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In viuo and in vivo experiments were conducted to detelmine the effectiveness of 

lipids, exogenous fibrolytic enymes, and the specific anti-methanogenic agent a- 

bromoethaoesulfonic acid (BES) in reducing methane emissions fiom niminant animais and 

their effect on dietary digestion. A rumen simulation technique system equipped with eight 

fermenters was used for in vitro investigations. Six  niminally and duodenaliy fistulated ewes 

were used for in vivo investigations. 

Coconut, canola and cod Iiver oiIs (10% of diet, w/w) reduced (P < 0.05) methane 

emissions by 59,26 and 29%, respectively, with a hay diet in in vitro studies. Comparative 

values with a concentrate diet were 85-32 and 49% (P < 0.05). Coconut oil depressed (P < 

0.05) dry matter (DM) digestion of the hay diet by 3 1%, but it had no influence on DM 

digestibility of the concentrate diet. Neither canola nor cod liver oïl had any detrimental 

effect on the digestion of diets. Exogenous fibrolytic enzymes (4% of diet, d w t )  increased 

(P c 0.0 1) methane emissions by 43% and organic matter (OM) digestibility by 9%. a- 

bromoethanesulfonic acid (25 PM) depressed (P < 0.01) rnethane emissions by up to 52% 

without a detrimental effect on digestion. 

In the study with sheep, exogenous fibrolytic enzymes (1.5% of diet, volht) or BES 

(200 FM) did not affect digestion, ruminal digestive kinetics, or methane emissions. 

Methane emissions @/kg DMI) varied with intake of individual ewes, being about 20% lower 

(P < 0.05) at DM intake of 1.5 vs 0.6 kgld. Similarly, rnethane emission ( g k g  DMI) was 

decreased (P < 0.0 1) by 26% when apparent DM digestibility of the grass hay in the total 

tract increased fiom 36 to 57%. Diaminopirnelic acid outfiow to the duodenum @/kg 



ruminally digested OM) and methane emissions @/kg ntminriily digested OM) decreased (P 

c 0.0001) by 67 and 64%, respectively, when apparent OM digestibility of grass hay in the 

rumen of ewes increased fiom 16 to 40%. 

It was concluded that supplementation of lipids and BES effectively depressed 

methane emissions in vitro, but BES had no intluence on methane emissions in sheep. 

Exogenous fibrolytic enzymes effectively increased forage digestion and methane emissions 

in vitro, but it had no effect on either forage digestion or methane emissions in sheep. 

Further studies are required with a more potent anti-rnethanogenic agent(s) to examine the 

relationship between rnethanogensis and microbial growth and dietary fermentation in the 

rumen 
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1.1. Background 

The digestive system of niminant allows the animal to live on fibrous biomass such 

as roughages, cereal straws and other waste products, which are converted to hi& quality 

protein for hurnan consurnption. Ruminant animals, in contrat with rnonogastric animals, 

do not need to compete with humans for grain in their diets. This characteristic gives 

ruminant animals a unique position in the world economy. In recent years, however, 

ruminant production has caused concern with respect to their contribution to environmental 

problems, not only in terms of solid and liquid animal waste products, but also because of 

excretion of considerable amounts of carbon dioxide (CO3 and methane (CH,). It has been 

well docurnented that increased concentrations of C q  and CH, gases in the atmosphere are 

closely associated with global wamiing. This phenornenon is called as the greenhouse effect. 

It is estimated that the global temperature will continuously increase by 1.5 to 4S°C over the 

next 50 years if emissions of greenhouse gases are not controlled (Environment Canada 

1988). Global wanning is predicted to cause erratic weather patterns, melting glaciers, flood, 

and drought. 

Carbon dioxide is the single greatest contributor to the greenhouse effect. The 

concentration of COz is increasing at an annual rate of 5% and has increased by 25% over 

the past 200 years (Environment Canada 199 1). 

