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ABSTR,ÄCT

Plant breeders have expressed a need for development of selection techniques that are

simple, quick and inexpensive, and provide information to animal nutritionists and plant

breeders. These experiments were designed to evaluate histochemistry, section-to-slide

digestion and image analysis techniques for their usefulness in forage digestibility

evaluation programs. Enzymatic dry matter digestibility (DMD), lignin, acid detergent

fibre, p-coumaric and ferulic acids, and neutral sugar contents were also measured.

On the basis of a gravimefic digestibility technique, two low digestibility genotypes

and two high digestibiliry genotypes from the 9 parental genotypes of the RCG cultivar

Rival were chosen for further analysis.

The four genotypes were harvested for stem material at 3 stages of growth and

evaluated for digestibility. Tissues examined were the epidermis (E), cortex (C), phloem

@), sclerenchyma ring (SR), xylem (X), vascular bundles (VB) and parenchyma (PA).

Histochemistry indicated strong genot¡re and growth stage differences with all tissues,

except P and X. However, only the acid phloroglucinol staining of the SR and PA, and

the C with both stains provided similar values between both low digestibility genotypes.

Tissue area percentages indicated that the P, SR, and PA were different among

genotypes, but only the SR had a maturity effect. The only tissues which had similar

areas between the two low digestibility genotypes were the PA and SR. Cell wall length,

while not different, did show expected trends, less digestible genotypes had greater
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lengths of less digestible tissues and vice versa. Lignin and acid detergent fibre

concentrations and section-to-slide digestion indicated genotype and growth stage

differences, but did not provide similar values between the low digestibility genotypes.

Phenolic acid and neutral sugar concenEations and enzymatic digestibility analyses did

not indicate genotype or growth stage differences.

It was concluded that histochemistry and image analysis are of potential value to plant

breeders. Secondly, both biochemical (llgnin) and microanatomical þercent a¡ea of

tissues) characteristics are important when evaluating digestibility of forage genotypes.

The SR and PA may be the key tissues involved in digestibility differences among

genotypes and growth stages.
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INTRODUCTION

Reed canarygrass (Phalaris arundinaceae L.) is a cool-season, high-yielding perennial

grass with desirable environmental and agronomic characteristics (Miller 1984). The

grass performs well under both hot, dry summer conditions and cooler, wetter fall

conditions (Marten and Heath 1973; Smith 1981; Sheaffer and Barnes 1987). Reed

canarygrass (RCG) has had limited inclusion in most areas due to low palatability caused

by low digestibility and alkaloid content. Breeding to reduce alkaloid content has resulted

in RCG genotypes free of tryptamines and beta-carbolines and with lower levels of

gramine and hordenine (Woods and Clark I97L). Rapid reductions in digestibility with

maturity in RCG is usually handled with careful grazing and cropping procedures (Smith

19Sl). With the renewed interest in RCG by plant breeders, the digestibility of RCG is

of current concern.

Anatomical characteristics of a plant will affect the digestibility. I-eaves usually have

higher digestibilities than stems, with leaf sheaths having intermediate digestibilities

(Norton 1982; Wilman and Altimimi 1982).

Biochemical components of forages also affect digestibility. Lignin is usually

considered to be the major limitation to digestibility (Casler 1986). The cell wall content

(mainly eellulose and hemicellulose) of forages also affect digestibility (Buxton 1989).

Recently, phenolic acids have been linked to digestibility (Marten and He¿th 1973;

Burritt et aJ.. L982, 1984; Fahey and fung 1990). Interactions among these compounds

also will affect the digestibility of grasses (Morrison L979; Cheeson L983; Burritt et al.

1984).



2

Microstructure components of grasses, more recently, have been, considered in

digestibility evaluations. Individual tissues of plants have varying digestibilities when

incubated in rumen fluid (Akin and Burdick 1975; Akin 1979; Harbers et al. 1981; Akin

1989). Histochemical analysis of these tissues is often indicative of their digestibiiities

(Akin and Burdick 1981; Akin et aJ. t984; Akin 1989). However, the majority of these

experiments have been performed on leaves of warm-season grasses.

A major problem in forage grass improvement through breeding programs is the

development of selection techniques which provide information relevant to both animal

nutritionists and plant breeders (Coleman 1983). The techniques must be simple, rapid

and relatively inexpensive, as plant breeders need to evaluate hundreds of genotypes of

each forage species before implementing a breeding program for the grass (Coleman

1983). In vivo techniques, while providing the only truly accurate value for digestibility,

are quite expensive, require large sample sizes and take several days for results. In vitro

methods are less expensive but are also long and require fairly large sample sizes.

Chemical methods, such as the detergent fibre system (Van Soest 1963), provide

acceptable correlations with in vivo results, but the correlations are usually different for

the different forage species; there is no one regression equation that works over a1l

forage species (Burritt et al. 1984). Other techniques are being developed (image

analysis) or improved from existing ones (histochemistry) which would assist plant

breeders in selecting genotypes for inclusion in breeding programs.

