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CHAPTER I
INTRODUCTION

Corn and sorghum grain are the most often utilized cereal grains
in feedlot diets. Corn is the preferred grain, but sorghum grain is
used extensively in some regions, because sorghum grain can be grown
successfully under a wider range of dryland and irrigation conditions
than corn. However, sorghum grain is more variable in quality (protein
and starch content) than corn, partially because of environmental
influences (Wall and Ross, 1970), but also because of varietal and
hybrid differences (Miller et al., 1962). Consequently, predictability
of growth rates and efficiency of feed utilization may be reduced when
NRC (1984) energy values for sorghum grain are used. Variation in
cattle performance associated with different sorghum grain hybrids or
varieties (McCollough et al., 1972; Maxson et al., 1973) may partially
be due to differences in digestibility (McCollough and Brent, 1972).

Corn and sorghum grain are very similar in composition (Rooney and
Pflugfelder, 1986), yet corn has generally supported greater rates of
gain than sorghum grain (McCollough et al., 1972). Attempts to
identify sorghum grain endosperm types with improved digestive
qualities have indicated grain with floury (Miller et al., 1972) or
waxy (Hibberd et al., 1982a,b) endosperm are superior to normal
endosperm. Unfortunately, grains with floury endosperm are of limited

commercial usefulness because of Tow density and test weight (Sullins



and Rooney, 1974), while grain with waxy endosperm has been slow in
development because of reduced yield potential (Rooney and Pflugfelder,
1986). Recently, Brethour (1987) compared sorghum grain with a pure
yellow endosperm to corn, noting no difference in rate and efficiency
of gain in beef steers. However, Goldy et al. (1987) reported no
advantage in growth rate or efficiency of gain in steers fed homozygous
yellow endosperm sorghum hybrid compared to heterozygous yellow
endosperm sorghum hybrids differing in seed coat color. Moreover, corn
resulted in a statistically similar rate and efficiency of gain, but
numerically gains with corn were 8% greater than yellow and 11% greater
than hetero-yellow endosperm sorghum grain hybrids.

Sorghum grain breeders havé suggested that hybrids of differing
genetic backgrounds should differ with respect to digestibility of
starch and protein. Additionally, currently available sorghum grain
hybrids have not been compared to corn. Because sorghum grain
varieties differ in site and extent of digestion (Streeter et al.,
1989a) one may expect differences among hybrids. Endosperm
characteristics of sorghum hybrids may alter ruminal fermentation and
intestinal digestion; hence, altering the efficiency of energy
utilization (Black, 1971). The extent %o which different sorghum grain
hybrids compare to corn and each other and alter site and extent of
digestion is virtually unknown. The objective of these studies was to
quantify the differences between corn and currently available sorghum
-grain hybrids in chemical composition, in the extent of starch
digestion in the rumen and in the small and large intestines and in the
extent of grain protein escape to the small intestine in beef cattle.

To accomplish our objectives, three experiments were conducted. The



first compared four sorghum grain hybrids, representing a homozygous
yellow endosperm grain, two heterozygous yellow endosperm grains
differing in seed coat color and a homozygous white endosperm grain, to
corn to quantify differences in site and extent of starch and protein
digestion in beef steers. The second trial compared six genetically
unique sorghum grain hybrids, representing two homozygous yellow
endosperm grains, two heterozygous yellow endosperm grains with a red
seed coat and two heterozygous yellow endosperm grains with a white
seed coat to identify differences in site and extent of starch and
protein digestion in beef steers. The third experiment concentrated on
physical and chemical differences between eight divergent sorghum grain

hybrids and corn.



CHAPTER 11
LITERATURE REVIEW

Factors Affecting Corn and Sorghum

Grain Digestibility

Corn and sorghum grain ére very similar in chemical composition
(Rooney and Pflugfelder, 1986) yet, corn has generally supported
greater rates of gain than sorghum grain (McCollough et al., 1972).
Recently, Brethour (1987) compared sorghum grain with a homozygous
yellow endosperm to corn noting no difference in rate or efficiency of
gain in beef steers. Goldy et al. (1987) observed no advantage in
growth rate or efficiency for steers fed homozygous yellow endosperm
compared to heterozygous yellow endosperm sorghum grain hybrids.
Moreover, corn resulted in a similar rate and efficiency of gain.
Numerically, however, gains with corn were 8% greater than pure yellow
and 11% greater than hetero-yellow endosperm sorghum grain hybrids.

McCollough and Brent (1972) and Schake et al. (1976) suggest that
sorghum grain is 5 to 10% less digestible than corn. Barley may also
have greater feeding value for cattle than sorghum grain (Saba et al.,
1964). Spicer et al. (1986) concluded that corn and barley had
slightly greater total tract starch digestibility than sorghum grain.
Ruminal starch digestion was greater for corn (83.7%) and barley
(87.7%) than for sorghum grain (75.2%) of unknown background. Total

tract N digestibility was much greater for corn and barley compared to



sorghum grain. Waldo (1973) noted slightly greater ruminal starch
digestibility for corn than sorghum starch. Less variation in ruminal
corn starch digestion was noted than for ruminal sorghum grain starch
digestion. Sorghum varieties, however, do exist that have a higher
digestibility than corn (Samford et al., 1970; Miller et al., 1972).

Sorghum grain usually has a much greater proportion of endosperm
as peripheral cells than corn (Rooney and Miller, 1982). Because
sorghum grain peripheral endosperm cells have a high protein content
and resist both physical and enzymatic degradation (Rooney and
Pflugfelder, 1986), one would expect sorghum grains with more
peripheral endosperm to be less digestible and sorghum to be less
digestible than corn. Tanksley and Knabe (1984) have found the protein
of yellow endosperm sorghum to be 5% less digestible than corn protein
in swine. Rooney and Riggs (1971) and Wagner (1984) have postulated a
relationship between starch recovery from wet milling and ruminal
starch digestibility. Perhaps a similar relationship exists within the
small intestine, and to a lesser extent, the large intestine. Low
starch yields from wet milling of sorghum grain may be caused by the
density of the peripheral endosperm layer (Watson et al., 1955).
Wagner (1984) reported differences in wet milling properties among
sorghum grain varieties related to the proportion of peripheral
endosperm. The proteins in corneous endosperm are composed of protein
bodies (kafirin) and a continuous protein matrix (glutelin). Corneous
endosperm (measured by hardness) in sorghum grain is the result of
protein content, the continuity of the peripheral protein matrix
(Rooney and Miller, 1982) and hybrid (Hoseney, et al., 1974).

Differences among sorghum hybrids ruminal, pre-cecal and intestinal



starch digestibility are likely the result of differences in the amount
of peripheral endosperm and continuity of protein matrix as indirectly
indicated by geometric mean diameter (GMD) and particle size
distribution. Additionally, intermolecular cross links are found in
some sorghum prolamine protein fractions that decrease the
extractability, but more importantly, digestibility of both the protein
and starch granu1es embedded in matrix protein. Differences between
corn and sorghum hybrid starch and protein digestibility may also be
related to protein matrix in the peripﬁera1 endosperm. While the
composition of corn and sorghum endosperm (protein and starch) is
similar, protein of sorghum is more difficult to extract using
classical solvent extraction techniques than corn and other cereals
(Wall and Paulis, 1978). Additionally, separation of starch and
protein by wet milling is more difficult in sorghum than corn with the
resulting starch generally contains more protein than commercial corn
starch (Rooney and Pflugfelder, 1986).

McCollough and Brent (1972) have shown that endosperm type is
related to digestibility of sorghum grain. Within eight sorghum
hybrids tested, grains with white endosperm tended to have lower
digestibilities than those with yellow endosperm. One bird resistant
hybrid included in the study had greatly reduced crude protein and dry
matter digestibilities. Rooney and Pflugfelder (1986), in a recent
review, noted that hetero-yellow sorghum grain was of higher feeding
value than sorghum grain with a non-yellow endosperm. Hibberd et al.
(1985) and Streeter et al. (1989b), however, were unable to determine
differences in total tract starch digestibility among sorghum grain

hybrids and varieties, respectively. But ruminal starch digestion was



greater for a hetero-yellow hybrid than other non-yellow endosperm
hybrids in the study reported by Hibberd et al. (1985). Differences
between corn and sorghum grain types may reflect differences in the
proportion and continuity of peripheral endosperm and protein matrix
(Rooney and Pflugfelder, 1986). Miller et al. (1972) found the percent
floury endosperm influenced sorghum grain digestibility. Sorghum
varieties with greater than 75% floury endosperm had higher nylon bag
dry matter digestibility than those with Tess than 40% floury
endosperm. Grains with a brown (bird resistant) or a purple seed coat
tended to have lower digestibilities regardless of floury endosperm
content. However, grain with floury endosperm generally has a Tow
density and test weight limiting its commercial usefulness (Sullins and
Rooney, 1974). Sorghum grain digestibility is decreased as berries
become harder (Samford et al., 1970). Berries become harder as the
proportion of soft floury endosperm declines. Therefore, factors
related to hardness indirectly estimate the ratio of peripheral to
floury endosperm. Decreasing moisture, berry size and soil fertility
may increase berry hardness. The primary seed characteristic related
to seed hardness; however, is endosperm type. Berries with floury
endosperm are softer than berries with normal or waxy endosperm
(Sullins and Rooney, 1974).

Sorghum varieties with waxy endosperm have higher in vitro dry
matter disappearance (IVDMD; Hibberd et al., 1982a,b; Streeter et al.,
1989a) and in vivo starch digestibility than varieties with normal
endosperm (Nishimutta et al., 1969; Streeter et al., 1989b). Waxy
starch may be moré available due to the branched nature of amylopectin

(French, 1973), or increased starch granule accessibility due to



greater solubility of peripheral endosperm matrix protein, less
amorphous protein matrix and less peripheral endosperm (Sullins and
Rooney, 1974; Lichtenwalner et al., 1978). Seckinger and Wolf (1973)
suggest protein encapsulation of starch granules Timits sorghum starch
digestibility. Higher protein sorghum grains are also given Tower
energy values by the beef cattle NRC (1984). The protein matrix
surrounding the starch granule is extremely dense and insoluble in the
peripheral endosperm of sorghum grain. Information is currently not
available on more recent sorghum grain hybrids concerning the
relationship of protein and energy. NRC (1984) energy values for
sorghum grains are, therefore, in need of investigation.

Bird resistant (BR) sorghum varieties contain condensed tannins
that give the grain an astringent taste reducing palatability and
digestibility (Saba et al., 1972). Muindi et al.(1981) treated BR
sorghum high in tannin with magadi soda to remove condensed tannins (40
to 57%) and noted increased-in vitro OM, starch and CP digestion.
However, soda treatment did not result in levels equal to Tow tannin
non-BR sorghum grain and Tow tannin grains were not influenced by soda
treatment. This indicates that factors other than tanniﬁ influence
digestion in vitro. Studies using rats reported by Muindi and Thomke
(1981) are in agreement with in vitro experiments. On the other hand,
. BR types with waxy endosperm have greater IVDMD than BR types with
normal endosperm (Hibberd et al., 1982a,b). Other factors associated
with the BR characteristic may influence OM and CP digestion and need

further investigation.

Inheritance of Yellow Endosperm in

‘Sorghum Grain Hybrids



Sorghum grain may have two different endosperm colors due to the
presents or absents of carotenoid pigments. Grain with a yellow
endosperm may be more digestible than that with a white endosperm. The
inheritance of yellow endosperm is not clearly understood but is
thought to involve four alleles. Presumably, heterozygous yellow
hybrids may have either a third or two thirds yellow endosperm.
Differences in the digestibility of hetefozygous yellow grains
partially may result from varying proportions of yellow endosperm. The
seed coat color of heterozygous yellow endosperm grains is not involved
with the proportion of yellow endosperm. Hence, cream hybrids
(heterozygous yellow endosperm, white seed coat) do not contain a
greater proportion of yellow endosperm than hetero-yellow (heterozygous
yellow endosperm, red seed coat) hybrids, even though the cream grains
physically appear to be more like a pure yellow hybrid (homozygous

yellow endosperm, yellow seed coat) than a hetero-yellow.

