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Abstract:
The purpose of this study was to measure the variation in digestibility of barley genotypes from the
USDA World Barley Core Collection in the rat. Grains grown in a field trial in Bozeman during spring
1997 and 1998 were utilized. Weanling Sprague-Dawley rats were assigned to one of eight diets in
Experiment 1 (32 rats); one of 16 diets in Experiment 2 (32 rats); and one of five diets in Experiment 3
(30 rats). Diets were based on World Collection genotypes, Morex, Nubet, Shonkin, and Steptoe.
Barley genotypes fed to rats in Experiments 1 and 2 were selected on the basis of variation in in situ
dry matter (DM) digestibility in cows. For Experiment 3, genotypes were selected on the basis of
digestibility variations observed in Experiment 2. Rats had ad libitum access to barley-based diets and
water. The diets in Experiment 1 were composed of 50% barley and balanced for 12% crude protein
(CP). The diets in Experiments 2 and 3 were based on 80% barley and balanced for 14-17% CP. Total
fecal collection in the experiments was from five to seven days. Diet and fecal samples were measured
for DM, starch, and acid detergent fiber (ADF) content. The data were analyzed to test the effects of
barley genotype. In the three experiments a diet effect (P < .10) was evident on the protein efficiency
ratio (PER). Barley starch, starch digestibility, and digestible starch intake were consistently correlated
with PER (r >.66; P < .10). There was a diet effect (P < .10) on ADF and DM digestibility, plus ADF,
starch, and DM intakes. Correlation analysis was conducted between rat digestibility data and cow
digestibility figures collected at Montana State University. Rat DMD was positively related to cow in
situ DMD (r > .67; P < .03). Substantial variation existed between barley genotypes for digestibility
characteristics in the rat. Available variation in barley genotypes could be exploited for the
development of improved feed quality barley. 
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ABSTRACT

The purpose of this study was to measure the variation in digestibility of 
barley genotypes from the USDA World Barley Core Collection in the rat. Grains 
grown in a field trial in Bozeman during spring 1997 and 1998 were utilized. 
Weanling Sprague-Dawley rats were assigned to one of eight diets in Experiment
1 (32 rats); one of 16 diets in Experiment 2 (32 rats); and one of five diets in 
Experiment 3 (30 rats). Diets were based on World Collection genotypes, Morex, 
Nubet, Shonkin, and Steptoe. Barley genotypes fed to rats in Experiments 1 and
2 were selected on the basis of variation in in situ dry matter (DM) digestibility in 
cows. For Experiment 3, genotypes were selected on the basis of digestibility 
variations observed in Experiment 2. Rats had ad libitum access to barley-based 
diets and water. The diets in Experiment 1 were composed of 50% barley and 
balanced for 12% crude protein (CP). The diets in Experiments 2 and 3 were 
based on 80% barley and balanced for 14-17% CP. Total fecal collection in the 
experiments was from five to seven days. Diet and fecal samples were 
measured for DM, starch, and acid detergent fiber (ADF) content. The data were 
analyzed to test the effects of barley genotype. In the three experiments a diet 
effect (P < .10) was evident on the protein efficiency ratio (PER). Barley starch, 
starch digestibility, and digestible starch intake were consistently correlated with 
PER (r >.66; P < .10). There was a diet effect (P < .10) on ADF and DM 
digestibility, plus ADF1 starch, and DM intakes. Correlation analysis was 
conducted between rat digestibility data and cow digestibility figures collected at 
Montana State University. Rat DMD was positively related to cow in situ DMD (r 
> .67; P < .03). Substantial variation existed between barley genotypes for 
digestibility characteristics in the rat. Available variation in barley genotypes 
could be exploited for the development of improved feed quality barley.
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INTRODUCTION

Cereals provide almost half of the dietary protein available worldwide 

(Pimentel et al., 1975). Cereal products contribute to good health in humans and 

occupy a prominent position at the base of The Food Guide Pyramid. In the 

United States animals consume nearly 90 percent of edible plants produced, with 

cereals as a main contributor (Charley and Weaver, 1998).

Considered among cereal crops is cultivated barley (Hordeum vulgare L ). 

Barley is also a major feed source for livestock in the western regions of the 

United States and Canada (Poehlman, 1985). Barley is adept at growing in 

varying climates. Barley tolerates cool, dry climates, with short growing seasons 

and has adapted well to propagation in the northwestern sections of the United 

States (Shewry, 1992). In 1997, in the state of Montana, 1,300,000 acres of land 

were planted in barley and produced 63,600,000 bushels of grain. In 1998, 

1,400,000 acres were again seeded in barley of various cultivars (Montana 

Agricultural Statistics, 1998). However, North American barley breeding 

programs often focus on malting characteristics and agronomic advantages, and 

the quality characteristics of barley produced for animal feed remain less defined.

Researchers are investigating the physical and chemical properties of 

barley in an effort to determine feed quality attributes that will ultimately enhance
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livestock production (Boss and Bowman, 1996; Bowman and Blake, 1997; 

Bowman et al., 1997b; Surber et al., 1999 ). The purpose of this study was to 

measure the variation in digestibility of barley genotypes from the USDA World 

Barley Core Collection in the rat. The general objectives were as follows:

1. To identify a laboratory measure in barley that could become a cultivar 

screening tool that is highly predictive of performance characteristics in 

monogastrics fed a barley-based diet.

2. To gather intake information on rats being fed a barley-based diet.

3. To compare barley macronutrient and dry matter digestibility in the rat 

with cattle digestibility data on the same barley genotypes.
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LITERATURE REVIEW

Barley has several physical and chemical attributes that lend to its use in 

the beverage industry, food industry, and as ah animal feed. Traditionally, barley 

has been used in the manufacture of beer, and grain not acceptable for malting 

are often used as cattle feed. Barley flour is of interest for use in the food 

industry, and has applications for product bulking and thickening, and is a 

significant source of dietary fiber (Charley arid Weaver, 1998; Madar and Odes, 

1990).

Obtaining malt extract from barley for the brewing process has been one 

primary commercial use of the grain. The malting process involves steeping the 

grain in warm water, germination in a controlled environment, and malt kiln 

drying. This process dictates well-defined grain specifications to make certain the 

highest malt quality and yield from the barley. The exact parameters include: 

grain size, grain protein content, high starch degrading enzyme activity levels 

(alpha- and beta-amylases), and low extract beta-D-glucan levels. A plump and 

uniform kernel is important because it will germinate at a uniform rate and 

produce more uniform malt. Prolamins are the major type of storage protein in 

barley and account for 50 percent of the total grain protein. Barley prolamins are 

predominately composed of glutamine and proline amino acids and are also
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known as hordein. High levels of grain protein are associated with less grain 

starch content and reduced malt extract. High beta-D-glucan levels in the malt 

reflect incomplete cell wall degradation, reduced endosperm modification, and 

tend to impede filtration of the malt extract (Shewry, 1992; Mather et al., 1997).

Quality parameters for malt barley cultivars are well defined; so too are the 

quality measures for the use of barley in food products. The importance of 

dietary fiber in a healthy diet has contributed to an increased use of barley in the 

food industry (Prosky and DeVries, 1992; Fastnaught et al., 1996; Knuckles et al., 

1997; Liljeberg et al., 1996). Barley is a good source of dietary fiber, which 

includes soluble fiber and insoluble fiber fractions. Fiber is identified as a 

positive factor in modulating blood lipid, blood glucose, and insulin levels in 

humans. Additionally, fiber is implicated in the prevention of obesity, diverticular 

disease, and cancer (Slavin et al., 1997).

The food quality parameters identified in barley are the total fiber content 

(particularly the beta-D-glucan fraction), rheological properties, protein content, 

and sensory characteristics (Fastnaught et al., 1996). The desirable rheological 

properities of barley include high elasticity and viscosity which allow for its use as 

a thickening, gelling or coating agent in various food products. The sensory 

characteristics of interest when using barley in baked food products include crust 

and crumb color, mouth feel, texture, flavor, and aroma ( Knuckles et al., 1997).

Currently, barley genotype variation is being explored to determine animal 

feed quality characteristics. The quality parameters for animal barley-based
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feeds are not well defined. A quick review of grain composition is useful to 

interpret studies that have probed barley quality questions.

Cereal grain on the average is composed of 75 percent carbohydrate, 10 

percent protein, 1-2 percent lipid, 10 percent moisture, and 1-2 percent mineral. 

Barley does not differ widely from other grains in macronutrient composition. 

Mature barley yields between 43 to 75 percent starch, 9 to 13 percent protein, 2 

to 4 percent lipid, and 2 to 3 percent crude ash in its final grain dry weight. Some 

variation can be found in these percentages among mutant or altered genotypes 

(Shewry, 1992; Reglietal., 1999).

The major source of carbon for starch biosynthesis within the endopserm 

is sucrose. The starch of mature, normal isotype, covered seed barley contains 

approximately 25 percent amylose and 75 percent amylopectin (Fastnaught et al., 

1996). Waxy barley isotypes approach 100 percent amylopectin starch and one 

high amylose mutant barley (Glacier -  CI9676) was reported to contain as much 

as 44 percent amylose (Walker and Merritt, 1969). Thus, there exists wide 

variation in starch content and make up, especially in altered lines.

Mature barley grain also contains non-starch polysaccharides that include 

fructans, beta (1,4)-D-glucan (cellulose), beta (1,3;1,4)-D-glucan (beta-D-glucan), 

arabinoxylan and glucomannan. Beta-D-glucan and arabinoxylan are 

predominately found in the cell walls of the aleurone and starchy endosperm. 

They are linked with low levels of proteins (Forrest and Wainwright, 1977).
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Endosperm cell walls contain around 70 percent beta-D-gIucan and 20 

percent arabinoxylan, while the aleurone cell walls contain approximately 26 

percent mixed beta-D-glucan and 67 percent arabinoxylan. The beta-D-glucan 

structure consists of two or three 1,4-D-glucopyranosyl units separated by a 1,3 

linked unit. The approximate ratio of these moieties is 7:3 (Shewry, 1992).

