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ABSTRACT

CORN GRAIN ENDOSPERM TYPE AND THE BROWN MIDRIB 3 MUTATION
IN CORN SILAGE: EFFECTS ON NUTRIENT DIGESTION, FEEDING
BEHAVIOR, MILK YIELD, AND RUMINAL FERMENTATION OF
LACTATING DAIRY COWS

By

Christina Charlene Taylor

Interactions of corn silage hybrids varying in fiber lignification and corn grain hybrids
varying in endosperm type on nutrient digestion, feeding behavior, milk yield, and
ruminal fermentation of lactating dairy cows were investigated. Eight ruminally and
duodenally cannulated cows were fed diets containing corn silage (bm3 or isogenic
normal) and corn grain (floury or vitreous endosperm) in a 2 x 2 factorial arrangement of
treatments. Floury endosperm grain decreased dry matter intake (DMI) by 1.9 kg/d when
in control corn silage diets but did not affect DMI when combined with bm3 corn silage.
Effects on DMI occurred primarily because floury endosperm decreased DM meal size
when combined with control corn silage, but increased DM meal size when combined
with bm3 corn silage. DMI was not different between endosperm types combined with
bm3 com silage because of greater meal frequency for bm3 corn silage. Main treatment
interactions occurred for 3.5 % fat-corrected milk yield (FCM) and reflected treatment
effects on DMI. Floury comn grain increased ruminal starch digestibility dramatically
compared to vitreous corn grain. Corn grain endosperm type affects site of starch
digestion, which can interact with fiber source to affect feeding behavior, feed intake, and

milk yield.
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INTRODUCTION

Energy intake is an important determinant of milk production, and therefore
maximizing energy intake of high producing dairy cows is a primary objective for
nutritionists. Cows in peak lactation can produce greater than 50 kg of milk per day, and
often consume more than 25 kg of feed per day to support production. However, body
reserves are frequently mobilized because the cow cannot consume enough feed in a day
to meet the energy demands of milk production. Increasing ruminal fiber digestibility of
forage in the diet can potentially increase dry matter intake (DMI) by reducing physical
limitations to feed intake (Allen, 1996). Another strategy to potentially increase energy
intake is to increase the energy density of the diet by adding cereal grains. Ruminal
starch degradability of grains varies widely and can influence site of starch digestion and
regulation of DMI (Allen, 2000). Understanding how fiber and starch digestibility
interact to affect DMI might lead to a better understanding of how feed intake is
regulated in high producing dairy cows.

Ruminal digestion characteristics can affect production of microbial protein in the
rumen. Microbial protein is the primary source of amino acids to the cow and it is
important to maximize microbial protein flow so that amino acid availability does not
limit milk production. Interactions of starch and fiber digestibility on DMI might change
efficiency of microbial protein production. Rapid ruminal fermentation can decrease
efficiency of microbial growth (Russell, 1998), but microbial growth can be limited by
energy supply in the rumen (Clark et al., 1992), so moderation of ruminal fermentation is

critical for maximal efficiency of microbial protein production. Because starch and fiber



digestibility probably interact to affect both DMI and nutrient digestibility, interactions of
starch and fiber digestibility probably also occur to affect microbial growth and
fermentation.

The objective of this thesis research was to evaluate interactions of endosperm
type of corn grain and the brown midrib mutation in corn silage on site of nutrient
digestion, feeding behavior, milk yield, ruminal fermentation, and microbial protein

production.



CHAPTER 1

A REVIEW OF THE LITERATURE

SECTION I: IMPORTANCE OF NUTRIENT DIGESTIBILITY

Fiber Digestibility

Energy intake is a primary limitation on productivity of high producing cows. As
the genetic potential of dairy cows increases, greater energy intake is required to meet
energy demands for milk production. Increasing energy density of the diet helps support
greater milk yield, and dietary fiber concentration is often reduced in favor of more
energy dense concentrate feeds. However, it has been recommended that to maintain a
healthy rumen environment, neutral detergent fiber (NDF) should comprise 25% of diet
dry matter (DM) with at least 19% of NDF coming from forage sources (NRC, 2001).
This recommendation, while realizing that ruminants require a certain amount of NDF,
does not take into account the wide range of NDF digestibility of various forages. In
vitro NDF digestibility can range from less than 20% to greater than 60% over a variety
of forages (Allen and Oba, 1996), but diets are generally formulated based upon NDF
concentration alone. However, NDF digestibility could have significant impact on animal
productivity because DMI and milk yield are positively related to NDF digestibility (Oba
and Allen, 1999b).

