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ABSTRACT 

A series of studies was conducted using SEM in conjunction with 

chemical analysis, in situ and in vitro digestion techniques, to 

characterize the anatomical components from barley, corn, sorghum and 

wheat grains which constitute "fiber" and investigate their 

susceptibility to rumen microbial digestion. Fractured grains were used 

to identify anatomical features and cell types prior to and after 

extraction or digestion. Certain anatomical features, including 

pericarp tissue, aleurone cells, endosperm cell walls, corneous and 

floury endosperm tissue and lemma and pa1ea from barley, were easily 

identifiable in fractured and ground grains, and in neutral detergent 

extracted or digested residues. 

In situ and in vitro incubation conditions were varied to assess ---
the effect of concentrate and/or reduction of pH on the disappearance of 

identifiable grain fractions. ~ situ incubations were conducted using 

steers adapted to 0-, 30- and 90% concentrate diets. In vitro 

inoculum buffered at pH 7 or 6 was provided by a steer fed 0- or 90% 

concentrate. 

Tissues resistant to rumen microbial digestion during extended 

(144-h) in situ incubations and shorter term (12- to 48-h) i!!. vitro 

incubations were primarily those identified in NDF, and included 

peri carp, lemma and pa1ea, and small amounts of corneous endosperm. 

Remaining tissues identified included barley lemma, pa1ea and pericarp; 

corn pericarp, tip cap and small amounts of corneous endosperm; sorghum 

xi 



peri carp and corneous endosperm with matrix and protein bodies; and 

wheat peri carp. 

xii 

~ vitro disappearance of isolated NDF after 48-h ranged from 

43% for barley to 89% for corn. Labile structures included embryonic 

tissue and portions of endosperm cell walls, protein matrix and residual 

starch. Resistant tissues included pericarp, aleurone cell walls, tip 

cap and portions of the corneous endosperm. 

Relative rankings of NDF digestibility under all conditions 

studied were similar (corn> sorghum> wheat> barley) whether 

determined using isolated NDF or calculated from TIVDMD residues. 

Neither concentrate level fed to the host animal nor pH of the in vitro 

incubation flask affected rankings among grains, although increasing 

concentrate level and/or reducing pH appeared to reduce in vitro NDF 

disappearance. 

Evaluation of electron micrographs of fractured grains suggested 

that similar anatomical structures in the various grains differed in 

their resistance to microbial digestion. For example, pericarp from 

barley and wheat appeared to be more resistant than that from corn or 

sorghum. Endosperm of barley was less resistant than that of sorghum. 



CHAPTER 1 

INTRODUCTION 

Ruminant animals are uniquely adapted for productive utilization 

of plant fiber. Plant fiber, which is probably the most abundant 

organic resource in the world, has been described chemically as that 

residue remaining after extraction with a neutral detergent solution 

(Goering and Van Soest, 1970). "Fiber" is generally accepted to be the 

plant cell wall along with other related structural or protective 

components. Feeding value to the ruminant animal varies proportionally 

with fiber composition and level in the diet. Fiber content of the diet 

directly influences level of intake, digestibility, rate of passage and 

level of performance. 

Most research on fiber and factors influencing its utilization 

have been conducted with forages because these feeds contain a higher 

proportion of cell walls than energy or protein feeds and there is 

considerable variation in their cell wall composition. These studies 

have shown that nutritional value of forages is inversely related to 

their content of total cell walls and that cell wall digestibility is 

decreased by lignification and silification. 

Anatomical studies of forage fiber and its degradation by the 

rumen bacteria (Akin et al., 1973; Akin, Burdick and Michaels, 1974; 

Akin and Burdick, 1975; Akin, 1976; Brazle and Harbers, 1977; Akin and 

Robinson, 1982) have identified lignified vascular tissue, cuticle, 

1 



sclerenchyma and parenchymal bundle sheaths as those tissues most 

resistant to digestion. 

2 

Fiber in cereal grains has not been as thoroughly characterized 

as it has been for forages. Although components which analyze as fiber 

make up a relatively small proportion of cereal grain, they may be the 

major contributors to total diet fiber in high grain diets consumed by 

animals or man. The anatomical structures which constitute the cell 

wall fraction as defined by extraction of cereal grain with a neutral 

detergent solution have not been defined. A more complete knowledge of 

cereal grain fiber and its digestion characteristics could aid in the 

interpretation of digestibility data obtained using mixed diets. 

For example, it is generally accepted that feeding high levels 

of cereals depresses the utilization of forage fiber by ruminants (El

Shazly, Dehority and Johnson, 1961). Thus, it is often assumed that the 

energy value of forages decreases as the level of grain increases. 

Recent feeding trials with growing-finishing steers at the University of 

Arizona suggest that this general concept does not apply to alfalfa hay 

included in high-concentrate diets containing steam processed flaked 

sorghum grain (Hale, et ale 1978; Prouty, Hale and Theurer, 1981). 

Furthermore, digestion trial data (Delfino et al., 1979) indicates that 

while fiber digestibility in the total diet declines as sorghum grain is 

substituted for alfalfa hay, it is probably not due to a decrease in 

digestibility of the hay fiber. One possible explanation is that 

digestibility of fiber in sorghum grain is low (either inherently or at 

least under these conditions) and its contribution to total fecal fiber 

increases as grain level in the diet increases. 
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Scanning electron microscopy (SEM) has been extensively used to 

study grains and relate ultrastructural characteristics to milling 

quality (Pomeranz, 1976). Only minimal work (none of it related to 

fiber) has attempted to relate ultrastructural characteristics of grains 

to their digestibility (Sullins and Rooney 1974). 

It would appear that SEM techniques utilized by the milling 

industry and cereal chemists (Aranyi and Hawrylewicz, 1969; Lin et al., 

1976) when coupled with ~ situ and ~ vitro techniques involved in 

ruminant nutrition research could yield valuable information on the fate 

of cereal grain fiber in the rumen. 

The objective of this investigation was to utilize scanning 

electron microscopy to: (1) identify the anatomical structures of 

barley, corn, sorghum and wheat grain which are isolated as cell walls 

using the NDF technique and (2) investigate the digestion of cereal 

grain fiber by rumen microorganisms and partition these structures into 

labile and resistant fractions using in situ and in vitro techniques. 



CHAPTER 2 

LITERATURE REVIEW 

Scanning Electron MicroscoPl 

Aranyi and Hawrylewicz (1969) described principles of SEM 

operation. The sample surface is scanned by an electron beam and a 

sequential image is created by the secondary electrons emitted from the 

specimen surface as a function of its structure. Another electron beam 

from a standard cathode ray tube is driven in synchrony with the 

scanning beam. Magnification is determined by the ratio of the two 

synchronized electron scans. Brightness of the cathode ray beam is 

modulated by the signal produced from the secondary electrons emitted 

from the specimen surface and amplified by a scintillator

photomultiplier system. Coating non-conductive samples with a thin 

metal layer prevents build up of a negative charge on the surface, 

improving viewability. Samples can be observed in their most natural 

state using SEM. 

The SEM combines the best features of light and transmission 

electron microscopy (TEM). The standard light microscope has a 

resolution of only 2000 Angstroms, while TEM resolution is 5 Angstroms. 

Samples for light and TEM investigation must be thin and require time 

consuming preparative techniques. Depth of field is extremely limiting; 

only a small area can be studied. Specimen preparation for SEM is 

minimal; many samples require neither fixation or thin sectioning prior 

4 
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to viewing. "Three dimensional" images with good resolution, better 

than 100 Angstroms, are provided. Depth of field is 300 to 500 times 

greater than the optical light microscope. Size of field is large 

relative to TEM or light microscopy, and sample size is only limited by 

the specimen chamber size. 

Limitations of SEM techniques include being able to only view 

small sections at once and the danger of drawing conclusions based on 

only a few specimens. The ability to produce strikingly aesthetic 

images is also a limitation. One is tempted to search for an image and 

produce a photograph that is most aesthetically pleasing rather than the 

one which imparts the most information. Scanning EM provides only 

qualitative structural information, thus must be combined with other 

techniques capable of providing further information. 

Sample preparation follows the philosophy that "the best 

preparation is the least preparation" (Rooney, Faubion and Earp, 1983). 

Typically, specimens are dry fractured with a razor blade, attached with 

double sided tape to specimen stubs and coated with 90 to 150 Angstroms 

of an electron reflecting coating, usually gold-palladium, then viewed. 

This precludes the possibility of structural deformation and artifacts 

which could be introduced by fixation and dehydration steps (Stevens, 

1973). Moist samples must be completely dried, preferably without 

excessive heat. Many preparative techniques will yield acceptable 

results. Solvents or enzymes may be used as pretreatments to 

selectively remove components of the specimen. Fixatives are used 

sparingly because of the possibility of structural deformation due to 

hydration and drying (Rooney, et al., 1983). 
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Microscopic techniques have been important tools for grain 

product processors for decades. Anatomical and structural relationships 

important to corn milling properties were described by Wolf et al. 

(1952a, b, c, d). Evers and stevens (1985) assessed starch damage and 

its implications in flour-water absorption and modification of baking 

properties. Scanning electron microscopy has been used since the mid-

1960's by the milling industry for the study of grains and flours and is 

coming into broader use for studies relating structure to function and 

properties. Rooney and Miller (1982) prepared an in depth photographic 

study of sorghum grain kernel structure. Nutritional questions are also 

being investigated. Hoseney, Davis and Harbers (1974) suggested using 

SEM as a tool for screening high lysine grains while Blakely et ale 

(1979) used SEM techniques for the localization of tannins and other 

lIantinutritional ll factors in grains. Sull ins, Rooney and Rosenow (1975) 

and Rooney et ale (1983) have used SEM for selection of certain grain 

characteristics such as pericarp and testa thickness, endosperm texture 

and presence and quantity of protein bodies. 

Cereal Grain Anatomy 

Cereal grains are the single seeded, dry starchy fruits of the 

monocotyledonous family Graminae. Different grain types share the same 

basic anatomical components and have more structural similarities than 

differences. A line drawing of sorghum (figure 1) could suffice to 

describe any grain simply by changing kernel shape, presence or absence 

of a crease and proportion of components. Kernel characteristics of the 

major cultivated cereal grains are summarized in table 1 (Rooney et al., 
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1983}. All grains consist of several outer layers, including pericarp, 

testa and aleurone, surrounding the starchy endosperm and germ. The 

peri carp is the mature ovary wall and comprises all of the outer cell 

layers down to the seed coat (testa). This type of single seeded fruit, 

in which the pericarp does not open on drying to liberate the seed is 

characteristic of the cereal grains and is known as a caryopsis (Wolf et 

a1., 1952a). Grains with coated caryopses, additionally have the fused 

glumes (lemma and pa1ea) which constitute a husk. The aleurone layer, 

botanically, is considered part of the endosperm, but milling 

considerations categorize it as part of the pericarp layers. Grains 

ran g e ins i z e from 3 x 2.5 mm for so r g hum to 17 x 15 mm for cor n. 

Proportions of grain component parts are listed in table 2. 

In his review, Kent (1975) subdivided grain into its component 

parts: 

Kernel (caryopsis) 

1. Pericarp (fruit coat) 

(a) Outer 
Epidermis (epicarp) 
Hypoderm 
Remnants of th in wa 11 ed ce 11 s 

(b) Inner 
Intermediate cell s 
Cross cells 
Tube cells 

2. Seed 

(a) Seed coat (testa) and pigment strand 

(b) Nuce 11 ar 1 ayer (hya 1 ine 1 ayer) 

(c) Endosperm 
Aleurone 1 ayer 



starchy endosperm 
Corneous endosperm 
Floury endosperm 

(d) Germ (embryo) 
Scute 11 um (coty 1 edon) 
Embryonic axis 

Plumule, covered by co1eoptile 
Primary root, covered by col eorhiza 
Secondary lateral roots 

Epiblast 
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A description of the cellular structure of grain parts from the 

outside of the kernel toward the interior follows: 

Pericarp. The pericarp is usually multilayered and of varying 

thickness. It may be covered with a waxy cuticle. Beneath the pericarp 

are cross and tube cells which function to carry water around the grain. 

Testa and Hyal ine 1 ayer. The true seed coat is a single or double cell 

layer thick without cellular structure (the structure has been crushed 

during drying). The inner testa layer may be pigmented, while the 

hyaline layer (remains of the nucellar epidermis) is colorless and also 

without cellular structure. 

Aleurone layer. The aleurone layer consists of one to several layers 

(one in wheat, rye, sorghum and maize; 2 to 4 in barley; 2 to 6 in 

rice), of thick walled cuboidal cells. The aleurone surrounds only 

endosperm tissue and abuts onto the scutellum, while the pericarp 

surrounds the entire grain. Aleurone and the outer layers comprise 

IIbran li (Kent, 1975). 

Aleurone cells are not uniform in size or shape, but there are 

several common characteristics among different cereal species (Pomeranz, 

1973). A middle lamella separates adjacent cell walls. Cell walls seem 

to consist of a primary wall and a secondary fibrillar wall. Aleurone 
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Figure 1. Typical sorghum kernel (Rooney and Miller, 1982). 
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Table 1. Kernel characteristics of the major cultivated cereals 
(Rooney, Faubion and Earp, 1983). 

10 

Grain Caryopsis Ventral Starch Aleurone Protein Bodies 
Furrow Granules Thickness in f4ature 

(Cell s) Endosperm 

Wheat Naked Prominent Simple Single No 

Rye Naked Prominent Simple Single No 

Triticale Naked Prominent Simple Single No 

Oats Covered Present, not Compound Multiple Yes 
Prominent 

Barley Covered Present, not Simple Multiple No 
Prominent 

Rice Covered Absent Compound Multiple Yes 

Maize Naked Absent Simple Single Yes 

Sorghum Naked Absent Simple Single Yes 

Pearl Naked Absent Simple Single Yes 
Millet 
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Table 2. Proportion of parts in cereal grains, % (Kent, 1975). 