Arabinoxylan consists of a 1,4-beta-xylopyranosyl backbone linked with 

alpha-L-arabinofuranosyl residues. Phenolic acids, primarily ferulic and p- 

coumaric acid, are covalently associated with arabinoxylans (Gubler et al., 1987). 

There is preliminary evidence that phenolic acids may possess some preventative 

properties to combat heart disease and some types of cancers (King and Young, 

1999).

Cellulose is predominately (96%) found in the barley husk (MacLeod and 

Napier, 1959), as is lignin. Lignin, a non-carbohydrate derived in the plant by 

polymerization of aromatic alcohols, integrates with cellulose to aid in plant 

protection and grain degradation resistance (Prosky and DeVries, 1992). 

Cellulose, lignin, hemicellulose, and pectin substances make up the fiber content 

of barley.

The definition of fiber dates back to the early 1800s. The analytical process to 

determine fiber required extensive and strenuous chemical digestion of a sample. 

The remaining residue was deemed crude fiber (Prosky and DeVries, 1992). 

Today, total dietary fiber has a physiological definition, and is based upon the 

ability of material to be enzymatically digested by enzymes of the monogastric
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alimentary tract (Trowell et al., 1976). Nevertheless, the definition of fiber 

remains to be a function of the analytical method used to measure its presence in 

test material. Acid detergent fiber (ADF) analysis is a non-enzymatic process that 

measures cellulose and lignin (Van Soest et al., 1991), and is widely used in 

ruminant nutrition studies. Prosky’s enzymatic or gravimetric methods measure 

total dietary fiber (TDF) by determining the soluble and insoluble fractions (Prosky 

and DeVries, 1992). The ADF method, a neutral detergent fiber (NDF) method, 

and TDF methods have been used by various researchers to examine the fiber 

content in food products and in barley.

Resistant starch, is starch that is not digested in the small intestine and 

reaches the colon intact. The definition of fiber has been influenced by the 

presence of resistant starch in the colon. Resistant starch and non-starch 

polysaccharides that arrive in the colon are colonized and attacked by colonic 

microorganisms. Hydrolysis of the polysaccharides results in simple sugars that 

provide the energy necessary for colonic microorganisms to partake in anaerobic 

fermentation pathways. In monogastrics, the outcome of fermentation is to 

produce short-chain fatty acids that in turn are absorbed through the intestinal 

wall and are metabolized primarily in the liver. In the human, this process 

provides approximately 7 percent of energy (Fennema, 1996).

The protein content of barley is inversely related to the concentration of 

starch in the grain (Briggs, 1978). The proteins of barley are classified into four 

solubility groups whose characteristics can vary with cuItivar and agronomic
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practice. The albumins are soluble in water; globulins are soluble in salt 

solutions; glutelins are soluble in strong acid or alkali; and prolamins are 

extracted by propan-1-ol (50% by volume) or propan-2-ol (55% by volume). The 

low content of essential amino acids (lysine, methionine, tryptophan, and 

threonine) in barley is due to the high content of the prolamin fraction (Shewry, 

1992).

Increasing the lysine content of barley through gene alteration has been 

experimented with since 1967 (Hagberg and Karlsson, 1969). Studies with rats 

(Newman et al., 1974; Newman et al., 1990; Misir and Sauer, 1982) and pigs 

(Newman et al, 1977; Newman et al., 1978) demonstrated an improvement in 

apparent fecal digestibilities of amino acids for a selected group of high-lysine 

barley types as compared with conventional genotypes. However, other studies 

caution that care should be taken in determining protein digestibility and 

utilization. Some researchers suggest that ileal rather than fecal analysis 

methods are better determinants of true amino acid digestibility values. 

Furthermore, grains low in protein, such as barley, are best determined by 

difference or regression methods based on ileal digestibility rather than direct 

methods (Fan and Sauer, 1995).

As with the other components of barley, genetic variation exists in the lipid 

content. Generally, barley contains 2 to 3 percent lipid (Welch, 1978) with some 

varieties showing as much as 7 percent total lipid (Aman and Newman, 1986). 

Triacylglycerides are the main class of lipid present in barley. The fatty acid
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make up is predominately Iinoleic (55%), palmitic (21%), and oleic (18%). 

Approximately 8 percent of the oil found in barley is nonsaponifiable and consists 

of carotenoids, tocopherols, and isoprenoid products (Demchenko et al., 1969). 

Carotenoids and tocopherols are of interest in clinical nutrition because of their 

antioxidative properties (Anderson and Theron, 1990). Dietary d-alpha- 

tocotrienol (an isoprenoid) has been identified as an inhibitor of cholesterol 

synthesis in the livers of experimental animals because of its ability to suppress 

3-hydroxy-3-methylglutary!-CoA (HMG-CoA) reductase. HMG-CoA reductase is 

the first rate-limiting enzyme in the cholesterol biosynthetic pathways. Alpha- 

tocotrienol differs from tocopherol by containing three double bonds in the 

isoprenoid chain, which appears to be essential for the inhibition of 

cholesterogenesis (Qureshi et al., 1986). Hence, the presence of alpha- 

tocotrienol in barley has provided additional interest for incorporating alpha- 

tocotrienol and its inhibition of cholestrerol synthesis into such products as barley- 

based breads and pasta in the diets of humans.

Whole grains are an excellent source of B vitamins and a good source of 

minerals (Slavin et al., 1997). The B complex vitamins, thiamin, pyridoxine, 

riboflavin, and pantothenic acid are present in barley. Crude ash content of 

barley ranges from 2 to 3 percent and predominately consists of phosphorus, 

potassium and calcium (Newman & Newman, 1991).

Hydrolytic enzymes are found in barley and are essential for grain 

maturation. Considerable information is available regarding beta-D-glucanase,
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but only limited data on xylanase, or DNA- and RNA-degrading enzymes. In 

selecting cultivars for malt, attention is paid to beta-D-glucan and beta-D- 

glucanase levels; undesirable malting results are attributed to excessive amounts 

of either (Shewry, 1992).

Work is underway to better define how various physical and chemical 

characteristics of barley relate to improved animal performance. Animal 

performance is often measured by: average daily gain, feed efficiency (the 

pounds of feed necessary to produce one pound of gain), diet digestibility, animal 

intake, and carcass characteristics at the time of slaughter. Proximate analysis is 

commonly used to determine the chemical composition of a feed or grain, and 

includes the measurement of protein, starch, fat, fiber and mineral content.

Researchers at Montana State University-Bozeman, have shown 

differences exist between barley varieties and their feeding value for finishing 

steers. In studies reported by Bowman and Blake (1997), barley varieties tested 

included: Harrington, Gunhilde, Medallion, Baronesse, Merlin, Lewis, Steptoe, 

and Morex. The effect of differing barley morphological characteristics on 

performance was explored. Such characteristics as two- and six-row head 

arrangement, lines deemed malting versus feed-type, and hulless versus covered 

grains were compared. Differences were seen as great as 21 percent in average 

daily gain among steers placed on varied barley diets. Other work done by 

Bowman et at. (1997a) demonstrated that average daily gain differences between
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barley genotypes appeared to be constant across varied environmental 

conditions and animal genetics.

Carcass grade is one method used to measure feed quality. Hatfield et al. 

(1997) reported that higher barley levels in alfalfa-barley mixed finishing diets for 

lambs resulted in fatter lambs. Beauchemin et al. (1997) reported that meat from 

barley-fed calves tended to be more highly marbled and brighter in color than 

meat from corn-fed calves. Further study to evaluate the effects of barley variety 

on carcass characteristics demonstrated that steers fed Harrington (a two-row 

malting barley) had a greater carcass quality grade than steers fed two feed-type 

barleys -  Gunhilde or Medallion (Boss and Bowman, 1996).

Researchers identified that the fiber and starch content of barley are of 

great importance in evaluating animal diets based on the grain. Hatfield et al. 

(1997) investigated the effects of fermentable carbohydrates in barley and barley 

bulk on digestion and growth in lambs. In this study animal gain:feed ratios were 

highest for feedlot lambs fed alfalfa-barley mixed diets high in barley content. 

Additionally, it was concluded that heavier bulk density barley diets resulted in 

improved animal gain:feed ratios. However, true differences in animal 

performance were best determined by the starch and fiber content of the barley 

and how it related to animal intake and feed digestion. Larsen et al. (1991) 

reported that daily food intake affected feed digestibility in the rat. A statistically 

significant negative relationship between daily food intake and energy, crude 

protein, starch, and crude fiber digestibility was demonstrated. Intestinal transit
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time influenced daily food intake, and the fiber concentration in the diet was 

implicated as a major contributing factor to fed intake.

Grain breeding technology has aided in defining quality parameters for 

feed barley. Much effort today is directed toward identifying digestibility 

characteristics that can be genetically mapped and then be used to select for the 

best attributes in developing new crosses. The physical aspects of barley being 

investigated to associate with feed digestibility in animals are: the hull type 

(hulless vs. covered), head type (two- and six-row), particle size of cracked grain 

samples, starch content, ADF content, beta-D-glucan content, and endogenous 

enzymes (Zinn et al., 1996; Bowman et al., 1997b; Surber et al., 1999; Baidoo 

and Liu, 1998; Wang et al., 1992; Dudley-Cash, 1994). Samples from the USDA 

World Barley Core Collection have been utilized in these efforts (Bowman et al., 

1997b). The aim is to sample numerous barley genotypes, evaluate their 

digestibility in animals, and exploit the variations in order to develop a barley 

specifically designed with high quality animal feed characteristics.