NDF digestibility is determined by the fraction of NDF that is potentially

digestible, the rate of NDF digestion in the rumen, and the rate of passage from the rumen



(Allen and Mertens, 1988). Potentially digestible NDF (pdNDF) is a laboratory measure
of the absolute extent of NDF digestion by ruminal microorganisms. Increasing
proportion of pdNDF and decreasing the indigestible NDF fraction (iNDF) could result in
greater fiber digestibility. However, in vivo NDF digestibility is also a function of the
competing processes of rates of digestion and passage; increasing rate of digestion or
decreasing rate of passage from the rumen could also increase NDF digestibility.
Predicting NDF digestibility is difficult because rates of digestion and passage can be
affected by physical structure of the plant, microbial attachment, enzyme activity, particle
size reduction, buoyancy, and ruminal motility (Allen, 1996). The least practical method
of increasing digestibility of the pdNDF fraction is by reducing rate of passage from the
rumen; lower rate of passage could increase digestibility of pdNDF by increasing ruminal
retention time but might depress DMI because of greater ruminal distension.

The most practical methods of increasing NDF digestibility lie primarily with
increasing amount and rate of pdNDF digestion in forages. Grasses often have a greater
proportion of pdNDF to iNDF than legume forages and higher in vitro NDF digestibility,
but rate of digestion of legume pdNDF is faster (Smith et al., 1972) and could increase
total amount of NDF digested per day in vivo. Additionally, within a forage type,
immature plants generally have higher NDF digestibility than mature plants, because as
the plant matures the indigestible NDF fraction increases and rate of NDF digestion
decreases (Smith et al., 1972). Replacing early vegetative alfalfa hay with late bud or full
bloom alfalfa reduced total tract NDF digestibility and DMI (Llamas-Lamas and Combs,
1990). Another potential method to increase pdNDF digestibility is by the use of genetic

mutations in forage crops that reduce iNDF and increase pdNDF fraction of the plant.



The first brown midrib mutation in corn, aptly named bm 1, was discovered at the
University of Minnesota in 1924 (Jorgenson, 1931). Since then, three other mutations
have been found in corn, named bm2, bm3, and bm4. The various brown midrib
mutations, so named because of accumulation of reddish-brown phenolic lignin
monomers in the midrib of the leaf, reduce lignin content of corn because of alterations or
deletions of genes coding for enzymes involved in lignin biosynthesis. The gene
mutation in bm3 corn occurs for caffeic acid-O-methyl transferase (Vignols et al., 1995).
Lignin is an indigestible polymer in plants that is important to maintain structural
integrity of plant tissue. Although lignin comprises little of the total structural
carbohydrate system in plants, it has been recognized as the primary component of the
cell wall that limits digestion (Jung and Deetz, 1993). Negative effects on digestion
occur because lignin forms strong covalent bonds with hemicellulose and may also
physically block enzymatic access to digestible structural carbohydrate. Reduced lignin
synthesis lessens the amount of crosslinking that occurs among lignin and digestible
structural carbohydrates to increase digestibility.

It was not until the 1970’s that research on the nutritional aspects of brown midrib
hybrids occurred. Of the brown midrib mutations, hybrids containing the bm3 mutation
have been most widely used in nutritional experiments because it consistently reduces
lignin content and increases in vitro DM digestibility (Colenbrander et al., 1973). The
bm3 mutation decreased lignin and increased in vitro DM digestibility more than other
bm hybrids (bm1) or normal corn hybrids (Muller et al., 1971). Reduced lignin synthesis
and greater in vitro DM digestibility occurred in all parts of the bm3 corn plant, including

the leaf, stem, and ear (Weller et al., 1984). As bm3 corn plants mature, lignin content



increases similar to normal hybrids, but bm3 hybrids had consistently lower lignin at all
stages of maturity (El-Tekriti et al., 1976). Based on in vitro data, bm3 com hybrids had
the potential to increase in vivo NDF digestion and possibly performance, but little was
known about the effects of feeding bm3 hybrids to animals.

Early in vivo research with bm3 hybrids agreed with in vitro results. Muller et al.
(1972) performed a classical study investigating the feeding value of a bm3 corn silage
hybrid versus a high yielding commercial hybrid. Two adjoining plots were planted with
either bm3 corn for silage or a normal hybrid, and ears were removed from both plant
sections so that differences between hybrids could not be attributed to grain concentration
differences. When fed to lambs, bm3 corn silage improved apparent total tract
digestibility of cell wall constituents and cellulose versus the normal comn hybrid. Similar
to that study, replacing normal silage with bm3 silage in diets for lactating cows
increased apparent total tract digestibilities of cell-wall constituents and cellulose by 33
and 44%, respectively (Weller and Phipps, 1986).