The present study was undertaken to examine genotypes of the RCG cultivar Rival for

digestibility using a modif,red in vitro gravimetric digestibility technique. Two high and
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2low digestibility genofypes from the 9 genot¡les were selected for further analyses.

Clones of the selected genofiles were grown for harvest at 3 maturity stages.

The acid detergent system of analysis was used to examine the percentages of ADF

and lignin. A modified histochemical analysis with acid phloroglucinol and chlorine

sulphite was used to detect differences in colour ratings, reflecting different amounts of

coniferaldehyde and syringyl units of ligin and their location. A modif,red image analysis

program was used to examine percent area, cell wall width and cell wall length of

selected stem tissues. A modified section-to-slide technique was used for comparative

examination of differences in stem tissue digestibility. Enzymatic and alkaline hydrolysis

of ground stem material were performed to estimate stem phenolic acid and neutral sugar

contents. A prepared enzyme incubation was used to examine genotype differences in dry

matter digestibility.

The first objective was to identify differences among genotypes that may account for

digestibility differences. Changes that occur with increased plant maturity were also

examined. The results of these experiments were compared to each other in order to

determine which methods closely ¡elate to the others and thus may be of value to plant

breeders.



LITERATURE REVIEW

CIIARACTERISTICS OF REED CANARYGRASS

Agronomic Features

Reed canarygrass (Phalaris arundinaceae L.) is a cool-season, high-yielding, perennial

grass with the C3 type of photosynthesis (Miller 1984). As a forage crop, reed

canarygrass (RCG) has desirable environmental and agronomic characteristics. It is most

commonly grown for hay or pasture as a monoculture crop, although RCG can also be

used for silage (Milter t984; Marten 1985). The height of RCG can reach between 60-

240 cm Mller 1984).

Reed canarygrass has excellent tolerance to wet conditions (Sheaffer and Barnes L987)

and grows best on fertile, low, moist land which is too wet for most other grasses. The

grass can also withstånd fairly heavy and prolonged flooding (Smith 1981). Reed

canarygrass will also grow well on drier land that has good fertility and moisture-holding

capacity (Smith 1981). Best growth occurs in soils with pH ranging from 4.9 - 8.2

(Marten 1985), but RCG will tolerate acid soils and fairly high salinity (Sheaffer and

Barnes 1987). Notwithstanding its advantages on wet soils, RCG also has good tolerance

to drought and can provide adequate pasture even during dry summers (Smith 198i;

Miller 1984; Sheaffer and Barnes 1987). Reed canarygrass tolerates frequent harvests

and has excellent resistance to cold and frost in most growing areas (Sheaffer and Barnes

1987).

-).
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A relatively rare environmental characteristic in most domestic grasses, but present

in RCG is its sod-forming potential which increases soil coverage and soil-holding

capacity due to the deep and fibrous root system. This characteristic makes RCG an

excellent grass for erosion control, especiatly in waterways and ditches.,(Smith 1981).

Sod formation also reduces compaction of wet soils caused by animals and farm

machinery (Marten 1985). Another advantage of RCG is its ability to resist lodging

(Miller 1984). Reed canarygrass has few insect or disease problems, and these can

usually be controlled by appropriate management techniques (Wolf 1967; Marten and

Heath 1973).

Despite its obvious advantages, RCG does have some potential disadvantages. One

possible disadvantage of RCG is the high requirement for nitrogen (Ð that is necessary

to obtain good dry matter (DM) yields (Smith 1981). However, RCG has higher recovery

of applied N than many other grasses so the extra N is usually more fully utilized

(Marten et at. t976). It is often diff,rcult to establish RCG with legumes due to the highly

competitive nature of sod-forming grasses like RCG; however, with appropriate

management, alfalfa and some clovers can be grown with RCG (Miller 1984). Other

agronomic disadvantages of RCG include difficulty in sowing seeds due to easily-

shattering and fluffy seeds, poor seedling vigour (Sheaffer and Barnes 1987) and slow-to-

establish seedlings (Smith 1981; Miller 1984). Problems involving the establishment of

RCG via seeding can be reduced by using vegetative propagation, which is the placement

of plant sections in a spreader and depositing them on well-disced soil (Miller 1984).

Once established, RCG has early, heavy spring growth and continues to perform well
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under both hot, dry summer conditions and cooler, wetter fall conditions (lrtfarten and

Heath 1973; Smith 1981; Miller 1984; Sheaffer and Barnes 1987). These growth traits

make RCG an excellent choice for pasture.

As with other cool-season grasses, RCG has lower herbage production during the

summer than in the fall or spring (Sheaffer and Barnes t987). Reed canarygrass provides

very high yields of dry matter and can handle, even requires, high stocking densities to

ensure that the growth is always at a stage that is palatable. Marten and Donker (1968)

reported that highest animal acceptance occurred when RCG was graznd at heights

between 15 and 60 cm.

