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Three experiments were conducted to evaluate the effect of applying fibrolytic 

enzymes to tropical forages on their nutritive value.  An additional study investigated the 

effects of enzyme application on beef cattle performance.  Experiment 1 determined the 

effects of using Depol 740L (D740) on the digestibility of three tropical forages.  The 

enzyme was applied to 12-wk regrowths of Pensacola bahiagrass (BAH; Paspalum 

notatum), Coastal bermudagrass (C-B; Cynodon dactylon) and Tifton 85 bermudagrass 

(T-B; Cynodon sp.) at rates of 0, 0.5, 1, 2, and 3 g/100g DM.  The enzyme enhanced the 

chemical composition, in vitro dry matter digestibility (IVDMD), in vitro neutral 

detergent fiber digestibility (IVNDFD) and in situ degradability of the three hays, 

particularly the bahiagrass.  Experiment 2 examined the effect of applying Depol 670L 

(D670) on the same forages as in Exp. 1.  Enzyme D670 enhanced the initial phase of 

digestion of C-B and BAH, and slightly (2-4 %) increased the extent of digestion of BAH 

and T-B.  Experiment 3 evaluated the effects of the method of applying a commercial 
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fibrolytic enzyme, Biocellulase A20 (A20), or ammonia to bermudagrass hay on the feed 

intake, digestion kinetics and growth performance of fifty Angus-Brangus steers.  Five-

week fall regrowth of bermudagrass was harvested and treated with either anhydrous 

ammonia (3 g/100g DM) or A20.   The A20 was applied at the manufacturers 

recommended rate of 15 g/ton of hay immediately after harvesting (Ec), immediately 

before baling (Eb) or immediately before feeding (Ef). The hays were supplemented with 

cottonseed meal and soy hulls at 1% of bodyweight and fed to steers for 84 d.  Ammonia 

and Ec treatment increased overall dry matter intake (DMI) but did not increased the 

DMI as a percent of BW, whereas Ec also increased neutral detergent fiber (NDF) intake, 

but none of the treatments increased the growth performance of the steers.    

These experiments suggest that certain fibrolytic enzymes can improve the nutritive 

value of mature tropical hays but the response depends on forage species. An enzyme 

preparation was also found to be as effective as ammonia at increasing the quality of 5-

wk regrowth of bermudagrass hay.    
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CHAPTER 1 
INTRODUCTION 

Cattle production in the United States (US) is heavily reliant on the use of forages, 

which are grazed or conserved as hay or silage.  In the northern parts of the United States 

and temperate countries where cool-season (C3) perennial grasses abound, the efficiency 

of conversion of consumed forage to body weight or milk is relatively low.  However, 

this conversion is far less efficient in the southern US and tropical and subtropical 

countries due to the low quality of the perennial C4 grasses that are adapted to these 

climates.  Such C4 grasses are the staple diet of most of the domesticated ruminants in the 

tropical and subtropical regions of the world.  In fact, these grasses comprise as much as 

eighty-five percent of the worlds’ feed supply for meat, milk, and fiber production 

(Coleman et al., 2004). In Florida, all beef cattle operations rely on forages as the primary 

source of nutrients (FASS, 2000).  The total dietary inclusion rate of C4 grasses is up to 

60% for lactating dairy cattle and up to 100% for beef cattle on range.  The National 

Research Council (NRC; 1996) indicates that low quality forages like bahiagrass and 

bermudagrass can’t meet the energy and protein needs of growing calves or the net 

energy requirements of pregnant replacement heifers from the time of breeding to calving 

.  This is due to the lower digestion and chemical composition of such C4 forages. 

Therefore, there is a pressing need to improve the quality of Florida forages.   

The poor quality of these grasses has been attributed largely to their relatively high 

lignin and phenolic acid concentrations (Jung and Allen, 1995).  Chemical treatment has 

been used successfully to increase the feeding value of low quality forages (Brown, 1988; 
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Brown and Adjei, 1995; Brown and Kunkle, 1992; Brown and Pate, 1997; Klopfenstein 

1978; Kunkle et al., 1983 and 1984; Rasby et al., 1989).  Ammonia treatment is one of 

the most widely used chemical treatment methods.  Ammonia treatment increases the 

crude protein (CP) concentration and decreases the neutral detergent fiber (NDF) fraction 

of forages.  The latter is due to disruption of cross-linkages between the hemicellulose 

and lignin fractions of the forages.  Feeding ammonia-treated forage often results in 

increased daily intake and average daily gain (ADG) by beef cattle (Brown and Kunkle, 

1992; Brown and Pate, 1997).  However, there has been limited adoption of ammonia 

application due to lack of infrastructure for delivering anhydrous ammonia, human health 

hazards posed by the alkali and the corrosive effects of ammonia on equipment (Lalman 

et al., 1997).   

 In recent years, the use of exogenous fibrolytic enzymes to improve feed 

utilization has received a great deal of research interest (Beauchemin et al., 2003). 

Studies have shown increases in apparent DM digestion in situ and in vivo (Feng et al., 

1996; Yang et al., 1999) and voluntary intake (Feng et al. 1996; Yang et al., 1999; Pinos-

Rodriguez et al., 2002) of forages.  However, while some studies have reported 

improvements in animal performance due to treatment with enzymes (Feng et al., 1996; 

Beauchemin et al., 1999) others have not (Michal et al., 1996; ZoBell et al., 2000).  These 

inconsistencies can be attributed to differences in enzyme type, preparation, application 

method and rate (Bowman et al., 2002; Beauchemin et at., 2003), as well as the mode of 

enzyme action and the type of forage or concentrate to which the enzyme is added (Feng 

et al., 1996; Lewis et al., 1996; ZoBell et al., 2000).  Nevertheless, enzymes have been 
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used to improve the utilization of diets containing legumes, hays, crop residues and other 

feedstuffs (Beauchemin et al., 2003). 

Recent work suggests that cross linkages formed between ferulic acid and lignin 

limit microbial access to the digestible xylans in the cell walls of grasses (Hatfield, 1993; 

Jung and Deetz, 1993; Hatfield et al., 1997; Casler and Jung, 1999; Grabber et al., 2000).  

Hatfield et al. (1997) also demonstrated that the combination of such cross-linkages and 

high lignin concentrations greatly reduced the in vitro digestibility of C4 grasses.  The 

cross-linkages are also thought to cause cell wall stiffening and growth cessation in plants 

(Musel et al., 1997).  Ferulic acid esterase (FAE) enzymes can cleave off ferulic acid 

from the cell wall xylans, making them more readily digestible by ruminal microbes.  In 

C3 grasses and maize bran, fungal ferulic acid esterase enzymes have been shown to 

release ferulic acid from the cross linkages and render the digestible xylans in the cell 

wall more susceptible to enzymatic degradation (Faulds et al., 1995; Kroon et al., 1999).  

However, the majority of the research done to date on feed or forage treated with ferulic 

acid esterase has been carried out on temperate forage species. Therefore, little is known 

about effects of esterase enzymes on tropical forage quality.  Therefore, this series of 

experiments were initiated to evaluate the potential of using fibrolytic enzymes, 

especially FAE, to enhance the quality of C4 forages.  The aim of these experiments was 

to determine the effect of different application rates or mixtures of FAE and other 

fibrolytic enzymes on the digestibility of tropical grass hays.  A further aim was to 

evaluate the effect of method of applying a commercial enzyme mixture to bermudagrass 

hay on the performance of beef cattle. 

. 
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CHAPTER 2 
LITERATURE REVIEW 

Differences Between Temperate and Tropical Forages 

Forages are the mainstay of livestock production worldwide.  In the United States, 

forage inclusion rate in diets ranges from 40-60% in lactating dairy rations and up to 

100% in beef cattle rations.  Most of what is considered to be forage is, in fact, plant cell 

walls which are made up of polysaccharides, protein and lignin (Nevins, 1993).  These 

plant cell walls serve as a major source of energy for ruminant animals (Aman, 1993).   

The dry matter (DM) digestibility and intake which determine energy supply are 

considerably lower in tropical grasses than in temperate grasses (Minson, 1980). This is 

mainly due to differences in leaf anatomy and chemical composition between the 

temperate (C3) and tropical (C4) species, with higher proportions of the less digestible 

tissue types being found in the C4 species (Akin and Burdick, 1975).   

Photosynthetic Pathways and Nomenclature 

The photosynthetic pathways associated with C3 and C4 grasses are different 

(Figures 2-1 and 2-2).  In C3 grasses (Figure 2-1) CO2 enters the leaf through the stoma 

and diffuses into the mesophyll where rubisco catalyzes the carboxylation of ribulose-

1,5-bisphosphate to form two phosphoglycerate (PGA) molecules. Phosphoglycerate is a 

three-carbon compound and this is where the term C3 originates.  The PGA molecules 

enter the Calvin cycle where they are converted to sugars that are then transported to 

growing leaves, stems, reproductive structures and roots.  Ribulose 1,5-bisphosphate, or 
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Rubisco can also catalyze the oxidation of PGA resulting in photorespiration of the plant, 

thus releasing the already fixed CO2.   

 

Figure 2-1.  C3 photosynthetic pathwaya (adapted from Lawlor, 2001). 

a RuBP = Ribulose 1,5-bisphosphate; 3PGA = 3 carbon phosphoglycerate 
 

On the other hand, C4 grasses employ two cell types (Figure 2-2), the mesophyll 

and the bundle sheath, to obtain the same results as C3 plants.  Atmospheric CO2 enters 

through the stomata and diffuses into the mesophyll tissue where it is fixed by 

phosphoenolpyruvate carboxypeptidase (PEPase) to form oxaloacetate, which is 

converted to malate or aspartate (4-carbon acids) and transported into the bundle sheath 

cells, hence the name C4.   Once in the bundle sheath cells, the acid is decarboxylated and 

the CO2 is released and then is refixed by rubisco in the bundle sheath and the Calvin 

cycle proceeds as it does in the C3 plants.  Since PEPase has a higher affinity for CO2 

than rubisco it is not inhibited by O2 as in the initial C3 pathway carboxylation step.  

Therefore, only CO2 is shuttled to the bundle sheath cells which increases the 

concentration of CO2 in the cell.  This increased concentration causes rubisco to be 

supersaturated with CO2 virtually eliminating photorespiration.   
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Figure 2-2.  C4 photosynthetic pathwaya (adapted from Lawlor, 2001). 

a PEP = phosphoenolpyruvate; RuBP = Ribulose 1,5-bisphosphate; 3PGA = 3 carbon 

phosphoglycerate 

Anatomical Differences   

Compared to C3 grasses, C4 grasses generally have a higher cell wall and lignin 

concentration and lower DM digestibility (Wilson and Hacker, 1987).  The digestion of 

leaves in C4 species can be influenced by their unique leaf structure, in particular the 

“Kranz”, wreath-like structure around the vascular bundle (Wilson, 1993). This “Kranz” 

structure binds the epidermis to the vascular bundles and thus impedes their digestion.  

The Kranz structure is absent in C3 grasses and the epidermis is linked to vascular tissue 

only by thin-walled, easily-digested mesophyll cells (Wilson et al., 1989).  In addition, 

unlike C4 grasses, C3 grasses have loosely-bound vascular bundles that contain 

intercellular spaces and air pockets between them and the mesophyll cells, allowing for 

more rapid breakdown and digestion by microbes.  Byott (1976, as cited by Wilson, 

1993) stated that the air space in C3 grasses (10 to 35%) is much greater than that in C4 

grasses (3 to 12%).  This increased air space allows for a faster penetration of bacteria 

into the leaf structure resulting in faster digestion of C3 leaf tissue.  In addition, Wilson 

and Hattersley (1989) reported that differences between leaf individual structural groups 
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were found consistently, with C3 grasses having greater proportions of mesophyll (53 to 

67 vs. 28 to 47%), lower proportions of bundle sheath cells (5 to 20 vs. 12 to 33%) and 

lower portions of vascular tissue (3 to 9 vs. 6 to 12%) than C4 grasses, such that greater 

proportions of thin-walled, non-lignified cells are present in C3 grasses.  

Stems tend to make up a large proportion of the rumen mat.  The stems have 2 to 3 

times more lignified, thick-walled vascular tissue and sclerenchyma than the leaves 

(Wilson, 1991).  The epidermis, sclerenchyma, and vascular tissues in the outer parts of 

the C4 plant stems develop quicker than those in C3 species (Wilson, 1991).  They also 

develop thicker and more lignified cell walls and these cell walls tend to fuse together as 

the stem matures to a greater extent than in C3 species (Wilson, 1991).  The tissues of C4 

species contain no intercellular spaces and the individual cells are linked tightly together 

by a highly lignified middle lamella and primary wall structure that is indigestible (Cone 

and Engels, 1990). Such plants contain much more lignified tissue in both the leaves and 

stems than C3 plants (Harbers, 1985).  

Cell Wall Components that Impede Digestion  

The nutritive value of C3 grasses is generally greater than that of C4 grasses. For 

example ryegrass (Lolium multiflorum)at the boot-head stage, contains approximatley 47 

to 53% neutral detergent fiber (NDF), 33 to 39% acid detergent fiber (ADF) and 8 to 

12% crude protein (CP) on a dry matter (DM) basis, whereas C4 grasses, like 8-wk 

regrowths of bermudagrass, contain 70 to 75% NDF, 40 to 45% ADF and 6 to 8% CP on 

a DM basis (Ball et al., 2002).  These differences are largely due to the chemical 

composition and structural differences between C3 and C4 grasses.  Mandebvu et al., 

(1999b) evaluated two cultivars of bermudagrass, Coastal and Tifton 85, harvested after 2 

to 7 wk of regrowth and found that for both cultivars, concentrations of DM, ADF and 
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lignin increased with maturity whereas in vitro DM digestibility (IVDMD) decreased.  

The increase in lignin concentration with maturity likely hindered contact between 

fibrolytic enzymes in the ruminal fluid and cell wall polysaccharides (Mandebvu et al., 

1999b). 

Lignin acts as a physical barrier to microbial digestion of fiber polysaccharides.  

Lignin is a complex structure that is made up of three units: guaicyl units derived from 

coniferyl alcohol; syringyl units derived from sinapyl alcohol and p-hydroxyphenol units 

which make up a minor component of the lignin structure and are derived from p-

coumaryl alcohol.    These lignin units are highly interconnected and condensed together 

resulting in bonds that are resistant to chemical degradation (Grabber et al., 2004).   As a 

plant matures the most recently deposited polysaccharides of the secondary cell wall are 

not lignified and the primary cell wall region is the most lignified (Terashima et al., 1993; 

Jung and Allen, 1995).  The composition of the lignin changes from a predominantly 

guaiacyl type to lignin that is high in syringyl units, resulting in lower digestibility of 

mature cell walls as opposed to immature cell walls (Jung and Allen, 1995). As cell wall 

lignification progresses from the primary cell wall to the secondary cell wall, 

arabinoxylan ferulate esters of the primary cell wall begin to cross-link xylan to lignin 

(Iiyama et al., 1990).  As the forage matures and lignin concentration increases, the 

arabinoxylan esterified ferulates become etherified to the lignin compound forming cross 

links between lignin and the cell wall polysaccharides (Iiyama et al., 1990).  More than 

30 yr ago, Hartley (1972) reported that the presence of these phenolic acids were related 

to forage digestibility in some way.   Early work on free phenolic acids suggested that p-

coumaric acid esters were more likely to affect digestion than ferulate esters (Hartley, 
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1972).  However, more current research has shown that the majority of the p-coumeric 

acid is ester-linked to the lignin (Jung and Deetz, 1993) and p-coumaric ethers are only 

linked to lignin (Jung and Allen, 1995), therefore they are unlikely to affect digestion.   

Casler and Jung (1999) reported that advances in cell wall chemistry have 

identified ferulic acid (lignin precursors) cross-linkages as key factors causing variation 

in digestibility of the C3 grasses.  According to Faulds et al. (1995), ferulic acid is the 

most abundant hydroxycinnamic acid in the plant world.  Hence, ferulates and diferulates 

have been recognized as important structural components of cell walls of certain plants, 

particularly grasses (Kroon et al., 1999).  Ferulic acid is linked to the 5 C hydroxyl of α-

L-arabinose moieties of grass xylans in the cell wall (Kato and Nevins, 1985; Mueller-

Harvey et al., 1986; Grabber et al., 2000).  Over 50% of the cell wall ferulates can 

undergo dehydrodimerization which results in the forming of a wide array of 8-coupled 

diferulates and 5-5` coupled diferulates (Ralph et al., 1994; Grabber et al., 1995; 2000).  

These dimers are formed at the onset of lignification when the generation of hydrogen 

peroxide is initiated to form the peroxide-mediated coupling of p-hydroxycinnamyl 

alcohols which results in strong polysaccharide-polysaccharide cross-links (Ralph et al., 

1994).  Arabinoxylans become extensively cross-linked by ferulate dimerization as well 

as by the incorporation of ferulate monomers and dimers into the lignin structure 

(Grabber et al., 2004).  This reduces the digestibility of cell wall polysaccharides.  These 

ferulate cross-linkages are also thought to be the reasons behind wall stiffening and 

growth cessation in plants (Musel et., al. 1997; Grabber et al., 1998).   Ferulate 

monomers and dimers bound to arabinoxylans also serve as initiation sites for lignin 

formation via ester linkages and they cross-link lignin to polysaccharides in cell walls via 
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ester and ether linkages (Jacquet et al., 1995; Grabber et al., 2002).  Ralph et al. (1995) 

demonstrated that ferulates covalently bind to lignin monomers via coniferyl and sinapyl 

alcohol residues, resulting in the formation of strong polysaccharide-lignin cross-links 

(Ralph et al.., 1994; Grabber et al., 1995; 1998; 2000) that limit the enzymatic 

degradation of cell walls (Hatfield, 1993; Jung and Deetz, 1993).  

Differences in Cell Wall Composition of C3 and C4 Grasses 

Jung and Vogel (1986) evaluated two C3 and six C4 forage species and reported 

that as the forages matured there were increases in cell wall concentration and decreases 

in the digestibility of the forages, further noting that the C4 grasses had greater 

concentrations of cell wall material and that this material appeared to be less digestible at 

all stages of maturity.  Additionally, the lignin concentration in the cell wall material was 

greater in C4 species than in C3 species.  Wilson and Hacker (1987) also noted lower total 

cell wall and lignin concentrations in the C3 species while evaluating C3 and C4 plants 

under various growing conditions.  The concentrations of phenolic acids have been found 

to be greater in C4 grasses than in C3 grasses (Jung and Deetz, 1993).  Akin (1986) 

reported that C4 grasses contained greater concentrations of phenolic compounds like p-

coumaric acid and greater ratios of p-coumaric acid: ferulic acid than did C3 grass 

species, suggesting that these compounds may be responsible for limiting the extent of 

degradation in C4 grasses.  Most of the research on ferulate cross-linkage effects on 

digestibility focused on C3 forages.  However, Mandebvu et al. (1999b) found that greater 

ester and ether-linked ferulic acid concentrations in coastal bermudagrass, versus Tifton 

85 (T-85) bermudagrass explains the poorer digestibility of the former.  Not only are 

there phenolic acid differences between C3 and C4 grasses (Akin, 1986) but these 

differences exist within cultivars (Mandebvu et al. 1999b).  
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Improving the Nutritive Value of C4 Grasses 

The main goal of a forage production system should be efficient, cost-effective 

production of high quality forage.  In certain parts of the United States and tropical and 

subtropical countries, this is not always possible due to prevailing climates that favor the 

C4 pathway.  During the winter in Florida and the dry season in tropical and subtropical 

countries the quality and quantity of the forage can be a major factor limiting livestock 

production.  Supplementation of the forage is often costly and it is impractical in many 

cases.  Supplementation also results in a net incorporation of nutrients into livestock 

operations, which can be undesirable from an environmental standpoint.  An alternative 

method of improving animal production is to improve the quality of the forage being fed.  

Numerous chemical and biological treatments that aim to increase the nutritive value of 

forages have been evaluated.  These treatments usually attempt to modify the cell wall 

structure of the forage in a way that results in increased intake and digestibility.  

Treatments with alkalis, such as NaOH or ammonia, physically disrupt and chemically 

alter the cell wall structure (Turner et al., 1990). The chemical alterations include 

hydrolysis of the lignin-hemicellulose matrix which is made up of phenolic acids that are 

covalently bound to hemicellulase through ester linkages (Mueller-Harvey et al., 1986).  

The disruption of this matrix via the saponification of the ester linkages allows for the 

solubilization of phenolic compounds, hemicelluloses, and acetyl groups allowing for 

greater access to the cell wall components (Klopfenstein, 1978; Fahey et al., 1993).  

Treatment of low quality forages has successfully increased fiber digestion, intake and 

animal performance (Klopfenstein, 1978; Kunkle et al., 1983, 1984; Brown, 1988; Rasby 

et al., 1989; Brown and Kunkle, 1992; Brown and Adjei, 1995; Vagnoni et al., 1995; and 

Brown and Pate, 1997). 
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Chemical Treatments 

Ammoniation  

One of the most widely used forms of chemical treatment of forages involves 

treatment with ammonia.  When gas or liquid anhydrous ammonia comes in contact with 

roughage, it combines with the moisture in the roughage to produce gaseous ammonium 

hydroxide.  Ammonium hydroxide is an alkaline compound, which solubilizes 

hemicellulose by breaking the chemical bonds holding lignin and hemicellulose together 

(Lalman et al., 1997).  Ammonium hydroxide also partially breaks down the structure of 

cellulose by disrupting hydrogen bonds.  Essentially the reaction causes a swelling of the 

fiber and allows microbial cellulase to access the fiber for digestion (Church, 1988).  

According to Chinh et al. (1992), ammonia application has two functions: an increase in 

digestibility by the disruption of lignin-hemicellulose linkages and an increase in feed 

intake resulting from the greater supply of nitrogen to the rumen microbes.  Studies have 

also reported that there is a 7.4 to 11.5 percentage unit increase for bahiagrass and 8.4 to 

11.5 percentage unit increase for bermudagrass in CP concentration of the forage due to 

ammonia treatment (Brown, 1993, 1994).  However, some of the added nitrogen from 

ammonia is not utilized by the ruminant animal and is either recycled or excreted (Rasby 

et. al., 1989).  Ruminant microorganisms can use some of the N supplied by ammoniation 

because the treatment also increases energy supply to microbes from cell wall hydrolysis 

(Rasby et. al., 1989).  

Treating hay with ammonia also has non-nutritional benefits.  Cattle waste less 

ammoniated hay than non-treated hay (10%  vs. 25% loss respectively) and ammoniation 

allows proper conservation and utilization of wet (25 to 60% moisture) forages that 

would otherwise deteriorate rapidly due to mold growth (Brown and Kunkle,  1992).  
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However, forages with moisture concentrations above 30% are not recommended to be 

treated with anhydrous ammonia due to likely decreased intakes of the forage.  Ammonia 

is very hydrophilic and high moisture forages will retain greater amounts of the ammonia 

resulting in a strong ammonia odor thus decreasing intake (Brown and Kunkle, 1992).  

Ideally, ammoniation should be restricted to mature, low quality forages (Lalman et al., 

1997).  Ammoniation of high quality forages like alfalfa (Medicago sativa) and small-

grain hays can lead to toxicity due to consumption of the toxic compound 4-

methylimidazol (Jung and Allen, 1995), which is formed when the ammonia reacts with 

soluble sugars in the forage.  The symptoms of this condition, commonly called “crazy 

cow syndrome” or “bovine bonkers,” include circling, hyperexcitability and convulsions, 

and it can even lead to death.  However, mature forages are low in soluble sugars and 

therefore pose little risk of causing ammonia toxicity (Lalman et al., 1997).          

Different methods exist for of applying ammonia to forage. These include the stack 

method, high-pressure treatment, and combinations with other chemicals such as NaOH.  

The most commonly used and most practical method would be the tarp method. The 

major disadvantages of ammonia treatment include the caustic effect of ammonia when it 

is inhaled or ingested excessively by humans and animals, the corrosive effects of 

ammonia on equipment, and the requirement for specialized handling and delivery 

systems.  A recent disadvantage is the current high cost of ammoniation due to its 

synthesis from natural gas which has become very expensive in recent months.  

Ammonium hydroxide also has been applied directly to forage producing similar 

results found with anhydrous treatments, but is also caustic and corrosive.  Urea is a less 

widely used, safer method of ammonia treatment but there are several drawbacks to its 
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utilization.  Firstly, NH3 is released from urea only after the urea has been mixed with the 

forage in a silo or some other type of structure.  The amount of urease and moisture in the 

forage will determine the efficacy of the treatment since they are both needed to cause the 

formation of NH3 from the urea.   