Perhaps the more important benefit of bm3 corn silage was the observation that
animals often increased feed intake. Brown midrib 3 corn silage increased voluntary
DMI by lambs by 29% compared to a normal hybrid (Muller et al., 1972). When fed to
cows in early lactation, bm3 corn silage increased DMI by 11% versus a normal hybrid
(Block et al., 1981). However, some studies observed no increase in DMI when bm3
corn silage replaced a normal hybrid (Frenchick et al., 1976; Keith et al. 1979). Lack of
treatment effect on DMI when bm3 corn silage replaces control corn silage could occur if
DMI is not limited by ruminal fill. A more recent study found a relationship between

pretrial milk yield and DMI response to bm3 silage (Oba and Allen, 1999a); cows



producing more milk in the pretrial period increased DMI to a greater extent when fed
bma3 silage than cows yielding less milk. The authors concluded that ruminal fill is more
limiting to intake for higher yielding cows, and increasing NDF digestibility of forage by
feeding bm3 corn silage might increase DMI to a greater extent in higher producing
COWS.

A statistical analysis of the literature found that for cows in early or mid-lactation
(41 to 154 days in milk [DIM]), a one unit increase in NDF digestibility was associated
with a 0.17 kg increase in DMI and 0.25 kg increase in 4% fat corrected milk (FCM; Oba
and Allen, 1999b). Because the bm3 mutation in corn silage can potentially increase
NDF digestibility and might reduce limitations to DMI by physical fill, more research is
needed to determine how high producing animals respond to bm3 corn silage and how

this response might be affected by other dietary factors, such as starch digestibility.

Starch Digestibility

Because energy intake is such a limitation on milk production, increasing the
energy density of diets by replacing fibrous forages with starchy grains is common. Diets
are generally formulated based on starch concentration alone, but ruminal starch
digestibility ranges from 42 to 96% over a variety of grain sources (Nocek and
Tamminga, 1991). This wide range of starch digestibility can affect whether starch is
digested primarily in the rumen or intestines. Site of starch digestion can considerably
influence DMI and microbial protein production (Oba and Allen, 2003 a, c). Therefore,
changing starch digestibility can have a direct impact on energy intake and milk

productivity.



Starch digestibility can be manipulated by processing and conservation methods.
Physical processing such as cracking, grinding, flaking, or rolling generally increases
ruminal starch digestibility. This processing disrupts the outer coating of the kernel and
makes the starch more accessible to microbial attack. Grinding corn increased ruminal
and intestinal starch digestion compared to whole corn in steers (Galyean et al., 1979),
and decreasing corn grain size from coarsely to finely ground increased ruminal starch
digestibility from 35.2 to 70.1% (Callison et al., 2001). Flaking and rolling substantially
disrupts the kernel structure and increases ruminal digestibility versus whole or cracked
grains (Firkins et al., 2001).

Physicochemical processing methods also increase starch digestibility of grains.
Starch granules consist of multiple starch chains arranged in highly organized and less
organized sections, called crystalline and amorphous areas, respectively. These chains of
starch are associated by a significant amount of hydrogen bonding, but application of heat
and water swells the amorphous and crystalline regions of the starch bonds and breaks
down interconnecting hydrogen bonds (Rooney and Plugfelder, 1986). This process,
known as gelatinization, increases area available for microbial penetration and enzyme
access. Steam treatments are often combined with physical processing such as flaking to
increase ruminal and total tract starch digestibility. Steam flaking increased total tract
starch digestibility by approximately 19 units compared to dry rolled (Plascencia and
Zinn, 1996). Similarly, replacement of dry rolled corn with steam flaked corn linearly
increased ruminal and total tract starch digestibility (Crocker et al., 1998).

Ensiling grains can increase starch digestibility because the ensiling process

partially ferments the grain and weakens the physical structure of the cereal. Conserving



grains as high moisture grain applies both hydration and ensiling processes to increase
starch digestibility. High moisture grains are readily fermentable and are a common feed
source used to increase energy density of dairy cow rations. High moisture corn
increased ruminal starch digestibility by 19 units (Knowlton et al., 1998a) and 24 units
(Oba and Allen, 2003b) in high starch diets for lactating cows.

Physical properties of grains can play a substantial role in starch digestibility.
When cereal grains are ground, ruminal starch digestibility of wheat, oats, and barley is
greater than corn, which is greater than sorghum (Herrera-Saldana et al., 1990).
Replacing corn grain with barley in the diet of lactating cows linearly increased ruminal
and total tract starch digestibility (Overton et al., 1995). Apparent total tract starch
digestibility was greater for steam flaked corn than steam flaked sorghum (Santos et al.,
1999). However, even within a single grain source, ruminal starch digestibility can range
widely; ruminally degraded starch ranged from 51 to 93% for corn grain (Nocek and
Tamminga, 1991).

Wide variation of ruminal starch digestibility within a grain source is because of
the physical and chemical structure of the grain kernel. Cereal kernels are composed of
three distinct parts; the germ, the outer pericarp, and the endosperm, which comprises
most of the total kernel area (Kotarski, 1992). Physical processing disrupts the pericarp
and exposes starch granules to digestion, but a protein matrix within the endosperm
surrounds starch granules and slows digestion. Starch granules in vitreous endosperm are
imbedded in an insoluble protein matrix, whereas granules in floury endosperm are more
loosely associated with a soluble protein matrix (Kotarski, 1992). The protein matrix of

vitreous endosperm is composed primarily of zein proteins, whereas the more digestible



protein matrix of floury endosperm is comprised of glutelin proteins (Philippeau et al.,
2000). Zein proteins are very resistant to ruminal degradation, but glutelin proteins are
much more digestible (Romagnolo et al., 1994). Much of the variability of starch
digestibility within a grain type is because of the physical and chemical structure of this
protein matrix.