Factors Affecting Site and Extent of

Starch and Protein Digestion

The need for more efficient production has forced the beef cattle
industry to shift from forage to concentrate feeding. Grain
processing, feeding regimes and feed additives have been developed to
further enhance the efficiency of production by increasing the
availability and utilization of the cereal grain portion of rations. A
great deal of research has been conducted to determine the effect of
altering the site of cereal grain starch and protein digestion on total

tract utilization. Interest in the effect of starch digestion in the
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small intestine on animal performance has been great. Theoretical
calculations with concentrates fed to non-ruminant lambs demonstrate
the potential for more efficient production due to reduced energy loss
from methane (Black, 1971).

The small intestine has a relatively large capacity to digest
starch; however, a ceiling has been suggested. Waldo (1973) suggested
an upper limit of 7.7 g of starch or 8.6 g glucose per kilogram of
metabolic body weight (kg body wt'75). Escape of starch from ruminal
fermentation may play an important role in meeting the glucose
requirements of high producing animals (Armstrong and Smithard, 1979).
Greater glucose absorption from the small intestine should allow
propionic acid and glucogenic amino acids produced in the rumen to be
utilized for functions other than gluconeogenesis (Sutton, 1971).
However, Orskov (1986) suggests that exogenous glucose metabolism by
the liver may be a possible constraint Timiting dietary starch
utilization in ruminants. Net portal glucose flux has been reported to
be to the gut with high concentrate diets that should have resulted in
substantial glucose absorption from the small intestine (Huntington et
al., 1981; Huntington, 1984). Additionally, glucose and starch
infusion into the small intestine by Huntington and Reynolds (1985)
resulted in only 65% of infused glucose and 35% of infused starch being
recovered in the portal blood. Net flux of glucose to the gut with
high concentrate diets may reflect gut utilization; however, lymph flow
has not been monitored. Glucose may be metabolized to lipid within the
intestine. Rust (1983) infused glucose into the abomasum or provided
an equal amount of g]uéose in the diet in a 165-d lamb feeding study.

Empty body energy retention for lambs fed glucose was only 52% of that



observed with abomasal infusion. However, 87% of the increased energy
retention could be accounted for by 1ipid deposition around the
intestines and in the omentum.

The level of starch intake and rate of paSsage play an important
role in determining the amount of starch reaching both the small and
large intestines. Karr et al. (1966) reported increasing starch
intake, achieved by reducing alfalfa levels fed to steers from 1002 to
2684 g/d, increased starch recovery at the abomasum (357 to 982 g/d).
Similar increases in starch reaching the ileum (26 to 358 g/day) and
feces (12 to 62 g/day) were noted. DeGregorio et al. (1982) found a
similar increase in starch reaching the small and large intestines of
lambs as corn level in the diet increased with a constant DM intake.
Differences in rates of passage of particles from the rumen have been
suggested as the cause of increasing starch escape with higher starch
intakes by Orskov et al. (1969); however, Weller and Gray (1953) have
suggested that as much as 80% of dietary starch may move with the fluid
phase.

Starch escape from the rumen and starch fermentation in the large
intestine may substantially change the N and essential amino acid
status of an animal. Increasing starch flow to the small intestine
reduces the amount of energy available for microbial protein synthesis
(Orskov, 1977). Decreased microbial protein synthesis, caused by
reduced energy availability, could result in less protein flowing to
the abomasum, (Orskov et al., 1969; Sutton, 1971; Waldo, 1973); More
importantly, reduced microbial protein synthesis could decrease the
supply of essential amino acids presented to the small intestine for

absorption (Black, 1971). Zinn and Owens (1983b) reported increasing

11



feed intake of a 63% dry rolled corn diet resulted in an increased flow
of nitrogen (N), non-NHy nitrogen (NAN), microbial N and feed N to the
small intestine. Perhaps increasing feed intake results in enhanced
efficiency of microbial protein production (Zinn and Owens, 1982b).
Interestingly, in the same study ruminal starch digestion increased
with feed intake (79.6 to 91.0%).

Fermentation of starch in the large intestine may result in the
excretion of microbial protein in the feces (Orskov et al., 1969;
Armstrong and Smithard, 1979). Orskov (1982) reported total N excreted
in the feces to be greater than that passing the terminal ileum when
starch was infused into and fermented within the large intestine. The
most efficient use of starch and protein by the ruminant occurs when

degradation occurs prior to the cecum.

Factors Affecting Ruminal Starch

and Protein Fermentation

Level of feed intake, starch intake and method of processing are
factors that alter ruminal starch and protein digestion. Dietary
factors probably exert their influence by altering the ruminal
environment (pH, ammonia concentration, particulate passage rate and
liquid dilution rate). The level of feed intake and source of roughage
may cloud many estimates of ruminal starch digestion. Decreased
ruminal starch digestion was noted by Galyean et al. (1979) as intake
was increased from 1 (94.5%) to 2 (89.6%) times maintenance. Roughage
was supplied by cottonseed hulls and dehydrated alfalfa (50:50).

Liquid dilution rate and outflow rate from the rumen increased with DM

intake. Weller and Gray (1953) suggest that 85 to 93% of ingested

12
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starch resides in the Tiquid phase of the rumen. Therefore, 1liquid
dilution rate should be inversely related to ruminal starch
digestibility. Zinn and Owens (1980) noted a decrease in ruminal
starch digestion as intake was increased from 1.5 (79.1%) to 2.0
(62.3%) % of body weight. However, starch digestion in the rumen
increased as DM intake increased from 1.2 (79.6%) to 2.1 (91.0%)
percent of body weight in studies conducted by Zinn and Owens (1983a).
Cottonseed hulls were utilized as the sole roughage source and may not
have stimulated rumination to the extent of a more course (larger
particle size) roughage source. Less rumination would reduce salivary
flow; thereby, lowering ruminal pH and possibly increasing starch
digestion in the rumen (Goetsch et al., 1983). However, one would
expect greater starch digestion to occur when ruminal buffering
capacity is maximized by greater salivary flow. Zinn and Owens (1982a)
reported ruminal N digestion decreased with greater DM intake. A
similar depression in ruminal protein digestion was reported by Zinn
and Owens (1980). Feed N digestibility in the rumen may be reduced due
to more rapid liquid dilution rate or particulate passage rate as DM
intake is increased. Changes in ruminal pH, resulting from variation
in salivary flow, may also alter feed protein solubility and
digestibility within the rumen. Likewise, changes in particulate
passage rate and (or) ruminal pH may adversely affect ruminal microbes
ability to degrade feed N. Alterations in pH may increase the time
required for microbes to attach to feed particles (lag time), while
greater particulate passage rate would reduce time allowed for ruminal

digestion.



Processing of cereal grains increases ruminal starch digestion
more than other factors. Galyean et al. (1976) compared starch
digestion in steers fed corn rations processed by dry rolling, steam
flaking, high moisture harvesting followed by grinding (HMG) and high
moisture harvesting with propionic acid treatment (HMA) prior to
ensiling. Ground high moisture harvested corn had the greatest ruminal
starch digestibility (89.3%) followed by steam flaked (82.9%), dry
rolled (77.8%) and HMA (62.8%). McNeill et al. (1971) compared dry
rolled (42.2%), steam flaked (82.3%), reconstituted (66.2%) and
micronized (43.4%) sorghum grain with steam flaking increasing ruminal
starch digestion more than other processing techniques. Hibberd et al.
(1985) reported greater ruminal starch digestion with reconstituted
sorghum grain compared to dry rolled grain. Enhanced ruminal starch
digestibility for high moisture processing may result from extensive
solubilization of peripheral endosperm matrix protein or hydration of
the protein matrix resulting in smaller particles less affected by
encapsulation of starch within the protein component. Steam flaking
probably increases ruminal starch digestion by gelatinization of starch
granules (Galyean et al., 1976).

Several researchers have investigated the effects of level of
roughage on starch digestion. Karr et al. (1966) reported starch
digestion in the rumen decreased by 15.2% as the level of ground corn
increased in the diet. Other researchers, using different roughage
sources, have reported no or small depressions in starch digestion as
the Tevel of roughage was reduced in the diet (Cole et al., 1976a;
Russell et al., 1981). Zinn and Owens (1980), utilized prairie hay as

a roughage source and noted an 18% increase in ruminal starch



digestibility as the roughage Tevel was increased from 20 to 40% of the
diet DM. Increasing roughage levels should cause a greater ruminal
liquid dilution rate. Small particles could be carried out of the
rumen with ruminal 1liquid (Weller and Gray, 1953; Van Soest, 1982).
Association of starch particles with the solid or Tiquid phase of the
rumen may depend on roughage source and grain particle size. Roughages
that cause more rumination and salivary flow to the rumen resulting in
greater ruminal pH may decrease ruminal starch digestion. Goetsch et
al. (1983) infused base intraruminally, noting increased fiber
digestion and decreased starch digestion in the rumen as ruminal pH was
raised from 5.8 to 6.2. Additionally increased salivary flow may
increase 11quid'di1ution rate and the rate starch flows out of the
rumen (Froetschel et al., 1989). Limited work has been conducted to
evaluate the effects of different roughage sources on ruminal starch
digestion. Goetsch et al. (1984) investigated the effect of roughage
sources for dry rolled sorghum diets. Starch digestion in the rumen
tended to be higher when cottonseed hulls were the roughage or when no
roughage was provided (100% sorghum). Particulate passage rate was
negatively correlated (r= -.55) to ruminal starch digestion and was
greatest for alfalfa (4.1%/h). Liquid dilution rate (%/h) was also
greatest with alfalfa (8.0). Goetsch and Owens (1984) compared 7%
cottonseed hulls with 14 and 21% whole shelled corn in dry rolled
sorghum grain diets fed to steers. Ruminal starch digestion was
greatest for rations containing 21% whole shelled corn (79.6%) followed
by 7% cottonseed hulls (75.4%) and 14% whole shelled corn (70.0%).
Further study is needed to determine the interactions of roughage

source, starch source and ruminal parameters. Perhaps future research
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should concentrate on the effects of a single roughage source at a
constant level with decreasing roughage particle size.

Sorghum variety greatly influences ruminal digestion. Varietal
differences in starch digestion have been indicated in vitro (Hibberd
et al., 1982b; Streeter et al., 1989a) and in vivo (Hibberd et al.,
1985; Streeter et al., 1989b). Continued research into varietal
differences with sorghum may yield information useful in the selection
of more digestible varieties.

The protein supply to the rumen is interrelated to the microbes
ability to utilize energy. Many of the Same factors that affect starch
digestion and passage from the rumen also influence ruminal protein
degradation and'escape. Ammonfa, derived from feed protein or NPN, is
the main N source used in bacterial protein synthesis. Ruminal ammonia
levels can greatly affect ruminal digestion (Mehrez and Orskov 1976).
Satter and Slyter (1974) reported a minimum of 5 mg of NH3-N/d1 for
maximal microbial N production in forage-based diets. Weakley (1983)
suggested higher values may be needed to obtain maximum ruminal OM
digestion (5 to 10 mg/d1). Still higher values have been reported in
sheep for maximal OM digestion (Mehrez and Orskov, 1976). Much lower
ruminal NH3-N concentrations (1 to 3 mg/d1) are commonly noted with
feedlot type diets (high concentrate). Lower ruminal NH3-N levels may
result from rapid utilization of NH3-N due to readily available energy
from starch. Additionally 1ow ruminal NH3-N concentrations may not be
representative of the NH3-N levels in the micro-environment surrounding
grain particles (Czerkawski, 1986). To date, studies have not
investigated the effects of increasing ruminal NH3-N Tevels on OM

digestion or efficiency of microbial protein production in high
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concentrate diets. One would expect increased OM digestion with
greater NH3-N availability based on information obtained with forage-
based diets.

Ruminal pH has many effects on ruminal digestion, some of which
have been previously mentioned. Solubility of protein in the rumen are
altered by ruminal pH (Waldo and Goering, 1979). Reduced protein
solubility has been suggested to be the main factor limiting protein
degradation in the rumen. However, numerous attempts to equate protein
solubility in mineral buffers to ruminal protein degradation have met
with Timited success (Wohlt et al., 1973; Waldo and Goering, 1979).
Mahadevan et al. (1980) proposed that solubility by itself does a poor
job of explaining ruminal differences; however, protein structural
characteristics that may influence solubility appear to play an
important role in limiting protein degradation. The source of dietary
protein is related to ruminal degradation and escape through
differences in solubility, cross linking and structure of the protein
(Orskov et al., 1971; Hume, 1974; Hembrey et al., 1975; Arambel and
Coon, 1981).

