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ABSTRACT 

Four experiments were conducted to determine effects of grain 

processing on lactational performance and nutrient digestion in lactating cows. 

In a 70 d trial, twenty-four cows were divided into four groups and fed 

diets containing 40% grain as dry-rolled sorghum (DRS, 643 giL), steam-rolled 

corn (SRC, 500 giL), steam-flaked sorghum (SFS, 360 giL), or steam-flaked 

corn (SFC, 360 giL). Compared to DRS and SRC, SFC and SFS increased milk 

yield 10%, milk protein yield 14% and milk fat yield 8%. Efficiency of feed 

utilization was higher for SFS than for DRS but was unaffected by corn 

processing. Flaking of both grains increased total tract digestibilities of OM, 

starch, ADF and NDF. 

In another 70 d trial, thirty-five cows were allotted to five dietary 

treatments: 0, 15, 30, or 45% SFS (360 giL) with 45, 30, 15, or 0% of a 

mixture of corn, barley, wheat mill run, and beet pulp; or 15% of a thin steam

flaked sorghum (280 giL) and 30% of the mix. Milk yield, milk protein yield 

and percent increased linearly with increasing amounts of SFS. When cows fed 

only 15% SFS, milk yield was higher for the thin than for the medium flake 

(360 giL) and similar to that of cows fed 30 or 45% of the medium flake. 

In the third trial, thirty-six cows were used in a 2 X 2 factorial 

arrangement of treatments. Diets contained 40% DRS, DRS treated with a 

"sorghum specific " fungal enzyme, SFS, or SFS treated with enzyme. 
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Compared with DRS, SFS increased milk yield, FCM, FCM/DMI, milk protein 

yield and starch digestibilities. However, enzyme addition did not affect 

lactational performance. 

In a fourth trial, four cannulated cows were used in a 4 x 4 Latin Square 

design to determine effect of protein degradability and SFS on rumen 

fermentation and nutrient flow to the duodenum. Treatments were: DRS with 

soybean meal (S8M), SFS with S8M, SFS with S8M and blood and fish meals, 

and SFS with S8M and urea. Compared to DRS, SFS increased milk protein 

percentage, ruminal and total tract digestibilities of starch. Ruminal acetate, 

propionate and total VFA increased when SFS was combined with more 

degradable protein sources (S8M or S8M and urea). Flow of microbial and total 

CP to the duodenum were unaffected by diet. 
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INTRODUCTION 
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Starch is a key nutrient in dairy rations which is required to attain high 

level of milk production. Optimal starch utilization is fundamental to improving 

milk production and feed efficiency of dairy cows. 

Principal sources of starch are cereal grain such as corn, barley, oats, 

wheat, sorghum, etc. Dietary starch can potentially be degraded in both the 

rumen and the intestine of dairy cows. Microbial degradation of starch in the 

rumen yields volatile fatty acids (VFA); while starch which escapes rumen 

fermentation is digested by digestive enzymes in the small intestine and yields 

glucose as the end product for absorption. Propionate increases as higher level 

of starch digested in the rumen increases (Theurer et aI., 1991). Increasing 

starch degradation in the rumen may also result in a greater production of 

lactate and an increased risk of acidosis. 

Theoretically, shifting site of starch digestion from the rumen to the 

intestinal tract may be energetically advantageous because heat loss due to 

fermentation would decrease. Owen et al. (1986) hypothesized that shifting 

starch digestion from the rumen to the small intestine would result in increased 

glucose absorption and a 42% improvement in the energy economy of the 

animal compared to absorption of equal carbon as VFA, major end products of 
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rumen fermentation. However, current production studies show no benefit of 

postruminal digestion of starch in enhancement of milk yield or changes in milk 

composition. 

Orskov (1 986) suggested that the small intestine has limited capacity for 

starch digestion. However, Theurer (1986) reported that beef cattle fed diets 

of 85% whole corn or 80% dry-rolled sorghum (DRS) digested 2 to 2.5 kg/d 

starch from the small intestine, indicating a large capacity of small intestine for 

starch digestion. As much as 4.6 kg corn starch was digested in the intestine 

of dairy cows (McCarthy et aI., 1989). In a review paper, Nocek and 

Tamminga (1991) concluded that there does not appear to be a limitation to 

starch digestion in the intestine, but the efficiency with which starch is 

digested decreases postruminally. 

Furthermore, even though digestible dietary starch is presented to the 

intestine, there is no net glucose absorption at the portal vein, indicating 

considerable glucose is used by visceral tissue (Reynolds et aI., 1988; Gross et 

aI., 1988; Theurer et aI., 1990; Theurer et aI., 1991). Maximal total tract 

starch digestibility is positively related to greater digestion in the rumen rather 

than the small intestine (Theurer, 1986). 

Therefore, manipulating site of starch digestion may affect greatly the 

utilization of starch as well as performance of the animals. Recent studies at 

the University of Arizona (Moore et aI., 1992; Poore et aI., 1993; Oliveira et aI., 

1993; Theurer et aI., 1992) showed that feeding steam-flaked sorghum (SFS) 
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at approximately 40% of DMI to high producing dairy cows increased milk 

yields 10%, efficiency of feed utilization 9%, and milk protein production 15%, 

compared to normally processed DRS. The beneficial effect of SFS appeared 

to be associated with 50% increase in ruminal starch degradability. But little 

is known relative to benefits of processing with other grains or types of diet. 

Thus, the objectives of this research were to: 

a) compare effects of processing sorghum grain and corn; 

b) determine amount of processed grain needed to increase milk and milk 

protein production; 

c) evaluate enzyme treatment as an alternative to steam flaking of grains 

for enhancing starch degradability. 

d) investigate digestive and metabolic mechanisms relating to responses to 

diets of varying ruminal starch and protein degradability. 
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Our understanding of the role of dietary carbohydrates in dairy nutrition 

has undergone a considerable evolution in the past 20 years. This is not 

restricted to structural carbohydrates, but also nonstructural carbohydrates, 

including starch, soluble sugars and other reserve carbohydrates. A primary 

function of carbohydrates in ruminants is to supply energy for growth of rumen 

microorganisms. Information on carbohydrate utilization in ruminants has 

accumulated, but much is not known. The objective of this review is to 

discuss recent developments in utilization of carbohydrates in ruminant nutrition 

with emphasis on site of starch digestion and its effect on animal performance. 

CHEMICAL STRUCTURE OF STARCH 

Starch is the natural glucose storage polysaccharide of plants. It 

represents 70 to 80% of most cereal grains and is the major source of energy 

for livestock. 

Starch is composed of two major molecules, amylose and amylopectin. 

Amylose is a linear polymer of a-1 ,4-D-glucose units. Amylopectin is a polymer 

of 1 ,4-D-glucose with an a-1-6 branch point every 20 to 25 glucose residues. 

Most starch contains between 15 to 30% amylose, with corn starch containing 
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22 to 28%. 

Starch is arranged in a highly organized fashion; the amylose and 

amylopectin molecules are held together by hydrogen bonding. Starch granules 

are completely insoluble in cold water, but when heated in an aqueous 

suspension, they swell and lose their birefringence. Starch granules are 

"pseudocrystals" that contain regions of organized "crystals" (primarily 

amylopectin) and also nonorganized "amorphous" areas. The crystalline regions 

are quite resistant to water infiltration, whereas water moves freely through the 

amorphous areas. When starch is exposed to water and heat, the granules 

swell and take up water equal to 50% their weight. Swelling is reversible after 

cooling and drying. However, as more heat is applied (60 to 80 o C), starch 

undergoes irreversible swelling or gelatinization, in which the granules lose their 

crystalinity (French, 1973). 

The degree of the crystallization of the outermost layers of the starch 

granules can influence starch degradability. Starch granules can be embedded 

in a protein matrix of the endosperm of cereal grains, especially corn and 

sorghum. Electron microscopic studies have revealed the presence of protein 

bodies contained in the mature endosperm of corn, sorghum, oats and rice 

grains (Rooney et ai, 1983). To increase the digestibility of these starches, the 

granular structure must be disrupted. This may be accomplished by 

gelatinization through cooking, by dextrinization through enzymatic or acid 

hydrolysis. 
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Gelatinizing is a process in which starch granules are ruptured completely 

by a combination of moisture, heat, pressure, and, in some cases, mechanical 

sheer force. Application of heat, moisture and pressure to cereal grains can 

disrupt the protein matrix and result in gelatinized starch molecules, which 

allow starch to be more accessible to enzymatic digestion. The most common 

processing methods are extrusion, steam-flaking, and rolling. The type and 

degree of processing are critical in altering digestibility and use of nutrients by 

the animal. Minimal processing of sorghum grain by grinding and dry-rolling 

results in little improvement in utilization because the protein matrix is not 

affected. Although the exposed surface of grain is increased for greater 

bacterial action, the microbes still do not have easy access to the starch 

granules. 

RUMINAL STARCH DIGESTION AND ABSORPTION 

The principal site of starch digestion in ruminants is in the rumen. 

Digestion of starch in the rumen by microorganisms results in production of 

VFA, which supplies the major source of energy for the host animals. The 

amount of energy extracted from grain starch is mainly dependent upon the 

rate and extent of digestion in the rumen (Theurer, 1992). 

Microbial Fermentation of Starch 

Digestion of starch is via the actions of amylolytic and dextrinolytic 

bacteria in the rumen (Fahey and Berger, 1988). Once starch is hydrolyzed by 

these bacteria to maltose and some glucose, it is fermented rapidly by 
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saccharolytic bacteria in the rumen. Conversion of hexose to two moles of 

pyruvate yields two A TP and two reduced nicotinamide adenine dinucleotides 

(NADH2). The ATP generated is the primary energy source for growth and 

maintenance of bacteria. Pyruvate is the intermediate through which all 

carbohydrates must pass before being converted to VFA, CO2 and CH4 • VFA, 

including acetate, propionate and butyrate are the end products of rumen 

fermentation. 

VFA Absorption and Metabolism 

The importance of VFA as the major source of metabolizable energy for 

ruminants is well recognized. Nearly all VFA produced are absorbed in the 

rumen, reticulum and omasum, with minimal amounts reaching the abomasum. 

Most acetate absorbed through the rumen wall is carried by portal 

circulation to the liver for metabolism, although recent review by Britton and 

Krehibel (1993) indicated that large quantity (near 30%) of absorbed acetate 

is utilized by the gut tissues. Acetate is the main precursor for lipogenesis in 

ruminants. Production of adequate acetate in the rumen is essential to maintain 

milk fat. Acetate is a precursor of shorter chain fatty acids in milk up to and 

including palmitic acid. 

During the absorption through the rumen epithelium, about 50% of 

propionate is metabolized by the gut tissues (Britton and Krehbiel, 1993; 

Theurer et aI., 1991 a) with the reminder entering the portal blood. Propionate 

is the major precursor for gluconeogenesis in ruminants. It has been estimated 
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that a cow producing 30 kg/d of milk (about 1.5 kg of lactose) requires about 

2.2 kg/d of glucose uptake by the mammary gland (Kronfield et aI., 1968). 

Nearly all glucose required for milk production is synthesized in the liver from 

the gluconeogenic precursors such as propionate or amino acids (Theurer et aI., 

1992). 

Butyrate is largely converted to ketones (90%) during absorption through 

the rumen epithelium (Britton and Krehbiel, 1993), resulting in very low 

butyrate levels in portal blood. p-hydroxybutyric acid (PHBA) accounts more 

than 80% of the ketones formed, with the reminder comprised of acetoacetate 

and acetone. Ketones are oxidized in cardiac and skeletal muscles, and are 

used for fatty acid synthesis by adipose and mammary gland tissues. 

FACTORS AFFECTING RUMINAL STARCH DEGRADABILITY 

Waldo (1973) summarized results of 51 experiments dealing with starch 

digestion and utilization by ruminants. He noted that 94 ± 2.4% of barley 

starch was digested prior to the abomasum or duodenum. Much more corn 

than barley starch escaped ruminal digestion. Corn starch digestion was 78 ± 

12.5% prior to the abomasum or duodenum. However, ruminal starch 

degradability varies from less than 40 to almost 100%, depending on its origin 

(Huber and Herrera, 1994), and processing techniques. Many factors affecting 

ruminal starch de grad ability include species, source of grain, processing 

method, particle size, chemical treatment, and rate of passage. 

Grain Source 
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Herrera-Saldana et al. (1990) reported that in situ starch degradability for 

oats, wheat, barley, corn and sorghum was 98, 95, 90, 62 and 49%, 

respectively. Nocek and Tamminga (1991) summarized several in vivo studies 

and showed different ruminal starch degradabilities for the following grains: 

wheat 89.3%, barley 87.9%, oats 84.0%, ground corn 76.4%, and rolled 

sorghum 64.0%. The degradability value for oats is lower than that of Herrera

Saldana (1991), mainly due to a low value from one of the studies (71 %). 

Starch degradability is influenced by the ratio of amylose:amylopectin. 

High amylose grain varieties are less digestible than normal or waxy (less than 

5% amylose) varieties. Guilbot and Mercier (1985) found that varieties of 

waxy starch corn were more easily degraded than normal corn varieties. Sullins 

and Rooney (1975) compared waxy to normal varieties of sorghum in an in 

vitro study using porcine pancreatic amylase. They also found waxy starch 

varieties were more digestible than normal sorghum grains. Rooney and 

Pflugfelder (1986) suggested that the less digestible of high amylose grain 

varieties may be related to the amylose's restrictive role in granule swelling or 

to orientation of amylose molecules towards the inside of the amylopectin 

crystallites, causing an increase in intermolecular hydrogen bonding which limits 

swelling and enzymatic hydrolysis. 

Protein bodies and protein matrix in the endosperm of cereal grains are 

also the major factors affecting starch degradability. It has been suggested 

(Hibberd et aI., 1982; Delfino, 1986) that protein bodies retard enzymatic 
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hydrolysis of corn and sorghum starch due to the tight packing of starch 

granules and protein bodies. Protein bodies are particularly abundant 

throughout sorghum grain, making it less digestible by dairy cattle. 

Processing Method 

Processing can be subdivided into physical and chemical methodologies 

(Nocek and Tamminga, 1991). Physical processing methods usually consist of 

breaking, cracking, grinding, rolling, or pelleting dried grains. Physicochemical 

modifications involve the application of heat and water, which act to hydrate 

and swell the amorphous and crystalline structure of the starch granule. This 

alteration in structure enhances amylolytic digestion by both microbial and 

pancreatic enzymes. 

Most processing methods increase ruminal starch degradation, but type 

and degree of processing affects rate and extent of digestion. Theurer (1986) 

reported that the average ruminal starch degradation of DRS and SFS for beef 

cattle was 57 and 76%, respectively. In dairy cows, Oliveira et a!. (1992) 

showed that ruminal starch degradability was 59.7% for DRS compared to 

81.3% for SFS; while Poore et a!. (1993) reported ruminal starch degradability 

was 48 and 74% for DRS and SFS, respectively. 

Particle Size and Passage Rate 

Particle size and outflow from the rumen have a major influence on the 

ruminal starch digestion. Breakdown of particles increases the surface area and 

makes the particle more fragile and accessible for digestion. Decreasing particle 
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size also increases density and specific gravity of a feed. Ewing and Johnson 

(1987) reported that decreasing corn particle size resulted in increased rates of 

passage from the rumen. 

Ruminal starch degradation can be either increased or decreased by 

altering particle size. Extent of starch digestion depends on the interaction 

between the rate of digestion and passage rate. 

Chemical Treatments 

A number of chemical treatments have been investigated to alter ruminal 

starch degradation rates. Treatments such as formaldehyde, ammonia or 

alkaline may decrease the quantity of starch degraded in the rumen (Nocek and 

Tamminga, 1991). Fluharty and Loerch (1989) reported that corn starch 

digestion in the rumen of sheep decreased 30 and 41.5%, respectively, after 

addition of 1 or 2% formaldehyde. 

POSTRUMINAL STARCH DIGESTION 

Small Intestine 

The starch which escapes rumen fermentation and passes to the small 

intestine can be enzymatically degraded. Small intestinal starch digestion in the 

ruminant occurs via the same processes as in the nonruminant. It requires both 

the pancreatic and intestinal carbohydrase activity. Pancreatic amylase breaks 

down amylose to maltriose and maltose, which are then hydrolyzed by 

intestinal maltase. Hydrolysis of amylopectin is completed in the small intestine 

by isomaltase (Siddons, 1968). Glucose is the principal end product of starch 
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Large Intestine 
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Starch passing to the large intestine would be subject to further microbial 

fermentation. Fermentation of starch in the large intestine results in the 

production and absorption of VFA, but resulting microbial protein would be lost 

in the feces. Hence in terms of nitrogen economy, the large intestine is the 

least efficient site for starch digestion. However, a large flow of undigested 

nutrients to the postruminal digestive tract is thought to occur in high 

producing cows during early lactation due to high concentrate intake, resulting 

in increased fecal starch and that available for fermentation in the large 

intestine (Plegge, 1986). Cows fed DRS had more starch and CP than those 

fed SFS and a lower pH in their feces, suggesting that significant amount of 

starch is fermented in the large intestine (Oliveira et aI., 1992). 

LIMITS TO SMALL INTESTINAL DIGESTION 

It has been suggested that limited enzymatic activity for starch 

hydrolysis and inadequate access of enzymes to starch granule are the factors 

limiting intestinal starch digestion in ruminants (Owen et aI., 1986). Limits to 

postruminal digestion and absorption of starch were demonstrated by infusing 

starch and glucose into the duodenum (Orskov, 1986; Owen et aI., 1986) and 

abomasum (Huntington and Reynolds, 1986) of cattle. In contrast, beef cattle 

fed diets of 85% whole corn or 80% DRS digested 2 to 2.5 kg starch per day 

from the small intestine, indicating a large capacity of the small intestine for 
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starch digestion (Theurer, 1986). McCarthy et al. (1989) also reported up to 

4.8 kg corn starch can be digested in the small intestine of dairy cows. 

Despite a large capacity for intestinal starch digestion, Nocek and 

Tamminga (1991) indicated that the efficiency of starch digestion decreases as 

amount delivered to the small intestine increases. This decreased efficiency 

represents a limitation which warrants further investigation. 

GLUCOSE ABSORPTION AND METABOLISM BY VISCERAL TISSUE 

The fate of glucose, resulting from starch digestion in the small intestine 

is not well understood. Huntington and Reynolds (1986) evaluated the effect 

of abomasal infusion of water, glucose, or corn starch and net absorption of 

various metabolites by dairy cows fed a 60% corn silage and 40% concentrate 

diet. Net absorption of glucose at portal drained viscera (PDV) was -56, 34 and 

-46 mmollh for water, glucose, and starch infusion, respectively. For beef 

heifers, portal appearance of glucose was 78 and 27 mmol/h for glucose and 

starch, respectively. Calculated recovery of infused starch as glucose in dairy 

cows was 8% compared with 35% in beef heifers, whereas recovery of infused 

glucose as glucose was similar for dairy cows and beef heifers (64 vs 65%). 

These data suggest a limitation for starch hydrolysis and glucose absorption at 

the gut level or specific differences in the way that dairy and beef cattle utilize 

glucose in the small intestine. 

Gross et aJ. (1 988) used steers equipped with portal and arterial 

catheters to evaluate the effect of infusion of starch into the small intestine on 
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net portal glucose absorption. Net portal glucose absorption contributed a 

maximum of 4% to the total portal energy flux measured. 

Theurer et al. (1991) compared feeding of DRS and SFS to steers 

equipped with hepatic, portal and mesenteric venous catheters to allow for a 

more direct assessment of nutrient absorption from the small intestine. 

Mesenteric venous blood excluded blood draining the reticulo-rumen. The DRS 

diet should have supplied 50% more starch to the small intestine than the SFS. 

Despite this large difference in site of starch digestion, net portal glucose 

absorption was negative for both diets. Net intestinal glucose absorption was 

42 mmol/h for the DRS compared with 0 for the SFS diet. However, the 42 

mmol/h intestinal glucose absorption accounted for only 40% of estimated 

intestinal disappearance. Theurer et a!. (1991) suggested that visceral tissues 

use large amounts of glucose, making the overall glucose flux to the PDV zero 

or negative. 

Recently, Nocek and Tamminga (1991) compiled data from several 

studies employing PDV or MDV catheterization techniques with dairy cattle to 

evaluate relation of digestible energy intake (DEI), ruminal degradable starch 

(RDS) and intestinal digestible starch (IDS) intake on appearance of glucose, 

propionate, and lactate in PDV. They showed a negative relationship between 

DEI and carbohydrate intake versus net portal appearance of glucose. 

Propionate and lactate, however, showed a strong positive relationship with 

intake parameters. They suggested that, as DEI increases, there may be a 
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greater oxidative drain on glucose for gut metabolism to process and metabolize 

nutrients (increased metabolic and secretory cell processes, protein turnover, 

cell transport, etc). 

EFFECT OF SITE OF STARCH DIGESTION 

The site at which starch is digested in the ruminant has implications for 

efficiency of nutrient utilization as well as production and composition of milk. 

Processing and feeding management strategies can have a large influence on 

site of digestion. 