Many hybrids of corn grain are commercially available in the U. S., but effects of
chemical structure of these hybrids on starch digestibility have been largely overlooked.
Vitreousness can range widely across hybrids; 6 commercially available hybrids grown in
3 states varied in vitreousness from 4 to 62% (Allen et al., 2003). Within a hybrid,
vitreousness increases as grain matures (Philippeau and Michalet-Doreau, 1997). The
potential impact that vitreousness can have on digestibility is tremendous; indeed,
averaged across hybrids, vitreousness explained 86% of the variation in ruminal starch
degradability (Philippeau and Michalet-Doreau, 1997). In steers, replacing dent corn
with a more vitreous flint hybrid decreased ruminal starch digestibility 43% and
increased small intestinal starch digestibility (as a percent of starch intake) by 98%
(Philippeau et al., 1999a). Although these results indicate that vitreousness of corn grain
can have a significant impact on starch digestion, to date only two studies have been
published investigating the effects of corn grain endosperm type on in vivo performance.
Furthermore, both of these studies were conducted in steers; no information is available
on how corn grain endosperm type affects productivity and nutrient digestibility in high

producing dairy cows.
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SECTION II: INTERACTIONS OF FIBER AND STARCH DIGESTIBILITY

Fiber and starch digestibility could play an important role in energy intake and
productivity of dairy cows. The bm3 mutation in corn silage increases fiber digestibility
considerably, and endosperm type of corn grain can have significant effects on starch
digestibility. Interactions of endosperm type of corn grain and the bm3 mutation in corn
silage could affect site of nutrient digestion, voluntary DMI, and microbial protein

production.

SITE OF NUTRIENT DIGESTION

The rumen has evolved to digest fibrous feeds, and this ability to utilize fiber is a
distinct evolutionary advantage, but the disadvantage of this system is the long retention
time required for fiber digestion. As the genetic potential of dairy cattle increases, higher
milk yields require greater DMI, but voluntary DMI is negatively associated with
retention time in the rumen. Thus, a strategy used in diets for high producing dairy cows
is to increase nutrient digestibility and energy density. Greater DMI increases rate of
nutrient passage from the rumen, which can reduce ruminal nutrient digestibility and shift
some digestion postruminally in high producing dairy cows. Additionally, greater
ruminal digestibility of fiber and starch might interact to shift site of nutrient digestion
from the rumen to other sites in the gastrointestinal tract.

Increasing ruminal starch fermentation can affect the ability of ruminal
microorganisms to grow and to digest fiber, as discussed in detail in a later section.

Replacing beet pulp with high moisture corn linearly reduced ruminal pdNDF
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digestibility from 67.3 to 46.1%. (Voelker and Allen, 2003a). While greater ruminal
starch digestion is associated with reduced ruminal fiber digestibility in multiple studies
(McCarthy et al., 1989; Crocker et al., 1998; Callison et al., 2001), it is not always
associated with reduced total tract NDF digestibility (Crocker et al., 1998; Callison et al.,
2001). In the experiment of Crocker et al. (1998), postruminal NDF fermentation linearly
increased with greater ruminal starch digestibility but total tract NDF digestibility was
not affected. Replacing dry corn with high moisture corn reduced ruminal NDF
digestibility, and shifted so much NDF digestion postruminally that hindgut fermentation
of NDF contributed 53% of total tract NDF digestion (Oba and Allen, 2003b). However,
total tract digestion of NDF was not different between diets containing dry or high
moisture corn. This indicates that ruminal starch digestibility can have significant effects
on site of fiber digestion without reducing total tract fiber digestibility.

Additionally, greater fiber digestibility of bm3 corn silage could potentially shift
site of starch digestion from the rumen to the intestines. Replacing normal corn silage
with bm3 silage decreased ruminal starch digestibility by 10% but increased postruminal
starch digestibility 13 % (Oba and Allen, 2000c). The authors suggested that greater
DMI of bm3 silage might have increased passage rate of starch from the rumen and
shifted site of starch digestion to the intestines. Another experiment found that ruminal
starch digestibility was 36% lower for bm3 versus normal corn silages, but differences in
total tract starch digestibility were small, indicating compensatory postruminal starch
digestion (Greenfield et al., 2001). Greater DMI could explain greater rate of starch
passage from the rumen in the Oba and Allen (2000c) experiment, but no differences in

DMI were observed for the Greenfield et al. (2001) experiment. Greater starch passage
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in diets containing bm3 corn silage could be the result of other factors; for example, the
ruminal fiber mat formed by bm3 corn silage fiber might be less effective at retaining
corn grain particles. Feeding bm3 silage can affect site of starch digestion, which could

play an important role in production response to bm3 silage.