Persistence of grasses is an essential characteristic for economical production. In an

experiment where data was gathered for three years, Marten and Hovin (1980) reported

good persistence of RCG at2,3, or 4 cuttings per year. Bromegrass, orchardgrass and

tall fescue were more sensitive to the number of cuttings. Smith et aJ. (1973) found that

RCG, tall fescue and orchardgrass had better persistence when grown with alfalfa than

did timothy or bromegrass, and suggested that the differences were due to the continuous

tiller production of the former grasses. In general, RCG persistence is only reduced if

the grazing or cutting interval is too short, which suggests that RCG is best when grown

for hay or rotational grazng.



Nutritional Characteristics

General. The low digestibility and palatability of RCG, the latter of which is due to

alkaloid content, have been a barrier to its wide acceptance. Reed can4rygrass has a

rapid decrease in digestibility with maturity due to a quick accumulation of f,rbre (Smith

1981), necessitating careful grazingand cropping procedures. Conversely, thepalatability

of RCG due to alkaloid content increases with age, since the alkaloid content decreases

with maturity (Van Soest 1985). Alkaloids will be discussed in the next section. The

palatability of RCG can be improved by adding extra N, as the N content of the grass

increases with the extra N fertilization and this increase leads to an improvement in

digestibility (Marten and Heath 1973). Reed canarygrass was recently classified as one

of the most likely grasses to cause grass tetany due to low magnesium levels or to high

ratios of potassium relative to calcium and magnesium levels (Sheaffer and Barnes 1987).

Nutritionally RCG is a worthy forage. Although the crude protein (CP) content varies

with plant part, level of applied N, and maturity, it can be quite high in RCG, ranging

between 7 and30% (Marten 1985). Since RCG is efficient at extracting N from the soil,

under identical conditions, RCG often has higher CP content than other cool-season

grasses (Marten 1985). The CP content of RCG is as great or greater than that of

orchardgrass, smooth bromegrass, tall fescue, meadow fescue, meadow foxtail, timothy

and tall oat grass (Miller 1984). However, the CP content declines faster with increases

in maturity in RCG than in other grasses (Marten and Hovin 1980). Time of harvest for
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the first cut is often a trade-off between dry matter (DM) yield and CP content since, as

RCG ages, DM yields increase while CP content decreases (lr4arten and Hovin 1980).

Bonin and Tomlin (i968) found that delaying the first cut past the heading stage reduced

the CP content, and thus recommended harvesting RCG between the boot stage and the

heading stage in order to provide maximum DM yield without reducing CP yield.

Dry matter yield, CP content and in vitro dry matter digestibility (IVDMD) all respond

to increased N fertilization in RCG. In fact, at high levels of N fertilization, RCG can

have the same CP content as alfalfa at the same point in growth @hillips et al. L954;

Barnes and Mott t970; Krueger and Scholl L970; Lawrence et al. 1971). Overall

digestibility of RCG can be quite high, often similar to alfalfa, and digestible energy is

usually equal or greater than that of other cool-season perennial grasses (Marten 1985).

Other nutritional parameters are also important when comparing forages. The cell wall

content (CWC), as measured by neutral detergent fibre (NDF), has been negatively

correlated (-0.76) with voluntary DM intake (Van Soest 1965). Marten and Hovin (1980)

reported that the CWC of RCG was less than that of tall fescue for 2 out of 3 years. The

hemicellulose content of RCG is higher than that of alfalfa leading to a higher CWC

(Donker et al. 1976). Acid detergent fibre (ADF) is negatively correlated with DM

digestibility (Van Soest 1965). Despite higher values for ADF in RCG, no difference in

DM digestibility between alfalfa and RCG were reported by Donker et aJ. (L976). This

can be at least partially explained by the fact that the ADF lignin, referred to as acid-

detergent lignin (ADL), is indigestible and is higher in alfalfa than RCG thus reducing

the effect of the lower ADF in alfalfa. The further importance of these and other
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nutritional components will be discussed later.

Atkaloids. One the major reasons for the relative lack of interest in RCG is alkaloid

content. Since several recent theses (Duynisveld 1990; Tosi 1991) have dealt with RCG

alkaloids, this section will only briefly introduce alkaloids and their importance in animal

agriculture. Alkaloids are N-containing compounds with complex ring structures. Most

researchers believe that alkaloids have no real function in plants since only I0 to 15%

of vascular plant species contain alkaloids @elletier 1970), thus alkaloids are usually

considered to be by-products of metabolism (Marten 1973). There are 9 known alkaloids

in RCG: hordenine, gramine, 4 tryptamines and 3 beta-carbolines. V/oods and Clark

(197L) discovered RCG genotypes free of tryptamines and beta-carbolines and the authors

suggested that a single dominant gene controlled the presence of these alkaloids. This

discovery led to the production of genotypes and cultivars of RCG free of tryptamine

alkaloids.