Low ruminal pH (< 6.0) has been shown, in vitro, to reduce
microbial protease and deaminase activities (Erfle et al., 1982).
Processing of grains may also alter protein solubility through
denaturation or pH changes resulting from ensiling. Reduced protein
solubility and digestibility is a particular problem at intermediate
grain storage moisture levels (22 to 26%) When grain is properly
processed, protein utilization may be enhanced due to protein factors

such as solubility and hydration (McNeill et al., 1975) and non-protein



factors such as ruminal dilution rate (Potter et al., 1971; Prigge et
al., 1978; Aguirre et al., 1984).

Ruminal protein digestion is a156 influenced by levels of protein
and feed intake. Zinn and Owens (1981) observed a 52% increase in
ruminal bypass of feed N as feed intake was increased from 1.6 to 2.2%
of body weight. Increasing feed intake resulted in a curvilinear
increase in ruminal escape of feed N, with the greatest increase
occurring between 1.8 and 2.0% of body weight. Greater escape with DM
intake supports the use of protein solubility as a measure of ruminal
protein digestion, because as DM intake increases, ruminal dilution
rate should increase, reducing the time allowed for N digestion (Zinn
and Owens, 1983a). Linear responses of N reaching the duodenum to
increasing feed intake (Zinn and Owens, 1983a) and protein level
(Laughren and Young, 1979) also have been reported.

Roughage level influences N digestion possibly by altering ruminal
retention time or pH. Generally ruminal digestion of natural protein
is greater when animals are fed a high roughage than fed a high
concentrate diet (Zinn and Owens, 1983b). Ganev et al. (1979) reported
disappearance of protein from nylon bags suspended in the rumen of
sheep to be greater when dried grass was fed compared to whole barley
diets. Chyme outflow rate also was greatest when sheep received dried
grass and increased with feed intake.

Cole et al. (1976b) suggests increasing roughage level causes
greater N recycling to the rumen resulting from greater salivary flow.
Extensive N recycling causes greater amounts of N to flow to the
duodenum (Nolan et al., 1973). Often total N flow to the duodenum

exceeds N intake when high concentrate diets are fed. The rate of
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diffusion of endogenous urea into the rumen is the result of the
concentration of plasma urea and ruminal ammonia. The rate of ammonia
utilization by ruminal microbes is a function of bacterial growth rate
and is greatly influenced by ruminal OM digestibility. Clearance of
urea to the rumen may be enhanced in both sheep and cattle by the
addition of grain to the diet (Kennedy and Milligan, 1980). Grain
addition to the diet may increase N diffusion into the rumen because
rapid ammonia utilization accompanied by starch fermentation should
lower ruminal ammonia levels increasing the concentration gradient
between blood plasma and the rumen.

Barry and Manley (1984) have reported increased N recycling
associated wfth depressed ruminal OM digestion caused by tannins in
forages. Hibberd et al. (1985) reported N reaching the duodenum
exceeded N intake when BR sorghum diets were fed to steers; however,
corrected ruminal OM digestion was not depressed. The relationship
between depressed OM fermentation associated with high tannin
feedstuffs and increased N flow to the duodenum in cattle is in need of
investigation. Mehansho et al. (1983) reported that feeding high
tannin sorghum grain to rats resulted in a dramatic change in the
parotid salivary gland. After 3 d of feeding BR grain to rats, their
parotid glands had enlarged three fold, and a group of proline-rich
proteins (PRP) in the saliva had increased about 12 fold. Hagerman and
Butler (1981) reported that proline concentration was the protein
characteristic having the greatest correlation with tannin affinity.
The PRP from rat and human saliva contain 25 to 45% proline. Salivary
PRP have a very high affinity for condensed tannins and are thought to

protect against the anti-nutritional effects of dietary tannin
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(Mehansho et al., 1987). When rats are fed high tannin sorghum grain,
weight loss is observed for about 3 d followed by an initiation of
weight gain coincident with maximal PRP synthesis (Asquith et al.,
1985). The size of the parotid gland and the production of PRP is
greater in ruminant animals which naturally consume a large portion of
their diet as browse, high in tannin (Robbins et al., 1987). Although
unknown, cattle may have the capacity to adapt to high condensed tannin
levels by dramatically increasingvthe production of PRP. Proline-rich
protein production and elevated salivary flow could explain greater
chyme flow through the duodenum, increased N flow from the rumen and
greater ruminal starch digestion for bird resistant sorghum grain
reported by Hibberd et al. (1985) and Streeter et al. (1989a).

Starch and protein supply to the rumen may alter the composition
of bacteria. Ruminal bacteria under N Timiting conditions can
accumulate intracellular polysaccharides (McAllen and Smith, 1974).
Data obtained by McAllen and Smith (1976, 1977) indicate that starch
diets lead to prolonged periods of bacterial polysaccharide
accumulation compared to diets containing greater amounts of soluble
sugar when N is limiting. .Resu1ts obtained by Bergen et al. (1968)
suggest that bacterial protein composition, amino acid composition and
digestibility are not affected by diet. Further study is needed to
determine the effects of bacterial polysaccharide accumulation on the
efficiency of microbial protein synthesis in the rumen and starch
digestion in the small intestine. A portion of the observed, lower
than expected digestion of cereal grain starch in thé small intestine

may be due to bacterial polysaccharides or glycoproteins.



Intestinal Starch and Protein Digestion

Starch digestion in the intestines is influenced by many of the
same factors influencing ruminal digestion. Levels of DM and starch
intake and grain processing may have the greatest effects on digestion.
Increases in the rate of passage through the intestines could decrease
the time allowed for digestion in a manner similar to ruminal
digestion. However, the rate of chyme movement through the small
intestine is generally less variable than observed for the rumen (Owens
et al., 1986). Sorghum grain variety tends to alter digestion in the
small intestine in a manner similar to ruminal observations.

Ruminal starch digestion is decreased as DM and starch intake is
elevated; consequently, the amount of starch flowing to the small
intestine increases (Karr et al., 1966; Nicholson and Sutton, 1969;
Galyean et al., 1979; Zinn and Owens, 1980; Russell et al., 1981).
Owens et al. (1986), in a recent review, concluded that the
digestibility of starch in the small infestine (% of intake) increases
with greater starch flow to the small intestine, if ruminal escape of
readily degradable starch is increased. Additionally, no ceiling to
starch digestion in the small intestine was detected. Therefore, it
would appear that enzyme levels did not limit starch digestion in the
studies reviewed. Enhancing enzyme activity may still be beneficial to
starch digestion within the small intestine. Factors, such as rapid
passage rate and large particle size (Kim and Owens, 1985) that could
limit starch digestion in the small intestine may be partially
alleviated by greater amylase concentration or activity. Harbers and
Davis (1974) reported that pancreatic amylase could diffuse through

only one layer of grain cell wall to digest underlying starch granules.
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Greater amylase concentration would increase the rate of amylase
diffusion into grain particles.

Amylase, maltase and isomaltase have been implicated by Armstrong
and Smithard (1979) as enzymes potentially Timiting starch digestion in
the small intestine of ruminants. Concentrate feeding may reduce the
pH of the small intestine to a suboptimal level for amylase activity,
or an inadequate amount of amylase maybe secreted into the small
intestine (Armstrong and Smithard, 1979). Recent work conducted by
Remillard and Johnson (1984) suggests that starch hydrolysis in the
small intestine of feedlot cattle is not limited by insufficient
- amylase secretion or depressed chyme pH. However, secretion of
pancreatic amylase varies with animal age and diet composition
(Siddons, 1968). Starch hydrolysis is most rapid when amylase is
associated with intestinal mucosa (Owens et al., 1986); therefore,
suboptimal intestinal pH and abrasive digesta may affect starch
digestion in the small intestine by adversely altering the intestinal
mucosa. Total starch intake can influence enzyme production and
excretion. Pancreatic amylase activity from steers fed high
concentrate diets was 140% that of pancreatic tissue from similar
steers grazing wheat pasture as reported by Clary et al. (1969).
Russell et al. (1981) reported that the percentage starch in the diet
also influenced pancreatic amylase activity. Thus, as cattle are
maintained on high concentrate diets for longer periods of time,
amylase activity may increase. Therefore, although feedlot step-up
programs have been traditionally viewed as a method of slowly allowing
microbial adaptation to high concentrate diets, important enzymatic

changes in the small intestine also 1ikely occur. Such an adaptive



response has been suggested in non-ruminants (Johnson et al., 1977).

In rats, increased production of amylase was only possible when the
diet contained high quality protein (Johnson et al., 1977). Hence,
greater escape of low quality grain protein from ruminal degradation
may adversely affect essential amino acid flow to the small intestine,
subsequently, amylase activity and starch digestion within the small
intestine may be limited. Whether essential amino acid flow to the
small intestine is inadequate for enzyme synthesis or some other factor
related to starch digestion, such as glucose absorptive sites, is
unclear. However, in some trials with ruminants (Rust et al., 1979;
Veira and Macleod, 1980), additional dietary protein has increased
total tract digestion of starch. A portion of the increase in total
tract starch digestibility may be due to elevated ruminal amﬁonia level
enhancement of ruminal starch digestibility.

When DM or starch intake is.increased, fermentation in the large
intestine becomes an important consideration (Karr et al., 1966;
Russell et al., 1981; DeGregorio et al.,1982). Early studies
attempting to quantify intestinal digestion of starch did not
distinguish between digestion in the small and large intestines. Work
conducted by Hibberd et al. (1985) has shown that the large intestine
may compensate for poor starch digestion in the rumen and small
intestine. The Tlarge intestine appears to have great variation in its
ability to digest starch; however, 1ittle work has been conducted
Tooking directly at starch digestion in the large intestine. Galyean
et al. (1979) observed the amount of starch in the feces increased as
feed intake increased. Starch digestion in the large intestine,

expressed as a percent of entry, decreased 20% as feed intake increased
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from 1.5 to 2.0% of body.weight in a study by Zinn and Owens (1980).
Grams of starch excreted in the feces also increased (10.6 to 63.0 g)
as feed intake increased.

Orskov et al. (1970) infused starch into the large intestine of
sheep and suggested that the Targe intestine has a limited capacity to
digest starch. Starch in excess of 138 g/d (8.7 g/kg metabolic body
weight) reaching the large intestine appeared in the feces. Karr et
al. (1966) working with cattle reported starch disappearance in the
large intestine to be 4.3 g/kg metabolic body weight with 83% of starch
flowing to the cecum digested. Streeter et al. (1989a) reported a
range of 3.3 to 6.7 g of starch/kg of metabolic weight digested in the
large intestine; however, the digestibility of starch in the large
intestine did not vary among diverse sorghum grain varieties (51.9%).
Goetsch and Owens (1984) infused soluble starch into the ileum of
steers and noted an increase in hindgut passage rate, suggesting less
time allowed for fermentation to occur as more starch reached the
cecdm. Orskov et al. (1970) suggested a Timited capacity for starch
fermentation in the large intestine. However, the digestibility of
starch in the large intestine appears to be related to the amount of
starch flowing to the large 1ntestiné and N availability within the
large intestine.

Nitrogen absorption from or diffusion into the large intestine is
dependent on the amount of starch available for fermentation, much 1ike
N recycling to the rumen. Total tract apparent N digestibility may be
depressed by starch fermentation in the large intestine, due to
microbial trapping of undegraded enzymes from the small intestine, of

undegraded feed and microbial N and of urea-N recycled from blood
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plasma to the large intestine (Orskov, 1982). Fecal N excretion is
increased by ileal starch infusion (Orskov et al., 1970; Goetsch and.
Owens, 1984). However, starch infused into the ileum has not passed
through the digestive tract and should be more easily fermented, with a
larger proportion potentially degradable, than residual feed starch
reaching the cecum. When Mason et al. (1977) infused gelatin into the
cecum, to provide excess N, blood urea levels were elevated, presumably
from N diffusion out of the large intestine. Therefore, although
fermentation in the large intestine results in a loss of N in the form
of bacterial N, the majority of increased N excretion appears to be
derived from the non-essential N pool. So, if N were not utilized to
support microbial growth in the large intesfine, N would be excreted as
urea in the urine (Mason et al., 1977). Although, starch digestion
prior to the cecum is desirable, fermentation in the large intestine
does result in the capture of VFA from starch that otherwise would be
excreted.