Changing Nutrient Supply

Starch yields different end products depending on site of digestion. As amount of
ruminally fermented starch increases, propionate production increases relative to acetate
to shift the volatile fatty acid (VFA) profile in the rumen. Although propionate is a
primary glucose precursor, postruminal starch digestion by amylase yields glucose
directly and is theoretically more efficient. In theory, greater postruminal starch
digestion could provide more glucose for milk lactose synthesis, but in reality milk yield
response to greater postruminal starch digestion is inconsistent.

Several experiments have investigated animal response to postruminal infusions
of starch and glucose. Reynolds et al. (2001) found that long term (14 d) infusions of
wheat starch into the abomasum of late lactation dairy cows did not affect milk yield but
tended to increase energy balance because of a 93% increase in tissue energy retention.
Additionally, duodenal glucose infusion increased energy balance of late lactation dairy
cows but did not affect milk yield (Lemosquet et al., 1997). In contrast, a cubic increase
in milk production was noted for cows in early lactation receiving increasing amounts of
corn starch infused into the duodenum (Reynolds et al., 2001). These data show that

response to postruminal starch digestion is probably dependent on stage of lactation and
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could explain inconsistent effects across the literature for milk yield response to
postruminal starch digestion.

Animal response to increased postruminal starch digestion might depend on
changes in plasma hormone secretion in response to glucose. In particular, duodenal
glucose infusion increased plasma insulin of lactating dairy cows (Lemosquet et al.,
1997). Insulin increases glucose uptake by adipose and skeletal muscle (McGrane,
2000), but glucose transporters expressed by the mammary gland are not insulin-sensitive
(Zhao et al., 1996), so greater plasma insulin concentrations might not affect glucose
uptake at the mammary gland, but could reduce glucose availability if other insulin-
sensitive tissues increased glucose uptake. Competition for glucose availability among
tissues might explain why postruminal infusions of glucose or starch might not increase
milk production but can increase tissue retention (Lemosquet et al., 1997; Reynolds et al.,
2001). Why does this effect appear to occur in cows that are later in lactation, while
cows in early lactation can respond by increasing milk production? Cows in late
pregnancy and early lactation have reduced expression of the insulin-responsive glucose
transporter in muscle and adipose tissue, which decreases glucose utilization by
peripheral tissues and increases glucose available for milk synthesis (Bell and Bauman,
1997). The lack of response of peripheral tissues to insulin is markedly reduced through
early lactation, and recovers as the animal progresses through lactation (Bell and
Bauman, 1997).

Greater body weight (BW) gain has been observed in several experiments where
bm3 comn silage replaced normal com silage (Frenchick et al., 1976; Sommerfeldt et al.,

1979; Weller and Phipps, 1986), and this effect might occur if bm3 corn silage shifts site
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of starch digestion to the intestines. Perhaps most striking was the experiment conducted
by Block et al (1981); feeding cows bm3 corn silage from weeks 3 to 10 postpartum
increased DMI by 2.2 kg per day and although milk yield was numerically increased, the
greatest effects of treatment occurred on BW change. Cows consuming bm3 corn silage
gained 10.3 kg over the 8 week period, whereas cows consuming normal corn silage lost
24.6 kg over the same period. Oba and Allen (1999a) found that compared to a control
corn silage, bm3 corn silage increased energy balance of lactating cows by 2.1 Mcal per
day. Greater concentrations of metabolizable energy (ME) in bm3 com silage diets fed
ad libitum resulted in more ME partitioned toward tissue energy gain instead of milk
energy (Tine et al., 2001). Brown midrib 3 corn silage increases ruminal propionate and
shifts a substantial portion of starch digestion to the intestines (Oba and Allen, 2000c), so
greater glucose availability in bm3 corn silage diets might increase plasma insulin
concentration and tissue energy retention, but effects of bm3 corn silage on hormone

profiles have not been investigated.

Compensatory Digestion

Although greater passage rate of starch in bm3 corn silage diets reduces ruminal
starch digestibility, bm3 corn silage reduced total tract starch digestibility by only 1.5
units (Oba and Allen, 2000c) and 1.7 units (Greenfield et al., 2001), and total tract starch
digestibility was still greater than 91% in both experiments. This indicates that
substantial compensatory digestion occurred in the intestines. While much of this
digestion probably occurs in the small intestine, some fermentation probably occurs in

the hindgut.
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Abomasal infusions of corn starch increased ileal digesta concentrations of
glucose and starch (Kreikemeier et al., 1991). Additionally, replacing dent corn grain
with a flinty corn grain in the diets of beef steers reduced ruminal starch digestibility, but
increased small intestinal and hindgut digestion (Philippeau et al., 1999a). In that study,
flint corn increased small intestinal digestibility from 8.9 to 17.6% compared to dent
corn, but hindgut fermentation of starch was increased 110% versus dent corn. Infusion
of increasing amounts of corn dextrin into the abomasum of steers linearly increased
VFA concentration in ileal digesta (Kreikemeier et al., 1991). To some extent, VFA
produced from hindgut fermentation can be absorbed in the large intestine and used by
the animal as an energy source, but microbial organic matter (OM) cannot be digested or
absorbed and loss of microbial OM in the feces reduces efficiency of energy utilization
by the cow.