Cereal Hull Pericarp Aleurone Starchy Embryo Scutellum 
+testa Endosperm 

Wheat 8.0 7.0 82.5 1.0 1.5 

Rye 10.0 86.5 1.8 1.7 

Barley 13 2.9 4.8 76.2 1.7 1.3 

Oats 25 9.0 63.0 1.2 1.6 

Rice 20 4.8 73.0 2.2 

Maize 5.1 3.3 76.4 2.0 13.2 

Sorghum 7.9 82.3 9.8 
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cell contents are characterized by prominent spherical aleurone grains 

embedded in a matrix. Numerous organelles are also present. Phytates 

and phosphorus seem to be present in aleurone grains which would reduce 

their digestibility. 

Endosperm. This tissue has thin walled cells whose composition varies 

with location in the endosperm. Cell walls are primarily pentosans. 

Endosperm can be divided into a "sub-aleurone" and "inner" endosperm. 

Endosperm cells contain starch granules with protein filling the 

intergranular spaces. The protein matrix can be regarded as a 

continuous phase in an individual cell. Starch granules in the 

endosperm vary from simple in wheat, rye, barley, maize and sorghum to 

compound in ri ce and mixed in oats (Rooney et a 1., 1983). 

Wheat, barley, rye, oats and triticale show similar endosperm 

structures. Endosperm cells have two distinct types of starch granules 

embedded in a protein matrix, large lenticular-shaped granules ranging 

in size from 15 to 40 micrometers and small spherical granules ranging 

from 1 to 10 micrometers in diameter. Starch is not uniformly 

distributed in any of the varieties. The subaleurone layer is 

relatively starch poor, with the protein matrix being predominant. The 

protein matrix is amorphous in wheat, covering the starch. No discrete 

protein bodies have been identified in mature wheat (Rooney et al., 

1983). 

Sorghum, maize and pearl millet endosperm have both both a hard 

(corneous) and soft (floury) endosperm in the same kernel. The corneous 

endosperms have tightly packed starch granules with no air spaces. 

Protein is present in two forms, as a matrix surrounding the starch and 
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as discrete protein bodies embedded in the matrix or attached to it. 

Protein bodies have been characterized as alcohol soluble prolamines 

(zein in maize and kafirin in sorghum) while the matrix proteins are 

primarily acid-alkalai soluble glutellins (Pomeranz and Bechtel, 1978). 

Starch granules are polygonal-shaped with indentations caused by protein 

bodies which adhere tightly. The fracture face tends to be through the 

starch rather than at the protein matrix-starch interface. 

Floury endosperm is characterized by spherical starch granules 

packed loosely in a protein matrix with air spaces present. Starch

protein interaction is much less in the floury endosperm. Protein 

bodies can be found in the floury endosperm, but they are much smaller 

than those in the corneous endosperm. Protein bodies of corn and 

sorghum persist through maturity as opposed to those of wheat, rye and 

triticale which form matrix proteins (Hoseney, Varriano-Marston and 

Dendy, 1981). 

Embryo and Related Structures. Scanning EM has not been extensively 

used to study the embryo, but light and TEM studies have ascertained 

fine structural detail changes supporting germination. A common feature 

of the cereal grain embryo is the scutellum (little shield) which lies 

between and attaches the embryo to the endosperm. The scutellum is the 

grain's single cotyledon. It functions as the transfer organ between 

the developing seedling and the endosperm food supply. It is also the 

source of enzymes that mobilize endosperm protein and starch during 

germination. 
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Barley 

The first detailed SEM description of barley kernel structure 

was published by Pomeranz (1972a, b). The barley kernel consists of a 

husk (lemma and pa1ea), caryopsis (pericarp, seed coat, endosperm and 

germ) and rachil1a. Husks are the remnants of the protective envelope 

of the flower and are part of the leaf system. The lemma is covered 

with a silica like scale close to where it is drawn out into the awn. A 

cross section shows fibrovascular cells surrounded by secondary walls. 

Ridges and non-functional stomata-like cells appear on the palea. 

Pericarp is multilayered and contains no starch in any of the layers. 

Bacic and Stone (1981) isolated barley aleurone cells by 

differential centrifugation in benzene-carbon tetrachloride (organic 

solvents to maintain cell contents) coupled with air classification in 

an ultrastructural study. The isolated layer was two cells thick, 

consisting of irregular shaped cells, approximately 29 micrometers in 

length, 13 micrometers in width and approximately 2 micrometers thick. 

Some sma 11 starch gt·anu 1 es were found in the suba 1 eurone 1 ayer. A 

prominent compound middle lamella was found between the aleurone cells 

(Pomeranz 1972a). 

The endosperm contains the vast majority of starch granules 

which have a "kidney bean" or lenticular shape. The smaller (1.5 

micron) granules are imbedded in a protein matrix, while the larger 

granules appear to be free. 
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Corn 

In an early series, Wolf et a1. (1952a, b, c, d) investigated 

and described the anatomy and structural relationships of corn using 

light microscopic techniques. The pericarp, with its smooth outer 

surface, is the outermost covering of the kernel, except for that area 

covered by the tip cap. The pericarp is divided into epidermis, 

mesocarp, cross and tube cells with a thin layer of waxy cuticle 

covering the outer layer of epidermis. Epidermal tissue (epicarp) is 1-

cell thick with long cells attached to each other along their entire 

length. Walls are thick (4 to 6 micrometers) and non-porous, though 

pitted. Inner walls are thin. Mesocarp is multilayered (up to 15 

cells). Cells are very compressed under the tension that the pericarp 

is subjected to during growth of the endosperm and embryonic tissue. 

Outer cells are long and filamentous with numerous pits, characterized 

by an overlapping arrangement. Near the center, cells are wider, 

shorter and smooth sided. Cross cells may be 2- to 4- cells thick and 

stretched at right angles to other cells in the pericarp. They are 

thin-walled and filamentous with little branching. Tube cells are 

single layered with no branching. Isolated tube cells are collapsed and 

difficult to distinguish. 

The seed coat and hilar layer are continuous and lie just 

beneath the pericarp with the hilar layer covering the basal portion of 

the kernel. Seed coat (testa) is a non-cellular membrane located 

between aleurone and tube cells. It encloses the endosperm and germ, 

and is continuous with the hilar layer on the lower portion of the 

endosperm. 
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The tip cap is the point of attachment to the cob and at the 

extreme base of kernel. Tip cap tissues are continuous with the 

pericarp and consist of several layers of thick-walled hypodermal cells 

reinforcing the single epidermal layer. Inside is filled with spongy 

parenchyma in a loose, open structure with a large proportion of air 

space. These form a continuous tissue with the cross cells (Wolf et 

a1., 1952b). 

Endosperm consists of aleurone layer and storage tissue (Wolf et 

a1.,1952c). The aleurone cell layer is semipermeable and encloses germ 

and endosperm. There are no intercellular spaces in the aleurone layer. 

These cells have thick walls with a distinct middle lamella. This 

tissue is further divided into horny (corneous) and floury (soft) 

endosperm. Endosperm cell walls are thin with variable thickness. 

Robutti, Hoseney and Wassom (1974) used SEM to view the endosperm 

structures in Opaque-2 corn. Soft endosperm was filled with spherical 

starch granules associated with thin sheets of protein and many 

intragranu1ar air spaces. Corneous endosperm had zein bodies embedded 

in the protein matrix and tightly packed starch granules showing 

indentations due to the zein bodies. Both soft and corneous endosperm 

were in a characteristic cellular structure. 

Germ or embryonic tissue is located in the lower portion of the 

endosperm just beneath the face of the kernel and parallel to its long 

axis. It is divided into embryonic axis and scutellum. The upper 

portion of the embryonic axis is called the plumule and is composed of 

the embryonic leaves and encircling co1eopti1e. There are short 
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internodes between rudimentary leaves and a IIfirst internode" or 

mesocotyl of the embryonic axis which rapidly elongates during 

germination and forces the growing shoot through the pericarp. At the 

lower end of this lies the scutellar node where vascular bundles from 

the scutellum, plumule and primary root converge. This vascular tissue 

is independent of the vasculature of the tip cap. Below this is the 

primary root, covered by a cap. Corn has the greatest percentage of 

embryonic tissue relative to the other cereal grains (Wolf et al., 

1952d). The scutellum, surrounding the embryonic axis, is discontinuous 

from the endosperm, yet in close contact. 

Average percentages of components in corn are; corneous 

endosperm, 54.2; floury endosperm, 27.5; germ, 11.0; hull, 5.8; and tip 

cap, 1.4 (Wolf et al., 1952a). 

Oats 

Ultrastructure of the aleurone layer and starchy endosperm from 

five oat cultivars was investigated by Bechtel and Pomeranz (1981) using 

light and TEM, cytochemistry and enzymatic digestion. The aleurone 

layer was a single cell layer thick and contained aleurone grains 

composed of protein-carbohydrate bodies, globular proteins, lipid 

bodies, plastids, mitochondria, endoplasmic reticulum and centrally 

located nucleii. The subaleurone endosperm contained numerous protein 

bodies and a few starch granules, while the central starchy endosperm 

contained primarily starch with protein bodies interspersed. Starch 

granules were both simple and compound. 
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Sorghum and Mi 11 ets 

Microscopy has been used to characterize many of the over 20,000 

different lines of sorghum. J.t has not been used to as great an extent 

for the other cerea 1 grains (Hoseney et a 1., 1974; Rooney et a 1., 1983). 

Structural studies using light microscopy have been conducted since 

1924, with most recent work coming out of the Cereal Quality Laboratory, 

Soil and Crop Sciences Department, Texas A&M University. Scanning EM 

has been used to describe testa and pericarp and could be used as a 

quality control tool for different processing methods or to screen for 

pericarp and testa characteristics that may influence nutritional value 

or fungal resistance (Rooney et al., 1983). The primary research 

emphasis has been regarding processing and nutritional characteristics 

for human con s umpt ion. 

Sorghum and millet ultrastructure are very similar, with pearl 

millet being approximately 1/3 the size of sorghum grain and having an 

aleurone layer only a single cell thick. Pericarp structure is the same 

for sorghum as millet except that sorghum contains starch in the 

mesocarp while millet does not (Badi, Hoseney and Casady, 1976; Zeleznak 

and Varriano-Marston, 1982). Both contain floury and corneous endosperm 

that vary in proportion between lines of grain. Sorghum has protein 

bodies in both the floury and corneous endosperms (Hoseney et al., 

1974). Average chemical composition of the whole grain and anatomical 

fractions is shown in table 3. 

Rooney and Miller (1982) presented photographically, some 

"essential" facts of sorghum kernel structure to scientists involved in 

breeding programs for improvement of food quality. Kernel structure 



Table 3. Composition of sorghum fractions and whole grain (Hoseney, 
Varriano-Marston and Dendy, 1981). 

Fraction % of Whole 

Whole grain 100 

Endosperm 82.3 

Germ 9.8 

Bran 7.9 

Ash 

1.65 

0.37 

10.36 

2.02 

Protein 

12.3 

12.3 

18.9 

6.7 

Oil 

3.9 

0.6 

28.1 

4.9 

starch 

73.8 

82.5 

13.4 

34.6 
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consists of three major areas; pericarp, endosperm and germ, comprising 

approximately 3 to 5, 90 and 5 to 7% of the kernel, respectively (Rooney 

and Miller, 1982). 

Pericarp, derived from the ovary wall, is divided into four 

parts: the epicarp (epidermis and hypodermis), mesocarp and endocarp. 

The epicarp is divided into two segments. The outermost, epidermis, 

structurally has thick walled rectangular cells covered with cutin and 

possibly containing pigment. The hypodermis (inner layer) is one to 

three cell layers thick although the cells are much smaller than the 

epidermal cells. Mesocarp varies in thickness from one to several 

layers and may contain starch. Endocarp consists of cross and tube cell 

layers. A testa may be present between the tube cell and aleurone layer 

(Hoseney, et al., 1974). During dry milling, this is the major point of 

breaking. 

Peri carp thickness can range from 8 to 160 micrometers among 

varieties and can vary within individual kernels being thick (80 

micrometers) next to the hilum, intermediate (56 micrometers) at the top 

and style, and thinnest on the sides (48 micrometers). 

Other features include a stylar area (point at which style was 

attached during pollination of the seed) and hilum (scar tissue 

resulting from detachment of seed from funiculus). 
" 

Sorghum pericarp and aleurone layer have been extensively 

studied. Aleurone cells contain protein bodies surrounded by lipid 

bodies. Earp, Doherty and Rooney (1983) used fluorescence microscopy to 

study the pericarp, aleurone layer and endosperm cell wall composition 
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of three sorghum cultivars. Isolation yielded 3 to 4% cell walls. 

Autofluorescence, used as an indicator of po1ypheno1s, was very intense 

in aleurone cell walls, with varying intensities in mesocarp and 

epicarp. Scutellum also showed autofluorescence. The fluorescing 

compound has been identified as feru1ic acid in barley. 

Blakely et a1. (1979) used SEM and light microscopy to study the 

peri carp and testa of different genotypes of sorghum. Their primary 

interest was localization of pigment and tannins, (polyphenols) in 

sorghum genotypes. Pigment was found primarily in the epicarp, cross 

and tube cells while po1yphenols were localized in the testa layer. 

Akin (1982a) suggested that these phenolic compounds, when found in high 

concentrations in certain bird resistant sorghums, may be responsible 

for the reduced digestibility observed. 

Endosperm consists of a single cell thick aleurone layer, 

peripheral endosperm, corneous and floury endosperm. Corneous and 

floury segments vary greatly in proportions between grains; from the 

almost all soft endosperm MUGUD (Sudanese) variety to hybrids with 

primarily all corneous endosperm (Hoseney et a1., 1974). Peripheral 

endosperm may be 2 to 6 cell layers thick, just beneath the aleurone. 

It consists of small blocky cells containing small starch granules and 

protein bodies embedded in a dense protein matrix composed mainly of 

glute11ins and prolamines (the protein bodies are prolamines). Enzyme 

hydrolysis of the starch is retarded by the protein bodies and matrix, 

making it unavailable for utilization. The high protein content of this 

layer also causes many mil ling problems in the food industry. Corneous 

endosperm is characterized by tightly packed polygon~l starch granules 
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and no air spaces. Starch granules have visible indentations due to 

tight packing of protein bodies. Starch granules are covered by a thin 

protein matrix with embedded smaller protein bodies composed of kafirin 

(low lysine protein). Corneous (hard) endosperm is a result of adhesion 

between protein and starch. 