Effective grain processing methods make starch more susceptible to
ruminal and small intestinal digestion; however, because ruminal
fermentation occurs prfor to the small intestine reduced amounts of
starch generally reach the small intestine (Cole et al., 1976a; Galyean
et al., 1976; Hibberd et al., 1985; Hinman and Johnson, 1974a,b;
McNeill et al., 1971; Osman et al., 1970). McNeill et al. (1971)
reported postruminal sorghum starch digestion was enhanced by steam
flaking (98.4%), reconstitution (98.4) and micronization (95.0) over
dry grinding (94.4). Although the above study did not distinguish
between the large and small intestines, ruminal data would indicate

that the capacity of the small intestine was probably not exceeded;



therefore, processing should decrease the amount of starch entering in
the Targe intestine. Owens et al. (1986); in reviewing recent studies,
concluded that grain processing increases starch digestion in the rumen
and small intestine. However, because processed grain passes through
the rumen first, ruminal starch digestion may be enhanced more than
starch digestion in the small intestine.

The effect of grain processing on starch digestion in the large
intestine has received only limited study. Hibberd et al. (1985)
reported increased starch digestion in the rumen and small intestine
for reconstituted compared to dry rolled sorghum grain, while starch
fermentation in the large intestine was slightly decreased due to
reconstitution. Reduced digestion in the large intestine with
extensive grain processing Tikely results from extensive digestion
prior to the cecum Timiting starch available for fermentation.
Additionally, residual starch reaching the large intestine may be more
heavily encapsulated in protein and comprised of more 1limit dextrins
than less extensively digested (processed) starch.

The digestion of N in the small intestine appears to be very
constant considering the supply of N consists of three diverse protein
supplies (microbial, residual feed and endogenous N). Zinn and Owens
(1982a) reported small intestinal N digestion to be closely grouped
around 69% (+ 3%). Hibberd et al. (1985) reported that sorghum grain
variety altered N disappearance in the small intestine and
reconstitution of sorghum grain increased N disappearance in the small
intestine.

Zinn and Owens (1982b) summarized several studies involving pure

bacterial cultures and ruminal isolates, suggesting a wide range of
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apparent postruminal bacterial N digestibility due to large intestinal
fermentation associated with diet type and feed intake. Potter et al.
(1971) demonstrated that true post ruminal digestion of total N in
steers fed processed sorghum grain differed very 1little, even though
the origin (microbial versus feed) of N differed greatly between
processing methods. The protein source in concentrate diets may
influence N digestion in the small intestine (Zinn and Owens, 1983b).
Zinn and Owens (1981, 1983a) demonstrated that increasing feed intake
from 1.2 to 2.2% of body weight‘1inear1y increased N disappearance in
the small intestine. Increases associated with feed and starch intakes
may be caused by faster ruminal turnover resulting in greater amounts

of soluble, readily degradable protein reaching the small intestine.

Nitrogen Flow to the Duodenum

and Microbial Efficiency

Microbial protein constitutes an extremely important source of N
reaching the small intestine. From 40 to 80% of the available protein
reaching the duodenum comes from microbial protein (Owens and Bergen,
1983). Nitrogen flow may be affected by such factors as Tevel of feed
intake, roughage to concentrate ratio, and physical form of the ration.
Factors associated with alterations in N flow and(or) efficiency of
microbial protein production may also influence ruminal Tiquid dilution
rate.

Feed intake increases result in greater total N flow to the small
intestine. Zinn and Owens (1983a) reported a 59% increase in total N
flow to the small intestine as feed intake increased from 1.2 to 2.1 %

of body weight. Similarly, feed N escaping ruminal degradation
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increased 38% and microbial N reaching the duodenum increased 48%.
Effects of increasing feed intake may be the direct result of an
increased amount of substrate available to the ruminal microbes and an
increased ruminal Tliquid dilution rate (Zinn and Owens, 1980; Bergen et
al., 1982).

Level of roughage may also greatly influence N flow and efficiency
of microbial protein production through changes in salivary flow and
ruminal liquid dilution rate. Cole et al. (1976b) noted a substantial
increase in N reaching the sha11 intestine (70.3 vs 126.3 g/day) as
roughage level .increased (0% to 21%).. At higher roughage levels (14 to
21%), N reaching the small intestine exceeded N intake by 18.3% and
7.6%, respectively, indicating greater N recycling caused by an
increase in salivary flow (Cole et al., 1976b). Microbial N reaching
the duodenum tended to increase with roughage; however, as a percent of
total N reaching the small intestine, 1ittle difference existed between
treatments. Fa§ter ruminal liquid dilution rates, which may result
from increased salivation with higher roughage diets, have been shown
by Issacson et al. (1975) to enhance the efficiency of microbial
protein production in vitro. Froetschel et al. (1989) noted a linear
increase in the efficiency of microbial protein synthesis when salivary
flow was artificially stimulated in cattle. Weakley (1983)
demonstrated that the efficiency of microbial protein production in
vivo increases with roughage level.

The physical form of the diet alters N flow and efficiency of
microbial protein production. Cole et al. (1976b) reported greater
total N flow through the abomasum for dry rolled corn versus steam

flaked corn. A1l protein fractions showed an increase (non-ammonia N,
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18%; microbial N, 14%; feed bypass N, 21%). A 34% increase in
efficiency of microbial protein synthesis was observed for dry rolled
corn over steam flaked corn diets. Cole et al. (1976b) suggested
rations that should have more rapid fermentation rates (steam flaked
corn and Tower roughage rations) may have Tower microbial protein
synthesis per unit of dry matter fermented. Zinn et al. (1981)
suggested a large portion of energy from highly fermentable feeds
normally used for protein synthesis may be diverted to produce
microbial polysaccharides for storage thereby reducing the efficiency
of microbial protein synthesis. Increases in total N reaching the
duodenum have been associated with reconstituted sorghum grain (Hibberd
et al., 1985) and ground high moisture harvested corn (Prigge et al.,
1976), when compared to their respective dry rolled counterparts.
Hibberd et al. (1985) reported increased chyme flow associated with
reconstitution suggesting that ruminal Tiquid dilution rate may have
been increased. Prigge et al. (1978) reported that steam flaked and
ground high moisture corn had a greater microbial efficiency than dry
rolled corn. Acid treatment of high moisture corn further enhanced the
efficiency of microbial protein production above that observed for
ground high moisture corn (Prigge et al., 1978). Streeter et al.
(1989f) reported a‘1inear increase in the efficiency of microbial
protein production when high moisture sorghum levels increased and dry
rolled corn decreased in the diet. Moreover, duodenal chyme flow and
ruminal pH increased with the addition of high moisture sorghum.
Increasing ruminal liquid dilution rate reduces the maintenance
requirements of the microbes; thereby, increasing the efficiency of

microbial protein production (Bergen and Yokoyama, 1977). Chemical and
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physical factors that alter ruminal turnover rate should, therefore, be
useful in increasing the efficiency of microbial protein synthesis.
Cole et al. (1976b) noted a 36% increase in microbial efficiency as
dilution rafe increased from 2.8 to 5.0 %/h. Maintenance may also be
affected by the presence of growth inhibiting substances (Bergen and
Yokoyama, 1977) such as condensed tannins (Benson et al., 1984).

Solid retention time has also been implicated as a potentially
important factor affecting the efficiency of microbial protein
production in vitro (Crawford, et al., 1980). No significant effect of
1liquid dilution rate was observed by Crawford et al. (1980); however,
decreasing solid retention time increased the efficiency of microbial
protein synthesis. In vivo, one would expect passage of bacteria from
the rumen to be related to the rate of solid flow because 50% or more
“of ruminal bacteria are attached to feed particles. However, as liquid
dilution rate increases solids are likely carried out of the rumen more
rapidly. Further study is needed to determine the importance of
particulate passage rate on the efficiency of microbial protein

synthesis and N flow to the duodenum.
Use of Cannulated Animals

Information from intestinally cannulated animals has improved the
understanding of site and extent of digestion.of starch, protein and
fiber. Re-entrant intestinal cannula, such as described by Ash (1962),
have been used widely because they permit total collection of digesta.
Total digesta collection helps prevent non-representative sampling
errors; however, a properly placed, open T-shaped cannula (a vertical

plane being optimal) also should enable researchers to collect
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representative digesta samples (MacRae and Wilson, 1977; McGilliard,
1982). Non-répresentative samples of digesta may result from formation
of a pocket of intestine allowing digesta to pool and separate.
Deterioration of the intestine around the fistula causes pocket
development. Pockets can form with either re-entrant or closed T-
shaped cannula.

T-type cannulae offer several advantages over re-entrant cannulae.
During re-entrant cannulation, the intestine must be transected. Such
transection reduces or alters intestinal motility (Wenham and Wyburn,
1980). Most re-entrant cannulae externalize digesta flow through a
relatively non-elastic tube. Lack of elasticity and natural propulsion
of digesta in the external tube may restrict digesta flow and result in
intestinal blockage. Increased resistance to flow may increase the
rate of intestinal deterioration and the potential for pool formation
(McGilliard, 1982). Intestinal blockage is particularly evident with
high fiber diets (Ash, 1962). Another important limitation of re-
entrant intestinal cannulae is the exposure of the external portion of
the cannula to physical or mechanical disturbance during animal
activity. Mechanical trauma of the cannula undoubtedly increases scar
tissue development and reduces muscular and intestinal integrity around
the fistula (McGilliard, 1982).

Komarek (1981) developed a rigid, closed T-shaped cannula that
allowed total digesta collection without externalization of digesta
flow or transection of the intestine. However, a lateral incision in
the intestine of a minimum of 57 mm was required for cannula insertion.
Although a lateral incision is less likely to alter motility than

transection, a smaller incision should reduce the probability of



disrupting motility. Additionally, a boot around the cannulated
intestine is needed to prevent digesta from flowing around the cannula.
Insertion of this boot requires separation of the mesentery from the
intestine potentially disrupting nervous innervation and blood flow to
the cannulated area. Digesta flow around the boot surrounding the
cannula may result in non-representative digesta sampling, formation of
a separation pool in the intestine and cannula failure (McGilliard,
1982).

T-shaped intestinal cannulae that do not allow total digesta
collection ideally allow co}]ection of representative digesta samples
based on the physical principles of fluid flow (MacRae and Wilson,
1977). Various materials have been used in construction of open T-type
‘cannulae; prevention of mechanical damage to the intestine and
subsequent formation of separation pools have been the primary concerns
(McGilliard, 1982). Tygon tubing glued with cyclohexanone and molded
Plastisol have been used for cannula construction because of their
flexibility. Flexibility of construction materials reduces the risk of
mechanical damage to the gastrointestinal tract and development of scar
tissue around the fistula resulting from physical irritation. However,
T-type cannulae are not easily removed from the fistula and replacement
of the cannula can cause mechanical damage to intestinal tissue and the
development of scar tissue. Additionally, the flexible nature of the
flanges of the one piece cannula may irritate the intestinal wall

around the fistula.
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CHAPTER III
A DOUBLE L INTESTINAL CANNULA FOR CATTLE!

Streeter, M.N., Wagner, D.G., Hibberd, C.A., Owens, F.N. and
McCollum, F.T.
Animal Science Department, Oklahoma State University

Stillwater 74078-0425
ABSTRACT

A double L-shaped intestinal cannula was designed in an attempt to
overcome some of the problems observed with other types of cannulae.
The cannula was constructed from cyclopolyvinyl chloride water pipe and
fittings. Despite rigid construction, connecting split cannula pieces
with elastic castration bands provided some flexibility and permitted
easy installation and removal. Mechanical disturbance to the cannula
was reduced by exposing only a short cone shaped barrel to the exterior
of the body surface. |

(Key words: Cannula; Intestine; Cyclopolyvinyl Chloride; Ruminants)
Introduction

Information from intestinally cannulated animals has improved the

understanding of site and extent of digestion of starch, protein and

1journal Article No. 5549 of the Agric. Exp.-Sta., Oklahoma State Univ.
Stillwater.

33



34

fiber. Re-entrant intestinal cannula, such as that described by Ash
(1962), have been used widely because they permit total collection of
digesta. Total digesta collection helps prevent non-representative
sampling errors; however, a properly placed open T-shaped cannula (a
vertical plane being optimal) also should enable researchers to collect
representative digesta samples (MacRae and Wilson, 1977; McGilliard,
1982). Non-representative samples of digesta may result from
deterioration of the intestine around the fistula which results in the
formation of a pocket of intestine allowing digesta to pool and
separate. Pockets can form with either re-entrant or closed T-shaped
cannula.