Several studies have demonstrated increased performance of animals due to forage 

ammoniation.  Kunkle et al. (1983) reported that treating poor quality, tropical forages 

with anhydrous ammonia (3 to 5%) increased the CP (4.2 to 11.7%) and in vitro DM 

digestibility of the forage (41 to 52%).  These researchers also showed that non-lactating 

beef cows consuming unsupplemented ammonia-treated forage performed as well as 

cows fed untreated forage plus 16% crude protein liquid supplements.  Brown and Adjei 

(1995) conducted two digestion and growth trials over a two-year period, during which 

they sprayed round bales of hay with solutions of 0, 4, or 6% urea and fed them to beef 

steers. Feed intake, apparent NDF and ADF digestibility (P < 0.05), average daily gain 

(ADG; P < 0.05) and gain to feed ratio (P = 0.07) increased with increasing urea 

concentration. In a growth and metabolism trial in which steers were fed ammoniated 

(3% of DM) mature bahiagrass hay or a urea supplement, DM intake (DMI), digestion 

kinetics and ADG were increased (P  >  0.05) by ammoniation whereas urea 

supplementation had no effect (Vagioni et al., 1995).  While ammonia treatment is 

effective at improving forage quality and animal performance, the caustic nature of NH3 

necessitates the use of protective clothing and causes excessive wear and rusting on 

equipment.  These factors have limited the adoption of ammoniation by producers.      

NaOH Treatment  

Another widely used chemical treatment for forages involves using NaOH.  Two 

different methods have been used to apply NaOH to forages.  The earlier wet 
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(Beckmann) method entailed soaking the forage in a dilute solution of NaOH over 

several days.  The forage then was washed to remove the NaOH residue. According to 

Sundstol (1988) this method increased the OM digestibility of rye (Secale cereale) straw 

from 52.0 to 76.0 %.  However, there are two major drawbacks to the procedure.  First, 

the wastewater is contaminated with NaOH and is considered a threat to the environment.  

Secondly, there is a considerable amount of digestible DM lost due to the rinsing of the 

treated forage prior to feeding. These drawbacks led to the development of the dry 

treatment method.  The major difference between the two procedures is that in the dry 

method a dilute amount of NaOH is sprayed onto the forage and the forage is not rinsed 

prior to feeding.  The major advantages are that there is less labor involved in the dry 

method and the problem of wastewater disposal doesn’t arise.  However, there is an 

increased possibility of toxicity if the samples are not uniformly treated in the dry method 

because excess NaOH is not removed by washing.  

Other chemicals have been researched as possible forage treatment agents including 

calcium and potassium hydroxides.  In theory both of these compounds have potential as 

treatments and they respectively provide Ca and K to the animal (Berger et al., 1994).    

However, calcium hydroxide is ineffective as a stand-alone treatment for improving 

digestibility, and potassium hydroxide is too costly to be an economically feasible 

treatment method (Owen et al., 1984 in Berger et al., 1994).  These problems, along with 

the caustic nature of these chemicals have prevented their adoption. With the ever-

growing focus on preserving the environment, chemical treatments are becoming more 

and more unfavored due to concerns that they can damage the environment.   This 
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emphasizes the need to find safer, more environmentally-friendly methods for improving 

forage quality.   

Enzyme Treatment 

Enzymes are naturally occurring, benign and environmentally friendly protein 

molecules that catalyze specific chemical reactions.  Enzymes with specific fibrolytic 

activities can be specifically selected and produced in mass quantities to meet the needs 

for forage improvement.  Digestive enzymes are utilized by the animal as a means to 

break down complex feeds into simple sugars, animo acids and fatty acids (Kung, 2001; 

McAllister et al., 2001).  Enzymes have been used in monogastric diets for decades, but 

concerted efforts to integrate enzymes into ruminant diets started within the last decade.  

The enzymes included in ruminant diets are exogenous fibrolytic enzymes that degrade 

plant cell walls into simple sugars.  The most widely evaluated enzymes are those that are 

effective at degrading the cellulose and hemicellulose in the cell wall and these are 

referred to as cellulases and xylanases, respectively.  The use of exogenous fibrolytic 

enzymes to improve feed utilization has received a great deal of research interest.  

Studies have reported increases in in situ and in vivo DM digestion (Feng et al., 1996; 

Yang et al., 1999) and voluntary intake (Feng et al., 1996; Yang et al., 1999; Pinos-

Rodriguez et al., 2002), although some studies show no improvements in animal 

performance (Michal et al., 1996; ZoBell et al., 2000). The variability and inconsistencies 

in the results can be attributed to enzyme type, enzyme preparation, application method 

and quantity of enzyme used (Bowman et al., 2002; Beauchemin et al., 2003) as well as 

the fraction of the diet to which the enzyme is applied (Feng et al., 1996; Lewis et al., 

1996; ZoBell et al., 2000).   
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Cellulase 

The cellulases and xylanases used commercially are typically produced in a batch 

type fermentation system using microorganisms of bacterial (Bacillus spp.) or fungal 

(Aspergillus spp. and  Trichoderma spp.) origin (Pendleton et al., 2000 as cited by 

Beauchemin et al., 2003, 2004).  Cellulose can be hydrolyzed through a process using 

various cellulases.  The three major categories of cellulases include endogluconases, 

exogluconases and β-glucosidases (White et al., 1993; Beauchemin et al., 2003; 2004).  

In general endogluconases hydrolyze cellulose chains randomly to produce oligomers 

with varying degrees of polymerization; exogluconases produce cellobiose by 

hydrolyzing the cellulose chain from the non-reducing end; and β-glucosidases release 

glucose from cellobiose and from the hydrolysis of short-chained cellulose oligomers 

(Bhat and Hazelwood, 2001; Beauchemin et al., 2003).  

Xylanase  

Xylans are linear polymers of xylose linked together by β-1,4 bonds with varying 

oligosaccharide side chains of arabinose, mannose, rhamnose or glucuronic acid (White 

et al., 1993).  The core polymer of xylan is degraded to soluble sugars by two main 

enzymes: xylanase and β-1,4 xylosidase (Bhat and Hazelwood, 2001).  Xylanases include 

endoxylanases, which yield xylooligomers, while β-1,4 xylosidase yields xylose.  

Additionally, other hemicellulase enzymes can degrade the side chains.  These enzymes 

include β-mannosidase, α-D-glucuronidase, α-D-galatosidase, α-L-arabinosidase, acetyl-

xylan esterases and ferulic acid esterase (White et al., 1993; Bhat and Hazelwood, 2001). 

The xylan core polymer, or backbone, can also be intertwined with cellulose via H-

bonding, resulting in a highly complex structure (White et al., 1993).  Murashima et al. 
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(2003) demonstrated that there were synergistic effects between xylanase and cellulase 

enzymes on corn cell wall degradation.  A xylanase:cellulase molar ratio of 1:2 was 

found to successfully degrade corn cell walls resulting in increased release of 

xylooligosaccharides and cellooligosaccharides,  but it had no effect on pure xylan or 

crystylline cellulose substrates.  Murashima et al. (2003) postulated that the degradation 

of xylans in the complex structure by xylanases could allow cellulases access to degrade 

embedded cellulose.  Additionally, the degradation of cellulose in the complex structure 

by cellulases might help xylanase to access and degrade xylan, thus explaining the 

synergistic effects found in their study between xylanases and cellulases.  

Recent awareness of the inhibition of cell wall digestion by cross linkages of lignin 

and hemicellulose via ferulic acid bridges (Hartley, 1972; Jung and Allen, 1995) has 

sparked a growing interest in evaluating strategies for hydrolyzing these cross-linkages 

with ligninases and ferulic acid esterases.  

Ligninase 

Ligninases have been utilized by the wood and paper industries for years.  

However, there has been relatively little research on the use of ligninases to improve 

forage quality. According to Akin et al. (1995), the chemistry of grass lignocellulose 

varies considerably from that of wood.  Firstly, there is a great deal less lignin in plants 

versus wood.  Also phenolic acids in the plant cell walls cross-link polysaccharides to the 

lignin polymers in plants.  The cross linkages hold the polysaccharides in close proximity 

to the lignin polymer, preventing enzymatic hydrolysis of the polysaccharides (Jung and 

Deetz, 1993).  Ligninases are derived from fungi, and the most effective fungi known to 

breakdown lignin are white rot fungi.  Some species of white rot fungi have been shown 

to improve the biodegradation of grasses by attacking the aromatic constituents of lignin 



19 

 

(Akin, 1993).  These fungi secrete a variety of ligninase enzymes (lignin peroxidases) 

that depolymerize hemicellulose and cellulose, and then fragment lignin resulting in the 

increased degradability of the substrate by rumen microbes.  This results in losses of 

carbohydrates from the substrate during ligninase hydrolysis.  The digestibility of low 

quality forages like cereal straws have been improved by some white rot fungi, however 

the improvement of forage quality by ligninases depends on the fungal species and crop 

type (Jung et al., 1992).  Fahey et al. (1993) stated that lignin is degraded by white rot 

fungi as a result of secondary metabolism and that lignin is not a growth substrate for the 

fungi.  This implies that the degradation of lignin has to be linked to the degradation of an 

alternative carbon source like carbohydrates (Fahey et al., 1993).  Such losses of 

potentially useful carbohydrates by ligninase have limited its use for improving forage 

quality. 

Ferulic Acid Esterase Enzymes 

The cross-linking of lignin with cell wall polysaccharides through ferulic acid 

bridges is thought to be the mechanism by which lignin limits cell wall digestion in plants 

(Jung and Allen, 1995).  Ferulic acid esterases (FAE) are known to release ferulic acid 

(FA) from arabinose side chains of hemicellulose, which allows for further degradation 

of the cell wall by other polysacchardiases.  However, only a few FAE -producing 

species of microorganisms are known to produce esterases that can cleave the phenolic 

compound from the polysaccharide side chain (Faulds and Williamson, 1994).  These 

species include Aspergillus spp. (Faulds and Williamson, 1994; Brezillon et al., 1996), 

Streptomyces olivochromogenes (Faulds and Williamson, 1993), Penicillium spp, 

Pseudomonas flourescens subsp. cellulosa (Ferreira et al., 1993) and Neocallimastix 

(Borneman et al., 1992).   These microorganisms have been shown to produce ferulic 
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acid esterases when grown on substrates like methyl ferulate (Faulds and Williamson, 

1994), sugar beet pulp (Brezillon et at., 1996), oat spelt xylan (Faulds and Williamson, 

1994, Brezillon et al., 1996), maize bran (Faulds et al., 1995), wheat bran (Faulds and 

Williamson, 1994) and various other substrates. The activity of the enzymes produced 

from the microorganisms is dependant on the chemical composition of the substrate on 

which it is grown.  The addition of free ferulic acid (FA) to substrates like oat spelt xylan, 

which contains no detectable ferulic acid, can more than double the FAE secretion by the 

microorganism (Faulds et al., 1997).       

Faulds and Williamson (1994) used Aspergillus niger FAE (FAE-III) to release FA 

from wheat bran, but this effect was further enhanced in the presence of xylanase from 

Trichoderma viride and methyl ferulate. The effective enzymatic removal of ferulic acid 

from the cell wall of wheat bran or oat hulls has also been reported to require the addition 

of xylanase, which works synergistically with esterase to break the ferulic acid bonds 

within the cell wall (Ferreira et al., 1993; Faulds and Williamson, 1994, 1995; Kroon and 

Williamson, 1999; Yu et al., 2002a,b; 2003; 2005).  Faulds and Williamson (1995) 

evaluated the release of ferulic acid from de-starched wheat bran (DSWB) by a FAE III 

from Aspergillus niger with or with out the addition of xylanase from Trichoderma viride 

over time.  Ferulic acid was released when the substrate was incubated with FAE III 

alone, however, the addition of the xylanase produced a 24-fold increase in the release of 

the ferulic acid.  Additionally, the release of the ferulic acid from the DSWB had a linear 

relationship to the FAE III concentration between 0.1 and 1.3 U.  Where one unit of 

activity is defined as the release of one µmole  of product/ min at 37oC.  However, the 

addition of 0.3 U of xylanase increased the amount of ferulic acid released up to 6-fold 



21 

 

(Faulds and Williamson, 1995).  Yu et al., (2002a) hypothesized that a two-step process 

occurs in order to efficiently release free ferulic acid from complex cell walls.  First, 

xylanases are required to solubilize part of the cell wall structure resulting in the 

formation of low molecular weight feruloylated compounds (Yu et al., 2002a).  Then the 

ferulic acid esterase can act on these compounds to release ferulic acid because ferulic 

acid esterase has a greater specificity for short chain xylo-oligomers (Bartolome et al., 

1995; Faulds and Williamson 1995).  The initial enzyme attack alters the chemical and 

physical properties of the cell wall, resulting in cleavage of the xylan backbone into 

feruloyl polysaccharides (Yu et al., 2002a, 2003).   It is further suggested that the 

synergistic effects of xylanase and ferulic acid esterase on releasing ferulic acid from 

feruloyl polysaccharides makes the other cell wall polysaccharides more accessible for 

further attack by cellulase (Yu et al., 2003).  

 Bartolome et al. (1995) used FAE III, Trichoderma viridae xylanase (Megazyme), 

and xylanases from Pseudimonas flourenscences subsp. cellulosa (XYLA), Talaromyces 

emersonii (XYL VII, and XYL XI), and Aspergillus (XYL I) to demonstrate that the 

release of ferulic acid from DSWB on the source of the xylanase.  Additionally, the 

researchers analyzed the soluble fraction for low molecular weight carbohydrates 

(arabinose, glucose, xylose, xylobiose, xylotriose and xylotetraose) after 0.5 U 

submaximal xylanase treatment.  In the presence of esterase, the low molecular weight 

carbohydrate profiles were qualitatively the same but quantitatively greater, 

demonstrating that the presence of the esterase increased the initial rate of xylanase 

hydrolysis by 12 % for Megazyme and XYLA treatment, and by roughly 30 %  for XYL 
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VII, XI and XYL I, resulting in a more complete hydrolysis of DSWB.  This further 

demonstrates the synergistic effects of xylanase and esterase enzymes.  

Purified feruloyl esterases from Aspergillus niger and Pseudomonas florescens 

released small amounts (1 to 9%) of ferulate monomers but not diferulates when added to 

barley and wheat cell walls (Bartolome et al., 1997).  Further addition of xylanase caused 

a dramatic improvement in the release of ferulates (~ 20% improvement) but elicited no 

improvement in the release of diferulates, though increased amounts of the 5-5` dimer 

was released.  Yu et al. (2005) evaluated the effects of various multienzyme cocktails 

containing different combinations of FAE from Aspergillus spp., xylanase from 

Trichoderma spp., cellulase, endo-glucanase I and II and β-glucanase on the nutritional 

value of oat hulls.  A cocktail containing FAE (13 mU/assay), xylanase (4096 U/assay), 

cellulase (1024 U/assay), endo-gluconase  I and II (256 U/assay) and β-glucanase (64 

U/assay) gave the greatest increase in enzymatic DM disappearance of the hulls (86.3%) 

and increased the in vitro DM disappearance of oat hulls that were ground to 1 mm and 

250 µm by 6.5% and 12.1% respectively.  The authors concluded that the addition of the 

multienzyme cocktail to poorly digestible feeds before feeding has the potential to 

enhance ruminal digestion due to the hydrolysis of forage cell walls.    

Determining Enzyme Activity 

Due to the complex composition of plant cell walls, they can not be utilized as 

substrates in enzyme activity assays.   Consequently various other substrates are used, but 

the variety of substrates as well as the complexity of the enzyme systems produced by 

different microorganisms can confound enzyme activity results (Bhat and Hazelwood, 

2001).   Typically, enzyme activities are determined by colorimetrically measuring the 
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concentration of released reducing sugars, per unit of time per unit of enzyme under 

defined temperature and pH conditions.  According to Beauchemin et al. (2003), the two 

most commonly used methods for detecting reducing sugars are the copper method of 

Nelson/Somogyi (Somogyi, 1952) and the dinitrosalicyclic acid method (Miller, 1959).  

Total cellulase activity can be measured with crystalline cellulose, such as filter paper, 

where the measure is the total amount of glucose released and not a rate of release.  

Beauchemin et al. (2003) stated that the most commonly used substrate for measuring 

cellulase activity is carboxymethyl cellulose (CMC) and this is often assumed to be a 

measure of total cellulase activity, which is not correct.  Endoglucanase activity is what is 

actually measured with CMC and it also can be measured with hydroxymethyl cellulose 

(Wood and Bhat, 1988).  Exogluconase activity can be measured with crystalline 

cellulose preparations like Avicel.   ß-glucosidase activity is determined by measuring the 

release of glucose from cellobiose, or the release of p-nitrophenol from p-nitrophenyl-ß-

D-glucoside (Bhat and Hazlewood, 2001).  According to Beauchemin et al. (2003) 

xylanase activity is measured most commonly by the release of reducing sugars from 

prepared xylan like oat spelt or birchwood xylan.  Bhat and Hazelwood (2001) stated that 

xylanases in general are specific for the internal ß-1,4 linkages within the xylan backbone 

structure and are designated as endoxylanases.  These endoxylanses are considered to be 

debranching or non-debranching enzymes based on their ability to hydrolyze the xylan 

backbone and release the arabinose side chain (Beauchemin et al., 2003).  ß-xylosidase 

activity can be determined using p-nitrophenyl derivatives.   

Ferulic acid esterase activity can be determined by measuring the rate of hydrolysis 

of methyl ferulate, methyl sinapinate, methyl p-coumerate, methyl caffeate, methyl 
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vanillate and methyl syringate by high performance liquid chromatography (HPLC) as 

described by Faulds and Williamson (1994).  Activity of FAE can also be measured 

spectrophotometrically utilizing the differences between the free acid and the 

corresponding methyl ester (Fauld and Williamson, 1994; Ralet et al., 1994).   

The measurement of enzyme activity must be carried out under closely defined 

conditions because temperature, pH, ionic strength, substrate type, and substrate 

concentration all affect the activity of the enzyme (Beauchemin et al., 2003).  

Commercial cellulase and hemicellulase activities are typically measured under optimum 

temperatures (60oC) and pH (4 to 5) for enzyme action (Coughlan, 1985 as cited by 

Beachemin et al., 2003).  However, these conditions are not representative of the ruminal 

environment where the prevailing temperature is 39oC and the pH ranges from 6.0 to 6.7 

(Van Soest, 1994).  The activity of commercial enzymes destined for use on ruminant 

feeds should be assayed under rumen-like pH and temperature to portray the true 

potential of such products. 

Factors Affecting Enzyme Action   

Research on enhancing the nutritive value of feedstuffs or increasing animal 

performance with fibrolytic enzymes has produced highly variable and inconsistent 

results.  This is partially due to factors like the type of diet being fed the type, activity and 

rate of enzyme utilized (Dawson and Ticarico, 1999; Siciliano-Jones, 1999) under or over 

supplementation of the enzyme (Beauchemin et al., 2000; Yang et al., 1999); the method 

of providing the enzyme to the animal, and the stability of the enzyme in the rumen 

(Yang et al., 2000; Sutton et al., 2003).  Improvements in animal performance due to 

treatment usually occur when fiber digestion is markedly improved, with the greatest 

responses occurring when fiber digestion is compromised and energy is the first-limiting 
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nutrient in the diet (Beauchemin et at., 2003).  Therefore the level of performance of 

animals also determines enzyme efficacy.   

The reason for poor responses to low enzyme application rates is obvious, but that 

for the higher levels is less apparent.  Such latter occurrences may be attributed partly to 

negative feedback inhibition of enzyme action due to production of critical 

concentrations of a product of the enzyme-substrate interaction.  For example, 

fermentation of sugars produced by cell wall hydrolysis may reduce ruminal pH to levels 

that inhibit enzymatic cell wall hydrolysis (Adesogan et al., 2005).  An alternative 

hypothesis is that excessive enzyme application blocks binding sites for enzymes or that 

it might prevent substrate colonization (Beauchemin et al., 2003). 

Mode of Enzyme Action 

Exogenous fibrolytic enzymes are used typically to increase the nutritive value of 

feedstuffs in order to increase animal performance.  There are various modes of action of 

such enzymes.  These include precomsumptive hydrolysis of a feedstuff resulting in  

release of soluble carbohydrates which may enhance palatability (Adesogan, 2005) or 

breakdown and removal of structural barriers that impede digestion of a particular 

feedstuff (Colombatto et al., 2003b; McAllister et al., 2001).  Post consumption, 

exogenous enzymes can potentially increase the rate (Adesogan, 2005) and the extent of 

digestion or passage (McAllister et al., 2001; Adesogan, 2005).  They can change the 

viscosity of ruminal fluid (Hristov et al., 2000; McAllister et al., 2001) and modify the 

site of digestion of nutrients (Hristov et al., 2000).  Additionally exogenous enzymes can 

provide synergistic effects with ruminal microorganisms (Morgavi et al., 2000; 

McAllister et al., 2001) that can lead to greater improvements in feed utilization than that 

which can be explained by cell wall hydrolysis alone.  Several of these factors cause an 
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increase in the hydrolytic capacity of the rumen (Yang et al., 1999) which indirectly 

decreases gut fill and enhances feed intake (Adesogan, 2005).  

Effect of Enzymes on Pre-Ingestion Fiber Hydrolysis 

Fibrolytic enzymes can release reducing sugars from feedstuffs prior to ingestion 

though hydrolysis of the fiber fraction. However, the amount of reducing sugars released 

depends on the type of feed and the type of enzyme used (McAllister et al., 2001).  This 

is further illustrated in a study conducted to evaluate enzyme effects on pre-treatment 

hydrolysis and in vitro degradation of alfalfa hay and corn silage (Colombatto et al., 

2003a,b).  Colombatto et al. (2003a) evaluated the effect of two commercial enzyme 

additions (Depol 40, Biocatalyst Ltd. and Liquicell 2500, Specialty Enzymes and 

Biochemicals Co.) on the hydrolysis of stems and leaves of alfalfa hay after 20 h of 

incubation.  Both enzymes increased soluble OM losses from both substrates, however, 

the increases in OM loss in the absence of rumen fluid did not fully account for all the 

improvement in organic matter digestibility (OMD) in the presence of rumen fluid, 

suggesting that synergistic action between exogenous and rumen fluid enzymes enhanced 

the degradation of the substrates (Colombatto et al., 2003a).  Colombatto et al. (2003b) 

conducted a larger study in which corn silage and alfalfa hay were treated with 22 

commercial enzymes and incubated for 15 min.  Soluble sugar release during incubation 

differed with enzyme type and substrate.  The protein concentration of the enzyme 

explained 60% of the variation in the response and the remaining variability was 

associated with the different specific activities of the enzyme products.  Colombatto et al. 

(2003b) concluded that the pre-treatment of substrates with enzymes can release reducing 

sugars prior to incubation in rumen fluid.  They also noted that the variability associated 

with an enzyme’s biochemical properties and hydrolytic capacity in the absence of rumen 
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fluid makes it nearly impossible to predict the enzyme’s performance on a particular 

substrate in vitro or in vivo (Colombatto et al., 2003b).  

Effect of Enzyme on Post-ingestion DM and Fiber Digestibility 

Feng et al. (1996) used fistulated steers to evaluate the effects of three enzyme 

preparations (E1=Alphazyme , E2=Grasszyme, and E1E2=50:50 combination of E1 and 

E2) applied at two rates (low, high) on five different moisture levels (fresh, wilted, dried 

and rehydrated to fresh, wilted and dried) of  smooth bromegrass (Broma inermis).  The 

enzyme activities were  cellulase at 11,500 and 23,300 units of hydroxyethyl cellulase per 

milliliter, xylanase at 300 and 5,800 IU per milliliter, and cellobiase at 40 and 55 IU per 

milliliter for E1 and E2 respectively.   The application of E1E2 at the high level to the 

dried forage increased DM (43.5 vs. 38.7%) and NDF (31 vs. 26%) disappearance when 

compared to the control treatment indicating that addition of fibrolytic enzymes can 

enhance forage digestion.  Nsereko et al. (2000) treated hay individually with one of six 

enzymes, containing an array of enzyme activities, and incubated them for 0 or 2 h before 

autoclaving to terminate enzyme activity.  Samples were washed to remove the soluble 

fraction and then incubated in rumen fluid for 12 or 48 h.  Enzyme treatment increased 

12- and 48-h NDF degradation in the absence of the active exogenous enzyme and 

soluble fractions of the forage (Nsereko et al., 2000) demonstrating that ruminal fiber 

degradation was enhanced by exogenous enzyme-induced alteration of forage structure 

prior to incubation in rumen fluid.   