The proportion of ingested starch degraded in the rumen alters end 

products of digestion, as well as site and extent of nutrient absorption. It was 

thought that digestion of starch in the small intestine might be more 

energetically efficient than in the rumen because of the heat loss due to the 

rumen fermentation (Owen et aI., 1986). However, data obtained by Theurer 

et al. (1991) with beef cattle indicate that feeding SFS increases net absorption 

of energy about 20% over DRS (apparently by increasing net absorption of 

acetic and propionic acids), without altering net hepatic synthesis of glucose. 

Furthermore, net glucose absorption by PDV accounts for only 30 to 40% of 

sorghum starch apparently disappearing from the intestines, reflecting extensive 

use of glucose by PDV. They concluded that maximal total tract starch 

digestibility is positively related to greater digestion in the rumen rather than in 

the small intestine. 

Effect of site of starch digestion on milk production and milk composition 
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of dairy cows have not been adequately defined. McCarthy et al. (1989) 

compared corn- with barley-based diets using four early lactation dairy cows. 

Starch from the barley diets was more extensively degraded in the rumen and 

total tract than that from the corn diets. Corn diets were higher in milk yields, 

DM intake and total starch digested (g/d), but not in efficiency of milk 

production. DePeters and Taylor (1985) reported no differences in milk 

production, milk composition or yield of milk components when rations 

containing corn or barley were fed. Weiss et al. (1989) noted a higher 

production of 4% FCM on an alfalfa-corn ration compared with an alfalfa-barley 

ration. 

In contrast, a summary of four studies conducted at the University of 

Arizona (Moore et al., 1992; Poore et aI., 1993; Oliveira et aL, 1993; Theurer 

et aL, 1991) showed that cows fed SFS produced 9% more milk, 6% more 

FCM/DMI, 15% more milk protein and 4% more milk fat than those fed DRS. 

Based on these studies, Theurer et aL (1991) estimated that SFS contained 

2.20 Meal/kg of NEL compared to the NRC (1989) estimate of 1.84 for the dry

rolled form. The beneficial effect of flaking was attributed to increased ruminal 

and total tract digestion of starch (Poore et aL, 1993). 

INTERACTION OF PROTEIN AND STARCH 

The source of protein and energy significantly affects rumen 

fermentation, microbial protein synthesis and nutrient passage to the small 

intestine. Orskov (1982) illustrated the interdependence of rumen fermentation 
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and microbial protein production. ATP is derived from fermentation of 

carbohydrates to VFA; the process, in turn, produces microbial cells by 

incorporation of non protein nitrogen or amino acids into bacteria and protozoa. 

Russell and Hespel! (1981) stated that an optimal balance exists between 

requirements for microbial growth and substrate availability, which is influenced 

by utilization of degradable protein and carbohydrate present in diets. 

Uncoupling of either protein or carbohydrate degradation in the rumen will 

result in lower efficiency of microbial protein production. 

From continuous culture data, Hoover and Stokes (1991) demonstrated 

a tight relationship (r2 = .88) between synthesis of microbial N per unit of 

carbohydrate digested and degradable intake protein (DIP) as DIP increased 

from 5 to about 20% of the substrate dry matter. They concluded that 14 to 

15% ruminal available protein may be needed to optimize microbial growth. 

They also suggested that maximal microbial protein synthesis occurs at a 

dietary NSC to DIP ratio of about 2. Huber and Herrera-Saldana (1993) 

summarized seven studies at the University of Arizona and proposed using the 

ratio of ruminal degradable starch (RDS) and undegradable intake protein (UIP) 

as a tool to formulate diets for optimal rumen fermentation. 

Few studies have been reported in which ruminal degradation of protein 

and energy sources are synchronized. McCarthy et al.(1989) evaluated effects 

of source of protein (fish meal or soybean meal) and carbohydrate (corn or 

barley) on ruminal fermentation and flow of nutrients to the small intestine. 
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Greater ruminal disappearance of starch from barley than corn diets was noted; 

but due to the higher intake of OM from the corn than barley diets, the amount 

of starch degraded in the rumen was lower for the barley diets. There was 

little difference in UIP flow to the duodenum between fish and soybean meal 

diets. Hence, these authors concluded that no benefit from synchronization of 

dietary source of energy and nitrogen was evident. 

In contrast, Herrera-Saldana and Huber (1989) compared rapidly and 

slowly degraded starch (dry-rolled barley vs. DRS) and protein (cottonseed meal 

vs brewer's dry grain) sources. Milk yield was about 8% higher for the diet 

synchronized for rapid degradation (barley-cottonseed meal) than for all others 

(37.4 vs. 34.8 kg/d). However, percent milk fat was depressed in cows fed 

barley compared to sorghum, and percent milk protein was not affected by diet. 

Lower FCM was shown for cows fed unsynchronized diets (barley-brewer's 

grain or DRS-cottonseed meal). 

In a metabolic study (Herrera-Saldana et aI., 1990) with lactating dairy 

cows fitted with duodenal cannulae, the same treatments as those of the 

lactation trial were compared. Barley diets had considerably higher ruminal 

starch disappearance (80 vs. 49% of starch intake) and total starch digestion 

than sorghum diets. No difference was found in nutrient flow to the small 

intestine among diets. However, microbial CP synthesis was higher for barley 

than sorghum diets. Supportively, Aldrich et al. (1993) reported that combining 

nonstructural carbohydrates of high ruminal availablibility with highly 
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degradable protein resulted in greatest synthesis of bacterial protein. This 

improved synchrony was reflected in highest milk protein percent, but not 

increased milk yields. 

Studies conducted recently at the University of Arizona have compared 

diets varying in ruminal starch availability achieved by the processing of cereal 

grains. Steam-flaking compared to dry-rolling of sorghum grain has consistently 

improved lactational performance of dairy cows (Theurer, 1992). Beneficial 

effects of steam-flaking were associated with increased ruminal degradation of 

starch (Poore et aI., 1993). However, little is known about sources of protein 

which synchronize best with SFS. Metabolism studies to determine the effects 

of steam-flaked grains and protein source on rumen fermentation parameters 

and flow of nutrients to the duodenum of dairy cows are limited. 

LACTATIONAL RESPONSE OF DAIRY COWS TO GRAIN PROCESSING 

Processing of cereal grains increases digestibility of grain starch by 

cattle. Steam-rolled barley and corn are commonly fed to dairy cattle. Steam

rolled grains (usually barley and corn) are steamed for < 10 min to increase 

grain moisture to 12-14% and then crushed with rollers to produce a flake 

thickness of 420 to 500 giL. Dry-rolling is the most common processing 

method for sorghum grain in which the grain is passed through rollers to break 

it into several particles. 

Steam flaked grain is held in a steam chamber for 30-50 min to increase 

grain moisture to 18% and then flaked between large rollers (46 cm in 
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diameter) to the desired flake density (280 to 360 gIL). Steam flaked corn or 

sorghum grain is extensively used in diets for finishing cattle and has 

consistently improved performance of feedlot cattle through improved starch 

utilization (Matsushima and Montgomery, 1967; Lee et aL, 1982; Ramirez et 

aL, 1985; Theurer et aL, 1986; Zinn, 1987). 

Little is known on effects of feeding SFS to lactating dairy cows, so 

several studies have been conducted to evaluate effects of SFS in total mixed 

rations for high producing dairy cows. 

Poore et aL (1993) compared SFS to DRS in alfalfa hay or wheat straw 

diets for lactating dairy cows. Steam-flaking improved starch digestibility, milk 

and milk protein yield, and decreased percent milk fat without altering milk fat 

yield. 

Moore et aL (1992) compared DRS to SFS at bulk densities of 400 gIL 

or 270 gIL in TMR with or without buffer addition (1 % sodium 

sesquicarbonate). Diets contained 42% sorghum grain. The buffer decreased 

feed intake but did not affect production parameters. Steam-flaking at 400 gIL 

improved starch digestibility, milk and milk protein yields over dry-rolling; 

however, flaking at 270 gIL reduced DM intake, FCM, and milk protein yield 

compared to the 400 gIL flake. 

Oliveira et al. (1993) used thirty-six lactating cows in an 80 d trial which 

compared steam-rolled corn (480 gIL), SFS (360 gIL), DRS (643 gIL), and an 

equal mixture of DRS and SFS. Starch digestibility was highest for SFS and 
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lowest for DRS. Milk protein percent and yield were higher for SFS vs. DRS. 

In a study of Theurer et al. (1 991), four diets were fed to 24 cows in a 

2 X 2 factorial arrangement of treatments. Diets contained 43 or 35% DRS or 

SFS (360 giL). It was demonstrated that the beneficial effect of flaking on 

starch digestibility, milk yield and protein production occurs with diets differing 

in forage:grain ratios; but response to flaking tended to be greater on the higher 

grain diets. Milk fat yield was increased with flaking even though percent milk 

fat was decreased. The estimated NEL for SFS was 20% higher than for DRS. 

In summary, these studies have shown that steam-flaking of sorghum 

increases milk yield (8 to 10%) and milk protein yield (10 to 16%) compared 

with dry-rolling (Theurer, 1992). Even though flaking depresses percent fat in 

milk, yields of milk fat are not altered. Moreover, SFS increases starch 

digestibility and efficiency of milk production compared to DRS. 

Although the beneficial effects of steam-flaking of sorghum were 

demonstrated, neither optimum flake densities nor amount of SFS which will 

beneficially affect lactating cows fed commercial type diets was determined. 

Also, little is known on effects of SFS on site and extent of digestion as well 

as nutrient absorption by lactating dairy cows. 

EFFECT OF STEAM-FLAKED SORGHUM ON 

SITE AND EXTENT OF STARCH DIGESTION 

The primary mechanisms by which steam-flaking of sorghum grain 

improve lactational performance of cows appear to be consistent with increases 
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in ruminal and total tract digestibilities of starch, digestible starch intake, and 

flow of bacterial protein to the small intestine (Theurer, 1986). 

Oliveira et al. (1990) used four lactating cows fitted with aT-type 

duodenal cannulae in a 4 x 4 Latin square design to determine the effect of 

sorghum grain processing on site and extent of digestion of nutrients. SFS, 

DRS, steam-rolled corn and an equal mixture of SFS and DRS were fed as 

42.9% of a TMR. Ruminal and total tract digestibilities of starch were higher 

for SFS than for DRS diets (81 vs. 59% and 97 vs. 85%, respectively). Cows 

fed SFS also tended to convert more efficiently dietary CP digested in the 

rumen to bacterial crude protein (BCP) and to have higher BCP flow to the 

duodenum. 

Poore et al. (1993) reported that ruminal and total tract digestibilities of 

SFS were 74 and 98%, respectively, compared to 48 and 83% for DRS. Flow 

of BCP also was found to be 25% higher for SFS than DRS. Total VFA (mM) 

in ruminal fluid was not influenced by starch degradability, but molar 

proportions of acetate were lower (P < .01), and propionate higher (P < .01) 

for SFS compared with DRS. Acetate to propionate ratios were higher (P < 

.05) for DRS than for SFS. 

Theurer et al. (1991) also showed that net VFA and energy absorption 

was higher for steers fed SFS than for those fed DRS. 

Theurer (1992) summarized studies conducted at the University of 

Arizona comparing SFS to DRS and concluded that SFS increased starch 
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digestibility in the entire digestive tract about 22% (96 vs. 79%) as well as 

increasing digestible starch intake. These differences were due mainly to the 

greater ruminal starch degradation (78 vs. 54%) in cows fed SFS. Data 

demonstrate that steam-flaking of sorghum grain shifts site of starch digestion 

which results in improved starch utilization, more microbial protein synthesis 

and greater energy absorption, particularly propionic acid (Poore et aI., 1993) 

by dairy cows. Increasing ruminal starch degradation may also improve 

conservation of protein by increasing recycling of urea to the rumen for greater 

microbial synthesis (AI-Dehneh, 1992). More research is needed for this area. 

SUMMARY AND NEEDED RESEARCH 

Shifting site of starch digestion from the small intestine to the rumen 

alters digestive function as well as utilization of the nutrients by dairy cows. 

Only limited research has focused on dietary manipulation of the site of starch 

digestion to enhance efficiency of milk production. Studies comparing grain 

type and grain processing methods suggest that maximal energy extraction, 

feed efficiency and milk yield are positively related to increased ruminal rather 

than intestinal starch degradation. Data on the effect of site and extent of 

starch digestion on productivity of lactating dairy cows are inadequate. For 

example, comparison of steam-flaked corn and sorghum to the normally 

processed forms for dairy cows are extremely limited. Little is known on 

optimal levels and densities of SFS for increasing performance of lactating 

cows. Data on the effects of amylase and protease enzyme treatments of 
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sorghum grains on ruminal starch degradability and milk production are needed. 

Comparing DRS with SFS in diets of varying protein degradability would be 

useful to explain some of the effects on production. 



CHAPTER 3 

EFFECT OF STEAM-FLAKING OF CORN AND SORGHUM GRAINS ON 

PERFORMANCE OF LACTATING COWS 

ABSTRACT 
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The objective of this study was to compare the relative feeding value of 

sorghum vs. corn grain in rolled or steam flaked forms in diets for lactating 

dairy cows. Twenty-four Holstein cows (110 days postpartum) were divided 

into four groups and fed diets of 40% grain as dry rolled sorghum, steam rolled 

corn, steam flaked sorghum, or steam flaked corn for 70 days. Compared to 

rolling, flaking of both grains increased yield of milk, milk protein, milk fat, and 

protein content of milk, but differences tended to be greater for sorghum than 

corn. Efficiency of feed utilization was higher for steam flaked than dry rolled 

sorghum, but was not affected by corn processing. Flaking of both corn and 

sorghum increased total tract digestibilities of OM, OM, CP, starch, AOF, and 

NOF. Estimates for NEL were 21 % higher for flaked than rolled sorghum and 

6% higher for flaked than rolled corn. No differences in performance were 

noted between corn and sorghum grains. Cows fed 40% of their diet as steam 

flaked sorghum or corn produced more milk and milk protein than those fed the 

rolled form of the grains, and there were no differences between types of grain 

fed. 
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(Key words: steam flaked sorghum, corn grain, lactating cows) 

Abbreviation key: DRS = dry rolled sorghum; SFS = steam flaked sorghum; 

SFC = steam flaked corn; SRC = steam rolled corn. 

INTRODUCTION 

Starch is a primary source of energy in dairy cow diets fed for high milk 

production, and optimizing starch utilization is fundamental to improving 

efficiency of production of dairy cows. 

Corn grain is the most common starch source for dairy cows in the U.S. 

Sorghum grain is high in energy and starch content and often less expensive 

than corn. However, sorghum grain is often considered lower in feeding value 

than corn grain, because of its lower digestibility as a result of a starch-protein 

matrix which is more resistant to moisture and enzyme penetration than that 

in corn and other grains (Herrera-Saldana et aI., 1990; Theurer, 1986). 

Compared to dry rolling, steam flaking of sorghum grain improves 

lactational performance in dairy cows (Moore et aI., 1992; Poore et aI., 1993; 

Simas et aI., 1992; Theurer et aI., 1991), mainly because of increased ruminal 

(Oliveira et aI., 1992; Poore et aI., 1993) and total tract digestion of starch 

(Oliveira et aI., 1993; Poore et aI., 1991; Simas et aI., 1992; Theurer et aI., 

1 991 ). Steam flaking is accomplished by steaming the grain for 30 to 45 

minutes in a steam chest to increase moisture to 16 to 20% and then passing 

the moisturized grain through large rollers (46 to 61 cm in diameter), the 

apertures of which are set to achieve desired flake densities of the grain (300 
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to 360 giL). Five studies (Theurer, 1992) at the University of Arizona with 

lactating cows have shown recently that feeding 35 to 43% of DM as steam 

flaked sorghum grain to lactating cows increased milk yield 10%, milk protein 

yield 15%, milk fat yield 4%, feed efficiency 7%, and total starch digestibility 

19% compared to feeding of dry rolled sorghum grain. 

However, little is known on the relative feeding value for lactating cows 

of sorghum and corn grains as affected by rolling or steam flaking. The most 

common processing method used for corn grain in the western U.S. is steam 

rolling, which consists of placing whole corn kernels in a steam chest for 10 to 

15 min, then rolling to flake densities of about 500 giL. Unlike the data 

accumulating on sorghum processing, there has been little research comparing 

the relative value of steam rolled and steam flaked corn « 400 giL) for 

lactating cows. The objective of this study was to determine the value of 

sorghum vs. corn grains in the steam flaked or rolled forms (dry rolled sorghum 

or steam rolled corn) as major energy sources for lactating dairy cows. 

MATERIALS AND METHODS 

In Vitro Starch Hydrolysis 

Samples of steam flaked corn (SFC), steam rolled corn (SRC), steam 

flaked sorghum (SFS), and dry rolled sorghum (DRS) grains were ground to 

pass a 1 mm screen in a cyclone grinder (Udy Corporation, Ft. Collins, CO). 

Total starch content was measured as described by Poore (Poore et aI., 1993). 

Samples were gelatinized by autoclaving for 2 h in a 20% CaCI2 solution and 
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then hydrolyzed (14 h) in a 60°C water bath with amyloglucosidase (Diazyme 

L-200®; Miles Inc., Elkhart, IN). Glucose release was determined by 

immobilized glucose oxidase-peroxidase in an industrial analyzer (Yellow Springs 

Instrument Co., Inc., Yellow Springs, OH). Glucose concentrations of the 

hydrolyzed samples were determined using a curve-fitting equation which 

followed second order kinetics. Rate of starch hydrolysis for 30 min was 

determined using the same procedures, except gelatinization was omitted and 

incubation with amyloglucosidase was for 30 min. Starch hydrolyzed at 30 

min was expressed as a percent of total starch content. 

Lactation and Digestion Trials 

Twenty-four lactating Holstein cows (110 days in milk) from the 

University of Arizona Dairy Research Center were assigned to four treatment 

diets in a 2 X 2 factorial arrangement of treatments for 70 d following a 14-d 

pretrial period used for covariate adjustment of treatment data. Diets contained 

40% grain as: dry rolled sorghum, steam flaked sorghum, steam rolled corn, or 

steam flaked corn (Table 1). Sorghum grain was dry rolled through a roller mill 

to a coarsely ground consistency (643 giL, DRS) or steam flaked by placing in 

a steam chamber for 40 min to raise the grain moisture to about 18%, and then 

passed through rollers (46 cm in diameter) with apertures set to produce a flake 

of 360 giL (SFS). Steam rolled corn was prepared by steaming for 20 to 30 

min, and rolling to a density of about 490 giL (SRC). Steam flaked corn was 

steamed for 40 to 60 min and flaked similarly to SFS (360 giL). All diets were 
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mixed weekly as a TMR. Alfalfa hay was chopped (5 to 10 cm in length) and 

mixed with other ingredients in a feed truck equipped with augers and a load 

scale. 

Cows were fed the normal herd diet during the pretrial period with steam 

rolled corn and barley as the primary grain sources. Allotment to treatment 

was based on pretreatment milk yield, and treatment groups were balanced for 

lactation number and DIM. Diets were formulated to meet nutrient 

requirements of lactating cows (NRC, 1989) for CP, NEL, vitamins, and minerals 

(Table 1). 

Individual cows were fed once daily for ad libitum intake through 

electronically controlled gates (American Calan, Inc., Northwood, NH). Orts 

were weighed daily just prior to feeding, and feed offered was adjusted daily 

to about 10% in excess of appetite. Cows were weighed on two consecutive 

days at the beginning and end of the trial. Body condition was scored weekly 

according to Wildman et al. (1 982). 

Cows were milked twice daily at 0700 and 1900 h, and milk yields were 

recorded at each milking. Individual milk samples were collected and 

composited from consecutive milkings (a.m. and p.m.) once weekly. Milk was 

analyzed for fat, protein, lactose, and SNF by infrared procedures at the Arizona 

DHIA Laboratory in Phoenix, AZ. Samples of each TMR were collected at 

weekly intervals and composited for the entire experiment. 

Total tract digestibilities of DM, OM, CP, and starch were determined 
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during the last 14 d of the lactation trial when all diets were mixed with .1 % 

Cr20 3 as an indigestible marker. For the last 5 d, TMR were sampled once 

daily, and orts were totally collected for each cow. Samples were composited 

by treatment for the 5 d. Fecal grab samples (approximately 400 g) were taken 

immediately after each milking (at about 0800 and 2000 h). The ten fecal 

samples collected from the same cow were composited as collected and were 

frozen at - 10°C. 

Subsamples of TMR and orts were dried at 100°C for 24 h to determine 

OM. The remaining sample was dried at 55°C for 48 h and ground through a 

Wiley mill (2 mm mesh; Arthur H. Thomas Co., Philadelphia, PA), then through 

a cyclone mill (Udy Co., Fort Collins, CO) to pass a 1 mm screen. The 

composited fecal sample from each cow was thawed, thoroughly mixed, and 

a subsample was placed in an aluminum foil tray (2 mm thick) to dry at 55°C 

in a forced-air oven for 72 h. Dry fecal samples were then ground through the 

Wiley mill (2 mm screen) in preparation for chemical analysis. 

Feed, orts, and fecal samples were analyzed for OM and OM according 

to AOAC (1); CP using N-C-S Analyzer, (NA 1500; Carlo Erba Strumentazione, 

Strada Rivoltana, Italy) (Kerese, 1984); AOF by the method of Goering and Van 

Soest (1970); NOF according to Robertson and Van Soest (1981); starch by 

the method of Poore (1 993); and Cr 203 as described by Fenton and Fenton 

(1979). 

