

2Analyzed nutrient composition of ingredients in total diet.

*Optaflexx (Elanco Animal Health, Greenfield, IN) was fed at 300 mg ractopamine—HCI per steer daily

for the final 42 days on feed.
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Table 2. Starch Availability, bulk density, and particle size distribution

Grain type
Item Control Enogen SEM P-value
Steam-flaked corn
Starch availability”, % 50.50 56.70 0.4155 <0.01
Bulk density, g/L 360 386 0 <0.01
Dg, mmV 6.79 591 0.057 <0.01
Sg, mm? 1.64 1.72 0.010 <0.01
Dry-rolled corn
Dg, mmY 2.62 2.56 0.001 <0.01
Sg, mm? 1.57 1.59 0.006 0.04

VDg = the geometric mean diameter calculated using the log-transformed particle size data.

9Sg = geometric standard deviation.

*Steam-flaked Con=107 samples; Steam-flaked Eno=101 samples; Dry-rolled Con=22 samples; Dry-rolled Eno=22
samples.

#Starch availability was analyzed with an enzymatic method as described by Sindt et al. [13].

YParticle size was analyzed using a series of sieves on a Ro-tap (W.S.Tyler, Mentor, OH) shaker (steam-flaked: 9.5,

6.7,4.75,3.35,2.36, 1.70, and 1.18 mm sieves; dry-rolled: 6.7, 4.75, 3.35, 2.36, 1.70, 1.18, and 0.85 mm sieves).
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Table 3. Feedlot performance of animals fed dry-rolled and steam-flaked grains.

Dry-rolled corn Steam-flaked corn Probability values

Item* Control corn Enogen corn Control corn Enogen corn SEM Grain Processing  Interaction
Initial weight, kg 426.5 424.9 432.3 425.2 10.518 0.069 0.1962 0.233
Final weight, kg 616.8¢ 629.7° 644.9* 635.1%® 6.9627 0.669 <0.01 <0.01
DMI, kg/d 10.18 9.93 10.07 10.12 0.16 0.447 0.764 0.269
ADG, kg 1.36° 1.46% 1.51¢ 1.49¢ 0.0345 0.093 <0.01 0.012
Gain:feed 0.1342° 0.1471°% 0.1500* 0.1474* 0.00429 0.038 <0.01 <0.01
Feed:gain 7.452° 6.798% 6.667°% 6.784% 0.20544 0.038 <0.01 <0.01

* Means within a row without a common superscript letter are different (P<0.05). DMI: dry matter intake; ADG: average daily gain.
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Table 4. Carcass characteristics of steers fed dry-rolled and steam-flaked grains

Rolled corn Flaked corn Probability values

Item* Control corn Enogen corn Control corn Enogen corn SEM Grain Processing Interaction
Hot carcass weight, kg 385.5¢ 393.5° 403.0° 396.9® 4.35 0.669 <0.01 <0.01
Ribeye area, cm? 82.2 83.0 84.4 83.8 0.70 0.864 0.023 0.249
Marbling score’ 522 540 546 534 8.1 0.701 0.27 0.079
Backfat, cm 1.34 1.43 1.48 1.45 0.039 0.356 0.014 0.088
KPH, % 1.87 1.89 1.88 1.89 0.012 0.379 0.837 0.719
Quality grade

Prime, % 7.3 10.1 10.3 8.2 2.21 0.881 0.829 0.278

Premium Choice, %° 44.1 53.2 52.7 50.8 3.35 0.271 0.347 0.098

Low Choice, % 35.8 30.7 30.3 32.1 3.17 0.600 0.533 0.289

Select, % 7.9 5.5 5.2 7.6 1.85 0.983 0.868 0.165

Others, %* 4.9 0.5 1.5 1.3 0.46 0.016 0.539 0.176
USDA Yield Grade 1 1.8 0.7 0.9 1.6 0.70 0.748 0.982 0.183
USDA Yield Grade 2 223 20.2 15.7 16.3 2.84 0.797 0.071 0.623
USDA Yield Grade 3 58.5 54 56.3 55 3.29 0.382 0.857 0.638
USDA Yield Grade 4 16.4 25.1 26.7 25.4 3.62 0.288 0.132 0.148
USDA Yield Grade 5 1.0% 0.0° 0.4 1.72 0.58 0.77 0.362 0.043
Abscessed livers, % 14.6 13.1 14.1 14.1 291 0.759 0.915 0.777