Tryptamine alkaloids are linked to "phalaris staggers" (incoordination, central nervous

system disorders) and "sudden death" (collapse with death or occasionally total recovery,

caused by ventricular fibrillation and/or cardiac arrest). Tryptamines may also affect the

central nervous system by interfering with serotonin, a compound structurally similar to

the tryptâmines (Gallagher et aJ. 1964). Total alkaloid content in RCG has been reported

to have a negative correlation (-0.95) with voluntary intake in sheep (Simons and Marten

197L). Alkaloid type and level were reported by Arnold et al. (1980) to affect intake and

digestibility of RCG. V/eight gains were also suggested to be affected by the type and

level of alkaloids in RCG (Marten et aL 7976, 1981). Reed canarygrass has also been
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suggested to cause watery eyes and rough haircoats in cattle (Van Arsdell et al. 1954).

"Alkaloidal-type lesions" in the livers of dairy cows grazing RCG were reported along

with reduced body weights and milk production (Audette et al. 1970). Coulman et al.

(Lg77), however, reported that gramine, hordenine and two of the tryptamines did not

affect IVDMD at the upper levels found in RCG. Arnold et al. (1980), however,

reported that gramin e at alevel found in RCG inhibited the IYDMD of orchardgrass.

OUALITY OF GRASSF"S

For purposes of this paper, quality will be defined as the digestibility of the plant and

the biochemical and physical components of plants influencing digestibility. The

digestibility of grasses is influenced by many environmental and biological factors.

Environmental factors, such as light intensity, photoperiod, temperafure and water

availability can affect both the growth and nutrient composition of grasses. Van Soest

(1982) provides an excellent summary of the major environmental influences and their

effects. Biological factors influencing digestibility include plant maturity, reproductive

state of plant, disease or insect infestation and plant composition. Most books on forages

provide sufficient detail on these factors. Wilson (1982) is an exceilent starting point for

interested readers. This section of the thesis will deal primarily with plant composition

and the effects on digestibility. Plant composition can be described in terms of the

biochemical constituents, anatomical characteristics and/or the specific microstructure of

the plant. All three features will be discussed in this thesis.
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Biochemical Components of Plants Affecting Digestibility

CeIl Contents. For purposes of ruminant digestibility, piant cells can be divided into

two parts, the cell contents or solubles, and the cell walls. The cell contents are very

digestible and are potentially highly available to animals. Van Soest (1981) reported that

cell contents are virtually 100% digestible and therefore are of little concern when

considering quality, except that higher ratios of cell contents to cell walls provide for

greater digestibility. Cell contents include proteins, sugars, starches, tipids and organic

acids, and, unlike cell wall components, are not affected by lignification (Van Soest

1985). Glucose, fructose, sucrose, starch and fructosans are the major soluble

carbohydrates in plants (Norton L982).

Cell Walls. Cell walls (CW) of plants are defi.ned as cellulose microf,rbrils embedded

in a ligno-hemicellulose macÍomolecule to which acetyl and phenolic acid groups are

bound (Morrison 1979). Bacon (L979) reported that in the initial development of the CW,

the primary CW contain cellulose, hemicelluloses and pectin. During the secondary CW

formation and thickening, lignin is deposited ffheander and Aman 1984). Cell walls

represent 30-80% of plant DM.

The CW consists of potentially digestible and indigestible residues, therefore, the

digestibility of the forage relates to the ratio of potentially digestible to indigestible CW

material (Mertens and Ely L982). Buxton (1989) stated that the digestibility of forages

is timited by the CW concentration and the degradation of the CW.

Cell walt constituents (CWC) includephenolic acids, lignin, structural polysaccharides,
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cutin, lignified nitrogenous substances, minerals, pectin, protein and waxes. The latter

three compounds are soluble in the rumen (Van Soest 1982).

The "f,rbre" fraction of forages is defined as the cellulose, hemicelluloses and pectin

content (Akin L982a). Cellulose, one of the most abundant CW carbohy$rates (CHO),

consists of linear arrangements of D-glucose with beta (1-a) ünkages and is insoluble in

the rumen @obinson 1983). Hemicelluloses were originally thought to be intermediates

in cellulose formation, but actually are composed of a variety of polysaccharides, of

which xylans make up the majority in most plants (Bacic et al. 1988). There are several

different types of xylans @obinson 1983). For purposes of this paper, the hemicelluloses

will still be refer¡ed to simply as hemicellulose since most authors still use this term.

Hemicellulose is the next abundant CW CHO after cellulose, and this compound, as well

as cellulose, often occurs in conjunction with lignin, which is completely indigestible

(Robinson 1983; Miller 1984). Burritt et al. (1982) found a fairþ high negative

corelation (-0.77) between percent xylose and IVDMD which they suggest is due to an

increased association of lignin with hemicellulose xylans in the CW, thus resulting in

reduced digestibility. A high negative correlation (-0.85) was reported by Burritt et al.

(1984) for percent xylose (precursor of xylans) and IVDMD. Xylans were reported by

Waite et aJ. (1964) to have a greater reduction in digestibility with maturity of grasses

than either cellulose or hemicellulose polymers.

Cutin, located on the leaf surface and with the CV/ components, also is often linked

with lignin and will reduce the digestibility of cellulose and hemicellulose if linked with

these compounds (Miller 1984). Pectic substances, usualiy found in primary cell walls
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and as binding material between cells, are highly digestible by ruminants (Robinson

1983; Miller 1984).