In a study in which an enzyme (Grasszyme, FinnFeeds International, Marlborough, 

Wiltshire, U.K.) was added to the forage 24 or 0 h before feeding, or to barley at 0 h 

before feeding or ruminally infused, DM digestibility (DMD) was greater in the 0 h than 

the 24 h pre-treatment of the forage.  The ruminal infusion treatment produced lower 
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disappearance of DM and NDF at 96 h when compared to the enzyme-treated forage 

treatments, demonstrating that the application of the enzyme directly to the forage can 

improve forage digestion (Lewis et al., 1996).   

Yang et al. (1999), reported that addition of a commercial enzyme mixture 

containing mainly cellulase and xylanase enzymes (Promote®, Biovance Technologies 

Inc., Omaha, NE) at different rates to the forage or concentrate fed to dairy cows 

increased feed digestion and milk production (7% increase).  This research demonstrated 

that the response to the enzyme supplementation was affected by the quantity of the 

enzyme that was added regardless of whether it was added to forage or concentrate.  

Another commercial enzyme, Fibrozyme (Alltech Inc., Nicholasville, KY), which 

contains predominantly xylanase increased milk production by up to 6.2 lbs per cow per 

day when added to the TMR of dairy cows (Dawson and Tricario, 1999).  Such increases 

in milk production are due often to increased voluntary intake, but they also can be 

associated with improved rumen function (Dawson and Tricario, 1999) and DM and fiber 

digestion. 

In contrast, Hristov et al. (2000) evaluated the effect of supplying increasing 

ruminal doses of exogenous fibrolytic enzymes on nutrient digestion using cannulated 

heifers.  Enzyme treatment increased the ruminally soluble fraction and the effective 

degradability of DM in situ, but did not affect apparent digestibility of DM, CP and NDF.  

Lewis et al. (1999) fed mid-lactation dairy cows smooth bromegrass or orchardgrass 

(Dactylis glomerata)with or without enzyme supplementation.  Cows consuming the 

enzyme-treated forage digested more DM per day and produced more milk than the cows 

fed the control forage.  However, there was only a numeric increase in the DMI due to 
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the lack of difference in the DM and NDF digestibilities of the enzyme-treated forage diet 

compared to the control diet, leading the authors to speculate that the increased DMI 

could be attributed to increased passage rate.  Mandebvu et al. (1999a) evaluated the 

effects of applying fibrolytic enzymes to 3- or 6-wk regrowth of bermudagrass prior to 

ensiling and observed no effect on in vitro or in situ DM or NDF disappearance of the 

silages.  Therefore, the application of exogenous enzymes on the digestibility of forages 

has produced inconsistent results due to various factors discussed earlier in this chapter.  

Effect of Enzyme Treatment on Beef Cattle Performance 

Research has demonstrated that supplementation of feedlot cattle diets with fiber-

degrading enzymes has significant potential to improve feed utilization and animal 

performance (Beauchemin et al., 2003).  However, while addition of exogenous fibrolytic 

enzymes to diets of beef cattle improved animal performance in some studies (Feng et al., 

1996; Beauchemin et al., 1999), it has not in others (ZoBell et al., 2000). 

Beauchemin et al. (1995) evaluated the effects of fibrolytic enzyme addition on the 

performance of growing steers.  Steers were fed cubed alfalfa hay, timothy hay or barley 

silage to which a mixture of xylanase and cellulase enzymes were applied at different 

rates.  Low levels of enzyme application to alfalfa hay and high levels of enzyme 

application to timothy hay increased ADG (24 to 36%), while enzyme application to 

barley silage had no effect.  Where it occurred, increased ADG was due to the increased 

fiber and DM digestion.  The differences in the responses to enzyme treatment between 

the forages were attributed to the differences in cell wall structural components.  This 

demonstrates the need to match enzyme activities with forage or feed characteristics.   

Beauchemin et al. (1997) evaluated the effects of addition of enzymes with 

contrasting xylanase to cellulase ratios to corn and barley-based diets on performance and 
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carcass characteristics of beef cattle.  Enzyme treatment of corn-based diets did not affect 

performance.  Animals fed the barley-based diet treated with the enzyme containing high 

xylanase and low cellulase activity had a 6% increase in ADG and a 5% decrease in 

DMI, which decreased the feed to gain ratio.  The digestion of the fiber via enzyme 

supplementation may have increased the ruminal digestion of the barley grain, since the 

hulls usually limit the access of microbes to the more digestible grain endosperm (Krause 

et al., 1998).  The higher concentration of fiber in barley than corn, partially explained 

the lack of response to enzyme addition to corn-based diets, but the reason for varying 

responses to the barley based-diets was not clear.  This research further demonstrates the 

importance of enzyme-feed specificity (Beauchemin et al., 1997).  In another study, 

barley was treated with a commercial enzyme (Pro-Mote, Biovance Technologies, Inc. 

Omaha, NE) during the tempering process (18-h prior to feeding) and fed with barley 

straw or silage to beef steers.  Enzyme treatment increased the total tract ADF 

digestibility by 14% for steers fed barley straw and by 55% for those fed barley silage 

when compared to the same treatments without enzyme supplementation (Krause et al., 

1998).  This research demonstrates that dietary ingredient composition affects enzyme 

efficacy. 

Feng et al. (1996) evaluated the effects of applying enzymes (Alphazyme or 50:50 

combination of Alphazyme and Grasszyme) at different times during the harvesting 

process of smooth bromegrass hay.  Enzyme was applied immediately after harvesting, 

wilting or immediately prior to feeding (E-Dry).  The E-Dry treatment increased NDF 

and ADF intakes due to increased DMI for both the hay and total diet versus the control 

diet.  The E-Dry treatment also increased total tract DMD, NDFD, and particulate 
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passage rate (31%), and decreased the rumen retention time (24%) when compared to the 

control treatment.  The rate of in situ DM degradation of the forage tended to increase 

across all treatments, whereas the rate of NDF degradation increased only for E-Dry.  

Enzyme treatment did not affect the extent of in situ NDF degradation, suggesting that 

the mechanism for improvement of DM digestion requires direct contact of the enzyme 

with the substrate prior to feeding (Feng et al., 1996).  When Fibrozyme  (Alltech Inc., 

Nicholasville, KY) was added to alfalfa or ryegrass hay in sheep diets there was an 

increase in digestibility of alfalfa but not ryegrass (Pinos-Rodriguez et al., 2002), further 

revealing the importance of matching enzymes to specific substrates (Adesogan, 2005).   

Fibrolytic enzyme addition does not always increase animal performance.  ZoBell 

et al. (2000) evaluated the effect of an exogenous enzyme treatment containing xylanase 

and endoglugonase on the production and carcass characteristics of finishing steers.  The 

enzymes were applied to a TMR that contained alfalfa hay, grass hay, barley and 

finishing diet supplements.  Carcass characteristics, ADG, DMI, of feed efficiency (FE) 

were not different due to enzyme addition.  Additionally, Michal et al. (1996) reported 

that various combinations of xylanase and cellulase (1:2 and 2:1 respectively) applied to 

alfalfa haylage just prior to feeding increased feed intake of beef steers (8.7%) but had no 

effect on BW gain or FE.    

The inconsistencies in the results of feeding exogenous enzymes can be attributed 

to differences in enzyme type, preparation, application method and rate (Beauchemin et 

al., 2003; Adesogan et al., 2005) as well as fraction of the diet to which the enzyme is 

applied (Feng et al., 1996; Lewis et al., 1996; ZoBell et al., 2000).  Nevertheless, 
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enzymes have been used to improve the utilization of diets containing legumes, hays, 

crop residues and other feedstuffs (Beauchemin et al., 2003).   

Exogenous enzymes usually increase the rate of digestion but not the extent of 

digestion (Feng et al., 1996), therefore, there is a need to focus on enzymes that can 

increase the extent of digestion, particularly in poor quality forages such as those that 

abound in Florida and other tropical and subtropical countries.  Most of the research on 

exogenous fibrolytic enzyme treatment of ruminant feeds has been conducted on cereal 

grains, byproducts and cool-season (C3) silages.  There is a need for research to examine 

the effects of enzyme application to unensiled C4 forages.  Currently there is no 

knowledge of optimal inclusion rates of cellulase, xylanase, and esterase enzymes for 

enhancing the utilization of C4 grasses in cattle.  The aim of this series of experiments 

was to evaluate the effect of fibrolytic enzyme application on the nutritive value of 

tropical forages and animal performance. 

The specific objectives were the following: 

• to evaluate the effect of different application rates of ferulic acid esterase 
preparations on the digestibility of three C4 hays (Chapters 3 & 4), 

• to determine the effect of different combinations of ferulic acid esterase, cellulase, 
and xylanase on the digestion of bahiagrass hay (Chapter 5), and 

• to determine the effects of various methods of applying a commercial fibrolytic 
enzyme mixture or ammonia to bermudagrass hay on the feed intake digestion 
kinetics and growth performance of beef steers.  (Chapter 6) 
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CHAPTER 3 
THE POTENTIAL FOR INCREASING THE DIGESTIBILITY OF THREE TROPICAL 

GRASSES WITH A FUNGAL FERULIC ACID ESTERASE ENZYME 
PREPARATION 

Introduction 

Although C4 grasses are the mainstay of livestock farming in the tropical and 

subtropical regions of the world, their nutritive value is inherently low, such that the 

performance of animals grazing such pastures is often suboptimal.  The poor quality of 

these grasses has been attributed largely to their relatively high lignin concentrations. 

Recent work suggests that cross linkages formed between hemicellulose, ferulic acid and 

lignin limit microbial access to the digestible xylans in the cell walls of the grasses 

(Hatfield, 1993; Jung and Deetz, 1993; Hatfield et al., 1997; Casler and Jung, 1999; 

Grabber et al., 2000).  Hatfield et al. (1997) also demonstrated that the combination of 

such cross linkages and high lignin concentrations greatly reduced the digestibility of C4 

grasses. This cross linking reduces the number of binding sites on the cell structure for 

the attachment of rumen microbes.  In C3 grasses and maize bran, fungal ferulic acid 

esterase enzymes have been shown to release ferulic acid from the cross linkages, such 

that the digestible xylans in the cell wall are more susceptible to enzymatic degradation 

(Faulds et al., 1995; Kroon et al., 1999). To evaluate the potential of using such enzymes 

to enhance the quality of C4 grasses, this study determined the effect of different 

application rates of a ferulic acid esterase enzyme (FAE) preparation on the digestibility 

of three C4 grass hays.  
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Materials and Methods 

Enzymes and Forages 

The enzyme used for this study was Depol 740L (D740L, BioCatalyst, Pontypridd, 

Wales, UK).  Biocatalyst stipulates that D740L is a food-grade enzyme containing 32 

U/ml of ferulic acid esterase activity, where one unit is the amount of enzyme which 

releases one micromole of ferulic acid from methyl ferulate per minute at pH 6.0 and 

37oC. The enzyme was analyzed for cellulase activity with the filter-paper reducing sugar 

assay of Wood and Bhat (1988) and xylanase activity with the assay of Bailey et al. 

(1992).  Cellulase activity was found to be 20.78 filter paper units (FPU) where one FPU 

is the equivalent amount of enzyme required to release exactly 2.0 mg of glucose from a 

1 x 6 cm piece of filter paper at pH 5.5 at 39oC.  Xylanase activity was found to be 

8701.85 µmol/ml/min using 1% birchwood xylan (X-0502, Sigma Chemical Company, 

St. Louis , MO, USA) as a standard.  The units of xylanase activity are expressed as µmol 

of xylose equivalents ml/ min using a standard curve of xylose. 

Transverse sections of  450-kg round bales of 12-wk regrowth of Pensacola 

bahiagrass (BAH) (Paspalum notatum), Coastal (C-B; Cynodon dactylon) and Tifton 85 

(T-85) bermudagrass (Cynodon dactylon) hays from the University of Florida Santa Fe 

Beef Research Unit were removed with a wedge cutter. Grab samples were taken from 

the sections and composited to give a 3-kg (as-is) representative sample of each bale.  

Half of each representative sample was ground to pass through a 1-mm screen in a Wiley 

mill (Arther H. Thomas Company, Philadelphia, PA, USA) and the other half was ground 

through a 4-mm screen for rumen degradability analysis.  Half of each forage sample was 

ground to pass through a 1-mm screen in a Wiley mill (Arther H. Thomas Company, 

Philadelphia, PA, USA) and the other half was ground through a 4-mm screen for rumen 
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degradability analysis.  The enzyme was dissolved in 10 ml of double-distilled water and 

sprayed at rates of 0, 0.5, 1, 2, and 3 g/100 g DM onto 10-g (as-is) samples of ground (1 

mm) forage.  Control samples were sprayed with water alone. All treated samples were 

allowed to air dry for 8 h before being weighed (0.5 g) into ANKOM F57  (ANKOM 

Technologies, Macedon, NY) filter bags in triplicate.  

In Vitro Digestibility 

 Sixteen hours later, the samples were incubated in buffered, rumen fluid for 6, 24, 

and 48 h  using two ANKOM® Daisy II incubators (ANKOM Technologies, Macedon, 

NY).  Rumen fluid was obtained before feeding from two non-lactating, ruminally 

fistulated Holstein cows fed 9 kg of bahiagrass hay supplemented with 0.4 kg of soybean 

meal.  This experiment was repeated three consecutive times to account for variations in 

rumen fluid activity.  The Tilley and Terry (1963) two-stage, rumen fluid-pepsin 

technique as modified by Moore and Mott (1974) was used to estimate 96-h in vitro DM 

digestibility (IVDMD).  

Chemical Analysis 

Neutral detergent fiber (NDF) and Acid detergent fiber (ADF) concentrations were 

measured in the pre digested forage samples and in vitro digestion residues using the 

method of Van Soest et al. (1991) in an ANKOM® 200 Fiber Analyzer (ANKOM 

Technologies, Macedon, NY, USA) and NDF and ADF digestibilities were calculated.  

Water soluble carbohydrate (WSC) concentration was analyzed using the anthrone 

method described by Ministry of Agriculture, Fisheries, and Food (1986). Free 

monomeric ferulic acid and p-coumaric acid concentrations were measured in samples 

using procedures described by Ralph et al. (1994).  For a detailed explanation of this 

procedure see Appendix A. 
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In Situ Rumen Degradability   

The effect of Depol 740L treatment on the in situ rumen DM degradability of each 

of the C4 grasses was assessed using the polyester bag technique at different times.  The 

enzyme was dissolved in 40 ml of double-distilled water and sprayed onto 225-g samples 

of ground (4 mm) forage at rates of 0, 0.5, 1, 2, 3 g/100g of DM. Control samples were 

sprayed with water alone. All treated samples were allowed to air dry for 8 h before being 

weighed (5 g, as treated basis) into tared nylon bags (10 x 23 cm) with a pore size of 50 

microns (Bar Diamond Inc., Parma, ID).  The bags were tied with a rubber o-ring and 

rubber band and attached to a cotton rope with stainless steel clips.  A calan gate key 

(American Calan, Northwood, NH) was attached to the end of the rope to ensure 

submersion of the bags in rumen fluid.Sixteen hours later, duplicate samples of each 

forage sample were incubated in each of the two previously described ruminally-

fistulated cows for 0, 3, 6, 9, 12, 24, 48, 72, 96, and 120 h, resulting in four replicates per 

treatment for each forage for each incubation duration.  After incubation, bags were 

removed from the cow, rinsed with cool water and frozen.  At the end of the 

measurement period all bags were thawed and washed in a commercial washing machine 

using a cool-wash cycle without soap.  Bags were dried for 24 h at 60oC and residue 

weights determined.  In order to avoid placing too many substrate-filled bags in the 

rumen, only bags for 4 time measurements and one forage were simultaneously incubated 

(40 bags maximum incubated at the same time/cow).  The exponential model of 

McDonald (1981) was fitted to the in situ data using the nonlinear procedures of SAS v8 

(2002, SAS Institute Inc., Cary, NC). The model is of the form: 

P= A + B(1-e-c(t-L)) 
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where P= DM degraded at time t, A= wash loss , B= potentially degradable fraction, 

A+B= total degradability, c= the rate at which B is degraded, t= time incubated in the 

rumen, and L= lag time.   

Statistical Analysis  

A 3 (forage) x 5 (enzyme rates) factorial design with three replicates per treatment 

was used to examine the effect of enzyme application rate on chemical composition and 

extent of DM and NDF in vitro digestibility. The data were analyzed using the GLM 

procedure of SAS v8 (2002). Polynomial contrasts were used to test the effect of 

increasing enzyme application and contrasts were used to compare grass species (BAH vs 

C-B + T-85) and bermudagrass cultivars (C-B vs T-85).  The model used to analyze 

individual treatment effects was:   

Yijkl = µ + Fi + Ej + Rk + FTij + FRik + TRjk + FTRijk+ Eijkl  

where:  

µ = general mean  

Fi = forage effect of treatment 

Ej = enzyme rate effect  

Rk = run effect  

FEij = enzyme x forage interaction  

FRjk = forage x run interaction  

ERik = enzyme x run interaction  

FERijk = forage x enzyme x run interaction  

Eijkl= experimental error.  

A 2 (cows) x 5 (enzyme rates) factorial design of treatments with two replicates per 

treatment was used to determine the in situ DM degradability of each hay.  The data from 
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each hay were analyzed separately due to the fact that they were not incubated 

simultaneously.  The data were analyzed using the GLM procedure of SAS v8 (2002). 

Fourth order polynomial contrasts were used to test the effect of increasing enzyme 

application rate.  The model used to analyze individual treatment effects was:  

Yij = µ + Ei + Cj + ECij + Eijk  

where:  

µ= general mean  

Ei = effect of enzyme rate  

Cj = effect of cow  

ECij = enzyme x cow interaction 

Eijk= experimental error.  

Significance was declared at P < 0.05 and tendencies at P < 0.10.  

Results 

Chemical Composition 

The DM concentrations were 909, 916 and 910 g/kg, the ash concentrations were 

59, 45 and 48 g/kg of DM, and the CP concentrations were 65, 63 and 73 g/kg of DM for  

BAH, C-B, and T-85 respectively.  The concentration of WSC and cell wall components 

differed among forage species and cultivar (Table 3-1).  Across enzyme application rates 

BAH had more WSC and ADF and less NDF, hemicelluose and lignin than the 

bermudagrasses.  Also, T-85 contained a greater concentration of NDF, ADF and lignin, 

and less hemicellulose and WSC than C-B. 

Across the three hays, enzyme application reduced NDF, ADF and hemicellulose 

concentrations (P < 0.001), and increased WSC (P = 0.012) concentration.  However, the 

NDF, ADF, hemicellulose and lignin responses depended on forage species and cultivar 
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(P < 0.05).  The reductions in NDF and hemicellulose concentrations were linear for 

BAH and C-B, but not for T-85.  The reductions in ADF concentration were linear for 

BAH, and nonlinear for the bermudagrasses.  Enzyme application modified the lignin 

concentration of BAH and C-B (P < 0.05), but the effects were practically insignificant 

(Table 3-1). 

Free ether-linked ferulic acid concentrations were greater in the bermudagrasses 

than BAH with nearly all the differences due to T-85 (Table 3-2).  Free ether-linked p-

coumaric acid concentration was greater in T-85 than C-B.  Free ester-linked ferulic acid 

concentrations were greater in BAH than in the bermudagrasses and less in T-85 than C-

B.  In contrast free ester-linked p-coumaric acid was greater in bermudagrasses than 

BAH, and greater in T-85 than C-B.  

Increasing the enzyme application rate linearly increased free ether-linked ferulic 

acid concentration across hays.  This was largely due to increased release of free ether-

linked ferulic acid from T-85 as enzyme rate increased.  The concentration of free ether-

linked p-coumaric acid was unaffected by enzyme application.  Release of free ester-

linked ferulic acid from BAH also increased (P = 0.002) as enzyme application rate 

increased.  Increasing the enzyme application rate increased the release of free ester-

linked p-coumaric acid from BAH but did not increase thatof the bermudagrasses.   

In Vitro Disappearance and Digestibility Study 

There were few species- related differences in DM disappearance of forage samples 

incubated for 6, 24 or 48 h, but the 6-h DM disappearance of T-85 was greater than that 

of C-B.  The 96-h rumen fluid-pepsin IVDMD coefficients were slightly greater in the 

bermudagrasses than BAH.   
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Increasing the rate of enzyme application resulted in linear increases in the DM 

disappearance of the hays after 6 h (P = 0.001) or 24 h (P = 0.03) of incubation (Table 3-3).

However, the response differed (P = 0.001) for bermudagrass cultivars at 6 h in that 

it was linear (P=0.001) for T-85 and quadratic (P = 0.02) for C-B. Though the data 

suggests a linear increase in 24-h DM disappearance across forages as enzyme 

application increased, the response only existed (P < 0.05) for BAH.  There was no effect 

of enzyme level on the 48-h DM disappearance of BAH or T-85, but there was a linear (P 

= 0.05) increase in the values for C-B (Table 3-3).  

 There was a cubic increase (P > 0.001) in 96-h rumen fluid-pepsin IVDMD across 

hays as enzyme application increased and the values peaked at the 2 g/kg DM rate (Table 3-3).

However, the response was cubic for BAH and T-85, while it was quadratic for C-B.  

As enzyme application rate increased, there was a linear (P = 0.02) increase in   

6-h NDF disappearance (IVNDFD) of T-85, but this trend was not evident in the other 

forages (Table 3-4).  Increasing the enzyme application rate linearly (P = 0.002) 

increased the mean 24-h IVNDFD of hays, largely due to linear (P = 0.01) increase in the 

24-h IVNDFD of BAH.  Enzyme application did not affect the 48-h IVNDFD of the 

hays. 

In Situ Study 

 Increasing the rate of enzyme application increased the wash value of BAH (P = 

0.001), C-B (P = 0.001) and T-85 (P = 0.006; Table 3-5), and modified the potential and 

total degradable fractions and effective degradability of C-B (P < 0.05).  The rate of 

degradation was modified (P = 0.012, quartic) for T-85 and there was a quadratic 
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increase in the duration of the lag phase of C-B (P = 0.003) with increasing enzyme 

application.   

Discussion 

It is well established that as forages mature there are marked decreases in CP and 

digestibility due to increased fiber deposition and lignification (Jung and Allen, 1995).  

The bermudagrasses used in the current study were more mature and therefore contained 

less CP and more NDF, ADF and hemicellulose than the 2 to 7 wk regrowth of T-85 and 

C-B examined by Mandebvu et al. (1999b).   However such mature forages are often fed 

to beef cattle in the winter in Florida, therefore they were intentionally chosen for this 

study. 

 Bahiagrass and bermudagrasses (BERM) varied in chemical composition.  

Typically BAH has a greater ADF concentration than BERM (Evers et al., 2004).  

Mandebvu et al. (1999b) reported that 3 to 7 wk regrowth of T-85 contained greater 

concentration of NDF and ADF and less lignin free ether-linked FA and P-coumaric acid 

concentrations than C-B at the same maturity stages.  The lower concentration of ether-

linked FA in T-85 is indicative of fewer cross-links between hemicellulose to lignin, such 

that there is potentially less inhibition of fiber digestion by microbes.  In the current study 

C-B contained the lowest concentration of NDF, ADF and lignin followed by BAH then 

T-85.  Hemicellulose concentration was greatest for C-B followed by T-85 and then 

BAH.  The free phenolic acid concentrations of the forages were lowest for the BAH 

followed by C-B and then T-85.  The concentrations of cell wall components in the 

bermudagrasses in this study differed from those in the literature (Mandebvu et al., 

1999a, b) due to differences in maturity.  The lower quantities of lignin and greater 

quantities of hemicellulose in C-B meant there was less lignified tissue and greater 
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amounts of hemicellulose in the forage.  Consequently, C-B had greater 6-h and 96-h 

IVDMD than the other forages. 

Enzyme treatment of the forages resulted in reductions of NDF, ADF and 

hemicellulose concentrations and corresponding increases in WSC concentrations.  This 

suggests that the enzyme cleaved cell wall polysaccharides, releasing sugars after 24 h of 

treatment but prior to incubation in rumen fluid.   This agrees with Krause et al. (1998) 

who suggested that the application of enzymes to feeds could potentially solubilize NDF 

and ADF.  Others also have noted that a pre-feeding enzyme-feed interaction is necessary 

for increases in digestion to be seen (Lewis et al., 1996; McAllister et al., 1999; Wang et 

al., 2001).   