*Means within a row without a common superscript letter are different (P<0.05). KPH: kidney, pelvic and heart fat.
#Carcasses were graded using a camera imaging system (VBG 2000; E+V Technology GmbH & Co. KG, Oranienburg, Germany).
YLiver scores followed the Elanco scoring system (0 = healthy; A— = one or two small abscesses; A = two to four well-defined abscesses; A+ = more than four abscesses active and
large; Elanco, USA), results represent the percentage of abscessed livers.

"Marbling score of 200 to 299 = Trace; 300 to 399 = Slight; 400 to 499 = Small; 500 to 599 = Modest; 600 to 699 = Moderate; 700 to 799 = Slightly Abundant; 800 to 899 =
Moderately Abundant.
SPremium Choice and Low Choice percentages are based on marbling scores only.

A Others = Not graded; dark cutter; mature carcasses; blood splash.
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Table S. Cost of gain to a target 215.5 kg of gain

Dry-rolled Steam-flaked

Item Control Enogen Control Enogen
Dry matter intake, kg/d 10.18 9.93 10.07 10.12
Feed cost, $/head daily including processing1 1.78 1.73 1.90 1.89
Average daily gain, kg 1.36 1.46 1.51 1.49
Days on feed to achieve target gain (215.5 kg) 158 148 143 145
Feed cost, $/head to target gain 281.3 256.7 271.2 273.9
Cost of gain, $/kg 1.31 1.19 1.26 1.27
Cost of gain vs flaked control, $/kg 0.05 -0.07 -—- 0.01

1Feed costs using corn grain price of $0.17/kg at 86% DM; Corn silage $0.13/kg DM; Dehulled soybean meal $0.37/kg DM; Supplement $0.59/kg DM

52



Chapter 3 - In vitro ruminal fermentation of corn: Effects of

processing, and grain type.
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3.1 Abstract

The influence of processing methods and hybrid variations on corn's nutritional impact within
ruminant diets remains a key area of study. The objective of this study was to evaluate Enogen
corn, a corn genetically modified for elevated expression of heat-stable amylase, processed either
through steam flaking (SF) or dry rolling (DR) using in vitro digestion methods. Two in vitro
experiments were conducted with a 2 x 2 factorial design to evaluate gas production, dry matter
disappearance, VFA profiles, and methane production by cultures of mixed ruminal microbes
with corn as substrate. This allowed for a detailed examination of the synergistic effects of grain
processing and grain type on microbial fermentation. Factor 1 consisted of grain type:
conventional corn (CC) or Enogen corn (EC). Factor 2 consisted of grain processing method: SF
or DR. For the first experiment, ruminal fluid was collected from a donor animal fed a high-
concentrate diettypical of feedlot production, and for the second experiment ruminal fluid was
obtained from a donor animal fed a mixed forage-concentrate diet more typical of a lactating
dairy animal. All substrates were ground, weighed into individual Pyrex® bottles, and mixed with
buffered ruminal fluid. An Ankom RF gas production module was utilized to seal the top of the
bottles, which were placed into an incubator for 24 h. Results from the first experiment indicated
that steam-flaked EC or CC presented lower gas production (P=0.043). Enogen corn when steam
flaked had the lowest ti,2 (P=0.027). Conventional corn when steam-flaked had the lowest
acetate to propionate ratio (P<0.01). Volatile fatty acid production was not affected by the
interaction, neither was methane yield (P=0.596; mL of methane produced per g of DM
digested). The results of the second experiment showed faster ti2 (P=0.04) for cultures
containing steam-flaked CC or EC compared to other treatments. Steam-flaked CC had the
fastest rate of gas production (P<0.01) compared to other cultures. Overall, we observed that
steam-flaking corn reduced lag times and increased rate of digestion compared to dry rolling.