Phenolics. Plant phenolics, which include lignin, are also important in digestibility

analyses. Phenolics have been defined by Fahey and Jung (1990) as 
i

"... a large heterogeneous group of secondary metabolites which are ubiquitous

in the plant kingdom."

A wide variety of structures exist ranging from a single aromatic ring in simple phenolics

to complex substances, such as the tannins and lignin, and knowledge of the properties

of phenolics vary with the specific compounds. This section will be concerned primarily

with simple phenolic acids, focusing on p-coumaric acid (PCA) and ferulic acid (FA),

both belonging to the family of cinnamic acids. These are the most abundant phenolic

acids in forages (0.5 to 2.0% of total cell wall) (Fahey and Jung 1990) and have been

widely studied. Because lignin is a major deterrent to digestion, it will be discussed in

a separate section.

Concentrations of phenolic acids may vary with tissue type (Harris et al. 1980), plant

part (Hartley 1972; Hartley and Haverkamp 1984), age (Jung et al. 1983; Burritt et aI.

L984; Buxton and Russell 1988) or species (Fahey and lung 1990). Environmental

conditions are likely to affect the levels of simple phenolics in plants, since different

conditions will influence the lignin content, but little is currently known as to the actual

effects on simple phenolics (Fahey and Jung 1990). The concentrations of free phenolics,

not bound to any other substance, aÍe very low relative to bound phenolic levels (Newby

et al. 1980; Jung et al. 1983).
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The functions of phenolics in plants are generally unknown, if indeed they serve real

purposes. The phenolics are the largest group of secondary plant metabolites. Originally

they were thought to be inert end products of metabolism; however, radioactive

precursors administered to plants showed plant phenolics to be metabolically active, and

someprecursors had very rapid turnover rates (Wongt973). Phenolic compounds located

in actively metabolizing plant tissues consist mainly of glycosides. Administered phenolic

substances were converted to glycosides, and this conversion is suggested to be a

detoxification mechanism, similar to gluronic acid conjugation of phenolic compounds

in animals (Fahey and Jung 1990). Wong (1973) suggested that since the levels of

phenolics are affected by temperature, light and season, and the levels can taper off to

rmo,ltis likely that phenolics can be degraded by plants; howevet, research to date has

shown little evidence of catabolism of phenolics in plants.

Many phenolics are biologically active in plants, animals and microorganisms, and

can be either beneficial or toxic (Fahey and Jung 1990). Some of the toxic effects of

phenolics include interference with the metabolism of vitamins and estrogens, as well as

acting as carcinogens or hepatotoxins in animals (Singleton and Kratzer L969; Singleton

and Kratzer L973; Singleton 1931). Phenolics may also interfe¡e with various enzymes

and enzyme systems in both plants and animals. Simple phenolics have been reported to

inhibit mammalian enzymes in vitro (Milic et al. L972; Van Sumere et al. L975;

Humphries 1980). For example, pancreatic RNAase activity was reduced with additions

of ferulic, gallic, caffeic and syringic acids (Van Sumere et al. 1975). Some phenolics,

such as tannins (Damaty and Hudson L979; Couch et al. 1980) and simple phenolics
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(McManus et at. 1981) can also bind with proteins and reduce their availability. Some

phenolics also have anti-carcinogenic, hormonal and/or anticellular and

immunosuppressive activities (Fahey and Jung 1990).

Simple phenolics can be metabolized by microbes, although there is v.,4riation in the

intestinal bacteria and rumen microorganisms which are involved in the metabolism of

phenolics and the ease with which the phenolics are metabolized (Fahey and fung 1990).

Phenolics also have effects on forage digestion. Total phenolics have been negatively

correlated with in vitro digestion @urns and Cope 1974; Burns et al. 1976). Additions

of FA and PCA have been reported to reduce cellulose digestion in vitro and are

negatively correlated with IVDMD of grasses (Marten and Heath 1973). Burritt et al.

(L982,1984) reported high negative (.0.84 to -0.88) correlations between IVDMD and

the ratio of PCA to FA for RCG. Burritt et al. (1984) also reported a high negative

correlation C0.86) between PCA and IVDMD but no significant correlation between FA

and IVDMD. Other simple phenolics, such as caffeic and sinapic, have also been linked

to reduced digestibility of forages (Fahey and Jung 1990).

Several experiments have shown specif,rc effects on rumen microorganisms.

Experiments by Chesson et al. (1982) with several phenolic acids and pure cultures of

rumen bacteria indicated that PCA and FA produced the most severe growth depression,

and that cellulolytic bacteria species were most sensitive to the phenolic acids. Free PCA

was reported by Akin (1982b) to inhibit the growth and motility of cellulolytic and

xylanolytic bacteria, and the author suggested that when PCA was released through

degradation of forages, the PCA may inhibit further digestion. Ferutc acid was reported
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to have less effect than PCA. Jung (1985) reported that PCA and FA did not significantly

inhibit hemicellulose digestion, but did significantly inhibit cellulose digestion. The

author also reported that PCA had greater inhibitory potential than FA. Varel and Jung

(1986) reported that PCA additions caused a greater reduction in the rate of bacterial

growth that FA. The evidence presented thus suggests that PCA is more involved in

reducing forage digestibility than FA. Hartley (IgZz)had earlier recommended the use

of the concentrations of PCA and FA as indicators of forage digestibility since the

PCA:FA ratio was signifrcantly correlated with vivo digestion in ryegrass.