T-type cannulae offer several advantages over re-entrant cannulae.
During re-entrant cannulation, the intestine must be transected. Such
transection reduces or alters intestinal motility (Wenham and Wyburn,
1980). Most re-entrant cannulae externalize digesta flow through a
relatively non-elastic tube. Lack of elasticity and natural propulsion
of digesta in the external tube may restrict digesta flow and result in
intestinal blockage. Increased resistance to flow may increase the
rate of intestinal deterioration and the potential for pool formation
(McGilliard, 1982). Intestinal blockage is particularly evident with
high fiber diets (Ash, 1962). Another important limitation of re-
entrant intestinal cannulae is the exposure of the external portion of
the cannula to physical or mechanical disturbance during animal
activity. Mechanical trauma of the cannula undoubtedly increases scar
tissue development and reduces muscular and intestinal integrity around

the fistula (McGilliard, 1982).



Komarek (1981) developed a rigid, closed T-shaped cannula that
allowed total digesta collection without externalization of digesta
flow or transection of the intestine. However, a lateral incision in
the intestine of a minimum of 57 mm was required for cannula insertion.
Although a Tateral incision is less likely to alter motility than
transection, a smaller incision should reduce the probability
disrupting motility. Additionally, a boot around the cannulated
intestine is needed to prevent digesta from flowing around the cannula.
Insertion of this boot requires separation of the mesentery from the
intestine potentially disrupting nervous innervation and blood flow to
the cannulated area. Digesta flow around the boot surrounding the
cannula may cause non-representative digesta sampling, formation of a
separation pool in the intestine and cannula failure (McGilliard,
1982).

T-shaped intestinal cannulae that do not allow total digesta
collection ideally allow collection of representative digesté samples
based on the physical principles of fluid f]ow'(MacRae and Wilson,
1977). Various materials have been used in construction of open T-type
cannulae; prevention of mechanical damage to the intestine and
subsequent formation of separation pools have been the primary concerns
(McGilliard, 1982). Tygon tubing glued with cyclohexanone and molded
Plastisol have been used for cannula construction because of their
flexibility. Flexibility of construction materials reduces the risk of
mechanical damage to the gastrointestinal tract and development of scar
tissue around the fistula resu]ting from physical irritation. However,
T-type cannulae are not easily removed from the fistula and replacement

of the cannula can cause mechanical damage to intestinal tissue and the
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development of scar tissue. Additionally, the flexible nature of the
flanges of the one piece cannula may irritate the intestinal wall
around the fistula. Hence, a new open double L-shaped intestinal
cannula based on the esophageal plug initia]]y described by Walker et

al. (1985) was designed to eliminate some of these disadvantages.
Materials and Methods

The double L-type intestinal cannula was constructed from 19 mm
(3/4 in.) cyclopolyvinyl chloride (CPVC) pipe and fittings. The
materials required for cannula construction were 1-19 mm o.d. (3/4 in.)
tee; 1-19 mm o.d. (3/4 in.) coupler cut into 4 pieces each 5 mm long;
130 mm of 19 mm o.d. (3/4 in.) CPVC pipe cut into sections 38, 38 and
51 mm long; CPVC glue; 2 elastic castration bands; 1-19 mm i.d. (3/4
in.) ballcock washer; 1-63.5 (2 1/2 in.) x 7 mm (1/4 in.) bolt and jam
nut; 60 mm of vacuum tubing; 1-25 o.d. (1 in.) x 7 mm i.d. (1/4 in.)
fender washer and 1-14 o.d. (1/2 in.) x 7 mm i.d. (1/4 in.) standard
flat washer. The pipe and fftting are standard nominal measurements of
schedule 40 CPVC.

Construction of the cannula (Figure 1) is begun by gluing a 38 mm
piece of 19 mm pipe (c) into each arm of the tee (a) and a 51 mm piece
(d) into the base. Next a 5 mm section of coupler (b) is glued over
the tip of the pipe (d) with the coupler and the end of the pipe being
flush. Glue is allowed to cure for 12 hours or overnight. This T-
shaped cannula is then cut into two halves by cutting the arms of the
tee in half on a p1ané perpendicular to the base and cutting the barrel

on a plane perpendicular to the long axis of the arms (Figure 1).
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Next, edges must be smoothed to the form shown in Figure 2. The .
ridges created by the intersection of the tee and the pipe are removed
with a bench grinder equipped with a wire wheel. The flange is shaped
by grinding with an emery wheel on a bench grinder. The flanges should
be 25 to 31 mm in . length after shaping is complete. The bottom edges
of the flanges should be sloped upward toward the barrel of the cannula
where the two L-shaped pieces of the sidearms will join. Sloping the
base of the flanges simplifies insertion of cannulae during surgery and
replacement after surgery. Shaping of the flanges also allows one to
minimize the size of the lateral incision (<20mm) in the intestine
during surgery; this compares with a much larger incision for cannulae
described by Komarek (1981) or Hecker (1974). After the basic shape is
obtained, each piece is sanded with coarse (No. 40) and subsequently
with fine (No. 150) sandpaper until all rough edges are smooth. Ridges
on the flanges created by the tee may still be visible, but they should
be smooth. Finally, the tips of the flanges are heated utilizing a
Bunsen burner and rolled under slightly to prevent them from irritating
the intestine. The heated area must be sanded again with fine sand
paper to remove any bubbles in the CPVC caused.by heating. The L-
shaped cannula pieces are complete when all edges exposed to the body
surfaces are smooth. The L-shaped pieces are held together, after
surgical placement in the intestine, by two elastic castration bands
placed near the coupler. The elastic bands provide some flexibility to
prevent serious physical damage to the intestinal tract in the event of
a mechanical trauma to the cannula.

The stopper used to close the cannula when collections are not

being made is formed by sequentially placing on the 63.5 mm bolt the



fender washer, 60 mm of vacuum tubing, a standard flat washer and jam
nut (Figure 2). The nut is tightened so that the plug fits snugly in
the cannula. Threads at the end of the bolt are macerated with a
hammer to prevent removal of the nut. The Tength of the stopper is
extremely important. The bolt used in the construction of the cannula
plug should be 13 mm longer than the piece of CPVC pipe used to form
the barrel of the cannula. If the stopper is not as long as the barrel
of the cannula, the cannula will leak because of the two piece cannula
design. However, when the stopper is of the correct length, leakage
has been slight or non-existent. The tapered rubber ballcock washer is
placed over the exteriorized barrel of the cannula. The rubber washer
should fit snugly between the body and the elastic caétration bands to

hold the cannula securely in place (Figure 3).
Results and Discussion

Animals recovered from surgery rapidly even when both duodenal and
ileal cannulae were inserted. Development of scar tissue was greatly
reduced compared to that noted for cattle previously outfitted with
open T-type cannulae constructed 6f Tygon tubing. After healing of the
area, the barrels of the cannulae were exteriorized from the body to
the same magnitude as was observed shortly after surgery, indicating
that development of scar tissue was minimal. These cannulae remained
much cleaner throughout their use than did Tygon type cannulae with
very minimal leakage of digesta and exudate of leucocytes. Perhaps
this is the result of Tess irritation to the intestinal tract, or the
fact that material used in construction of the cannula was less

biologically reactive than Tygon tubing (McGilliard, 1982). Steers
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were easily maintained and sampled; they survived and grew normally for
the duration of the trials (2.5 years). During samh]ing of digesta,
collection was simplified by the placing a 19 mm (3/4 in.) polyvinyl
chloride (PVC) elbow over the end of the cannula barrel to direct
digesta flow into a collection bottle.

The intestinal cannula described was used for cattle weighing
approximately 230 kg. The length of the cannula barrel may need to be
increased to accommodate the added thickness of the body wall of larger
or more mature animals. The cannula design offers several advantages
over other types. The cannula and accompanying ballcock washer
resulted in a close fitting, cone shapéd, external profile to minimize

the probability of external mechanical trauma.



Figure 1. lllustration of the Intestinal Cannula for Cattle after Gluing and Cutting to Form
Double L-shape (a = 19-mm CPVC tee, b= 1/4 of a 19-mm CPVC coupler,
¢ = 38 mm section of 19-mm CPVC pipe, d = 51 mm section of 19-mm CPVC pipe).

Stopper Cannula
T ‘ b b |
——— —
54 mm d d
\ /
L1 [ a | a 31mm —j
—17mm—i
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Figure 2. lllustration of a Properly Shaped and Sanded Double L Cannula and Stopper.
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Figure 3. lllustration of a Completed Double L-shaped Cannula.
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CHAPTER IV

COMPARISON OF CORN WITH FOUR SORGHUM GRAIN HYBRIDS:
SITE AND EXTENT OF DIGESTION IN STEERS!»?2
M.N. Streeter, D.G. Wagner, C.A. Hibberd and F.N. Owens

ABSTRACT

Four sorghum hybrids (yellow, cream, hetero-yellow and red and
corn grain were dry rolled and fed in an 85% grain diet to Angus-
Hereford steers (241 kg) equipped with permanent ruminal and duodenal
and ileal double L type intestinal cannulae to compare the effects of
grain source on site and extent of digestion. Yellow (yel) has a
homozygous yellow endosperm, with a yellow seed coat, whereas, cream
and hetero-yellow (het-yel) have a heterozygous yellow endosperm with
white and red seed coats, respectively. Red has a homozygous white
endosperm with a red seed coat. Diets were fed at 2% of body weight
(DM basis) in a 5 X 5 Latin square. Total tract starch digestibility
(%) was greater (P<.05) for corn (92.5) than for red (84.3), yel (84.3)
and het-yel (82.9), but not greater than (P>.10) cream (87.9). Ruminal
starch digestibility (%) was greater (P<.10) for corn (85.8) than for

1ournal Article No. of the Agric. Exp. Sta., Oklahoma State
University, Stillwater.
2The assistance of Dr. Dave Buchanan with statistical analysis is

greatly appreciated.
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the mean of all sorghum hybrids (69.1). Pre-cecal starch digestibility
(%) was greater (P<.05) for corn (90.6) than het-yel (76.2), red (74.8)
and yel (74.1). AQuantitatively, slightly more dietary starch was
digested in the small intestine from het-yel (11.0), red (10.4), and
cream (9.8) than from corn (5.1) or yel (4.6). Ruminal escape of grain
N (%) was greater (P<.10) for red (79.9) than het-yel (69.2), cream
(66.5) and yel (66.1), while the value for corn (53.6) was less than
(P<.10) the average of all sorghum hybrids. Pre-cecal non-NH3 N (NAN)
digestibility and total tract NAN digestibility were not altered
(P>.10) by grain source. Hybrid of sorghum altered site and extent of
starch digestion and ruminal escape of grain N in cattle and in the
rolled form had predicted feed efficiencies at 81 to 93% of rolled corn
grain.

(Key Words: Sorghum Grain, Corn, Starch, Protein, Digestion, Beef

Steers.)
Introduction

Corn and sorghum grain are commonly fed in feedlot diets. Sorghum
grain requires less water to grow and can be grown successfully under a
wider variety of conditions than corn; However, sorghum grain is more
variable in quality than corn, due to because of environmental
influences (Wall and Ross, 1970), but also potential varietal and
hybrid differences (Miller et al., 1962). Variation in cattle
performance associated with different sorghum grain hybrids or
varieties (McCollough et al., 1972; Maxson et al., 1973) may be due
partially to differences in digestibility (McCollough and Brent, 1972).

Comparing sorghum grain with a pure yellow endosperm to corn, Brethour
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(1987) noted no differences in rate and efficiency of gain by beef
steers. Goldy et al. (1987) reported no statistical advantage in
growth rate or efficiency of gain by steers fed a homozygous yellow
endosperm sorghum hybrid compared to those fed heterozygous yellow
endosperm sorghum hybrid differing in seed coat color. Nevertheless,
ADG by steers were 8% lower with a homozygous yellow and 11% lower with
a hetero-yellow endosperm sorghum grain than with corn.