Moreover, Enogen grain, when dry rolled, was very similar to steam-flaked grain,

Keywords: in vitro fermentation, enogen, steam-flaking, dry-rolling, gas production.
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3.2 Introduction

Corn remains a cornerstone of ruminant diets worldwide. It is the most important source of
energy for feedlot cattle in the United States and it is prized for its energy density and broad
applicability within diverse feed formulations. In 2023, U.S. corn reached a production record of
388.6 million tonnes and with it increased the production by 12% compared to the year 2022,
according to the crop production summary 2023 [1]. The nutritional value of corn is influenced
by processing methods and hybrid characteristics, which modulate starch accessibility and
ruminal fermentation dynamics [2—4]. Traditional processing techniques, such as dry rolling
(DRC) and steam flaking (SFC), have long been employed to enhance starch digestibility [5,6].
The development of genetically engineered grains, such as Enogen® corn (EC), which expresses
high concentration of heat-stable alpha-amylase content in the corn kernel, can improve starch
utilization. The extent to which this trait impacts starch utilization may be impacted by the

method of grain processing that is employed.

Recent studies have highlighted the relationship between ruminal fermentation, methane
emissions, production of volatile fatty acids, and feed [7-9]. While SFC is known to accelerate
starch degradation and VFA production compared to DRC, the interaction between processing

methods and corn hybrids, such as EC, is poorly understood [10].

Our objective in this study was to evaluate in vitro fermentation of two types of corn
(conventional or Enogen) processed either through dry rolling or steam flaking, using a 2 x 2
factorial design. Measurements included gas production parameters, VFA profiles, and dry
matter disappearance to better understand the interactive effects of grain processing and grain

type on microbial fermentation.
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3.3 Materials and Methods

All procedures were reviewed and approved by the Kansas State University IACUC committee

before initiation of the study.

Experimental design
Two randomized complete block design experiments with four replicates in a 2 x 2 factorial
arrangement were utilized to compare in vitro gas production, volatile fatty acid (VFA)
concentrations, and in vitro dry matter disappearance (IVDMD). Factor 1 consisted of grain
processing, including steam flaking or dry rolling (SF vs. DR). Factor 2 considered the grain
type, including a conventional grain of unknown hybrid as the control and Enogen corn (CON
vs. EN). Experiment 1 used ruminal fluid from a grain-fed donor animal, while experiment 2

used ruminal fluid from an animal fed approximately equal proportion of forage and concentrate.

Substrate
All substrates, which include two corn grains (DR or SF), were ground prior to the start of the
experiment using a Wiley mill (Thomas Scientific, PA) equipped with a 1-mm screen. Samples
were frozen before grinding, and for the grinding process samples were mixed with dry ice.
Ground samples (1.5 grams of dry matter) were weighed into individual Pyrex® bottles and
treatment diets were established as 85% corn and 15% corn silage. On the day of the experiment,

Pyrex® bottles were prewarmed in an incubator to a temperature of 39°C.

In Vitro Gas Production

The McDougall’s buffer [11], was prepared and mixed 4:1 with ruminal fluid (RF). Additionally,
0.6 g/L of tryptic soy broth was added to the buffer to provide cultures with a source of