Enzyme application increased the release of ether-linked ferulic acid from T-85 and 

release of ester-linked ferulic acid and p-coumaric acid from BAH.  This is consistent 

with research from Anderson et al. (2005) who found that D740L application increased 

the release of free phenolic acids from 8-wk regrowth of T-85 and C-B as compared to 

buffer alone.  Yu et al. (2003, 2005) demonstrated that in synergy with cellulases and 

xylanases, ferulic acid esterases can break linkages between ferulic acid and 

hemicellulose components.  This makes cell wall-bound digestible carbohydrates more 

accessible to fibrolytic enzymes.  The release of phenolic acids reinforces the idea that 

enzyme treatment of C4 grasses prior to ingestion can increase pre-ruminal hydrolysis of 

the forage cell wall. The lack of effectiveness of enzyme treatments on ether-linked p-

coumaric acid can be attributed to the fact that p-coumarate ethers are linked only to 

lignin and do not form cross-linkages with polysaccharides (Lam et al., 1992; Jung and 

Allen, 1995). 
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Depol 740L application increased the 6, 24, and 96 h IVDMD of the forages, but 

many of these responses were not due to increased NDF disappearance.  Rather, they 

were due to increased preruminal NDF, ADF and hemicellulose hydrolysis and release of 

ferulic acid.  The greater DMD at 6, 24 and 48 h for C-B than T-85 can be attributed to 

lower concentrations of ether and ester-linked ferulic acid in C-B than T-85.  This agrees 

with Mandebvu et at. (1999b) in that lower concentrations of ether-linked ferulic acid can 

account for greater digestibility of forages.   

Feng et al. (1996) reported that fibrolytic enzyme treatment resulted in greater 

IVDMD and IVNDFD values for smooth bromegrass (Broma inermis).  Similar results 

were also reported by Varel et al. (1993) and Nsereko et al. (2000). Application of D670L  

to 12-wk regrowth of C-B also increased IVDMD and IVNDFD (Chapter 4), though that 

enzyme contained less esterase activity (7 U/ml), more cellulase (1200 U/g) and 

endogalacturonase activity (800 U/g) than the enzyme used in this study.  

The increase in the washing loss fraction and 6-h DM disappearance were 

consistent across forages and is also indicative of preruminal enzymatic hydrolysis 

(Lewis et al., 1996; Wang et al., 2001, 2004; Colombatto et al., 2003a,b; Yu et al., 2005).  

The increased 24-h DM disappearance suggests that enzyme application may increase the 

rate of digestion of grasses (Yang et al., 1999), but this was not confirmed by the in situ 

degradability analysis at the linear, quadratic or cubic level.  It is pertinent to note that a 

quartic (P < 0.05) increase in degradation rate was detected occasionally as enzyme 

application rate increased, but the biological interpretation of this response is not clear.  

The increases in 96-h IVDMD following enzyme treatment suggests that adding 

fibrolytic enzymes to forage can improve the extent of fiber digestion as noted elsewhere 
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(Beauchemin et al., 1995; Feng et al., 1996; Wang et al., 2004).  However, the magnitude 

of the increase was small.  The IVDMD at 96 h was lower than the 48 h in vitro 

disappearance values largely due to losses of undigested substrate through the pores of 

the ANKOM bags (Adesogan et al., 2005; Wilman and Adesogan, 2000).   

This study supports previous work  showing that mixtures of ferulic acid esterase 

and xylanase can break linkages between sugars and ferulic acid in the cell wall (Ferreira 

et al., 1993; Faulds and Williamson, 1994, 1995; Kroon and Williamson, 1999; Yu et al., 

2003, 2005).  Therefore, there seems to be a synergistic effect between ferulic acid 

esterase, xylanase and cellulose that can increase the digestibility and degradation of low 

nutritive value tropical forages (Yu et al., 2005).  However, the improvement in the 

extent of digestion was marginal, therefore the potential of using other enzyme mixtures 

to improve the digestibility of tropical grasses should be explored. Additionally, further 

research should be conducted to determine the contributions of individual enzymes in 

enzyme mixtures to digestibility to further elucidate the synergistic effects of enzymes on 

the forage digestion.  

Implications 

Application of the D740L enzyme enhanced cell wall hydrolysis and 96-h IVDMD 

across hays.  The 6-h IVDMD of the bermudagrasses and the 6-h IVNDFD of C-B were 

also increased by enzyme treatment.  Increasing the rate of enzyme application also 

increased the in situ wash-loss fraction and enhanced the release of WSC, ether-linked 

ferulic acid from T-85 and ester-linked ferulic and p-coumaric acids from BAH. These 

results indicate that the enzyme increased cleavage of cell wall polysaccharides and 

release of phenolic acids, and consequently enhanced digestibility.  However the 

responses differed with forage species and cultivar, and they were more pronounced in 
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the bermudagrass species.  Since the enzyme-induced improvement in digestibility was 

small, further research should examine the potential for markedly improving the digestion 

of C4 grasses with other fibrolytic enzyme preparations. 
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Table 3-1.  Effect of enzyme application on cell wall and water soluble carbohydrate (WSC) concentration of tropical grass hays, g/kg 
 Enzyme application rate Mean SEM Enzyme Forage effecta,b Forage*Enzyme effecta,b 

Item 0% 0.5% 1% 2% 3%   Rate 

effectb 
BAH v. 
BERM 

C-B v. 
 T-85 

BAH v. 
BERM 

C-B v.  
T-85 

NDF           
BAH 814 807 824 797 787 806 4.1 0.002 L    
C-B 805 804 805 798 786 800 2.5 0.001 L    
T-85 889 877 886 868 866 876 2.4 NS    
Mean 836 829 839 821 813  3.1 0.001 L <0.0001 <0.0001 0.001 0.002 
ADF        
BAH 419 417 422 411 406 415 2.2 0.042 L    
C-B 362 362 360 360 357 360 1.8 0.001 Q    
T-85 473 463 471 460 459 465 1.8 0.022 C    
Mean 418 414 418 410 407  0.9 0.001 L <0.0001 <0.0001 0.019 0.047 
Hemicellulose      
BAH 395 390 402 386 381 391 2.9 0.006 L    
C-B 444 442 444 438 430 440 2.8 0.001 L    
T-85 416 414 415 408 407 412 2.2 0.005 Q    
Mean 418 416 421 410 406  1.3 0.001 L <0.0001 <0.0001 0.0001 0.032 
WSC           
BAH 22.7 21.2 23.2 27.0 20.5 22.9 3.8 NS    
C-B 11.5 10.7 21.8 18.4 9.9 14.4 2.3 0.004 Q    
T-85 5.1 5.4 8.4 5.0 5.6 5.9 0.7 0.007 Q     
Mean 13.0 12.4 17.8 16.9 12.0  2.6 0.012 Q <0.0001 <0.0001 NS NS 
Lignin           
BAH 61.3 60.1 65.8 58.4 66.1 62.4 0.9 0.020 C    
C-B 59.7 56.6 57.0 54.2 58.0 57.1 0.6 0.015 Q    
T-85 70.8 70.9 71.1 70.8 66.9 70.1 1.4 NS    
Mean 64.0 62.6 64.6 61.1 63.7  0.6 NS 0.049 <0.0001 0.002 0.003 
a BERM = bermudagrass cultivars, BAH = bahiagrass, C-B = coastal bermudagrass, T-85 = Tifton 85 bermudagrass; 
b L = Linear, Q = Quadratic, C = Cubic 
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Table 3-2.  Effect of D740L application on the free ferulic acid and p-coumaric concentration of tropical grass hays, mg/g cell wall. 
 Enzyme application rate Mean SEM Enzyme Forage effecta,b Forage*Enzyme effecta,b 

Item 0% 0.5% 1% 2% 3%   Rate 
effectb 

BAH v. 
BERM 

C-B v. T-85 BAH v. 
BERM 

C-B v. T-85 

Ether-linked ferulic acid       
BAH 1.95 1.42 3.05 2.63 3.30 2.47 0.16 NS    
C-B 2.14 2.75 2.69 2.25 2.28 2.43 0.10 NS    
T-85 4.03 4.68 4.90 4.82 3.92 4.47 0.12 0.005 Q    
Mean 2.71 2.95 3.55 3.23 3.17  0.17 0.031 L <0.0001 <0.0001 NS NS 
Ether-linked p-coumaric acid       
BAH 0.83 2.77 1.42 1.01 1.09 1.42 0.47 NS    
C-B 0.92 1.05 0.99 0.94 0.93 0.96 0.02 NS    
T-85 2.25 2.21 2.39 2.27 1.96 2.22 0.25 NS    
Mean 1.33 2.02 1.61 1.41 1.33  0.38 NS NS 0.005 NS NS 
Ester-linked ferulic acid     
BAH 5.42 7.17 5.80 6.44 7.64 6.49 0.12 0.002 C    
C-B 5.44 6.45 5.99 5.79 5.49 5.83 0.27 NS    
T-85 4.66 4.41 4.14 5.06 3.93 4.44 0.07 NS    
Mean 5.18 6.00 5.31 5.76 5.68  0.22 NS <0.0001 <0.0001 0.016 0.049 
Ester-linked p-coumaric acid   
BAH 5.59 7.22 6.20 6.59 7.31 6.58 0.08 0.001 C    
C-B 6.91 8.11 7.38 7.11 6.78 7.26 0.22 NS    
T-85 8.38 8.33 7.81 8.77 7.69 8.20 0.08 0.010 C    
Mean 6.96 7.88 7.13 7.49 7.26  0.18 NS <0.0001 <0.0001 0.032 0.015 
a BERM = bermudagrass cultivars, BAH = bahiagrass, C-B = coastal bermudagrass, T-85 = Tifton 85 bermudagrass 
b L = Linear, Q = Quadratic, C = Cubic 

 



 

 

48

Table 3-3.  Effect of D740L application on the in vitro 6-h, 24-h and 48-h rumen fluid DM disappearance and 96 h rumen-fluid pepsin 
digestibility of tropical grass hays, g/kg DM. 

 Enzyme application rate Mean SEM Enzyme Forage effecta,b Forage*Enzyme effecta,b 

Item 0% 0.5% 1% 2% 3%   Rate 
effectb 

BAH v. 
BERM 

C-B v. T-85 BAH v. 
BERM 

C-B v. T-85 

6 h            
BAH 133 159 165 156 182 159 9.87 NS    
C-B 180 185 178 207 212 192 6.52 0.02 Q    
T-85 99 113 97 149 159 123 8.81 0.001 L    
Mean 137 152 147 171 184  8.52 0.001 L NS 0.001 NS 0.001 
24 h     
BAH 403 394 417 368 404 398 13.8 0.007 L    
C-B 398 380 399 396 392 492 13.8 NS    
T-85 355 389 358 398 388 377 16.8 NS    
Mean 386 387 391 387 395  14.9 0.03 L NS NS 0.030 NS 
48 h     
BAH 493 502 517 508 507 505 8.24 NS    
C-B 487 484 489 506 510 495 10.4 0.05 L    
T-85 485 481 479 485 497 485 10.9 NS    
Mean 488 489 495 500 505  9.91 NS NS NS NS NS 
96 h            
BAH 398 396 406 424 405 405 5.1 0.005 C    
C-B 443 396 442 473 467 444 6.4 0.010 Q    
T-85 437 435 450 461 449 447 4.3 0.003 C    
Mean 426 409 433 453 440  5.2 0.001 C 0.001 NS 0.033 0.002 
a BERM = bermudagrass cultivars, BAH = bahiagrass, C-B = coastal bermudagrass, T-85 = Tifton 85 bermudagrass 
b L = Linear, Q = Quadratic, C = Cubic 
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Table 3-4.  Effect of D740L application on in vitro NDF disappearance of tropical grass hays, g/kg DM. 

 Enzyme application rate Mean SEM Enzyme Forage effecta,b Forage*Enzyme effect a,b 
Item 0% 0.5% 1% 2% 3%   Rate 

effectb 
BAH v. 
BERM 

C-B v. T-B BAH v. 
BERM 

C-B v. T-B 

6 h            
BAH 26.1 48.0 36.9 41.4 50.0 40.4 10.9 NS    
C-B 56.3 58.3 41.0 75.3 63.9 58.9 7.74 NS    
T-85 41.0 34.7 29.2 61.3 72.4 47.7 8.50 0.02 L    
Mean 41.1 47.0 35.7 59.2 62.1  9.16 NS NS NS NS 0.01 
24 h            
BAH 325 310 330 270 373 322 33.0 0.01 L    
C-B 305 280 299 300 284 294 20.4 NS    
T-85 310 338 304 337 331 324 19.8 NS    
Mean 313 309 311 302 329  25.1 0.002 L NS NS 0.03 NS 
48 h            
BAH 434 445 438 433 423 435 10.5 NS    
C-B 417 415 406 434 421 419 14.6 NS    
T-85 460 449 449 435 454 449 12.8 NS    
Mean 437 436 431 434 433  12.7 NS NS NS NS NS 
a BERM = bermudagrass cultivars, BAH = bahiagrass, C-B = coastal bermudagrass, T-85 = Tifton 85 bermudagrass 
b L = Linear, Q = Quadratic, C = Cubic 
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Table 3-5.  Effect of D740L application on the in situ Dm degradability of tropical grass 
hays. 

Total degradable fraction (A+B), g/kg DM    
BAH 673 687 648 701 707 684 17.3 NS 
C-B 614 605 604 609 624 610 5.73 0.030 Q 
T-85 644 660 611 676 662 651 16.1 NS 

Fractional degradation rate (c), h-1     
BAH 2.32 2.24 2.84 2.17 2.20 2.35 0.27 NS 
C-B 2.93 3.07 3.17 3.07 2.95 3.07 0.14 NS 
T-85 3.03 2.62 3.81 2.70 2.58 2.94 0.30 0.012 Qt 
Lag phase (L), h       
BAH 8.52 8.42 9.72 8.13 5.16 7.98 1.20 NS 
C-B 1.10 1.30 2.90 4.85 0.75 2.20 0.59 0.003 Q 
T-85 8.11 5.96 8.09 5.76 4.34 6.42 1.45 NS 
a BERM = bermudagrass cultivars, BAH = bahiagrass, C-B = coastal     
   bermudagrass, T-85 = Tifton 85 bermudagrass 
b L = Linear,  Q = Quadratic, C = Cubic, Qt = Quartic 

 Enzyme application rate Mean SEM Enzyme 
Itema 0% 0.5% 1% 2% 3%   Rate effectb 
Wash Value (A), g/kg DM      
BAH 118 110 117 132 138 123 3.85 0.001 L 
C-B 86 97 108 124 100 103 3.31 0.001 L 
T-85 66 71 74 117 90 84 6.59 0.006 C 
Potentially degradable fraction (B) g/kg DM    
BAH 554 577 532 569 569 560 17.1 NS 
C-B 527 507 495 485 523 506 7.80 0.001 Q 
T-85 578 589 537 560 572 567 20.1 NS 

Effective degradability, g/kg DM     
BAH 661 673 639 688 691 670 15.0 NS 
C-B 605 596 566 691 615 602 5.1 0.0240 Q 
T-85 634 649 604 665 651 641 14.4 NS 
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CHAPTER 4 
EFFECT OF FIBROLYTIC ENZYME PREPARATIONS CONTAINING ESTERASE, 

CELLULASE, AND ENDOGALACTURONASE ACTIVITY ON THE 
DIGESTIBILITY OF MATURE, TROPICAL GRASS HAYS 

Introduction 

Tropical grasses are the staple diet of most domesticated ruminants in tropical and 

subtropical regions.  Dry matter digestibility and intake of tropical C4 grasses are 

considerably lower than those of their temperate, C3 counterparts (Minson, 1980).  While 

ryegrass (Lolium multiflorum) (C3) typically has a neutral detergent fiber concentration 

(NDF) of  400 g/kg of dry matter (DM) and a lignin concentration of 48 g/kg DM  (NRC 

2000), C4 grasses, like 8-wk regrowthof bermudagrass, may contain 70 to 75 % NDF, 40 

to 45% ADF and 6 to 8 % crude protein on a DM basis (Ball et al., 2002).  Casler and 

Jung (1999) identified ferulic acid cross linkages as key factors that affect the 

digestibility of C3 grasses.  Ferulates and diferulates have been recognized as important 

structural components of plant cell walls (Kroon et al., 1999) and ferulic acid is the most 

abundant hydroxycinnamic acid in the plant world (Faulds et al., 1995).  Such phenolic 

acids are more abundant in C4 grasses than C3 grasses (Akin, 1986; Kroon et al., 1999).  

These ferulates cross link xylans to lignin (Ralph et al., 1994; Grabber et al., 2000) and 

therefore limit the enzymatic degradation of the digestible polysaccharide in the cell 

walls (Hatfield 1993; Jung and Deetz, 1993).  The cross-linkages are also thought to 

cause cell wall stiffening and growth cessation in plants (Musel et al., 1997).  Mandebvu 

et al. (1999) and Hatfield et al. (1997) reported that Tifton 85 bermudagrass was more 

digestible than Coastal bermudagrass because of lower lignin and ether-linked ferulic 
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acid concentrations.  Ferulic acid esterase (FAE) enzymes can cleave off the ferulic acid 

from the cell wall xylans, making the xylans  more readily available to ruminal microbes. 

The addition of FAE to other polysaccharide-degrading enzymes can increase the rate 

and extent of digestion of plant cell walls (Kroon and Williamson, 1999; Yu et al., 2005).  

So far most research on esterase application to forages has been focused on C3 grasses 

and little is known about their potential for enhancing the digestion of C4 grasses.  

Previous work (Chapter 3) demonstrated enhanced cell wall hydrolysis and in vitro DM 

degradability (IVDMD) following application of an enzyme preparation containing a 

mixture of ferulic acid esterase, xylanase and cellulase enzymes.  However, there are 

other enzymes that can potentially degrade plant cell wall polysaccharides.  Therefore, 

the objective of this work was to evaluate the effect of different application rates of an 

enzyme preparation containing ferulic acid esterase (FAE) and other fibrolytic enzymes 

on the digestibility of NDF and DM in bermudagrass and bahiagrass hays. 

Materials and Methods 

Enzymes and Forages 

The enzyme preparation used for this study was Depol 670L (D670L, BioCatalyst, 

Pontypridd, Wales, UK).  Biocatalyst stipulates that D670L is a food-grade enzyme 

containing 8 U/ml of ferulic acid esterase activity, 1200 U/g cellulase and 773 U/g of 

endogalactouranse activity, where the unit is the amount of enzyme which causes the 

release of one micromole of ferulic acid from methyl ferulate per minute at pH 6.0 and 

37oC.  The enzyme was also found to contain cellulase activity of 38.13 filter paper units 

(FPU) with the filter paper reducing sugar assay (Wood and Bhat, 1988), where one filter 

paper unit is the equivalent amount of enzyme required to release exactly 2.0 mg of 

glucose from a 1 x 6 cm piece of filter paper at pH 5.5 at 39oC.  Xylanase activity was 
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found to be 3682.73 µmol/ml/min using 1% birchwood xylan (X-0502, Sigma Chemical 

Company, St. Louis, MO, USA) as a standard according to Baily et al. (1992).   

Transverse sections of  450-kg round bales of 12-wk regrowth of Pensacola 

bahiagrass (BAH) (Paspalum notatum), Coastal (C-B; Cynodon dactylon) and Tifton 85 

(T-85) bermudagrass (Cynodon dactylon) hays from the University of Florida Santa Fe 

Beef Research Unit were removed with a wedge cutter. Grab samples were taken from 

the sections and composited to give a 3-kg (as-is) representative sample of each bale.  

Half of each representative sample was ground to pass through a 1-mm screen in a Wiley 

mill (Arther H. Thomas Company, Philadelphia, PA, USA) and the other half was ground 

through a 4-mm screen for rumen degradability analysis.  Half of each forage sample was 

ground to pass through a 1-mm screen in a Wiley mill (Arther H. Thomas Company, 

Philadelphia, PA, USA) and the other half was ground to pass a 4-mm screen.  The 

enzyme was dissolved in 10 ml of double-distilled water and sprayed at rates of 0, 0.5, 1, 

2, 3 g/100 g DM onto 10-g samples of each forage.  Control samples were sprayed with 

water alone. A 24-h enzyme-substrate interaction period was allowed before analysis of 

in vitro digestion or chemical analysis. 

In Vitro Digestibility and Disappearance 

All treated samples were allowed to air dry for 8 h before being weighed (0.5 g) 

into ANKOM F57 (ANKOM Technologies, Macedon, NY) filter bags in triplicate.  

Sixteen hours later, the samples were incubated in buffered, rumen fluid for 6, 24, and 48 

h in two ANKOM® Daisy II incubators (ANKOM Technologies, Macedon, NY) for 

estimation of in vitro DM disappearance.  Rumen fluid was obtained before feeding from 

two non-lactating, ruminally-fistulated Holstein cows fed 9 kg of bahiagrass hay 

supplemented with 0.4 kg of soybean meal.  This experiment was repeated three 
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consecutive times to account for variations in rumen fluid activity.  The NDF 

concentration of post-incubation residues was measured and NDF disappearance 

(IVNDFD) was calculated.   The Tilley and Terry (1963) two-stage, rumen fluid-pepsin 

technique and modified by Moore and Mott (1974) was also used to estimate 96-h in 

vitro DM digestibility (IVDMD).  

Chemical Analysis 

Neutral detergent fiber (NDF) and acid detergent fiber (ADF) concentrations were 

measured in the samples and digestion residues using the method of Van Soest et al. 

(1991) modified for an ANKOM® 200 Fiber Analyzer (ANKOM Technologies, 

Macedon, NY ,USA) and NDF and ADF digestibility were calculated.  Water soluble 

carbohydrate (WSC) concentration was analyzed using the anthrone method described by 

Ministry of Agriculture, Fisheries, and Food (1986).   

In Situ Rumen Degradability   

The effect of D670L treatment on in situ rumen DM degradability of each hay was 

assessed separately using the polyester bag technique.   The enzyme was dissolved in 40 

ml of double-distilled water and sprayed on to 225-g samples of the hays that had been 

ground to pass through a 4-mm screen, at rates of 0, 0.5, 1, 2 and 3 g/100g DM. Control 

samples were sprayed with water alone. All treated samples were allowed to air dry for 8 

h before being weighed (5 g as treated basis) into nylon bags (10 x 23 cm; pore size 50 

µm; Bar Diamond Inc., Parma, ID).  Sixteen hours later, duplicate samples of each forage 

sample were incubated in each of two cows for 0, 3, 6, 9, 12, 24, 48, 72, 96, and 120 h, 

resulting in four replicates for each forage treatment at each hour. The cows used for this 

study were the same as those used as rumen fluid donors.  The McDonald model (1981) 

was fitted to the in situ data and ruminal degradation parameters were estimated using the 
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nonlinear regression procedure of SAS, version 8 (2002, SAS Institute Inc., Cary, NC).  

The McDonald (1981) model is of the form: 

P= A + B(1-e-c(t-L)) 

where P= DM degraded at time t, A= wash loss, B= potentially degradable fraction, 

A+B= total degradability, c= the rate at which B is degraded, t= time incubated in the 

rumen, and L= lag time.   

Statistical Analysis  

A 3 (forages) x 5 (enzyme rates) factorial design with three replicates per treatment 

was used to examine the effect of enzyme application rate on chemical composition and 

in vitro digestibility. The data were analyzed using the GLM procedure of SAS v8 

(2002). Polynomial contrasts were used to test the effect of increasing enzyme 

application and contrasts were used to compare grass species (BAH v BERM) and 

bermudagrass cultivars (C-B v T-85).  The model used to analyze individual treatment 

effects was:   

Yijkl: µ + Fi + Ej + Rk + FEij + FRik + ERjk + FERijk+ Eijkl  

where:  

µ= general mean  

Fi = forage effect of treatment 

Ej = enzyme rate effect  

Rk= run effect  

FEij = treatment x forage interaction  

FRjk = forage x run interaction  

ERik = enzyme x run interaction  

FERijk = forage x enzyme x run interaction  



56 

 

Eijkl= experimental error.  

A 2 (cows) x 5 (enzyme rates) factorial design of treatments with two replicates per 

treatment was used to determine the in situ degradability of each hay.  The data from 

each hay were analyzed separately due to the fact that they were not incubated 

simultaneously.  The data were analyzed using the GLM procedure of SAS v8 (2002). 

Polynomial contrasts were used to test the effect of increasing enzyme application rate.  