Bowman and Blake (1997) have identified quantitative trait loci (QTL) for 

particle size, dry matter digestibility, and starch digestibility on selected ground 

and cracked barley crosses and genotypes. The QTLs for particle size and grain 

features that affect digestibility were found on separate chromosomes. Thus, it 

was concluded that characteristics related to grain processing and digestibility 

could be selected independently.
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The expectation is that information from barley digestibility and 

performance studies will allow researchers to determine laboratory procedures 

and analyses that can predict barley feed quality. This will further the ability of 

barley breeders to genetically select for better feed quality characteristics.
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EXPERIMENT ONE

Introduction

Five genotypes from the USDA Barley World Core Collection lines 

(PI436140, PI436149, PI564478, PI539120, PI280441), and two standard 

varieties (Morex - Cl 15229 and Steptoe - Cl 15773) were selected for this study. 

The grain selection was based upon the kilograms available for mixing diets and 

upon data collected from previous cattle digestibility studies. The purpose of the 

study was to measure variation in digestibility characteristics of selected barley 

genotypes in the rat. The objectives were to gather information on rat food intake 

and weight gain.

Materials and Methods

The grains were grown in a field trial in Bozeman during Spring 1997. 

Barley samples for laboratory analysis were ground through a .5-mm screen 

using a Udy-Cyclone Sample Mill (Ft. Collins, CO) and analyzed for DM and ash 

(AOAC, 1997), ADF (Van Soest et al., 1991), and percentage nitrogen (Leco 

Corporation, St. Joseph, Ml). The starch content was determined using an 

amylogiucosidase/a-amylase method (Megazyme, Sidney, Australia; AOAC, 

1997). Total dietary fiber (including soluble and insoluble fiber fractions) was 

determined according to Lee et al. (1992), Prosky et al. (1985, 1988, .1992), and 

AOAC methods (AOAC, 1997). The grains were also analyzed for crude fat
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content using diethyl ether extraction (Soxtec Technique, Tecator Application 

Laboratory; Table 1). All analyses were performed in duplicate.

Grains for diet preparation were ground through a .5-mm screen with the 

Udy-Cyclone Sample Mill. A casein control diet was used in this first study, and 

the experimental diets contained 50 percent barley.

Experimental diets were balanced for approximately 12 percent crude 

protein content on a DM basis, accounting for the protein from the grain and 

purified casein (Table 3). The percent casein added ranged from 4.55 to 7.03 

percent (Table 2). The lysine and methionine content of the barley was estimated 

at .44 and .17 percent respectively (NRC, 1982). Lysine and methionine 

requirements for the rat are .92 and .98 percent on an as-fed basis (NRC, 1995). 

Thus, lysine and methionine were added to satisfy the nutritional needs of the rat. 

Furthermore, a commercially prepared vitamin mix and mineral mix (AIN-76A & 

AIN-93G, ICN Pharmaceuticals; Costa Mesa, CA) were included at 1.0 and 3.5 

percent of the diet respectively. Soybean oil was added to account for 3.38 to 

3.59 percent of each diet (Table 2).

The control diet was casein-based, and balanced for approximately 12 

percent crude protein (Table 3). The oil content was 5 percent and the 

commercially prepared vitamin mix, mineral mix, L-Iysine and methionine were 

included at the same levels as the experimental diets. Alphacel, consisting of 

approximately 87 percent TDF was included at 10.5 percent of the diet on a dry 

matter basis (Table 2).
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Thirty-two male weanling Spague-Dawley rats were obtained from Charles 

River Laboratories. Rats were housed in individual metabolic cages with 

stainless steel mesh bottoms (4 rats/diet). The cages were kept in a 

thermoregulated room at 22° C and approximately 32 percent relative humidity, 

with controlled 12 hour light and dark periods. Rats were assigned test diets in a 

block design, with each diet represented an equal number of times in the upper 

and lower divisions of the metabolic cage racks (Appendix). Three days were 

allowed for rat adaptation to the barley diet and experimental conditions before 

the commencement of the trial period (Nestares et al., 1993). The trial period 

was from five to seven days and all animals received diet and water ad libitum. 

The following parameters were measured for each rat: body weight (day 1 and on 

the last day of experimental feeding), daily consumption of feed and between five 

to seven days of total fecal collection depending on the the available diet mix. 

The Montana State University Institutional Animal Care and Use Committee 

reviewed and approved the animal use protocol for this study.

Collected feces were freeze-dried at O0 C and 200 millitorr of pressure 

utilizing a Dura-Top Freeze Dryer (FTS Systems, Inc; Stone Ridge, NY) for 

approximately 48 hours. Fecal starch, ADF, fat, nitrogen, organic matter (OM) 

and DM content were measured. Fecal fat (HCL-fat) was extracted with diethyl 

ether after acid-hydrolysis (Anonymous, 1971). Analyses were conducted in 

duplicate. Protein efficiency ratios, DM, starch, fat, OM and ADF digestibilities of

all diets were determined.
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Data were analyzed using the GLM1 CORR1 and STEPW ISE procedures 

of SAS (SAS, 1996). Using PROC GLM tests of diet effects on PER, energy 

intake, DM, OM, starch, fat, and ADF digestibility were performed. When a 

significant F statistic was detected (P < .10) means were compared using 

Duncan’s New Multiple Range Test and associated standard errors were 

reported. Pearson r and Spearman rs correlation coefficients were calculated 

using PROC CORR. Regression analysis from PROC STEPWISE was used to 

evaluate the relationships between growth performance data (average daily gain 

and PER), intake data, digestibility data, and individual barley laboratory data.

Results and Discussion

The protein efficiency ratio (PER) is the simplest method for evaluating 

protein quality and was established as early as 1917 by Osborne and Mendel 

(Osborne et al., 1919). The PER is determined by ADG values and protein 

intake. Diet had no effect (P = .32) on ADG, but did have an effect (P = .08) on 

PER values (Table 4). This is notable when considering that the diets where 

balanced at 12 percent crude protein. No relationship (P > .10) was seen 

between PER and the percentage casein added to the experimental diets.

Among the world collection barley lines W C 1299 diet had 18.94 percent 

higher PER (3.14) than the W C 592 diet (2.64; Table 4). The PER was highly 

correlated (r = .74; P  < .10) with the barley starch content and to a lesser extent 

with the soluble fiber fraction of the grain (r = .59; P = .16). No significant 

relationship between PER and barley ADF content was evident, but a negative
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correlation was found using nonparametric Spearman Correlation Coefficients 

(rs = -.60; P = .12) between PER and barley fat content. Furthermore, PER was 

highly correlated (r = .76; P  < .10) with FATDG and the barley fat content was 

correlated (r = .64; P =  .12) with barley ADF. Table 5 displays several other 

strong correlations that were found between PER and DMD1 SDG, ADFDG, 

FATDG, PRODG, and OMDG. Stepwise regression analysis indicated a strong 

predictive relationship between PER, FATDG, and PRODG (R2 =.81;  P =  .04): 

PER = -36.52 + .28 (FATDG) + .16 (PRODG).

Average daily gain is a component of the PER value, but as stated, diet 

had no effect (P = .32) on ADG. However, with Speahnan Correlation Analysis, 

ADG was positively correlated to FATI (rs = .67; P = .07). Moreover, ADG was 

correlated to DMD, (r = .62; P =  .10), PRODG (r = .69; P < .10; Pearson 

Correlations), and OMDG (r = .51; P < .10). Stepwise regression analysis 

demonstrated a strong relationship between ADG, PRODG and DFATI (R2 = .87; 

P = .01): ADG = -53.33 + .66(PRODG) + 5.34(DFATI). With the addition of DMD 

into the model the R2 was increased to .99 (P » .00): ADG = -75.46 + .30(DMD) 

+ .61 (PRODG) + 4.46 (DFATI).

A diet effect was observed (P < .10) on DMI, SI, ADFI1 CPI, and FATI 

(Table 6). Rats fed W C 297 diet had the highest DMI, SI, ADFI, CPI, and the 

highest FATI among the five Barley World Collection lines used in this study. 

However, the percentage DMD of rats fed W C 297 was the second lowest 

(88.73%) value, and the control diet was the lowest (88.32%).
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The W C 297 barley is a covered, 6-row variety, and according to 

laboratory analysis, had the lowest content of protein (14.46%), starch (51.71%), 

and soluble fiber (3.48%) among the barley varieties used in this experiment 

(Table 1). Nonetheless, W C 297 also had the highest content of fat (2.40%), 

ADF (6.31%), insoluble fiber (17.92%), and TDF (21.40%).

Diet had an effect (P = .0001) on ADFDG. The negative value for 

ADFDG in the control diet is perhaps related to the addition of Alphacel. The two 

standard barley diets (Steptoe and Morex) demonstrated the two highest 

percentages for ADFDG (11.94% and 26.94% respectively), but the percentage 

ADFDG for rats fed W C 297 was highest (10.95%) among the five World 

Collection barley genotypes used. Additionally, W C 297 FATDG was the lowest 

(91.87%) of all diets. As stated earlier PER was positively correlated (r =.79; P  = 

.02) to FATDG. Rats fed W C 297 diet ranked second to last (2.72) in PER 

among the experimental barley diets (Table 4). These values may reflect the 

ability of lignin (an ADF measured component) to bind proteins and lipids in the 

gastrointestinal tract and reduce the availability of these macronutrients to 

digestive enzymes (Hunt and Groff, 1990).

Barley ADF content was highly correlated with barley insoluble fiber 

content (r = .95; P  « .00), and barley TDF ( r = .93; P « .00). This is not 

surprising, because ADF is a measure of the non-carbohydrate phenolic lignin 

and cellulose. Cellulose is a homopolysacharide of glucose with (1-4) beta -D- 

glycosidic linkages and is.resistant to digestive enzymes. In the monogastric
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these materials are generally non-digestible, and only supply a limited amount of 

energy for colonic bacteria which produce short-chain fatty acids through 

fermentation. In turn the short-chain fatty acids may be used for energy by the 

host (Hunt and Groff, 1990). Thus, the low values for ADF digestibility were 

reasonable.