Hoseney et al. (1974) studied five U.S. and seven African 

varieties of sorghum to describe endosperm and pericarp structures and 

determine if SEM could be used to screen for high lysine content based 

on protein body structure and amounts. Scanning EM could be used to 

survey sorghum endosperm for minimal protein bodies, suggesting low 

kafirin protein content and potentially higher lysine content. Studies 

by Sullins et al. (1975) and Rooney et al. (1983) demonstrated 

feasibility of selecting for higher lysine concentration, but not 

success in selecting high lysine grain, i.e., absolute quantity of 

lysine was not selected for, just less prolamines. 

Floury endosperm is characterized by loosely packed spherical 

starch granules, few protein bodies and a rather discontinuous protein 

matrix that can appear to be papery sheets. The protein matrix is 

primarily glutellin. Protein content varies from 6 to 25% while starch 

percentage ranges from 32 to 79%, and granule size ranges from 4 to 24 

micrometers. Cellulose percent varies from 1.19 to 5.23% and lipids 

range from 2 to 4% (Hoseney et al., 1974; 1981; Rooney and Miller, 

1982). 

Seckinger and Wolf (1973), in an SEM and TEM study of sorghum 

protein ultrastructure as it relates to composition, examined endosperm 
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protein from seven hybrid and eight experimental lines. Distribution of 

protein in sorghum was similar to that of other grains. The peripheral 

area is high in protein and low in starch while interior areas have 

lower concentrations of protein. Protein bodies make up the major 

portion of sorghum endosperm protein. 

The germ, or embryonic tissue is composed of the embryonic axis 

and scutellum which contains oil globules, protein bodies and only few 

to no starch granules (Rooney and Miller, 1982). 

Wheat 

Wheat ultrastructure has been investigated using SEM and other 

microscopic techniques by several workers. Its structure is similar to 

that of the other cereal grains. At maturity, the pericarp has lost 

most of its distinct cellular structure presumably because of enzymatic 

re 1 ease all owi ng co 11 apse of peri carp wa 11 s. Aleurone ce 11 s become 

thicker and more rigid (lending to their distinct appearance) with 

maturity. Starch granules become larger and the protein matrix fills 

the intragranular spaces (Lorenz, Yetter and Saunders, 1978). 

Cross and tube cell structure during grain development were 

described by Morrison (1976). Cross cells function as a photosynthetic 

tissue of the pericarp of grass during development of the seed. At 

maturity, cross and tube cell walls are composed primarily of cellulose, 

arabinoxylans and lignin. 

Stevens (1973) and Bacic and Stone (1981) used SEM in the 

isolation and characterization of wheat aleurone cells. The wheat 

aleurone layer, located just above the endosperm surface, is one cell 
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thick with a middle lamella between cells visible under fluorescence 

microscopy. These cuboidal cells are 20 to 60 micrometers in diameter 

with walls 1 to 6 micrometers thick. Proportion of cell wall to intact 

cell is approximately 35% by volume. Walls are an amorphous matrix. 

Spherical aleurone granules average 2 micrometers in diameter with a 

range of 0.25 to 3.5 micrometers. Granu 1 es are dense ly packed in a 

"cementing" matrix within the cell walls. Endosperm cell walls were 

adherent to isolated aleurone cells in these isolations. 

Mares and Stone (1973a, b) investigated chemical composition and 

ultrastructure of wheat endosperm cell walls. The three varieties 

studied had similar proportions of isolated endosperm cell walls. Cell 

walls contained 14 to 15% protein and 75% polysaccharide, 85% of which 

was arabinoxylan. The remainder was divided equally between beta-glucan 

and beta-glucomannan. The glucose-mannose ratio was similar to that of 

polysaccharides associated with cellulose in wood pulp. 

Isolated cell walls were studied with light microscopy, TEM and 

SEM. Endosperm cell walls were structurally similar to plant primary 

cell walls, having a microfibrillar phase (composed primarily of 

cellulose) embedded in an amorphous matrix. 

Endosperm cell wall structure and composition is relatively 

simple and may reflect an adaptation to its function in the storage 

tissue of grain. During development, structural rigidity is provided by 

the microfibrillar network until the cell is packed with starch granules 

and protein bodies embedded in a protein matrix. At germination, the 

wall provides a barrier to the easy movement of the enzymes mobilizing 

protein and starch, but the arabinoxylan, which makes up the bulk of the 



endosperm cell wall matrix can be easily solubilized and depolymerized 

to allow enzyme access to the protein and starch. 
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All endosperm cells appeared to have the same amount of protein, 

but the central (floury) endosperm cells had much more starch, thus 

effectively reducing the protein concentration. This higher protein 

density in the peripheral endosperm would'explain its greater resistance 

to extraction by amylase and alkalai. 

Fincher and stone (1974) simulated germination (in effect a 

digestion process) using gibberellic acid to induce changes in the 

endosperm and follow the changes in the cell wall components. 

Gibberellic acid induced release of enzymes from the aleurone 

cells first attacking the subaleurone endosperm, preferentially the 

protein matrix, and then the central endosperm. Starch hydrolysis was 

evident later. Using SEM to follow morphological changes, it was noted 

that endosperm cell walls were obscured by starch in the central 

endosperm. After removal of starch by salivary amylase, endosperm cell 

walls were exposed and degraded substantially after 1-d of gibberellic 

acid modification. Arabinoxylan is the chief polysaccharide in wheat 

endosper'm cell walls as it is in barley. 

It appears that enzymatic degradation of starch granules is 

preferential for certain portions of the interior rather than at the 

surface of the granule, similar to what is noted for certain strains of 

sorghum. 
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Nutrient Distribution 

Distribution of nutrients in cereal grains is not uniform. The 

hull and bran (caryopsis coat and pericarp plus aleurone cells) are high 

in cellulose, pentosans and ash while the germ fraction is rich in 

lipids, proteins and sugars with smaller amounts of ash. Endosperm, the 

major source of energy from grains, is primarily starch in a protein 

matrix laid down in endosperm cells having protein-polysaccharide walls. 

The scutellum contains arabinoxylans and proteins. 

Cereal proteins have been fractionated into four major types 

based on solubility characteristics; water soluble albumins, salt 

soluble globulins, alcohol soluble prolamines and alkalai-acid soluble 

glutellins. The bulk of cereal proteins are prolamines and glutellins. 

In the inner endosperm, the approximate distribution is 50:50. Matrix 

proteins are primarily glutellins while protein bodies are composed of 

prolamines. Germ proteins consist of nucleoproteins, albumins, 

globulins and proteoses (Pomeranz and Bechtel, 1978). 

Cereal Grain Evaluations 

Several techniques have been used to evaluate the feeding value 

or nutritional qualities of grains for ruminants. These include ~ 

vitro and ~ situ studies (Figroid, Hale and Theurer, 1972; Harbers, 

1975; Hahn et al., 1982), gas (Trei, Hale and Theurer, 1970; Croka and 

Wagner, 1975; Hibberd et al., 1982) or volatile fatty acid production 

(Franks et al., 1972), rumen pH changes, digestion trials (Kiesling, 

McCroskey and Wagner, 1973), feedlot performance trials and comparative 

slaughter techniques. 
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Experiments have examined utilization of grain in the entire 

digestive tract (Garrett, lofgreen and Meyer, 1964) or attempted to 

compartmentalize utilization between the various segments. Trials have 

been conducted to evaluate different methods of processing for a single 

grain (Husted et a1., 1968; Riggs and McGinty, 1970; Tonroy, Perry and 

Beeson, 1974), or to compare two or more grains (Frederick, Theurer and 

Hale, 1968; Prasad et a1., 1975). The predominant type of study found 

in the literature is a comparison of processing methods for a single 

grain. 

Several variables (such as source of inoculum for in vitro 

studies and defined processing conditions for heat-moisture-pressure 

treated grains) must be taken into consideration when evaluating these 

studies. 

Seed Coat Investigation 

Earp et a1. (1983) used fluorescence microscopy to determine 

the location of beta glucans in three sorghum cu1tivars representing the 

wide genetic diversity of sorghums. Fluorescence was noted in peri carp, 

aleurone and endosperm eel 1 walls. Autofluorescence, indicative of 

feru1ic acid (a phenolic compound) was also noted in the three 

fractions. This is another technique useful for determining structural 

characteristics of cereal grains relative to their manufacturing 

properties, i.e., malting and brewing, cereal making and feeding value 

(Blakely et a1., 1979; Akin, 1982a). 

High pressure liquid chromatography (HPLC) has also been used 

to evaluate grain quality. Hahn, Faubion and Rooney (1983) used HPLC to 
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separate sorghum phenolic acids and relate their composition and content 

to fungal resistance. Tannins, physical characteristics of the grain 

and content of free phenolic acids in the grain are all important 

factors contributing to fungal resistance. It appears that the more 

resistant the grain is to fungal attack, the more resistant it is to 

digestion. 

Saba, Hale and Theurer (1972) conducted ~ vitro rumen 

fermentation studies with a bird resistant sorghum grain using mixed 

rumen bacterial washed cell suspensions. Dry ground resistant grain 

consistently produced less gas than a non-resistant hybrid. steam 

processing and flaking reduced the differences in in vitro gas 

production and digestibility between the hybrids. Addition of isolated 

tannic acid to non bird resistant grain was not completely successful in 

simulating the reduction of gas production that was observed with the 

bird resistant grain until high (non physiological) amounts were added. 

Akin (1982a) indicated that phenolic compounds associated with 

forage cell wall carbohydrates are toxic to biological systems. 

Coumaric acid exerts an inhibitory effect on rumen bacteria and protozoa 

and on ~ vitro cell wall degradation, but it has not been shown that 

inhibitory levels of the phenolic compounds occur in the free state in 

natural conditions. It was speculated that phenolic compounds or 

phenolic aCid-carbohydrate complexes in forages may influence variations 

in forage digestibility by exerting a toxic effect on rumen bacteria. 

This may also be true for some of the less digestible sorghum varieties 

which have elevated phenolic compound levels. 
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Microscopic Evaluation 

Scanning EM can be combined with physical, chemical, 

biochemical, in vitro and in vivo studies to determine factors affecting 

grain utilization and nutritional value. Rupp (1975) used SEM to study 

the indigestible residues recovered from feces after ensiled high 

moisture sorghum grain or whole plant sorghum silage was fed to steers 

and lactating cows. These residues included partially digested starch 

granules, aleurone cells, intact peripheral endosperm cells and pericarp 

tissue. 

Sullins and Rooney (1974) used phase contrast microscopy to 

evaluate the digestibility of sorghum lines having a) all corneous, b) 

all floury, c) intermediate (30% amylose, 70% amylopectin) and d) waxy 

(100% amylopectin) endosperms. Waxy endosperm kernels had the smallest 

proportion of peripheral endosperm and were the most easily degraded by 

pronase, alpha amylase enzymes and buffered rumen fluid. Waxy starch 

and protein matrix appeared to be more susceptible to enzymatic attack. 

Sullins and Rooney (1975) used light and SEM to study waxy and 

non-waxy sorghum endosperm and concluded that modification of the 

peripheral endosperm in waxy varieties of sorghum may contribute to 

their better utilization by cattle. Nonwaxy sorghums contained very 

small starch granules embedded in a dense proteinaceous matrix while the 

waxy sorghums showed larger starch granules in a less dense matrix. 

Starch~protein interaction in the matrix is probably the major 

factor affecting digestibility. Starch granule suscept,ibility may be 

inherently better for the waxy sorghum (Rooney et al., 1983). This may 
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partially explain the improved feed efficiency observed when steers were 

fed the waxy variety of sorghum. Reconstitution of sorghum grain 

partially breaks down the protein matrix especially in the peripheral 

endosperm area, and rumen bacteria are more easily able to get at the 

starch for degradation (Rupp, 1975). 

Starch digestibility (degradation) was observed by Sullins and 

Rooney (1975) using hog pancreas alpha-amylase incubations of six lines 

of sorghum; three waxy and three non-waxy. The waxy sorghum had a less 

dense peripheral endosperm with larger starch granules and considerably 

less protein in the peripheral endosperm area. It was much more 

susceptible to enzymatic degradation than the non-waxy varieties. 

Sorghum contains a large proportion of peripheral endosperm as compared 

to the other grains, consequently the improvement of availability could 

be an important factor for efficient utilization by livestock. 

Lichtenwalner, Ellis and Rooney (1978) demonstrated the effect 

of incremental doses of the waxy gene (non waxy, intermediate waxy 

and waxy) of sorghum on digestibility using in vitro and in situ 

techniques. Amylose content decreased from 25 to 0% while 

ruminal digestibility and in vitro gas production increased with 

waxiness. Protein solubility and digestibility with pronase also 

increased with degree of waxiness. 

Davis and Harbers (1974) observed sorghum grain starch 

hydrolysis by rumen microorganisms and porcine alpha amylase. Enzymes 

from these sources attacked the starches from waxy, yellow endosperm and 

bird resistant sorghums in a similar manner. Split kernels were 

incubated in cheesecloth bags in rumen fluid for 75-min or 4- and 8-h 
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in rumen fistulated steers. Rate of hydrolysis using purified starches 

and porcine amylase was waxy> yellow endosperm> bird resistant. Bird 

resistant showed substrate inhibition. Samples showed differential 

attack. At 75-min, waxy starch showed point attack and hydrolysis of 

hilum (layer) zones. The yellow variety had linear tracks with 

irregular edges and the bird resistant only showed minor point attack. 

For the longer incubations, waxy sorghum kernels exhibited mainly point 

hydrolysis with alternate layers digested in the starch granule. Yellow 

endosperm starch was digested without structural resistance and the bird 

resistant variety showed a mixture of point and area digestion on the 

surface with preferential layer digestion internally. Differential 

rates of hydrolysis were evident with the purified starch and enzyme 

when starch concentrations were greater than 1 mg/IU. In high grain 

(high intake) diets, limited enzyme concentration may be partly 

responsible for decreased nutrient utilization. 