degradable protein.
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Ruminal fluid was collected on the day of the experiment, prior to feeding donor animals and
approximately one hour prior to start of the in vitro experiment. For the first experiment, fluid
was obtained from a cannulated cow fed a diet consisting of 13% grass hay, 40% rolled corn,
40% wet corn gluten feed, and the balance as a protein, vitamin, mineral and feed additive
(monensin) premix. For the second experiment, ruminal fluid was collected from a Holstein
dairy cow fed a diet consisting of 20% wet corn gluten feed, 28% corn silage, 5% whole
cottonseed, 13% alfalfa, and 34% of a grain-based concentrate mix. Ruminal contents were
collected the morning prior to feeding and filtered through cheesecloth to separate large particles
from the fluid phase. Once the collection was completed, ruminal fluid was transferred to the
laboratory, re-filtered, placed into a separatory funnel, and sparged with nitrogen gas. After
approximately 30 to 40 min, ruminal fluid stratified into three distinct layers. The bottom
sediment layer, which consisted of protozoa and spent feed particles, was discarded, and the
bacteria-rich middle layer was separated from the mat layer and used as the microbial inoculant.
Ruminal fluid was combined with buffer in a 1:4 ratio to create a final buffered ruminal fluid

(BRF).

To accomplish this experiment, the Ankom RF gas production system (Ankom Technology,
Macedon, NY) was used. Ankom modules were programmed to record gas measurements every

15 min.

For the incubation, 150 mL of BRF was dispensed into 250-mL Pyrex® bottles and blanketed
with nitrogen gas, aiming to displace the oxygen from inside the bottles and maintain an oxygen-
free environment. Ankom RF gas production modules were used to seal the top of each bottle.
Culture bottles were placed into an orbital shaker (model 4535; Forma Scientific Inc., Marietta,

OH), with a constant temperature of 39 °C and agitation set at 25 rpm for a period of 24 hours.
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The in vitro cultures were removed after 24 h of incubation and placed into an ice bath to cease
fermentation. Final pH was measured and recorded for each bottle. From each in vitro culture, a
4-mL sample of fluid was collected and mixed in test tubes with 1 mL of 25% (w/v) meta-
phosphoric acid solution and frozen for later quantification of volatile fatty acids. The remaining
contents of each bottle were then flushed with deionized water into labeled aluminum trays and
dried in a forced-air oven at 105 °C. Dry weights were used to determine in vitro dry matter
disappearance (IVDMD). Blank bottles (without added substrate) were included and used to

correct for background residue associated with ruminal fluid and buffer solution.

Calculation of Gas Parameters, VFA concentrations, and IVDMD
Gas production, VFA concentrations, and [IVDMD were analyzed following each incubation. For
each of the two in vitro incubations, a total of four replicates for each treatment combination
were used. The liquid extract for volatile fatty acid 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 measured using an Agilent 7890A gas
chromatograph (Agilent Technologies, Palo Alto, CA) equipped with a flame ionization detector
(FID), and a wax (DB Wax, Agilent Technologies, Santa Clara, CA) capillary column with a
length of 9.5 m, inside diameter of 100 um, and a film thickness of 0.1 um. Hydrogen was used
as the carrier gas and column flow rate was 0.3 cm/sec. Samples were split injected with a ratio
of 100:1. The initial temperature was 40 °C, held for 1 minute, and then increased at a ramp rate
of 20 °C/min to the final temperature of 180 °C. Hydrogen, nitrogen, and airflow rates at the FID
were set at 35, 25, and 400 mL/min, respectively. Acetate, propionate, isobutyrate, butyrate,
isovalerate, valerate, isocaproate, caproate, and heptanoate concentrations were measured and

expressed as mM of VFA. Gas measurements from the Ankom system were recorded in psi and
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converted to mL of gas produced. In vitro dry matter disappearance was calculated as described

below.

IVDMD = |1 —

Initial substrate weight, g

(Dried residue weight, g) — residue weight of blank“

Statistical Analyses
For each experiment, a logistic and a log-logistic regression model were applied to model
cumulative gas production curves of each culture. For the logistic model parameters analyzed
were K (maximum gas production), 712 (time to achieve half of maximum gas production) and £,

which describes the shape of the curve.

Logistic model

K
—B(Time—t1)
2

Gas production =
1+ exp

Gas production = Cumulative gas production (mL) at a given time interval (hour).
Time = Interval in quarter-hour increments of the total time (0.25 hours).
Log-logistic model

K
1+ (t1+Time)"
2

Gas production =

For the log-logistic model parameters analyzed were K (maximum gas production), #1,2 (time to

achieve half of maximum gas production) and », which describes the shape of the curve.
Gas production = Cumulative gas production (mL) at a given time interval (hour).