Diet had no effect (P = .43) on starch digestibility (Table 6). The range in 

DM starch digestibility was 98.38 -- 100 percent; mean = 99.63; SD = .35) and 

demonstrates normal values. Previous studies utilizing monogastrics have shown 

starch digestibility approaching 100 percent (Haung et al., 1998).

Starch digestibility was negatively correlated to the protein content of the 

barley (r = -.68; P  = .09) and positively correlated to FATDG (r = .72; P  = .07). In 

conjunction with this relationship barley protein was positively correlated with SI 

(r = .83; P = .02). Of further interest, stepwise regression analysis indicted a 

linear relationship between FATDG, SI, and BSTAR (R2 = .80; P = .04): Fat DG 

= 89.88 -32(S I) + .14(BSTAR).

Diets were balanced for approximately 12 percent crude protein, and diet 

had an effect (P = .0001) on the percentage of PRODG. As noted earlier, diet 

also had an effect (P = .08) on PER. Figures for high and low PRODG among 

the five Barley World Collection lines were consistent in protein intakes, digestible 

protein intakes, and PER (Table 4 & 6). For example, rats fed W C 592 ranked 

lowest in PRODG (83.2%), lowest in PER (2.64), and second to last in CPI (2.68 

g/d) and digestible CPI (2.23 g/d). Perhaps of more interest was the highly
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negative correlation between BPRO content and BADF content ( r = -.77; P  = 

.04). Furthermore, BPRO and CPI were highly correlated to SI (r = .83; P  = .02 

and r = .86; P = .01 respectively). The only variable associated in a linear 

relationship to SI was BPRO (R2 = .68; P  = .02): SI = 9.48 + .42(BPRO). 

Regression analysis indicated that there was a linear relationship between 

PRODG, ADG, and DFATI (R2 = .83; P  = .03): PRODG = 81.80 + 1.26 (ADG) 

- 6.90 (DFATI). With the addition of BADF into the model the R2 is increased to 

.98 (P » .00): PRODG = 77.93 + 1.34(ADG) - 5.47 (DFATI) + .31 (BADF).

Correlation analysis was conducted between rat digestibility data and cow 

digestibility figures collected by Bowman et al. (1997). Rat DMD was positively 

related to cow in situ DMD (r = .79; P  = .03). This information proved valuable 

and assisted in shaping the format for additional digestibility studies that followed. 

Additionally, it was concluded that the testing period would be increased to 19 

days with 7 days of fecal collection, and fed refusals would be saved, analyzed, 

and appropriately included in digestibility calculations.

References Cited

AOAC. 1997. Official Methods of Analysis (15th Ed.). Association of Official 
Analytical Chemists, Arlington, VA.

Anonymous. 1971. Determination of crude oils and fats. Official Journal of the 
European Community. L297-995-997.

Bowman, J.G.P., Surber, L.M.M., Daniels, T.K., Kirschten, D.P., Cote, N.T. and 
T.K. Blake. 1997. Variation in feed quality characteristics in the world 
barley collection. Proc. West. Sect. Am. Soc. Anim. Sci. 48:161-163.



26

Huang, S. X., Sauer, W.C., Pickard, M., Li, S. and Hardin, R.T. 1998. Effect of 
micronization on energy, starch and amino acid digestibility in hulless 
barley for young pigs. Can. J. Anim. Sci. 78:81-87.

Hunt, S.A. and Groff, J.L. 1990. Advanced Nutrition and Human Metabolism.
West Publishing Co., St. Paul, MN.

Lee, S C., Prosky, L. and DeVries, J.W. 1992. Determination of soluble, 
insoluble, and total dietary fiber in foods and food products: collaborative 
study. J. AOAC lnt. 75: 395.

Nestares, T., Lopez-Jurando, M., Sanz, A. and Lopez-Frias, M. 1993. Nutritional 
assessment of two vegetable protein concentrates in growing rats. J. 
Agric. Food Chem. 41: 1282-1286.

NRC. 1982. Nutritional Data For United States and Canadian Feeds (3rd Ed.). 
United States-Canadian Tables of Feed Composition. National Academy 
Press, Washington, D.C.

NRC. 1995. Nutrient Requirements of Laboratory Animals (4th Revised Ed.). 
National Academy Press, Washington, D.C.

Osborne, T.B., Mendel, L.B. and Ferry, E. L. 1919. A method of expressing 
numerically the growth-promoting value of proteins. J. Bio. Chem. 37: 
223-229.

Prosky, L., Asp, N.-G. Furda, I., DeVries, J.W., Schweizer, T.F. and Harland, 
B.F. 1985. Determination of total dietary fibre in foods and food products: 
collaborative study. J. AOAC lnt. 68: 677.

Prosky, L , Asp., N.-G., Schweizer, T.F., DeVries, J.W. and Furda, I. 1988. 
Determination of insoluble, soluble, and total dietary fiver in foods and food 
products: interlaboratory study. J. AOAC lnt. 71:1017.

Prosky, L., Asp, N.-G., Schweizer, T.F., DeVries, J.W. and Furda, I. 1992. 
Determination of insoluble and soluble dietary fiber in foods and food 
products: collaborative study. J. AOAC lnt. 75(2): 360-367.

SAS. 1996. Release 6.12. SAS Inst. Inc., Cary, NC.

Van Soest, P. J., J. B. Robertson, and B. A. Lewis. 1991. Methods for dietary 
fiber, neutral detergent fiber, and nonstarch polysaccharides in relation to 
animal nutrition. J. Dairy Sci. 74:3583-3597.



Table 1. Analytical composition of barley (dry matter basis; Experiment 1).

Barley
(1997 planting)

WC 1299 WC 1304 WC 1506 WC 297 WC 592 Steptoe Morex

Plant/Crop Introduction Number PI436140 PI436149 P1564478 PI539120 PI280441 Cl 15229 Cl 15773
Hull Type* h h h h h h h
Head Type 2-row 2-row 2-rOw 6-row 2-row 6-row 6-row
DM, % 92.23 92.11 91.87 . 91.95 92.86 92.48 92.28
OM1 % 97.33 97.34 97.16 97.08 97.16 97.26 97.31
Protein, % 14.91 15.31 14.75 14.46 14.75 10.60 13.93
Starch, % 60.13 57.13 55.22 51.71 55.54 57.55 59.46
Fat, % 2.26 2.27 2.24 2.40 2.3 2.43 1.99
ADF, % 4.56 4.40 4.39. 6.31 5.41 6.93 4.85
Insoluble Fiber, % 13.19 13.11 14.51 17.92 15.40 18.59 15.40
Soluble Fiber, % 4.45 4.79 3.74 3.48 3.63 5.07 4.76
Total Dietary Fiber, %** 17.64 17.90 18.26 21.40 19.03 23.66 20.15
*h=covered 
** calculated
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Table 2. The composition of experimental diets and control diet (Experiment 1).

Experimental Diets
Barley 50.00%
Casein 4.55-7.03%
Soybean Oil 3.78-4.00%
Corn Starch 33.8-35.90%
Vitamin Mix (AIN 76A, ICN Pharmaceuticals)3 1.00%
Mineral Mix (AIN 93G, ICN Pharmaceuticals^1 3.50%
L-Lysine to equal 1.02%
Methionine to equal 1.09%
Control Diet
Corn Starch 12.60%
Casein 66.70%
Soybean Oil 5.00%
Alphacel 10.50%
Vitamin Mix (AIN 76A, ICN Pharmaceuticals)3 1.00%
Mineral Mix (AIN 93G, ICN Pharmaceuticals)13 3.50%
L-Lysine .02%
Methionine .69% '

^Composition (per kg of mixture): thiamine hydrochloride 600 mg; riboflavin 600 mg; 
pyridoxine hydrochloride 700 mg; nicotinic acid 3 gm; D-calcium pantothenate 1.6 gm; 
folic acid 200 mg; D-biotin 20 mg; vitamin B121 mg; vitamin A (250,000IU/gm) 1.6 gm; 
DL-a-tocopherol acetate (250 lU/gm) 20 mg; vitamin D3 (400,000 lU/gm) 250 mg; vitamin K2 5 mg; 
sucrose, finely powdered 972.9 gm.

''Composition: calcium carbonate 35.7%; monopotassium phosphate 19.6%; 
potassium citrate monohydrate 7.078%; sodium chloride 7.4%; potassium sulfate 4.66%; 
magnesium oxide 2.4%; ferric citratic .606%; zinc carbonate .165%; manganese carbonate 
.063%;
copper carbonate .03%; potassium iodate .00103%; ammonium molybdate .4H20  .000795%; 
sodium metasilicate .9 H2O .145%; chromium potassium sulfate .12 H2O; .0275%;
Iithuim chloride .008145%; boric acid .008145%; sodium fluoride .00635%;
nickel carbonate .00318%; ammonium varadate .00066%; and powdered sugar 22.1%.



Table 3. Analytical composition of barley-based and control diets fed to rats (dry matter basis; Experiment 1).

Barley
(1997 planting)

WC 1299 WC 1304 WC 1506 WC 297 WC 592 Steptoe Morex Control

DM, % 93.3 93.5 93.4 93.5 93.2 93.4 93.6 94.3
CM, % 96.5 96.7 96.6 94.5 95.4 95.8 96.1 96.7
Crude Protein, % 12.44 12.13 12.13 12.63 12.75 12.31 12.13 12.19
Starch, % 70.83 70.91 70.50 68.99 70.61 67.54 68.17 66.57
Fat, % 5.30 5.26 5.72 5.54 5.58 5.31 6.11 4.93
ADF 2.37 2.30 2.45 3.60 3.15 3.96 3.39 2.92

Table 4. Protein intake and weight change in rats fed barley-based diets or a control diet (Experiment 1).