Differences in site and extent of digestion have been noted with
pureline sorghum grain varieties (Streeter et al., 1989b); therefore,
one might expect differences among various hybrids (Norris and Rooney
1970). Endosperm characteristics and ruminal fermentation and
intestinal digestion may differ among sorghum grain hybrids (Black,
1971). The objective of this study was to quantify the differences
between four sorghum grain hybrids and corn in chemical composition, in
extent of starch digestion within the rumen, the small and large
intestines, and in extent of grain protein escape to the small

intestine in beef cattle.
Materials and Methods

Yellow (Paymaster 1096 Y), cream (PAG 575), hetero-yellow (PAG
5572) and red (PAG 4433)3 sorghum grain hybrids were grown under
dryland conditions during the summer of 1986 in southeastern Kansas.
Corn was purchased cpmmercia]]y. Yellow (yel) has a homozygous yellow
endosperm with a yellow seed coat. Cream has a heterozygous yellow

endosperm with a white seed coat. Hetero-yellow (het-yel) has a

3Sor‘ghum grain seed donated by the Cargil Corporation is greatly

appreciated.
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heterozygous yellow endosperm with a red seed coat. Red has a

homozygous white endosperm with a red seed coat (Table 1).

Laboratory Trial

Grain and diet samples were ground through a 1-mm screen prior to
chemical analysis and through a .4-mm screen prior to starch analysis.
Dry matter, CP, OM (AOAC, 1975), starch as alpha-linked glucose (MacRae
and Armstrong, 1968, modified by the use of a glucose determination
kit4), and ADF (Goering and Van Soest, 1970) content were determined.

5 insoluble nitrogen (PIN;

Grains additionally were analyzed for pepsin
Goering and Van Soest, 1970) and sodium chloride soluble nitrogen
(NaC1-N; Waldo and Goering, 1979). Berry size of sorghum grain hybrids
was determined by weighing 100 pre-dried berries selected randomly;
their volume was determined by measuring the volume of toluene
displaced by 100 dry berries. Density was calculated by dividing the
dry mass of 100 berries by the volume displaced. Geometric mean
diameter (GMD) of dry rolled grain particles was determined by the
procedure of Ensor et al. (1970). Relative distribution of particles
among sieves and GMD have been used as indirect determinations of

hardness (corneousness) of wheat (Obuchowski and Bushuk, 1980) and of

sorghum grain (Pomeranz, 1986).
Animal Trial

Five Angus-Hereford steers (241 kg * 6.2) were surgically fitted,

while under local anesthesia, with permanent ruminal and double L

4G1ucose oxidase, Sigma Chemical Co., St. Louis, Mo., USA.

5Sigma Chemical Co., St. Louis, Mo., USA.; EC 2.4.23.1



duodenal (4 cm distal to the pylorus) and ileal (20 cm cranial to the
ileo-cecal junction) cannulae (Streeter et al., 1989d). Steers were
fed diets containing one of the four sorghum grain hybrids or corn
(Table 2) at 2% (DM basis) of body weight in a 5x5 Latin square. Feed
intake was Tower than usually noted in a feedlot or production
situation (ad Tibitum), but consistently higher intakes were difficult
to maintain under our experimental conditions. Diets were formulated
to meet NRC (1984) requirements for CP, Ca and P for medium framed
steer calves gaining .6 kg/d. Urea was used as the sole source of
supplemental N, and cottonseed hulls (which at 4.1% N, provided
approximately 2.6% total dietary N) were used as the roughage source so
that feed N reaching the duodenum would be primarily of grain origin
(approximately 90.0%). Liquid molasses was included at 3% of diet DM
(containing approximately 2.0% of total dietary N) to reduce dust.
Chromic oxide (.20% of diet DM) was used as an indigestible marker.
Experimental periods lasted 14 d, with d 1 through 11 for diet
adaptation and 12 through 14 for feed, digesta and fecal sampling.
Steers were fed equal portions of feed at 0800, 1400 and 2000. Steers
were pulse dosed with 1 g of ytterbjum (Yb) in the form of Yb-Tlabeled
grain (Teéter et al., 1984) and 1 g of cobalt (Co) in the form of
Co*EDTA (Uden et al., 1980) at 0800 on d 12 of each period. Digesta
samples were collected at 1200, 1800 and 2400 on d 12, 0600, 1500 and
2100 on d 13 and 0300 and 0900 on d 14. This schedule allowed
collected samples to represent every third h of a 24-h period. Digesta
(250 m1 duodenal and 250 ml ileal fluid/sample) and fecal grab samples,
after pH determination, were composited across time and d within steer

and stored at 2° C until the end of each period. An additional, 150 m]
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of duodenal fluid was obtained at each sampling time, immediately dried
at 55% C for 48 h in a forced-air oven and ground through a 1-mm screen
for later Yb and Co analysis. For ammonia determination, ruminal fluid
for ammonia (NH3-N) determination was collected at 1500 and 2100 on d
13 and 0300 and 0900 on d 14. Ruminal fluid samples were strained
through four layers of cheesecloth and acidified (5 ml of 20% H,SO4 per
100 ml of fluid) immediately following determination of pH. Subsamples
of ruminal, duodenal and ileal fluids and feces were obtained and
stored at -20° C.

At 1400 on d 14 of periods 2, 3, 4 and 5 two liters of ruminal
fluid was collected and strained through four layers of cheesecloth
into collection flasks surrounded by ice for each steer to estimate
microbial N, purine N, and OM. Within each period, equal volumes of
ruminal fluid from each of the five steer were composited (Streeter et
al., 1989f). Bacteria were isolated from composite ruminal fluid
samples 1 d after collection by differential centrifugation (Weakley,
1983), frozen (-20° C), lyophilized and ground with a mortar and pestie
prior to analysis.

Feed, digesta and fecal samples were lyophilized prior to grinding
through a 1-mm screen for chemical analysis. Feed, duodenal, ileal and
fecal samples were analyzed for chromic oxide (Fenton and Fenton, 1979)
in addition to all components used in the laboratory trial except PIN
and NaCl1-N. Digesta and bacterial samples also were analyzed for
purine N (RNA basis; Zinn and Owens, 1986). Ruminal NH3-N was
determined by the procedure of Brodrick and Kang (1980). Ammonia-N was

extracted (30 ml of .1 N HC1/g DM for 24 h) from dried digesta and
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fecal samples and measured in the resulting supernatant as described
for ruminal fluid by Brodrick and Kang (1980).

Partial digestion coefficients and amounts of different components
presented to and disappearing from segments of the digestive tract were
calculated from chromic oxide con;entrations and intakes. Chyme flows
were calculated as chromic oxide intake (g/d) multiplied by the
fractional chromic oxide concentration. Microbial N reaching the
duodenum was calculated as duodenal purine N divided by the mean ratio
(18.37 * .582) of purine N (RNA basisito total N in isolated microbes
for the trial. Feed N (plus endogenous N) reaching the duodenum was
calculated as duodenal N minus NH3-N and microbial N. Organic matter
reaching the duodenum was corrected for microbial OM based on means
determined for microbial ash (19.9%) and CP (35.0%). True ruminal OM
disappearance was used to calculate the efficiency of microbial protein
synthesis (g microbial CP/kg OM truly fermented in the rumen).
Particulate passage rate (%/h) and ruminal Tiquid dilution rate (%/h)
were estimated by the slope of the regression of the natural logarithm
of Yb and Co concentrations in duodenal DM, respectively, against time.
Samples obtained at 4, 10 and 16 h were determined to be on the up-

slope; hence, they were not included in regression analysis.

Statistical Analysis

The model describing data from the laboratory trial included grain
source and duplicate. The model describing data from the animal trial
included period, animal and grain source. Differences between least
squares means were determined by protected least significant difference

(Steel and Torrie, 1980).



Results and Discussion

Laboratory Trial

Starch content of grain DM (Table 3) tended to be greatest for red
(79.6%) and Towest for corn (72.2) and het-yel (72.9) , with yel (78.7)
and cream (78.3) being intermediate. Red (10.4%) contained more
(P<.05) CP than cream (9.7), het-yel (9.6) and yel (9.5), while corn
(10.0) was intermediate (P>.05). Variation in CP content among sorghum
may result from genetic (Hibberd et al., 1982a,b) and environmental
effects (Wall and Ross, 1970). Corn and yel contained more (P<.10)
NaC1-N than het-yel. Small differences (P>.10) in PIN content between
corn and sorghum hybrids were observed, with an average PIN of 12.2% of
N in CP. Previously, differences in NaC1-N have been reported for waxy
versus normal endosperm types (Lichtenwalner et al., 1978; Streeter et
al., 1989a) or non-bird resistant versus bird resistant types (Hibberd
et al., 1985). Differences in PIN have been inversely related to
digestibility in comparison of waxy versus normal endosperm (Streeter
et al., 1989a) or bird resistant and non-bird resistant types (Hibberd
et al., 1985) though some ADF-N disappears during transit through the
ruminant gut (Zinn and Owens, 1982; Nakamura et al., 1989).

Berry size (g/100 berries) was greater (P<.05) for het-yel (2.53)
than for the other grains, while red (2.27) and yel (2.22) had larger
(P<.05) berries than cream (1.98). Berry volume (gl/berry) was greater
(P<.10) for het-ye] (20.5) than for yel (18.0) or cream (15.5), but not
different (P>.10) from red (19.0). Red and yel berries occupied
greater (P<.10) volume than cream. Because berry volume increased with

berry weight no differences in density were observed; mean density was
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1.24 g/ml. Similar densities may preclude differences in starch
content. Larger berry size and volume would be expected to result in
smaller grain particles when grains are rolled with the same roller
setting if grains do not differ in the amount of corneous endosperm or
hardness. Nevertheless, geometric mean diameter (GMD) of rolled grain
particles did not reflect either berry size or volume. Corn (4,692 pum)
had a greater (P<.10) GMD of particles than all sorghum hybrids due to
a wider roller spacing to accommodate the much larger corn kernel (10x
larger than sorghum). However, within sorghum hybrids, het-yel (1,275
pm) had a larger (P<.10) GMD of particles than cream (928 pm) and red
(982 pm). Yellow (1,110 um) was greater (P<.10) than cream but not
different (P>.10) from het-yel or red. Cream, which had the smallest
berry size and volume, resulted in the smallest particle size, while
het-yel, which had the Targest berry size and volume, resulted in the
largest particle size among sorghum hybrids. The relationship between
berry size and volume and resulting particle size may reflect
differences in the amount of peripheral endosperm of the sorghum
hybrids (Pomeranz, 1986).

The distribution of sorghum particles presumably reflects
potential differences in the amount of peripheral endosperm among
grains. Het-yel had more (P<.10) particles > 2,828 um than other
sorghum grains, but less than (P<.10) corn. Red had more (P>.10)
particles > 2,828 um in size than did cream, but yel was not different
from red or cream (P>.10). The most important differences occurred
with 1,414 and 707 pm sized particles. Het-yel (79.8%) and yel (75.8%)
had a larger proportion (P<.10) of 1,414 um particles than cream

(65.2%) and red (64.0%), while all sorghum hybrids were greater (P<.10)
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than corn. Differences noted for 707 pm particles were the opposite of
those observed for 1,414 um particles. Red (15.2%) and cream (13.0%)
had a greater (P<.05) proportion of 707 um particles than yel (9.3%)
and het-yel (7.3%), with all sorghum hybrids being greater than (P<.05)
corn (.2%). The 177 pm particle fraction should be very rich in
starch. Cream (11.9%) and red (10.6%) had more 177 um particles
(P<.05) than het-yel (3.8%) or corn (.2%), with yel (7.0%) not
different from cream or het-yel (P>.10), but greater (P<.10) than corn.
Sorghum usually has a much greater proportion of endosperm as
peripheral cells than corn (Rooney and Miller, 1982). Sorghum grain
peripheral endosperm cells have a high protein content and resist both
physical and enzymatic degradation (Rooney and Pflugfelder, 1986). One
might expect sorghum grains with more peripheral endosperm cells to
~result in larger mean particle size. A larger proportion of 2,828 and
1,414 um particles likely reflect more peripheral endosperm which might
result in lTower digestibility. A higher proportion of 707 and 177 pm
particles should indicate a higher proportion of floury endosperm, high
in starch and Tow in protein. The 707 and 177 pm particles should be
highly digestible because protein encapsulation of the starch granules
should be Tow and this should represent floury rather than corneous

endosperm of the grain.
Animal Trial

Total tract OM digestibility was highly correlated (r=.93; P<.001)
to total tract starch digestibility; therefore, only total starch
digestibility will be discussed (Table 4). Total tract starch
digestibility was greater (P<.05) for corn (92.5%) than for yel
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(84.3%), red (84.3%) and het-yel (82.9%), while cream (87.9%) was
intermediate (P>.10). Spicer et al. (1986) also noted total tract
starch digestibility was somewhat greater for corn than sorghum grain.
In contrast, Brown et al. (1968) observed no difference in NFE
digestibility between corn and sorghum grain. Waldo (1973),
summarizing 51 comparisons of corn, sorghum grain and barley, reported
no difference in total tract starch digestibility among these grain
types. However, McCollough and Brent (1972) compared eight sorghum
hybrids to three corn hybrids and noted that the greatest NFE
digestibility was for corn (86.5%) and the lowest was for a hetero-
yellow sorghum grain (71.3%). Rooney and Pflugfelder (1986) reported
that hetero-yellow sorghum grain had a higher feeding value than a non-
yellow endosperm grain. Hibberd et al. (1985) noted no significant
differences in total tract starch digestibility among three sorghum
grain hybrids including a bird resistant, and Streeter et al. (1989b)
detected no differences among several pureline sorghum varieties. A
negative correlation in our study between non-urea feed N intake
(approximately 90% grain N) and total tract starch digestibility (r=-
.665 P<.05) may indicate that protein encapsulation of starch granules
reduced starch availability, particularly for sorghum grains.