Time = Interval in quarter-hour increments of the total time (0.25 hours).

59



These two models estimated each gas production parameter using time (independent variable)
and gas production (dependent variable). These gas production parameters were used to estimate
the extent of gas production potential (K) and the rate of gas production due to substrate
digestion (#12, f and r). Maximum rate of gas production (m) of each culture during both

experiments was calculated using our response variables as inputs.

Max slope (m) for the logistical model

m= ﬁXK/4

Max slope (m) for the log-logistical model

m=[(1= ) x (e) /14 Y [ (1-1/,2) /4]

When comparing the two models, those with the lowest mean square error were chosen for
further analysis. Consistently, the log-logistic model provided a superior fit to the data; thus, K,

r, ti2 and m were subjected to further analyses.

Predicted methane yield was estimated utilizing VFA concentrations and the equation Methane
Yield (mL/g of dry matter digested) = 4.08x[ Acetate (mol/100 mol)/Propionate (mol/100 mol)] +

7.05, described by Williams et al. [12].

In addition to the gas production parameters, pH, VFA concentrations, methane production and
IVDMD were then analyzed using the GLIMMIX procedure of the Statistical Analysis System
(SAS version 9.4; SAS Inst. Inc., Cary, NC). Fixed effects included donor (feedlot diet or mixed
diet) and treatment (grain type, grain processing method, and the interaction), and the random
effect was replicate. Statistical significance was declared at P < 0.05 and tendencies for an effect

i 0.05 < P <0.10.
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3.4 Results & Discussion

Results are presented separately by experiment, due to differences in composition of diets fed to
each donor. This will reflect the impact of grain type and grain processing on a concentrate-fed
diet and a mix-fed diet, reflecting the importance of choosing the correct donor for an

experiment.

In vitro gas production parameters (IVGP)
Gas production for in vitro cultures using a high-concentrate diet fed donor is shown in Figure 2,
and the parameters used to calculate the gas production are presented in Table 6. We did not
observe a well-defined asymptote for parameter K, which likely would lead to an overestimation.
While the current study measured gas production for 24 h, a defined asymptote might be
observed with a longer measurement period, suggesting an extension of the incubation period.
An effect for the interaction of grain type by grain processing method was observed for K
(P=0.04); conventional corn when dry-rolled showed greater gas production compared to the
other treatments, followed by Enogen corn when dry-rolled, contrary to the findings of Schiff et
al. [13], reporting greater gas production for cultures containing steam-flaked corn mixed or not
with alpha-amylase, compared to dry-rolled corn; however, treatments including steam-flaked,
either CC or EC, produced less gas (P=0.04), but were not different from each other. A main
effect of grain type (P<0.01) was observed for CC to have greater K compared to EC. A grain
processing effect also was observed (P<0.01), as DR had greater K compared to SF. The time to
reach the midpoint of K (#1/2) was different for all four treatments (P=0.02). Enogen corn when
steam-flaked reached #1/2 faster compared to other treatments, indicating a more rapid microbial
fermentation, followed by steam-flaked CC, these cultures fermented faster the substrate because