The model used to analyze individual treatment effects was:  

Yij: µ + Fi + Ej + Ck + ECij + Eijkl  

where:  

µ= general mean  

Ei = effect of enzyme rate 

Cj = effect of cow  

ECij = enzyme x forage interaction 

Eij= experimental error.  

Significance was declared at P < 0.05 and tendencies at P < 0.10.  

Results  

Nutritive Value of Untreated Hays 

The crude protein of the forages ranged from 63 to 73 g/kg DM and T-85 had 

greater crude protein concentration than the other hays (Table 4-1).  Neutral detergent 

fiber concentrations ranged from 773 to 864 g/kg DM while ADF concentrations ranged 

from 363 to 473 g/kg DM (Table 4-2).  Forage T-85 contained the greatest concentration 

of NDF and ADF followed by BAH and C-B.  Lignin concentrations ranged from 32 g/kg 

DM in BAH to 51 g/kg DM in C-B and T-85.  The 96-h IVDMD values were greatest in 
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C-B (445 g/kg DM) followed by T-85 (428 g/kg DM) and lowest in BAH (387 g/kg 

DM).  

Cell Wall Composition 

The concentration of NDF differed with forage species and cultivar (P=0.0003, 

Table 4-2).  The bermudagrasses contained more NDF than BAH, and T-85 contained 

more NDF than C-B (45g vs. 36.6 g/kg; P<0.001).  The concentration of ADF did not 

differ between forage species but it was greater in T-85 than in C-B (P<0.001).  

Hemicellulose concentration was greater in the bermudagrasses than BAH, and greater in 

C-B than T-85.  Water-soluble carbohydrate concentration was greater in C-B than T-85, 

but unaffected by grass spp.  Lignin concentration tended to be greater in bermudagrasses 

than BAH, but was similar among bermudagrass cultivars.   

Across hays, enzyme application linearly (P < 0.001) decreased NDF concentration 

and this response was unaffected by species but differed (P = 0.032) between 

bermudagrass cultivars.  Increasing the enzyme application rate increased the ADF 

concentration of BAH (P = 0.046) and T-85 (P = 0.014), decreased the hemicellulose 

concentration of BAH (P = 0.036) and increased the lignin concentration of BAH and C-

B.  Water-soluble carbohydrate (WSC) concentrations of T-85 increased (P = 0.044) as 

the enzyme application rate increased, but those of BAH and C-B were unaffected.      

In vitro Disappearance and Digestibility Study 

There were no specie-related differences in the 6-h in vitro DM disappearance of 

the forages (Table 4-3), but C-B had a greater value than T-85.  Disappearance of DM in 

forages incubated for 24 h or 48 h were similar across spp. and cultivars.  However, 96-h 

IVDMD was greater in the bermudagrasses than BAH, and similar across bermudagrass 

cultivars.  Increasing the enzyme application rate resulted in a linear (P < 0.028) increase 
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in 6-h DM disappearance of BAH and C-B but not T-85.  There was a tendency for a 

linear (P < 0.086) increase in the 24-h DM disappearance of C-B as enzyme application 

rate increased, as well as a linear (P = 0.007) increase in 48-h DM disappearance across 

forages.  Enzyme application also produced non-linear increases (P < 0.05) in the 96-h 

rumen fluid-pepsin IVDMD of BAH and T-85.   

There were no spp.-related differences in the IVNDFD of hays incubated for 6, 24 

or 48 h, but C-B had lower 24- and 48-h in vitro DM disappearance values than T-85 (P 

< 0.001; Table 4-4).  There were non-linear increases (P < 0.01) in the 6-h IVNDFD 

concentration of BAH and C-B but not T-85 as enzyme application increased.  Enzyme 

application did not affect the 24- or 48-h IVNDFD of the hays except for a tendency for a 

linear (P = 0.075) increase in the 48-h IVNDFD of C-B. 

Enzyme Effects on In Situ Degradability 

Increasing the rate of enzyme application increased the wash value of BAH (P = 

0.003), C-B (P = 0.003), and T-85 (P = 0.006; Table 4-5), slightly increased the 

potentially degradable fraction of C-B (P = 0.035), and decreased that of T-85 (P = 

0.002).  Increasing the enzyme application rate also increased the total degradable 

fraction of T-85 (P = 0.036), and the effective degradability of C-B (P = 0.044), and T-

85 (P=0.042).  Enzyme application did not affect the rate of digestion of any of the hays, 

but increased the lag phase of T-85 (P = 0.045).  

Discussion 

The bermudagrasses used in the current study contained less CP and more NDF and 

ADF than the 7-wk regrowth bermudagrasses of Mandebvu et al. (1999b) or the 10-wk 

regrowths of Arthington and Brown (2002) largely because of their maturity (12-wk 

regrowth).  In the Southeastern United States, mature poor quality C4 grasses are 



59 

 

stockpiled or conserved as hay and fed to livestock during the winter.  The advanced 

maturity and C4 photosynthetic pathway of such forages result in poor nutritive value 

which limits animal performance, hence the need for improvement in quality  

Bahiagrass and bermudagrasses (BERM) vary in their chemical composition.  

Typically BAH has a greater ADF concentration than the bermudagrasses (Evers et al., 

2004).  Mandebvu et al. (1999b) showed that 3 to 7 wk regrowth of T-85 contained 

greater concentration of NDF and ADF and less lignin ether-linked FA and P-coumaric 

acid concentrations than C-B at the same maturity stages.  The lower concentration of 

ether-linked FA in T-85 is indicative of fewer cross-links between hemicellulose to 

lignin, such that there is potentially less inhibition of fiber digestion by microbes.  In the 

current study BAH contained the lowest concentration of NDF and hemicellulose, while 

T-85 contained the greatest NDF and C-B contained the greatest concentration of 

hemicelluose.  Additionally, T-85 contained the greatest concentration of ADF followed 

by BAH then C-B.  The phenolic acid concentrations of the forages were lowest for the 

BAH followed by C-B and then T-85.  The concentrations of cell wall components in the 

bermudagrasses in this study differed from those in the literature (Mandebvu et al., 

1999a; b) due to differences in maturity.  

Treatment of the forages with D670L resulted in slight modifications of their cell 

wall concentrations.  Instances where enzyme application increased cell wall 

concentrations probably reflect the presence of active non-fibrolytic enzymes activities or 

loss during handling of sugars or fine particles hydrolyzed from the cell wall by enzymes.  

Krause et al. (1998) also reported that a fibrolytic enzyme, Promote, increased the 

concentration of the cell wall components in whole barley (Hordeum vuldare) grain due 
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to partial hydrolysis of the cell contents prior to incubation in rumen fluid.  The linear 

increase in WSC concentration of T-85 by enzyme action reflects enzymatic hydrolysis 

of hemicellulose prior to incubation in rumen fluid. 

The most noticeable effects of enzyme treatment on in vitro disappearance were 

increases of up to 27 and 40% in the 6-h in vitro DM disappearance (IVDMD) of BAH 

and C-B, respectively, and slight increases of 2 and 4% in the 96-h IVDMD of BAH and 

T-85.  The enzyme-induced increase in 6-h IVDMD can be attributed to similar increases 

in the 6-h in vitro NDF disappearance (Table 4-4).  The increased 6-h IVDMD values 

suggest that D670L treatment increased the initial phase of the digestion of the forages 

which may indicate an increased digestion rate.  Varel et al. (1993), Yang et al. (1999) 

and Colombatto et al. (2003a, b) reported that enzymes increased the rate of fiber 

digestion. Colombatto et al (2003b) also reported increases in IVDMD up to but not after 

6-h of incubation, illustrating that increases in 6-h IVDMD can be indicative of increases 

in the rate of degradation.   The 96-h IVDMD values were lower than the 48-h in vitro 

disappearance values largely because of losses of undigested substrate through the pores 

of the bags incubated in the ANKOM vessels for 48 h (Wilman and Adesogan, 2000; 

Adesogan et al., 2005).   

The enzyme-induced increase in the wash-loss fraction supports the increase in 6 h 

IVDMD due to enzyme treatment and is indicative of pre-ruminal hydrolysis of the 

forage (Wang et al., 2001; 2004).  The minimal enzyme treatment effects on effective 

degradability are consistent with the effects of the enzyme on the extent of DM and NDF 

disappearance in vitro, and the effects of D740L on digestion of the hays (Chapter 3).   
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Enzyme application did not increase the degradation rate of the hays though values 

for most enzyme-treated hays were numerically greater than those for the control.  This 

contradicts the earlier suggestion that enzyme-induced increases in the 6-h IVDMD 

reflect increased degradation rates and also conflicts with previous reports (Feng et al., 

1996; Yang et al., 1999; Nsereko et al., 2000) and the quartic change in degradation rate 

due to D740L treatment (Chapter 3).  Among other factors, these discrepancies are due to 

differences in the forage or feed type and enzyme composition.  For instance D670L has 

less FAE but more cellulase and xylanase than D740L, therefore D670L would be 

expected to be less effective at hydrolyzing phenolic cross linkages in the cell wall that 

impede digestion. Yu et al. (2002 a,b; 2003; 2005) had to compare several combinations 

of xylanase, cellulase, and esterase before finding one which increased the digestibility of 

rice straw DM by more than 10%.  Colombatto et al. (2003b) also reported that the 

efficacy of the enzymes they tested depended on the type of feed substrate.  Therefore 

enzyme efficacy depends on several enzyme- and feed-related factors.  

Combinations of FAE with xylanases and cellulases have cleaved cell wall 

polysaccharides from C3 grasses, cereal grains and their by-products, but no information 

on effects of such enzyme combinations on the digestibility of C4 grasses was found in 

the literature.  This study suggests that such enzyme combinations can increase the initial 

phase of the digestion of tropical forages and minimally increase the extent of digestion. 

The latter indicates that the FAE in the enzyme mixture did not substantially hydrolyze 

phenolic cross linkages in the cell wall.  Therefore, more research on conditions that are  

necessary to optimize the efficacy of FAE enzymes is necessary.  Further research on 
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ideal combinations of xylanase, cellulase and FAE for optimizing the digestion of C4 

grasses is also warranted. 

Implications 

This study demonstrates that application of D670L enhanced the initial phase of the 

digestion of certain tropical grass hays and slightly improved the extent of digestion.  

However, the responses varied with forage species and cultivar and enzyme application 

rate.  Future research should be conducted to elucidate ideal combinations of fibrolytic 

enzymes for optimizing the digestion of tropical forages. 
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Table 4-1.  Chemical composition of hays (g/kg DM or as stated). 
Itema Bahiagrass Coastalb Tifton 85b 

DM (g/kg) 909 916 910 
Ash                59 45 48 
Crude Protein 65 63 73 
Lignin 32 51 51 
IVDMD, 96-h 387 445 428 
a  DM= Dry matter, IVDMD= in vitro dry matter digestibility 
b  Bermudagrass 
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Table 4-2.  Effect of enzyme application on cell wall and water soluble carbohydrate (WSC) concentration of tropical grass hays, g/kg. 
     Effects 
 Enzyme application rate Mean SEM Enzyme Foragea,b Forage*Enzymea,b 

Itema 0% 0.5% 1% 2% 3%   Rate 
effectb 

BAH v. 
BERM 

C-B v. T-85 BAH v. 
BERM 

C-B v. T-85 

NDF           
BAH 787 788 798 773 778 785 2.49 0.061 L    
C-B 794 782 782 778 777 783 2.54 NS    
T-85 843 858 864 850 845 852 2.21 <0.001 L    
Mean 808 810 816 800 800  2.43 <0.001 L <0.001 <0.001 NS 0.032 
ADF        
BAH 424 423 427 422 424 423 1.56 0.046 L    
C-B 368 365 367 363 364 366 1.56 NS    
T-85 429 468 473 463 463 459 3.62 0.014 L    
Mean 407 418 422 416 417  2.39 0.002 L NS <0.001 NS 0.006 
Hemicellulose      
BAH 363 366 372 351 354 361 1.49 0.036 Q    
C-B 426 418 415 414 412 417 1.41 NS    
T-85 414 390 392 387 382 393 3.72 NS    
Mean 401 391 393 384 383  3.09 0.059 Q <0.001 <0.001 NS 0.079 
WSC          
BAH 6.0 5.7 6.7 5.8 8.6 6.6 0.81 NS    
C-B 8.9 6.7 7.9 7.4 9.7 8.1 1.15 NS    
T-85 3.6 6.4 3.7 6.1 7.7 5.5 0.48 0.044 L    
Mean 6.2 6.3 6.1 6.4 8.7  1.11 NS NS 0.038 NS NS 
Lignin          
BAH 32.2 35.4 39.9 33.2 51.1 38.3 2.98 0.074 C    
C-B 51.4 82.3 77.5 69.0 67.2 69.5 2.89 0.012 L    
T-85 51.2 59.5 55.9 48.5 49.8 52.9 3.83 NS    
Mean 44.8 59.5 57.8 49.1 56.1  4.41 NS 0.093 NS NS 008 
a BERM = bermudagrass cultivars, BAH = bahiagrass, C-B = coastal bermudagrass, T-85 = Tifton 85 bermudagrass 
b L = Linear, Q = Quadratic, C = Cubic, NS = not significant 
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Table 4-3  Effect of D670L application on the 6-, 24- and 48-h rumen fluid disappearance and 96-h rumen-fluid pepsin digestibility of 
tropical grass hays, g/kg DM. 

    Effects 
 Enzyme application rate Mean SEM Enzyme Foragea,b Forage*Enzymea,b 

Itema 0% 0.5% 1% 2% 3%   Rate 
effectb 

BAH v. 
BERM 

C-B v. T-85 BAH v. 
BERM 

C-B v. T-85 

6 h            
BAH 135 155 169 188 178 165 3.48 0.009 L    
C-B 176 195 204 205 224 201 3.71 0.028 L    
T-85 103 110 122 143 146 125 3.24 NS    
Mean 138 154 165 179 182  4.49 0.001 L NS <0.001 0.052 0.030 
24 h     
BAH 367 395 389 399 408 392 6.43 NS    
C-B 363 410 390 413 420 399 6.73 0.086 L    
T-85 373 368 376 388 389 379 4.24 NS    
Mean 368 391 385 399 406  7.62 NS NS NS NS NS 
48 h     
BAH 494 502 513 520 521 510 3.35 NS    
C-B 480 487 496 504 512 496 5.57 NS    
T-85 486 478 481 508 506 492 3.51 0.016 L    
Mean 487 489 497 511 513  5.51 0.007 L NS NS NS NS 
96 h            
BAH 387 396 395 396 379 390 5.38 0.018 Q    
C-B 445 446 441 434 439 441 3.29 NS    
T-85 428 436 446 431 446 437 1.78 0.033 C    
Mean 420 426 427 420 421  3.37 NS <0.001 NS 0.064 0.038 
a BERM = bermudagrass cultivars, BAH = bahiagrass, C-B = coastal bermudagrass, T-85 = Tifton 85 bermudagrass 
b L = Linear, Q = Quadratic, C = Cubic, NS = not significant 
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Table 4-4.  Effect of D670L application on in vitro NDF disappearance (g/kg) of tropical grass hays. 
    Effects 
 Enzyme application rate Mean SEM Enzyme Foragea,b Forage*Enzymea,b 

Itema 0% 0.5% 1% 2% 3%   Rate 
effectb 

BAH v. 
BERM 

C-B v. T-85 BAH v. 
BERM 

C-B v. T-85 

6 h            
BAH 15 26 53 37 37 34 3.18 <0.001 Q    
C-B 46 41 51 38 59 47 2.89 0.005 Q    
T-85 19 17 30 41 34 28 3.57 NS    
Mean 27 28 45 39 43  3.21 <0.001 Q NS NS NS 0.077 
24 h            
BAH 270 300 300 297 302 293 6.21 NS    
C-B 254 294 272 289 304 283 7.44 NS    
T-85 303 306 316 330 315 314 4.18 NS    
Mean 276 300 296 305 307  6.09 NS NS <0.001 0.049 NS 
48 h            
BAH 417 422 435 434 442 430 2.99 NS    
C-B 397 392 403 409 422 405 4.79 0.075 L    
T-85 414 433 437 457 450 438 6.74 NS    
Mean 409 416 425 433 438  5.08 NS NS <0.001 0.095 NS 
a BERM = bermudagrass cultivars, BAH = bahiagrass, C-B = coastal bermudagrass, T-85 = Tifton 85 bermudagrass 
b L = Linear, Q = Quadratic, C = Cubic, Qt = Quartic, NS = not significant 
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Table 4-5.  Effect of D670L application on the in situ rumen DM degradability of tropical 
grass hays. 

 Enzyme application rate Mean SEM Enzyme 
Itema 0% 0.5% 1% 2% 3%   rate effectb 

Wash Value (A), g/kg DM      
BAH 86 76 93 98 84 87 3.72 0.003 C 
C-B 88 75 70 78 97 81 1.89 0.001 Q 
T-85 73 82 92 119 90 91 4.99 0.006 C 
Potentially degradable fraction (B),  g/kg DM    
BAH 571 570 551 544 586 565 16.2 NS 
C-B 525 532 537 529 515 528 6.52 0.035 Q 
T-85 614 607 575 591 573 592 7.95 0.002 L 
Total degradable fraction (A+B), g/kg DM    
BAH 657 646 644 642 670 652 6.27 NS 
C-B 612 606 607 607 612 609 5.75 NS 
T-85 687 689 667 712 664 683 8.00 0.036 C 
Effective degradability, g/kg DM     
BAH 282 276 308 281 277 285 15.9 NS 
C-B 297 304 299 292 318 302 6.46 0.044 C 
T-85 323 328 369 334 358 342 10.9 0.042 L 
Fractional degradation rate (c), %/h      
BAH 2.39 2.45 3.32 2.47 2.27 2.58 0.41 NS 
C-B 3.20 3.50 3.38 3.22 3.51 3.36 0.19 NS 
T-85 3.24 3.24 4.62 2.73 4.04 3.57 0.39 NS 
Lag phase (L), h       
BAH 5.75 6.30 7.54 4.56 6.20 6.07 0.57 NS 
C-B 3.75 4.43 4.11 3.52 4.52 4.06 0.47 NS 
T-85 3.83 4.18 5.25 2.65 7.81 4.74 0.93 0.045 C 
a BERM = bermudagrass cultivars, BAH = bahiagrass, C-B = coastal     
   bermudagrass, T-85 = Tifton 85 bermudagrass 
b L = Linear,  Q = Quadratic, C = Cubic, Qt = Quartic, NS = not significant 
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CHAPTER 5 
THE EFFECT OF DIFFERENT COMBINATIONS OF FERULIC ACID ESTERASE, 

CELLULASE AND XYLANASE ON THE NUTRITIVE VALUE OF MATURE 
BAHIAGRASS 

Introduction  

Tropical grasses are typically of poor quality because they contain higher 

concentrations of phenolic compounds and lignin than temperate grasses (Akin, 1986).  

Yet such C4 grasses are the mainstay of ruminant livestock production in warm climates. 

The cross-linking of lignin with cell wall polysaccharides through ferulic acid bridges is 

thought to be the mechanism by which lignin limits cell wall digestion in plants (Jung 

and Allen, 1995).  Ferulic acid esterases (FAE) are known to release ferulic acid (FA) 

from arabinose side chains of hemicellulose (Faulds and Williamson, 1994), which 

allows for further degradation of the cell wall by other polysaccharidases.  The addition 

of FAE to other cell wall-degrading enzymes, like xylanase and cellulase, produces a 

synergistic effect on the degradation of plant cell walls (Faulds and Williamson 1995; 

Bartolome et al., 1997; Yu et al., 2002a, ;, 2003; 2005), due to increased accessibility to 

digestible cell wall components by rumen microorganisms.  Previous research (Chapters 

3 and 4) showed that commercially-available FAE enzymes alsocontaining other enzyme 

activities, improved the initial phase of the digestion of C4 grasses and slightly increased 

or did not affect the extent of digestion.  Therefore there is a need to determine the best 

ratio of FAE and other fibrolytic enzymes for optimizing the digestion and utilization of 

C4 grasses in ruminant livestock.  The objectives of this study were to determine the best 

combination of FAE, cellulase and xylanase for hydrolyzing mature bahiagrass in the 
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absence of rumen fluid, and to evaluate the effects of the best multienzyme cocktails on 

the digestibility and fermentation of the forage in the presence of rumen fluid. 

Materials and Methods 

 Forage and Enzymes 

A representative sample (3 kg) of 12-wk regrowth of Pensacola bahiagrass (BAH) 

(Paspalum notatum) was sampled from 450-kg round bales at the University of Florida, 

Santa Fe Beef Research Unit, Alachua, FL.  The forage was the same bahiagrass used in 

Chapters 3 and 4.  It contained 909 g/kg DM, 65 g/kg DM of crude protein, 814 g/kg DM 

NDF and 61 g/kg DM lignin.  The 3-kg sample was ground to pass through a 1-mm 

screen in a Wiley mill and stored in air-tight plastic bags.  

Pure FAE from Clostridium thermocellum and xylanase A (XYL) from 

Orpinomyces spp. were obtained from Dr. Shin Li of the National Center for Agricultural 

Utilization Research-USDA-ARS (Peoria, IL).  The FAE was prepared according to 

Blum et al. (2000) and had an activity of 10.5 U/ml, where one unit of activity is defined 

as micromoles of ferulate released per minute from 2 mM methyl ferulate at pH 6.5 and 

50oC.  The XYL was prepared according to Li et al. (1997) and had an activity of 5500 

U/ml, where one unit of activity is defined as micromoles of xylose released per minute 

from 1% oat spelt xylan substrate at pH 6.5 and 50oC.  Cellulase (CEL) from Aspergillus 

spp. was obtained from Sigma (product # C2605, Sigma–Aldrich, St Louis, MO, USA).  

This product had an activity of 5259 U/g.  

Experiment 1: Enzymatic DM Disappearance 

In order to determine the best multienzyme cocktail for hydrolyzing mature BAH 

cell walls, CEL, XYL and FAE were mixed in different ratios and evaluated.  Each 

enzyme was applied at 0, 0.5, 1 and 2 g per 100 g of forage DM and all possible 
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combinations of the enzymes and the four application rates were evaluated (Table 6.1).  

Each multienzyme combination was dissolved in 25 ml of citrate-phosphate buffer (pH 

6.0) and added to 100-ml beakers containing 0.5 g of bahiagrass hay in triplicate.  In 

addition to the buffered-multienzyme mixture, 12.5 ml of double-distilled water and 12.5 

ml of sodium azide solution (0.4% w/v) was added to each beaker and stirred.  Control 

samples received 25 ml of buffer, 12.5 ml of double-distilled water, and 12.5 ml of 

sodium azide solution.  The sodium azide solution was added to prevent microbial 

degradation of the substrate.  All samples were incubated in a thermostatically controlled 

incubator at 39oC overnight (24 h) and then filtered through preweighed filter paper 

(Paper no. Q8, Fisher Scientific, Pittsburgh, PA) under low suction.  The residue was 

rinsed with 50 ml of double-distilled water to remove the solubilised material, dried 

overnight at 105oC and weighed to determine the percent DM disappearance.  All 

treatments were evaluated in triplicate and the experiment was repeated three times 

yielding nine replicates per treatment. 

Experiment 2: In Vitro Fermentation and Degradability 

This experiment compared the effects of the two most promising multienzyme 

cocktails from the previous experiment and D740L (BioCatalyst, Pontypridd, Wales, UK) 

on the in vitro fermentation and digestion of BAH in rumen fluid.  Treatments included a 

control (no enzyme), D740L (1g per 100 g of DM), and multienzyme cocktails 2-2-0 and 

2-2-1 which contained 2% CELL, 2% XYL and 0% or 1% FAE, of forage DM  

respectively.  The D740L contained 32 U/ml FAE activity, 20.78 filter paper units of 

cellulase activity, and 8701.85 U/ml of xylanase activity as described in Chapter 3.    