Barley
(1997 planting)

WC 1299 WC 1304 WC 1506 WC
297

WC
592

Steptoe Morex Control P -value SE

No. of rats 4 4 4 4 4 4 4 4
Protein intake, g/day 2.82ab 2 80abc 2 .66 * 2.93* 2.68a* 2 .56* 2.69** 2.38d .0131 .09
Avg. daily gain, g/day 8.87 7.83 8.07 7.98 7.07 7.79 8.85 7.36 .3245 .57
PER* 3.14ab 2.80bc 3.01abc 2 .72* 2.64° 3.05** 3.29* 3.09ab .0804 .16
*PER = weight gained (g/rat/day)/ protein intake (g/rat/day).
abcd Within a row, means having a common superscript letter are not significantly different (P > .10).



Table 5. Pearson r and Spearman rs Correlation Coefficients of performance indices for barley-based diets and a control diet in the rat 
(Experiment 1).

Pearson r
% DMD % starch 

digestibility
% ADF 
digestibility

% fat 
digestibility

Digestible 
fat intake

% protein 
digestibility

% organic
matter
digestibility

Barley
insoluble
fiber

Barley Barley
soluble TDF
fiber

ADG r=  .59 r = .31 r =.28 r =.32 r=.57 r =.69* r =.51 r = -.29 . r — 36 r = -.18
(P = .16) (P = .18)

PER r=.52 r =.61 r =.41 r =.76* r =.37 r =.62 r =.43 r = -.13 r = 59 r =.05
(P = .14) (P = .16)

Spearman rs

ADG r=  .61 r = -.13 r =.24 r =.05 r =.67* r =.19 r =.62* r = -.02 r = 26 r = -.05

PER r=.19 r =.66* r =14 r =.79* r =.05 r =.74* r=.19 r = -.22 r =.26 r = -.23

*P<.10

CO
O



Table 6. Digestibility of barley-based diets and a control diet in the rat (Experiment 1).
Barley
(1997 planting)

WC 1299 WC 1304 WC 1506 WC 297 WC 592 Steptoe Morex CS
Control

P -value SE

No. of rats 
DM intake, g/d

4
22.70al?

4
23.06a

4
21.93ab

4
23.19"

4
21.04*

4
20.76*

4
22.20ab

4
19.54° .0251 .75

Starch intake, g/d 16. OSab 16.35a 15.46ab 16.OOab 14.86* 14.02* 15 13a* 13.O f .0019 .52
ADF intake, g/d 0.54d 0.53d 0.54d 0.83a 0.66° 0.82a 0.75b 0.57d .0001 .02
Protein intake, 2.82ab 2.80abc 2.66* 2.93" 2.68a* 2.56* 2.69°* 2.38d .0131 .09
g/d
Fat intake, g/d 1.20bcd 1.21bc 1.25abc 1.28ab 1.17* 1.10d 1.36"

CDO) .0001 .04
DMD,% 90.64a 90.19ab 90.17ab 88.73° 89.23° 88.95° 90.02ab 88,32° .0012 .37
OM 91.90a 91.44ab 91.39ab 89.70° 90.44* 89.88° 91.08ab 88.53d .0001 .39
digestibility,% 
Starch 99.60 99.67 99.49 99.41 99.43 99.85 . 99.71 99.85 .432 .17
digestibility,% 
ADF CD CO -.24b 1.42b 10.95b 9.08b 11.94b 26.94" -27.38° .0001 5.1
digestibility,% 
Protein 85.22b 83.63bc 83.51bc 84.23* 83.20° 84.77* 84.30* 93.55" .0001

8 - 
.63

digestibility,% 
Fat 92.97bc 92.78bc 93.18b 91.87° 92.75* 93.44b 93.57b 97.19" .0001 .45
digestibility, % 
Digestible DM 20.58ab 20.80a I g 77afcC 20.58ab 18.77b* 18.47* 19.98"* 17.26d .0122 .68
intake, g/d 
Digestible Starch 16.01ab 16.30a 15.38ab 15.90ab 14.77* 14.00* 15:09ab° 12.99d .0024 .52
intake, g/d 
Digestible ADF .O f O-OOc .O f O CO .06* .10b .20" -.15d .0001 .03
intake, g/d 
Digestible protein 2.41 2.34 2.22 2.47 2.23 2.17 2.27 2.23 .1211 .08
intake, g/d 
Digestible fat 1.12bc 1.13bc 1.17b 1.18ab 1.09* 1.03° 1.27" .94d .0002 .04
intake, g/d__________________________________________ ._._________________

abcde Within a row, means having a common superscript letter are not significantly different (P < .10).
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EXPERIMENT TWO  

Introduction

Twelve genotypes from the USDA Barley World Core Collection (Table 8) 

and four control varieties (Morex - Cl 15229, Steptoe - CU 5773, Nubet and 

Shonkin) were selected for feeding to rats based on variation in in situ DMD 

(Bowman et al., 1997). The objective of this experiment was to screen a larger 

number of genotypes for DMD, ADF and starch digestibility characteristics in the 

rat. Additionally, information on intake and growth over a longer feeding period 

(19 days) was sought.

Materials and Methods

The grains were grown in a field trial in Bozeman during spring 1998. 

Barley samples for laboratory analysis were ground through a .5-mm screen 

using a Udy-Cyclone mill (Ft. Collins, CO) and analyzed for DM (AOAC, 1997), 

ADF (Van Soest et al., 1991), and nitrogen (Leco Corporation, St. Joseph, Ml). 

The starch content was determined using an amyloglucosidase/a-amylase 

method (Megazyme, Sidney, Australia; AOAC, 1997). All analyses were 

conducted in duplicate.

Prior to diet mixing, barleys were ground through a 1-mm screen using a 

Wiley mill (Arthur H. Thomas Co., Philadelphia, PA). Diets were mixed containing
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80% barley and balanced for 17 percent CF, utilizing protein from the grain and 

purified casein. The percent casein added ranged from 3.0 to 6.47 percent 

(Table 7). Lysine and methionine were added to meet nutrient requirements of 

the rat (NRC, 1995).

Thirty-two male weanling Spague-Dawley rats (116-136 gm) were obtained 

from Charles River Laboratories. Rats were housed in individual metabolic cages 

with stainless steel mesh bottoms (2 rats/diet). The cages were kept in a 

thermoregulated room at 22° C and approximately 18 percent relative humidity, 

with controlled 12 hours light and dark periods. Rats were assigned test diets in 

a block design, with each diet represented an equal number of times in the upper 

anbd lower divisions of the metabolic cage racks (Appendix). Three days were 

allowed for adaptation to the diets and experimental conditions before the 

collection period began (Nestares et al., 1993). The collection period consisted of 

19 days, and all animals had ad libitum access to feed and water. The following 

parameters were measured for each rat: body weight (day 1, day 8, day 14, and 

day 19), daily feed intake, daily feed refusal, and seven days of total fecal 

collection (day 8 to day 14). The project protocol was evaluated and approved by 

the Montana State University Institutional Animal Care and Use Committee.

Lyophilized feces were analyzed for DM (AOAC, 1997), ADF (Van Soest et 

al., 1991), and starch (AOAC, 1997). All analyses were conducted in duplicate. 

The PER (weight gain/protein intake), and DM, starch, and ADF digestibility of 

the barley diets were calculated.
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Data were analyzed using the GLM procedure of SAS (1996) to test for 

diet effects. When a significant F value was detected (P < .10) means were 

separated using Duncan's New Multiple Range Test. Correlations were 

calculated using PROC CORR1 and regression analysis with PROC STEPWISE  

(SAS, 1996).

Results and Discussion

Diet had no effect (P= .18) on ADG, but did affect (P = .02) PER, even 

though diets were isonitrogenous (Table 9). There was no relationship (P > .10) 

between PER and percentage casein added to the diet. Rats fed the W C 1256 

diet had a 24 percent higher (P < .01) PER than those fed the WC88 diet (2.37 vs 

1.91, respectively). Rats fed Shonkin had the highest (P = .01) PER and those 

fed Morex had the lowest (2.40 vs 1.88, respectively). Average daily gain was 

positively correlated with DMI (r = .66; P « .00), nitrogen intake (r = .48; P = 

.006), and starch intake (r = .37; P = .04). Stepwise regression analysis indicated 

the following equation representing the relationship between ADG, ,DDMI, SDG, 

and ADFDG (R2 = .65; P *  .00): ADG = -163.50 + .40 (DDMI) + 1.65 (SDG) - 

.01 (ADFDG). Significant interactions between ADG, rack height, and cage 

location were tested using the GLM procedure of SAS. No effect (P > .10) was 

observed.

A relationship was found between PER, DMD, ADFDG, and SDG, with the 

following equation (R2 = .61; P= .01): PER = -47 + .04 (DMD) + .49 (SDG) - .004 

(ADFDG).
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Diet had no effect on DM intake (P = .74), starch digestibility (P = .22), or 

DDMI (P  = .63; Table 10). The range in starch digestibility (99.41 to 99.83%) 

demonstrated normal values in the rat. Previous studies have shown that the 

digestibility of starch in non-ruminants approaches 100 percent (Haung et al., 

1998). Diet affected (P « .00) digestible starch intake. Rats fed a diet based on 

Nubet had 50 percent greater (P *  .00) digestible starch intake than rats fed the 

W C 1506 diet (15.52 vs 10.34 g/d, respectively).

The range in DMD was from 79.9 to 91.6 percent, with a mean value of 

85.5 percent (Table 10). Rats fed diets based on Shonkin had 13.65 percent 

higher (P *  .00) DMD than rats fed WC115 (91.08 vs 80.14%). W e found DMD 

to be negatively correlated with diet ADF content (r = -.70; P « .00). The diet 

based on WC115 had the highest ADF content (8.0%), and ranked eighth of 16 

diets in ADF digestibility. This may be partially explained by differences in kernel 

morphology. Shonkin is a hulless 2-row variety, and WC115 is a covered 6-row 

genotype.