Although Fahey and Jung (1990) suggested in their recent review that simple phenolics

primarily depress the growth rate of bacteria, rather than affecting fungi and/or protozoa,

Akin (1982b) reported that reduced motility of rumen protozoa occurred with additions

of PCA and FA. The degradation of forages by rumen fungi was inhibited by PCA and

FA additions (Akin and Rigsby 1985). It should be noted that these experiments utilized

free phenolics and, as mentioned, there are very low concentrations of free phenolics in

forages.

Highly lignified CW often result in slower rates of microbial colonization and

attachment than less lignified walls (Akin and Barton 1983), and it is likely that these

lignified cell walls also contain high levels of simple phenolics; thus, simple phenolics

may likewise affect colonization and attachment. Varel and Jung (1986) reported that

cinnamic and vanillin acids reduced the rate of attachment of a fibrolytic bacteria (8.

succinogens) to filter paper ceilulose indicating that simple phenolics may inhibit fibre

degradation by interfering with the attachment of fibrolytic bacteria. Jung and Sahlu



t7

(1986) also reported that when PCA and FA were esterified to cellulose at levels

commonly found in forages, there was a reduction in IVDMD of the cellulose.

Simple phenolics also have been suggested to be toxic to bacteria, as the proportion

of fermentation end products shifted when free vanillin or cinnamic acids'were added to

a mixed culture of rumen bacteria (Jung 1985; Varel and lung 1986).

Jung and Fahey (1983) reported that free PCA and FA fed to rats at levels similar to

those found in forages resulted in a negative correlation between food intake and level

of phenolics. The effect of simple phenolics on reduced feed intake may not just be a

problem with palatabiliry. Glick (1981) indicated this with gallic acid. When gallic acid

was infused into rats, it resulted in the same level of food intake reduction as seen when

gallic acid is present in forages. Dietary gallic acid has been shown to be absorbed in the

intestine of mammals @ooth et al. 1959). Several experiments by Martin (1982a,b,c)

examined the effect of infusing simple phenolic acids into the abomasum of sheep, but

feed intake was not measured in these experiments. It is important, given the high levels

of phenolic acids in forages, that the effects of phenolics on palatability, feed intake and

performance be studied in detail.

Lignin. One of the major factors affecting digestibility of forages is lignin. Akin (1982a)

defined lignin as a polymer of phenylpropanoid units and states that it can

"... vary in functional type depending on the predominate monomeric alcohol e.g.

coniferyl or sinapyl used in forming the polymer."
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There are two classes of lignin, core lignin and non-core lignin. Core lignin has two or

more covalent linkages between phenolic monomer units within the lignin molecule (Jung

1939). Hartley (1972) described non-core lignin as lignin monomers which have one

covalent linkage of the phenolic compound to either core lignin or hemicellulose and

stated that non-core lignin is comprised mainly of FA and PCA. Both core and non-core

lignin are linked to reduced digestibility (Iung 1989).

Drapula et al. (1947) reported that lignin appeared in ruminant feces, suggesting that

the lignin was indigestible; thus, initiating the research into lþnin and the effect of

lignification on forage digestibility. Both lignin and cutin are resistant to anaerobic

degradation due to their low oxygen content and tightly-packed structure (Van Soest

1982). These features also inhibithydrolysis and aerobic catabolism. As well as being

indigestible by rumen and intestinal organisms (Akin L982a; Norton 1982),lignin can

bind to fibre and reduce its digestibility by preventing the fibre from sweliing and thus

reducing microbe entry. Isolated lignin had no effect on mic¡obial fermentation of forage;

therefore, the reduced digestibility in the presence of lignin in forages was suggested to

be caused by the complexing of lignin with CW components and rendering them

unavailable to the microbes (Kamstra et al. 1958; Han etaI. L975). As well, exogenous

application of lignin inhibited the digestion of cellulose and xylans by interfering with the

attachment of bacteria to the cellulose and hemicellulose (Varel and fung 1986;

Theodorou et al. 1987). All functional types of lignin (based on the major component)

increase in quantity as plants mature, but the rate of increase and/or order of increase is

often different among tissues (Stafford L962). The factors controlling lignifrcation may
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also vary in different tissues or even in the same tissue at various stages of development

(Stafford 1962).

Using bromegrass, Casler (1986) found that lignin concentration was the greatest

limitation to fVDMD, followed by cellulose and hemicellulose. Hacker (1?82) also stated

that CW digestibility was affected by the degree of lignification. Both CW content and

lignin were found to have negative correlations with digestibility (Aman and Lindgren

1983). It is important to note, however, that lignin content per se is not solely the cause

of lowered digestibility since legumes have higher lignin contents than grasses but are

more digestible; therefore, the composition of lignin is just as (or more) important than

the amount of lignin (Coleman 1983). Harbers et al. (1981) supported this statement by

reporting that lignin in the mesophyll of leaves did not influence ruminal digestion.