of the process of gelatinization that is involved in steam flaking [14]. This was expected due to
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the enhanced microbial fermentation that is attributed to this grain processing method, as
supported by Theurer et al. [5], who reported that steam flaking consistently improves
digestibility of starch by ruminal microbes over whole, ground, or dry-rolled processing of
grains. Dry rolled CC took the longest time to reach #1/2 compared to dry-rolled EC or steam-
flaked grains. A grain type effect was observed (P<0.01) indicating shorter #12 for EC compared
to CC, Enogen corn breaks down faster the starch polymers due to a thermostable alpha-amylase
contained in the kernel [15]. An effect of processing method also was observed (P<0.01), as t12
was shorter for SF cultures compared to DR. A difference of parameter r was observed for the
interaction (P=0.04), cultures containing steam-flaked either EC or CC were different form the
other treatments, a variance of the peak growth rate was evidenced among treatments. Effects of
grain type (P<0.01) and a processing method (P<0.01) were observed. Enogen corn presented
greater v compared to CC, and SF was greater than DR. The maximum rate of gas production
was not different (P=0.352) among the treatments. No difference of pH was observed (P=0.326)
for the interaction, the system was buftered to prevent pH changes. There was an effect of grain
type (P=0.024), for which CC had lower pH compared to EC, the difference might be significant
but not meaningful. The procedure of in vitro gas production is useful for evaluating
degradability of feedstuft, because they are directly related [16]. While this study did not
observed differences in IVDMD (P=0.391), de Oliveira et al.[17] reported that Enogen corn
increased the disappearance of dry matter. During the in vitro digestion, microbes proliferate and
become part of the residue, which can lead to an overestimation of the undigested material and
thus an underestimation of the actual digestibility of the substrate. Elwakeel et al. [18], through
three experiments, observed an increased IVDMD but no changes in VFA production.

McDermott et al. [19] through two experiments, also observed an increased [IVDMD, and by
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measuring the microbial crude protein (MCP) found a 27 and 44% decrease in MCP, suggesting
that the microbial community was smaller and more efficient. Results of the gas production by
cultures inoculated using ruminal contents of the mixed diet donor are shown in Figure 4 and
parameters of gas production are summarized in Table 7. No interaction effect was observed for
parameter K (P=0.296). The substrate provided in both runs was corn, and the microbiome of
each donor was different, and as concluded by Amanzougarene et al. [20], the in vitro cultures
seems to be more affected by the microbial inoculum than by the substrate. The time to reach
midpoint K was affected by treatment (P=0.045), as expected the cultures containing steam-
flaked either, CC or EC, had lower t12, compared to the dry-rolled (CC or EC), also an effect of
the processing method (P<0.01) could be observed, which indicates that cultures containing SF
presented lower t12 compared to DR. Parameter r was also affected by treatments (P=0.01),
while the difference was small, control corn when either steam-flaked or dry rolled were
different from other treatments, also a grain type (P<0.01) and a grain processing (P=0.02) effect
were observed. Contrary to findings by Kang et al. [21], who reported a linear increase of
when the degree of gelatinization increased, while the results of the present study showed a
higher parameter » for the interaction of steam-flaked CC, the lowest was observed for the
cultures including steam-flaked EC (P=0.01). The pH was not different among treatments
(P=0.680), but an effect of grain processing (P=0.01) showed that SF had lower pH compared to
DR, as mentioned before the system was buffered thus the difference was significant but not
meaningful. No differences were observed for in vitro dry matter disappearance (P = 0.177)

among the treatments.
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Volatile fatty acid (VFA) production
Volatile fatty acids are end products of microbial fermentation in the rumen. No differences
among treatments were observed for total VFA production (P=0.229) of cultures, including a
high-concentrate diet fed donor. Aligning with Horton et al. [22], the current study did not
observed differences among treatments for total VFA production, nor for the production of
acetate (P=0.184), propionate (P=0.330), butyrate (P=0.282) or valerate (P=0.065), which is in
contrast with results reported by Klingerman et al.[23]. A difference was observed in the A:P
ratio (P<0.01) for the cultures that included steam-flaked CC compared to other treatments,
while no differences were observed for acetate or propionate production. More cultures with
more replicates may have revealed a statistical difference. Also, an effect of grain type (P=0.020)
for CC with smaller ratio compared to EC. The results of the total VFA production, utilizing a
mixed forage-concentrate fed donor (Table 7), were not different (P=0.101) among treatments. A
tendency for interaction (P=0.061) was observed, with steam-flaked CC tending to produce more
acetate compared to the other treatments. No further differences were observed for propionate
(P=0.192), butyrate (P=0.140), or valerate (P=0.854). The A:P ratio was not different among

treatments (P=0.109).