~ Vitro and ~ Situ Techniques 

In his review, Hale (1973) suggested that ~ vitro assay 

techniques such as gas production, enzymatic starch digestion, dry 

matter disappearance and volatile fatty acid production appear to be 

good indicators of in vivo digestibility and utilization. 

The nylon bag technique has been described as a useful screening 

tool for evaluation of many types of feedstuffs. It cannot be construed 

as a replacement for in vivo digestion studies, but can be useful for 

determining the relative digestibility of different feeds (Figroid et 

al., 1972). 
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Hahn et al. (1982) evaluated availability of sorghum protein using 

pronase hydrolysis. This single enzyme digestion and automated analysis 

of free amino acids appeared to be a sensitive technique for screening 

multiple varieties for protein availability. 

Processed sorghum grain starch granule structural and amylolytic 

patterns during hydrolysis were investigated by Harbers (1975). 

Processing was steam flaked, micronized or popped. Digestion was by 

purified porcine pancreatic alpha amylase or ~ situ (cheesecloth bag) 

incubation in rumen fistulated animals for 18-h. All processing methods 

altered starch granule structure making them more vulnerable to 

amylolysis than intact granules. 

Total gas production by a mixed suspension of rumen 

microorganisms was used by Trei et al. (1970) to study the effects of 

milo or barley processing on digestion. Although marked day and donor 

steer variation existed, it was concluded that in vitro gas production 

was useful for rapid screening of concentrate feeds. steam processing 

and flaking significantly improved gas production over untreated grain. 

Nutritive characteristics of nine varieties of sorghum and four 

varieties of corn differing in endosperm type and bird resistance were 

evaluated using chemical composition, In vitro dry matter disappearance 

and gas production by Hibberd et al. (1982). Corn varieties showed less 

variation in protein and starch, and had an increased IVDMD ~ vitro 

dry matter disappearance) relative to sorghums. IVDMD of the waxy 

sorghums was slightly higher than the normal sorghums and approached 

that of corn, while IVDMD of bird resistant sorghum was depressed. 
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IVDMD was correlated with gas production except for the floury bird 

resistant (waxy) sorghum. Increased gas production was attributed to 

the soft endosperm characteristic. IVDMD was also similar to th~ non 

bird resistant varieties; this was attributed to a relatively low tannin 

level for a bird resistant variety. Wide variation in feeding values of 

sorghums may be due in part to variety or type. 

Based on IVDMD and gas production, corn varieties were slightly 

superior to sorghum and exhibited less variability. The energy 

availability of grain sorghum is highly dependent on variety or 

endosperm type (Hibberd et a 1. , 1982). 

Three ~ vitro studies to investigate the influence of physical 

form on in vitro digestibility of wheat were conducted by Christiansen 

and Wagner (1974). They compared dry rolled to reconstituted wheat 

(ground reconstituted, rolled reconstituted, whole reconstituted and 

whole reconstituted rolled just prior to incubation). Dry rolled 

sorghum was used as a standard. In general, dry rolled wheat produced 

higher IVDMD than dry rolled sorghum, but none of the reconstitution 

processes improved wheat over the dry rolled control. The donor steer 

was being fed a 90% concentrate ration. The suggestion was made that 

wheat was already highly susceptible to rapid enzymatic degradation and 

that processing by reconstitution was not necessary, although some 

physical processing was probably necessary to increase surface area for 

opt imum attack. 

Also noted was the positive relationship between ~ vitro 

digestibi1ities and feed efficiencies of feedlot cattle receiving the 

same grains in high concentrate diets. 
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While the definitive evaluation for any feedstuff is its feeding 

to the intended species and determination of NEm and NEg (Garrett et 

a1., 1964), in vitro and in situ evaluations coupled with SEM technique 

will yield substantial information. 

Forage Eva 1uations 

Extensive studies have characterized the tissue types of typical 

southeastern forages and rumen microbial interactions with them. Akin 

and Burdick (1973) examined leaf samples from three warm season grasses, 

Coastal Bermudagrass, Coastcross Bermudagrass and Pensacola Bahiagrass 

and the cool season Kentucky-31 tall fescue using light and SEM to 

determine for differences in lignification sites and microanatomy. 

Lignin was present in the tissue separating xylem and phloem in all of 

the species. Bermudagrass was most highly lignified, followed by 

bahiagrass and fescue. The sites of lignification may be as, or more, 

important than the degree of lignification. This paper is one of the 

first that describes microanatomical structure and specific 

lignification sites and alludes to factors limiting forage 

digestibility. 

In an effort to further describe the less digestible portion of 

forages, Akin, Barton and Burdick (1975) used SEM to view NDF and ADF 

from coastal bermudagrass and Kentucky-31 tall fescue. Their objective 

was to determine whether there were species specific anatomical 

differences which would explain the digestibility differences. Neutral 

detergent fiber of 1 eaf tissue was 78.3 and 79.1% for coasta 1 

bermudagrass and fescue while ADF was 25.3 and 27.8%, respectively. 
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Neutral detergent extracted tissue from both species retained 

cell wall structural integrity and no leaf tissue seemed to be removed. 

Since cell walls were not ruptured in the NDF extraction, unextracted 

cell contents probably accounted for part of the higher NDF values when 

compared to ground forage (59.4 and 50.7% for ground bermudagrass and 

fescue). Acid detergent extraction removed tissue from both species. 

Phloem and mesophyll tissue cells were removed after lO-min, 

sclerenchymal cells and the epidermal cells were beginning to be 

separated. After 30-min, some outer bundle sheath tissue was removed. 

After 60-min, the only intact tissues were lignified vascular tissue, 

although the cuticular layers of epidermal cells and individual 

sclerenchymal cells were also evident. Tissue remaining after 60-min of 

AOF extraction were comparable with tissues resisting in vitro rumen 

microbial digestion of 72-h except that rumen microbes degraded all 

outer bundle sheaths which were not extracted by ADF and did not 

completely degrade the lignified vascular tissue which was extracted in 

acid detergent. 

Akin (l982b) used a section to slide technique to study 

orchardgrass and bermudagrass anatomy and digestion. Leaf tissue was 

sectioned on a freezing microtome and ribbons adhered to double stick 

tape on microscope slides. Slides were incubated in rumen fluid, rinsed 

and mounted with a glass cover slip. The normal progression of tissue 

digestion with mesophyll disappearance before other tissues was observed 

with a light microscope. Identical residues were found using this 

technique and SEM of leaf blades. The section to slide technique could 



be another useful tool for examining large numbers of samples for the 

effect of forage anatomy on digestibility. 

Digestibility and Ultrastructure 
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One of the main effects of mastication is the exposure of more 

potentially digestible tissue previously encompassed within an 

"indigestible" barrier. Particle size reduction with initial 

mastication such that increased surface area and more ends of stem 

material are exposed is also a very important part of forage digestion 

as is the crimping and crushing that takes place without reduction in 

particle size. Barrier tissue (cuticle and vasculature) disruption in 

the leaf and stem facilitates microflora entry. This physical breakage 

or structural weakening may be as important as a reduction in particle 

size. Masticative effects on particle size varies among forages which 

emphasizes the need for considering the animal's influence as well as 

the structural influence in order to achieve a more complete 

understanding of the forage x livestock interaction (Pond, El lis and 

Akin, 1984). 

Akin, Barton and Coleman (1983) investigated factors affecting 

leaf degradation of old world bluestem and weeping lovegrass; drought 

tolerant warm season grasses. Irrigation increased digestibility. 

Specific tissues including the parenchymal bundle sheaths were 

structural features which reduced digestion in the non-irrigated 

grasses. Work indicated that not only does genetic composition (or 

potential composition) of the plant playa role in its utilizability, 

but so does agronomic practice. 
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Akin and Burdick (1975) used five tropical and six temperate 

grasses harvested at the same stage of maturity digested in vitro to 

detenmine relative degradabi1ities of the different tissues. Leaf 

laminas of the temperate grasses were more rapidly degraded than those 

of the tropical grasses. Mesophy11 and phloem walls were first to be 

degraded in both types, although they were more easily degraded in the 

temperate grasses. Temperate grasses had large proportions of the more 

easily degradable mesophy1 1 and phloem as compared to the tropical 

species. These differences in tissue amounts were suggested as reasons 

for differences in digestibility. Other tissue types, similar in 

appearance between the species differed in digestibility. The epidermis 

of the tropical species was degraded more slowly than that of the cool 

season grasses, as were parenchymal sheath cells which are less 

developed in the cool season grasses. 

Akin and Burdick (1975) concluded that differences in the 

amounts of easily degraded tissue and inherent structural or 

compositional differences in cell walls of different species types can 

affect the rate and extent of digestibility of leaf blades. 

Environment, management practices and genetic manipulation probably also 

play important roles and should be addressed. 

Structural differences in leaf and stem tissue from crimson and 

arrow1eaf clovers as a function of maturity and its effect on IVDMD were 

addressed by Akin and Robinson (1982). Clovers were harvested at 

various stages of maturity and separated into morphological parts. 

IVDMD (6-,24-, 72-h) was determined on these parts, using SEM to follow 

the course of digestion. 
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Leaf sections were degraded rapidly in both clovers (except for 

the lignified vascular tissue and cuticle) at all stages of maturity. 

Mesophyll cells were less rapidly degraded in the older tissues. The 

primary differences in digestibility as related to maturity was found in 

the stem. The pith was totally degraded, but more slowly in the older 

tissue. Cuticle, vascular bundles and lignified interfascicular 

parenchyma resisted degradation. Proportions of these tissues increased 

with age in the stem. 

Brazle and Harbers (1977) used SEM to study alfalfa hay leaves 

and stems before and after suspension in nylon bags in rumina1ly 

fistu1ated steers and to describe ultrastructure. Leaves were digested 

for 12- and 24-h wh·i 1 e stems were digested for 24-, 48- and 72-h. 

The bulk of the mature leaf is mesophyll, with some vascular tissue. 

The upper surface (adaxial) was randomly attacked by rumen 

microorganisms, causing cuticle sloughing and degradation of the 

underlying mesophy1l after 12-h. By 24-h, only rolled abaxial (lower) 

cuticle, adaxial cuticle and a small amount of undegraded vascular 

tissue remained. There were no differences detected regarding mode of 

attack of the leaf tissue, just amounts of degradation over time. 

Stems showed the classic dicotyledon structure, epidermis, cortex 

and vascular tissue. After 24-h, the cuticle had sloughed and the 

dense matrix below was partially hydrolyzed. By 48-h the matrix was 

completely hydrolyzed, exposing fiber cells. These define the outer 

limits of the vascular tissue. After 72-h, most of the vascular tissue 

remained. 
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Rumen Microbial Interactions 

structural carbohydrates in the organic matrix of forage cell 

walls include cellulose, hemicellulose, pectins, lignin and small 

amounts of bound protein. Akin and Barton (1983) described the 

structural polysaccharides as fiber polysaccharides (cellulose) and 

matrix polysaccharides (hemicellulose and pectins). Xylose is the 

predominant sugar in the forages. Pectic substances constitute the 

intercellular substance and are also associated with cellulose in the 

ce 11 wa 11 1 ayers. Cell u lose, the most cOlTlTlon compound found in plant 

material forms the microfibrillar structures of the cell walls. These 

are presumably held together in the plant cell wall by hydrogen bonding. 

Hemicellulose, pectins and lignin play an important role as matrix 

substances in the cell wall. structural cay'bohydrates are not equa11~' 

available to rumen bacteria. Lignin reduces microbial attack as do 

phenol ic acids. 

Plant tissues vary in the susceptibility to bacterial digestion. 

The mesophy11 is most rapidly attacked and degraded. It can be digested 

by both adherent bacteria and cell free enzymatic activity. The 

parenchyma bundle sheath is degraded less rapidly, especially in warm 

season grasses with well developed, thick parenchymal walls. The 

epidermis is usually degraded more slowly than the mesophy1l. The 

epidermal layer just beneath the waxy cuticular layer is attacked 

preferentially resulting in sloughing off of the cuticle. The 

sc1erenchyma is a lignified tissue that is highly, but not completely 

resistant to bacterial digestion. The lignified mestome sheath and 



xylem elements of the vascular bundle appear to be totally inert to 

degradation. 

Akin and Barton (1983) concluded that; 

1. Complex interactions occur between rumen microorganisms (bacteria, 

protozoa and fungi) and plant cell walls during degradation. 

2. Bacteria are often adherent, 70% of the adherent types are 

encapsulated cocci and irregularly shaped bacteria resembling 

ruminococci and Bacteroides succinogenes. 
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3. Variations in the populations exist for different forages. No 

consistent association has been found between digestibility and type of 

adhering bacteria. 

4. Bacteria react differently to cell walls whose tissues vary in 

susceptibility to degradation. Some cells require firm adherence, while 

others may be degraded by extracellular enzymatic activity. 

5. Treatments to improve forage quality such as sodium hydroxide, 

arnmoniation or delignification with potassium permangenate can result in 

marked changes in plant cell wall structure, indicated by a reduction in 

electron denseness, making it more easily attacked by unattached but 

nearby bacteria. 

6. Further research is needed that will result in a lifting of the 

barriers limiting the attack on cell walls by rumen bacteria. 

Transmission EM was used by Akin et ale (1974) to describe rumen 

bacterial interrelationships with plant tissue during digestion. ~ 

vitro digestions of Coastal bermudagrass leaves were conducted for 6-, 

12- and 72-h. Mode of degradation differed with plant tissue type. 

Th in primary ce 11 wa 11 s of the ph 1 oem and mesophy 11 were rapid 1 y 



degraded, apparently by extracellular enzymes, not requiring bacterial 

attachment. Attachment was required for the degradation of epidermal 

cell walls and vasculature. Rumen bacteria split the indigestible 

cuticle from the epidermis by attacking the cells just underneath the 

cuticle without attaching to the cuticle. Sclerenchymal walls, thick 

supportive cells containing lignin, were attached to and degraded to a 

small degree. Bacterial attachment to lignified cells was low and 

degradation did not occur even after 72-h. 
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Akin (1976) described the ultrastructure of rumen bacterial 

attachment to coastal bermudagrass leaf tissue using SEM and TEM 

combined with or without ruthenium red staining after in vitro or ~ 

vivo incubation. Cocci were attached to the cell walls by 

extracellular, fibrous structures. Bacilli were observed in areas of 

degraded tissue and it was suggested that their cell wall morphology 

allowed attachment without apparent extracellular material. Apparently, 

an adhesive layer that was not discernable with the methodology used or 

other attractive forces enabled certain rumen bacteria to adhere to the 

substrate during degradation. 