Methane is deemed to be the second most important greenhouse gas after CO2, 



contributing approxùnately 25% as much to global wanning as COz (Tyler 1991). The 

concentration of CH, in the atmosphere has increased in recent history with the higher levels 

correspondhg to periods of higher temperature and deglaciation. The atmosphenc CH, 

concentration was approximately 0.7 pprn (by volume) 10,000 years ago until about 300 

years ago (Tyler 199 1). Since that the, CH, in the atmosphere has increased steadily at an 

annual rate of 1% until it has reached a value of 1.7 ppm in the early 1990's (Thompson et 

al. 1992; Moss 1993). Although the atmospheric concentration of CH, is considerable lower 

than that of CO, (- 345 ppm), the increase in atmosphenc CH, causes great concem because 

it has a higher infrared absorbance, thus per rnolecule it is considered to be 30 times more 

effective a greenhouse gas than CO2 (Tyler 199 1). In addition, CH, in the stratosphere reacts 

with fiee mdicals, mainly hydroxyl radical, fomiing CH,- which can then participate in a 

number of complex reactions leading to ozone destruction (Tyler 199 1). 

It is estimated that ruminants in the world are responsible for approximately 77 x 106 

metric tonnes of CH, production annuaily, which constitutes approximately 15% of the total 

atmospheric CH, emissions (Crutzen et al. 1986; Lashof and Tirpak 1990; Moss 1993). 

Others have speculated that domestic anirnals are responsible for 12.30% of the total CH, 

production (Anonymous 1990; Crutzen 1995). Ruminants produce approximately 97% of 

CH, generated by domestic animals (McAllister et al. 1996). Given a world population of 

approximately 1.3 billion cartle and calves, each animal producing about 44 kg of CH, 

mually,  cattle account for approximately 75% of totai CH, emissions from domestic 

animals (Crutzen et ai. 1 986). The global production of CH, from cattle and sheep has been 

hcreasing by approximately 1 % annually (Cmtzen et al. 1986). 



Ln addition to a significant contribution to global warming, CH, produced by 

ruminants represents a serious diversion of dietary energy away fkom animal growth and 

production. It is estimated that 245% of gross energy in the feed can be lost through CH, 

formation in the m e n  (Van Nevel and Derneyer 1996). Thus, reducing methane production 

in ruminants wouid be beneficial to both ruminant Livestock industry and the atmosphere. 

However, methanogenesis plays a very important role in anaerobic fermentation. 

Methanogens interact mutualitically with fermentative microorganisms in the rumen and 

other anaero bic habitats allowing disposal of electrons, there by promoting growth of 

fermentative microorganisms and degradation of organic matter. Previous studies have 

provided evidence that drastic inhibition of methanogenesis can cause a depression in 

anaerobic fermentation of organic matter (Johnson and Johnson 1995; Mathison 1997). 

However, alternative hydrogen sida are present in the rumen (Mathison et al. 1998). Some 

rumkial microbes can aitematively dispose of electrons through pathways of ethanol, lactate 

and propionate synthesis (Wolin and Miller 1988). In addition, metabolic hydrogen can be 

utilized in the reduction of inorganic substrates such as nitrate and sulfate (Czerkawski 

1986). These would suggest that ruminal methanogenesis may be able to be controlled 

without a detrimental effect on microbial growth and organic matter fermentation by proper 

manipulation of ruminal fermentation. 

Inhibition of methane emissions in the rumen by long-chah unsaturated fatty acids 

has been recognized for many years, but previous reports about the effects of long-chah fatty 

acids on dietary digestibility are not consistent. CanoIa oil is sometimes used as a high- 

energy supplement to finishing diets of feedlot cattle in western Canada. The fist in vitro 



experiment of this thesis research was conducted to compare canola oil with cod b e r  oiI and 

coconut oil, which are dïerent  in fatty acid profiles, on microbid populations, methane 

emissions and feed digestibility. A hay diet and a wheat-based diet were used to determine 

the effect of these oils on both forage and concentrate diets. 