E¿rlier, Johnston and Waite (1965) had suggested that the site of lignification may be of

greater importance than the quantity of lignin since orchardgrass had a higher lignin

percentage than ryegrass at any digestibility and that a greater increase in lignin was

required for a similar reduction in digestibility in orchardgrass.

Several interesting points concerning phenolic acids and lignin were raised in recent

experiments with RCG. Burritt et al. (1984) reported high (0.89 to 0.91) correlations

between lignin and PCA:FA ¡atio. Burritt et al. (1982) had earlier reported a correlation

of 0.91 between lignin and PCA:FA ratio. Burritt et at. (1984) found that, over six

harvest periods in one year, the PCA and the FA concentrations increased, as did the

PCA:FA ratio, with increasing maturity. As indicated from the ratio, the PCA

concentration increase was larger than the increase in FA concentration and the rise in
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PCA was more consistent over the growth periods. Hartley (1972) had earlier reported

that in ryegrass, the PCA concentration increased with maturity in a regular pattern,

while the FA concentration increased for a time and then plateaued. Burritt et al. (1984)

also found that the lignin concentrations did not conform to the expected pattern of a

regular increase with maturity. The sixth harvest, which represents the milk stage, did

have the highest lignin levels, but there were no constant increases between early leaf and

heading stages. The data presented by Hartley (1972) and Burritt et al. (L982, 1984)

suggests that higher PCA levets lead to increased lignification of the CW, since PCA

exhibited a regular rise with age, as does lignin, in most cases. It had been reported that

FA was bound to CW polysaccharides in lignifred (Hartley 1973) and unlignified (Harris

and Hartley L976) cell types. Morrison (L974) stated that PCA served as crosslinking

agent between structural CHO and lignin. Atsushi et 41. (1984) and Azuma et al. (1985)

indicated that PCA in forages was primarily esterified to core lignin and that FA was

usually associated with hemicellulose via ether linkages. Scalbert et al. (1985) reported

that PCA was associated with lignin usually through ester linkages and that FA bonded

to hemicellulose with ester and ether linkages. From these findings, it appears that PCA

is likely more involved in cross-linking of structural CHO and lignin than FA, due to the

high correlation of the ratio of PCA:FA to lignification and the fact that PCA has a more

regular increase with maturity than FA, as well as reports that PCA is linked to lignin.

Ferulic acid does increase with age and therefore with lignin content, but since it

plateaus, it has less effect. Kondo et al. (1990) also reported that FA had a small increase

with maturity and they support Scalbert et al. (1985) who hypothesized that in primary



2I

thecell walls FA is ester linked to hemicellulose and that during lignif,rcation in

secondary CW, FA forms ether linkages with lignin.

Cell Wall/Lignin Interactions. It is impossible to discuss lignin and CW constituents

separately since interactions between them wili affect the digestibility. Isolated cellulose

and hemicellulose are metabolized easily by rumen microorganisms or isolated enzymes

@ehoriry 1973; Smirh etaJ. 1973; Williams and Withers i982). Morrison (1979) found

that polysaccharides in the CW matrix were rarely completely degraded and that the

degradation varied with the tissue, plant species and plant maturity. Carbohydrate

interactions with poþhenolics in the CW were reported to be the major inhibitors of

CHO digestion (Van Soest 1981). Chesson (1983) hypothesized that the intrinsic nature

of CW matrices affect CHO digestion to a greater extent than the physio-chemical

characteristics of the CHO. Hatfield (1989) supported this concept by suggesting that

bonding with lignin affected the extent of cellulose digestion and the degree of hydrogen

bonding between the cellulose microfrbrils affected the rate of cellulose digestion. As

well, Hatfield (1989) added that there was likely to be a different interaction between the

components in secondary CW formation than in primary CW formation. Morrison

(1980) probably stated the case best when he suggested that the individual CW

components should not be considered as separate units due to the bonding that exists

among them.

fntake. Although this paper is focused on digestibility, it would not be complete without

discussing how digestibitity and the biochemical composition of the forage affect

voluntary intake (VI). Blaxter et al. (1961) noted that low VI was associated with low
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digestibility. The author also suggested that the reduced VI was inversely related to the

increased travel time of the feed particles. Minson (1982) expanded on this idea by

stating that the VI of forages by ruminants was affected negatively by bulk fill in the

rumen, and that the bulk fill was related to the rate of passage of feed residues and the

digestibility of the feed. Although there is a positive correlation between digestibility and

VI over a wide range of forages, the correlation is not always as apparent from in vitro

digestibility studies, thus reducing the accuracy of estimates of intake using these

techniques (Ilacker 1982). Crampton et al. (1960) reported that differences in VI

accounted for 70% of the differences in the production potential of various forages and

20% attrtbuted to the differences in digestibility of the forages, suggesting that factors

other than digestibility affect VI.