In vitro incubations of a temperate forage grass, Kentucky-31 

tall fescue leaf sections were studied using TEM and SEM by Akin and 

Amos (1975). Differential digestibilities were observed after only 4-h 

of incubation with rumen fluid. Mesophyll and phloem cell walls were 

removed rapidly. Remnants of the outer bundle sheath remained, but the 

tissue had lost integrity. The epidermis was partially degraded, but 

the sclerenchyma and rigid vascular tissue resisted microbial attack. 
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The maximum incubation time was 6-h for SEM observation of tissue and 

72-h for TEM studies of bacterial attachment. Attachment was necessary 

for degradation of bundle sheath and epidermal cells. 

Akin and Amos (1975) concluded that attachment to intact plant 

cell walls mediated by extracellular substances was required before the 

enzyme hydrolytic fraction could degrade the complex organization of 

certain forage cell walls. This may partially explain why certain 

forages, with a high proportion of bundle sheath and epidermal cells to 

mesophyll and phloem cells, are less rapidly degraded. 

Kentucky-31 tall fescue and coastal bermudagrass leaf sections 

were incubated in vitro for 6-, 12-, 24-, 48- and 72-h by Akin et ala 

(1973) and observed using SEM techniques. Their results are presented 

in table 4. Fescue was more rapidly and easily degraded than 

bermudagrass. Phloem cells in both forages were rapidly digested. The 

cutinized epidermis and lignified tissue (such as rigid portions of 

vascular bundles) were about the only tissues remaining after 72-h of 

incubation. 

Different types of lignins and lignin-carbohydrate linkages were 

postulated for grasses, dicotyledons and monocotyledons which may also 

partially account for digestibility differences between temperate and 

tropical grasses. It appeared from the micrographs that structure and 

proportions of cell wall to non-cell wall material was similar between 

the grasses studied. 



Table 4. Comparison of grass leaf tissues degraded by rumen 
microorganisms (Akin et al., 1973). 

Tissue Incubation time (Hours) 

6 12 72 
Cstl Fesc Cstl Fesc Cstl Fesc 

Mesophyll I 0 0 0 0 0 

Epidermis N N I I 0 0 

Outer bundle sheath N 0 I 0 D. 0 

Inner bundle sheath N N N I N I 

Small vascular bundle N I I I 0 I 

I=Initial stages, D=Degraded, N=Nondegraded 
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CHAPTER 3 

MATERIALS AND METHODS 

Grains 

Approximately two kg each of barley, corn, sorghum and durum 

wheat were obtained from commercial sources for use in these studies. 

Cu1tivar identifications were available only for barley (Sunbar, Brand 

400) and wheat (A1dura). Dent corn evaluated was an unidentified yellow 

hybrid produced in Cochise County, AZ and the sorghum grain was a red 

hybrid typical of that grown under irrigated conditions in the 

southwest. 

Chemical Analyses 

Prior to analyses, grains were ground through a .5-mm screen in 

a cyclone grinder. Dry matter (DM), organic matter (OM) and crude 

protein (CP) were determined using AOAC (1980) procedures. Neutral 

detergent fiber (NDF) was determined by the method of Robertson and Van 

Soest (1977) while acid detergent fiber (ADF), cellulose, permangenate

lignin and cutin were determined using methods of Goering and Van Soest 

(1970). 

All determinations were conducted in triplicate with the 

exception of NDF. In order to obtain approximately 5 g of isolated cell 

walls for in vitro evaluations, 46, 122, 129 and 91 NDF determinations 

were made on barley, corn, sorghum and wheat, respectively, and the 

residues composited. 
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Scanning Electron Microscopy 

Fractured grains were used for initial observation and 

identification of distinguishing anatomical characteristics. Whole 

grains were frozen in liquid nitrogen, fractured longitudinally with a 

scalpel and viewed under a dissecting microscope to ensure 

representative grain halves for extraction or incubation (Aranyi and 

Hawrylewicz, 1969; Rupp, 1975; Lin et al., 1976). 
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Representative grains, NDF residues and residues from in vitro 

and in situ studies were all examined using SEM techniques. Residues 

from fractured grains were washed over a 200 mesh screen while the 

ground grain residues were collected in sintered glass crucibles. 

Retained samples were vacuum dried at 10-3 Torr without heat to prevent 

heat induced artifacts (Rooney et al., 1983), then mounted on 1.27 cm 

diameter aluminum stubs with colloidal silver or double sided adhesive 

and coated with 50 to 100 Angstroms of gold-palladium in a Polaron 

Instruments SEM Coating Instrument E5100. Specimens were observed at 15 

KV accelerating voltage using an lSI DS 130 Scanning Electron Microscope 

and photographed on Polaroid Type 55 positive/negative film with a 60 

second exposure at f5.6. 

Animals 

A single crossbred rumen fistulated steer (681 kg) was used to 

provide inocula for in vitro incubations. For studies requiring a high

roughage inoculum, the steer was fed 5.5 kg d-1 of cubed alfalfa hay. 

For studies requiring high-concentrate inoculum, the steer was fed 8.2 

kg d-1 of 90% concentrate. When dietary change was necessary, a minimum 
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of 28-d was allowed for adaptation. Three additional rumen fistulated 

steers weighing 363, 375 and 381 kg and consuming 8.2 kg hd-1 d-1 of 

alfalfa cubes, 30 or 90% concentrate diets were used as host animals for 

~ situ incubations. Throughout the investigation, animals were housed 

in partially shaded individual pens (2.4 x 4.8 m), had access to 

drinking water at all times and were offered the daily feed allowance in 

two equal portions at 0700- and 1500-h. 

Eva 1 uations of Digestibil ity 

Several in situ and in vitro studies were conducted to determine ---
the extent of cereal grain cell wall digestion under various conditions 

and to provide materials for SEM evaluations. 

In Situ Studies ---
Long term in situ incubations were conducted in order to isolate 

cereal grain fractions resistant to rumen microbial digestion and to 

evaluate the effects of increasing concentrate level on in situ dry 

matter disappearance. One animal was used for each level of 

concentrate. Triplicate 5 g samples of ground grains were placed in 41 

micron uniform pore size monofilament nylon bags to obtain a 

substrate:surface area ratio of 28 mg/cm2 (Prouty, 1983) and incubated 

for 144-h to determine the non-digestible residues. 

Bags were attached to weighted chains and placed in the ventral 

sac of the rumen. Upon removal from the rumen, bags were washed under 

cold water until the rinse ran clear and dried for 48-h under vacuum at 

400 C. Bags were weighed and in situ dry matter disappearance was 



calculated. Portions of the dried residues were retained for SEM 

examination and the remainder was subjected to the NDF procedure for 

quantitation of non-digestible cell wall residues. 

~ Vitro Studies 
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Quadruplicate 0.50 g samples were used for ~ vitro estimates of 

dry matter and true dry matter disappearance using methods described by 

Goering and Van Soest (1970). In vitro substrates and incubation 

conditions were as follows: 

INCUBATION SUBSTRATE INOCULUM pH TERMINATION 

1 Isolated cell walls A 1 fa 1 fa 7 NDF 

2 Ground grain A 1 fa 1 fa 7 NDF 

3 Ground grain A 1 fa 1 fa 7 HC1-pepsin 

4 Ground grain 90% concentrate 7 HC1-pepsin 

5 Ground grain 90% concentrate 7 NDF 

6 Ground grain A 1 fa 1 fa 6 NDF 

The bicarbonate IIrumen buffer solution" described by Goering and Van 

Soest (1970) was used for all incubations carried out at pH 7. For 

the one conducted at pH 6, a phosphate buffer containing 6.20 g 

monobasic sodium phosphate, 4.84 g monobasic- and .72 g dibasic 

potassium phosphate 1-1 distilled water was used. ~ vitro dry matter 

disappearance residues were collected in sintered glass crucibles (Pyrex 

porosity C) with a glass fiber mat inserted to facilitate filtering 

while those incubations terminated using neutral detergent were 
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collected in sintered glass crucibles without the glass fiber mat. In 

vitro NDF disappearance was determined directly by incubating isolated 

cell walls or calculated from TIVDMD results. At completion of each 

incubation, one replicate sample from each time and grain combination 

was retained for SEM evaluation. Collection of post-incubation residues 

over the glass fiber mat prevented SEM evaluation. 

Statistical Analysis 

Analysis of variance for a completely randomized design and 

Duncan's new multiple range test were used for statistical evaluation of 

the i!!. situ and in v itro data (Stee 1 e and Torrie, 1960). 



CHAPTER 4 

ANATOMICAL ORIGIN OF RESIDUES ISOLATED BY NEUTRAL DETERGENT EXTRACTION 
OF BARLEY, CORN, SORGHUM AND WHEAT GRAINS 

Abstract 

Scanning electron microscopy (SEM) was used to identify the 

anatomical origin of fiber structures isolated by neutral detergent 

extraction of barley, corn, sorghum and wheat grains. Structures 

identified in the isolated NDF residues of all ground grains included 

multilayered, collapsed pericarp and aleurone layer cells. Endosperm 

cell walls with associated protein matrix and embedded starch granules 

were identified in corn, sorghum and wheat. Fragments of barley 

subaleurone endosperm protein matrix, completely devoid of starch 

granules were found as were lemma and palea. Tip cap tissue was found 

in ground corn residues. Scutellum and embryonic axis tissues (primary 

root and leaf) were among the structural components identified in the 

extracted fractured grain that were not identifiable in the ground 

grains. 
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Introduction 

Dietary fiber in both ruminant and monogastric nutrition has 

been a topic of increasing interest in recent years (Van Soest, 1982). 

Relatively little emphasis has been on fiber contributed by cereal 

grains, probably because grains contain small percentages of fiber in 

comparison with foods derived from vegetative parts of plants. The 

importance of cereal grains in supplying dietary fiber has not yet been 

established. However, grains frequently are the principal ingredient in 

diets for animals and man, and in these cases may be major contributors 

of total diet fiber. 

Fiber is commonly determined as the residue remaining after 

treatment of a sample with various solvents and (or) enzymes (Van Soest, 

1967). These methods are quite useful for routine evaluation of diets 

or diet ingredients, but they may not provide sufficient information for 

investigations on the basic aspects of fiber utilization. 

Scanning EM techniques have been used by the milling industry to 

describe the structure of cereal grains and to study how the various 

components affect processing, malting and brewing, changes during 

storage and starch characteristics (Pomeranz, 1976), but these 

techniques have not been applied to characterization of cereal grains 

from a nutritional point of view. Extensive SEM study has been 

conducted to characterize the tissue types of typical forages and rumen 

microbial interaction with them (Akin et al., 1975; Brazle and Harbers, 

1977; Akin and Robinson, 1982; Akin and Barton, 1983), however, similar 

SEM evaluations have not been conducted with cereal grains. The 



following studies use SEM to identify the anatomical origin of cereal 

grain components that are recovered after treatment of grains with 

neutral detergent solution. 

Materials and Methods 
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Approximately two kg each of barley, corn, sorghum and durum 

wheat were obtained from commercial sources for use in these studies. 

Cultivar identifications were available only for barley (Sunbar, Brand 

400) and wheat (Aldura). Dent corn evaluated was an unidentified yellow 

hybrid produced in Cochise County, AZ and the sorghum grain was a red 

hybrid typical of that grown under irrigated conditions in the 

southwest. 

Prior to analyses, grains were ground through a .5-mm screen in 

a cyclone grinder. Dry matter (DM), organic matter (OM) and crude 

protein (CP) were determined using AOAC (1980) procedures. Neutral 

detergent fiber (NDF) was determined by the method of Robertson and Van 

Soest (1977) while acid detergent fiber (ADF), cellulose, permangenate

lignin and cutin were determined using methods of Goering and Van Soest 

(1970). Chemical composition of these grains is shown in table 5. 

Before SEM evaluations, whole grains were frozen in liquid 

nitrogen, fractured longitudinally with a scalpel and viewed under a 

dissecting microscope to ensure representative grain halves (Aranyi and 

Hawrylewicz, 1969; Rupp, 1975; Lin et al., 1976). Samples of each 

fractured grain were subjected to neutral detergent extraction 

(Robertson and Van Soest, 1977) and then washed over a 200 mesh screen. 

Extracted grains were vacuum dried at 10-3 Torr without heat to prevent 
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Table 5. Chemical composition of cereal grainsa• 

Component, % Barley Corn Sorghum Wheat 

Crude protein 8.0 9.8 10.1 15.9 

Neutral detergent 
fiber 18.1 9.6 6.7 10.3 

Acid detergent 
fiber 8.4 2.7 3.6 2.7 

Cellulose 5.7 2.2 2.3 2.0 

Hemicellulose 9.8 6.9 3.2 7.6 

Lignin 1.6 0.3 1.1 0.5 

Cutin 0.6 0.4 0.3 0.6 

aDry matter basis. 
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heat induced artifacts (Rooney et al., 1983). Extracted and unextracted 

kernel halves were mounted on 1.27-cm diameter aluminum stubs with 

colloidal silver and ground grains were mounted using double sided 

adhesive. These were coated with 50 to 100 Angstroms of gold-palladium 

in a Polaron Instruments SEM Coating Instrument E5100. Specimens were 

observed at 15 KV accelerating voltage using an lSI OS 130 Scanning 

Electron Microscope and photographed on Polaroid Type 55 

positive/negative film with a 60 second exposure at f5.6. 