The second in vitro experiment was undertaken to examine the effect of exogenous 

fibrolytic enzymes and a-bromoethanesulfonic acid (BES) on microbial populations, 

methane emissions and diet digestibility. Pretreatment of forages with exogenous fibrolytic 

enzymes has been shown to improve fibre digestion in vivo and in vitro, but studies 

conceming their effect on methane emissions is limited. a-Bromoethanesulfoaic acid, a 

specifïc methanogenic inhibitor, has been shown the potential to inhibit methanogenesis in 

pure cultures and mixed rumen microbial cultures as well as in sheep, but its effect on diet 

digestibility has not been exarnined. 

Finally, an in vivo çhidy with sheep was conducted to confirrn the results obtained 

fiom the second in vitro experiment and to study the relationships between methane 

emission, bacterial growth, and the digestion of a diet consisting of fescue hay. 



1.2. Hypotheses 

It was hypothesized that: 

1. Depression in d a l  methanogenesis would not have a detrimental effect on 

niminal digestion of organic matter because many m e n  microbes have an alternative 

mechanisrn(s) to regenerate NAD'; 

2. Canola oil would reduce niminal methanogensis without a detrimental effect on 

niminal fermentation of organic matter because the double bonds of long-chah unsaturated 

fatty acids of canola oil can function as an alternative means of disposing metabolic 

hydrogen or long-chah fatty acids can be toxic to methanogens; 

3. Exogenous fibrolytic enzymes would reduce niminal methanogensis because they 

can increase the competitiveness of niminal lactate- and propionate-synthesizing bacteria 

with acetate-producen by accelerating release of simple sugars from fibrous components of 

forages; and 

4. a-Bromoethanesulfonic acid wouid inhibit niminal methanogenesis because it is 

a cornpetitive inhibitor of coenzyme M (CoM) which is a prerequisite enzyme for methane 

synthesis. 



13. Objectives 

The major objective of this research was to develop strategies to reduce methane 

production in the m e n .  To accomplish this objective, several projects were undertaken. 

Initial projects were undertaken to evaluate the potencies of nahiral and aaificial compounds 

in depression of methane production and their impact on feed digestion in the rumen using 

an artificial rumen simulation technique. Finally, an animal experiment was conducted to 

confirm the results obtained fiom the artificial rumen simulation technique. 
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2. LITERATURE REVIEW 

2.1. Microbiology of Methanogenesis 

2.1.1. Taxonomy and diversity of methanogens 

Methanogens are a distinct group of microbes that are disthguished fiom eubacteria 

by a number of characteristics, including the possession of membrane lipids composed of 

isoprenoids ether-linked to glycerol or other carbohydrates (Jones et al. 1987; De Rosa and 

Gambacorta 1988), a lack of peptidoglycan containing muramic acid (Kandler and Hippe 

1977), and distinctive ribosomal RNA sequences (Balch et ai. 1979; Woese 1987). This 

group also includes some extreme halophiles and some extremely thermophilic, sulfur- 

dependent microbes (Woese 1987) and is phylogenetically distinct fiorn eukaryotes and 

eubacteria. Therefore, methanogens have been classified in a different domain, Archaea 

(formeriy Archaebactena), within the kingdom Euryarchaeota (Balch et al. 1979; Woese et 

al. 1990; Nol1 1992). 

Although methanogens s h e  many comrnon physiological features, considerable 

phylogenetic diversity of mb-- >?nogens is reflected in differences in the macromolecules 

responsible for the rigidity of the sacculus, daerences in the composition of Lipids, and 

differences in rRNA nucleotide sequences. The diversity is also reflected in the 

representation of cocci, various shaped rods, spirilla, thermophilic and mesophilic species, 

and motile and non-motile species among the different genera of methanogens. 



2.12. Physiology of methanogens 

Methanogens are fastidious anaerobes and grow only in environments with redox 

potentids below -300 mV (Hungate 1967; Stewart and Bryant 1988). Methanogens, 

however, can be 'Tairly tolerant" to O2 exposure aithough there is a considerable variability 

in the sensitivity of species to O2 (Kiener and Leisinger 1983). Most methanogens grow at 

neutral pH, with an optimum between 6 and 8 (Jones et al. 1987): However, some 

methanogen species c m  grow in externe environments with pH values of 3 and 9.2 

(Williams and Crawford 1985; Mathrani et al. 1988). The temperature range for 

methanogens is wide, with an optimum of 35°C to 4û"C for mesophilic species and 600C for 

thennophilic species. The maximum temperature optimum known is 98°C for one species, 

Methunopps kandleri. 