Treatment data analyzed by the GLM procedure of the SAS program 



(1985) using the following model: 

where 

Yjjkl = J.1 + Pj + Sj + (P X S)jj + COV k + Ejjkl, 

Yjjkl = observation, 

J.1 = overall mean, 

Pj = effect of processing, 

Sj = effect of grain source, 

(P x S)jj = interaction between Pj and SI' 

COV k = covariate (using pretreatment data), and 

Ejjkl = random error. 

Digestibilities of nutrients were analyzed without covariates. 

RESULTS AND DISCUSSION 

In Vitro Starch Hydrolysis 
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From the in vitro analysis, percent of starch hydrolyzed by 30 min for the 

respective grains (SFC, SRC, SFS, and DRS) were 74, 51, 73, and 28% of 

initial starch content. Data show a large effect of processing on enzymatic 

hydrolysis of starch in sorghum and corn grains. Moreover, the in vitro 

disappearance values for starch appear to be good prediction estimates of 

ruminal and total tract starch digestibilities in lactating dairy cows (Oliveira et 

aL, 1992; Poore et aL, 1993). 

Lactation and Digestion Trial 

Although all diets were formulated to contain 18% CP, actual values 
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were higher (Table 2) because increased N resulting from ammoniation of whole 

cottonseed was not considered in original calculations. Values for NEL were 

calculated according to NRC (1 989); but because there was no NEL estimate 

available for SFS, the NEL value for DRS was used. All nutrients were in 

accordance with NRC (1989) guidelines for lactating cows. 

The DMI tended to be higher (P < .10) for steam flaked than rolled 

grains (Table 3), similar to the trends observed in one recent study (Simas et 

aL, 1992) but not in others (Moore et aI., 1992; Oliveira et aL, 1992; Poore et 

aL, 1 991; Theurer et aL, 1 991 ). The reason for higher intakes of flaked 

compared to rolled grains is not known, but may relate to greater ruminal 

disappearance of starch (Oliveira et aL, 1992; Poore et aI., 1993) and NDF 

(Theurer et aL, 1991). 

Compared to rolling, steam flaking of sorghum or corn resulted in 

increased yields of milk, 3.5% FCM, milk fat, and milk protein (Table 3). Milk 

yield increased (P < .01) 3.9 kg/d in cows fed SFS compared to DRS, and 2.5 

kg/d in cows fed SFC compared to SRC. No difference between grain types 

was noted. Milk fat percentage was not affected by treatment, but milk fat 

yield was increased (P < .05) by steam flaking because of increased milk 

yields. Flaking resulted~n higher milk protein percentages than rolling; but the 

effect was largely with sorghum, causing an interaction (P < .10) between 

processing and grain type. Milk of cows fed SFS was numerically higher in 

protein content (.08%) and yield (40 g/d) than those fed SFC. Similar results 



42 

were observed in a study by Texas workers (A. Lane, unpublished data). The 

reason for the slightly higher milk protein in cows fed SFS than SFC is not 

known. An important economic comparison is between flaked sorghum and 

rolled corn because the latter is a commonly used grain in dairy diets 

throughout the western U.S. This study showed that milk and milk protein 

yields were 2.9 kg/d and 130 g/d higher for SFS than SRC, respectively. 

Higher milk and milk protein yields in cows fed SFS compared to DRS 

were consistent with previous studies (Moore et aI., 1992; Oliveira et aL, 

1993; Poore et aL, 1993; Simas et aL, 1992; Theurer et aL, 1991). Higher 

ruminally degraded starch resulted in increased ruminal VFA concentrations 

(Moore et aL, 1992; Oliveira et aI., 1992; Poore et aL, 1993) (especially 

propionate) and greater flow of bacterial protein to the duodenum (Oliveira et 

aL, 1992; Poore et aL, 1993). Thus, the stimulating effect of steam flaking of 

grains on milk protein content may be associated with more VFA absorption 

from the rumen or greater synthesis of rumen microbial protein (Wu et aL, 

1994). Increased availability of ruminal propionate for gluconeogenesis in the 

liver may spare AA for synthesis of more milk protein. However, this 

hypothesis needs further investigation. 

Efficiency of feed utilization (FCM:DMI) was improved (P < .06) with 

SFS compared to DRS. However, steam flaking of corn grain failed to show 

benefits in feed efficiency because of higher intake of the SFC than SRC diet. 

Changes in BW and body condition score were not affected by treatments. 
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Similar to previous studies (Oliveira et aI., 1993; Poore et aI., 1993; 

Simas et aI., 1992; Theurer et aI., 1991), flaking compared to rolling increased 

digestibilities of DM (P < .01), and starch (P < .01). Digestibilities of CP (P 

< .09), ADF (P < .04), and NDF (P < .01) also were higher for diets with 

flaked than rolled grains, but type of grain had no effect. The reason that 

magnitude of difference in starch digestibilities between the SFS and DRS diets 

was less in this (98 vs. 91 %) than in three other studies (Oliveira et aI., 1993; 

Poore et aI., 1993; Simas et aI., 1992) which averaged 96% for SFS and 77% 

for DRS is not obvious. Oliveira et al. (1993) reported that starch digestibility 

for DRS was 70% compared to 82% for SFC; but no differences between 

these grains were shown in this study. Increases in DM and starch 

digestibilities, when comparing flaking to rolling, were less for corn than 

sorghum and may be because the short steaming period prior to rolling corn 

grain tended to minimize processing differences. Also, higher ruminal 

degradabilities of DM, starch, and CP in steam rolled corn than dry rolled 

sorghum grain have been reported (Herrera-Saldana et aI., 1990). Increases in 

ADF and NDF digestibilities for steam flaked compared to rolled grains agree 

with the results of the study of Theurer et a!. (1991) and suggest that rumen 

fermentation was enhanced by increased rumen degradable starch. Steam 

flaking may have directly increased digestion of grain fiber. 

Diet NEL was estimated from maintenance requirements, BW change, 

daily FCM yield, and DMI using established energy relationships (NRC, 1989). 
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Assuming these differences were totally attributable to the change in grain and 

that NEL for dry rolled sorghum was 1.84 Mcal/kg as in NRC (1989)' then 

estimated NEL for SFC, SFS, and SRC would be 2.22, 2.18, and 2.10 Mcal/kg, 

respectively. Calculations showed that flaked sorghum grain was 21 % higher 

in NEL than DRS, while flaked corn was 6% superior to rolled corn. The higher 

NEL for flaked than rolled sorghum is similar to that estimated in a previous 

study (Theurer et aI., 1 991 ). Flaked corn in NRC (1 989) was 2 % lower than 

our estimate, and the value for rolled corn was the same as NRC (1989). 

CONCLUSIONS 

Steam flaking of sorghum and corn grains improved lactational 

performance and efficiency of feed utilization in dairy cows compared to rolling. 

In diets for lactating cows containing 40% grain, steam flaked sorghum was 

superior to dry rolled sorghum or steam rolled corn, and equal to steam flaked 

corn for all performance parameters. Steam flaking compared to rolling 

increased the nutritive value of sorghum grain much more than corn grain. 

The impact of steam flaking of sorghum grain on milk protein yield is 

particularly important as milk pricing systems in the U.S. place greater 

emphasis on protein content of milk. When increased milk yield, feed 

efficiency, and protein content of milk are taken into account, higher profits 

from steam flaking compared to rolling of corn or sorghum grains are 

considerable. 
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TABLE 1. Ingredient composition of diets. (Exp. 1) 

Diet1 (% of DM) 

DRS and SFS SRC and SFC 
Ingredient % % 

Sorghum grain2 40.0 

Corn grain3 40.0 

Soybean meal 7.5 7.5 

Alfalfa hay 34.0 34.0 

Whole cottonseed 10.0 10.0 

Cottonseed hulls 3.0 3.0 

Molasses, dried 1.5 1.5 

Urea .6 .6 

Minerals and vitamins4 2.0 2.0 

Buffer5 1.4 1.4 

1DRS = dry rolled-sorghum; SFS = steam flaked sorghum; SRC = steam rolled 
corn; SFC = steam flaked corn. 
2Processed as dry rolled or steam flaked. 
3Processed as steam rolled or steam flaked. 
4CaC03, .66%; biophos, .78%; trace mineralized salt, .35%; vitamins, .21 % 
(A, 110,000 IU/kg; D, 11,000 IU/kg). 
5NaHC03, 1 %; MgO, .4%. 
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TABLE 2. Nutrient composition of diets. (Exp. 1) 

Diet' 

Item SFC SFS SRC DRS 

NEL, Mcal/kg2 1.72 1.62 1.64 1.62 

CP, % 19.1 20.3 21.0 21.7 

OM,% 81.6 82.0 81.9 82.2 

Starch, % 30.0 30.8 29.6 30.4 

ADF, % 24.3 23.8 23.8 23.2 

NDF, % 29.9 31.1 30.6 28.8 

, DRS = dry rolled-sorghum; SFS = steam flaked sorghum; SRC = steam rolled 
corn; SFC = steam flaked corn. 
2Calculated based on NRC, 1989. 
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TABLE 3. Effect of processing and grain source on performance of dairy cows. 
(Exp. 1) 

Diet' P< 

Item SFC SFS SRC DRS SEM p2 S2 PxS 

DMI, kg/d 25.2 25.5 23.5 24.5 .8 .10 .43 .62 

Milk, kg/d 34.6 35.0 32.1 31.1 .8 .01 .70 .41 

FCM, kg/d 31.8 32.7 29.8 29.1 .9 .05 .92 .39 

FCM:DMI 1.26 1.29B 1.28 1.19b .03 .22 .37 .12 

Milk fat, % 3.01 3.15 3.06 3.11 .10 .93 .37 .66 

Milk protein, % 2.93 3.01 2.89 2.80 .05 .01 .86 .10 

Milk fat, kg/d 1.04 1.09 .99 .97 .04 .04 .67 .38 

Milk prot.,kg/d 1.01 1.05 .92 .88 .03 .01 .99 .15 

BWC, kg 12.1 2.0 - 6.4 -12.7 11.4 .16 .48 .87 

BCSC3 .13 .17 .17 .08 .07 .77 .77 .38 

B,bSFS > DRS (P < .06). 
, SFC = steam flaked corn, SFS = steam flaked sorghum, SRC = steam rolled 
corn, DRS = dry rolled sorghum, BWC = body weight changes, BCSC = body 
condition score changes, SEM = standard error mean, P = processing effect, 
S = grain source, PxS = interaction between processing and source of grain. 
2p = processing; S = source of grain. 
3Body condition score change by the end of trial, according to the method of 
Wildman et al. (20). 
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TABLE 4. Effect of processing and grain source on digestibilities of nutrient in 
dairy cows. (Exp. 1) 

Diet' P< 

Item SFC SFS SRC DRS SEM p2 S2 PxS 

Apparent 
digestibility, % 

OM 67.3 67.2 63.6 59.5 1.7 .01 NS NS 

OM 68.8 68.5 64.0 64.9 2.7 .14 NS NS 

CP 68.1 70.4 67.1 65.9 1.6 .09 NS NS 

ADF 41.2 37.4 33.4 30.7 3.2 .04 NS NS 

NDF 41.1 41.9 33.7 30.4 3.3 .01 NS NS 

Starch 95.9 97.7 91.8 91.3 1.2 .01 NS NS 

10M = dry matter, OM = organic matter, CP = crude protein, SFC = steam 
flaked corn, SFS = steam flaked sorghum, SRC = steam rolled corn, DRS = 
dry rolled sorghum, SEM = standard error mean, P = processing effect, S = 
grain source, PxS = interaction between P and S, NS = nonsignificant (P > 
.15). 
2p = processing; S = source of grain. 



CHAPTER 4 

EEFECT OF SUBSTITUTING STEAM-FLAKED SORGHUM FOR 

CONCENTRATE ON LACTATION AND DIGESTION IN DAIRY COWS 

ABSTRACT 
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A lactation trial was conducted to determine the effect of substituting 

varying amounts of steam-flaked sorghum grain for a concentrate mixture on 

lactational performance and nutrient digestibilities in dairy cows. Thirty-five 

lactating cows (110 DIM) were allotted to five dietary treatments for 70 d and 

fed 0, 15, 30, or 45% of dietary OM as steam-flaked sorghum grain (360 gIL) 

in place of equal amounts of a mixture (DM basis) of steam-rolled corn, .4; 

rolled barley, .13; wheat mill run, .2; and ground beet pulp, .27 in four diets. 

Thinly flaked sorghum grain (283 gIL) was fed as a fifth treatment at 15% of 

dietary DM. The DMI tended to increase as flaked sorghum increased. Yields 

of milk and milk protein and percentages of milk protein and SNF increased 

linearly as sorghum increased. Milk yield for cows fed 15% of DM as the thinly 

flaked sorghum was higher than those fed the 360 gIL flake at 15%, and 

similar to that of cows fed the 360 gIL flake at 30 or 45%. Feed efficiencies 

and changes in BW and body condition score were unaffected by treatment. 

As steam-flaked sorghum increased, digestibilities of OM, OM, AOF, NDF, and 

CP tended to decrease, except for the thinly flaked sorghum fed at 15% of DM. 
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Apparent starch digestibility in the total tract was unaltered by diet. 

Substitution of 30 to 45% of OM as steam-flaked sorghum grain (360 giL) for 

an equal amount of a mixture of grain and by-products increased yields of milk 

and milk protein. A thinly flaked sorghum (283 giL) fed at 15% of OM 

increased milk yields over that of the control diet or that with the 360 giL flake 

at 15%. 

(Key words: steam-flaked sorghum, lactating cows, milk yield, milk protein 

Abbreviation key: DRS, dry-rolled sorghum; RDS, ruminal degradable starch; 

RUS, ruminally undegradable starch, SFS, steam-flaked sorghum. 

INTRODUCTION 

Site of starch digestion in the ruminant greatly affects efficiency of 

nutrient utilization and quantity and quality of milk (Theurer et aI., 1993), and 

may vary considerably with the type of grain in the diet (Herrera-Saldana et aI., 

1990). 

Use of steam-flaked sorghum (SFS) for ruminants causes a major shift 

in site of starch digestion from the small intestine to the rumen (Harbers, 

1975)' resulting in increased ruminal (Oliveira et aI., 1990; Poore et aI., 1993) 

and total tract digestibilities of starch in dairy cows (Chen et aI., 1994; Oliveira 

et aI., 1993; Theurer et aI., 1991 a; Theurer et aI., 1991 b). In six studies 

conducted at the University of Arizona, SFS compared with dry-rolled sorghum 

(DRS) increased average milk yield 3 kgld (10%), efficiency of FCM (FCM/OMI) 

9%, and milk protein yield 130 gld (15%) (Theurer et aI., 1993). Theurer et 
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al. (1991 a) and Chen et al. (1994) estimated an NEL value of 2.20 and 2.18 

Mcallkg of OM, respectively, for SFS compared with the NRC (1989) estimate 

of 1.84 for unprocessed sorghum grain. 

Little information exists on effects of varying amounts of SFS or on 

response of dairy cows fed SFS of varying flake densities. Moore et al. (1992) 

reported that cows fed 42% SFS as a moderately processed flake (400 giL) 

had higher milk yield and DMI than those fed a highly processed flake (270 

giL), regardless of buffer addition. 

Because of availability and price of high energy by-products, reduction of 

grain content may be profitable for commercial dairy diets. Thus, the objective 

of this study was to determine the effect of adding increasing amounts of SFS 

(360 giL) on milk yields and composition when substituted for a mixture of 

grain and by-products similar to that fed on commercial dairies in Southwestern 

US. One diet containing a low percentage, 15%, of a very thin flake (283 giL) 

higher in ruminally degradable starch (RDS) than the moderate flake (Theurer, 

1 986) also was fed to assess its feeding value relative to diets with the 

moderate flake. 

MATERIALS AND METHODS 

Thirty-five lactating Holstein cows (110 DIM) were fed the normal herd 

diet containing 38% alfalfa hay, 12% whole cottonseed, 4% cottonseed hulls, 

and 46% concentrate mix during a 14-d pretreatment period. Based on 

pretreatment milk yield, DIM, and parity, cows were assigned to seven outcome 
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groups and randomly allotted to five dietary treatments for 70 d. Four diets 

contained 0, 15, 30, or 45% SFS (360 gIL), and 45, 30, 15, or 0% of a 

mixture of other grains and by-products (steam-rolled corn .4; dry-rolled barley 

.13; wheat mill run, .2; beet pulp, .27), respectively, of the diet OM (Table 5). 

A fifth diet contained 15% of OM as thinly flaked sorghum (283 gIL). 

Diets were formulated to meet or to exceed nutrient requirements (NRC, 

1989) for CP, NEL, AOF, NOF, minerals, and vitamins. To process the SFS, 

grain was placed in a steam chamber for 40 to 50 min, which raised grain 

moisture to 18 to 20% and then passed through a roller (46 cm in diameter) 

with apertures set to flake grain at 360 or 283 gIL. Flake density was 

determined on fresh grain as it exited directly from the rollers. After 

processing, SFS was mixed into TMR, and samples of TMR from each mix were 

composited for the entire experiment. 

Individual cows were fed once daily for ad libitum intake through 

electronically controlled gates (American Calan, Inc., Northwood, NH). Orts 

were weighed daily prior to feeding, and feed offered was adjusted daily to 

about 10% in excess of appetite. Cows were weighed for 2 consecutive d at 

the beginning and end of treatment. Body condition of cows was scored 

weekly on a five-point scale according to the system developed by Wildman et 

al. (1982) with .25-unit intervals. 

Cows were milked twice daily at 0700 and 1 900 h, and milk yields were 

recorded each milking. Milk was sampled from each cow and composited for 
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two consecutive mil kings (a.m. and p.m.) once weekly and analyzed for fat, 

protein, lactose, and SNF contents by infrared procedures at the Arizona DHIA 

Laboratory (Phoenix, AZ). 

Apparent total tract digestibilities of DM, OM, CP, ADF, NDF, and starch 

were determined during the last 14 d of the lactation trial. All diets were mixed 

with .1 % Cr20 3 as the indigestible marker. For the last 5 d, the TMR was 

sampled once daily, orts were totally collected from individual cows, and fecal 

grab samples (approximately 400 g) were taken after each milking (about 0800 

and 2000 h) from each cow. As collected, the 10 fecal samples from the same 

cow were composited and frozen at -10°C. 

Feed DM content was determined in a forced draft oven at 100°C. 

Samples from all diets, orts, and feces were thawed at room temperature 

(25°C), dried at 50°C, and ground through a cyclone mill (Udy Co., Fort 

Collins, CO) to pass a l-mm screen. Ground samples were then analyzed for 

OM according to AOAC procedures (1990), CP with an N Autoanalyzer 

(Technicon, Tarrytown, NY) after digestion by micro-Kjeldahl (AOAC, 1990)' 

starch by the method described by Poore et al. (1991), ADF by the method of 

Goering and Van Soest (1970), NDF according to the method of Robertson and 

Van Soest (1981)' and Cr203 as described by Fenton and Fenton (1979). 

Data were analyzed using the General Linear Models procedure of SAS 

(1985) for randomized block designs according to the following model: 

Yj1kl = J1 + Tj + Bj + TBjj + Ck + Ejjkl 



where 

/1 = overall mean, 

Tj = treatment effects, 

Bj = block effects, 

TB jj = interaction between T j and Bj, 

Ck = pretreatment as covariant effect, 

and Ejjkl = residual error. 
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The SFS diets (360 giL) were tested for linear, quadratic, and cubic 

effects, and the two 15% SFS diets were tested for orthogonal differences. 

Covariant adjustments of OMI, milk yield, and milk composition were based on 

pretreatment values. Significance was declared at P < .10 and trends at P < 

. 17 unless otherwise indicated. 

RESULTS AND DISCUSSION 

Starch content was 19 to 34% of dietary OM for diets containing 

increasing amounts of SFS (Table 6). Estimates of ROS for the respective diets 

increased from 11 to 25% of dietary OM (Theurer, 1986). Ruminally 

undegradable starch (RUS) was calculated to be similar for all diets. However, 

digestibility of RUS should be higher for SFS than the grain mixture (Oliveira et 

al. 1992; Poore et aI., 1993). Because of high quality alfalfa hay and 

ammoniated cottonseed, CP was higher than originally planned. 

The OMI did not significantly differ among treatments (Table 7), although 

it tended (P < .15) to increase linearly as SFS increased in diets. The OMI 
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increased in two previous studies (Chen et aI., 1994; Simas et aI., 1992) for 

cows fed SFS compared with DRS but not in other studies (Moore et aI., 1992; 

Oliveira et a11993; Poore et aI., 1993b). The trend toward increased DMI may 

have been caused by greater palatability of feed containing SFS or enhanced 

ruminal fermentation by increased RDS. Moore et al. (1992) reported a 

depression in DMI and milk fat percentages when cows were fed 42% of highly 

processed SFS (270 gIL). The differences between our findings and that of 

Moore et al. (1992) are because of a lesser amount of the very thin flake in our 

diet. 