Diet affected ADFDG (P « .00; Table 10). Rats fed WC592 had the lowest 

(P « .00) ADFDG, while those fed Shonkin had the highest (.79 vs 45.29%, 

respectively). Barley ADF content ranged from 1.99 to 9.48 percent, with a mean 

of 4.6 percent. Examination of the ADF content of diets based on World 

Collection barley genotypes shows that the WC115 diet contained the highest 

level of ADF (8.0%) and the W C 1064 diet the lowest (2.24%; Table 8). However, 

the ADFDG was very similar for these two diets (13.0 and 13.79%; Table 10). In
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addition, the W C 1506 diet had 47% higher (P « .00) ADFDG than the WC592 

diet (34.94 vs .79%, respectively). The ADF contents of these diets were 5.0 

percent and 4.0 percent, respectively. It appears the most influential factor 

affecting variation in barley DM digestibility in the rat was ADF content and 

digestibility. This agrees with work done by Hatfield et ai. (1997) in a metabolism 

study that examined the effects of barley type on lamb growth performance and 

digesta kinetics.

Cellulose, hemicellulose, pectin, lignin, and digestion resistant starch have 

modifying effects on energy metabolism and digestibility of starch and fats in the 

non-ruminant intestinal track (Craig et al., 1998). Inclusive of these fiber fractions 

are the soluble and insoluble beta-D-glucans. Studies have has shown that the 

ileal digestibility of starch and nitrogen were decreased when broiler chicks were 

fed barley diets (Hesselman and Aman, 1986). It is suggested that the increased 

viscosity of intestinal contents, due to beta-D-glucans may play an important role 

in depressing the digestion and absorption of nutrients (Almirall et al., 1995).

Correlation analysis was conducted between rat digestibility data and 

laboratory measures collected by Bowman et al. (1997) for the World Collection 

genotypes grown during 1995 and 1996. Barley ADF was correlated with rat DMI 

(r = .59; P  = .03) and rat DMD (r = -.67; P = .01). Additionally, rat DMD was 

correlated with cow in situ DMD (r = .67; P = .01) and barley particle size after dry 

rolling (r = -.83; P «  .00).
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Table 7. The composition of experimental diets (Experiment 2).

Barley 80.00%
Casein 3.0-6.47%
Soybean Oil 3.86%
Corn Starch 4.46-7.55%
Vitamin Mix (AIN 76A, ICN Pharmaceuticals)3 1.00%
Mineral Mix (AIN 93G, ICN Pharmaceuticals)15 3.50%
L-Lysine to equal .92%
Methionine to equal .98%

^Composition (per kg of mixture): thiamine hydrochloride 600 mg; riboflavin 600 mg; 
pyridoxine hydrochloride 700 mg; nicotinic acid 3 gm; D-calcium pantothenate 1.6 gm; 
folic acid 200 mg; D-biotin 20 mg; vitamin B12 1 mg; vitamin A (250,000IU/gm) 1.6 gm; 
DL-a-tocopherol acetate (250 lU/gm) 20 mg; vitamin D3 (400,000 lU/gm) 250 mg; vitamin K2 5 mg; 
sucrose, finely powdered 972.9 gm.

"Composition: calcium carbonate 35.7%; monopotassium phosphate 19.6%; 
potassium citrate monohydrate 7.078%; sodium chloride 7.4%; potassium sulfate 4.66%; 
magnesium oxide 2.4%; ferric citratic .606%; zinc carbonate .165%; manganese carbonate 
.063%;
copper carbonate .03%; potassium iodate .00103%; ammonium molybdate .4H20  .000795%; 
sodium metasilicate .9 H2O .145%; chromium potassium sulfate .12 H2O; .0275%;
Iithuim chloride .008145%; boric acid .008145%; sodium fluoride .00635%;
nickel carbonate .00318%; ammonium varadate .00066%; and powdered sugar 22.1%.



Table 8. Chemical composition of barley diets fed to rats (dry matter basis; Experiment 2).

Barley
(1997 planting)

WC 1064 WC 115 WC 1256 WC 1271 WC 1299 WC 1304 WC 1506 WC 179

Plant/Crop PI370970 CI3709 PI420463 PI428499 PI436140 PI436149 P1564478 CI5003
Introduction Number
Hull Type* N H H H H H H H
Head Type 6-row 6-row 6-roW 2-row 2-row 2-row 2-row 6-row
DM, % 93.6 94.3 93.9 94.0 94.0 94.0 93.6 94.3
Protein, % 17.75 16.65 17.12 17.32 17.33 17.48 18.49 17.13
Starch, % 54.41 50.05 56.18 53.68 55.67 52.45 49.18 51.02
ADF1 % 2.24 8.00 4.09 3.79 3.56 4.51 5.00 5.01
*N = hulless, H = covered.

Table 8.(cont.) Chemical composition of barley diets fed to rats (dry matter basis; Experiment 2).

Barley
(1997 planting)

WC 297 WC 387 WC 592 WC 88 Steptoe Morex Nubet Shonkin

Plant/Crop PI539120 PI188831 PI280441 CI2631 CM 5229 Cl 15773
Introduction Number 
Hull Type* H H H H H H N N
Head Type 6-row 2-row 2-row 2-row 6-row 6-row 2-row 2-row
DM, % 94.0 94.2 94.3 94.5 94.3 94.5 94.2 94.3
Protein, % 16.69. 17.27 16.72 17.04 15.74 18.82 17.05 16.17
Starch, % 52.37 51.55 52.28 61.00 53.76 59.47 • 65.57 60.00
ADF, % . 5.80 5.01 4.00 5.78 4.74 4.62 1.77 2.32
N = hulless, H = covered.



Table 9. Protein intake and weight change in rats fed diets containing different barley genotypes 
(Experiment 2).___________________________________________________________________
Barley WC WC WC WC WC WC WC WC P-value

SCO

(1997 planting) 1064 115 1256 1271 1299 1304 1506 179
No. of rats 2 2 2 2 2 2 2 2

Protein 3.70 3.92 3.86 4.02 3.67 3.60 3.81 4.03 .59 .20

intake, g/day 
Avg. daily 
gain, g/day

7.45 8.53 9.13 8.58 7.87 7 .42 7.53 8.27 .18 .44

PER* 2 .02def 2  ̂gabcdef 2 .37ab 2 -| gabcdef 2 -| 5 abcdef 2 OJbcdef

CO CO

I 2 .OScdef .02 .09

‘ PER = weight gained (g/rat/day)/ protein intake (g/rat/day).
abcdef Within a row, means having a common superscript letter are not significantly different (P > .10).

Table 9. (cont.) Protein intake and weight change in rats fed diets containing different barley genotypes 
(Experiment 2).________________ ___________________________________________________
Barley
(1997 planting)

WC
297

WC
387

WC
592

WC
88

Steptoe Morex Nubet Shonkin P-value SEM

No. of rats 2 2 2 2 2 2 2 2

Protein 3.70 3.70 3.76 3.75 3.57 4.27 3.85 3.63 .59 .2 0

intake, g/day
avg. daily 8 .2 1 8.32 8.77 7.21 7.74 8 .0 0 8.48 8.69 .18 .44

gain, g/day
PER* 2 . 2 2 abcd 2.25 abcd 2  S 3 Cbc 1 9 1 9f 2  -|yabcdef 1 .8 8 f 2  2Qabcde 2 .40a .0 2 .09

‘ PER = weight gained (g/rat/day)/protein intake (g/rat/day).
abcde' Within a row, means having a common superscript letter are not significantly different (P >  .10).



Table 10. Digestibility of diets based on different barley genotypes in the rat (Experiment 2).

Barley
(1997 planting)

WC
1064

WC
115

WC
1256

WC
1271

WC
1299

WC
1304

WC
1506

WC
179

P-Value SEM

No. of rats 2 2 2 2 2 2 2 2

DM
intake, g/d

20.84 23.57 22.56 23.21 21.18 20.58 20.63 23.52 .74 1.15

Starch 
intake, g/d

IlG S def" 12. IScdef 1 S-OSbcd 12.9 I bcde I 2 2 Scdef 11.OGef 10.37f 12.27“%' .0006 .56

ADF
intake, g/d

.48' 1.89a .94efg .86fg .74gh .97ef 1 Ogcde I 2Obcd .0001 .07

DMD1 % 85.34“* 80.14® 86.53bc 86.17b0 86.38bc 86.22bc 86.04bcd 83.04d .0002 .92

Starch
digestibility, %

99.47 99.52 99.67 99.60 99.61 99.66 99.76 99.64 .22 .08

ADF
digestibility, %

IS-OOcde IS jg cde 9.46de 1.299 5.22e 26.42bc 34.94ab 8.36* .0001 4.96

Digestible DM 
intake, g/d

17.76 18.89 19.53 19.99 18.28 17.73 17-75 19.52 .63 .95

Digestible starch 
intake, g/d

11 62def 12.07cdef 12 98bcd 12. SGbcde I 2 2 Qcdef 11.02ef 10.34' 12.23“%' .0005 .55

Digestible ADF .OGd .26bc .09d .01d .04d .25bc .38* .10d .0001 .04
intake, g/d

abcdefghi Wjthjn a row, means having a common superscript letter are not significantly different (P > .10).



Table 10. (Cent.) Digestibility of diets based on different barley genotypes in the rat (Experiment 2).

Barley
(1997 planting)

WC
297

WC
387

WC
592

WC
88

Steptoe Morex Nubet Shonkin P-value SEM

No. of rats 2 2 2 2 2 2 2 2

DM
intake, g/d

22.16 21.45 22.50 22.01 22.67 22.67 22.59  ■ 22.45 .74 1.15

Starch 
intake, g/d

11.67def H J O def 12 I 7COaf 14.34ab 12.32="" 14.25ab 15.57" 13.85abc .0006 ' .56

ADF
intake, g/d

1.40b 1.04daf .88ef9 1.31bc U O ede 1.09=d" .43' .59hi .0001 .07

DMD1 % 84.71=" 84.7 I cd 85.88bcd 82.94d 84.69=0 85.54=0 88.74ab 91.08" .0002 .92

Starch
digestibility, %

99.81 99.75 99.61 99.53 99.61 99.66 99.69 99.80 .22 .08

A D F.
digestibility, %

32.81ab 8.64de .79® 26.76bc 1.21" 23.88b=o 30.65ab 45.29" .0001 4.96

Digestible DM 
intake, g/d

18.77 18.16 19.32 .18.27. 19.19 19.39 20.03 20.44 . .63 .95 .