Results and Discussion 

Micrographs of fractured barley, corn and sorghum, prior to 

extraction are shown in figures 2, 3 and 4. Scutellum and primary 

leaf tissue were apparent in the barley and sorghum micrographs (fig~res 

2 and 4) as were corneous and floury endosperm regions with prominent 

endosperm cell walls. A common multilayered, compressed pericarp with 

thick walled aleurone cells below is shown in figures 5 (sorghum) and 6 

(wheat). Embedded starch granules characteristic of sorghum pericarp 

(Zeleznak and Varriano-Marston, 1982), were absent in barley (Pomeranz, 

1972a, b), corn and wheat pericarp. Corn and sorghum floury endosperm 

(figures 7 and 8) had loosely packed starch granules in a primarily 

glutellin protein matrix (Pomeranz and Bechtel, 1978; Hoseney et al., 

1981) enclosed by endosperm cell wall.s composed of proteins and 

polysaccharides, predominantly arabinoxylans (Mares and Stone, 1973a, 

b). Corneous endosperm from barley (figure 9) and wheat (figure 10) 

had tightly packed starch granules embedded in a sheet like matrix. 

Protein bodies occurring in barley corneous endosperm were not evident 



Figures 2 - 7. Pre-extraction grains. 
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Figure 2. Fractured barley, pre-extraction. Lemma (L), primary leaf 
(arrow), scutellum (S) and endosperm tissue (E) all readily 
identifiable. 

Figure 3. Fractured corn, pre-extraction. Pericarp (P), tip cap (T) 
and floury endosperm (E) with prominent endosperm cells 
(arrow) filled with starch. 

Figure 4. Fractured sorghum, pre-extraction. Pericarp (P), scutellum 
(S), corneous endosperm (C) and endosperm cells (arrow) in 
the floury endosperm. 

Figure 5. Fractured sorghum pericarp, pre-extraction. Multi-layered 
pericarp with embedded starch granules (S) and protein bodies 
(arrow). Aleurone cells (A) are below. 

Figure 6. Fractured wheat pericarp, pre-extraction. Multi-layered 
pericarp (P) with aleurone cells (A) below. No starch or 
protein bodies are found in wheat peri carp. 

Figure 7. Fractured sorghum starch, pre-extraction. Prominent 
endosperm cell walls (arrow) and spherical starch granules 
(S). 
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Figures 2 - 7. Pre-extraction grains. 



Figures 8 - 13. Pre- and post-extraction grains. 
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Figure 8. Fractured corn endosperm, pre-extraction. Spherical starch 
granules surrounded by endosperm cell walls (arrow) in floury 
endosperm. 

Figure 9. Fractured barley endosperm, pre-extraction. Variable sized 
starch granules (5) embedded in protein matrix (P). 

Figure 10. Fractured wheat endosperm, pre-extraction. Small starch 
granules (5) in protein matrix surrounded by endosperm cell 
walls (arrow). 

Figure 11. Fractured barley, post-extraction. Intact palea (P), 
extracted aleurone cells (arrow) and surface extracted 
endosperm tissue (E). 

Figure 12. Fractured corn, post-extraction. Multi-layered peri carp (P). 
Many endosperm cells (arrow) have been extracted and are 
devoid of starch. 

Figure 13. Fractured sorghum, post-extraction. Multi-layered pericarp 
(P) with aleurone cells below. Extracted embryonic tissue 
(E) and floury endosperm (F) with endosperm cells (arrow) are 
evident. 
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;igures 8 - 13. Pre- and post-extraction grains. 
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in wheat. 

Extraction of fractured grains was not complete. Even after four 

sequential extractions, NDF values were still much higher for fractured 

than for ground grains (table 6). Still, it was felt that fractured 

grain micrographs (figures 11, 12, 13, 14) were necessary for 

identifying cell types and the anatomical origin of tissues recovered as 

NDF residues from ground grains. 

Embryonic tissue cells were identified in fractured extracted 

corn (figures 12 and 15) and sorghum (figure 13) as were distinctive 

endosperm cell walls in the corneous endosperm. The sheet-like protein 

matrix material in fractured wheat (figure 14) showed surface 

extraction. Pericarp and aleurone cell walls were intact in the wheat 

crease. Extraction of cell contents from disrupted cells and those 

found on the surface of fractured grain appeared to be complete, 

although it was evident from the micrographs that intact cells were not 

extracted. This emphasizes that disruption of physical structure 

together with reduction of particle size is necessary for extraction of 

cell contents (Eh1e, 1984; Pond et a1., 1984). 

Due to their distinctive physical characteristics, pericarp and 

aleurone cells were easily identified in all ground, extracted grains. 

In ground extracted barley, lemma and pa1ea appeared unchanged (figure 

16) and the characteristically thick walled aleurone cells (figure 17) 

were easily identifiable. Fragments of suba1eurone endosperm protein 

appeared as sheetlike material (figure 18). In mil ling or grinding, the 

point of fracture is usually at the aleurone layer (Kent, 1975) 



Table 6. NDF percentage of ground or sequentially-extracted 
fractured cereal grainsa• 

Treatment Barley Corn Sorghum 

Ground 18.1 9.6 6.7 

Fracturedb,c - 1 84.7 96.7 77 .1 

Fractured - 2 76.7 85.9 53.2 

Fractured - 3 68.6 71.4 35.2 

Fractured - 4 42.0 45.4 21.6 

aDry matter basis. 

bFractured grain was extracted, dried and reextracted. 

cPrior to fourth extraction, material was crushed. 
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Wheat 

10.3 

81.2 

63.6 

52.1 

34.2 



Figures 14 - 19. Fractured and ground post-extraction grains. 
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Figure 14. Fractured wheat, post-extraction. Complete surface 
extraction of endosperm (E) leaving sheetlike protein matrix. 
Aleurone cell layer (arrow) is visible in crease. 

Figure 15. Fractured corn, post-extraction. Both extracted (E) and non
extracted (N) endosperm cells are visible. 

Figure 16. Ground barley NDF. Palea with characteristic ridges and non
functional stomates (arrow). 

Figure 17. Ground barley NDF. Aleurone cells just beneath pericarp. 

Figure 18. Ground barley NDF. Subaleurone layer sheetlike protein 
matrix. 

Figure 19. Ground corn NDF. Multi-layered pericarp with cutinized outer 
layer, adaxial surface. 
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Figures 14 - 19. Fractured and ground post-extraction grains. 
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consequently these tissues remain relatively intact for extraction. 

The collapsed multilayered pericarp of ground corn (figure 19) 

still maintained its cutin covering after extraction. The thick walled 

aleurone cells, (figure 17) showing characteristic middle lamellae were 

extracted of their contents. Small starch granules embedded in the 

endosperm protein matrix (figure 21) suggest that extraction is not 

complete even for ground grain. Doyle (1978) reported that starch 

content in extracted cereal grain residues ranged from 13 to 45%. 

Chemical and physical factors influencing forage structure, such as 

different types of lignin and lignin-carbohydrate linkages (Akin et al., 

1973), silification (Van Soest, 1967) and starch-protein interactions 

(Akin and Barton, 1983) may also influence grain structure and 

availability of nutrients. 

Pericarp (figure 22) and aleurone cells (figure 23) were also 

still evident after extraction of ground sorghum grain, while 

subaleurone tissue (figure 24) was not completely extracted. The cutin 

layer on ground, extracted wheat pericarp (figure 25) appeared unscathed 

except for mechanical damage. Aleurone cells (figure 26) also remained 

intact. Starch granules and protein bodies in the corneous endosperm 

(figure 27) were not completely extracted. 

On the basis of SEM of ground neutral detergent extracted 

grains, NDF may be defined anatomically as the cell wall residues of 

pericarp and aleurone layers, tip cap tissue and endosperm cell walls. 

No corneous endosperm tissues were identified in barley residues, 

although corn, sorghum and wheat corneous endosperm with starch granules 

embedded in the protein matrix were found. Primary root and leaf tissue 



Figures 20 - 25. Ground post-extraction grains. 
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Figure 20. Ground corn NDF. Thick walled aleurone cells showing 
characteristic middle lamella (arrow). 

Figure 21. Ground corn NOF. Endosperm cell wall or protein matrix 
tissue with embedded starch granules (arrow). 

Figure 22. Ground sorghum NDF. Multi-layered pericarp, adaxial surface. 

Figure 23. Ground sorghum NOF. Multi-layered pericarp and aleurone 
layer, abaxial surface. 

Figure 24. Ground sorghum NOF. Endosperm cell wall tissue. 

Figure 25. Ground wheat NOF. Pericarp, adaxial surface. 
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Figures 20 - 25. Ground post-extraction grains. 



Figures 26 - 27. Ground, post-extraction grains. 

26 27 
I I 
I I -1-

Figure 26. Ground wheat NDF. Aleurone cell layer. 

Figure 27. Ground wheat NDF. Endosperm tissue with lenticular starch 
granules (S) and minimal protein matrix cement (arrow)o 
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Figures 26 - 27. Ground, post-extraction grilin~. 
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in the embryonic axis and scutellum also remained in fractured grains 

after extraction. It is not yet known whether these tissues were not 

physically identifiable in ground grain because of mechanical 

disruption, or, removal of these tissues was complete with extraction. 

Because of its function as a structural barrier component and the 

presence of vasculature in the scutellum (Wolf et al., 1952d) it would 

be reasonable to expect that this tissue was present, although non

identifiable in ground, extracted grain. The tip cap structure, 

consisting of several layers of thick walled hypodermal cells filled 

with spongy parenchymal tissue (Wolf et al., 1952b) is similar to the 

structural parenchymal tissue observed by Akin et al. (1975) in forages 

not removed by NDF extraction. In the case of barley and other plants 

with coated caryopses, lemma and palea are major contributors to NDF. 



CHAPTER 5 

IDENTIFICATION OF BARLEY, CORN, SORGHUM AND WHEAT GRAIN 
FRACTIONS RESISTANT TO RUMEN MICROBIAL DIGESTION 

Abstract 

Barley, corn, sorghum and wheat grains were ground, placed in 

nylon bags and subjected to long-term (144-h) ~ situ incubations in 

rumen fistulated steers fed 0, 30 and 90% concentrate diets in order to 

isolate tissues resistant to microbial digestion. ~ situ dry matter 

disappearance (ISDMD) ranged from 85% for barley incubated in a steer 

fed a 90% concentrate diet to 99% for corn incubated in a steer fed a 

30% concentrate diet. The ISDMD was not different (P>.10) among corn, 

sorghum and wheat at any of the three concentrate levels, but all were 

higher than barley (P<.Ol). Scanning electron microscopy (SEM) revealed 

pericarp and aleurone cell walls with small amounts of corneous 

endosperm to be the major tissues represented in the undigested residues 

from all grains. Other tissues identified included le~na and palea from 

barley, tip cap tissues from corn and disrupted endosperm protein bodies 

from sorghum. Of the grains studied, wheat appeared to have the most 

labile pericarp. 

In an in vitro study using inoculum (buffered at pH 7) from a 

steer fed an all-forage diet, disappearance of isolated cell walls 

(prepared by neutral detergent extraction of ground grains) ranged from 

25 to 36% at 12-h, 32 to 65% at 24-h and 43 to 89% at 48-h. In a 

similar study using ground grains, cell wall disappearance from 
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un extracted grains ranged from 20 to 40% at 12-h, 27 to 66% at 24-h and 

38 to 78% at 48-h. When in vitro incubation conditions were changed by 

using rumen contents from a steer fed a 90% concentrate diet to prepare 

the inoculum (buffered at pH 7), cell wall digestibilities were lower 

and ranged from 17 to 30% at 12-h, 20 to 49% at 24-h and 19 to 58% at 

48-h. Using inoculum from a steer fed the all-forage diet but buffered 

at pH 6 also appeared to depress cell wall digestibilities for the 

grains, but not to the same extent as did the high-concentrate inoculum. 

Even though there were some inconsistencies among the studies, cell wall 

digestibilities were always lower (P<.Ol) for barley and tended to be 

highest for corn and sorghum. Residues from all in vitro incubations 

were evaluated by SEM, but differences among tissue types surviving the 

various incubation conditions were not apparent. 

These results are interpreted as showing that cell walls from 

cereal grains do not have low inherent digestibilities and that 

considerable variation exists among grain types in the susceptibility of 

their cell walls to microbial digestion. Lowered cell wall 

digestibilities obtained when pH of ~ vitro incubations was lowered 

from 7 to 6 and when inoculum from a steer fed a high-concentrate diet 

was used, particularly at the earlier incubation times, suggest that 

cereal grain cell walls may make an appreciable contribution to total 

indigestible fiber in high-concentrate diets fed to ruminants. Electron 

microscopy indicated that the indigestible residues from cereal grains 

originated primarily from epidermal tissues. 
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Introduction 

Ruminant animals are unique among domestic animals raised for 

meat production in their ability to utilize forages, by-products and 

other roughages that are high in fiber. Nevertheless, large quantities 

of cereals and other concentrate feeds are used in some phases of 

ruminant production because all- or high-roughage diets will not always 

support the levels of performance necessary for economical production, 

or in the case of finishing beef cattle, a desired degree of carcass 

quality. In high concentrate diets for finishing cattle, cereal grains 

may contribute over 80% of the total dietary fiber. The utilization of 

this fraction, although often low in absolute quantity, has been 

relatively ignored. 

It is well documented that cell walls are the least digestible 

of forage tissues, and the extent of cell wall digestibility is related 

to compositional factors such as lignification and silification (Van 

Soest, 1967; Akin et al., 1975; Akin and Burdick, 1975; Harbers, Raiten 

and Paulsen, 1981). It has also been demonstrated that extent and rate 

of forage fiber digestion can be altered by ruminal conditions, such as 

nitrogen and mineral concentrations. Of particular concern in high 

concentrate diets is the depressing effect due to lowered ruminal pH. 

Several researchers (Akin and Burdick, 1975; Brazle and Harbers, 

1977; Akin and Robinson, 1982; Akin et al., 1983) have used staining, 

light microscopic, SEM and in vitro techniques to determine that 

lignified vascular tissue, cuticle, sclerenchyma and parenchymal bundle 

sheaths are tissue types most resistant to microbial digestion. 
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Structural tissues, with similar functions are also present in 

cereal grains, but there is currently little information on their 

susceptibility to digestion under various conditions. Therefore, the 

purpose of this study was to determine the relative resistance of these 

structures to digestion by rumen microorganisms and to detenmine how the 

digestibility is affected by concentrate level in the diet. 