Milk yield increased linearly (P < .05) as percentage of SFS in diets 

increased. Cows fed 30% SFS produced 2.1 kgld more milk than those fed no 

SFS. Milk yield of cows fed 15% of diet OM as the thin flake (283 gIL) was 

similar to that of cows fed 30 or 45% of the medium flake (360 gIL) and higher 

than the medium flake at 15%. Yields of SCM also increased linearly as SFS 

increased, but magnitude of increase in FCM was not as great with increased 

SFS. 

Milk protein content and yields increased linearly as SFS increased (Table 

7). Compared with controls, cows fed 30 and 45% SFS (360 gIL) yielded 120 

and 110 gld more milk protein, respectively. The findings here are supportive 

of earlier studies at Arizona (Chen et aI., 1994; Oliveira et aI., 1993; Poore et 

aI., 1993b; Simas et aI., 1992; Theurer et aI., 1991 a) and elsewhere (Rook and 

Line, 1961; Yousef et aI., 1970), which have demonstrated increased milk 
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protein percentages and yields with increased ruminally fermentable CHO and 

non-structural CHO content of the diet. The potential effects of steam

processed grains on milk protein is an extracaloric benefit, especially with 

changes in component pricing in favor of higher milk protein. High RDS 

increases flow of bacterial CP from the rumen (McCarthy et aJ., 1989; Oliveira 

et aJ., 1990; Poore et aJ., 1993) for intestinal absorption. The increase in milk 

protein percentage with increased dietary SFS may be attributed to greater 

synthesis of microbial protein in the rumen (Wu et aJ., 1994). 

Efficiency of production (FCM/DMI) was not significantly affected by 

diets; neither were body condition scores, although BW changes increased 

linearly (P < .10) as SFS increased. 

Apparent total tract digestibilities of DM, OM, CP, NDF, and ADF 

decreased as SFS consumption increased (Table 8). Similar reductions in fiber 

digestibilities were observed by Oliveira et aJ. (1993) and Poore et aJ. (1 993b) 

when DRS was compared with SFS. The lower fiber digestion with increased 

SFS in the diet reflects reduced cellulolytic activity (Hoover, 1986) associated 

with greater ruminal fermentation of starch (McCarthy et aJ., 1989; Oliveira et 

aJ., 1990). The decrease in NDF digestibilities at 15 and 30% SFS accounts 

for the decreases in digestibilities of DM and OM. 

The reason for the decreased CP digestibility at 30% SFS is not 

apparent, but a similar decrease was observed by Oliveira et al. (1 993) when 

SFS was compared with DRS. Compared with the control diet (45% mixture), 
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digestion of CP did not decrease when 15% of the thin flake was fed. 

Ruminally degradable protein was estimated to be 13% (1989), which should 

have been sufficient for the increased fermentation of RDS supplied by large 

amounts of SFS (Hoover and Stokes, 1991). Apparent total tract digestibilities 

of starch were not altered by diet. The lack of difference between diets in 

starch digestibility suggests that starch in the mixture was highly digestible, as 

the results of Herrera-Saldana et al. (1 990) affirm, who showed very rapid in 

situ disappearance of ground barley and wheat starches. Degradability of corn 

starch was slower, but considerably faster than that of ground sorghum. 

The higher yields of milk and milk protein associated with higher intakes 

of SFS strongly support previous studies (Chen et aI., 1994; Moore et al., 

1992; Oliveira et aI., 1993; Simas et ai, 1992; Theurer et aI., 1991 b) and 

suggest that lactational responses to SFS are dependent on amount of RDS in 

diets. Higher RDS intakes increased ruminal VFA (Oliveira et aI., 1990; 

Theurer, 1986) and flow of bacterial protein to the duodenum (Oliveira et aI., 

1990; Poore et aI., 1993a; Theurer et aI., 1986). However, as SFS (360 giL) 

increased from 30 to 45% of dietary DM, milk yield slightly declined, indicating 

that excessive RDS may negatively affect ruminal fermentation and consequent 

performance. Moore et al. (1992) reported that milk yield decreased in cows 

fed a diet of 42% thinly flaked sorghum grain (270 giL) at 26% RDS compared 

with 42% of a thicker flake (400 giL) at 22% RDS. The optimal concentration 

of moderately processed (360 giL) SFS for lactating cows fed diets similar to 
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those fed in the present study apparently is between 30 and 40%. Because 

only 15% of the thinner flaked grain (283 giL) was evaluated, its optimal 

concentration in diets was not established; however, at 15% of dietary DM, the 

283 giL flake increased milk and milk protein yields without adversely affecting 

DM I or milk fat content. 

Although data are insufficient to establish a response gradient to RDS in 

lactation diets, results from this study suggest maximal yield of milk and milk 

protein for diets containing 18 to 22% RDS. 

CONCLUSIONS 

Substitution of SFS for a mixture of grain and by-products that is typical 

of dairy diets in the Southwest US linearly increased yields of milk and milk 

protein and percentages of milk protein and SNF. The optimal level of 

substitution appears to be 30 to 40% of moderately processed SFS (360 giL) 

or 15% of highly processed SFS (283 giL). This study demonstrated the 

beneficial effects of increased intake of RDS on lactational performance. More 

research is needed on response varying starch and RDS in lactation rations. 



TABLE 5. Ingredient composition of diets. (Exp. 2) 

Concentration of SFS' 

Ingredient 0% 15% 30% 45% 15%2 

------------------ (% of OM) ------------------

SFS 15 30 45 15 

Concentrate mixture2 45 30 15 30 

Soybean meal 4.6 4.6 4.6 4.6 4.6 

Fish meal 2.5 2.5 2.5 2.5 2.5 

Whole cottonseed 10 10 10 10 10 

Cottonseed hulls 1.0 1.5 2.0 1.0 

Alfalfa hay 33.0 32.0 31.5 31.0 32.0 

Molasses 1.5 1.5 1.5 1.5 1.5 

Buffer3 1.4 1.4 1.4 1.4 1.4 

Minerals + vitamins4 2.0 2.0 2.0 2.0 2.0 

, Steam-flaked sorghum grain was processed to a bulk density of 360 giL. 
2Thin flake SFS (283 giL). 
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3Comprised of steam-rolled corn, .4; dry-rolled barley, .13; wheat mill run, .2; 
and beet pulp, .27. 
4NaHC03, 1 %; MgO, .4%. 
5CaC03, .66%; dicalcium phosphate, .78%; trace mineralized salt, .35%; 
vitamins A & 0, .21 % (calculated to furnish 60,000 IU of vitamin A and 6,000 
IU of 03/d per cow). 
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TABLE 6. Nutrient composition of diets. (Exp. 2) 

Concentration of SFS1 

0% 15% 30% 45% 15%(T)2 

NEL
3

, Mcallkg of 1.68 1.65 1.65 1.65 1.65 
OM 

CP, % of OM 20.6 21.3 21.4 20.7 22.5 

RUP,3 % of CP 37.8 38.0 38.2 38.4 38.0 

Starch, %of OM 19.4 23.5 28.7 34.3 24.9 

RDS4 % of DM 11.2 15.9 20.5 25.2 17.6 

RUS4 % of DM 8.2 7.6 8.2 9.1 7.3 

ADF, % of DM 19.9 19.9 19.0 18.7 18.1 

NDF, % of DM 32.7 27.2 28.8 26.4 27.9 

10iet 0, 15, 30, 45 contained 0, 15 30, or 45% steam-flaked sorghum (SFS) 
(360 gIL) and 45, 30, 15, or 0% of the concentrate mixture (corn, .4; barley, 
.13; wheat mill run, .20; and beet pulp, .27). 
2Thin flake SFS (283 gIL). 
3Calculated from NRC (11). 
4RDS, ruminally degradable starch; RUS, ruminally undegradable starch. 
Calculated according to (Herrera-Saldona et aI., 1990b). 



TABLE 7. Effect of substitution of steam-flaked sorghum (SFS) for concentrates mixture on OMI and lactational 
performance of dairy cows. (Exp. 2) 

Concentrations of SFS' 

Item 0% 15% 

OMI kg/d 23.0 23.4 

Milk, kg/d 36.5 35.7 

3.5% FCM, kg/d 34.3 34.3 

SCM, kg/d 33.8 34.0 

FCM/OMI 1.49 1.45 

Milk protein, % 2.91 3.04 
kg/d 1.05 1.08 

Milk fat, % 3.16 3.20 
kg/d 1.15 1.16 

SNF, % 8.35 8.51 

Lactose, % 4.85 4.85 

Changes in BW5, kg 1.07 9.8 

lets 0, 15, 30, 45 contained 0, 1 
2L = linear effect; C = cubic effect. 
3Thin flake SFS (283 gIL). 
4p> .17. 

30% 

24.6 

38.6 

36.7 

36.5 

1.48 

3.03 
1.17 

3.18 
1.23 

8.47 

5.01 

29.1 

5Mean changes in BW during the 70-d experiment. 
6Mean changes in BCS during the 70-d experiment. 

45% 

25.0 

37.6 

35.8 

36.0 

1.44 

3.10 
1.16 

3.20 
1.20 

8.61 

4.87 

23.2 

15% (T) SEM 

23.7 1.1 

38.7 1.0 

36.5 1.1 

36.2 1.1 

1.53 .08 

2.98 .04 
1.14 .03 

3.25 .10 
1.23 .05 

8.43 .05 

4.87 .06 

9.0 

SFS Effect2 , P < 

360 giL 15 vs. 15 (T)%3 

L (.15) NS4 

L (.04), C (.02) .05 

L (.17) NS 

L (.06) NS 

NS NS 

L (.01) .10 
L (.01) NS 

NS NS 
NS NS 

L (.01) NS 

NS NS 

L (.10) NS 

NS 
'0 concentrate mixture. 

~ ~~. 

0"1 ..... 
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TABLE 8. Effect of substitution of steam flaked sorghum grain (SFS) for 
concentrate mixture on nutrient digestion by dairy cows. (Exp. 2) 

Concentration of SFS, , 

Item 0% 15% 30% 45% 15%T2 SEM 

Intake of 
nutrients, kgld 

Starch 4.46 5.50 7.06 8.58 5.96 

RDS 2.58 3.72 5.04 6.30 4.17 

RUS 1.88 1.78 2.02 2.28 2.23 

Apparent tract 
digestibility, % 

OM 70.7 67.7 67.6 68.6 71.9 1.1 

OM 73.48 70.6b 70.1b 71.58b 74.48 1.0 

CP 72.68 71.58 66.6b 69.08b 72.88 1.5 

Starch 98.5 98.3 98.6 99.0 98.9 1.2 

ADF 49.68 43.7b 43.4b 42.9b 47.28b 2.0 

NDF 55.38 41.5c 45.4bc 44.4c 50.68b 2.1 

a,b,cMeans in the same row with similar superscripts do not differ (P < .05). 
'Diets 0, 15, 30, 45 contained 0, 15 30, or 45% SFS (360 giL) and 45, 30, 
15, or 0% concentrate mixture. 
2Thin flake SFS (283 giL). 
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CHAPTER 5 

EFFECT OF ENZYME TREATMENT AND STEAM-FLAKING OF SORGHUM ON 

MILK YIELD AND NUTRIENT DIGESTION 

IN DAIRY COWS 

ABSTRACT 

Thirty-six lactating Holstein cows were used in a 2 x 2 factorial 

arrangement of treatments designed to determine effects of a fungal enzyme 

(high in amylolytic and proteolytic activities) or steam-flaking of sorghum grain 

on lactational performance of cows. Cows were fed diets containing 40% of 

dry-rolled or steam-flaked sorghum, with or without enzyme treatment, for 70 

d. Compared with dry-rolling, steam-flaking of sorghum grain increased yield 

of milk and milk protein; 3.5%FCM, efficiency of feed utilization (FCM/DMI), 

and percent milk protein tended to increase with steam-flaked sorghum. Milk 

casein (as percent of total protein) was similar for all diets; but milk urea N was 

lower for cows fed steam-flaked than dry-rolled sorghum. Milk fat percentage 

was decreased with steam-flaking, but yield was not altered. Short chain fatty 

acids (Cs - C14) in milk were increased by steam-flaking but long chain fatty 

acids (C16 - C1S) were not affected. Enzyme addition did not improve lactational 

performance except for milk lactose percentage, which was increased slightly 

with enzyme treatment (5.02 vs. 4.96%). Steam-flaked sorghum increased 
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digestibilities of OM, OM and starch (63 vs. 57%; 66 vs. 59%; 98 vs. 83%, 

respectively) compared to dry-rolled sorghum. Enzyme did not affect 

digestibility of starch. However, there appeared to be an interaction between 

the processing and enzyme for digestibilities of OM, OM, CP and NOF as flaking 

response was greater with the enzyme treated grains. AOF digestibility was 

not altered by either grain processing or enzyme treatment. This study 

demonstrated improved lactational performance of dairy cows resulted from 

steam-flaking of sorghum but addition of a "sorghum specific" enzyme has little 

effect. 

(Key words: steam-flaked sorghum grain, fungal enzyme, lactating cows). 

Abbreviation key: D = dry-rolled sorghum; DE = dry-rolled sorghum with 

enzyme; S = steam-flaked sorghum; SE = steam-flaked sorghum with enzyme. 

INTRODUCTION 

The starch/protein matrix in grain sorghum is harder, more dense, and 

more resistant to moisture penetration than that of corn, causing a slower rate 

of ruminal digestion (Hale, 1973; Theurer, 1984). Application of moisture, 

heat, and mechanical pressure to sorghum grain causes disruption of the 

granular structure and protein encapsulation of contained starches, making 

starch more accessible by the rumen microorganisms. Steam-flaked sorghum 

grain increased ruminal starch digestion 60% (Poore et aI., 1993; Oliveira et aI., 

1992; Theurer, 1986), milk yield 10%, and milk protein yield 15% when 

compared to normally dry-rolled form (Chen et aI., 1994; Moore et aI., 1992; 
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Poore et aI., 1993; Oliveira et aI., 1993; Simas et al., 1992; Theurer et aI., 

1 991 ). Beneficial effects of steam-flaking were associated with a shift of 

starch digestion from the intestine to the rumen of cows, resulting in greater 

synthesis of rumen microbial protein (Oliveira et aI., 1990; Poore et aI., 1993; 

Theurer, 1986); and higher net absorption of acetic and propionic acids, the 

major energy sources in ruminants (Theurer, 1 991 ). 

Benefits similar to steam-flaking of sorghum might also be accomplished 

through enzymatic enhancement of starch degradation in the rumen. A 

"sorghum specific" enzyme preparation (Digest "M", Loveland Industries Inc., 

Greeley, CO.) with amylolytic and proteolytic properties was designed to 

promote digestion of the starch/protein matrix and facilitate release of these 

highly digestible nutrients in grain sorghum without the need of steam 

processing. Studies with feedlot cattle (Richardson, unpublished data) have 

shown that addition of the enzyme mixture to dry-rolled sorghum improved feed 

intake 11 %, average daily gain 25%, and feed efficiency 11 %. Addition of the 

enzyme mixture to steam-flaked sorghum grain was less beneficial. 

The enzyme mixture might potentially enhance nutrient utilization of 

ground or dry-rolled sorghum grain in areas where steam-flaking equipment is 

not available or fuel costs make steam-flaking prohibitive. The objective of this 

study was to compare effects of the fungal enzyme mixture and steam-flaking 

of sorghum grain on milk production and composition, feed efficiency, and 

nutrient utilization in high producing dairy cows. 



MATERIALS AND METHODS 

In Vitro Starch Hydrolysis 
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Dry-rolled and steam-flaked sorghum grains were treated with or without 

a "sorghum specific" enzyme (Digest M, Loveland Industries Inc., Greeley, Co) 

immediately after processing. Samples of sorghum grains as dry-rolled (0)' dry

rolled plus enzyme (DE), steam-flaked (S), or steam-flaked plus enzyme (SE) 

were collected from a rotary mixer equipped with an auger and ground to pass 

a 1-mm screen in a cyclone grinder (Udy Corporation, Ft. Collins, CO). Total 

starch content was measured as described by Poore et al.(1991). Samples 

were autoclaved for 2 h in a solution of 20% CaCI2 and then hydrolyzed (14 h) 

in a water bath at 60°C with amyloglucosidase (Diazyme L-200; Miles Inc., 

Elkhart, IN). Glucose release was determined by immobilized glucose oxidase

peroxidase in an industrial analyzer (Yellow Springs Instrument Co., Inc., Yellow 

Springs, OH). Glucose concentrations from hydrolyzed samples were 

determined using a curve-fitting equation that followed second-order kinetics. 

Rate of starch hydrolysis was determined using the same procedures, except 

that autoclaving was omitted, and incubation with amyloglucosidase was for 

30 min. Starch hydrolyzed at 30 min was expressed as percentage of total 

starch content. 

Lactation and Digestion Trials 

Thirty-six Holstein cows (DIM 110) were fed the regular herd ration 

during a 14-d pretreatment period, and then assigned to four treatment diets 
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in a 2 x 2 factorial arrangement for 70 d. Diets contained 40% of DM as dry-

rolled sorghum (D), dry-rolled sorghum treated with enzyme (DE), steam-flaked 

sorghum (S), or steam-flaked sorghum treated with enzyme (SE). A randomized 

block design was employed with blocks based upon pretreatment milk yield. 

Treatment groups were balanced for lactation number and days in milk. 

Diets were formulated to meet the nutrient requirements of lactating 

cows (NRC, 1989) for CP, NEll vitamins and minerals (Table 1). Sorghum grain 

was either dry-rolled through a roller mill to a coarsely ground consistency (643 

giL) or steamed for 40 min to increase moisture to about 18% and then passed 

through rollers (46 cm diameter) with apertures set to produce a flake of 360 

giL. The enzyme mixture (170 glton of grain) was mixed with sorghum grain 

in a rotary mixer following processing at the University of Arizona feed mill. All 

dietary ingredients were mixed as a TMR and fed ad libitum to cows once daily 

using electronically controlled gates (American Calan, Inc., Northwood, NH). 

Orts were weighed once daily and amount of feed offered was adjusted daily 

to about 10% in excess of appetite. Cows were weighed on two consecutive 

days at the beginning and end of the trial. Body condition scores of cows were 

evaluated weekly according to the system of Wildman et al. (1982) with .25 

unit increments. 

Cows were milked twice daily at 0700 and 1900 h, and milk yields were 

recorded daily. Individual milk samples were collected from consecutive 

mil kings (am and pm) once weekly and analyzed for fat, protein, lactose, SNF, 
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and SCC by infrared procedures at the Arizona DHIA Laboratory, Phoenix, AZ. 

Two sets of milk samples were also sent to the University of California, Davis 

for analysis of total milk N, casein N, urea N, and fatty acids. 

Samples of feed were collected weekly and analyzed as follows: OM and 

CP by AOAC (1990) procedures, ADF according to the method of Goering and 

Van Soest (1970), NDF according to the method of Robertson and Van Soest 

(1981), and starch as preciously described. 

During the last 14 d of the lactation trial, all diets were mixed with. 1 % 

Cr20 3, an indigestible marker to estimate digestibility of nutrients. For the last 

5 d, orts were totally collected, and grab samples of feces (approximately 300 

g) were taken immediately after each milking. Fecal samples were frozen at-

10°C. Samples of feed, orts and feces were analyzed for OM, OM, CP, starch, 

ADF, and NDF as previously described and for Cr according to the method of 

Fenton and Fenton (1 979). 

Data were analyzed using the General Linear Models procedure of SAS 

(1985) according to the following statistical model. 

where 

Yijkl = f1 + Pi + E j + (P X E)lj + Bijk + e ljkl ; 

Yijkl = observation, 

f1 = overall mean, 

Pi = effect of processing, 

Ej = effect of enzyme treatment, 



(P X E)jj = interaction between P and E, 

Bjjk = block effect, and 

ejjkl = random error. 

RESULTS AND DISCUSSION 

In Vitro Starch Hydrolysis 
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Percentage of starch in grains hydrolyzed in 30 min were 38.8, 39.1, 

80.6, and 82.2 for 0, DE, S, and SE, respectively. As expected, steam-flaking 

compared with dry-rolling dramatically increased starch hydrolysis. Effects of 

the enzyme treatment of grains on starch hydrolysis was negligible (about 2% 

greater for SE vs. S, and 1 % for DE vs. D). 

From these data, one might conclude very little benefit in starch 

digestion from addition of the "sorghum specific" enzyme mixture, even though 

steam-flaking showed large effects. 

Lactation and Digestion Trials 

Starch content of TMR averaged 30.3% of dietary OM with little 

difference between diets (Table 10). Diet CP was slightly higher for Sand SE 

compared with 0 and DE. Dietary fiber and NEL were within recommendations 

(NRC, 1989) and did not differ between treatments. 

Steam-flaking of sorghum grain increased (P < .01) milk yield (2.5 kg/d) 

and 3.5% FCM (P < .06) compared with dry-rolling (Table 11). Results of this 

study are consistent with previous studies (Chen et aL, 1994; Moore et aL, 

1992; Poore et aL, 1993; Oliveira et aL, 1993; Simas et aL, 1992; Theurer et 
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aI., 1 991 ). The large increase in milk yield of cows fed steam-flaked sorghum 

grain may be attributed to the shift of starch digestion from the small intestine 

to the rumen of cows (Theurer, 1986), resulting in an improved total starch 

digestibility. DMI (27.7 kg/d) was not affected by treatment (Table 11), but 

because of increased milk yield, efficiency of feed utilization (FCM/DMI) tended 

to be higher (P < .08) with steam-flaking than dry-rolling of sorghum. 