Digestible starch 
intake, g/d

11.64d6f 11.67def 12.12cdef 14.27ab 12.27=0" 14.20ab 15.52" 13.82"b= .0005 .55

Digestible ADF 
intake, g/d

.46a .09d .01d .35ab .01d .26b= .13=o .270= .0001 .04

abcdefghi Wjthjn a row, means having a common superscript letter are not significantly different (P > .10).
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EXPERIMENT THREE

Introduction

Four genotypes from the USDA Barley World Collection lines (PI 370970, 

PI436149, CI3709, CI2631), and Shonkin were chosen for this study. Selection 

was based upon high and low contrasts in ADG and DMD from rats fed the grains 

in experiment two. Shonkin, a hulless, waxy genotype, was also included. The 

objective was to measure DMD, ADF1 and starch digestibility in the rat for these 

lines.

Materials and Methods

The grains were grown in a field trial in Bozeman during Spring 1998. 

Barley samples for laboratory analysis were ground through a .5-mm screen 

using a Udy-Cyclone Sample Mill (Ft. Collins, CO) and analyzed for DM (AOAC, 

1997) and percentage nitrogen (Leco Corporation, St. Joseph, Ml). The starch 

content was determined using an amyloglucosidase/a-amylase method 

(Megazyme, Sidney, Australia; AOAC, 1997). Samples used to determine ADF 

(Van Soest et al., 1991) were ground through a 1-mm screen using a Wiley Mill 

(Arthur H. Thomas Co., Philadelphia, PA; Table 11).

Grains for diet preparation were also ground through a 1-mm screen. 

Experimental diets were mixed containing 80 percent barley and balanced for
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approximately 14 percent crude protein on a DM basis, accounting for the protein 

from the grain and purified casein. The percent casein added ranged from 3.01 

to 5.53 percent. The lysine and methionine content of the barley was estimated 

at .44 and .17 percent respectively (NRC, 1982). Lysine and methionine 

requirements for the rat are .92 and .98 percent of diet as fed (NRC, 1995). 

Thus, lysine and methionine were added to satisfy the nutritional needs of the rat. 

Furthermore, a commercially prepared vitamin mix and mineral mix (AIN-76A & 

AIN-93G, ICN Pharmaceuticals; Costa Mesa, CA) were included at 1.0 and 3.5 

percent of the diet respectively. Soybean oil was added to each diet at 3.86% 

(Table 12).

Thirty male weanling Spague-Dawley rats (85-105 gm) were obtained from 

the Charles River Laboratories. Rats were housed in individual metabolic cages 

with stainless steel mesh bottoms (6 rats/diet). The cages were kept in a 

thermoregulated room at 22° C and approximately 40 percent relative humidity, 

with controlled 12 hours light and dark periods. Rats were assigned test diets in 

a modified block design, with each diet represented an equal number of times in 

the upper and lower division of the metabolic cage racks (Appendix). Three days 

were allowed for rat adaptation to the barley diet and experimental conditions 

before the commencement of the trial period (Nestares et al., 1993). The trial 

period was nineteen days and all animals received diet and water ad libitum. The 

following indices and parameters were measured for each rat: body weight (day
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1, day 8, day 15, and day 19), daily consumption of feed, feed refusal (day 8 

through day 15) and fecal collection (day 8 through day 15). Experimental 

protocol was reviewed and accepted by the Montana State University Institutional 

Animal Care and Use Committee.

Collected feces were freeze-dried at 0° C and 200 millitorr of pressure 

utilizing a Dura-Top Freeze Dryer (FTS Systems, Inc; Stone Ridge, NY) for 

approximately 60 hours. Fecal starch, ADF (Van Soest et al., 1991) and DM 

(AOAC, 1997) content were measured. All analyses were performed in duplicate. 

Protein efficiency ratios, DM, starch, and ADF digestibility were determined.

Data were analyzed using the GLM procedure of SAS (SAS, 1996) to test 

for diet effects on PER, energy intake, DM, starch, and ADF digestibility. When a 

significant F statistic was detected (P < .10) means were compared using 

Duncan’s New Multiple Range Test and associated standard errors are reported. 

Correlations were calculated using PROC CORR, and regression analysis with 

PROC STEPW ISE to evaluate the the relationships between growth performance 

data (ADG and PER), intake data, digestibility data, and individual barley 

laboratory data.

Results and Discussion

Diet had an effect (P «  .00) on PER (Table 13). Rats fed W C 115, which 

had the greatest percentage diet ADF content (8.16%), had the lowest (2.57) 

PER value. Rats fed W C 1304 had the highest (3.18) PER and 3.78 percent diet 

ADF (Table 12). Rats fed the two hulless barley varieties (WC 1064 and
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Shonkin) differed in PER values. Rats fed W C 1064 exhibited a 14 percent lower 

PER (2.73) than rats feed W C 1304 (3.18). However, rats fed Shonkin had the 

second highest PER (3.13) value, or merely 2 percent lower than rats fed W C  

1304 (Table 13).

Digestible starch intake was highly correlated (r = .95; P  < 10 ) with PER. 

Stepwise regression analysis demonstrated a strong linear relationship between 

PER and DSI (R2 = .91; P =  .01): PER = -5.71 + .71 (DSI). With the addition of 

DMO (range 1.6 g/d to 4.83 g/d; M = 3.0 g/d; SD = .94) as a variable in the model 

a R2 of .99 is obtained (P = .01): PER = -4.24 + .61 (DSI) - .09 (DMO).

Digestible starch intake was also negatively correlated with CPI (r = -.92; P  <10). 

Likewise, in regression analysis CPI proved to be the most predictive variable for 

DSI (R2 = .85; P * .0 0 ): DSI = 16.83 - 1.68 (CPI).

No effect (P = .36) was demonstrated in ADG among rats fed the five barely- 

based diets (Table 13). The ADG was positively correlated (r = .86; P <10) with 

SDG and negatively correlated (r = -.93; P  <10)  with DADFI. Stepwise 

regression analysis resulted in a strong linear relationship between ADG and 

DADFI (R2 = .88; P = .02): ADG = 8.41 - 2.61 (DADFI). In turn, barley starch 

content was a predictor of DADFI (R2 = .58; P  =. 10).

Diet had no effect (P >.10) on DMI, SI, or digestible SI (Table 14). 

Despite no diet effect (P = .74) on DMI, an effect (P =.10) was detected for DDMI. 

Separation of the means with Duncan’s New Multiple Range Test identified rats 

fed W C 1064, WC1034, and WC88 were not significantly different in DDMI, but
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rats fed W C 115 and Shonkin did significantly differ (P  = .10). The DDMI of 

Shonkin, a hulless and waxy barley, was 12 percent higher than the DDMI of 

WC115, a hulled variety.

Rats fed W C 115 were 11 percent lower in DDMI than rats fed Shonkin 

(Table 14). Of the test varieties, Shonkin had the highest barley starch content 

(61.61%) and the highest DSI (18.93%). The WC 115 barley had the lowest 

starch content (43.18%) and the highest ADF content (9.48). Thus, a negative (r 

= -.83; P  < 10 ) correlation of DDMI with barley ADF1 and a strong positive (r = 

.94; P  =.02) correlation of DDMI with barley starch content was not surprising.

The ADF content of W C 115 diet (8.16%) was 318 percent higher than the 

ADF content of WC 1064 diet (1.95%; Table 12). The mean diet ADF content 

was 4.1% with a SD of 2.55. Correspondingly, diet had an effect (P « .00) on 

ADFI and DADFI (P « .00; Table 4). Rats fed WC 115 had the highest ADFI 

(1.70 g/d) and DADFI (.26 g/d). Although Shonkin demonstrated a 76 percent 

lower ADFI (.40 g/d) than W C 115 (1.70 g/d), it ranked highest in rat digestible 

ADFI among the other four barley-based diets (exclusive of DADFI values from 

rats fed W C 115).

Stepwise regression analysis indicated that BSTAR was a strong 

predictive variable in determining ADFI (R2 = .94; P » .00): ADFI = 5.03 - 

.OS(BSTAR), and in DADFI (R2 =.58; P = 10): DADFI = .68 - OI(BSTAR). In 

accordance with this information it is noted that the BSTAR of Shonkin was the 

highest (61.61 %) and the BSTAR of W C 115 was the lowest (43.18%). The
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BSTAR content for this set of varieties had a range of 43.18% to 61.61% (mean = 

53.89%; SD = 6.85; Table 11).

Diet had an effect (P  « .00) on DMD, ADFDG1 and SDG. Rats fed 

Shonkin had a DMD 14 percent greater than for rats fed W C 115. Rats fed W C  

1064 diet also had 10.5 percent higher DMD than W C 115.

The percentage ADFDG for rats fed Shonkin was the highest (22.23%; 

P  « .00) followed by the percent ADFDG for rats fed WC115 (15%). However, 

rats fed Shonkin had a 3.25 times lower ADF intake (.40 g/d) than rats fed WC  

115 (1.70 g/d). Rats fed W C 1064 had the lowest ADFDG (2.32%; Table 14). No 

variable met the alpha = .15 significance level for entry into a regression model 

identifying ADFDG as the dependent variable.