Total fract NAN digestibility averaged 58.2% and did not differ
(P>.10) among corn or sorghum grain hybrid. Streeter et al. (1989f)
reported that NAN digestibility decreased as high moisture sorghum
replaced corn in a feedlot diet. Rooney and Pflugfelder (1986)
suggested that corn protein is more digestible than sorghum protein in
the total tract. McCollough and Brent (1972) observed lower CP

digestibility for sorghum hybrids compared to corn, but the variation



among diverse sorghum types was small when bird resistant grains were
ignored. Recently, large differences in NAN digestibility among four
pureline sorghum varieties (Streeter et al., 1989b) and three hybrids

(Hibberd et al., 1985) have been reported.

Ruminal Digestion. Chyme flow (liters/d) past the duodenum was
greater (P<.05) for corn (48.2) than for red (38.8) and cream (37.5)
(Table 5). Differences in particulate passage rate (%/h) were not
observed even though corn particles were much larger than sorghum
particles. However, differences in ruminal liquid dilution rate (LDR,
%/h) were detected; LDR tended to be correlated with particulate
passage rate (r=.68; P<.05), but not to duodenal chyme flow (r=.40;
P=.18). Corn and het-yel resulted in greater (P<.10) LDR than other
sorghum hybrids, with yé] greater than (P<.10) cream. Increased chyme
flow and LDR for corn may reflect stimulation of mastication and
salivation by Targer mean particle size (0ltjen et al., 1967).
Differences in chyme flow from corn vs high moisture sorghum grain
diets have been reported by Streeter et al. (1989f)but, in contrast to
this study, replacing corn in that study by high moisture sorghum
caused chyme flow to decrease.. Previous studies have concentrated on
the interaction of a few common sorghum types (red and hetero-yellow)
and reconstitution (Hibberd et al., 1985) or diverse pureline varieties‘
not commonly produced (Streeter et al., 1989b). In those studies,
chyme flow differences also have been observed (Hibberd et al., 1985;
Streeter et al., 1989b) but differences tended to be related to the
bird resistant characteristic. None of the hybrids in this trial were

bird resistant.
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Variatiqn in starch intake among diets was small (172 g/d), but
starch flow to the duodenum differed by 657 g. Starch reaching the
duodenum (r=.96; P<.001) and ruminal digestion of starch (r=.96;
P<.001) were highly correlated with true OM digestion and comprised
about 67% of OM; therefore, OM will not be discussed. Ruminal starch
disappearance (g/d) was greater (P<.05) for corn (2,695) than for
sorghum hybrids (2,199). Ruminal starch digestibility (%) reflected
ruminal starch disappearance with corn (85.8) being greater than
(P<.10) cream (73.3), yel (70.7), het-yel (66.9) and red (65.4).
Spicer et al. (1986) observed that sorghum grain starch (75.2%) was
less digestible in the rumen than either corn (83.7%) or barley starch
(87.7%). Waldo (1973) noted that ruminal starch digestibility was
slightly greater for corn than for sorghum. However, less variation
was noted in ruminal starch digestion with corn than sorghum. Streeter
et al. (1989f) observed no difference in ruminal starch digestibility
between dry rolled corn and high moisture harvested sorghum.
Presumably, high moisture harvesting enhanced digestibility of sorghum
starch and reduced differences between grains. Hibberd et al. (1985)
reported greater ruminal starch digestibility for a hetero-yellow than
for a red sorghum grain hybrid. Ruminal starch digestibility (% of
total digestion) was not affected (P>.10) by corn or sorghum grain
hybrid, averaging 83.6%. However, in the current study, the rumen
tended to (P>.10) be a more important site for starch digestion for
corn (92.8% of total tract digestion) than for sorghum hybrids (81.4).

Non-NH3 N flow past the duodenum averaged 104 g/d and was not
affected by diet, bﬁt source of this N differed. Microbial N flow at

the duodenum tended (P>.10) to be greater for corn (66.1) than for



sorghum grain hybrids (53.4 g/d). Feed plus endogenous N flowing past
the duodenum was greater (P<.05) for red than for other hybrids and
corn. Het-yel, cream and yel had greater (P<.05) feed N flow to the
small intestine than did corn. Feed N digestibility (%) and escape
from ruminal fermentation tended to reflect feed N flow. The greatest
ruminal feed N digestibility was observed (P<.05) for corn than for
sorghum hybrids, with yel, cream and het-yel greater than (P<.05) red.
Grain N escape of ruminal degradation was lower (P<.10) for corn
(53.6%) than for sorghum grain hybrids; within sorghum types, red
(79.9) was greater than (P<.10) het-yel (69.2), cream (66.5) and yel
(66.1). Flow of NAN to the duodenum consistently exceeded N intake.
Spicer et al. (1986) noted no difference in NAN flow into the abomasum
between sorghum grain, corn and barley with NAN flow being greater than
N intake for all grains. They found that origin of NAN was affected by
grain type, with N being less extensively digested in the rumen from
sorghum (27%) than from corn (40.6%) or barley (69.3%). Zinn and Owens
(1983a) reported 70.6% of corn N escaped ruminal degradation and in
another report (Zinn and Owens, 1983b) that 58 to 73% of corn N escaped
ruminal degradation at a DMI of 1.9% of body weight. Hibberd et al.
(1985) reported no effect of sorghum grain hybrid on ruminal escape of
feed N. Large differences in feed N digestion and escape were noted by
Streeter et al. (1989b) for bird resistant sorghum types, but not for
endosperm type or color.

Endosperm starch and protein adhere more tightly in sorghum than
corn. Interaction of endosperm protein and starch components could
reduce ruminal digestibility or alter the site of starch digestion

among sorghum grain hybrids (Rooney and Pflugfelder, 1986).
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Additionally, diffusion of ruminal fluid into the protein matrix in the
peripheral endosperm of sorghum may be retarded (Sullins and Rooney,
1974). Increased escape of sorghum protein from ruminal degradation
could affect starch digestion in the small intestine. In our study,
escape of feed protein from ruminal degradation was weakly but
positively correlated to small intestinal starch digestibility (r=.34;
P=.25). Protein encapsulation of starch may have limited digestion of
starch in the small intestine. Russell et al. (1981) reported that
high corn intakes increased pancreatic amylase activity in steers.
However, at least in rats, increased secretion of amylase appears to be
achieved only when diets are adequate in both quantity and quality of
protein (Johnson et al., 1977). Amylase activity in the small
intestine could be reduced if an insufficient sUpp1y of essential amino
acids for enzyme synthesis is available for absorption from the small
intestine; hence, starch digestion may be reduced. Added dietary
protein (soybean meé]) has improved total tract starch digestion (Rust
et al., 1979; Veira and Macleod, 1980).

The true efficiency of microbial protein production (g microbial
protein /kg OM truly fermented in the rumen) was not affected (P>.10)
by diet, but tended to be greater for het-yel (20.1) and red (21.3)
than for corn (18.2), yel (18.3) and cream (18.5) and was correlated
negatively to true ruminal OM digestibility (r=-.62; P<.05). Microbial
protein yield and true ruminal OM digestion also tended to be Tower for
red and het-yel than for corn, cream and yel. Spicer et al. (1986)
reported no effect of grain type on efficiency of microbial protein
synthesis. Streeter et al. (1989b) noted no effect of pureline sorghum

grain variety on the efficiency of microbial protein production even
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though a high tannin variety was included. However, Hibberd et al.
(1985) observed differences in the efficiency of microbial protein
production between three sorghum grain hybrids, including one high

tannin type.

Pre-Cecal Digestion. Starch flow to the cecum (r=.95; P<.001) and

pre-cecal starch digestibility (r=.96; P<.001) were strongly correlated
to OM flow and digestibility, respectively; hence, the discussion will
be Timited to starch (Table 6). Yel (808 g/d), red (782) and het-yel
(749) had greater (P<.05) starch flow into the cecum than did corn
(292). Pre-cecal starch digestibility (%) was greater (P<.05) for corn
(90.6) than het-yel (76.2), red (74.8) and yel (74.1). Pre-cecal
starch digestibility (% of total tract digestion) was greater (P<.05)
for corn (97.9) than red (88.2) and yel (88.0). Streeter et al.
(1989b) reported previously that pre-cecal starch digestion was greater
for varieties with waxy endosperm than those with normal endosperm.
Differences noted herein between corn and certain sorghum grain types
may reflect differences in the concentration and continuity of the
peripheral endosperm and protein matrix (Rooney and Pflugfelder, 1986).
Non-NH3 N entering the cecum was greater (P<.05) for red (46.0
g/d) than for all other diets (avg. 37.0 g/d). Although still grown by
grain producers, red (white endosperm) may be more representative of
the sorghum grain produced in the Tate 1960’s and 1970’s with a heavier
seed coat and more protein matrix and peripheral endosperm than in the
other sorghum hybrids. The greater NAN flow into the cecum and ruminal
escape of red sorghum N compared to other diets supports this
assumption. Flow of NAN to the cecum suggests that protein from yel,

cream and het-yel has only slightly less pre-cecal digestibility than



protein from corn. However, the origin of protein flowing to the cecum
was not determined. Grain protein may be less digestible than
microbial protein (Neudoerffer et al., 1971). Perhaps less of the
protein flowing to the cecum came from corn than sorghum grain diets.
Corn or sorghum grain hybrid had no affect on (P>.10) pre-cecal NAN
digestibility (% of intake or % of total tract digestion); however,
digestibility (%) tended to reflect differences in NAN flow to the
cecum. Hibberd et al. (1985) noted no differences among three sorghum
grain hybrids on NAN flow to the cecum or pre-cecal digestion.
Differences have been noted, however, in NAN flow to the cecum and in
pre-cecal digestion among pureline sorghum grain varieties (Streeter et
al., 1989b), with major differences being noted due to the bird

resistant characteristic.

Digestion in the Intestine. Differences in digestibility in the

small intestine were small, but trends weré interesting (Table 7).
Starch disappearance (g/d) from the small intestine tended to be
greater for cream (294), red (311) and het-yel (312) than for corn
(145) and yel (110). Because corn had much less starch flowing to the
small intestine than sorghum grain hybrids, the corn starch would be
expected to contain a greater proportion of less digestible peripheral
endosperm than sorghum hybrids did; however, corn starch tended to be
more digestible in the small intestine than was sorghum grain starch.
Starch flow to the small intestine was correlated positively to starch
disappearance in the small intestine (r=.69; P<.01). This compares
with a correlation of .77 reported by Owens et al. (1986) which
suggests that starch digestion in the small intestine is not Timited by

animal factors.
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Pre-cecal NAN digestibility (%) was correlated positively to
starch digestibility (%) in the small intestine (r=.65; P<.05). This
supports the suggestion of Sullins and Rooney (1974) and Harbers and
Davis (1974) that the protein matrix of the peripheral endosperm of
sorghum may have Timited starch availability within the small
intestine. Nevertheless, on a Weight basis the small intestine tended
to be (P>.10) a more important site of starch digestion for sorghum
grain (cream, het-yel and red) than for corn. However, the importance
of a 160 g/d increase in starch disappearance from the small intestine
for certain sorghum grains compared to corn is difficult to determine,
because total tract starch disappearance was still 232 g/d greater for
corn than the average of the sorghum hybrids. Differences in starch
disappearance would have favored corn to an even greater extent if
compensatory starch fermentation of sorghum grain in the large
intestine (Table 8) were ignored. If energetic efficiency were 20%
greater for starch digestion in the small intestine than in the rumen
(Owens et al., 1986), the decreased total tract digestion would still
place sorghum grain at a disadvantage to corn.