Materials and Methods 

Grains 

Approximately two kg each of barley, corn, sorghum and durum 

wheat were obtained from commercial sources for use in these studies. 

Cultivar identifications were available only for barley (Sunbar, Brand 

400) and wheat (Aldura). Dent corn evaluated was an unidentified yellow 

hybrid produced in Cochise County, AZ and the sorghum grain was a red 

hybrid typical of that grown under irrigated conditions in the 

southwest. Composition of the grains is shown in table 7. Grains used 

for ~ situ and ~ vitro dry matter and NDF disappearance were ground 

through a .5 mm screen in a cyclone grinder. Freeze fractured grain 

kernels were included in in situ and in vitro studies to provide 

additional residues for SEM evaluation. 

In Situ Studies 

Long term ~ situ incubations were conducted in order to isolate 

cereal grain fractions resistant to rumen microbial digestion and to 

evaluate the effects of increasing concentrate level on ~ situ dry 

matter disappearance. Three rumen fistulated steers weighing 363, 375 
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Table 7. Chemical composition of cereal grains a• 

Component, % Barley Corn Sorghum Wheat 

Crude protein 8.0 9.8 10.1 15.9 

Neutral detergent 
fiber 18.1 9.6 6.7 10.3 

Acid detergent 
fiber 8.4 2.7 3.6 2.7 

Cellulose 5.7 2.2 2.3 2.0 

Hemicellulose 9.8 6.9 3.2 7.6 

Lignin 1.6 0.3 1.1 0.5 

Cutin 0.6 0.4 0.3 0.6 

aDry matter basis. 



and 381 kg and consuming 8.2 kg hd-1 d-1 of alfalfa cubes, 30 or 90% 

concentrate diets (table 8) were used as host animals for these 

incubations. Throughout the investigation, animals were housed in 

partially shaded individual pens (2.4 x 4.8 m), had access to drinking 

water at all times and were offered the daily ·feed allowance in two 

equal portions at 0700- and I500-h. 

Triplicate 5 g samples of ground grains were placed in 

monofilament nylon bags (18 x 9 cm) having a uniform pore size of 41 

microns1• Bags were attached to weighted chains and placed in the 

ventral sac of the rumen for 144-h. Upon removal from the rumen, bags 

were washed under cold water until the rinse ran clear and then dried 

for 48-h under vacuum at 40 0 C. Bags were weighed and ~ situ dry 

matter di~appearance was calculated. Portions of the dried residues 

were retained for SEM examination and the remainder was subjected to 

neutral detergent extraction (Robertson and Van Soest, 1977) for 

quantitation of non-digestible cell wall residues. 

In Vitro Studies 
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Quadruplicate 0.50 g samples were used for ~ vitro estimates 

of dry matter and true dry matter disappearance after 12-, 24- and 48-h 

of incubation using methods described by Goering and Van Soest (1970). 

Neutral detergent fiber disappearance was corrected to 0% at 6-h (Akin 

et a1., 1983). A single crossbred rumen fistu1ated steer (681 kg) was 

used to provide in vitro inocula. For studies requiring a high

roughage inoculum, the steer was fed 5.5 kg d-1 of cubed alfalfa hay. 

INitex HC3-41. Tetko, Inc. Lancaster, NY 
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Table 8. Composition of diets fed rumen fistulated steersa • 

Concentrate level, % 

Ingredient, % 0 30 90 

Alfalfa hay, cubed 100.00 

Alfalfa hay, chopped 34.28 5.53 

Wheat straw, chopped 38.08 5.44 

Sorghum grain, steam 21.95 80.72 
processed and flaked 

Urea 0.84 0.59 

Molasses 6.11 5.94 

Animal fat 1.77 1.72 

Dicalcium phosphate 0.94 0.30 

Limestone 0.85 

Salt 0.44 0.43 

Monen:;in (30g/T) + + 

Vitamin A (3300IU/kg) + + 

apercent as mixed. 
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For studies requiring high-concentrate inoculum, the steer was fed 8.2 

kg d-1 of 90% concentrate (table 8). Digesta for inocula preparation 

were collected 3-h post feeding. When diets were changed, a minimum of 

28-d was allowed for adaptation. 

In vitro substrates and incubation conditions were as follows: 

INCUBATION SUBSTRATE INOCULUM pH TERMINATION 

1 I so 1 ated ce 11 wa 11 s A 1 fa 1 fa 7 NDF 

2 Ground grain A 1 fa lfa 7 NDF 

3 Ground grain A 1 fa 1 fa 7 HC1-pepsin 

4 Ground grain 90% concentrate 7 HC1-pepsin 

5 Ground grain 90% concentrate 7 NDF 

6 Ground grain A 1 fa 1 fa 6 NDF 

The bicarbonate "rumen buffer solution" described by Goering and Van 

Soest (1970) was used for all incubations carried out at pH 7. For the 

one conducted at pH 6, a phosphate buffer containing 6.20 g monobasic 

sodium phosphate, 4.84 g monobasic- and .72 g dibasic potassium 

phosphate 1-1 distilled water was used. ~ vitro dry matter 

disappearance residues were collected in sintered glass crucibles (Pyrex 

porosity C) with a glass fiber mat inserted to facilitate filtering 

while those incubations terminated using neutral detergent were 

collected in sintered glass crucibles without the glass fiber mat. 

~ vitro NDF disappearance was detenmined directly by incubating 

isolated cell walls or calculated from TIVDMD results. At completion of 



each incubation, one replicate sample from each time and grain 

combination was retained for SEM evaluation. 
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Retained samples were vacuum dried at 10-3 Torr without heat to 

prevent heat induced artifacts (Rooney et al., 1983), then mounted on 

1.27 em diameter aluminum stubs with colloidal silver or double sided 

adhesive and coated with.50 to 100 Angstroms of gold-palladium in a 

Polaron Instruments SEM coating Instrument E5100. Specimens were 

observed at 15 KV accelerating voltage using an lSI DS 130 Scanning 

Electron Microscope and photographed on Polaroid Type 55 

positive/negative film with a 60-s exposure at f5.6. 

Statistical Analysis 

Analysis of variance for a completely randomized design and 

Duncan's new multiple range test were used for statistical evaluation of 

the ~ situ and in vitro data (Steele and Torrie, 1960). 

Results and Discussion 

In Situ Studies ---
~ situ dry matter disappearance after 144-h ranged from 85% for 

barley incubated at 90% concentrate to 99% for corn incubated at 30% 

concentrate (table 9). At all concentrate levels, ISDMD was lower for 

barley than for the other grains (P<.Ol), but was not different among 

corn, sorghum and wheat at any of the three concentrate levels (P>.10). 

Although the experimental design used would not allow comparisons across 

concentrate levels, it appears that dry matter disappearance was reduced 

by high concentrate levels, even after 144-h incubation. 
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Table 9. 144-h in situ dry matter disappearancea• 

Substrate 

Concentrate level, % Barley Corn Sorghum Wheat S. D. 

0 90.3c 93.8b 94.2b 93.8b 2.03 

30 91.5c 98.8b 96.6b 96.8b 0.86 

90 84.8c 90.6b 92.5b 95.4b 2.07 

aEach value is mean of triplicate determinations. 
b,cMeans in the same row with different superscripts, different (P<.Ol). 
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Evaluation of SEM micrographs showed no discernab1e differences 

in tissue types surviving the in situ incubations at different 

concentrate levels. Principal tissues identified in the residues of all 

grains had been previously defined as NDF. Each residue was composed 

primarily of pericarp with small quantities of aleurone cell walls. In 

barley residues, lemma and pa1ea were present. In addition, tissue 

resembling corn tip cap and sorghum corneous endosperm cell walls, 

protein matrix and protein bodies were identified. 

After 144-h incubation, barley pa1ea had been attacked but was 

relatively undigested (figure 28). The pericarp, though, showed 

disruption. Pericarp, aleurone cells and suba1eurone endosperm were the 

only tissues identifiable in residues from ground sorghum grain. 

Similar non-digestible fragments were found by Rupp (1975) in the feces 

of dairy cows and steers fed sorghum based diets. Wheat pericarp 

(figures 29 and 30) appeared to be differentially digestible. It was 

not possible to determine from the micrographs whether the epicarp layer 

was sloughed or digested off. Cross cell layer walls had been 

extensively degraded, leaving only skeletons. Aleurone cells in ground 

wheat (figure 31) characterized by their thick walls and distinct middle 

lamella appeared also to be resistant. Aleurone grains were observed in 

some of the cells. 

Corneous endosperm from fractured corn (figure 32) showed 

extensive degradation in situ as did the central, floury endosperm which 

was digested to an even greater degree. Ruptured endosperm cell walls 

with shells of starch granules in the interior are evident in figure 33. 

Davis and Harbers (1974) reported a similar pattern of attack on starch 



Figures 28 - 33. 144-h in situ grain residues. 
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Figure 28. 144-h in situ ground barley. Palea with false stomates 
(arrow)and pericarp with aleurone cells (A). 

Figure 29. 144-h in situ ground wheat. Cross or tube cell layer. 

Figure 30. 144-h in situ ground wheat. Epicarp (E) and mesocarp (M). 
Unable to determine whether epicarp was digested or sloughed 
off. 

Figure 31. 144-h in situ ground wheat. Aleurone cells with a few 
remaining aleurone grains (arrows). 

Figure 32. 144-h in situ fractured corn. Resistant pericarp (P) and 
endosperm cells (arrow). 

Figure 33. 144-h in situ fractured corn. Partially digested starch 
granules ~in ruptured endosperm cells (arrow). 
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in bird resistant sorghum which suggests that starch at the interior of 

granules is either more digestible than that on the surface, or at least 

is digested preferentially after initial entry is made through the 

surface. 

Disrupted protein matrix with protein bodies and few remaining 

starch granules associated with sorghum pericarp (figure 34) remained 

through 144-h. The protein bodies (figure 35) were firmly embedded in 

matrix protein and exhibited only limited point attack. 

In Vitro Studies 

~ vitro disappearance of isolated cell walls (figure 40, table A-

2) ranged from 43% (barley) to 89% (corn) at 48-h. The primary 

identifiable tissues after in vitro incubation of isolated cell walls 

included pericarp and aleurone cells for all grains. Barley palea 

(figure 36) was easily identified. The multi-layered pericarp and 

aleurone cell walls of corn grain were resistant after 12-h (figure 37), 

although by 48-h only outer pericarp layers were identified (figure 38). 

Comparison of wheat aleurone cell walls after 12- (figure 39) and 48-h 

(figure 41) demonstrates the resistance of the outer surface of wheat 

pericarp to attack (figure 42). Protein matrix material derived from 

suba1eurone (corneous) endosperm (figure 43) was identified in the 

sorghum residues. 

In vitro DMD of ground grains is shown in figure 47 and table A

I. It was not possible to evaluate residues from ground grains by SEM 

because of interference by glass fiber used in filtration. However, 

evaluation of micrographs of residues from fractured grains does 



Figures 34 - 39. !n situ grain residues and in vitro NOF residues. 
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Figure 34. 144-h in situ ground sorghum. Disrupted sorghum protein 
matrix and protein bodies (arrow) attached to pericarp 
tissue (P)' 

Figure 35. 144-h in situ ground sorghum. Sorghum protein bodies showing 
point attack (arrows). 

Figure 36. Ground barley NOF, 48-h in vitro. Palea fragment. 

Figure 37. Ground corn NDF, 12-h in vitro. Multi-layered pericarp 
(arrow) and aleurone cell layer (A). 

Figure 38. Ground corn NDF, 48-h in vitro. Abaxial pericarp. 

Figure 39. Ground wheat NOF, 12-h in vitro. Extracted aleurone cell 
layer, side view. 
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Figure 40. In vitro isolated cell wall disappearance. 



Figures 41 - 46. In vitro NDF and non-extracted grain residues. 
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Figure 41. Ground wheat NDF, 48-h in vitro. Cell wall tissue from 
aleurone and subaleurone endosperm. 

Figure 42. Ground wheat NDF, 48-h in vitro. Adaxial pericarp. 

Figure 43. Ground sorghum NDF, 24-h in vitro. Corneous endosperm 
protein matrix material. -

Figure 44. Fractured barley, 24-h IVDMD. Palea with ridges (arrow) and 
false stomates (S). 

Figure 45. Fractured sorghum, 12-h IVDMD. Partially digested primary 
root (R) and multi-layered pericarp (P). 

Figure 46. Fractured sorghum, 48-h IVDMD. Pericarp with embedded, 
partially digested starch granules (arrows). 
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Figure 47. ~ vitro dry matter disappearance. 
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contribute useful information about component digestion. 

Barley palea with its characteristic silica scale retained 

structural integrity after 24-h incubation (figure 44). The cutinized 

outer layer of sorghum peri carp showed initial signs of attack by 12-h 

as did the primary root tissue (figure 45), although starch granules 

were still visible embedded in the pericarp through 48-h (figure 46). 

Corn and sorghum embryonic tissue could be seen in micrographs of 12-h 

residues, but not in those from 24-h incubations. After 48-h, the 

cutinized outer layer of corn pericarp (figure 48) appeared quite 

resistant to degradation as did the thick walled aleurone cells (figure 

49) and tissue in the tip cap area (figure 50). The adaxial surface of 

wheat pericarp appeared to be resistant to microbial attack through 48-h 

(figure 51), but the abaxial surface (figure 52) showed extensive 

breakdown of cross and tube cell layers. 

By 12-h substantial attack and digestion of starch and protein 

matrix in floury, and to a lesser extent, corneous endosperm was evident 

in all grains. Sorghum endosperm cell walls (figure 53) still appeared 

structurally sound. Barley starch at the fracture surface had 

essentially disappeared leaving a sheetlike protein matrix (figure 54) 

which showed more extensive degradation at 24-h (figure 55). Starch 

granules embedded in corn protein matrix were still evident after 24-h 

(figure 56). 

Agglomerations of protein bodies in sorghum corneous endosperm 

were resistant to degradation through 48-h, although the protein matrix 

itself showed signs of major disruption (figure 57). Micrographs from 



Figures ij8 - 53. In vitro grain residues. 
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Figure 48. Fractured corn, 48-h IVDMD. Cutinized outer peri carp layer. 