Methane production

Results of estimated methane production are presented as mL of methane produced per unit of
DM digested (g), for cultures using a concentrate fed donor (Figure 1), no differences were
observed for the interaction of grain type by processing method (P=0.596) and when a mixed fed
donor was utilized (Figure 3) no differences were observed either (P=0.373). Rebelo et al. [24]
observed decreased methane production using Enogen corn on non-cannulated dairy cows, while

the current study used ruminal fluid from a mixed diet fed donor, no such effect was observed.
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Methane production in the rumen is considered a major energy loss. Methanogens are the
principal methane producing bacteria in the rumen, utilizing the available hydrogen, and with it
making a more inefficient rumen from an energetic standpoint while contributing to global
warming by increasing greenhouse gas emissions. The production of acetate and butyrate release
H2 which is utilized by methanogens to produce methane, on the other hand, propionate
producing bacteria compete with methanogens for the available H2. Reducing methane
production by reducing acetate production through increasing the production of propionate

would create a more efficient rumen while also reducing greenhouse gas emissions.

3.5 Conclusion

Results of this study have shown that conventional corn when dry-rolled resulted in greater gas
production, while steam-flaked, corn regardless of the grain type, led to less total gas production.
Enogen corn, when steam- flaked attained the midpoint of gas production fastest, while the
longest time was for dry-rolled conventional corn. Overall, steam flaking resulted in less gas
production, but had faster rates of gas production, which indicates a more efficient fermentation.
These findings reflect the impact of grain type and processing method on microbial degradation

while demonstrating the importance of the correct donor for the experiment.
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Table 6. Gas production parameters, volatile fatty acids profile, and IVDMD of in vitro cultures using corn as substrate and

ruminal inoculum from a donor animal fed a high-concentrate diet.

Dry rolled Steam flaked P-values

Item Control Enogen Control Enogen SEM Grain Processing GxPY
K, mL 569.742 527.16° 477.30¢ 463.57°¢ 6.725  <0.01 <0.01 0.043
Tip, h 11.652 9.59° 7.90°¢ 7.024 0.281 <0.01 <0.01 0.027
r 1.19# 1.24° 1.35¢ 1.33¢ 0.017 0.202 <0.01 0.046
m¢, mL/h 334 36.0 37.9 42.1 1.02 <0.01 <0.01 0.352
IVDMD*, % 63.90 65.17 64.12 67.63 2.097 0.074 0.305 0.391
pH 6.17 6.18 6.15 6.17 0.006 0.024 0.083 0.326
Total VFA, mM 106.96 106.51 104.77 111.53 3.181 0.291 0.632 0.229
Acetate, mM 48.93 48.65 47.97 51.49 1.485 0.255 0.506 0.184
Propionate, mM 37.84 37.71 37.67 39.54 1.094 0.393 0.415 0.330
Butyrate, mM 14.21 14.21 13.50 14.31 0.407 0.285 0.426 0.282
Valerate, mM 2.75 2.81 2.69 3.03 0.096 0.013 0.266 0.065
A:P 1.29# 1.29° 1.27° 1.30° 0.005 0.020 0.403 <0.01

abedMean within a row without a common superscript letter are not different (P<0.05).

YInteraction of grain type by grain processing method.
-1
®Maximum rate of gas production, calculated as: m = [(1 =) x(ty) 71+ 1/,«] I x [rK (1 - 1/r2) / 4]

*IVDMD = in vitro dry matter disappearance.
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Figure 1. Estimated methane yield (high-concentrate fed donor).

Results of methane yield are presented as mL of methane produced per unit of DM digested (g).
Methane Yield = 4.08x[Acetate (mol/100 mol)/Propionate (mol/100 mol)] + 7.05, described by
Williams et al.[12]. Effect of grain type, P=0.130; effect of processing method, P=0.273; grain
type x processing interaction, P=0.596.
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Figure 2. Gas production from in vitro cultures with corn as substrate and ruminal
inoculum from a donor animal fed a high-conentrate diet.