The in vitro DM degradation and fermentation of enzyme-treated BAH was 

measured using the automated, wireless gas production system of Adesogan et al. (2005). 
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Each enzyme cocktail was diluted into 1 ml of citrate phosphate buffer (pH 6.0) and 

added to 250 ml culture bottles ( # 064141B Fisher Scientific, Pittsburgh, PA) containing 

0.5 g of bahiagrass.  Rumen fluid was collected by aspiration before the morning feeding 

from two non-lactating, non-pregnant, Holstein cows fed Coastal bermudagrass hay ad 

libitum and 900 g/day of soybean meal. The rumen fluid was filtered through two layers 

of cheesecloth and immediately transported in a pre-warmed thermos flask to the 

laboratory where it was mixed (1:2 ratio) under a CO2 stream with a warm (39oC) 

McDougal's artificial saliva (Tilley and Terry 1963).  For each treatment, 40 ml of the 

rumen fluid/artificial saliva solution was added to the contents of each culture bottle in 

quintuplicate, under a CO2 stream while the bottles were in a 39oC water bath.  Each 

bottle was fitted with a pressure sensor/bottle cap assembly and placed in an incubator at 

39oC.  Pressure sensors were set to measure pressure hourly for durations of 24 or 96 h. 

After the fermentation, contents of the culture bottles were filtered through Whatman no. 

541 filter paper (# 09851D Fisher Scientific, Pittsburgh, PA). The residues were dried at 

60oC overnight to determine DM digestibility and a 5 ml sub sample of filtrate was 

collected and frozen for later VFA analysis.  The neutral detergent fiber (NDF) 

concentration of the substrates and digestion residues were analyzed using the method of 

Van Soest et al. (1991) in an ANKOM® 200 Fiber Analyzer (ANKOM Technologies, 

Macedon, NY, USA) and NDF digestibility was calculated.   

The frozen filtrate was centrifuged at 4oC at 12000 rpm (8000 x g) for 15 min.  The 

supernatant was analyzed for VFA using a High-Performance Liquid Chromatograph 

(Hitachi®, FL 7485, Tokyo, Japan) coupled to an auto sampler (Hitachi®, L 7200, 

Tokyo, Japan) and a UV Detector (Spectroflow 757, ABI Analytical Kratos Division, 



72 

 

Ramsey, NJ) set at 210 nm. Twenty µl of supernatant was injected into a Bio-Rad 

Aminex HPX-87H (Bio-Rad Laboratories, Hercules, CA) column with a 0.015M sulfuric 

acid mobile phase and a flow rate of 0.7 ml/min at 45°C.  

A linear model was fitted to the 24-h gas production data using the regression 

procedure of SAS v8 (2002, SAS Institute Inc., Cary, NC).  The model is of the form: 

Y = A + Bx 

where Y= gas pressure at time x, A= immediately fermentable fraction, B= rate of 

fermentation, x= time incubated.  The exponential model of McDonald (1981) was fitted 

to the 96-h gas production data using the nonlinear procedure of SAS v8 (2002; SAS 

Institute Inc., Cary, NC). The model is of the form: 

P = A + B(1-e-c(t-L)) 

where P = gas pressure at time t, A= immediately fermentable fraction , B= potentially 

fermentable fraction, A+B= total fermentability, c= the rate at which B is fermented, t= 

time incubated, and L= lag time.    

Statistical Analysis 

A completely randomized design with three replicates per treatment and three runs 

was used to determine the effects of the multienzyme cocktails on DM disappearance in 

Experiment 1.  A similar design with six replicates per treatment and two runs was used 

for the in vitro gas fermentation kinetics, DM and NDF digestibility and VFA production 

in Experiment 2.  The GLM procedure of SAS v8 (2002) was used to analyze the data.   

The model was: 

Yijk: µ + Ti + Rj + TRij + Eijk  

where:  

µ = general mean  
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Ti = treatment effect  

Rj = run effect on treatment 

RTij = treatment x run interaction  

Eijk= experimental error 

The DM disappearance resulting from each multienzyme treatment in Experiment 1 

was compared to that of the control treatment using the Dunnet’s test.  Contrast 

statements were used to compare the gas production, VFA, and digestibility data for 

treated versus control samples in Experiment 2. 

Results 

Experiment 1: Enzymatic DM Disappearance  

The effects of the multienzyme cocktails on the DM disappearance of BAH are 

shown in Table 5-1.  The greatest increases in DM disappearance occurred with 

treatments numbered 22 (2-2-0) and 24 (2-2-1) which contained 2% of CEL and 2% of 

XYL with 0% or 1% of FAE, respectively.  Treatment number 11 which contained 1% 

CEL, 2% XYL and 0.5% FAE increased the enzymatic DM disappearance of the forage 

to a lesser degree. 

Experiment 2: In vitro Fermentation and Digestibility 

After 24 h of substrate incubation in rumen fluid all enzyme treatments decreased 

(P < 0.001) acetate concentration and increased (P < 0.05) the propionate concentration, 

resulting in a decrease (P < 0.0001) in acetate to propionate ratio (A:P) (Table 5-2). Iso-

butyrate and iso-valerate concentrations were increased (P < 0.01) by the 2-2-1 and 

D740L treatments, and all enzyme treatments increased (P < 0.01) butyrate and valerate 

concentrations.  Acetate, propionate, A:P, and butyrate concentrations were unaffected (P 

> 0.05) by treatment in forages incubated for 96-h (Table 5-3). However, 2-2-0 tended to 
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decrease (P = 0.0679) acetate concentration and D740L tended to decrease acetate 

concentration (P = 0.0809) and increase propionate (P = 0.0799) concentration.  

Treatment 2-2-1 increased the iso-butyrate, iso-valerate and valerate concentrations.  

Enzyme application of 221 or D740L tended to decrease (P > 0.05) 24 h DM 

digestibility (DMD) whereas 220 and D740L decreased DMD at 96 h(Table 5-4).  All 

enzyme treatments also decreased (P < 0.05) the NDF digestibility (NDFD) of hays 

incubated for 24 h (Table 5-5).  Treatment with 2-2-0 and D740L also decreased NDFD 

of samples incubated for 96 h (Table 5-5). 

Application of D740L decreased (P = 0.02) the fermentation rate of samples 

incubated for 24 h (Table 5-6).  All enzyme treatments decreased (P < 0.0001) the lag 

phase of such forage samples, but 2-2-1 increased the gas pool volume (P = 0.005).  All 

enzyme treatments increased (P < 0.05) the immediately fermentable fraction of samples 

incubated for 96 h, but the potentially fermentable fraction and fermentation rates of such 

forage samples were unaffected by enzyme treatment (Table 5-7).  The total fermentable 

fraction and lag phase of samples incubated for 96 h were decreased (P < 0.05) by D740L 

and 2-2-0, respectively.  

Discussion  

Limited research has been conducted on improving the digestibility of mature 

tropical hays with enzymes.  Such poor quality forage is sometimes all that is available 

for winter-feeding of beef cattle in the southeast and many tropical countries.  This study 

indicates that the DM disappearance in the absence of rumen fluid and the fermentation 

of BAH in rumen fluid were improved by appropriate combinations of CEL, XYL and 

FAE, though the rate and extent of digestion in rumen fluid were not improved.  The 2-2-

1 multienzyme cocktail resulted in the greatest DM disappearance after 24 h of 
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incubation.  This supports previous work that states that FAE and other cell wall-

degrading enzymes can synergistically act to disrupt the ferulic acid-cross-linked 

complex cell wall polysaccharides in forages, making cell wall-bound digestible 

carbohydrates more accessible to fibrolytic enzymes (Yu et al., 2002a, b; 2003; 2005).  

The fact that the increase in DM disappearance occurred in the absence of rumen fluid 

indicates that this enzyme mixture can hydrolyze bermudagrass cell walls prior to 

ingestion and digestion.  Though this suggests that the 2-2-1 treatment can be used as an 

additive for digestibility, the magnitude of the improvement was too small for practical 

adoption. 

Volatile fatty acid concentrations were altered by addition of multienzyme cocktails 

to the BAH forage.  The lower A:P ratio of enzyme-treated substrate after 24-h 

incubation indicates that the enzymes made the fermentation more gluconeogenic as 

opposed to lipogenic, and hence improved the efficiency of the fermentation   This was 

likely due to fermentation of sugars released by enzymatic cell wall hydrolysis.  This 

result also agrees with Dawson and Tricarico (1999) who noted that enzyme mixtures 

containing cellulase were more inclined to alter the relative proportions of VFA resulting 

in greater propionate and butyrate production and less acetate.  That enzyme effects on 

VFA production were less evident after 96 h of incubation reflects the occurrence of 

microbial lysis which can confound VFA data.   

 The pre-treatment of the forage with the three multienzyme cocktails prior to 

incubation did not increase the DMD or NDFD of the BAH after 24 h or 96 h of 

incubation in rumen fluid.  This contradicts the effects of D740L on DM digestibility in 

Chapter 3.  This discrepancy may be partly technique related because samples were not 
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agitated during digestion in the gas production system used in this Chapter, but they were 

agitated to simulate peristalsis in the ANKOM digestibility technique used in Chapter 3. 

A more important argument is that this experiment did not replicate the 24-h enzyme - 

substrate interaction time used in the DM disappearance assessment of Experiment 1 and 

in Chapters 3 and 4.  Lewis et al. (1996) found that ruminal infusion of enzymes 

produced lower disappearance of DM and NDF than enzyme application to the forage 24-

h prior to feeding, and suggested that this was due to insufficient contact between the 

enzymes and the particulate substrate. Similarly, McAllister et al. (1999) evaluated the 

effects of applying a mixture of two commercial enzymes to silage before feeding or 

ruminally infusing the enzyme mixture.  They found that while the application of the 

enzyme to the silage did not alter the DM digestibility of sheep, the ruminal infusion 

treatment decreased DM and NDF digestibility.  In such cases, enzymes can coat 

substrate particles and hinder access of microbes and their enzymes, thereby reducing 

digestion. 

The enzyme-induced increase in the immediately fermentable fraction in enzyme-

treated substrates agrees with enzyme effects in Chapters 3 and 4, and is indicative of 

preruminal enzymatic hydrolysis (Lewis et al., 1996; Wang et al., 2001, 2004; 

Colombatto et al., 2003a, b; Yu et al., 2005).  This is supported by the shorter lag phase 

of enzyme-treated samples, which indicates that enzyme treatment allowed digestion to 

commence earlier, possibly due to pre-ruminal release of phenolic acids and greater or 

faster substrate colonization by ruminal microbes.   That only 2-2-1 increased (P < 0.05) 

the gas pool volume of substrates incubated for 24 h suggests that 2-2-1 was the most 

effective treatment, but neither this treatment nor any of the other two enzyme treatments 
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improved 96-h gas pool volume.  Therefore the gas production and digestibility data 

indicate that the extent of substrate digestion was not improved by enzyme treatment.  

This maybe attributable to the lack of agitation of samples during the fermentation, and 

the lack of an adequate enzyme-substrate interaction time prior to incubation in rumen 

fluid (Lewis et al, 1996; McAllister et al., 1999).   Therefore, in order to ascertain the 

effects of the multienzyme cocktails on the nutritive value of bahiagrass future studies 

should ensure an adequate preincubation or preingestion enzyme-substrate interaction 

time, and substrates should be agitated during fermentation in vitro. 

Implications 

This study demonstrates that certain combinations of FAE with cellulases and 

xylanases are more effective at increasing the DM disappearance of bahiagrass in the 

absence of rumen fluid than any of the enzymes alone.  Application of such multienzyme 

cocktails to bbahiagrass resulted in a more efficient fermentation in rumen fluid, an 

increased immediately fermentable fraction and a decreased lag phase, but did not 

improve the extent of forage digestion.  Since the latter was attributed to lack of sample 

agitation during the fermentation and inadequate enzyme-substrate interaction prior to 

substrate incubation, future studies that address these factors are needed to validate the 

promise of the multienzyme cocktails for improving the quality of tropical grasses. 
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Table 5-1.  Effect of multienzyme cocktail composition on DM disappearance                
of bahiagrass hay 
 Multienzyme cocktail composition,  

% of DM 
 

Treatment   
no.a 

 CEL XYL FAE DM disappearance, 
%b 

Control 0 0 0 13.6  
25 1 0 0 13.8  
26 1 0 0.5 14.2  
27 1 0 1 13.4  
28 1 0.5 0 14.2  
29 1 0.5 0.5 14.4  
30 1 0.5 1 14.0  
31 1 1 0 13.6  
32 1 1 0.5 13.7  
33 1 1 1 14.3  
34 1 2 0 13.7  
35 1 2 0.5 15.1 * 
36 1 2 1 14.2  
37 2 0 0 13.9  
38 2 0 0.5 13.8  
39 2 0 1 14.9  
40 2 0.5 0 13.7  
41 2 0.5 0.5 14.1  
42 2 0.5 1 13.3  
43 2 1 0 14.7  
44 2 1 0.5 14.9  
45 2 1 1 15.0  
46 2 2 0 15.3 * 
47 2 2 0.5 13.9  
48 2 2 1 15.4 * 

XYL=xylanase A,    CEL= cellulase, FAE= ferulic acid esterase 
a Treatments 1-24 were did not differ (P > 0.05) from the control and are not shown. 
b * Mean was different from control at P < 0.05     
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Table 5-2.  Effect of enzyme treatment on concentration of volatile fatty acids produced from fermentation of bahiagrass hay in rumen 
fluid/ McDougals buffer for 24 h (molar %). 

Treatment Acetate Propionate A:P ratio Iso-Butyrate Butyrate Iso-Valerate Valerate 
Control 56.0 17.6 3.2 5.5 10.7 5.6 4.4 
2-2-0 53.1 18.7 2.8 6.1 11.3 5.9 4.8 
2-2-1 52.6 18.4 2.9 6.5 11.5 6.2 4.8 
D740L 52.1 17.9 2.9 7.0 11.8 6.3 4.8 
SE 0.40 0.11 0.02 0.22 0.10 0.13 0.07 
        
 P-values 
Treatment effect <0.0001 <0.0001 <0.0001 0.0021 <0.0001 0.0180 0.0027 
Contrasts        
2-2-0 v Control 0.0002 <0.0001 <0.0001 0.0926 0.0018 0.1633 0.0032 
2-2-1 v Control <0.0001 0.0001 <0.0001 0.0072 <0.0001 0.0117 0.0031 
D740L v Control <0.0001 0.0401 <0.0001 0.0003 <0.0001 0.0039 0.0005 
a   Control, no enzyme application 
    2-2-0: Cellulase, Xylanase, Ferulic acid esterase concentrations were 2%, 2% and 0% of forage DM  
   2-2-1: Cellulase, Xylanase, Ferulic acid esterase concentrations were 2%, 2% and 1% of forage DM 
   D740L: D740L applied at 1% of forage DM 
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Table 5-3.  Effect of enzyme treatment on concentration of volatile fatty acids produced from fermentation of bahiagrass in rumen 
fluid for 96 h (molar %) 

 
Treatment 

 
Acetate 

 
Propionate 

 
A:P ratio 

 
Iso-Butyrate 

 
Butyrate 

 
Iso-Valerate 

 
Valerate 

Control 51.3 23.5 2.2 5.8 8.4 5.8 5.2 
2-2-0 49.9 24.7 2.0 5.9 8.5 5.9 5.1 
2-2-1 51.1 22.9 2.3 6.3 8.7 6.1 4.9 
D740L 50.0 24.5 2.1 5.9 8.6 5.9 5.1 
SE 0.45 0.62 0.08 0.88 0.10 0.07 0.09 
        
 P-values 
Treatment effect 0.1358 0.1782 0.1701 0.0046 0.1962 0.0271 0.2599 
Contrasts        
2-2-0 v Control 0.0679 0.4507 0.2193 0.3646 0.7939 0.4337 0.5496 
2-2-1 v Control 0.7959 0.2890 0.4528 0.0008 0.0524 0.0050 0.0576 
D740L v Control 0.0809 0.0799 0.2695 0.2799 0.3393 0.4187 0.4088 
a  Control, no enzyme application 
    2-2-0: Cellulase, Xylanase, Ferulic acid esterase concentrations were 2%, 2% and 0% of forage DM  
   2-2-1: Cellulase, Xylanase, Ferulic acid esterase concentrations were 2%, 2% and 1% of forage DM 
   D740L: Depol 740L applied at 1% of forage DM 
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Table 5-4.  Effect of enzyme treatment on dry matter digestibility (%) of bahiagrass after 
24 or 96 hr of incubation in rumen fluid and McDougals buffer.. 

Treatmenta  24 h  96 h  
Control  20.6  50.8 
2-2-0  17.6  45.8 
2-2-1  16.4  50.4 
D740L  17.0  46.5 
SE  1.4  0.6 
     
  P-values 

Treatment effect  0.2278  0.0005 
Contrasts     
2-2-0 v Control  0.1529  0.0004 
2-2-1 v Control  0.0659  0.6895 
D740L v Control  0.0943  0.0008 
• a  Control, no enzyme application 
•     2-2-0: Cellulase, Xylanase, Ferulic acid esterase concentrations were 2 %,    
•    2 % and 0 % of forage DM  
•    2-2-1: Cellulase, Xylanase, Ferulic acid esterase concentrations were 2 %,      
•    2 % and 1 % of forage DM 
•    D740L: Depol 740L applied at 1 % of forage DM 
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Table 5-5 Effect of enzyme treatment on neutral detergent fiber digestibility (%) of 
bahiagrass. 

Treatmenta  24 h  96 h  
Control  19.8  53.8 
2-2-0  16.3  49.0 
2-2-1  13.5  52.9 
D740L  12.2  49.1 
SE  0.9  0.5 
     
  P -values 

Treatment effect  0.0008  0.0003 
Contrasts     
2-2-0 v Control  0.0262  0.0002 
2-2-1 v Control  0.0007  0.2710 
D740L v Control  0.0002  0.0003 
a  Control, no enzyme application 
    2-2-0: Cellulase, Xylanase, Ferulic acid esterase concentrations were 2 %,   
   2 % and 0 % of forage DM  
   2-2-1: Cellulase, Xylanase, Ferulic acid esterase concentrations were 2 %,  
   2 % and 1 % of forage DM 
   D740L: Depol 740L applied at 1 % of forage DM 
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Table 5-6  Effect of enzyme treatment on fermentation kinetics of bahiagrass incubated in 
rumen fluid for 24 h.   

 
Treatmenta 

 Rate  
%/h 

Lag, 
h 

Total Gas Pool ml/g 
DM 

Control  1.18 2.2 45.6 
2-2-0  1.13 0.5 49.3 
2-2-1  1.05 0.0 53.5 
D740L   0.97 0.0 48.6 
SE  0.05 0.2 1.5 
     
  P -valuesb 

Treatment effect  0.1210 <0.0001 0.0314 
Contrasts     
2-2-0 v Control  0.5455 <0.0001 0.1595 
2-2-1 v Control  0.1329 <0.0001 0.0047 
D740L v Control  0.0232 <0.0001 0.2331 
a  Con: Control, no enzyme application 
    2-2-0: 2 % Cellulase, 2 % Xylanase, 0 % Ferulic acid esterase  
   2-2-1: 2 % Cellulase, 2 % Xylanase, 0.5 % Ferulic acid esterase 
   D740L: Depol 740L applied at 1 % 
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Table 5-7  Effect of enzyme treatment on fermentation kinetics of bahiagrass incubated in 
rumen fluid for 96 h. 

 Variablea, ml/g DM or as stated 
Treatmentb A B Gas Pool c, %/h L, h 
Control 0.0 171.4 174 1.6 1.2 
2-2-0 3.9 178.0 179 1.5 0.5 
2-2-1 5.2 155.4 167 1.5 1.1 
D740L 5.6 155.3 157 1.9 0.9 
SE 1.4 7.0 5.5 0.1 0.2 
      
 P  values 
Treatment effect 0.0095 0.1045 0.0788 0.1024 0.0672 
Contrasts      
2-2-0 vs Control  0.0120 0.5112 0.4829 0.5518 0.0172 
2-2-1 vs Control 0.0040 0.1580 0.3736 0.7761 0.7237 
D740L vs Control 0.0029 0.1268 0.0436 0.0798 0.3018 
a  A= immediately fermentable fraction, B= potentially fermentable fraction,   
   A+B= gas pool,  c= fractional degradation rate,  
   L= lag phase  
b  Con: Control, no enzyme application 
    2-2-0: 2 % Cellulase, 2 % Xylanase, 0 % Ferulic acid esterase  
   2-2-1: 2 % Cellulase, 2 % Xylanase, 0.5 % Ferulic acid esterase 
   D740L: Depol 740L applied at 1 % 
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CHAPTER 6 
EFFECT OF APPLYING AMMONIA OR FIBROLYTIC ENZYMES TO 

BERMUDAGRASS HAY ON FEED INTAKE, DIGESTION KINETICS AND 
GROWTH OF BEEF STEERS 

Introduction 

Most ruminant livestock production relies heavily on forage-based diets.  During 

the winter the quality and quantity of the forage available for grazing limits cattle 

productivity in the southern USA.  Supplementation of the forage is often costly, 

sometimes impractical and results in net importation of nutrients to the farm.  An 

alternative method of enhancing the productivity of cattle in the winter is to improve the 

quality of the forage being fed.  Chemical treatment has been used successfully to 

improve the quality of warm-season grasses (Klopfenstein, 1978; Kunkle et al., 1983 and 

1984; Brown, 1988; Rasby et al., 1989; Brown and Kunkle, 1992; Brown and Adjei, 

1995; Brown and Pate, 1997).  However, there are several problems associated with using 

chemical treatments.  For example the caustic nature of ammonia necessitates the use of 

special protective clothing and causes excessive wear oj equipment.  In recent years, the 

use of exogenous fibrolytic enzymes to improve feed digestion and utilization has 

received a great deal of research interest (Beauchemin et al., 2003).  Studies have 

reported increases in DM digestion in situ and in vivo (Feng et al., 1996; Yang et al., 

1999) and voluntary intake (Feng et al. 1996; Yang et al., 1999; Pinos-Rodriguez et al., 

2002) when enzymes were added to beef and dairy cattle diets.  Although some studies 

also reported improved animal performance due to enzyme treatment of diets (Feng et al., 

1996; Beauchemin et al., 1999) others have not (ZoBell et al., 2000). These 
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inconsistencies can be attributed to differences in enzyme type, preparation, activity, 

application rate (Bowman et al., 2002; Beauchemin et at., 2003) mode of application, and 

portion of the diet to which the enzyme is applied (Feng et al., 1996; Lewis et al., 1996; 

ZoBell et al., 2000).  The majority of the research done on fibrolytic enzyme treatment of 

feeds has been carried out on temperate forage species and diets.  Thus, little is known 

about the potential for improving the quality of warm-season grasses with enzymes.  The 

three previous chapters have examined the effects of using ferulic acid esterases in 

combination with xylanases, cellulases and endogalacturonases on improving the 

degradability of tropical forages.  Due to the limited availability of these products for use 

in animal feeds and the costs associated with their current production, these products are 

cost prohibitive for in vivo evaluation.  However, there are numerous commercial 

enzyme products containing mainly xylanases and cellulases available that have been 

developed for the feed industry that can provide a more economical product for 

evaluation.  Therefore, the objective of this study was to examine the effects of various 

methods of applying a commercial fibrolytic enzyme mixture or ammonia to 

bermudagrass hay on the feed intake, digestion kinetics and growth performance of beef 

steers. 

Materials and Methods 

Forage Treatments 

Five-week-old fall regrowth of bermudagrass (Cynodon spp.) was harvested from a 

40-ha field owned by a local hay producer in Alachua County, FL.  Before the harvesting 

process began, the field was divided into treatments using a measuring wheel to 

determine field and plot sizes.  Harvesting occurred over a two consecutive-day period, 

where approximately 2 ha of each treatment was harvested each day and made into 18 to 
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20 kg square hay bales.  The forage was stored without treatment (control) or after 

treatment with either a fibrolytic enzyme mixture (Biocellulase A20™ (A20), Loders 

Croklaan Channahon, IL, USA) or anhydrous ammonia.  The enzyme contained 1400 

U/g of enzyme activity, where 1 unit of activity is defined as the amount of enzyme 

required to release one micromole of glucose reducing sugar equivalents per minute at 

pH 4.5 and 40oC.  The enzyme was sprayed (15 g/ton) on the forage immediately after 

harvesting (Ec) with a New Holland 617 mower conditioner, just before baling (Eb) after 

a 72-h wilt with a New Holland 385 square baler or just prior to feeding (Ef).   For the Ec 

and Eb treatments the enzyme was applied at a flow rate of 2.7 l/min, using a tractor 

mounted 57-L continuous flow sprayer (FIMCO, North Sioux City, SD) fitted with a 

three-nozzle boom.  The height of the nozzle from the ground was set to 406 mm which 

allowed the spray from the boom to cover the entire windrow.   The Ef treatment was 

applied with a 0.5-L handheld pump type sprayer immediately after weighing the daily 

forage allocation for each steer.  For the ammonia treatment, square bales were stacked 

on wooden pallets, covered with 6-mil plastic, and treated with anhydrous ammonia (3% 

of DM) as described by Brown (1990) and Brown and Kunkle (1992). The forage was 

allowed to react with the ammonia for six weeks and then vented to release the ammonia 

gas.   