Milk protein content (2.97 vs. 2.88%) and yields (1.10 vs .. 98 kg/d) 

were higher (P < .01) for cows fed steam-flaked sorghum than those fed dry

rolled sorghum. The increase in milk protein has been consistently shown in 

previous studies (Chen et aI., 1994; Moore et al. 1992; Poore et aI., 1993; 

Oliveira et aI., 1993; Theurer et aI., 1991). Two possible explanations for 

increased milk protein concentrations resulting from steam-flaking compared 

with dry-rolling of sorghum grain are: increased ruminal microbial protein yields 

and increased absorbed propionate for gluconeogenesis in the liver, thus sparing 

AA from gluconeogenesis. Wu et al. (1 994) showed that isocaloric infusion of 

glucose into the rumen of cows resulted in a higher milk protein concentration 

than infusion of propionate into the duodenum, suggesting that increases in 

milk protein percentages associated with the shift of starch digestion from the 

intestines to the rumen through steam-flaking results from increased microbial 

protein entering the small intestine from the rumen, and not from increased 

propionate absorption. 

Using duodenally cannulated cows, Poore et al. showed that microbial 
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protein flowing to the duodenum of cows fed steam-flaked sorghum was 575 

g/d more than that of cows fed dry-rolled sorghum. Similar results have been 

reported in other studies (Herrera-Saldana et aI., 1990; Oliveira et aI., 1990) 

when intake of rumen degradable starch increased. 

In contrast, Cameron et al. (1 991) showed that passage of microbial N 

to the small intestine and efficiency of microbial CP synthesis were not affected 

significantly by additional ruminal degradable starch. The differences between 

studies may be attributed to the differences in starch content of basal diets. 

More research is need in this area to better understand the mechanism by 

which milk protein is increased when feeding steam-flaked sorghum. 

Steam-flaking of sorghum grain lowered milk urea N, indicating more urea 

N may have recycled to the rumen for microbial protein synthesis. The rumen 

acted as a "sink" for N; so as starch degradation increased, requirements of N 

for microbial protein synthesis increased. AI-Dehneh et al. (1992) showed that 

recycling of urea N to the rumen was two-fold higher for high concentrate 

compared with high forage diets (30 vs. 15% of total N intake). Theurer et al. 

(1 990) reported more recycling of urea N to the rumen of steers fed steam

flaked sorghum than dry-rolled sorghum. Kennedy (1980) also reported that 

transfer of urea to the rumen was increased from addition of fermentable 

carbohydrate to a hay diet for cattle. 

Milk fat percentage was lower (P < .05) for cows fed steam-flaked than 

dry-rolled sorghum. However, milk fat yields were not different among 
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treatments. Percentage of C4 was lower but percentages of the other short 

chain fatty acids (CS-C14) in milk fat were higher for cows fed steam-flaked than 

dry-rolled sorghum. Percentages of C16 and C1S fatty acids were not affected 

(Table 12). A similar increase in short chain fatty acids in milk also was 

observed in the study of Simas et a!., 1993. 

Theurer et a!. (1991) reported that steam-flaked sorghum grain fed to the 

growing steers resulted in greater absorption of acetic and propionic acids 

compared to dry-rolled sorghum. Acetic acid is a primary precursor for de novo 

synthesis of short chain fatty acids in the mammary gland (Fahey and Berger, 

1 988). Greater absorption of acetic acid was probably responsible for 

increased short chain fatty acids in milk fat of cows fed steam-flaked sorghum. 

Enzyme treatment of sorghum grain did not affect significantly any 

production parameters except milk lactose, which tended to be higher (P < 

.08) for cows fed enzyme-treated grains. In the feedlot studies, Richardson 

(unpublished data) showed that addition of enzyme mixture to dry-rolled 

sorghum grain improved feed intake, body weight gain and feed efficiency. The 

reasons for the contrasting results between this and the feedlot studies and for 

the increased milk lactose which resulted from enzyme treatment are not clear. 

Steam-flaking of sorghum grain increased (P < .01) total tract 

digestibility of starch by 14 percentage units; treatment averages were 83.7, 

85.5, 98.4, and 98.4% for 0, DE, S, and SE, respectively (Table 13). These 

results support those of previous studies which demonstrated large increases 
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in starch digestibility in cows fed steam-flaked sorghum (Chen et aI., 1994; 

Moore et aI., 1992; Poore et aI., 1993; Oliveira et aI., 1993; Simas et aI., 

1992; Theurer et aI., 1991). Enzyme treatment did not affect starch 

digestibility of dry-rolled or steam-flaked sorghum. This observation is 

consistent with our in vitro starch hydrolysis results in which little increase in 

starch hydrolysis was noted after 30 min incubation in an amylase enzyme 

system. Lack of an effect of enzyme on in vitro starch digestibility is 

consistent with no improvement in lactational performance with enzyme 

addition. 

Total tract digestibilities of OM and OM were higher for steam-flaked 

than dry-rolled sorghum because of higher starch digestibilities. Enzyme 

addition improved CP digestibility of steam-flaked diets. Also, the significant 

interaction for OM, OM, CP and NOF digestibilities suggests that the steam

flaked diets were affected more by enzyme addition than the dry-rolled diets. 

The reason for this apparent response with steam-flaked sorghum is not known, 

and the increased digestibilities did not alter milk or milk protein for enzyme 

treatments. Apparent AOF digestibility was not affected by grain processing 

or enzyme treatment. 

CONCLUSIONS 

Steam-flaking of sorghum grain improved lactational performance of high 

producing dairy cows because of improved starch utilization. Treatment of 

sorghum grain with a "sorghum specific" enzyme had little impact on either 
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starch digestibility or milk yields. Further research is needed on enzymes which 

improve sorghum starch utilization in lactating dairy cows. 
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TABLE 9. Ingredient composition of diets 1. (Exp. 3) 

Ingredient % of dietary DM 

Sorghum grain2 40.0 

Soybean meal 7.5 

Alfalfa hay 34.0 

Whole cottonseed 10.0 

Cottonseed hulls 3.0 

Molasses, dried 1.5 

Urea .6 

Minerals & vitamins3 2.0 

Buffer4 1.4 

1 Four treatment diets: D = dry-rolled sorghum without enzyme, S = steam
flaked sorghum without enzyme, DE = dry-rolled sorghum treated with 
enzyme, and SE = steam-flaked sorghum treated with enzyme. Enzyme mixture 
('Digest M', 170 g/ton of grain) was added to dry-rolled or steam-flaked 
sorghum grain immediately after processing. 

2Processed as dry-rolled (643 giL) or steam-flaked (360 g/L)sorghum grain. 
3 Composition: .66% CaC03 , .78% dicalcium phosphate, .35% trace-mineral 

salt, calculated to furnish 60,000 IU/d of vitamin A and 6,000 IU/d of vitamin 
D. 

4 Buffer, 1 % NaHC03, .4% MgO. 
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TABLE 10. Nutrient composition of diets1 (% of DM). (Exp. 3) 

Item D DE S SE 

NEL,2 Mcal/kg 1.62 1.62 1.62 1.62 

CP, % 18.2 18.4 19.1 19.1 

ADF, % 22.0 20.5 21.4 23.1 

NDF, % 31.1 29.4 30.4 31.5 

Starch, % 29.7 31.8 30.6 29.0 

1 D = dry-rolled sorghum without enzyme, DE = dry-rolled sorghum treated 
with enzyme, S = steam-flaked sorghum without enzyme, SE = steam-flaked 
sorghum treated with enzyme. 

2Calculated from NRC( 1989). 



TABLE 11. Effect of enzyme treatment or steam-flaking of sorghum grain on DM intake, milk yield and components 
of lactating cows. (Exp. 3) 

Dietl Effect2 

Item D DE S SE SEM P E P x E 

---------- P < ----------

DMI, kg/d 27.6 27.7 27.7 27.7 1.1 .67 .68 .37 

Milk yield, kg/d 34.2a 34.6ab 36.4bc 37.4c .7 .01 .36 .70 

3.7% FCM, kg/d 32.0a 32.5ab 33.5ab 34.2b .9 .06 .52 .86 

FCM/DMI 1.17 1.18 1.22 1.25 .03 .08 .54 .71 

Milk protein, % 2.86a 2.90ab 2.99b 2.94ab .05 .07 .91 .33 
kg/d .95a 1.01b 1.10c 1.10c .02 .01 .32 .90 

Milk fat, % 3.08ab 3.17a 3.00ab 2.94b .08 .05 .85 .30 
kg/d 1.05 1.09 1.09 1.12 .04 .34 .38 .95 

SNF, % 8.43 8.49 8.50 8.55 .04 .14 .28 .96 

Lactose, % 4.92a 5.00ab 4.98ab 5.04b .04 .26 .08 .85 

Milk urea N, mgms% 18.4a 19.1 a 14.8b 15.3b .50 .01 .28 .92 

Milk casein, % total N 74.8 75.1 75.3 76.2 .8 .28 .46 .68 

a.b.cMeans within the same row with different superscripts differ (P < .05). 
lD = dry-rolled sorghum without enzyme, DE = dry-rolled sorghum treated with enzyme, S = steam-flaked sorghum 

without enzyme, SE = steam-flaked sorghum treated with enzyme. 
2p = processing, E = enzyme treatment. P x E = interaction between P and E. 

'-I 
'-I 



TABLE 12. Effect of enzyme treatment or steam-flaking of sorghum on milk fatty acid composition of lactating cows. 
(Exp. 3) 

Dietl Effect2 

Item D DE S SE SEM p E P x E 

C4:0 4.33a 4.33a 3.94b 4.21ab .12 .04 .28 .31 

C6:0 2.54 2.47 2.44 2.59 .06 .83 .44 .08 

C8:0 1.28a 1.24a 1.32ab 1.42b .04 .02 .50 .13 

Cl0:0 2.89ab 2.74a 3.18b 3.36c .14 .01 .89 .24 

C12:0 4.13ab 3.89a 4.59b 4.83c .21 .01 .98 .26 

C14:0 10.98ab 10.6P 11.44ab 11.67b .31 .02 .83 .34 

C16:0 31.68 31.65 32.11 31.28 .75 .97 .57 .60 

Trans C16:l .25 .23 .26 .25 .01 .15 .24 .63 

Cis C16:l 1.07 1.00 1.18 1.08 .06 .17 .21 .81 

C18:0 12.23 13.69 11.41 12.66 2.9 .59 .20 .42 

Trans C18:l .94 .97 .92 1.02 .06 .82 .28 .54 

Cis C18:l 22.16 21.94 21.66 20.95 .81 .38 .58 .76 

C18:2 4.56 4.72 5.18 4.74 .37 .39 .70 .43 

C~.3 .62 .54 .59 .56 .04 .85 .20 .56 
a.b eans within the same row with different superscripts differ (P < .05). 
1 D = dry-rolled sorghum without enzyme, DE = dry-rolled sorghum treated with enzyme, S = steam-flaked sorghum 

without enzyme, SE = steam-flaked sorghum treated with enzyme. 
2p = processing, E = enzyme treatment, P x E = interaction between P and E. '-I 

co 



TABLE 13. Effect of enzyme treatment or steam-flaking of sorghum on total tract apparent digestibility of nutrients 
in lactating cows. (Exp. 3) 

Diet' Effectl 

Item 0 DE S SE SEM P E P x E 

Apparent digestibility, % ---------- P < ------

OM 58.4a 56.4a 62.2b 66.6c 1.2 .01 .33 .01 

OM 59.7a 57.9a 63.8b 68.3b 1.3 .01 .29 .02 

CP 63.3a 62.0a 62.0a 68.3b 1.3 .06 .05 .01 

ADF 41.8 41.6 39.3 41.8 1.9 .54 .55 .53 

NDF 45.7bc 37.3a 39.4ab 48.1C 2.4 .36 .95 .01 

Starch 83.7a 85.5a 98.4b 98.4b 1.4 .01 .53 .53 

a,b,CMeans within the same row with different superscripts differ (P < .05). 
, 0 = dry-rolled sorghum without enzyme, DE = dry-roiled sorghum treated with enzyme, S = steam-flaked sorghum 

without enzyme, SE = steam-flaked sorghum treated with enzyme. 
2p = processing, E = enzyme treatment. P x E = interaction between P and E. 

'-J 
\.0 



CHAPTER 6 

EFFECT OF PROTEIN SOURCE AND STEAM-FLAKED SORGHUM ON 

RUMEN FERMENTATION AND NUTRIENT PASSAGE TO 

THE DUODENUM OF DAIRY COWS 

ABSTRACT 

80 

Four lactating Holstein cows fitted with T-type duodenal cannulae were 

used in a 4 x 4 Latin Square for four periods of 14 d each. Three of four diets 

contained 45% steam-flaked sorghum grain (360 gIL) with different protein 

supplements 1) soybean meal (SS), 2) soybean meal plus blood and fish meal 

(SS)' or 3) soybean meal plus urea (SU). A fourth diet contained 45% dry

rolled sorghum grain with soybean meal (OS). Supplemental protein provided 

approximately 25% of total dietary CPo Dietary ROP was calculated to be 12, 

11, 13, and 14% of dietary OM for OS, SB, SS, and SU, respectively. Cows 

fed SU had 23% higher ruminal ammonia N concentrations than those fed SB. 

Concentrations of ruminal acetate and total VFA were higher for cows fed SS 

and SU than for SB and OS, and propionate was higher only for SU than for OS 

diets. Ruminal pH and acetate:propionate was not affected by diet. Oiets with 

steam-flaked sorghum (SFS) had higher ruminal (78 vS. 60%) and total tract 

(96 vS. 91 %) starch digestibilities than those with dry-rolled sorghum (DRS). 

Total tract digestibility of ADF and NDF also tended to be higher for diets with 
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SFS than for those with DRS. Intake of CP was higher for S8, SS and SU than 

for OS, but duodenal flows of microbial protein and total CP were not affected 

by diet. Ruminal and total tract CP digestibilities were higher for SS and SU 

than for OS. Increasing ruminal starch degradation with steam-flaking of 

sorghum increased ruminal acetate and propionate concentrations and total 

tract digestibilities of nutrients when combined with more degradable protein 

sources such as soybean meal or urea. 

(Key words: protein degradability, sorghum processing, dairy cows) 

Abbreviation key: OS = DRS with soybean meal; MCP = microbial crude 

protein; RDP = rumen degradable protein; RDS = ruminally degradable starch; 

RFOM = rumen fermentable OM; S8 = steam-flaked sorghum with blood and 

fish meal; SS = SFS with soybean meal; SU = SFS with urea. 

INTRODUCTION 

Dietary protein and energy are the two nutritional factors most likely to 

limit productivity of dairy cows. Source of protein and energy significantly 

affect utilization of N and energy in the rumen, production of VFA, and flow of 

nutrients to the small intestine. 

Recent studies (Theurer, 1992) at the University of Arizona showed that 

use of steam-flaked sorghum compared to dry-rolled sorghum improved yields 

of milk and milk protein, mainly because of increased ruminal starch 

degradation. However, little data is available on the interaction between dietary 

protein and starch degradation. Herrera-Saldana and Huber (1989) reported 
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that early lactation cows fed a diet synchronized for rapid ruminal degradation 

of barley and cottonseed meal as the principal starch and protein sources 

produced more milk than cows fed a synchronized, slowly fermentable diet 

containing DRS and brewers dried grains or unsynchronized diets of barley and 

brewers dried grains or dry-rolled sorghum and cottonseed mea/. 

The objective of this study was to determine effect of protein source 

varying in ruminal degradability on ruminal fermentation and nutrient passage 

to the duodenum of lactating cows fed steam-flaked sorghum diets. 

MATERIALS AND METHODS 

Four lactating Holstein cows from the University of Arizona Dairy 

Research Center fitted with T-type cannulas in the proximal duodenum were 

used in a 4 x 4 Latin square design for four periods of 14 d each. Three of 

four diets were 45% steam-flaked sorghum with different protein supplements: 

1) soybean meal (SS), 2) soybean meal plus fish and blood meals (S8), and 3) 

soybean meal plus urea (SU). A fourth diet contained 45% DRS with soybean 

meal (OS) as protein supplement. 

The DRS was prepared by dry-rolling of sorghum grain through a roller 

mill to a coarsely ground consistency (643 gIL); for the SFS, grain was placed 

in a steam chest and steamed for 40 min to raise grain moisture to about 18% 

and then passed through rollers (46-cm diameter) with apertures set to produce 

a flake of 360 gIL. Sorghum grain was mixed into the TMR on the same day 

as processed. All diets contained alfalfa hay, whole cottonseed, cottonseed 
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hulls, molasses, buffer, minerals, and vitamins (Table 15). Chromic oxide 

(Cr 203) was mixed at .1 % into TMR and used as an indigestible marker to 

estimate nutrient flow to the small intestine, as well as ruminal and total tract 

digestibilities. 

Based on NRC (1989), rumen degradable protein (RDP) was calculated 

to be about 12, 11, 13 and 14% of dietary OM for DS, SB, 55, and SU, 

respectively (Table 16). Ruminally degradable starch (RDS) estimated from the 

study of Oliveira et al.(1990) was 19, 24, 25, and 23% for the respective 

diets. 

Cows were housed in individual pens with shades and fed the TMR daily 

at 1600 h on an ad libitum basis. Feed offered was adjusted to 10% in excess 

of the appetite. Orts were weighed daily to determine feed intake. Cows were 

milked three times daily at 0800, 1600, and 2400 h. 

Ammonia sulfide eSN, 180 mg/d) was used as a bacterial marker for 

estimation of microbial protein synthesis and was dosed twice daily into the 

rumen through the ruminal cannula beginning from 2 days before sample 

collection until the end of each treatment period. 

Milk yields were recorded daily, and milk samples were taken each 

milking during the collection period and composited for each day. Milk samples 

were analyzed at the Arizona DHI Laboratory for protein, fat, lactose, and SNF 

by infrared procedures (AOAC, 1990). 

Samples of feed offered were taken from each TMR mix and were 
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composited for the entire experiment. Orts were sampled daily during the last 

4 d of each period and were composited by period. Ruminal samples (:::::: 250 

ml) were collected from each cow at 2-h intervals during the last day of 

collection period and measured for pH immediately after each collection, then 

stored at -4°C for later analyses of VFA and ammonia N. Duodenal digesta (:::::: 

500 ml) was sampled every 6 h, sampling time was delayed by 2 hid, so that 

samples represented every 2 h of a 24-h period. Samples were composited 

from each individual cow for each period and kept frozen for subsequent 

analyses. A second duodenal sample (:::::: 500 ml) was collected at each 

sampling for bacterial isolation. Aliquots of these samples were centrifuged at 

2000 x 9 for 1 5 min to remove protozoa and feed particles and then at 

18,000 x 9 for 15 min to isolate bacteria. The bacterial pellet was 

immediately placed in a freeze dryer to dry at -50°C. The pellet was then 

ground to a fine powder in a hand mortar. Fecal samples (:::::: 250 g) were 

collected twice daily from each cow during the last 4 d of each period and 

composited for the period. Duodenal and fecal samples were kept at -4°C until 

processed for chemical analysis. 

Samples of TMR, orts, digesta, and feces were dried at 50°C and ground 

in a cyclone mill (Udy Co., Fort Collins, CO) equipped with a 1-mm screen and 

analyzed for OM (100°C for 24 h), OM (550°C for 10 h), CP (N-C-S Analyzer, 

NA 1500; Carlo Erba Strumentazione, Strada Rivoltana, Italy), starch (Poore et 

al. 1991), ADF and NDF (Robertson and Van Soest, 1981) and Cr (Fenton and 
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Fenton, 1979). Apparent ruminal, postruminal, and total tract nutrient 

digestibilities were calculated from ratios of nutrients to Cr concentrations in 

feed, duodenal digesta, or feces. Nutrient flow to the duodenum was also 

calculated assuming 100% recovery of the marker. Content of 15N duodenal 

digesta and bacteria were determined by mass spectrometry as described by 

Pessarakli and Tucker (8). Enrichment of 15N in digesta divided by enrichment 

in bacteria estimated the fraction of N from bacterial protein. Ruminal samples 

were analyzed for NH3N (Chaney and Marbach, 1962) and VFA (Erwin et aI., 

1961) using GLC (model 3300; Varian Associates Inc., Walnut Creek, CA). 

Data were subjected to statistical analysis for treatment effects 

according to the General Linear Procedures of SAS (1985) using the following 

model: 

where 

Yjjkl = observation, 

jJ = overall means, 

Tj = treatment effect, 

Pj = period effect, 

Ck = cow effect, and 

ejjkl = random error. 

Because of large variations encountered in duodenal flow studies 

(Herrera-Saldana et aI., 1990; Poore et aI., 1993; Oliveira et aI., 1993), 
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differences were declared significant at P < .10 and trends at P < .20. 

RESULTS AND DISCUSSION 

Dietary content of AOF, NOF, and starch was similar for all diets and 

was within NRC recommendation (1989) for the requirements of lactating cows 

(Table 16). Crude protein was slightly higher for SS and SU than for OS and 

S8. 