Changing site of starch digestion can considerably change the nutrient supply to
the animal. Additionally, DMI and microbial protein production can be affected by site
and extent of starch and NDF digestion, as discussed in later sections. Because
endosperm type of cereal grains is a substantial determinant of starch digestibility,
research on effects of endosperm type on site of starch and NDF digestion needs to be
conducted. Corn silage with the bm3 mutation has been shown to interact with site of
starch digestion. The interactions of fiber and starch digestibility on site of starch
digestion could significantly change nutrient partitioning and DMI, and should

demonstrate the importance of nutrient digestibility on performance of dairy cattle.
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REGULATION OF INTAKE

Dry matter intake is a primary determinant of milk yield of lactating dairy cows.
Given this, understanding how intake is regulated is critical to obtain maximal
production. Conrad et al. (1964) proposed that feed intake was determined by physical
fill at low digestibility, and as digestibility increased, metabolic factors determined
intake. Although overly simplistic, the concept of physical versus metabolic regulators of
intake is the basis for many current models of feed intake. In reality, feed intake is
probably determined by the integration of a variety of physical, metabolic, and hormonal

factors.

Physical Regulation of Intake

Physical regulation of intake can occur when physical fill in the gastrointestinal
tract limits feed intake. A significant amount of research has been conducted on factors
affecting physical regulation of intake (Allen, 1996; Allen, 2000). The primary cause of
physical limitation on intake is long retention time of the fibrous fraction of the diet.
Although fiber is crucial to maintaining a healthy rumen environment, digestion of the
fibrous feed fraction is slow and can increase ruminal retention time if particles cannot be
broken down and passed from the rumen. Limitations to flow from the rumen have been
reviewed (Allen, 1996), and include particle size and density, which are closely
associated with ruminal digestibility. Ruminal digestion of fibrous feed increases particle
fragility and makes particles more susceptible to breakdown during chewing (Chai et al.,

1984). Additionally, as ruminal digestion of fiber occurs, particle buoyancy decreases
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and particles sink (Sutherland, 1988). With greater rate of NDF digestion, particles are
probably broken down faster and sink faster to increase rate of passage from the rumen
and decrease the filling effect of the diet. Brown midrib 3 corn silage increases rate of
NDF digestion compared to normal corn silage (Ying and Allen, 1995), and because bm3
corn silage also increases rate of NDF passage from the rumen, bm3 corn silage might
reduce physical limitations to intake and allow greater DMI.

Filling effect of dietary NDF can be increased by greater ruminal starch
digestibility. The presence of starch has been demonstrated to reduce rate of in vitro
NDF digestion (Grant and Mertens, 1992). Increased ruminal starch digestion may also
indirectly impede rate of fiber digestion by reducing ruminal pH. In vitro NDF digestion
occurs at a slower rate as pH decreases (Grant and Mertens, 1992), and in the rumen this
might increase retention time and could potentially limit DMI. Brown midrib 3 corn
silage reduces ruminal pH compared to normal corn silage (Oba and Allen, 2000c), and
the authors speculated that bm3 corn silage reduced ruminal digestion rate of pdNDF
because of lower pH in bm3 silage diets. Although in vitro pdNDF digestibility was
greater for bm3 corn silage compared to isogenic control, reduced pdNDF digestion rate
and increased passage rate in bm3 corn silage diets could explain why bm3 corn silage
does not always increase NDF digestibility in vivo. Greater ruminal starch digestion and
lower ruminal pH might reduce rate of pdNDF digestion, and could contribute to physical

limitation of intake if it increases ruminal retention time.
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Metabolic and Hormonal Regulation of Intake

As physical limitations to feed intake decrease, metabolic and hormonal controls
become more limiting to DMI. The liver has been suggested to be one of the primary
sites of integration of metabolic and hormonal regulatory factors because of its central
anatomical position and because it is the first organ to interact with nutrients absorbed
from the gut (Langhans, 1996). Interest in the role of the liver in controlling feed intake
has led to many experiments to determine which nutrients exert hypophagic responses.
These studies show that metabolites extensively metabolized by the liver have
hypophagic effects, whereas those that are not metabolized by the liver do not (Langhans
et al., 1985). Langhans et al. (1985) found that hypophagic effects of metabolic fuels
occur when they are oxidized in the tricarboxylic acid (TCA) cycle in the liver.
Oxidation of metabolic fuels could be a primary regulator of feed intake in dairy cattle
(Allen, 2000), and because ruminal and postruminal starch digestion produces different
metabolic fuels, site and timing of starch digestion could contribute to metabolic

regulation of feed intake in ruminants.