Owens et al. (1986) developed a regression equation relating
ruminal starch digestibility and starch digesfibi]ity in the small
intestine (% of intake) to gain to feed ratio (G:F). This equation
(G:F=.159*ruminal starch digestibility + .227*starch digestion in the
small intestine; r2=.60, SEy.X=.006) was combined with flow data from
individual animals in this trial to estimate G:F for corn and sorghum
grain hybrids (Figure 4). Based on this equation, corn (.147) resulted
in greater (P<.10) estimated G:F than het-yel (.125), red (.125) and
yel (.119), but not greater (P>.10) than cream (.137). When G:F from
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sorghum hybrids was expressed relative (%) to corn, cream was 93.2% of
corn, while het-yel and red were 85.0%, and yel was 81.0% of corn.
More extensive processing than rolling might reduce the difference
between corn and various sorghum grain hybrids.

Differences in NAN disappearance (g/d) and digestibility (% of
flow) within the small intestine among grain sources were small
(P>.10); NAN disappearance averaged 62.4% of duodenal flow. Tanksley
and Knabe (1984) reported that protein from yellow endosperm sorghum
was 5% less digestible than corn protein in swine. Digestibility of
NAN in the small intestine (% of total tract digestion) was not
affected by grain and averaged 116.6%. NAN digestibi1ities greater
than 100% are the result of urea-N recycling to and utilization within
the rumen and the Targe intestine (Kennedy and Milligan, 1980).

Differences in disappearance and digestibility of OM, starch and
NAN in the large intestine reflected compensatory starch fermentation;
microbial N and OM loss in the feces tended to increase with starch
disappearance and to be greater for red and yel than for corn, cream
and het-yel (Table 8). Disappearance of starch in the Targe intestine
was correlated positively to starch flow to the cecum (r=.80; P<.01).
This suggests that fermentation in the large intestine increased with
starch output; however, a moderate positive correlation between NAN

flow to the cecum and starch disappearance from the large intestine

(r=.48; P<.10) may indicate that the endosperm protein matrix no longer:

limited starch availability. Starch disappearance in the large
intestine also was correlated negatively to fecal pH (r= -.70; P<.01).
However, the simple Tinear regression between starch disappearance in

the Targe intestine and fecal pH in our study was described by the
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equation: starch disappearance g/d=-212.2*fecal pH + 1341.7 (r2=.34;

SE, ,=58.4).

Y. X
Rooney and Riggs (1971) and Wagner (1984) have postulated a
relationship between starch recovery from wet milling and ruminal
starch digestibility. Perhaps a similar relationship exists within the
small intestine and possibly the large intestine. Low starch yields
from wet milling of sorghum grain may be a result of the thick
peripheral endosperm 1ayér (Watson et al., 1955). Wagner (1984)
reported that differences in wet milling properties among sorghum grain
varieties were related to the proportion of periphera] endosperm.
Proteins in corneous endosperm of sorghum grain are composed of protein
bodies (kafirin) and a continuous protein matrix (glutelin). Corneous
endosperm (measured by hardness) is the result of the protein content,
the continuity of the peripheral protein matrix (Rooney and Miller,
1982) and the hybrid (Hoseney et al., 1974). Differences in ruminal,
pre-cecal and intestinal starch digestibility among sorghum hybrids
likely are influenced by differences in the amount of peripheral
endosperm and the continuity of protein matrix as indirectly indicated
by the particle size distribution and GMD. Differences in starch and
protein digestibility between corn and various sorghum hybrid also may
be related to the proteih matrix in the peripheral endosperm.
Additionally, intermolecular cross links are found in some sorghum
prolamine protein fractions that decrease protein extractability;
nutritionally, crosslinking may decrease digestibility of both the
protein fraction and the starch granules embedded in matrix protein.

Protein is more difficult to extract by classical solvent extraction

techniques from sorghum than from corn and other cereals (Wall and
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Paulis, 1978). Additionally, separation of starch and protein by wet
milling is more difficult in sorghum than in corn and the isolated
starch generally contains more protein (Wagner, 1984; Rooney and
Pflugfelder, 1986).

In summary, sorghum protein from the various hybrids generally was
less digestible than that of corn, but starch was affected less.
Although corn numerically was drastically more digestible than sorghum
grain at all sites of the digestive tract except the large intestine,
the cream hybrid was statistically not different from corn at moét
locations. Predicted feed efficiency was numerically (8%), but not
statistically, greater for corn than cream. Yel, which was expected to
be the most digestible (starch and N) sorghum hybrid and to be
competitive with corn was less digestible than cream. Whether other
homozygous yellow endosperm sorghum grains also would be Tess
digestible than corn is uncertain.  Perhaps the yellow hybrid utilized
in our study would be more digestible if grown in a different
environment. Differences between het-yel and cream were large, perhaps
being influenced by seed coat color and structure or genetic origin of
the yellow endosperm. Red was less digestible than other sorghum
hybrids at most Tlocations; however, differences were smaller and more
variable than expected. Further study is needed to quantify
differences between various homozygous and heterozygous yellow

endosperm sorghum grain hybrids.
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TABLE 1

DESCRIPTIVE CHARACTERISTICS OF
SORGHUM GRAIN HYBRIDS

63

Sorghum Seed Coat Endosperm

Hybrid Color Color Endosperm Cross
Yellow yellow homozygous yellow yellow x yellow
Cream white heterozygous yellow white x yellow
Hetero-yellow red heterozygous yellow white x yellow
Red red homozygous white white x white




TABLE 2

INGREDIENT COMPOSITION OF EXPERIMENTAL DIETS

Ingredient % of DM
Grain 85.0
Cottonseed hulls 8.0
Molasses 3.0
Supplement
Urea 1.20
Dicalcium phosphate .44
Calcium carbonate .93
Potassium chloride .57
Sodium sulfate .36
Trace mineralized salt .25
Chromic oxide .20
Vitamin A premix?® .05

32200 IU/kg.
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TABLE 3

CHEMICAL COMPOSITION OF FOUR SORGHUM HYBRIDS
AND CORN: GRAIN AND COMPLETE
MIXED FEEDS (DM BASIS)

Hetero-
Item Corn Yellow Cream Yellow Red SE®
Grain
P, % 10.028b g sb 9.7b 9.6  10.4% .18
Starch, % 72.2 78.7 78.3 72.9 79.6  2.65
ADF, % 7.7 7.3 9.6 9.0 8.5 1.49
NaCl soluble nitrogen,
% of total N 30.9% 30.8% 27.6%Y  21.47 26.5Y 1.26
Pepsin insoluble nitrogen,
% of total N 12.4 11.1 12.5 12.2 12.8 .45
Berry size,
g/100 berries 2,220 1.98¢  2.53%8 2,270 038
Berry volume,
p1/berry 18.0Y 15.5%2 20.5% 19.0%Y .71
Density, g/ml 1.24 1.28 1.24 1.20 .032
Feed
CP, % 12.1¢  12.6® 12.5p  12.6P 1352 .13
Starch, % 64.7 65.1 62.6 66.4 65.2 2.26
ADF, % 5.4 5.6 6.5 5.7 5.6 .35
Particle size distribution -------ecccecaaaaa-o R e
5,657 um, % 76.08 .2b 2P .2b 2D 38
2,828 um, % 22.0% 3.4Y2 1.8Z 7.1% 4.6y .74
1,414 um, % 1.4% 75.8%  65.2Y 79.8% 64.0% 3.58
707 um, % .2¢ 9.3b  13.02 7.3b 15.28 .81
354 um, % .1 4.3 7.8 1.8 5.6 1.98
177 um, % 2% 7.0%Y  11.9% 3.8Y2  10.6% 2.04
Geometric mean
diameter(GMD), pm 4,692%  1110%Y  928%  1275% 982Y% 57.2

abCMaans in the same row with different superscripts differ

(P<.05).

®Two observations/mean for grain and five observations/mean for

feed.

WXY¥ZMeans in the same row with different superscripts differ

(P<.10).
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TABLE 4

COMPARISON OF TOTAL TRACT DIGESTION OF
FOUR SORGHUM GRAIN HYBRIDS WITH CORN

' Hetero-
Item Corn Yellow Cream Yellow Red SE

Fecal output, kg/d 4,685Y 5,869% 5,300% 6,070X 6,258% 399.0
Fecal pH 5.84 5.07 5.32 5.16 5.30  .184

Feces, g/d
oM 1,168P 11,4943 1,2843D 1 5052 1 4963  98.7
Starch 2327 488%Y 356Y2 541X 491%Y  71.2
Total N 36.8% 41.4Y%2  40.0Y% 41.9Y 47.1%  2.02
Non-NH3 N 36.02  41.0Y2  39.7Y%2 41.5Y  46.7% 2.00
Total tract digestibility, %
OM - 74.7% 67.3Y2  72.0%Y 66.6% 67.3Y%2 2.12
Starch 92.58  g4.3b g7.93b g2 ob 843D ;7
Total N 60.2 57.7 58.8 57.2 54.7 2.18
Non-NH3 N 61.0 58.1 59.1 57.6 55.1 2.15
Total Tract Disappearance, g/d
oM 3,460* 3,107Y% 3,341%Y 3,083%2 3,085% 100.7
Starch 2.9002 2,659 2.687° 2,673 2,653 71.2
N 57.0 56.4 57.3 56.1 56.8 2.48
Non-NH3 N 57.8 56.8 57.6 56.5 57.2 2.45

abCpMeans in the same row with different superscripts differ

(P<.05).
X}ZMeans in the same row with different superscripts differ
(P<.10).



TABLE 5

COMPARISON OF RUMINAL DIGESTION OF FOUR
SORGHUM GRAIN HYBRIDS WITH CORN

Hetero-

Item Corn Yellow Cream Yellow Red SE
Intake, g/d

OM 4,629 4,601 4,625 4,608 4,582

Starch 3,132 3,147 3,042 3,214 3,144

Total feed N 93.8 97.7 97.3 98.0 103.9

Non-urea feed N 67.1 71.1 70.5 71.3 77.3
Ruminal pH 5.97 5.86 5.83 5.94 5.92 .071
Ruminal NHx N, mg/d1 7.60 10.02 7.81 9.45 8.36 1.745
Duodenal chyme

pH 2.36 2.38 2.40 2.49 2.3 .073

flow, liters/d 48.29  43.630  37.5 42.03b  38.8 2.62
Particulate rate of passage,

%/h 4.05 4.01 3.96 4.31 3.69 .563
Liquid dilution rate,

%/ h 5.10%  4.24Y 3.482  5.01% 4.04Y7 .280
Entering the duodenum, g/d

Total OM 1,866 2,400  2,315%Y 2,612X 2,792Y 197.6

Microbial OM 942 765 775 754 752 76.0

Non microbial OM 924Y 1,636% 1,540% 1,858% 2,040% 205.9

Starch 437b "9183 "g133b 1, 10613 1,0943 149.3

Total N 104 104 104 105 118 7.0

Non-NHsz N 101 100 101 102 115 6.8

Microbial N 66.1 53.7 54.4 52.9 52.8 5.34

Feed N 35.1¢  46.7° 46.8> 49.30  61.92  2.59
Ruminal d1sappearance g/d

Starch 2,229 2.230P 2,153 2,050  149.5
Ruminal digestib111ty, A

OM (true) 80.0% 64.3Y2  66.9Y 59.6YZ 55.7% 4.43

Starch 85.8% 70.7Y 73.3Y 66.9Y 65.4Y 4.64

Total feed N 61.98  52.0b 52.0b 49.7  40.6° 2.68

Non-urea feed N 46.4% 33.9Y 33.5Y 30.8Y 20.1% 3.72
Ruminal escape

of feed N, % 53.6% 66.1Y 66.57  69.2Y 79.9% 3.72
True efficiency of microbial protein production, g MP/kg OM

truly fermented 18.2 18.3 18.5 20.1 21.3 2.00
Ruminal digestibility, % of total tEact d1geé<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>