Cattle and Diets 

Fifty Angus-Brangus cross steers (250-270 kg BW) were stratified by body weight 

(BW) and randomly assigned to the five forage treatments from each weight group.  The 

steers within each treatment were randomly assigned to one of seven pens such that there 

were seven steers in each of six pens and eight steers in one pen.  Within each pen, the 

steers were randomly assigned to one of eight Calan gates for individual animal feeding.  
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Steers were fed ad libitum (110% of the previous days intake) amounts of the hays and a 

basal concentrate at a constant rate of 1% (as-is) of BW twice daily (0900 h and 1500 h).  

The concentrate allowance was adjusted weekly as the BW changed. 

Diets (Table 6-1) were formulated to meet National Research Council (2000) 

requirements.  Each forage was chopped to 15 cm lengths using a tub hay grinder (Roto 

Grind, model 760, Burrows enterprises, Greeley, CO) before feeding.  The ingredients in 

the concentrate included 23% solvent extracted cotton seed meal and 77% soybean hull 

pellets.  The neutral detergent fiber (NDF), acid detergent fiber (ADF), crude protein 

(CP), and total digestible nutrients (TDN) concentrations of the cottonseed meal and 

soybean hull pellets were 323, 181, 404, 664 g/kg dry matter (DM) and 625, 450, 134, 

673 g/kg DM respectively.  A mineral-salt mix (UF University special Hi-CU mineral 

mix; Lakeland Animal Nutrition, Lakeland, FL) was offered free-choice and drinking 

water was offered ad libitum.  The mix contained 13% Ca, 6% P, 21% NaCl, 0.8% K, 1% 

Mg, 0.4% S, 0.4% Fe, 2000 ppm Cu, 200 ppm Co, 2,200 ppm Mn, 175 ppm I, 48 ppm 

Se, 9,500 ppm Zn, 800 ppm F, 45,454.54 IU / kg of vitamin A and 9,090.90 IU / kg of 

vitamin D3.  The concentrate portion of the diet was offered before the morning feeding 

of the hay in a separate container to each steer and it was consumed immediately by the 

steers.  Before feeding, diet refusals from the previous day’s offering were collected.   

Sampling and Analysis 

The trial consisted of a 14-d adaptation period and an 84-d measurement period. 

Duplicate samples of each feedstuff were collected weekly and composited monthly.  

Sub-samples from each month were dried in a forced-air oven at 50oC for 72 h and 

analyzed for DM, ash, NDF, ADF, lignin and CP.  Daily samples of the hay refusals were 

collected and composited on a weekly basis.  Refusal sub-samples from each month were 
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dried in a forced-air oven at 50oC for 72 h and analyzed for DM.  Shrunk body weight 

was measured for two consecutive days before (days -1 and 0) and after the trial (days 85 

and 86).  Full BW was measured weekly and hip height (HH) was measured on d 0, 42 

and 84.  Body condition score (BCS; scale 1-9) was visually evaluated and blood samples 

were collected by jugular venipuncture on d 0, 28, 56, and 84 (sodium heparin, Fisher 

Scientific, Pittsburgh, PA).  Blood was centrifuged at 2000 x g for 20 min at 4oC and 

plasma was frozen.   A Technicon Autoanalyzer (Technicon Instruments Corp., 

Chauncey, NY) was used to determine concentrations of blood urea nitrogen (BUN) and 

glucose with modifications of the Coulombe and Favreau (1963) and Gochman and 

Schmitz (1972) methods respectively.  Ultrasound measurements of back, rump and 

intramuscular fat depth and rib eye area were taken using real-time ultrasound and an 

Eloka 500V system equipped with a 3.5-MHz, 17-cm transducer and superflab (Aloka 

USA, Inc., Wallingford, CT) to ensure proper fit of the transducer to the curvature of the 

animal.  In vivo apparent digestibility was estimated using chromic oxide as a marker.  A 

gelatin (#10 Torpac Inc., Fairfield NJ) capsule containing 10 g of chromic oxide powder 

was dosed twice daily via a balling gun at 0700 and 1900 h into each steer for 10 

consecutive days (days 67-77).  Fecal samples were collected at 0700 and 1900 h during 

the last five days of dosing for digestibility determination.  Feces were dried to a constant 

weight at 50oC  in a forced-air oven, ground to pass through a 1-mm Wiley mill (Arther 

H. Thomas Company, Philadelphia, PA, USA) screen and a composite sample was made 

from all ten fecal samples collected for each steer. Chromium concentration in feces was 

determined using a Perkin Elmer 5000 (Wellesley, MA) atomic absorption spectrometer 

according to the procedure described by Williams et al. (1962).  
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In Situ Rumen Degradability 

Subsamples taken from the monthly hay samples for each treatment were mixed 

and composited to give a single sample for in situ degradability analysis.  The 

composited samples were ground to pass a 4-mm screen using a Wiley mill screen and 

weighed (5 g) into 10 x 23 cm nylon bags (pore size of 50 µm; Bar Diamond Inc., Parma, 

ID).  Duplicate samples of forage from each treatment were incubated in each of two 

ruminally-fistulated, non-lactating Holstein dairy cows for 0, 3, 6, 9, 12, 24, 48, 72, 96, 

and 120 h.  After incubation, bags were removed from the cow, rinsed with cool water 

and frozen.  At the end of the measurement period all bags were thawed and washed in a 

commercial washing machine using a cool-wash cycle without soap.  Bags were dried for 

24 h at 60oC and residue weights determined.  The cows were fed 9 kg of bahiagrass hay 

supplemented with 0.4 kg of soybean meal.  The McDonald model (1981) was fitted to 

the in situ degradation data using the nonlinear regression procedures of SAS, version 8 

(2002, SAS Inst., Inc., Cary, NC).  The McDonald (1981) model is of the form: 

P= A + B(1-e-c(t-L)) 

where P= DM degraded at time t, A = wash loss, B = potentially degradable fraction, 

A+B = total degradability, c = the rate at which B is degraded, t = time incubated in the 

rumen, and L = lag time.   

Statistical Analysis 

A randomized complete block design was used to examine the effects of the five 

forage treatments on the performance of the steers. The data were analyzed using the 

MIXED procedure of SAS v8 (2002, SAS Inst., Inc., Cary, NC). To evaluate the effects 

of the treatments on steer BW and dry matter intake (DMI), pre-trial BW and DMI values 
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were used as respective covariates.  The model used to analyze individual treatment 

effects was:   

Yijk: µ + Ti +Sk (i) Wj + TWij + Eijkl  

where:  

µ= general mean  

Ti = effect of treatment  

Sk (i) = effect of kth steer in treatment i 

Wj = effect of week of feeding  

TWij = effect of treatment across weeks of feeding   

Eijk= experimental error.  

A repeated measures statement was used for the analysis of feed intake, BW, blood 

glucose and BUN concentrations and body condition score.  The most appropriate 

covariate structure was examined.  Where appropriate the SAS slice command was used 

to examine treatment differences at each week for each dependent variable.  To further 

separate differences among treatments at each week, the PDIFF statement was used.  

Contrast statements were used to compare the forage treatments against the control 

forage.   

The in situ degradability data were analyzed using the GLM procedure of SAS v8 

(2002). Contrast statements were used to compare each treatment to the control.  The 

model used to analyze individual treatment effects was:  

Yijk: µ + Ti + Cj + Eijk  

where:  

µ= general mean  
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Ti = effect of treatment  

Cj = effect of cow  

Eijk= experimental error.  

Significance was declared at P < 0.05 and tendencies at P < 0.10.  

 

Results 

Forage Composition 

Ammonia-treated hay had a numerically (P > 0.005) greater CP concentration and 

lower NDF, hemicellulose and lignin concentrations than the other hays, which had 

similar concentrations of these analytes (Table 6-2).   

Animal Performance 

Steers fed NH3-treated and Ec-treated hay had greater intakes of total dietary and 

hay DM and total dietary NDF than steers fed the control hay (P < 0.05; Table 6-3).  

However, there was no increase in the DMI as a percent of BW (P > 0.05). Steers fed Ec 

also had greater hay NDF intake than steers fed the control hay (P < 0.05).  Intakes of 

total or hay DM or NDF were unaffected by Eb or Ef treatment. There were no treatment 

effects on total DM intake as a percent of BW.  Figure 6-1 shows that the DMI of the 

steers fed Ec- and NH3-treated hay was generally greater than that of steers fed the 

control hay, though such differences were detected (P < 0.05) at weeks 1, 5, 10 and 11.  

The decrease in DMI across treatments in weeks 11 and 12 may have been  due to dosing 

with chromic oxide during this period.   

 All treatments increased (P < 0.011) the DM digestibility (DMD) of the hays 

(Table 6-4).  Digestibility of NDF (NDFD) and CP (CPD) were increased (P < 0.01) by 

NH3, Ec, and Eb treatments. 
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Steers had similar BW in the first ten weeks of the trial, but those fed NH3- and Ec- 

treated hays had greater (P < 0.05) BW than the others in the last two weeks (table 6-2). 

The initial and final BW, ADG, BCS and HH of the steers were not affected by treatment 

(P > 0.05, Table 6-5), though steers fed Ec- and NH3- treated hays had numerically 

greater (6 %) ADG than those fed the control diet.  Rib eye area, back, rump and 

intramuscular fat depth and plasma BUN and glucose concentrations were also similar 

among treatments (Table 6-6). 

In Situ Rumen Degradability 

The wash fraction of the hays was decreased (P < 0.1) by all enzyme treatments 

(Table 6-7).  Ammonia treatment increased (P < 0.001) the potentially degradable 

fraction, the total degradable fraction and the effective degradability of the forage, but 

enzyme treatment had no effect on these measures.  The fractional degradation rate and 

lag phase were unaffected by treatment.  

Discussion 

The forage used in this study was similar in maturity and composition (Table 6-2) 

to the untreated bermudagrass forage used by Galloway et al. (1993) and Mandebvu et al. 

(1999b).  Ammonia treatment increased the CP concentration of the forage and reduced 

NDF, hemicellulose and lignin concentrations as in other studies (Kunkle et al., 1983; 

Brown, 1988; Brown and Kunkle, 1992; Brown and Pate, 1997).  Enzyme treatment had 

no similar effects on the hays.   

Ammonia and Ec treatment increased the DMI of the hays, partly because these 

treatments increased DMD and NDFD.  Feng et al. (1996) also found that enzyme 

treatment increased the DMI and DMD of smooth bromegrass (Broma inermis) by beef 

steers.  The greater DMI of the ammoniated forage also may have been due to its greater 
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CP concentration.  Unlike other treatments, Ec treatment also increased NDF intake 

suggesting that, like ammonia, Ec treatment caused some preingestive hydrolysis of the 

cell walls.  Preingestive cell wall hydrolysis provides additional readily fermentable 

carbohydrates that may promote substrate colonization by ruminal bacteria (Wang and 

McAllister 2002), increase palatability (Adesogan, 2005), and reduce gut fill.  These 

factors probably contributed to the increase in DMD and NDFD due to Ec treatment.  

This study therefore suggests that Ec treatment is as effective as ammoniation at 

improving the quality of bermudagrass. Enzyme treatment is a more practically attractive 

treatment for producers than ammoniation, since enzymes are benign and they don’t 

present the handling and delivery challenges of ammoniation.  

The superior effect of the Ec treatment versus Eb treatment on DMI and DMD is 

likely due to greater moisture availability for enzyme dispersal and activity in the forage 

treated with Ec versus that treated with Eb.  The greater difference in BW of steers fed 

the Ec or NH3- treated hay versus control hay in the last two weeks of the trial suggests 

that a longer measurement period may have revealed that Ec and NH3 treatment increased 

animal performance. 

Unlike enzyme treatment, ammoniation increased the CP intake and CP 

digestibility of the hay, suggesting a potential increase in the available nitrogen from this 

treatment.  However, the BUN and ADG data indicate that the additional nitrogen did not 

promote growth or cause excess blood N concentrations.  Therefore, most of the 

additional N provided by the NH3-treated forage was probably excreted in the urine.   

Despite improving DMI and DMD, Ec and NH3 treatments did not increase animal 

performance.  Figures 6-3 and 6-4 show that all the hays provided adequate intake of net 
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energy (NE) and metabolisable protein (MP) for maintenance, but none of them provided 

enough NE or MP for growth.  The addition of the concentrate supplement allowed all 

treatments to meet or exceed the steers total NE and MP  requirements, suggesting that 

differences between treatments may have been more apparent if the hays had been fed 

alone.  Though hay is typically fed to beef cattle without supplementation in south 

Florida, supplement was added to mimic the normal practice of supplementation in 

central and north Florida.   

When the in situ digestion kinetics were evaluated, ammoniation was the only 

treatment that increased the potentially degradable and total degradable fractions as well 

as the effective degradability of the forage yet it did not improve the performance of the 

steers.  This can be attributed to the fact that the forage was a 5-wk regrowth containing 

greater than 5% CP and 45% TDN making it a poor candidate for ammoniation (Rasby et 

al., 1989).  The potential improvement in ADG from such medium quality forage is 

marginal (Brown and Kunkle, 1992).  Enzymes typically increase only the rate of 

degradation and not the extent of forages and feeds (Feng et al., 1996).  However, in this 

study the degradation parameters were not affected by enzyme treatment.  This 

contradicts the improvement in vivo digestibility of the forages, and may reflect losses of 

fine, undigested particles through the pores of nylon bags used in the in situ degradability 

trial.   

Implications 

This study shows that applying Biocellulase A20 immediately after harvesting is as 

effective as ammoniation at increasing DMI and DMD of 5-wk regrowth bermudagrass in 

beef steers.  These improvements in intake and digestion did not affect animal 

performance largely because of the presence of the concentrate supplement in the ration.  
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Future work should examine the effect of this enzyme on similar maturity or more mature 

bermudagrass without concentrate supplementation.  
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Table 6-1 Nutrient composition of the diet fed to beef steers. 
 Componentb 
Treatmenta CP, 

% 
NDF, 
% 

TDN, 
% 

BCP, 
g/d 

NE, 
Mcal/d 

MP, 
g/d 

Control 14.3 64.2 61.0 537 9.8 594 
NH3 15.8 62.7 64.4 660 11.7 696 
Ec 13.6 65.7 63.1 661 11.5 679 
Eb 14.3 65.4 63.1 567 10.3 612 
Ef 14.0 66.1 60.9 579 10.9 623 
a  NH3 = Ammonia treatment, Ec = Enzyme applied at cutting, Eb = enzyme    
   applied at baling,  Ef = enzyme applied at feeding 
b  BCP = bacterial crude protein, NE = net energy, MP = metabolisable protein 
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Table 6-2.  Chemical composition of the treated and untreated hays (n=6). 
 Variablea, g/kg DM 
Treatmentb NDF ADF Hemi Lignin CP 
Control 741 349 392 54 109 
NH3 699 348 350 47 139 
Ec 743 347 396 54 106 
Eb 757 353 404 62 111 
Ef 761 345 415 50 109 
a NDF = neutral detergent fiber, ADF = acid detergent fiber,  Hemi =  
   hemicellulose, CP = crude protein 
b NH3 = Ammonia treatment, Ec = Enzyme applied at cutting, Eb = enzyme  
   applied at baling,  Ef = enzyme applied at feeding 
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Table 6-3.  Effect of treating bermudagrass hay with ammonia or enzymes on the 
voluntary intake of steers. 

  Intake kg d-1 
 Total DMI Total Hay Total Hay Total Hay 
Treatmenta % BW DM DM NDF NDF CP CP 
Control 2.33 7.28 4.49 4.88 3.42 1.06 0.50 
NH3 2.50 8.64 5.91 5.79 3.72 1.30 0.75 
Ec 2.31 8.38 5.51 5.69 4.08 1.14 0.61 
Eb 2.55 6.90 4.06 4.61 3.47 1.07 0.46 
Ef 2.53 7.82 5.09 5.35 3.79 1.10 0.57 
SE 0.12 0.31 0.31 0.21 0.21 0.03 0.03 
        
 P values 
Treatment effect 0.428 0.005 <0.0001 0.001 0.221 <0.0001 <0.0001 
Contrasts        
Control vs NH3 0.309 0.002 0.001 0.003 0.324 <0.0001 <0.0001 
Control vs Ec 0.931 0.008 0.008 0.004 0.037 0.009 0.019 
Control vs Eb 0.180 0.359 0.269 0.348 0.862 0.312 0.338 
Control vs Ef 0.217 0.169 0.112 0.090 0.239 0.215 0.134 
a  NH3 = Ammonia treatment, Ec: Enzyme applied at cutting, Eb: Enzyme applied at  
   baling, Ef: Enzyme applied at feeding 
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Table 6-4.  Effect of additive treatment on the in vivo apparent digestibility of diets in 
steers. 
 Variablea g/kg 
Treatmentb DMD NDFD CPD 
Control 504 510 445 
NH3 644 608 705 
Ec 631 624 592 
Eb 595 597 543 
Ef 539 534 471 
SE 19.2 18.1 17.7 
    
 P values 
Treatment effect 0.001 0.001 0.001 
Contrasts    
Control vs NH3 0.001 0.001 0.001 
Control vs Ec 0.001 0.001 0.001 
Control vs Eb 0.001 0.001 0.001 
Control vs Ef 0.011 0.087 0.117 
a DMD: Dry matter digestibility, NDFD: Neutral detergent fiber digestibility,   
  CPD: Crude protein digestibility 
b NH3 = Ammonia treatment, Ec = Enzyme at cutting, Eb = enzyme at baling,     
   Ef = enzyme at feeding   
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Table 6-5.  Effect of additive treatment on the performance of steers. 
 Variable 
           
Treatmenta 

 
Full BW, kg 

Shrunk initial 
BW, kg 

Shrunk final 
BW, kg 

ADG, 
kg/d 

      
BCSb 

HHc, 
cm 

Control 320 257 361 1.21 5.28 122.6 
NH3 323 250 365 1.29 5.25 122.6 
Ec 324 253 361 1.28 5.23 122.3 
Eb 320 258 361 1.21 5.19 122.5 
Ef 322 254 359 1.23 5.29 121.6 
SE 2.18 9.13 10.65 0.05 0.58 0.53 
       
 P values 
Treatment 
effect 

0.614 0.831 0.968 0.559 0.713 0.918 

Contrasts       
Control vs NH3 0.294 0.595 0.682 0.275 0.733 0.961 
Control vs Ec 0.238 0.409 0.948 0.245 0.491 0.783 
Control vs Eb 0.945 0.810 0.922 0.924 0.255 0.942 
Control vs Ef 0.563 0.552 0.759 0.843 0.925 0.419 
a NH3 = Ammonia treatment, Ec: Enzyme applied at cutting, Eb: Enzyme applied at   
  baling, Ef: Enzyme applied at feeding 
b BCS: Body condition score scale 1-9 
c  HH: Hip height. 
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Table 6-6.  Effect of additive treatment on blood metabolites, fat deposition and rib eye 
area in beef steers. 

 Variablea 
 

Treatmentb 
BUN 
mg/dl 

GLU 
mg/dl 

REA 
 cm2 

FT 
 cm 

RF 
 cm 

IMF 
 % 

Control 12.4 83.8 45.2 1.3 0.98 3.76 
NH3 11.6 83.6 46.0 1.3 0.91 3.72 
Ec 12.5 83.0 42.9 1.4 0.94 3.90 
Eb 12.4 84.0 42.7 1.3 0.88 4.06 
Ef 11.5 83.7 43.8 1.3 0.84 3.70 
SE 0.6 1.5 1.6 0.06 0.05 0.31 
       
 P values 
Treatment effect 0.521 0.989 0.216 0.579 0.341 0.910 
Contrasts       
Control vs NH3 0.314 0.938 0.644 0.484 0.336 0.922 
Control vs Ec 0.816 0.696 0.167 0.442 0.607 0.759 
Control vs Eb 0.994 0.901 0.140 0.647 0.148 0.490 
Control vs Ef 0.269 0.976 0.399 0.589 0.060 0.882 
a BUN= Blood urea nitrogen; GLU= Glucose; REA= rib eye area; 
  FT= 12th-13th rib juncture fat; RF= rump fat; IMF= intramuscular fat 
b NH3 = Ammonia treatment Ec: Enzyme applied at cutting, Eb: Enzyme applied 
  at baling, Ef: Enzyme applied at feeding 
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Table 6-7.   Effect of additive treatment on the in situ digestion kinetics 
 Variablea, g/kg DM or as stated 
Treatmentb A B A+B c, %/h L, h ED 
Control 154 469 623 4.75 5.1 626 
NH3 160 621 781 5.14 4.2 777 
Ec 128 504 633 4.27 5.4 629 
Eb 133 518 652 3.84 3.6 642 
Ef 141 485 626 4.09 4.4 622 
SE 4.6 20.7 20.2 0.4 0.6 16.9 
       
 P values 
Treatment effect 0.002 0.002 0.001 0.278 0.408 0.001 
Contrasts       
Control vs NH3 0.409 0.001 0.001 0.538 0.416 0.001 
Control vs Ec 0.002 0.269 0.738 0.457 0.701 0.882 
Control vs Eb 0.014 0.155 0.364 0.163 0.164 0.507 
Control vs Ef 0.071 0.613 0.925 0.309 0.488 0.883 
a  A= wash loss, B= potentially degradable fraction, A+B= total degradable    
  fraction,  c= fractional degradation rate, L= lag phase, ED= effective   
  degradability 
b  Ec: Enzyme applied at cutting, Eb: Enzyme applied at baling, Ef: Enzyme      
  applied at feeding 

 

 



104 

 

 

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10 11 12

Control NH3 Ec Eb Ef

Week

D
M

I, 
kg

****

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10 11 12

Control NH3 Ec Eb Ef

Week

D
M

I, 
kg

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10 11 12

Control NH3 Ec Eb Ef

Week

D
M

I, 
kg

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10 11 12

Control NH3 Ec Eb Ef

Week

D
M

I, 
kg

****

 

Figure 6-1.  Effect of ammonia or enzymatic treatment of bahiagrass on dry matter intake 
(DMI) of growing steers (treatment*week interaction P < 0.0001).  Asterisks 
denote significant differences among treatments (P < 0.05). 

a NH3
 = Ammonia treatment, Ec = Enzyme applied at harvest, Eb = Enzyme applied at 

baling, Ef = enzyme applied at feeding
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Figure 6-2. Effect of treatment on body weight (BW) changes during the trial by week 
(treatment*week interaction P = 0.9816), where asterisks denote significant 
differences among treatments (P < 0.05). 

a NH3
 = Ammonia treatment, Ec = Enzyme applied at harvest, Eb = Enzyme applied at 

baling, Ef = enzyme applied at feeding 
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Figure 6-3.  Net energy (NE) supplied by the diet components relative to NE 
requirements (NRC, 2000) for maintenance (NEm) and gain (NEg) of steers. 
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Figure 6-4.  Metabolisable protein (MP) supplied by the diet components relative to MP 
requirements for maintenance (MPm) and gain (MPg) of steers. 
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CHAPTER 7  
GENERAL SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

Temperate forages have higher nutritive values than tropical forages, mainly due to 

the differences in cell wall anatomy and digestibility.  These differences also reduce 

intake and performance of cattle fed tropical forages instead of temperate forages.  

Chemical treatments have been used successfully to improve forage nutritive value, but 

their adoption has been limited due to the caustic nature of such chemicals, which poses 

human health hazards and corrodes equipment.  Enzyme treatments have produced 

inconsistent improvements in the quality of temperate forages, but their effects on 

tropical forages have not been elucidated.  Four experiments were initiated to evaluate the 

effect of fibrolytic enzyme application on the nutritive value of tropical forages and 

animal performance. 

The objective of experiments 1 and 2 was to evaluate the effect of different 

application rates of exogenous fibrolytic enzymes containing ferulic acid esterase on the 

digestibility of three tropical grass hays. The hays used were 12-wk regrowths of 

Pensacola bahiagrass (BAH) (Paspalum notatum) and Coastal (C-B; Cynodon dactylon) 

and Tifton 85 (T-85) bermudagrass (Cynodon sp.).  Experiment 1 involved the use of 

Depol 740L (BioCatalyst, Pontypridd, Wales, UK) which contains 32 U/ml of ferulic 

acid esterase activity, 20.78 FPU of cellulase activity and 8701.85 µmol/ml/min of 

xylanase activity.  Experiment 2 involved the use of Depol 670L (D670L), from the same 

company, which contained 8 U/ml of ferulic acid esterase activity, 773 U/g of 

endogalactouranse activity, 38.13 FPU cellulase activity and 3682.73 µmol/ml/min 
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xylanase activity.  The enzymes were applied to the forages at rates of 0, 0.5, 1, 2, 3 

g/100g DM in triplicate.  Treated hays were analyzed for chemical composition, in vitro 

DM and NDF disappearance, in vitro digestibility as well as in situ DM degradability.  