Figure 49. Fractured corn, 48-h IVDMD. Thick walled aleurone cell layer 
(arrow) with contents removed. 

Figure 50. Fractured corn, 48-h IVDMD. Tip cap parenchymal type tissue. 

Figure 51. Fractured wheat, 48-h !VDMD. Adaxial pericarp appeared 
resistant to rumen microbial attack. 

Figure 52. Fractured wheat, 48-h IVDMD. Abaxial pericarp (cross or tube 
cell layer) showed extensive digestion. 

Figure 53. Fractured sorghum, 12-h IVDMD. Partially digested starch 
granules (S) in endosperm cells (arrow). 
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Figures 48 - 53. l!! vitro grain residues. 



Figures 54 - 59. In vitro grain residues. 
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Figure 54. Fractured barley, 12-h IVDMD. Endosperm protein matrix with 
few starch granules (arrows). 

Figure 55. Fractured barley, 24-h IVDMD. Thinned endosperm protein 
matrix. 

Figure 56. Fractured corn, 24-h !VDMD. Starch granules (arrow) in 
endosperm protein matrix. 

Figure 57. Fractured sorghum, 48-h !VDMD. Protein body masses (PS) in 
the disrupted corneous endosperm protein matrix (arrow) were 
resistant to digestion. 

Figure 58. Fractured barley, 48-h IVDMD. Disrupted endosperm tissue. 

Figure 59. Fractured corn, 48-h IVDMD. Protein matrix with residual 
starch (arrows) in floury endosperm. 
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the endosperm region of barley (figure 58) and floury endosperm of corn 

(figure 59) after 48-h show only protein matrix with no evidence of 

endosperm cell structure or starch granules. 

Although IVDMD was nearly 96% for ground corn and was over 85% 

for ground barley (figure 47, table A-I), micrographs of the fractured 

grain residues were not indicative of such large disappearances. Starch 

granules were still present in fractured corn after 48-h (figure 60) and 

were also identified in 48-h fractured sorghum grain residues (figure 

61). These observations suggest that residual starch in cereal grain 

NDF reported by Doyle (1978) may not be due to inefficient extraction, 

but rather could represent starch that is not accessible to digestive 

enzymes because of its close association with structural tissue. 

A limitation of SEM in studies of this type is that they are 

more qualitative than quantitative. Because of the difficulty in 

identifying cell types and locating them anatomically in ground digested 

residues, workers have typically used fractured grains and observed 

surface extraction (or) digestion characteristics and made the 

assumption that those observations were comparable to what was in fact 

occurring when ground grains were being digested. Comparison of 

residues from ground or fractured neutral detergent extracted grains 

suggested that the assumption was valid for the readily identifiable 

epidermal tissues. However, caution must be exercised when interpreting 

micrographs from fractured in vitro residues as the factors which 

hindered complete neutral detergent extraction of fractured grains 

(table 6) might also present barriers to microbial digestion. 



Figures 60 - 61. In vitro grain residues. 
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Figure 60. Fractured corn, 48-h !VDMD. Starch granules remalnlng in 
floury endosperm showing differential digestion. 

Figure 61. Fractured sorghum, 48-h !VDMD. Starch granules remaining in 
endosperm cell walls (arrow) showing substantial point 
attack. 
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Figures 60 - 61. In vitro grain residues. 



While starch is the single most abundant component of cereal 

grains, structural components make up an important fraction. The 

multilayered pericarp is usually somewhat lignified and resistant to 
/ 
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digestion (Blakely et al. e 1979). Wheat cross and tube cell walls, the 

bottom pericarp layers, are composed primarily of cellulose, 

arabinoxylans and lignin (Morrison, 1976). The different types of 

lignin and lignin-carbohydrate linkages that have been postulated by 

Akin et al. (1973) to partially account for digestibility differences in 

forages may also be a factor in grains. 

Aleurone cell walls consist of a primary and secondary fibrillar 

wall (Kent,1975). Autofluorescence, indicative of polyphenols is 

present in the aleurone layer of sorghum. Akin (1982a) suggests that 

the high concentrations of some of these polyphenolic compounds may 

inhibit digestibility of certain bird resistant sorghums. 

Endosperm cell walls are structurally similar to plant primary 

cell walls having a microfibrillar phase (primarily cellulose) embedded 

in an amorphous matrix (Mares and stone, 1973a, b). structure of the 

endosperm cell wall is relatively simple and may reflect adaptation of 

the endosperm as a storage tissue. The microfibrillar network provides 

structural rigidity until starch and protein fill the endosperm cells. 

Endosperm cell walls provide a barrier to enzymatic mobilization of 

starch and protein at germination (in effect a digestion process). 

Rooney et al., (1983) suggested that the starch-protein interaction in 

the endosperm is probably the major factor influencing grain dry matter 

digestibility. This study showed that endosperm cell walls and 

epithelial (pericarp and aleurone) tissue were major contributors to the 



86 

indigestible fraction of grains, but there was no suggestion that these 

tissues were a factor in limiting accessibility to starch. 

Curves for the NDF disappearance (all alfalfa diet) calculated 

from TIVDMD data (figure 62) are similar to, but lower than, curves for 

disappearances of isolated cell walls (figure 40). The relative 

rankings for fiber disappearance from the grains (corn> sorghum> wheat 

> barley) was the same for both methods. Isolated cell walls were 

included in this study because of the possibility that it would be 

difficult to accurately and precisely quantitate the small amounts of 

cereal fiber remaining after extensive ~ vitro digestion. The 

similarity of the curves indicates that this was not a serious problem. 

Initial studies were conducted using inoculum from a steer fed 

an all forage diet, since it was felt this microbial population would be 

adapted for fiber utilization and give the best evaluation of the 

inherent digestibility of fiber from the various cereal sources. The 

subsequent study used inoculum from a steer fed 90% concentrate diet to 

determine whether the microbial population associated with a high grain 

diet would have a different capacity for fiber utilization than the 

population from a forage fed steer. Results of these incubations are 

shown in figure 63 (table A~3). At all time periods, cell wall 

disappearance was lowest for barley (P<.01). Disappearance curves for 

NDF were similar, but lower than those observed when the all-alfalfa 

inoculum was used. It has been documented that inclusion of starch or 

other readily available carbohydrate in the diet can reduce fiber 

digestibility ~ vitro and in vivo (El-Shazly et al., 1961; Mertens and 



87 

100 -a- BARLEY 

--*- CORN 

~ SORGHUM 

80 
-+- WHEAT 

r-. 
~ --
r:tl 
0 60 Z 
< 
0:: 
< 
r:tl 
p.. 
p.. 

40 < rn 
1-1 

Cl 

20 

0~1--~----~--~---~--~ 
o 12 24 36 48 60 

TIME (H) 

Figure 62. Calculated ~ vitro NDF disappearance. 
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Figure 63. Calculated in vitro NDF disappearance, 90% concentrate. 
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Loften, 1980). One of the reasons hypothesized for this effect is that 

the rapid fermentation of these feeds causes rumen pH to fall, inhibiting 

cellulolytic bacteria and ce11ulo1ysis. At the time of collection, pH 

of the rumen contents from the steer fed 90% concentrate was 

characteristically low (5.6). The pH of the buffered inoculum was 7.2 

at the beginning of the incubation and fell only to 6.9 after 48~h, 

showing that its buffering capacity had not been exceeded. 

Calculated NDF digestibi1ities were also depressed when 

incubations were conducted at pH 6 (figure 64) rather than pH 7 (figure 

40). The pH for the rumen fluid at the time of collection and for the 

buffered inocu1 um pre- and post- incubation were 6.7, 6.3 and 5.5, 

respectively. The depression caused by the low pH was smaller in 

magnitude than that seen when inoculum from the steer fed a high grain 

diet was used (figure 62). Thus it would appear that the microbial 

population associated with the high-grain diet, rather than reduced pH 

per se, was the major factor responsible for the reduced fiber 

digestion. Regardless of incubation conditions, relative rankings of 

fiber disappearance remained the same as those determined using isolated 

cell wa 11 s. 

Reduced cell wall digestibi1ities obtained when inoculum from a 

steer fed a high-concentrate diet was used and when pH of in vitro 

incubations was lowered from 7 to 6, particularly at the earlier 

incubation times, suggest that cereal grain cell walls may make an 

appreciable contribution to total indigestible fiber in high-concentrate 

diets fed to ruminants. Scanning EM evaluation of the residues revealed 

that they were composed of the same types of epidermal and endosperm 
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Figure 64. Calculated J! vitro NDF disappearance, low pH. 
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cell wall structures as were found in all of the previous in situ and in 

vitro studies. 

Results of this study are interpreted as showing that there is 

considerable variation in digestibility of neutral detergent fiber among 

cereal grains. Furthermore, SEM of digested r~sidues from ground grain, 

while not completely definitive, shows that epidermal tissues, such as 

pericarp, aleurone cells and the caryopsis coating in barley (lemma and 

palea) are most resistant to microbial digestion. 



CHAPTER 6 

SUMMARY 

A series of studies was conducted using SEM in conjunction with 

chemical analysis, in situ and in vitro digestion techniques, to 

characterize the anatomical components from barley, corn, sorghum and 

wheat grains which constitute "fiber" and investigate their 

susceptibility to rumen microbial digestion. Scanning electron 

microscopy proved to be useful for identifying cereal grain anatomical 

structures that were resistant to neutral detergent extraction and rumen 

microbial digestion under various conditions. 

Fractured grains were used to identify anatomical features and 

cell types prior to and after extraction or digestion. Certain 

anatomical features, including pericarp tissue, aleurone cells, 

endosperm cell walls, corneous and floury endosperm tissue and lemma and 

palea from barley, were easily identifiable in fractured and ground 

grains, and in neutral detergent extracted or digested residues. 

Tissues resistant to rumen microbial digestion during extended 

(144-h) in situ incubations and shorter term (12- to 48-h) in vitro 

incubations were primarily those identified in NDF, and included 

pericarp, lemma and palea, and small amounts of corneous endosperm. 

Remaining tissues identified included barley lemma, palea and pericarp; 

corn pericarp, tip cap and small amounts of corneous endosperm; sorghum 

peri carp and corneous endosperm with matrix and protein bodies; and 

wheat pericarp. 

92 
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~ vitro disappearance of isolated NDF after 48-h ranged from 

43% for barley to 89% for corn. Labile structures included embryonic 

tissue and portions of endosperm cell walls, protein matrix and residual 

starch. Resistant tissues included pericarp, aleurone cell walls, tip 

cap and portions of the corneous endosperm. 

Relative rankings of NDF digestibility under all conditions 

studied were similar (corn> sorghum> wheat> barley) whether 

determined using isolated NDF or calculated from TIVDMD residues. 

Neither concentrate level fed to the host animal nor pH of the in vitro 

incubation flask affected rankings among grains, although increasing 

concentrate level and/or reducing pH appeared to reduce in vitro NDF 

disappearance. 

Evaluation of electron micrographs of fractured grains suggested 

that similar anatomical structures in the various grains differed in 

their resistance to microbial digestion. For example, pericarp from 

barley and wheat appeared to be more resistant than that from corn or 

sorghum. Endosperm of barley was less resistant than that of sorghum. 

Scanning electron micrographs did not suggest the extent of 

degradation that was determined ~ situ or ~ vitro with either ground 

or fractured grains, although it was possible to make qualitative 

assessments of the types of tissues resistant to rumen microbial 

digestion. 



CHAPTER 7 

APPENDIX A 
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Table A-I. ~ vitro disappearances. 

Substrate 

Time Barley Corn Sorghum Wheat S. D. 

Dry Matter 

12 76.4b 82.6a 75.3b 85.4a 4.69 

24 83.2b 91.4a 89.8a 92.0a 2.13 

48 85.8c 95.6a 95.2a 93.3b 1.08 

a,b,c,dMeans in same row with different superscripts, different (P<.Ol). 
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Table A-2. ~ vitro cell wall disappearances. 

Substrate 

Time Barley Corn Sorghum Wheat S. D. 

Isolated Cell Walls 

12 25.8c 24.9d 28.0b 36.2a .34 

24 31.9c 46.8b 65.6a 45.4b 1.81 

48 43.2d 89.1 a 80.6b 50.3c .71 

Calculated Cell Wall, 0% Concentrate 

12 20.4b 40.3a 39.0a 35.5a 8.36 

24 27.4c 61.6a,b 65.8a 51.6b 7.87 

48 37.5c 78.5a 74.6a 53.8b 6.37 

a,b,c,dMeans in same row with different superscripts, different (P<.Ol). 
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Table A-3. Calculated in vitro cell wall disappearances. 

Substrate 

Time Barley Corn Sorghum Wheat S. D. 

90 % Concentrate, Corrected 

12 16.7b 17.0b 29.9a 20.1 a,b 6.09 

24 19.6c 33.3b 49.0a 27.2b,c 7.17 

48 18.6b 55.5a 57.6a 37.3a,b 16.01 

Low pH, Corrected 

12 12.3b 36.9a 16.1 b 18.8b 4.44 

24 21.5c 56.3a 32.6b 24.3c 2.27 

48 31.2c 62.6a 52.5a,b 41.8b,c 4.70 

a,b,c,dMeans in same row with different superscripts, different (P<.Ol). 
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Table A-4. "True" in vitro dry matter disappearances. 

Substrate 

Time Barley Corn Sorghum Wheat S. D. 

0% Concentrate 

12 85.2b 94.2a 90.9a 93.7a 2.66 

24 86.1 b 96.2a 97.0a 95.3a 1.05 

48 88.0c 97.9a 97.7a 95.5b 1.03 

90% Concentrate 

12 87.2b 94.7a 93.8a 94.6a 1.05 

24 87.7b 95.8a 95.5a 95.2a .64 

48 87.6b 97.2a 96.2a 95.9a 1.56 

Low pH, 0% Concentrate 

12 82.2c,d 85.2b 81.8d 89.1 a .99 

24 84.1 b 89.8a 85.4b 89.8a .49 

48 86.0c 91.3a,b 89.7b 92.2a .8i 

a,b,c,dMeans in same row with different superscripts, different (P<.Ol). 
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