Intake of OM was highest for SS and lowest for OS (Table 17). The 

same trend was observed in previous studies (Chen et aL, 1994; Simas et aL, 

1992) which showed that cows fed diets with SFS consumed more than those 

fed diets with DRS. In contrast, several studies (Moore et aI., 1992; Poore et 

aL, 1993; Santos et aL, 1994; Theurer et aL, 1991) reported that cows fed 

dry-rolled diets had higher OMI than those fed steam-flaked sorghum. The 

reason for the inconsistent results is unknown. 

Milk yield was similar for all diets, but 3.5% FCM was lower for SU than 

for OS. Percent milk protein was higher for cows fed SS than for those fed OS. 

Percent milk fat was low for all diets, particularly for S8 and SUo It has been 

observed (Oldham et aL, 1985; Zerbini et aI., 1988) that cows fed fish meal 

compared to soybean meal produced milk of lower fat content. However, the 

reason for low milk fat percentage with all diets in this study was probably due 

to high intake of starch. Milk SNF tended to be higher for SS than for OS, but 

milk lactose was not affected by diet. Efficiency of feed utilization (FCM/OMI) 

was higher for SS than for S8. Although evaluation of milk yield and 
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composition was not a major objective of this short-term trial, the increased 

milk protein with SS compared to OS is consistent with and supports the 

previous studies (Chen et aI., 1994; Chen et aI., 1993; Moore et aI., 1992; 

Poore et aI., 1993; Oliveira et aI., 1993; Theurer et aI., 1991). 

Rumen pH was low and similar among diets (Table 18), probably because 

of the high starch intake (average 7.2 kg/d). Concentration of ammonia N in 

ruminal fluid was higher for SU than for S8, reflecting the higher ruminal protein 

degradability of SU (14%) than for S8 (11 %) diet. 

Concentrations of total VFA were highest for SS and SU but lowest for 

OS. Acetate concentrations in ruminal fluid were higher for SS and SU than for 

OS and S8; Concentration of propionate was higher for SU than for OS; but 

ratio of C2:C3 was unaffected by diet. Concentrations of C4 and C5 were 

affected differently by diet; butyrate was higher for SU than for OS and S8; 

isobutyrate was higher for SS than for S8 and SU; methylbutyrate was higher 

for SS than for OS, S8 and SU and valerate was not affected by the diet. 

The increased ruminal VFA concentrations were associated with 

increased ruminal starch degradation. Moore et al. (1992) reported that molar 

percentage of acetate in ruminal fluid was 7% lower, and propionate 21 % 

higher (P < .01), for the steam-flaked than a dry-rolled sorghum diet, resulting 

in a lower acetate:propionate ratio. In this study, both acetate and propionate 

increased with SS and SUo Despite the differences observed between these 

studies, increased concentrations of acetate and propionate would supply more 
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energy for absorption. Theurer et aJ. (1991) reported a significant increased in 

VFA absorption in steers fed 77% steam-flaked compared to dry-rolled 

sorghum, suggesting that site of starch digestion has an important impact on 

the efficiency of energy absorption and utilization. Furthermore, Theurer et aJ. 

(1991) and Chen et aJ. (1994) reported that NEL for sorghum grain was 

increased 21 to 25% through steam-flaking compared to dry-rolling. 

Effect of increased RDS on ruminal VFA appeared to be affected by 

source of protein. With more degradable protein such as soybean meal plus 

urea, steam-flaked sorghum increased total VFA 11 %, acetate 6%, and 

propionate 15% compared with dry-rolled sorghum with soybean meal; while 

combining steam-flaked sorghum with blood/fish meals did not show the same 

effect. Data suggest that source of protein exerts important interactions with 

starch degradation in the rumen. 

Intake of OM was higher for SS than DS (Table 19), as a result of higher 

DMJ. Flow of OM to the duodenum was not affected by diet; however, rumen 

fermentable OM (RFOM) was higher for SS than for DS. Cows fed SS had 

higher ruminal apparent OM digestibility than those fed DS which tended to still 

be higher when corrected for microbial protein synthesis (true OM digestibility). 

Postruminal and total tract digestibilities of OM were not affected by diet. 

Source of protein did not affect starch digestibilities, but intake of starch 

differed among diets (Table 20). Cows fed SS and DS had higher starch intake 

than those fed SUo Processing of sorghum grain had a significant effect on 
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ruminal and total tract digestion of starch. Starch flow to the duodenum was 

about twice as high for DS (3.0 kg/d) than for the other diets (1.6, 1.6, and 

1.5 kg/d for S8, SS and SU, respectively). Fecal starch residue from cows fed 

DS was also twice as high as that from cows fed the other diets. Ruminal 

starch digestibility (78 vs. 59%) and total tract starch digestibility (96 vs. 92%) 

were higher for diets with steam-flaked than dry-rolled sorghum. Postruminal 

starch digestibility as percentage of entering to the small intestine was not 

affected by diet. 

The increased ruminal (78 vs. 59%) and total tract (96 vs. 92%) starch 

digestibilities with steam-flaked sorghum compared to dry-rolled sorghum are 

consistent with those reported previously (Moore et aI., 1992; Poore et aI., 

1993; Oliveira et aL, 1990). Poore et al. (1993) showed that ruminal and total 

tract starch digestibilities were higher for steam-flaked (74 and 98%) than for 

dry-rolled sorghum (48 and 83%); Oliveira et aL (1990) also reported higher 

values for steam-flaked (81 and 97%) than for dry-rolled sorghum (60 and 

85%). 

It has been suggested that starch digested in the small intestine is used 

more efficiently than that digested in the rumen (Owen et aL, 1986). Theurer 

(1986), however, related higher efficiency of weight gain in beef cattle with 

greater ruminal digestion of starch. Previous studies (Chen et aL, 1993; Chen 

et aL, 1994; Moore et aL, 1992; Poore et aI., 1993; Oliveira et aL, 1993; 

Simas et aL, 1992; Theurer et a., 1991) have consistently shown improved 
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milk and milk protein yields with steam-flaked compared to dry-rolled sorghum. 

Results from the present study, together with those from Poore et al. (1993) 

and Oliveira et al. (1 990), strongly suggest that total tract starch digestibility 

is more positively related to starch digestion in the rumen than in the small 

intestine. 

Intake of CP was higher for S8, SS and SU than for OS (Table 21) 

because of higher OMI and dietary CP content for S8, SS and SU treatments. 

Flow of total CP and microbial CP (MCP) were similar for all diets. Efficiency 

of microbial protein yield (MCP/RFOM) also was not affected by diet. Ruminal 

apparent CP digestibilities tended to be higher and total tract CP digestibilities 

were higher for SS and SU than for OS. Ruminal true and postruminal CP 

digestibilities were not affected by treatment. 

Microbial protein synthesis in the rumen is dependent upon the 

availability of energy and N. Herrera-Saldana and Huber (1989) reported that 

milk yield increased when cows were fed diets synchronized for rapid 

degradation (barley and cottonseed meal) compared to those fed 

unsynchronized diets (barley and brewers dried grain or sorghum and 

cottonseed meal). The increased milk yield was related to greater microbial 

synthesis (Herrera et aI., 1990). Poore et al. (1992) reported a significant 

increase in microbial protein flow to the small intestine when cows fed steam 

flaked compared to dry-rolled sorghum. Oliveira et a!. (1991) also observed a 

trend towards increasing microbial protein flow in cows fed steam-flaked 
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sorghum, although total CP flow was not altered. 

In contrast, Cameron et al. (1991) reported that additional ruminal 

degradable starch (12.5% of dietary OM) for cows consuming 38% ground 

corn did not significantly increase microbial protein flow to the small intestine. 

McCarthy et al. (1989) compared a barley-based diet with a corn-based diet. 

Barley-based diets were more extensively degradable in the rumen than corn

based diets and therefore provide more energy for microbial growth. However, 

microbial N flow to the duodenum of cows was not affected by type of diet. 

Similarly, Simas et al. (1993) reported that cows fed steam-flaked sorghum 

diets compared to those fed dry-rolled sorghum diets did not show higher 

microbial protein or total CP flow to the duodenum. 

Some of the variations among these metabolic studies are probably due 

to differences in type of diet, stage of lactation, OMI, and feeding methods; 

but, more importantly, to lack of precise techniques for measuring microbial 

protein synthesis. 

Effect of protein source on microbial protein yield might have been 

partially masked because of the high dietary CP (average 19.3%). Hoover and 

Stokes suggested maximal OM intake, microbial efficiency, and bacterial protein 

yields are obtained when diets contained 10 to 13% ROP and 56% of the total 

carbohydrate as NSC. Based on NRC (1989)' dietary ROP was calculated to 

be 12, 11, 13 and 14 for OS, SB, SS and SU, respectively (Table 16). Hence, 

the ROP does not appear to be a limiting factor for ruminal microbial protein 
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synthesis. 

Establishing an optimal ratio of N and energy for ruminants is 

complicated. Huber and Herrera-Saldana summarized data from seven studies 

conducted at the University of Arizona and proposed that the ROS to ROP ratio 

might be a valuable tool in expressing carbohydrate and protein synchrony for 

the rumen microbial synthesis in dairy cows consuming high energy diets. 

These values are ranging from 1.5 to 2.25. In our study, the ROS to ROP ratio 

for all the diets (1.6 to 2.2) was within the range of the above 

recommendation. However, there is insufficient data to establish an optimal 

ratio of available N and energy. 

Intake of NOF was higher for SS than for OS and SU; while intake of 

AOF was higher for S8, SS and SU than for OS (Table 22). Total tract 

digestibilities of both AOF and NOF were low for all diets probably because of 

high starch intake which may have lowered ruminal pH and depressed fiber 

digestion. This assumption is consistent with the low milk fat percentages 

observed. However, cows fed SS and SU tended to have higher digestibilities 

of AOF and NOF than for those fed OS. 

CONCLUSIONS 

Steam-flaking compared to dry-rolling of sorghum greatly increased both 

ruminal and total tract digestibilities of starch. Although neither steam-flaked 

sorghum nor protein source significantly increased microbial CP flow to the 

duodenum, combining steam-flaked sorghum with a more degradable protein 
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source such as soybean meal or urea resulted in increased ruminal acetate and 

propionate, which are major sources of energy for dairy cows. 
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TABLE 14. Ingredient composition of diets. (Exp. 4) 

Diet' (% of DM) 

Ingredient DS SB SS SU 

Alfalfa hay 32 32 32 32.5 

Whole cottonseed 10.0 10.0 10.0 10.0 

Cottonseed hulls 3.1 4.6 3.1 7.6 

Sorghum grain2 40 40 40 40 

Soybean meal 9.5 3.5 9.5 3.5 

Blood meal 2.0 

Fish meal 2.0 

Urea 1.0 

Molasses 2.0 2.0 2.0 2.0 

Buffer3 1.4 1.4 1.4 1.4 

Minerals & vitamins4 2.0 2.0 2.0 2.0 

, DS = dry-rolled sorghum with soybean meal; SB = steam-flaked 
sorghum with blood and fish meal; SS = steam-flaked sorghum with soybean 
meal; SU = steam-flaked sorghum with urea. 

2Dry-rolled or steam-flaked. 
3Buffer, 1 % NaHC03 and .4% MgO. 
4Composition: .66% CaC03, .78% dicalcium phosphate, .35% trace

mineral salts, calculated to furnish 60,000 IU/d of vitamin A and 6,000 IU/d of 
vitamin D. 
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TABLE 15. Nutrient composition of experimental diets (DM basis). (Exp. 4) 

Diet' 

Item DS SB SS SU 

OM,% 90.7 90.8 91.8 91.0 

CP, % 18.4 18.9 19.8 19.9 

RDP,2 % 12 1 1 13 14 

Starch, % 31.4 29.9 30.5 28.9 

RDS3, % 19 24 25 23 

RDS:RDP 1.6 2.2 1.9 1.7 

NDF, % 29.2 29.8 30.5 28.9 

ADF, % 21.3 21.9 22.8 23.4 

NEL4, Mcal/kg 1.62 1.63 1.63 1.61 

'DS = dry-rolled sorghum with soybean meal; SB = steam-flaked 
sorghum with blood and fish meal; SS = steam-flaked sorghum with soybean 
meal; SU = steam-flaked sorghum with urea. 

2Rumen degradable protein, calculated from NRC (1989). 
3Ruminally degradable starch (from Oliveira et aI., 1990). 
4Calculated from NRC (1989). 
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TABLE 16. Dry matter intake, milk yield, and milk composition of cows fed 
experimental diets. (Exp. 4) 

Diet' 

Item D5 5B 58 5U 5EM 

DMI, kg/d 22.9a 23.7ab 24.4b 23.4ab .6 

Milk yield, kg/d 34.5 34.4 34.5 33.5 .S 

3.5% FCM, kg/d 30.6a 2S.5ab 30.P 2S.0b .9 

Milk protein, % 2.64a 2.6Sab 2.71b 2.6Sab .03 
kg/d .91 .92 .93 .90 .02 

Milk fat, % 2.79a 2.46b 2.73a 2.50b .OS 
kg/d .97a .S4b .94ab .S4b .04 

Milk lactose, % 4.70 4.71 4.76 4.74 .03 

Milk 5NF, % 7.92c 7.97cd S.04d S.01 cd .05 

FCM/DMI 1.26ab 1.16a 1.30b 1.21 ab .04 

a,b,c,dMeans not sharing the same superscript are different (abp < .10; cdp 

< .20). 
'D5 = dry-rolled sorghum with soybean meal; 5B = steam-flaked 

sorghum with blood and fish meal; 55 = steam-flaked sorghum with soybean 
meal; 5U = steam-flaked sorghum with urea. 
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TABLE 17. Ruminal pH and metabolites in cows fed experimental diets. (Exp. 
4) 

Item DS SB SS SU SEM 

pH 5.8 5.8 5.7 5.8 .03 

Ammonia N, mg/dl 14.0ab 12.8a 14.6ab .7 

VFA, mM 

Total 124.5a 126.8a 135.7b 138.4b 3.4 

Acetate 84.2b 2.2 

Propionate 28.9a 29.7ab 30.0ab 33.4b 1.1 

Butyrate 13.8a 14.0a 15.7ab 16.1 b .7 

Isobutyrate 1.08a .05 

Methylbutyrate .94a .06 

Valerate 1.92 1.98 2.20 2.25 .14 

Isovalerate .9P .79ab .05 

2.82 2.72 2.80 2.93 .14 

abMeans not sharing the same superscript are different (P < .10). 
'DS = dry-rolled sorghum with soybean meal; SB = steam-flaked 

sorghum with blood and fish meal; SS = steam-flaked sorghum with soybean 
meal; SU = steam-flaked sorghum with urea. 
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TABLE 18. Effect of protein source and steam-flaked sorghum on digestibility 
of OM by lactating cows. (Exp. 4) 

Item DS SB SS SU SEM 

OM I, kg/d 21.5ab .5 

OM flow, kg/d 

Duodenal OM 14.88 14.08 14.20 13.95 .85 

Bacterial 4.45 4.52 4.65 4.19 .18 

Feed 10.43 9.43 9.75 9.76 .82 

12.07ab 12.65b 11.54ab .85 

Fecal OM 7.45 7.31 7.24 7.01 .41 

Digestibility, % 

Ruminal 

Apparent 28.P 34.5Bb 34.5ab 3.2 

54.3cd 3.5 

Postruminal 49.2 47.8 48.8 49.9 4.1 

Total tract 64.0 66.0 67.7 67.1 2.1 

a,b,c,dMeans not sharing the same superscripts are different (Bbp < .10); 
cdp < .20). 

1 DS =. dry-rolled sorghum with soybean meal; SB = steam-flaked 
sorghum with blood and fish meal; 88 = steam-flaked sorghum with soybean 
meal; SU = steam-flaked sorghum with urea. 

2The OM truly fermented in the rumen. 
3Corrected for microbial OM. 
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TABLE 19. Effect of protein source and steam-flaked sorghum on digestibility 
of starch by lactating cows. (Exp. 4) 

Diet1 

Item DS SB SS SU SEM 

Starch intake, kg/d 7.188 7.10ab 7.45a 6.77b .17 

Starch flow, kg/d 

Duodenal 3.018 1.55b 1.60b 1.52b .26 

Fecal .61 a .33b .30b .30b .05 

Digestibility, % 

Ruminal 59.2a 78.2b 79.2b 77.7b 4.7 

Postruminal 78.6 77.1 78.6 79.7 3.0 

Total tract 91.6a 95.4b 96.0b 95.6b .8 

a,bMeans not sharing the same superscripts are different (P < .01). 
1 DS = dry-rolled sorghum with soybean meal; SB = steam-flaked 

sorghum with blood and fish meal; SS = steam-flaked sorghum with soybean 
meal; SU = steam-flaked sorghum with urea. 
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TABLE 20. Effect of protein source and steam-flaked sorghum on duodenal 
flow and digestibility of crude protein by lactating cows. (Exp. 4) 

Dietl 

Item D5 5B 55 5U 5EM 

CP intake, kg/d 4.21a .11 

Duodenal flow of CP, kg/d 

Total 3.62 3.70 3.63 3.47 .3 

Microbial 2.34 2.45 2.45 2.32 .2 

MCP/RFOM2 24.2 20.8 19.5 20.3 2.3 

Digestibility, % 

Ruminal 

Apparent 14.6c 24.6cd 5.0 

69.7 72.1 75.3 75.6 3.9 

Postruminal 71.6 73.5 74.3 73.7 1.1 

Total tract 67.P .9 

ab,cdMeans not sharing the same superscripts are different (abp < .10; cdp 

< .20). 
1 D5 = dry-rolled sorghum with soybean meal; 5B = steam-flaked 

sorghum with blood and fish meal; 55 = steam-flaked sorghum with soybean 
meal; 5U = steam-flaked sorghum with urea. 

2Grams of microbial CP/100 g OM truly fermented in the rumen. 
3Corrected for microbial CPo 
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TABLE 21. Effect of protein source and steam-flaked sorghum on digestibility 
of fiber by lactating cows. (Exp. 4) 

Item os SB SS SU SEM 

Intake, kg/d 

NOF 6.68 B .16 

AOF .12 

Total tract digestibility 

NOF 30.9cd 4.1 

AOF 33.1 d 4.6 

ab,cdMeans not sharing the same superscripts are different (Bbp < .10; cdp 

< .20). 
10S = dry-rolled sorghum with soybean meal; SB = steam-flaked 

sorghum with blood and fish meal; SS = steam-flaked sorghum with soybean 
meal; SU = steam-flaked sorghum with urea. 
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Four experiments were conducted to determine the effect of grain 

processing on lactational performance and nutrient digestion in dairy cows. 

Beneficial effects of steam-flaked sorghum or corn in dairy cow diets were 

demonstrated and results from these studies are consistent with those 

reported previously (Moore et aL, 1992; Poore et aL, 1993; Oliveira et aL, 

1993; Theurer et aL, 1991). The most important findings from these studies 

are summarized as the following: 

1) Steam-flaked sorghum increases milk yield 10%, milk protein yield 

14% and efficiency of feed utilization 8% compared to dry-rolled 

sorghum. 

2) Performance of cows fed steam-flaked sorghum and steam-flaked 

corn were not different. Compared to steam-rolled corn (a 

commonly used grain source for cows in Western US), flaked 

sorghum and flaked corn were markedly superior. 

3) Steam-flaking increases net energy for lactation (NEL) of sorghum 

grain about 21 % over dry-rolled sorghum (2.22 vs 1.84 Meal/kg). 

4) Substitution of steam-flaked sorghum grain for a mixture of 

steam-rolled corn, barley, wheat mill run and beet pulp improved 
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milk and milk protein yield without affecting milk fat yield. Cows 

fed a diet with 15% of the thin flake (280 gIL) produced more 

milk than cows fed 15% of the medium flake (360 gIL), and 

similar to cows fed the medium flake at 30 or 45% of diet OM. 

5) Addition of a "sorghum specific" enzyme mixture (Digest M) to 

steam-flaked or dry-rolled sorghum did not improve lactational 

performance of cows. 

6) Beneficial effects of steam-flaking sorghum grain are associated 

with increased digestibility of starch in the rumen (78 vs. 59%) 

and total digestive tract (96 vs. 92%). 

7) Combining steam-flaked sorghum and more degradable protein 

sources (SBM or SBM plus urea) resulted in higher ruminal VFA 

concentrations, especially acetate and propionate, major sources 

of energy for milk production. 

8) In this study, neither steam-flaked sorghum nor protein 

degradability affected total CP or microbial CP flow to the 

duodenum of cows when compared to dry-rolled sorghum. 

The increased milk and milk protein yield with steam-flaked sorghum may 

be a combined effect of greater energy absorption (probably as VFA) and better 

utilization of protein (either by increased microbial protein synthesis in the 

rumen; or by reduced oxidation of amino acids for gluconeogenesis because of 

increased propionate absorption, the primary precursor for gluconeogenesis in 
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the liver). Increased rumen VFA concentrations were demonstrated in cows fed 

steam-flaked sorghum compared to dry-rolled sorghum in the fourth experiment 

of this study and by other workers (Moore et ai, 1989; Theurer et aI., 1991). 