A log-logistic regression model was applied to model cumulative gas production curves for each
culture, yielding parameters of K, 712 and r. These values were used to generate curves shown
above using the equation: Gas Production =K /(1 + (t/2/time)").

Variables analyzed included Enogen or a conventional (control) corn, when these were either
dry-rolled or steam-flaked, in a 2x2 factorial arrangement.

K: effect of grain type, P<0.01; effect of grain processing method, P<0.01; interaction between
grain type and grain processing method, P=0.04. #1.2: effect of grain type, P<0.01; effect of grain
processing method, P<0.01; interaction between grain type and grain processing method,
P=0.02. r: effect of grain type, P<0.01; effect of grain processing method, P<0.01; interaction
between grain type and grain processing method, P>0.05.
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Table 7 Gas production parameters, volatile fatty acids profile, and IVDMD of in vitro cultures using corn as substrate and ruminal

inoculum from a donor animal fed a mixed forage:concentrate diet.

Dry-rolled corn Steam-flaked corn P-values
Item Control Enogen Control Enogen SEM Grain Processing GxP*
K, mL 397.01 399.66 386.59 402.94 9.655 0.152 0.582 0.296
Tz, h 10.062 9.88%2 8.91° 9.11° 0.085 0.900 <0.01 0.045
r 2.85? 2.74° 2.85¢ 2.62° 0.043 <0.01 0.021 0.018
m? mL/h 31.9 31.7 35.1 33.7 0.082 0.253 <0.01 0.328
IVDMD*, % 52.69 53.84 56.17 53.45 1.809 0.577 0.276 0.177
pH 6.43 6.44 6.40 6.41 0.020 0.357 0.019 0.680
Total VFA, mM 72.11 72.42 76.63 68.06 2.606 0.125 0.975 0.101
Acetate, mM 38.92 40.56 42.18 38.26 1.415 0.430 0.733 0.061
Propionate, mM 19.79 18.37 21.20 17.81 0.740 <0.01 0.572 0.192
Butyrate, mM 11.04 11.19 11.02 10.02 0.378 0.279 0.130 0.140
Valerate, mM 1.10 1.09 1.06 1.00 0.065 0.491 0.410 0.854
A:P, mM 1.97 2.20 1.99 2.15 0.029 <0.01 0.392 0.109

abedMean within a row without a common superscript letter are not different (P<0.05).

*Interaction of grain type by grain processing method

®Maximum rate of gas production, calculated as m = [(1 -1 ) x (t) 71+

*IVDMD = in vitro dry matter disappearance
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Figure 3. Estimated methane yield by in vitro cultures with corn as substrate and ruminal
inoculum from a donor animal fed a mixed forage:concentrate diet..

Results of methane yield are presented as mL of methane produced per gram of DM
disappearance.

Methane Yield = 4.08x[Acetate (mol/100 mol)/Propionate (mol/100 mol)] + 7.05, described by
Williams et al.[12]. Effect of grain type, P=0.029; effect of grain processing method, P=0.173;
Grain type by grain processing method interaction, P=0.373.
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Figure 4. Gas production (mixed-fed donor).

A log-logistic regression model was applied to model cumulative gas production curves for each
culture, yielding parameters of K, 712 and r. These values were used to generate curves shown
above using the equation: Gas Production = K / (1 + (t/2/time)").

Variables analyzed included Enogen or a conventional (control) corn, when these were either
dry-rolled or steam-flaked, in a 2x2 factorial arrangement.

K: effect of grain type, P>0.05; effect of grain processing method, P>0.05; interaction between
grain type and grain processing method, P>0.05. #12: effect of grain type, P>0.05; effect of grain
processing method, P<0.01; interaction between grain type and grain processing method,
P=0.04. r: effect of grain type, P<0.01; effect of grain processing method, P=0.02; interaction
between grain type and grain processing method, P=0.01.
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