Fibre is known to have negative effects on VI. Cell wall content is the most slowly

digested portion and the least digestible of forage, and therefore, has the largest effect

on rumen frll (Van Soest 1965). Van Soest (1965) reported that when the CW content of

a forage was greater than 55-60 % of Dl:s.4, VI was reduced. 
'When CW content was less

fhan 50% of DM, the amount of CW had less effect on intake. These results supported

the theory that there is a point where fi.bre does not significantly affect intake

(Montgomery and Baumgardt 1965; Conrad et aI. 1966) However, CWC is usually

assumed to be inversely related to VI (Norton 1982). Negative correlations have been

reported between VI and both ADF and NDF, but these correlations do not account for

all differences in VI among forages (Minson 1982).
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The effects of phenolics @CA and FA) on digestibility has already been discussed.

Since both FA and especially PCA have been linked to reduced digestibility, the presence

of these phenolics in forages will lead to reduced digestibility, which will have some

effect on reducing VI.

Lignin, as already mentioned, is totally indigestible by rumen microorganisms, thus

the amount of lignin in forages will affect the digestibility on a dry matter basis. The

interaction between lignin and CW components will affect the digestibility of the linked

components and the overall digestibility of the forage and hence affect VI.

Anatomical Characteristics of Plants Affecting Digestibilitv

The anatomical type of plant material may affect the digestibility results. Stems,

leaves, leaf sheaths and total herbage (mixture) usually have different digestibilities.

I-eaves are generally assumed to be of higher nutrient value and to have higher

digestibilities (Norton l9S2). After doing several studies, the author concluded that the

concentration of CW on a DM basis is greater in stems than in leaves. For most species

of forages there is less variation in leaf digestibility than stem digestibilities and

heritabilities are lower (Hacker L982). The author also suggested that since stem and leaf

digestibilities are often positively correlated, some of the factors controlling digestibility

should be the same for both leaf and stem. Wilman and Altimimi (1982), using Italian

and perennial ryegrass, reported that leaf sheaths had digestibilities intermediate between

leaves and stems.
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Minson (197L) discovered that cultiva¡s of Panicum spp. with higher leaf percentages

provided greater voluntary intakes than those with lower leaf percentages even when the

digestibilities were equal. The author suggested that differences in the physical

properties, such as bulk densify and surface ædg, of stems and leave¡ have greater

effects on intake than the actual chemical composition. I-aredo and Minson (1973)

reported that the correlations between intake and leaves or stems were different at same

levels of ADF, NDF and lignin. I-e¿f intake was signifi.cantly higher than stem in

separated fractions even when the digestibilities were the same. I-aredo and Minson

(1975) theorized that the leaf fraction provided higher intakes since leaves have a faster

rate of passage through the rumen than the stem fraction. As mentioned, the rate of

passage affects bulk fiIl, which in turn affects voluntary intake. The authors also

suggested that the faster rate of passage of the leaf fraction was due to the increased

work required to break down stem versus leaf particles.

fncreases in maturity are reported to result in a greater reduction in digestibility with

stems than with leaves @ritchard etal. L963; Tilþ and Terry 1964; Hanna etd.. 1974).

IVith maturity, there is a reduction in the proportion of young, digestible leaves, an

increase in older, less digestible leaves and an increase in lignifrcation, especially in the

stem (Hacker l9S2). Buxton and Russell (1988) reported that the lignin concentration on

a CW basis doubled with maturity over that of immature stems in smooth bromegrass and

orchardgrass.
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Microstructure Components of Plants Affecting Digestibility

A review of the literature did not provide any information on the tissues of RCG and

their digestibility. Thus, this section will refer to work with other grasies in order to

provide a general introduction to the subject.

The major tissues in leaf cell walls of C3 grasses, also referred to as temperate or

cool-season, arephloem e), xylem (X), mesophyll (M), sclerenchyma (S), epidermis @)

and the vascular bundle (VB) defined as vascular tissue minus the P and X. Plants with

the C4 system of photosynthesis are referred to as warm-season grasses and also have

a well-defined parenchyma bundle sheath (PBS), which is also evaluated. Figure 1 and

figure 2 indicate the above leaf tissues for cool- and warm-season grasses respectively.

Akin and Burdick (1975) supported earlier research indicating that the P and M are

rapidly degraded, E and PBS are slowly degraded and that the S, X and VB were non-

degraded when using leaf sections digested in cattle Íumen fluid and examined by

scanning electron microscopy. However, there were differences in the rate of degradation

among the same tissues of different species and cultivars; thus, the authors suggested that

differences in the petcent of the easily digestible tissues affected the rate of digestion.

The rate of degradation would be affected by structural composition of the CW for the

different tissues and different species. These differences in rate of digestion of the same

tissues were also found in later research (Akin I982a, Akin et al. 1983). For example,

Festuca arundinaceae (tail fescue) cv. Kenhy has improved digestibility over an older

cultivar (cv. Kentucky-3l) and this improvement is related to an improved digestibility






























































































































































































































































































































