However, evidence for increased microbial protein synthesis appear to be 

conflicting. Poore et al. (1993) reported that microbial protein flow increased 

500 g/d with steam-flaked sorghum compared to dry-rolled sorghum. In the 

study of Oliveira et al. (1992), a tendency was found for increased microbial 

protein yield and efficiency in cows fed steam-flaked sorghum compared to dry

rolled sorghum. In contrast, study of Simas et al. (1993) and the present 

study did not show any significant increase in microbial protein flow to the 

duodenum when cows fed steam-flaked sorghum compared to dry-rolled 

sorghum, indicating there might be another mechanisms involved. For example, 

increased milk protein yield with steam-flaked sorghum may be due to 

improved efficiency of protein utilization through reduced breakdown of amino 

acid for gluconeogenesis. Supportive evidence of this effect was found in the 

third experiment of this study which showed that milk urea N was significantly 

lower when cows fed steam-flaked vs. dry-rolled sorghum, suggesting that 

absorbed protein was utilized more efficiently. Two possible mechanisms by 

which steam-flaked sorghum improved efficiency of protein utilization are: 1) 

increased propionic acid absorption from rumen spares amino acids from use 

for hepatic glucose synthesis; 2) increased ruminal starch degradation results 

in increased recycling of endogenous urea-N to the rumen for microbial 
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synthesis. However, more data to establish such mechanisms is needed. 

In a word, beneficial effects of steam-flaked sorghum for lactating dairy 

cows were clearly demonstrated in this study. The findings from this study 

have very important implications in improving milk production and efficiency of 

nutrient utilization by dairy cows. However, mechanisms relating to these 

effects deserve further investigations. Future research should focus on 

quantifying ruminal degradable starch as well as establishing optimal ratio of 

energy and N for lactating dairy cows. 
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APPENDIX TABLES 



APPENDIX TABLE 1. Lactational performance of individual cows 1. (Exp. 1) 

Cowl TRT DMI Milk FCM FCM Prot. Prot. Fat Fat BWC BCSC 
kg/d kg/d kg/d IDMI % kg/d % kg/d kg/d 

205 SFC 26.7 35.2 30.1 1.16 2.94 1.04 2.61 .92 .5 .25 
313 SFC 27.0 31.4 28.2 1.17 2.94 .92 2.88 .90 25.0 .00 
388 SFC 26.2 39.0 34.7 1.35 2.86 1.12 2.82 1.10 -1.4 .25 
444 SFC 22.5 36.5 33.5 1.46 2.71 .99 2.99 1.09 .9 .00 

1151 SFC 29.6 31.0 31.8 1.17 3.19 .99 3.65 1.13 39.9 .00 
1229 SFC 27.5 31.9 29.9 1.24 2.96 .94 3.12 1.00 7.7 .25 

239 SFS 33.5 43.2 40.0 1.40 2.93 1.27 3.04 1.31 -46.7 .00 
279 SFS 24.1 35.6 32.2 1.49 2.82 1.00 2.91 1.04 3.6 .25 
376 SFS 33.4 28.0 28.2 1.03 3.24 .91 3.53 .99 45.4 .25 
387 SFS 24.8 39.4 35.3 1.35 2.90 1.14 2.86 1.13 -14.5 .00 

1231 SFS 23.1 29.8 30.2 1.14 3.19 .95 3.58 1.07 13.6 .00 
1286 SFS 23.8 35.2 32.8 1.39 2.84 1.00 3.09 1.09 10.4 .50 

174 SRC 27.8 37.6 33.5 1.24 2.87 1.08 2.82 1.06 -19.1 .25 
320 SRC 27.6 36.9 25.0 1.20 2.94 .79 3.07 .83 -21.8 .25 
330 SRC 25.0 30.6 27.7 1.32 2.97 .91 2.92 .89 39.5 .00 
367 SRC 27.9 34.8 32.6 1.23 3.12 1.09 3.11 1.08 -17.7 .00 

1159 SRC 29.9 34.5 33.9 1.37 2.95 1.02 3.40 1.17 -21.8 .25 
1305 SRC 26.4 29.0 26.7 1.19 2.78 .81 3.02 .88 2.3 .25 
390 DRS 27.0 38.4 35.9 1.37 2.88 1.11 3.09 1.19 -4.5 .25 

1111 DRS 29.1 31.4 31.5 1.22 2.82 .89 3.53 1.11 -72.6 -.25 
1200 DRS 24.0 35.0 22.8 1.13 2.84 .68 2.96 .74 37.7 .25 
1306 DRS 23.6 32.9 30.2 1.20 2.76 .91 2.99 .99 -2.7 .00 
3959 DRS 26.6 28.5 27.1 1.14 2.78 .79 3.22 .91 -10.9 .00 
6001 DRS 25.3 30.7 26.9 1.15 2.61 .80 2.75 .84 -23.1 .25 

I SFC _ steam-flaked corn; SFS - steam-flaked sorghum; SRC - steam-rolled corn; DRS - dry-rolled sorghum. ...... 
0 
-....,J 



108 

APPENDIX TABLE 2. Individual cow averages for total tract apparent 
digestibilities of DM, OM, CP, Starch, ADF and NDF (%). (Exp. 1) 

Cowl TRTl DM OM CP Starch ADF NDF 

205 SFC 70.2 70.9 71.9 96.1 47.8 47.6 
313 SFC 67.1 67.5 67.8 96.0 38.2 40.4 
388 SFC 61.0 62.6 61.4 93.4 33.1 26.1 
444 SFC 66.4 69.1 66.4 96.9 40.4 42.4 

1151 SFC 66.9 68.7 67.8 95.8 39.8 41.0 
1229 SFC 72.4 73.8 73.2 97.3 47.9 49.1 

239 SFS 68.4 69.6 73.2 97.6 42.2 46.8 
279 SFS 67.9 70.1 73.9 97.4 28.3 44.4 
376 SFS 62.6 63.3 66.4 97.0 27.9 28.7 
387 SFS 66.0 67.0 67.8 97.7 43.7 40.9 

1231 SFS 68.6 70.0 69.6 97.9 38.8 43.9 
1286 SFS 69.6 70.8 71.3 98.3 43.6 46.6 

174 SRC 71.1 71.7 75.6 95.4 47.5 47.7 
320 SRC 57.4 57.4 61.0 92.7 17.6 21.8 
330 SRC 58.8 58.9 63.1 90.0 20.8 20.3 
367 SRC 61.4 61.4 67.1 86.0 36.1 32.7 

1159 SRC 67.1 68.4 68.7 95.2 38.6 39.8 
1305 SRC 65.5 66.4 66.9 91.2 39.8 40.0 

390 DRS 58.5 86.1 66.8 96.4 24.4 22.5 
1111 DRS 59.5 61.0 65.2 94.9 30.4 29.9 
1200 DRS 51.7 52.9 62.2 96.9 
1306 DRS 60.8 61.3 64.6 86.3 32.4 31.4 
3959 DRS 62.9 63.8 66.7 90.3 31.8 32.8 
6001 DRS 63.7 64.5 69.8 93.0 34.5 35.4 

1 Treatments: SFC = steam-flaked corn; SFS = steam-flaked sorghum; SRC 
= steam-rolled corn; DRS = dry-rolled sorghum. 
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APPENDIX TABLE 3. Individual cow averages for OMI, milk yield, 3.5% FCM, 
SCM, and FCM/OMI. (Exp. 2) 

Cowl TRT1 Block OMI Milk FCM SCM FCM 
kg/d kg/d ' kg/d kg/d IOMI 

284 0 3 25.3 39.0 35.4 34.5 1.40 
285 0 6 24.5 27.3 26.5 25.9 1.08 
292 0 2 24.8 46.1 41.5 40.3 1.67 
420 0 4 28.2 37.1 38.7 38.8 1.37 
459 0 7 20.8 24.3 21.5 20.7 1.03 

1192 0 1 24.4 49.7 45.5 45.3 1.86 
1275 0 5 19.1 32.8 33.2 32.8 1.74 

58 15 7 26.6 25.4 25.0 25.6 .94 
297 15 1 26.8 43.8 38.2 37.0 1.43 
475 15 7 20.2 31.6 29.5 29.5 1.46 

1240 15 2 25.7 42.2 39.3 40.1 1.53 
1268 15 4 19.1 37.8 35.9 35.9 1.88 
1273 15 6 21.7 32.2 29.7 29.9 1.37 
1278 15 3 29.3 38.8 39.8 39.7 1.36 

332 15T 5 24.1 37.0 37.2 36.3 1.54 
339 15T 3 27.6 39.5 39.5 38.4 1.43 
386 15T 4 19.7 36.2 35.2 35.1 1.79 
415 15T 1 25.6 49.7 44.2 42.3 1.72 
492 15T 6 21.1 35.5 33.7 34.4 1.60 

1104 15T 7 29.4 32.1 32.1 32.5 1.09 
1248 15T 2 22.8 39.2 35.5 36.1 1.56 

245 30 3 26.5 43.3 43.1 42.7 1.63 
360 30 5 27.7 34.1 32.3 31.5 1.17 
369 30 6 26.4 34.0 34.7 35.5 1.31 
429 30 4 24.7 40.9 39.8 39.7 1.61 
486 30 7 18.5 34.9 33.2 33.3 1.79 

1191 30 1 29.1 42.9 37.4 36.8 1.28 
1243 30 2 28.5 43.0 37.3 37.3 1.31 

173 45 3 30.7 41.9 37.7 38.2 1.23 
317 45 1 26.8 44.8 41.5 41.2 1.55 
359 45 2 29.4 45.6 42.1 42.2 1.43 
363 45 4 27.0 35.2 34.8 35.2 1.29 
467 45 7 19.2 31.9 31.6 32.4 1.65 

1264 45 6 27.5 33.3 30.7 30.8 1.11 
1277 45 5 23.6 31.0 31.0 30.6 1.31 

1 Treatments: SFC = steam-flaked corn; SFS = steam-flaked sorghum; SRC 
= steam-rolled corn; ORS = dry-rolled sorghum. 
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APPENDIX TABLE 4. Individual cow averages for milk protein % and yield 
(kg/d), milk fat % and yield (kg/d)' milk lactose and SNF%. (Exp. 2) 

Cowl TRT' Block Prot. Prot. Fat Fat Lact. SNF 
% kg/d % kg/d % % 

284 0 3 2.69 1.05 2.92 1.14 4.77 8.02 
285 0 6 3.05 .83 3.33 .91 4.62 8.27 
292 0 2 2.60 1.20 2.89 1.33 4.76 7.93 
420 0 4 3.31 1.23 3.77 1.40 4.97 8.89 
459 0 7 2.65 .64 2.78 .68 4.63 7.84 

1192 0 1 2.81 1.40 2.98 1.48 4.95 8.34 
1275 0 5 3.28 1.08 3.57 1.17 4.69 8.57 

58 15 7 3.43 .87 3.41 .87 4.96 9.00 
297 15 1 2.70 1.19 2.40 1.18 4.54 7.82 
475 15 7 2.98 .94 3.09 .98 4.93 8.49 

1240 15 2 3.10 1.31 3.07 1.30 5.08 8.76 
1268 15 4 3.16 1.19 3.19 1.20 4.79 8.56 
1273 15 6 3.07 .99 3.03 .97 4.88 8.52 
1278 15 3 2.99 1.16 3.65 1.42 5.19 8.78 

332 15T 5 2.99 1.11 3.54 1.31 4.75 8.34 
339 15T 3 2.92 1.15 3.51 1.38 1.80 8.30 
386 15T 4 3.01 1.09 3.34 1.21 4.97 8.57 
415 15T 1 2.59 1.29 2.82 1.40 4.55 7.72 
492 15T 6 3.14 1.11 3.20 1.13 5.11 8.85 

1104 15T 7 3.38 1.08 3.51 1.12 4.93 8.93 
1248 15T 2 3.02 1.18 2.93 1.15 4.98 8.60 

245 30 3 3.02 1.31 3.48 1.50 4.94 8.56 
360 30 5 3.09 1.05 3.18 1.08 4.45 8.14 
369 30 6 3.34 1.14 3.62 1.23 5.85 9.17 
429 30 4 3.05 1.24 3.34 1.36 4.97 8.60 
486 30 7 2.89 1.01 3.20 1.12 5.14 8.58 

1191 30 1 2.72 1.16 2.71 1.16 4.76 8.05 
1243 30 2 2.89 1.24 2.69 1.16 4.72 8.20 

173 45 3 3.02 1.26 2.89 1.21 4.91 8.51 
317 45 1 2.83 1.27 3.05 1.37 4.93 8.34 
359 45 2 2.94 1.34 3.03 1.38 4.91 8.45 
363 45 4 3.08 1.08 3.43 1.21 5.20 8.87 
467 45 7 3.19 1.02 3.45 1.10 5.28 9.07 

1264 45 6 3.05 1.01 3.03 1.01 4.83 8.50 
1277 45 5 3.31 1.03 3.49 1.08 4.62 8.53 

, Treatments: 0, 15, 30, 45 contained 0, 15, 30, or 45% SFS (360 giL) and 
45, 30, 15, 0% concentrate mixture; 15T = 15% thin SFS flake (283 giL). 
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APPENDIX TABLE 5. Individual cow averages for total tract apparent 
digestibilities of DM, OM, CP, starch, ADF and NDF. (Exp. 2) 

Cowl TRT' Block DM OM Cpo starch ADF NDF 

284 0 3 71.0 73.5 69.7 98.7 50.0 54.5 
285 0 6 72.4 74.9 77.5 99.3 53.2 57.5 
292 0 2 71.2 73.1 75.0 98.1 47.7 51.4 
420 0 4 70.0 73.7 67.0 98.2 53.1 57.4 
459 0 7 70.3 73.3 74.9 98.0 51.7 56.1 

1192 0 1 71.5 74.7 70.7 98.6 51.3 59.0 
1275 0 5 68.4 70.5 73.7 98.3 40.6 51.0 

58 15 7 62.5 66.6 67.5 98.1 33.4 32.0 
297 15 1 69.2 71.2 77.0 98.7 45.2 42.3 
475 15 7 67.5 70.3 68.7 98.3 43.8 38.2 

1240 15 2 69.5 71.6 70.8 98.4 48.4 44.0 
1268 15 4 71.0 73.2 75.2 97.8 50.2 47.9 
1273 15 6 69.2 72.7 74.0 98.6 45.6 46.9 
1278 15 3 64.9 68.4 67.5 98.4 39.6 69.2 
332 15T 5 69.4 71.5 72.1 98.5 44.4 45.7 
339 15T 3 71.6 74.2 73.6 98.8 45.9 48.2 
386 15T 4 75.7 78.9 75.3 99.3 55.9 62.5 
415 15T 1 76.0 77.8 75.6 99.2 52.1 55.1 
492 15T 6 69.6 72.7 73.4 99.0 41.1 44.6 

1104 15T 7 70.4 72.9 70.7 98.4 43.1 47.1 
1248 15T 2 70.6 73.2 69.2 98.8 47.7 50.9 

245 30 3 63.4 65.7 60.5 97.8 39.2 38.3 
360 30 5 63.7 67.4 62.4 99.1 39.7 40.6 
369 30 6 71.5 74.2 75.0 99.3 50.4 54.5 
429 30 4 64.4 66.7 64.5 98.5 40.2 39.4 
486 30 7 68.5 70.1 64.5 98.1 41.6 43.8 

1191 30 1 70.8 73.4 70.5 99.2 46.4 51.4 
1243 30 2 70.8 73.4 68.4 98.6 46.6 50.2 

173 45 3 63.4 66.4 62.1 98.9 31.0 33.2 
317 45 1 70.5 73.3 71.4 99.2 46.9 46.7 
359 45 2 70.1 74.2 74.6 99.3 45.3 47.3 
363 45 4 66.8 69.1 70.6 98.7 36.3 42.0 
467 45 7 68.6 71.4 69.4 99.3 43.2 45.7 

1264 45 6 71.8 73.8 69.1 98.6 51.7 51.3 
1277 45 5 69.1 72.0 66.2 99.2 45.9 44.5 

, Treatments: 0, 15, 30, 45 contained 0, 15, 30, or 45% SFS (360 giL) and 
45, 30, 15, 0% concentrate mixture; 15T = 15% thin SFS flake (283 giL). 
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APPENDIX TABLE 6. Individual cow's milk yield and composition. (Exp. 3) 

Cow# TRT' DMI Milk FCM FCM Prot. Prot. 
kg/d kg/d kg/d IDMI % kg/d 

304 D 25.1 32.4 30.3 1.21 2.72 0.88 
365 D 34.5 31.5 39.9 1.16 3.03 1.26 
374 D 31.6 36.9 33.1 1.05 2.76 1.02 
407 D 29.5 31.8 29.8 1.01 2.97 0.94 
433 D 25.9 30.4 28.4 1.10 3.00 0.91 
441 D 26.4 33.2 30.6 1.16 3.04 1.01 
442 D 25.9 37.6 32.9 1.27 2.51 0.94 
518 D 24.5 29.0 27.8 1.13 3.26 .94 

1283 D 25.3 33.4 31.3 1.24 2.81 0.94 
313 DE 24.4 36.8 33.8 1.38 2.81 1.03 
320 DE 26.4 29.9 27.8 1.06 3.01 0.90 
323 DE 30.1 35.3 35.3 1.17 2.86 1.01 
328 DE 29.3 41.8 41.2 1.41 2.71 1.13 
330 DE 22.9 37.8 35.7 1.55 2.82 1.07 
427 DE 31.8 39.4 34.6 1.09 2.73 1.08 
498 DE 30.3 31.9 33.7 1 .11 3.30 1.05 

1237 DE 30.4 33.2 30.0 0.99 3.03 1.01 
1276 DE 23.8 28.2 26.9 1.13 2.96 0.83 

286 S 32.2 39.1 38.5 1.20 2.89 1.13 
381 S 29.3 43.2 39.6 1.35 2.73 1.18 
447 S 26.5 32.2 30.0 1.13 3.06 0.98 

1151 S 33.3 34.5 33.2 1.00 3.06 1.06 
1159 S 28.0 33.5 29.4 1.05 2.98 1.00 
1257 S 29.2 36.2 33.8 1.16 3.07 1.11 
1287 S 25.5 37.0 34.5 1.35 2.97 1.10 
1296 S 25.4 38.4 33.9 1.33 3.07 1.18 
1319 S 23.1 32.4 28.0 1.21 2.76 0.89 
349 SE 26.7 38.9 33.9 1.27 2.78 1.08 
352 SE 27.3 34.9 32.6 1.19 2.88 1.01 
390 SE 30.2 38.3 34.3 1.13 3.06 1.17 
393 SE 30.8 33.9 30.6 0.99 3.11 1.05 
418 SE 26.1 44.1 38.1 1.46 2.66 1.17 
246 SE 25.4 35.4 33.0 1.30 2.78 0.98 

1272 SE 27.9 38.6 36.5 1.31 3.14 1.21 
1300 SE 24.7 35.4 31.9 1.29 2.87 1.02 
1341 SE 26.7 38.0 35.2 1.32 2.99 1.13 

i Treatments: D = dry-rolled sorghum; DE - dry-rolled sorghum treated with 
enzyme; S = steam-flaked sorghum; SE = steam-flaked sorghum treated with 
enzyme. 
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APPENDIX TABLE 6. (Continued). (Exp. 3) 

Cow# TRT1 Fat Fat Lact SNF Urea Casein 
% kg/d % % mgms% % 

304 D 3.12 1.01 4.67 7.97 16.4 72.6 
365 D 3.26 1.35 5.16 8.78 19.4 77.4 
374 D 2.86 1.06 4.92 8.37 16.0 71.5 
407 D 3.12 .99 4.93 8.40 18.1 77.6 
433 D 3.09 .94 4.87 8.49 20.7 75.7 
441 D 3.02 1.00 1.87 8.50 22.8 75.4 
442 D 2.74 1.03 1.78 8.13 17.8 74.3 
518 D 3.25 .94 5.13 8.99 17.4 75.8 

1283 D 3.11 1.04 5.00 8.40 17.3 79.5 
313 DE 3.00 1.10 5.13 8.51 16.0 73.2 
320 DE 3.08 .92 4.91 8.69 15.6 74.1 
323 DE 3.50 1.24 4.90 8.37 23.6 75.9 
328 DE 3.41 1.43 5.21 8.49 19.3 76.8 
330 DE 3.16 1.19 4.77 8.30 16.8 79.1 
427 DE 2.75 1.08 5.00 8.42 20.6 74.5 
498 DE 3.85 1.23 5.24 8.63 18.6 77.2 

1237 DE 2.92 .97 4.85 8.68 19.1 72.8 
1276 DE 3.22 .91 4.69 8.34 18.3 73.3 

286 S 3.41 1.33 5.24 8.73 15.9 76.4 
381 S 2.98 1.29 5.22 8.51 14.6 75.1 
447 S 3.08 .99 4.71 8.14 10.4 79.4 

1151 S 3.27 1.13 4.96 8.53 14.9 72.0 
1159 S 2.75 .92 4.87 8.52 14.9 74.6 
1257 S 3.09 1.12 4.79 8.41 22.2 81.1 
1287 S 3.08 1.14 5.18 8.73 15.1 73.5 
1296 S 2.78 1.07 5.00 8.60 15.9 73.1 
1319 S 2.66 .86 5.22 8.53 14.7 75.2 

349 SE 2.71 1.05 4.90 8.28 15.0 75.2 
352 SE 3.08 1.08 5.14 8.39 14.5 75.4 
390 SE 2.85 1.09 4.95 8.60 14.7 75.9 
393 SE 2.90 .98 4.99 8.66 15.6 76.4 
418 SE 2.66 1.18 5.04 8.47 15.8 76.4 
246 SE 3.09 1.09 5.10 8.44 16.3 77.4 