Site of Nutrient Supply

Depression of DMI has been observed to occur in some diets containing high
proportions of ruminally degraded starch (Allen, 2000). Propionate is a primary end
product of starch fermentation by ruminal microorganisms. Infusions of propionate
reduced meal size and length to a greater extent than equimolar infusions of sodium
chloride or acetate, suggesting that effects of propionate on feeding behavior were due to

the substrate rather than effects on osmolality (Choi and Allen, 1999). The liver could be
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central to effects of propionate on feeding behavior because hepatic vagotomy reduced
hypophagic effects of propionate (Anil and Forbes, 1980). Based on this and other
research, Allen (2000) proposed that oxidation of propionate in the liver could regulate
feed intake in dairy cattle. Ruminal infusions of propionate linearly reduced 12 h
cumulative DMI by reducing meal size (Oba and Allen, 2003¢). Increased ruminal starch
fermentation increases ruminal propionate concentrations and is probably why increasing
amount of ruminally degraded starch can sometimes depress DMI in dairy cows.

If DMI depression can occur because of greater starch fermentation in the rumen,
then it might be beneficial to shift site of starch digestion to the intestines to relieve
hypophagic effects of propionate. Shifting site of starch digestion to the small intestine
allows mammalian amylase to digest starch to glucose. Glucose can be absorbed across
the enterocyte into the portal blood, partly metabolized to lactate before entering the
portal, or fully oxidized by the enterocyte itself. Because the liver is probably the
primary integrator of metabolic satiety signals, glucose or lactate from intestinal starch
digestion would have to be absorbed by the liver to directly affect feed intake. Allen
(2000) discussed effects of glucose on feed intake, and concluded that glucose is
probably not a metabolic regulator of feed intake in ruminants. Partial metabolism of
glucose to lactate in the enterocyte can occur, and although 60 to 90% of luminal glucose
is metabolized to lactate in rat intestine (Hanson and Parsons, 1976), the extent to which
glucose is metabolized to lactate in ruminant intestine is unknown. Infusions of lactate
into the jugular or mesenteric veins has inconsistently decreased intake (Baile and
Forbes, 1974), and Allen (2000) suggested that inconsistent hypophagic effects of lactate

on DMI are probably dependent on hepatic carbon balance and redox state, which affects
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lactate removal by the liver (Reynolds, 1995). Additionally, lactate also does not appear
to be taken up by the liver in appreciable quantities in the fed state (Reynolds and
Maltby, 1994), and so might not directly affect feeding behavior.

However, shifting site of starch digestion to the intestine might cause satiety by
hormonal factors. Duodenal glucose infusion increased plasma insulin in dairy cows
(Lemosquet et al., 1997). Although insulin probably does not control short-term feed
intake (Langhans, 1996), increased plasma insulin: glucagon ratio might decrease
gluconeogenesis and increase oxidation of metabolic fuels in the liver (Watford and
Goodridge, 2000) and could induce satiety indirectly. Additionally, gut peptides may
affect feed intake; cells in the intestinal tract release glucagon-like peptide 1 (GLP-1) and
gastric inhibitory peptide (GIP) in response to absorbed nutrients. The presence of
duodenal carbohydrate increased plasma concentrations of insulin, GIP, and GLP-1
(Lavin et al., 1998). GLP-1 may directly signal satiety, because intravenous GLP-1
administration suppressed energy intake in humans (Flint et al., 1998), or may have
effects on feed intake by inducing secretion of insulin. GLP-1 and GIP are both potent
insulin secretagogues, and greater than 50% of insulin release after a glucose meal may
be mediated by GIP and GLP-1 (Tseng et al., 1999). This research indicates that
intestinal starch digestion could affect feed intake by inducing secretion of insulin, GIP,
and GLP-1. However, little is known about the effects of gut peptides on intake behavior
in ruminants, and little research concerning dietary effects on gut peptide secretion in

ruminants exists.
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Timing of Nutrient Supply

Although substantial evidence exists that propionate can depress DMI in
ruminants (Oba and Allen, 2003e), greater ruminally degraded starch decreased DMI in
only 3 of 10 experiments (Allen, 2000). Why does increasing the proportion of ruminally
degraded starch decrease DMI in some but not all experiments? Oba and Allen (2003d)
proposed that inconsistent hypophagic responses to propionate were due to its fate, which
might be determined by temporal supply of propionate relative to its use for
gluconeogenesis. They found that hypophagia in response to propionate infusion was
positively related to plasma glucose concentration. As blood glucose concentration
increased, propionate induced a greater depression in DMI. They speculated that sating
effects of propionate might occur if propionate could not be used toward gluconeogenesis
and was instead oxidized in the TCA cycle. As glucose demand increases, more
propionate might be used for gluconeogenesis and less could be oxidized, thus delaying
satiety. If propionate flux is too fast for the capacity of the gluconeogenic enzymes,
oxidation of propionate might induce satiety. This effect is purely temporal; increased
starch digestion to propionate might not limit DMI if propionate flux to the liver is not
more than the capacity of the gluconeogenic enzymes to utilize it for glucose. The
concept that propionate can induce satiety in a temporal pattern relating to
gluconeogenesis has not been specifically tested, but current research in our laboratory is
investigating this proposal further.