In Experiment 1, increasing the application rate of D740L decreased the NDF, 

ADF and hemicellulose concentrations of the three hays. Enzyme application also 

enhanced the release of water-soluble carbohydrates (WSC), ferulic acid and p-coumaric 

acid from certain hays.  This indicates increased cleavage of cell wall polysaccharides 

and release of phenolic acids, respectively.  Application of the enzyme also enhanced the 

6-h and 96-h in vitro DM disappearance of the bermudagrasses and all forages, 

respectively.  Therefore, D740L treatment improved the nutritive value of the three hays, 

though improvements in the extent of digestion were marginal.  These increases in 

nutritive value were more pronounced in bermudagrasses than in bahigrass. 

In Experiment 2, increasing the application rate of D670L decreased the NDF, 

ADF, and hemicellulose concentrations of BAH, but produced inconsistent effects on 

those of C-B and T-85.  Enzyme application increased 6-h DM and NDF disappearance 

of the three forages, but only increased the IVDMD of BAH and T-85.  Increasing the 

enzyme application rate increased the rate and extent of degradation of T-85, and 

decreased the lag phase of the hays. This study demonstrates that application of D670L 

enhanced the initial digestion of all hays and slightly increased the extent of digestion of 

BAH and C-B hays.   

Experiments 1 and 2 demonstrate that the application of fibrolytic enzymes can 

improve the DM digestion of tropical grass hays.  Such improvements were greater at the 

earlier stages of digestion and they were more consistent and pronounced for D740L 
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versus D670L.  These studies demonstrate that enzymes can be used to improve the 

nutritive value of mature tropical forages but the response varies with enzyme 

composition, activity and forage type.  Since the magnitude of the enzyme-induced 

increases in nutritive value were small, further research was warranted on combinations 

of FAE and other fibrolytic enzymes that would optimize the digestion of tropical 

grasses.   

The objectives of Experiment 3 were to determine the ideal combination of FAE, 

cellulase and xylanase for optimizing the hydrolysis of mature bahiagrass in the absence 

of rumen fluid, and enhancing the digestion of the forage in rumen fluid.  The first aspect 

of this experiment evaluated the effects of the different combinations of FAE, xylanase 

(XYL) and cellulase (CEL) on DM disappearance of a 12-wk regrowth of bahiagrass hay 

that was incubated in a buffered enzyme solution for 24 h.  The second aspect of the 

experiment evaluated the effects of treatment with Depol 740L or the two most promising 

multienzyme cocktails from the enzymatic disappearance study on the in vitro 

digestibility and fermentation of the bahiagrass hay.  

The most promising multienzyme cocktails from the enzymatic DM disappearance 

study were those that contained 2% cellulose, 2% xylanase and no FAE (2-2-0) and 2% 

cellulose, 2% xylanase and 1% FAE (2-2-1). Application of these multienzyme cocktails 

and Depol 740L decreased or did not affect the rate and extent of in situ degradation, and 

decreased the extent of in vitro gas production and DM and NDF digestibility. However, 

enzyme application reduced the lag phase before fermentation commenced, increased the 

immediately fermentable fraction of the forages and increased propionate production 

while decreasing acetate production after 24 h of incubation in rumen fluid.  The resultant 
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decrease in the acetate to propionate ratio indicates that enzyme treatments improved the 

efficiency of fermentation of the forage. The increase in the immediately fermentable 

fraction and decrease in the lag phase indicate that the enzyme enhanced preruminal 

hydrolysis of the forage.  That enzyme treatment did not affect the fermentation rate and 

or the extent of gas production and NDF or DM digestion, was attributed to inadequate 

agitation of samples during fermentation and inadequate enzyme-substrate interaction 

prior to incubation.  Therefore, future research should address these factors to validate the 

promise of the multienzyme cocktails for improving the nutritive value of bahiagrass. 

Future work should also investigate how the response to multienzyme cocktail treatment 

varies with tropical forage spp and maturity. Animal experiments should also be used to 

validate the in vitro experiments. 

The objective of Experiment 4 was to determine the effects of method of applying a 

fibrolytic enzyme mixture (Biocellulase A20) or ammonia to bermudagrass hay on feed 

intake, digestion kinetics and growth performance of beef steers.  Five-wk fall regrowth 

of bermudagrass (Cynodon sp.) was harvested and stored as hay in 18-20 kg square bales.  

The forage was treated with either anhydrous ammonia (3 g/100g DM) or a fibrolytic 

enzyme mixture, Biocellulase A20™ (A20) Loders Croklaan (Channahon, IL, USA).  

Enzyme A20 contained 1400 U/g of enzyme activity and it was applied at the 

manufacturers recommended rate of 15 g/ton to bermudagrass immediately after it was 

cut (Ec), immediately before it was baled (Eb) or immediately before feeding (Ef).  

Anhydrous ammonia was applied at 3% DM to a sealed stack of baled hay.  Fifty Angus-

Brangus steers (250-270 kg) were fed the hays supplemented (1% BW) with cottonseed 

meal and soy hulls for 84 d.  
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Ammonia treatment increased CP concentration and reduced NDF, hemicellulose 

and lignin concentrations of the forage, but enzyme treatments had no similar effects.  

Ammonia and Ec treatment increased DM intake by 19% and 15% and DM digestibility 

by 28% and 25%, respectively.  In addition, these treatments also increased NDF intake 

by 19% and 17% and NDF digestibility by 19% and 22%, respectively. However, none of 

the treatments altered the ADG of the steers because supplementation with the 

concentrate masked the beneficial effects of Ec and NH3 on animal performance.  The 

results from this study suggest that A20 was as effective as ammonia at increasing the 

quality of bermudagrass hay.  Future experiments should investigate the effects of Ec 

treatment of bermudagrass hay on the ADG of beef steers fed unsupplemented diets. 

Since a positive BW response to Ec and ammonia treatment was only evident in wks 11-

12 of the trial, future experiments should also examine longer measurement periods (120 

d).   

This set of experiments demonstrated that fibrolytic enzyme preparations 

containing esterase, cellulose and xylanase improved the nutritive value of mature 

forages tropical forages.  However, the improvement was small, probably cost-

prohibitive and dependent on the composition and application rate of the enzyme 

preparation, and forage type.  A commercial fibrolytic enzyme produced as much  

improvement in the quality of 5-wk regrowth of bermudagrass hay as ammoniation, but 

neither of the treatments increased ADG.  Therefore, these studies indicate that more 

work needs to be done before beef producers can be advised to use enzymes to enhance 

the quality of tropical forages.  Since the response to enzyme treatment in this study and 

the literature varies with forage type and maturity, enzyme composition and activity and 
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method of enzyme delivery, further research on the interaction of these factors and 

enzyme efficacy is required before definitive recommendations can be developed for 

improving tropical forages with enzymes.  Further research requirements include 

standardized methods of reporting enzyme activities and determination of enzyme 

activities at a pH and temperature that are similar to those that prevail in forages or 

animals.  Since most of this work focused on mature, C4 grasses, future studies should 

also examine the potential for improving the quality of less mature tropical forages with 

fibrolytic enzymes. 
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APPENDIX A 
DESCRIPTION OF PHENOLIC ACID ANALYSIS 

Ester-linked phenolic acids were measured by adding 2 M NaOH (2.4 ml) to 75 mg 

of bahiagrass for 20 h at 25oC in 6 ml teflon vials (Savillex Corp.) under nitrogen.  Two-

Hydroxycinnamic acid (75 µl of a 1 mg/ml solution in 2 N NaOH) was added as an 

internal standard.  The mixture was then acidified (pH<2.0) with concentrated (12 M) 

HCL (0.42 ml).  Liberated ester-linked phenolic acids were extracted into diethyl ether 

(2.5 ml x 4 times).  Ether extracts were combined and reduced to dryness with N2.  Dried 

extracts were silylated with pyridine (10 µl) and BSFTA (40 µl) for 30 min at 60oC.  

Ether-linked phenolics were extracted using the acidified samples from the ester-

linked extraction.  Acidified samples in teflon vial are flushed with N2 to remove 

additional ether.  Internal standard was once again added to the vial at the same level as 

for the ester-linked analysis, as well as 12M NaOH (degassed with N2).  Vials were 

flushed with N2 and then capped with the teflon vial cap follwed by amber overcaps 

(Savillex Corp.) to limit the swelling of the caps during heating.  The vials were then 

placed in large teflon bombs (47 mm X 12 cm, Savillex Corp.) with 3 ml of water in the 

bottom of the bomb.  Bombs were closed using bomb wrenches (Savillex Corp) and 

placed in a 2L beaker for stability and then placed in 170oC mechanical oven for 2 h.  

Samples were then allows to cool to room temperature, followed by an additional 15 min 

cooling by putting cool water in the 2L beaker where bombs are sitting.  Samples were 

quantitatively transferred to screw cap vials (Pyrex 9826) rinsing the teflon vial with 

MilliQ several times (2ml x 3 times).  Samples were acidified using 12 M HCL (1.5ml) to 
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a pH< 2.0.  Samples were then ether extracted (4 ml x 4 times) and derivitized in the 

same manner as the ester-linked samples.  Trimethylsilylated derivatives of phenolic 

acids were separated by gas chromatography (Varian CP3800, Varian Inc. Cary, NC) 

using a 25 mm x 0.33 mm ID x 4 µm film thickness column (Varian, inc. P/N CP7739) 

and a flame ionization detector. Samples were hand injected, by a single person, with a 

10 µl syringe using a hot sandwich technique onto the GC that was fitted with a 1177 

type injector set at 300oC, split on for 1 min, with a split ratio of 50:1 and a constant 

injector flow rate of 1ml/ min. Parameters were as follows: Injector= 300oC, Detector= 

315oC, Oven= 220oC for 1 minute, then ramps 220-240oC at 4oC/min and holds at 240oC 

for 6 min. 
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APPENDIX B 
SAS CODE USED FOR CHAPTERS 3 AND 4 

The SAS code used to analyze the pre-in vitro chemical composition, IVDMD 

and IVNDFD.  

Data; 
INFILE 'U:\research\Trial 1 2002 03\INVITRO SAS\TABLES GRAPHS\ALL Pre 
Invitro.csv' delimiter=',' 
firstobs=2; 
INPUT EXP TRT REP ENZ GRASS PreNDF PreADF PreLig PreHemi; 
 
FORAGE= .; 
If TRT=1 or TRT=2 or TRT=3 or TRT=4 or TRT=5 then FORAGE =1; 
If TRT=6 or TRT=7 or TRT=8 or TRT =9 or TRT=10 then FORAGE =2; 
If TRT=11 or TRT=12 or TRT=13 or TRT=14 or TRT=15 then FORAGE =3;  
ENZYME =.; 
If TRT=1 or TRT=6 or TRT=11 then ENZYME =1; 
If TRT=2 or TRT=7 or TRT=12 then ENZYME =2; 
If TRT=3 or TRT=8 or TRT=13 then ENZYME =3; 
If TRT=4 or TRT=9 or TRT=14 then ENZYME =4;  
If TRT=5 or TRT=10 or TRT=15 then ENZYME =5; 
 
If forage=2 or forage=3 then delete; 
 
PROC SORT; BY TRT; 
PROC PRINT; 
proc means; 
 
PROC GLM; 
CLASS rep forage enzyme; 
MODEL PreNDF PreADF PreLig PreHemi= EXP FORAGE ENZYME exp*forage 
exp*enzyme forage*enzyme exp*forage*enzyme/SS1 SS3; 
contrast 'bahia v berm' forage -2 1 1; 
contrast 'coast v tift' forage 0 -1 1; 
contrast 'lin' enzyme -2 -1 0 1 2; 
contrast 'quad' enzyme 2 -1 -2 -1 2; 
contrast 'cubic' enzyme -1 2 0 -2 1; 
contrast 'quartic' enzyme 1 -4 6 -4 1; 
contrast 'bah v ber x lin' forage*enzyme 4 2 0 -2 -4 -2 -1 0 1 2 -2 -1 0 1 2; 
contrast 'bah v ber x quad' forage*enzyme -4 2 4 2 -4 2 -1 -2 -1 2 2 -1 -2 -1 2; 
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contrast 'bah v ber x cubic' forage*enzyme 2 -4 0 4 -2 -1 2 0 -2 1 -1 2 0 -2 1; 
contrast 'bah v ber x quart' forage*enzyme -2 8 -12 8 -2 1 -4 6 -4 1 1 -4 6 -4 1; 
contrast 'coast v tift x lin' forage*enzyme 0 0 0 0 0 2 1 0 -1 -2 -2 -1 0 1 2; 
contrast 'coast v tift x quad' forage*enzyme 0 0 0 0 0 -2 1 2 1 -2  2 -1 -2 -1 2; 
contrast 'coast v tift x cubic' forage*enzyme 0 0 0 0 0 1 -2 0 2 -1 -1 2 0 -2 1; 
contrast 'coast v tift x quart' forage*enzyme 0 0 0 0 0 -1 4 -6 4 -1 1 -4 6 -4 1; 
LSMEANS FORAGE ENZYME/STDERR pdiff; 
LSMEANS Forage*enzyme/STDERR pdiff; run; 
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The SAS Code used to generate the in situ parameters using the Proc NLIN 

procedures of SAS. 

OPTIONS NOCENTER; 
data D740; 
infile 'C:\Documents and Settings\Nathan\Desktop\Research\In situ  
2003\SAS\D670insitu.csv' delimiter=','; 
 
input hr deg id ; 
proc print; 
run; 
 
Proc NLIN data=d740 method=marquardt MAXITER=400 noitprint; 
by id; 
 
PARAMETERS a=100 to 200 by 5 b=500 to 700 by 5 c= 0.008 to 0.05 by 0.005 L= 1 to 
12; 
 
BOUNDS a <= 200; 
BOUNDS b <= 1000; 
BOUNDS c < 1; 
BOUNDS L <= 12; 
 
MODEL deg=a; if (hr>L) then model.deg=a+b*(1-exp(-c*(hr-L))); 
Output out=nlinout p=pred r=resi parms=a b c L  sse=errors; 
run; 
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The SAS code for analyzing the in situ parameters generated from the NLIN 

procedures of SAS. 

Data; 
INFILE 'C:\Documents and Settings\Nathan\Desktop\Research\In situ  
2003\SAS\Depol670 combined insituSAS.csv' delimiter=',' 
firstobs=2; 
INPUT TRT COW ENZ REP GRASS a b ab c l AA BB PP ED; 
 
FORAGE= .; 
If TRT=1 or TRT=2 or TRT=3 or TRT=4 or TRT=5 then FORAGE =1; 
If TRT=6 or TRT=7 or TRT=8 or TRT =9 or TRT=10 then FORAGE =2; 
If TRT=11 or TRT=12 or TRT=13 or TRT=14 or TRT=15 then FORAGE =3;  
ENZYME =.; 
If TRT=1 or TRT=6 or TRT=11 then ENZYME =1; 
If TRT=2 or TRT=7 or TRT=12 then ENZYME =2; 
If TRT=3 or TRT=8 or TRT=13 then ENZYME =3; 
If TRT=4 or TRT=9 or TRT=14 then ENZYME =4;  
If TRT=5 or TRT=10 or TRT=15 then ENZYME =5; 
if forage=3 or forage=2 then delete; 
 
PROC SORT; BY TRT; 
PROC PRINT; 
proc means; 
run; 
 
PROC GLM; 
CLASS rep forage enzyme; 
MODEL a b ab c l AA BB PP ED = COW FORAGE ENZYME forage*enzyme /SS1 
SS3; 
contrast 'bahia v berm' forage -2 1 1; 
contrast 'coast v tift' forage 0 -1 1; 
contrast 'lin' enzyme -2 -1 0 1 2; 
contrast 'quad' enzyme 2 -1 -2 -1 2; 
contrast 'cubic' enzyme -1 2 0 -2 1; 
contrast 'quartic' enzyme 1 -4 6 -4 1; 
contrast 'bah v ber x lin' forage*enzyme 4 2 0 -2 -4 -2 -1 0 1 2 -2 -1 0 1 2; 
contrast 'bah v ber x quad' forage*enzyme -4 2 4 2 -4 2 -1 -2 -1 2 2 -1 -2 -1 2; 
contrast 'bah v ber x cubic' forage*enzyme 2 -4 0 4 -2 -1 2 0 -2 1 -1 2 0 -2 1; 
contrast 'bah v ber x quart' forage*enzyme -2 8 -12 8 -2 1 -4 6 -4 1 1 -4 6 -4 1; 
contrast 'coast v tift x lin' forage*enzyme 0 0 0 0 0 2 1 0 -1 -2 -2 -1 0 1 2; 
contrast 'coast v tift x quad' forage*enzyme 0 0 0 0 0 -2 1 2 1 -2  2 -1 -2 -1 2; 
contrast 'coast v tift  x cubic' forage*enzyme 0 0 0 0 0 1 -2 0 2 -1 -1 2 0 -2 1; 
contrast 'coast v tift x quart' forage*enzyme 0 0 0 0 0 -1 4 -6 4 -1 1 -4 6 -4 1; 
LSMEANS FORAGE ENZYME Forage*Enzyme/STDERR pdiff; run;
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APPENDIX C 
SAS CODE USED FOR CHAPTER 5 

The SAS code used to analyze enzymatic DM disappearance. 

data; 
input TRT run rep dmdiss; 
cards; 
 
proc print; 
proc glm; 
class TRT rep run; 
model dmdiss = TRT run TRT*run ; 
*lsmeans TRT/pdiff; 
means TRT/dunnett; 
run; 
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SAS code used to estimate the gas fermentation parameters at 24 h of 

incubation. 

OPTIONS NOCENTER; 
data gasprod; 
infile 'C:\Documents and Settings\Nathan\Desktop\Research\Experiment 4 Ratio 
studies\GP Volumes  Data & SAS\24h GP pressures per gram substrate.csv' delimiter=',' 
firstobs=2; 
 
input id hr pressure; 
 
proc print; 
run; 
 
Proc REG data=gasprod; 
by id; 
model pressure=hr; 
run; 

 

SAS code used to generate the gas fermentation parameters at 96 h of incubation. 

OPTIONS NOCENTER; 
data gasprod; 
infile 'C:\Documents and Settings\Nathan\Desktop\Research\Experiment 4 Ratio 
studies\GP Volumes  Data & SAS\GP Run 3 3-16-06\GP run 3 per g DM 3-14-06 
96h.csv' delimiter=',' 
firstobs=2; 
 
input id hr pressure; 
 
proc print; 
 
Proc NLIN  data=gasprod method=marquardt maxiter=500 noitprint; 
by id; 
PARAMETERS A=0 to 20 by 1 b=0 to 50 by 1.0 c= 0.05 to 2.50 by 0.05 L= -10 to 40; 
 
BOUNDS A <= 20; 
BOUNDS b <= 50; 
Bounds c < 3; 
Bounds L < 41; 
 
MODEL pressure=a; if (hr>L) then model.pressure=a+b*(1-exp(-c*(hr-L))); 
Output out=nlinout p=pred r=resi parms=a b c L  sse=errors; 
run; 
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SAS code used to analyze the gas production DMD, NDFD, VFA production 

and parameter analysis at 24 and 96 h of incubation. 

Data; 
INFILE 'C:\Documents and Settings\Nathan\Desktop\Research\Experiment 4 Ratio 
studies\GP DMD SAS\GP DMD SAS 24h modified for enz.csv' delimiter=',' 
firstobs=2; 
INPUT  TRT run rep DMD; 
 
proc sort; by TRT; 
proc print; 
proc glm; 
class rep trt run; 
model DMD=TRT run TRT*run; 
contrast '1 v 2' TRT -1 1 0 0; 
contrast '1 v 3' TRT -1 0 1 0; 
contrast '1 v 4' TRT -1 0 0 1; 
lsmeans trt/ STDerr pdiff  ; 
run
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APPENDIX D 
SAS CODE USED FOR CHAPTER 6 

SAS code used to analyze ADG, shrunk BW, feed to gain ratio, in vivo 

analyses. 

Data; 
INFILE 'C:\Documents and Settings\Nathan\Desktop\Research\Beef Feeding 
Trial\SAS\ADGdata.csv' delimiter=',' 
firstobs=2; 
INPUT Steer TRT Pen ADG block; 
Proc sort; by TRT Steer; 
Proc print; 
 
Proc mixed; 
class Steer TRT Pen Block ; 
model ADG=TRT / ddfm=kr; 
random pen block; 
lsmeans TRT; 
contrast 'NH3 v Conrol' TRT 1 -1 0 0 0; 
contrast 'Ec v Conrol' TRT 1 0 -1 0 0; 
contrast 'Eb v Conrol' TRT 1 0 0 -1 0; 
contrast 'Ef v Conrol' TRT 1 0 0 0 -1; 
run; 
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SAS code used to analyze repeated measures like BCS, plasm BUN and 

glucose, intakes, hip height, ultrasound measurements and chemical composition of 

diets. 

Data; 
INFILE 'C:\Documents and Settings\Nathan\Desktop\Research\Beef Feeding 
Trial\SAS\BW.csv' delimiter=',' 
firstobs=2; 
INPUT Steer TRT Week Pen BW initbw block; 
Proc sort; by TRT Steer; 
Proc print; 
 
Proc mixed; 
class Steer TRT Week Pen Block ; 
model BW=TRT Week TRT*Week initbw / ddfm=kr; 
random pen block; 
repeated Week/ sub=steer type=arh(1); 
lsmeans TRT Week TRT*week / slice=Week; 
contrast 'control v others' TRT -4 1 1 1 1; 
contrast 'NH3 v others' TRT 1 -4 1 1 1;  
contrast 'Ec+Eb+Ef v Control' TRT 3 0 -1 -1 -1; 
contrast 'NH3 v Conrol' TRT 1 -1 0 0 0; 
contrast 'Ec v Conrol' TRT 1 0 -1 0 0; 
contrast 'Eb v Conrol' TRT 1 0 0 -1 0; 
contrast 'Ef v Conrol' TRT 1 0 0 0 -1; 
contrast 'NH3 v Ec+Eb+Ef' TRT 0 -3 1 1 1; 
contrast 'Ec+Eb v Ef' TRT 0 0 -1 -1 2; 
contrast 'Ec v Eb' TRT 0 0 -1 1 0; 
run; 
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SAS code used to generate in situ parameters using the NLIN procedures. 

OPTIONS NOCENTER; 
data hayinsitu; 
infile 'C:\Documents and Settings\Nathan\Desktop\Research\Beef Feeding 
Trial\SAS\hayinsitu.csv' delimiter=','; 
 
input ID hr DEG; 
 
proc print; 
run; 
 
Proc NLIN data=hayinsitu method=marquardt MAXITER=400 noitprint; 
by id; 
PARAMETERS a=100 to 200 by 5 b=500 to 700 by 5 c= 0.008 to 0.05 by 0.005 L= 1 to 
12; 
 
BOUNDS a <= 200; 
BOUNDS b <= 1000; 
BOUNDS c < 1; 
BOUNDS L <= 12; 
 
MODEL DEG=a; if (hr>L) then model.deg=a+b*(1-exp(-c*(hr-L))); 
Output out=nlinout p=pred r=resi parms=a b c L  sse=errors; 
run;  

 

SAS code used to analyze in situ parameters. 

Data; 
INFILE 'C:\Documents and Settings\Nathan\Desktop\Research\Beef Feeding 
Trial\SAS\insitu parameters.csv' delimiter=',' 
firstobs=2; 
INPUT TRT COW REP a b ab c l AA BB AABB P96 ED; 
 
PROC PRINT; run; 
PROC GLM; 
CLASS rep trt; 
MODEL a b ab c l AA BB AABB P96 ED = COW TRT /SS1 SS3; 
contrast 'NH3 v Conrol' TRT 1 -1 0 0 0; 
contrast 'Ec v Conrol' TRT 1 0 -1 0 0; 
contrast 'Eb v Conrol' TRT 1 0 0 -1 0; 
contrast 'Ef v Conrol' TRT 1 0 0 0 -1; 
LSMEANS TRT/STDERR pdiff; 
run;
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