1272 SE 3.16 1.22 4.67 8.44 13.6 74.9 
1300 SE 2.89 1.02 5.20 8.62 15.6 76.8 
1341 SE 3.04 1.16 5.34 8.76 14.0 76.3 

I Treatments: D = dry-rolled sorghum; DE = dry-rolled sorghum treated with 
enzyme; S = steam-flaked sorghum; SE = steam-flaked sorghum treated with 
enzyme. 
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APPENDIX TABLE 7. Individual cow averages for milk fatty acids (%). (Exp. 3) 

Cow# TRT' C4 Cs Ca ClO C'2 C'4 

304 D 4.59 2.51 1.15 2.46 3.52 10.32 
365 D 4.23 2.52 1.26 2.73 3.95 11.24 
374 D 4.43 2.49 1.24 2.90 4.14 10.93 
407 D 4.24 2.51 1.31 2.79 4.06 10.76 
433 D 3.94 2.38 1.28 2.99 4.39 11.20 
441 D 4.41 2.61 1.35 2.84 3.84 10.00 
442 D 4.98 2.60 1.20 2.38 3.51 10.75 
518 D 3.97 2.56 1.38 3.33 4.79 11.25 

1283 D 4.47 2.67 1.40 3.39 4.90 12.72 
313 DE 4.17 2.52 1.36 2.95 4.43 11.82 
320 DE 3.73 2.10 1.04 2.29 3.08 9.11 
323 DE 4.35 2.44 1.19 2.59 3.58 10.50 
328 DE 4.09 2.63 1.40 3.35 4.60 10.91 
330 DE 4.68 2.61 1.30 2.75 3.74 9.81 
427 DE 4.46 2.53 1.24 2.70 3.90 10.86 
498 DE 4.20 2.70 1.49 3.73 5.24 12.25 

1237 DE 4.54 2.52 1.24 2.69 3.89 10.46 
1276 DE 4.57 2.26 1.02 2.04 2.94 9.46 

286 S 3.31 2.19 1.17 3.03 4.05 10.76 
381 S 3.67 2.33 1.26 2.97 4.48 11.96 
447 S 3.91 2.52 1.43 3.44 4.92 11.37 

1151 S 4.78 3.02 1.68 3.97 5.56 11.33 
1159 S 4.34 2.69 1.42 3.58 5.03 12.53 
1257 S 3.64 2.29 1.25 3.03 4.44 10.81 
1287 S 3.81 2.39 1.34 3.15 4.77 11.46 
1296 S 3.97 2.28 1.15 2.86 4.25 11.81 
1319 S 3.70 2.12 1.10 2.67 4.08 11.39 

349 SE 4.83 2.74 1.39 3.07 4.41 11.43 
352 SE 3.88 2.46 1.29 2.92 4.14 10.99 
390 SE 3.80 2.78 1.77 4.66 6.72 14.66 
393 SE 4.09 2.48 1.34 3.41 5.10 11.93 
418 SE 4.57 2.57 1.31 3.05 4.28 11.09 
246 SE 4.77 2.69 1.36 2.68 3.75 10.10 

1272 SE 3.96 2.50 1.42 3.38 5.00 11.65 
1300 SE 4.22 2.46 1.28 2.99 4.31 11.30 
1341 SE 4.04 2.68 1.51 3.65 5.27 11.38 

I Treatments: D = dry-rolled sorghum; DE = dry-rolled sorghum treated with 
enzyme; S = steam-flaked sorghum; SE = steam-flaked sorghum treated with 
enzyme. 
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APPENDIX TABLE 7. (Continued). (Exp. 3) 

Cow# TRTl C16 Trans- Cis- C18 Trans- Cis-
C16:l C16:l C18:l C18:l 

304 D 32.56 .24 1.34 13.19 .77 23.91 
365 D 30.98 .25 1.12 10.58 .76 23.38 
374 D 32.40 .22 .88 13.08 1.14 19.76 
407 D 30.23 .32 .97 14.16 1.25 22.46 
433 D 29.02 .24 1.13 9.89 .70 25.18 
441 D 29.84 .20 1.12 11.80 .72 23.91 
442 D 33.51 .24 1.28 11.44 1.18 21.97 
518 D 32.95 .25 1.09 12.34 .89 20.32 

1283 D 33.63 .24 .83 12.77 .87 18.48 
313 DE 31.55 .23 1.07 12.31 .94 22.07 
320 DE 26.71 .24 .93 12.04 .78 30.07 
323 DE 32.99 .29 .97 15.15 .79 21.06 
328 DE 30.70 .27 1.16 14.85 .92 20.64 
330 DE 27.80 .23 .94 16.68 1.09 23.34 
427 DE 35.03 .18 1.01 12.96 .99 19.61 
498 DE 33.42 .20 .92 12.56 .84 17.80 

1237 DE 31.69 .20 1.01 12.78 1.16 22.07 
1276 DE 36.91 .18 1.05 14.05 1.14 20.34 

286 S 30.23 .23 1.28 9.36 .36 24.14 
381 S 32.65 .31 1.11 12.11 1.13 21.23 
447 S 32.44 .30 1.11 10.50 1.12 21.31 

1151 S 29.71 .20 .93 12.94 1.03 19.94 
1159 S 30.90 .24 .99 13.01 .80 20.36 
1257 S 31.81 .21 1.43 9.35 .84 23.22 
1287 S 35.54 .28 1.55 10.58 1.01 19.40 
1296 S 34.55 .28 1.22 10.85 .93 21.13 
1319 S 30.60 .27 1.00 13.33 1.01 24.57 

349 SE 29.27 .22 .84 13.95 1.16 21.10 
352 SE 33.16 .22 1.81 8.80 .74 23.62 
390 SE 28.38 .22 .85 10.68 1.01 19.24 
393 SE 33.87 .25 1.02 10.99 .95 19.71 
418 SE 29.37 .27 .90 14.22 1.19 21.94 
246 SE 30.15 .28 1 .11 13.79 1.05 23.01 

1272 SE 31.97 .29 .87 63.15 1.12 19.71 
1300 SE 30.77 .25 .96 13.90 1.06 20.79 
1341 SE 33.22 .25 1.14 10.76 1.13 19.58 

I Treatments: D = dry-rolled sorghum; DE = dry-rolled sorghum treated with 
enzyme; S = steam-flaked sorghum; SE = steam-flaked sorghum treated with 
enzyme. 
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APPENDIX TABLE 7. (Continued). (Exp. 3) 

Cowl TRT' C'B:2 C'B:3 

304 D 3.02 .43 
365 D 6.24 .66 
374 D 5.71 .68 
407 D 4.36 .59 

.,: 433 D 6.80 .86 
441 D 6.53 .84 
442 D 4.44 .54 
518 D 4.26 .55 

1283 D 3.19 .46 
313 DE 4.11 .49 
320 DE 7.08 .79 
323 DE 3.66 .44 
328 DE 3.96 .52 
330 DE 4.45 .58 
427 DE 4.03 .51 
498 DE 3.68 .46 

1237 DE 5.11 .62 
1276 DE 3.62 .43 

286 S 8.96 .93 
381 S 4.28 .52 
447 S 5.08 .56 

1151 S 4.36 .55 
1159 S 3.65 .45 
1257 S 6.95 .73 
1287 S 4.20 .52 
1296 S 4.21 .51 
1319 S 3.67 .50 
349 SE 5.01 .59 
352 SE 5.28 .71 
390 SE 4.69 .54 
393 SE 4.31 .55 
418 SE 4.71 .55 
246 SE 4.74 .54 

1272 SE 4.50 .49 
1300 SE 5.15 .56 
1341 SE 4.85 .56 

i Treatments: D = dry-rolled sorghum; DE = dry-rolled sorghum treated with 
enzyme; S = steam-flaked sorghum; SE = steam-flaked sorghum treated with 
enzyme. 
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APPENDIX TABLE 8. Individual cow averages for total tract digestibility of DM, 
OM, CP, starch, NDF and ADF. (Exp. 3) 

Cowl TRTl OM OM CP starch ADF NDF 

304 D 64.1 66.6 68.1 94.9 40.9 48.1 
365 D 59.7 61.1 65.4 80.2 52.7 52.3 
374 D 56.6 57.4 63.3 83.3 40.8 42.6 
407 D 55.2 56.2 62.1 88.1 28.4 35.1 
433 D 58.0 60.1 62.0 84.1 41.4 47.1 
441 D 56.3 58.0 60.8 78.7 47.5 50.7 
442 D 57.9 58.4 64.3 77.8 40.2 45.9 
518 D 56.6 58.0 62.1 83.8 38.7 41.0 

1283 D 60.1 61.8 61.1 82.7 45.7 48.8 
313 DE 59.3 60.8 64.2 86.7 40.2 42.1 
320 DE 58.5 60.2 69.6 93.9 41.8 27.4 
323 DE 59.4 61.3 63.6 89.2 41.2 41.3 
328. DE 50.7 52.4 59.8 80.2 42.1 28.4 
330 DE 45.2 47.2 53.1 86.2 33.3 30.9 
427 DE 56.0 57.1 57.3 84.9 36.6 37.7 
498 DE 63.3 64.9 66.6 84.0 52.6 54.4 

1237 DE 55.7 56.7 63.1 72.7 46.8 43.4 
1276 DE 59.1 60.4 61.3 91.7 40.2 30.3 

286 S 59.3 61.2 57.2 97.7 31.9 37.5 
381 S 62.8 63.3 61.4 97.4 38.8 40.6 
447 S 60.7 61.4 61.1 97.9 34.1 36.6 

1151 S 61.1 62.4 61.6 98.9 40.1 35.5 
1159 S 66.4 68.2 68.4 99.5 36.8 42.2 
1257 S 61.3 63.2 57.0 97.5 41.2 38.7 
1287 S 63.6 65.7 66.4 98.8 38.4 43.1 
1296 S 67.5 69.9 64.8 98.6 52.3 54.4 
1319 S 57.3 58.9 60.1 97.9 40.0 26.4 

349 SE 65.9 67.5 68.5 98.4 43.0 47.1 
352 SE 68.2 70.2 72.6 99.2 39.0 45.1 
390 SE 63.4 64.7 67.3 98.9 34.0 38.6 
393 SE 69.4 72.6 69.8 97.6 41.9 62.2 
418 SE 68.5 69.2 69.8 97.4 49.3 53.4 
246 SE 68.7 70.0 73.6 99.5 36.7 44.9 

1272 SE 67.8 69.7 64.9 97.8 47.6 51.4 
1300 SE 64.8 66.6 65.2 99.2 40.2 43.3 
1341 SE 63.2 64.7 62.6 97.3 44.4 47.3 

I Treatments: D = dry-rolled sorghum; DE - dry-rolled sorghum treated with 
enzyme; S = steam-flaked sorghum; SE = steam-flaked sorghum treated with 
enzyme. 



APPENDIX TABLE 9. Individual cow averages for OM I, milk yield, 3.5% FCM, FCM/OMI, milk protein percentage 
(Prot, %) and yield (Prot, kg/d), milk fat percentage (Fat, %) and yield (Fat, kg/d), solid non fat (SNF, %) and lactose 
(Lact, %) percentages. (Exp. 4) 

Cowl TRTl p2 OMI Milk FCM FCM Prot. Prot. Fat Fat SNF Lact. 
kg/d kg/d kg/d IOMI % kg/d % kg/d % % 

302 OS 3 19.1 25.1 21.8 1.07 2.55 .64 2.67 .67 7.81 4.69 
476 OS 1 24.8 41.6 36.0 1.46 2.45 1.02 2.66 1.11 7.96 4.94 
490 OS 4 23.4 36.1 34.0 1.34 2.83 1.02 3.15 1.14 8.12 4.70 

1295 OS 2 24.2 35.4 30.7 1.17 2.71 .96 2.69 .95 7.77 4.48 
302 S8 4 19.1 26.1 22.5 1.06 2.69 .70 2.65 .69 8.09 4.82 
476 S8 2 26.3 38.1 29.5 1.23 2.66 1.01 2.10 .80 8.00 4.77 . 
490 S8 1 23.9 35.4 30.5 1.21 2.78 .98 2.65 .94 8.12 4.75 

1295 S8 3 25.7 38.2 31.6 1.13 2.59 .99 2.44 .93 7.65 4.49 
302 SS 2 20.3 26.8 23.2 1.22 2.70 .72 2.67 .72 8.01 4.73 
476 SS 4 27.9 40.0 33.5 1.49 2.66 1.06 2.51 1.00 8.20 4.96 
490 SS 3 24.2 32.9 30.2 1.20 2.77 .91 2.99 .98 8.12 4.77 

1295 SS 1 25.2 38.3 33.6 1.29 2.71 1.04 2.74 1.05 7.84 4.87 
302 SU 1 21.3 29.8 25.7 1.35 2.66 .79 2.66 .79 8.10 4.86 
476 SU 3 24.6 36.4 30.1 1.24 2.54 .93 2.43 .89 8.11 5.00 
490 SU 2 22.4 31.9 27.9 1.09 2.76 .88 2.73 .87 7.89 4.55 

1295 SU 4 25.4 36.0 28.4 1.15 2.78 1.00 2.19 .79 7.94 4.58 

1 Treatments: OS = dry-rolled sorghum plus soybean meal; S8 = steam-flaked sorghum plus blood and fish meals; 
SS = steam-flaked sorghum plus soybean meal; SU = steam-flaked sorghum plus urea. 
2 Treatment periods. 

...... ...... 
co 



APPENDIX TABLE 10. Individual cow averages for nutrient intake, duodenal flow and microQial yield efficiency. (Exp. 
4) 

Nutrient intake {kg/d} Duodenal flow {kg/d} and microbial efficienc~ 

Cowl TRT1 p2 OM CP Starch ADF NDF OM Starch CP MCP MOEFF3 

302 DS 3 17.3 3.51 5.98 4.06 5.56 12.4 1.40 3.24 2.10 23.8 . 
476 DS 1 22.5 4.56 7.79 5.29 7.24 17.4 4.61 4.10 2.57 28.2 
490 DS 4 21.2 4.31 7.35 4.98 6.83 13.5 3.00 2.96 1.94 17.3 

1295 DS 2 22.0 4.45 7.60 5.15 7.07 16.5 3.03 4.20 2.74 27.4 
302 S8 4 17.3 3.61 5.70 4.18 5.69 10.9 1.07 2.90 1.89 18.9 
476 S8 2 23.9 4.97 7.86 5.76 7.83 15.7 1.55 3.75 2.71 20.~ 
490 S8 1 21.7 4.52 7.15 5.24 7.12 15.7 2.39 4.03 2.86 26.4 

1295 S8 3 23.3 4.84 7.67 5.62 7.64 14.2 1.18 4.12 2.34 17.2 
302 SS 2 18.7 4.03 6.20 4.64 6.20 12.2 .83 3.28 2.02 19.1 
476 88 4 25.6 5.53 8.52 6.37 8.52 16.6 2.72 4.07 2.56 19.0 
490 SS 3 22.2 4.80 7.39 5.52 7.39 15.7 1.58 3.93 2.63 24.1 

1295 SS 1 23.2 4.99 7.69 5.75 7.69 12.3 1.27 3.23 2.57 15.9 
302 SU 1 19.4 4.02 6.15 4.98 6.15 11.7 1.10 3.07 2.55 21.0 
476 SU 3 22.4 4.65 7.11 5.76 7.11 14.0 1.76 3.43 2.07 17.1 
490 SU 2 20.4 4.24 6.49 5.25 6.49 14.8 1.35 3.39 2.09 21.9 

1295 SU 4 23.1 4.79 7.33 5.94 7.33 15.4 1.88 4.01 2.56 21.2 

1 Treatments: DS = dry-rolled sorghum plus soybean meal; S8 = steam-flaked sorghum plus blood and fish meals; 
SS = steam-flaked sorghum plus soybean meal; SU = steam-flaked sorghum plus urea. 
2 Treatment periods. 
3 Gram of microbial CP/100 g OM truly fermented in the rumen (g MCP/100 g RFOM). 

I-' 
I-' 
1.0 



APPENDIX TABLE 11. Individual cow averages for ruminal pH, ammonia N (mg/dL), and VFA (mM). (Exp. 4) 

Cowl TRT1 p2 Total C2 C3 IsoC4 C4 MetC4 IsoCs Cs C2:C3 pH NH4-N 
VFA 

302 OS 3 131.2 81.5 29.4 1.23 14.9 1.14 .92 2.10 2.79 5.79 13.86 
476 OS 1 122.4 78.3 26.0 1.03 13.8 .57 .80 1.76 3.02 5.92 12.18 
490 OS 4 98.0 62.0 19.9 1.06 11.8 .85 .82 1.44 3.12 5.91 15.64 

1295 OS 2 146.5 88.1 38.6 1.18 14.4 1.06 .96 2.26 2.28 5.46 14.26 
302 S8 4 129.3 78.4 33.4 .92 13.4 .74 .66 1.84 2.42 5.52 11.29 
476 S8 2 129.6 84.4 26.6 1.12 14.5 .87 .80 2.20 3.25 5.90 13.70 
490 S8 1 134.9 73.7 38.2 1.20 17.5 .99 .93 2.43 1.94 5.56 15.75 

1295 S8 3 113.3 74.4 23.1 1.04 11.9 .61 .68 1.66 3.21 6.14 10.59 
302 SS 2 131.3 86.4 24.8 1.11 15.1 .94 .92 1.99 3.50 5.89 12.81 
476 SS 4 141.8 85.4 34.9 1.29 15.7 1.15 .96 2.36 2.44 5.60 22.31 
490 SS 3 118.7 68.2 29.4 1.15 16.1 .94 .86 2.20 2.34 5.80 12.09 

1295 SS 1 151.2 96.2 31.9 1.34 16.8 1.57 .97 2.41 3.02 5.57 13.22 
302 SU 1 134.7 85.2 28.7 1.06 16.2 .84 .66 2.01 2.96 5.92 12.31 
476 SU 3 149.5 94.1 32.4 1.22 17.3 1.16 .82 2.50 2.94 5.79 22.11 
490 SU 2 153.7 75.8 52.3 1.15 19.3 1.03 1.06 3.08 1.47 5.45 17.77 

1295 SU 4 115.8 79.9 20.4 .91 11.9 .72 .58 1.45 3.92 6.03 10.56 

1 Treatments: OS = dry-rolled sorghum plus soybean meal; S8 = steam-flaked sorghum plus blood and fish meals; 
SS = steam-flaked sorghum plus soybean meal; SU = steam-flaked sorghum plus urea. 
2 Treatment periods. 

I-' 
N 
a 



APPENDIX TABLE 12. Ruminal (R), postruminal (PR) and total tract (TT) digestibilities of nutrients for individual cows. 
(Exp. 4). 

OM diaestibilities, % ce diaestibilities, % Starch diaestibilities, % AOF NOF 
% % 

Cow# TRT' p2 R PR TT R PR TT R PR TT TT TT 

302 OS 3 28.1 50.6 64.5 8.5 72.8 66.2 76.6 77.5 94.7 16.3 21.9 
476 OS 1 22.7 58.3 67.8 11.2 73.8 70.1 40.8 85.1 91.2 41.4 44.0 
490 OS 4 36.5 31.8 56.7 32.1 66.5 64.0 59.2 71.0 88.2 9.0 13.9 

1295 OS 2 25.1 55.9 67.0 6.8 73.6 68.2 60.1 80.9 92.4 34.6 37.3 
302 S8 4 37.3 47.6 67.1 19.7 76.9 71.0 81.3 78.8 96.0 30.5 60.1 
476 S8 2 34.3 40.5 60.9 24.4 67.0 62.9 80.3 71.0 94.3 10.7 18.4 
490 S8 1 27.6 56.5 68.5 10.7 75.7 71.2 66.5 86.2 95.4 36.2 38.4 

1295 S8 3 38.8 46.5 67.3 15.0 75.4 67.2 84.6 72.5 95.8 35.9 36.6 
302 SS 2 34.6 48.2 66.2 18.6 74.3 68.8 86.6 69.2 95.9 25.0 35.9 
476 SS 4 35.3 50.6 68.0 26.3 74.2 71.4 68.0 87.5 96.0 38.2 40.7 
490 SS 3 29.5 51.7 66.0 18.1 71.5 67.8 89.6 89.1 95.5 26.0 31.4 

1295 SS 1 47.1 44.8 70.8 35.3 77.8 74.4 83.5 78.5 96.4 43.3 47.2 
302 SU 1 39.7 49.4 69.5 27.6 77.9 74.3 82.1 77.8 96.0 39.7 41.6 
476 SU 3 37.5 49.1 68.2 30.1 70.6 68.2 75.3 82.6 95.7 36.8 39.3 
490 SU 2 27.4 43.3 58.8 24.1 69.0 67.6 79.2 74.4 94.7 14.6 21.0 

1295 SU 4 33.5 57.6 71.8 20.7 77.4 74.3 74.3 84.0 95.9 50.4 54.2 

, Treatments: OS = dry-rolled sorghum plus soybean meal; S8 = steam-flaked sorghum plus blood and fish meals; 
SS = steam-flaked sorghum plus soybean meal; SU = steam-flaked sorghum plus urea. 
2 Treatment periods. 

I-' 
N 
I-' 
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