DMI is probably the most important limitation to milk production in dairy cows.
For this reason, it is important to understand factors affecting feeding behavior.

Regulation of feed intake is complicated, and DMI is the determined by integration of
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physical, metabolic, and hormonal factors. Additionally, DMI is a function of meal size
and frequency, as determined by satiety and hunger, respectively (Allen, 2000), so it is
important to understand how regulators of feed intake can affect feeding behavior and not
just cumulative DMI. Endosperm type of corn grain can substantially change site of
starch digestion, which can profoundly affect nutrient profile absorbed by the animal and
possibly feeding behavior. Fiber digestibility can affect feeding behavior via physical
regulation, but because bm3 corn silage can shift site of starch digestion, regulation of
DMI could occur by metabolic and hormonal factors as well. Interactions of starch and
fiber digestibility might occur to affect ruminal fermentation and DMI, which could

potentially influence microbial protein supply.

MICROBIAL PROTEIN SUPPLY

The primary source of nitrogen to ruminants is supplied by flow of ruminal
microorganisms to the duodenum. Microbial protein has a high biological value because
of its amino acid (AA) profile and high digestibility. To reduce limitations to milk yield
by AA availability, it is important to maximize microbial protein flow. DMI and nutrient
digestibility can play substantial roles in microbial fermentation and efficiency. Energy
availability often limits microbial growth, so increasing grain intake can increase
substrate available for microbial protein production (Clark et al., 1992). However,
increased ruminal starch digestion can result in reduced pH, depressed fiber digestibility,

and reduced microbial growth efficiency.
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Effects of Ruminal pH on Fiber Digestion and Microbial Growth

Grain is relatively inexpensive and abundant in the U.S., and is commonly used to
increase energy density of diets. However, many nutritionally related diseases (acidosis,
bloat, liver abscesses) result from use of grains in ruminant diets. These symptoms are
related to reduced ruminal pH, associated with feeding rapidly fermented cereal grain
diets. Low ruminal pH has been associated with depression in ruminal NDF digestibility.
Feeding a highly fermentable grain source, such as steam rolled barley, increased ruminal
starch digestibility but reduced ruminal pH and ruminal NDF digestibility (Overton et al.,
1995). Additionally, feeding a more fermentable forage source like bm3 comn silage can
reduce ruminal pH (Oba and Allen, 2000c; Greenfield et al., 2001) and might reduce
ruminal NDF digestibility (Oba and Allen, 2000c).

To understand how reduced ruminal pH can decrease fiber digestion, effects of
low pH on ruminal cellulolytic bacteria has been studied extensively. Chow and Russell
(1992) investigated the response of a predominant cellulolytic bacterium, Fibrobacter
succinogenes, to reduction in external pH. They noted at pH less than 6.0, F.
succinogenes, which maintains intracellular pH at approximately 7.0, was unable to grow
or utilize glucose. As extracellular pH decreased, the pH gradient across the bacterial
membrane increased to the point that F. succinogenes was unable to maintain the pH
gradient and intracellular pH decreased. Ruminococcus albus, another predominant
cellulolytic bacteria, allows intracellular pH to decline with environmental pH to avoid
increasing the pH gradient across the bacterial membrane (Thurston et al., 1993). This
method of coping with low external pH is the primary method of acid-resistant bacteria,

but the key difference is that acid-resistant bacteria have intracellular enzymes that are
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active at lower pH. For F. succinogenes and R. Albus, internal enzyme systems are not
able to maintain function at lower pH, and growth is inhibited at pH < 6.0 (Chow and
Russell, 1992; Thurston et al., 1993).

Although research suggests that cellulolytic bacteria cannot digest cellulose under
pH 6.0 (Russell and Wilson, 1996), ruminants consuming high grain diets often have a
ruminal pH below 6.0. How does cellulose digestion occur if cellulolytic bacteria cannot
grow under environments created by typical dairy cow rations? Fermentative capability
of mixed ruminal bacteria continued, albeit at a lower rate, as pH declined below 7, and
was not inhibited until pH reached 5.3 (Mouriiio et al., 2001). Calsamiglia et al. (2002)
investigated the effects of varying pH on nutrient digestibility in a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>