The percentage SDG for rats fed Shonkin (99.52%) ranked highest 

(P « .00), but rats fed W C 1064 (99.36) ranked lower. Stepwise regression 

indicated a strong linear relationship between SDG, DMD and DMO (R2 = .94; 

P =  .03): SDG = 61.83 + .38 (DMD) + 1.62 (DMO). Additionally, BSTAR content 

is highly predictive of DMD and DMO: DMD = 52.82 + .61(BSTAR); R2 =.98; 

P » .00 and DMO = 10.20 - .13 (BSTAR); R2 =.97; P « .00. Of further interest 

was the opposing negative correlation between BADF content and DMD (r = -.98; 

P « .00), and the positive correlation between BADF content and DMO (r = .98; 

P * .0 0 ),
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Pearson correlation analysis of the barley types tested in this experiment 

with laboratory measures from grains grown in 1995-97 and in situ cow 

digestibility studies were limited to only four observations. No earlier information 

was available on Shonkin. Hence, no rat DMD with cow DMD comparisons are 

reported in this experiment.
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Table 11. Chemical composition of barley fed to rats (DM basis; Experiment 3).

Barley
(1997 planting)

WC 1064 WC 115 WC 1304 WC 88 Shonkin

Plant/Crop 
Introduction Number

PI370970 CI3709 PI436149 CI2631

Hull Type* N H H H N
Head Type 6-row 6-row 2-row 2-row 2-row
DM, % 92.6 93.5 93.0 94.4 92.8
Protein, % 14.56 15.25 12.75 14.56 14.62
Starch, % 56.96 43.18 55.29 52.43 61.61
ADF1 % 2.12 9.48 3.96 6.07 1.98
*H=covered N=MuIIess



Table 12. The composition of experimental diets (percentage dry matter; Experiment 3).

Ingredients Barley Varieties
WC 1064 WC 115 WC 1304 WC 88 Shonkin

Barley 80.00 80.00 80.00 80.00 80.00
Casein 3.86 3.01 5.53 3.84 3.81
Soybean oil 3.86 3.86 3.86 3.86 3.86
Corn starch 6.78 7.53 5.29 6.80 6.82
Vitamin mix (AIN 76A, ICN Pharmaceuticals)3 1.00 1.00 1.00 1.00 1.00
Mineral mix (AIN 93G, ICN Pharmaceuticals)" 3.50 3.50 3.50 3.50 3.50
L- Lysine .36 .43 .23 .36 .37
Methionine .64 .67 .59 .64 .64

Chemical composition of the diets
DM, % 94.7 96.7 94.8 95.6 95.3
Crude Protein, % 14.94 14.11 12.56 13.49 12.59
ADF, % 1.95 8.16 3.78 4.64 1.97
starch, % 58.49 55.63 59.74 57.30 59.17

Composition (per kg of mixture): thiamine hydrochloride 600 mg; riboflavin 600 mg; 
pyridoxine hydrochloride 700 mg; nicotinic acid 3 gm; D-calcium pantothenate 1.6 gm; 
folic acid 200 mg; D-biotin 20 mg; vitamin B121 mg; vitamin A (250,000IU/gm) 1.6 gm; 
DL-a-tocopherol acetate (250 lU/gm) 20 mg; vitamin D3 (400,000 lU/gm) 250 mg; vitamin K2 5 mg; 
sucrose, finely powdered 972.9 gm.

Composition: calcium carbonate 35.7%; monopotassium phosphate 19.6%; 
potassium citrate monohydrate 7.078%; sodium chloride 7.4%; potassium sulfate 4.66%; 
magnesium oxide 2.4%; ferric citratic .606%; zinc carbonate .165%; manganese carbonate .063%; 
copper carbonate .03%; potassium iodate .00103%; ammonium molybdate .4H20  .000795%; 
sodium metasilicate .9 H2O .145%; chromium potassium sulfate .12 H2O; .0275%;
Iithuim chloride .008145%; boric acid .008145%; sodium fluoride .00635%;
nickel carbonate .00318%; ammonium varadate .00066%; and powdered sugar 22.1%.



Table 13. Protein intake and weight change in rats fed diets containing different barley 
genotypes (Experiment 3).

Barley
(1997 planting)

WC 1064 WC 115 WC 1304 WC 88 Shonkin P-value SEM

No. of rats 6 6 6 6 6

Protein 3.02a 2.99* 2.64"° 2.88*" 2.62= .0032 .08

intake, g/day 
Avg. daily 8.27 7.70 8.40 8.27 8.22 .3607 .25

gain, g/day 
PER* 2.73° 2.57" 3.18* 2.87" 3.13* .0001 .04

*PER = weight gained (g/rat/day)/protein intake (g/rat/day).
abcdef wjthjn a row, means having a common superscript letter are not significantly different (P > .10).



Table 14. Digestibility of diets based on different barley genotypes in the rat (Experiment 3).

Barley
(1997 planting)

WC 1064 WC 115 WC 1304 WC 88 Shonkin P-value SEM

No. of rats 6 6 6 6 6

DM
intake, g/d

20.24 21.21 21.06 21.33 20.84 .74 .61

Starch 
intake, g/d

13.00 13.03 13.72 13.37 13.01 .57 .36

ADF
intake, g/d

.38" 1.70= 0.77= .98" .40" .0001 .03

DMD, % 88.03" 79.65= 86.38= 83.94" 90.79= .0001 .56

Starch, % 
digestibility

99.36= 99.19" 99.49= 99.43= 99.52= .0016 .05

ADF, % 
digestibility

2.32° 15.00=" 7.00"= 4.62"= 22.23= .0028 3.53

Digestible DM 
intake, g/d

17.81=" 16.89" 18.17=" 17.90=" 18.93= .10 .50

Digestible starch 
intake, g/d

12.92 12.93 13.65 13.29 12.95 .54 .36

Digestible ADF 
intake, g/d

.01= .26= .06"= .04"= .09" .0001 .02

abcdefghi Wjthjn a row, means having a common superscript letter are not significantly different (P > .10).
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CONCLUSION

In each experiment barley genotype had no effect (P > .10) on ADG. This 

was expected because rats were fed ad libitum. Thus, the animals ate to fulfill 

their energy and growth requirements at will. However, information on intake 

variation was obtained.

In Experiment 2 and 3 no diet effect (P > .10) was seen in DMI, but a diet 

effect (P < .10) was evident in Experiment 1. This was due mostly to differences 

between the control diet and the barley-based diets. In all three experiments a 

diet effect (P < .10) was shown for protein, starch, and ADF intakes. Intake 

information, when compared to digestibility characteristics, helped to confirm 

expected physiological responses in the rat.

In the three experiments a diet effect (P < .10) was evident on PER. 

Barley starch, SDG, and digestible SI were consistently correlated with PER (r > 

.66; P  < .10). Again this confirms normal physiological function. Protein 

efficiency is a simple method of evaluating protein quality, and is partially based 

upon weight gain. Starch is a major source of energy and contributes to normal 

weight gain in the growing rat.

As reported previously, in Experiment 2 and 3 ADFDG and DADFI were 

shown to be predictors of ADG. In Experiment 2 a negative relationship was
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seen between DMD and diet ADF ( r = -.70; P  » .00). Other interesting 

correlations for BADF versus BPRO and SDG suggested that in the rat the ADF 

measure may act as a marker indicating animal performance on barley-based 

diets.

Substantial variation in digestibility characteristics in the rat existed in the 

World Collection barley genotypes tested. However, discovering statistical 

relationships does not necessarily establish a cause and effect situation. 

Additional understanding of the components measured by ADF and their 

relationships to digestibility merit further investigation. In light of the correlations 

between rat DMD and in situ cow DMD (reported earlier), the identification of ADF 

components that most influence digestibility in the rat may be helpful in selecting 

barley genotypes for use in ruminant studies and aid in developing barley feed 

quality criteria.
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APPENDIX
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DIET ASSIGNMENTS  
AND ANIMAL CAGE NUMBERS
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EXPERIMENT 1

Rack one (rat number and diet number).

front 1 -  W C 1299 2 -  W C 1304 3 -  W C 1506 4 -W C  297

5 -  W C 592 6 -  Steptoe 7 -  Morex 8 -  control

back
9 -  W C 592 10 -  Steptoe 11 -  Morex 12 -  control

1 3 - WC 1299 1 4 -  W C 1304 1 5 - WC 1506 1 6 - W C  297

Rack two

front
1 7 - WC 1304 1 8 - WC 1299 1 9 - W C  297 20 - W C  1506

21 -  Steptoe 22 -  W C 592 23 -  control 24 -  Morex

back
25 -  Steptoe 26 -  W C 592 27 -  control 28 -  Morex

29 - W C  1304 30 - W C  1299 31 -  W C 297 32 -  W C 1506
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EXPERIMENT 2

Rack one (rat number and diet number).

front 1 - W C  1064 2 - WC 115 3 -  W C 1256 4 - W C  1271

5 - W C 1299 6 - WC 1304 7 - WC 1506 8 - WC 179

back
9 -  W C 297 1 0 - WC 387 11 -  WC 592 1 2 - WC 88

13 -  Steptoe 14 -  Morex 15 -  Nubet 16 -  Shonkin

Rack two

front
1 7 -  W C 1304 1 8 - WC 1506 1 9 - WC 179 20 - W C  1299

21 - W C  1256 22 -  W C 1271 23 -  W C 1064 2 4 -  W C 115

back
25 -  Shonkin 26 -  Steptoe 27 -  Morex 28 -  Nubet

29 -  W C 387 30 -  W C 297 31 -  W C 88 32 -  W C 592
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EXPERIMENT 3

Rack one (rat number and diet number).

1 -  W C 1064 2 -  W C 115 3 - W C  88 4 - WC 1304

5 -- Shonkin 6 -  W C 1304 7 - W C  1064 8 -  W C 115

9 - WC 1304 1 0 - WC 88 11 - W C  1064 12 -  Shonkin

1 3 -  W C 88 14 -  Shonkin 1 5 -  W C 115 BLANK

Rack two

front
1 7 - W C  88 BLANK 1 9 -  W C 1304 20 -  Shonkin

21 - W C  115 22 - W C  1064 2 3 -  W C 115 24 -  W C 1304

back
25 - W C  115 26 - W C  1064 27 -  Shonkin 28 -  W C 88

29 -  W C 1064 30 -  W C 88 31 - W C  1304 32 -  Shonkin
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