Methanogens as a group use CH, formation as the sole energy-generating mechanism. 

The substrates used as carbon and energy sources by methanogens are restncted to a small 

number of simple compounds, most of which contain one carbon (Table 2.1). Many 

methanogens use only one or two substrates, with the greatest versatility represented in some 

of Methanosurcina, which cm use seven substrates. Most species of methanogens 

c m  grow chemolithotrophically using CO, as carbon source and H, as energy source, and 

many of them can also use formate as both carbon and energy sources. Only certain species 

can utilize acetate, methylated amines, methylated sdfide, alcohols or CO as carbon andor 

energy sources. 

Al1 methanogens use NH,' as their nitrogen source and many species can £ïx nitrogen 



Table 2.1 Substrates and major methanogenic reactions 
AG0' 

Reaction (k.ilmol CH,) Methanogen 
-135 Almost ail methanogens 1. HCO; + H' + 4H, - CH, + 3H20 

2.4HC00' + W + H20 - CH, + 3HC0,' 

3. CH,COO' + H20 - CH, + HCO; 

4.4CO + 5H,O - CH, + 3HC03- + 3H' 

5. SCH3CH,0H + HCO,' - îCH,COO- + Fi+ + 
CH, + H20 

Many hydrogenotrophic 
methanogens 

Methnosarcina and 
Mefhanothrix 

Merhanosarcina and 
Methano bacterium 

Some hydrogenotrophic 
methanogensa 

Mefhanosarcina and other 
methylotrophic 
methanogens 

Methanosurcina and other 
methanogensb 

Sorne methylotrophic 
methanogensc 

Methanosphaera 
stadtmanii, methy lotrop hic 
methanoeens 

Adapted fiom Zinder (1993). 
'Other short chah alcohols utilized include isopropanol, 
botfier methylated amines utilized inchde mono- and di-methylarnines. 
'Mettiy1 mercaptan (methane thiol) is also used. 

when NH,' is depnved (DeMol1 1993). Some species can deaminate arnino acids, some 

hydrolyse urea, others metabolize methylamines, and some degrade purines or pyrimidines. 

No single methanogen has been shown to possess al1 of these capabilities @eMoll 1993). 

Methanogens use nitrogen in the biosynthesis of amino acids, purines, pyrimidines, and other 

basic biochemicals by employing most of the same reactions that are used by eubacteria. 

Methanogens obtain their phosphorus, as do most living organisms, in the fonn of 



inorganic phosphate. Although phosphate metabolism in methanogens is unique in several 

aspects, most of the details of phosphate metabolism, such as in nucleotide synthesis, are also 

identical to those seen in other organisms. Methanogens use sulfïde and cysteine as sources 

of sulfur. Methanogens also require sodium, nickel, and certain other trace elements (Mackie 

et al. 1992). Autotrophic species specificdly require B vitamins and unknown growth 

factors in nimen fluid or yeast extract. 

2.1.3. Ecology of methanogenesis 

Methanogens cannot utilize complex organic molecules as their carbon and energy 

source. niey are restricted to very simple and narrow range of substrates. An important 

consequence of this limited 

repertoire is that in rnany 

ecosystems, methanogens have 

with other organisms which 

metabolic 

anaero bic COMPLEX POLYMERS 
(POLYSACCHARIDES, PROTEIN, ETC) 

to consort 

rnetabolize MONO & OLIGOMERS 
(SUGARS, AMIN0 ACIDS, PEPTIDES) 

complex organic matters yielding simple i 

end-products. Therefore, conversion of BUTYRATE, ETC 1 
I 

complex orgaaic matters to CH, requires an f 1 v lm (2)! I , 1 
H2 + CO2 - ACETATE 

interacting microbial food web (consortium) "' &A 
(Fig. 24, in contrast to aerobic ecosystems, CH4 + CO2 

Fig. 2.1 Carbon fluw in aitacrobic femientation. Microbiai 
where a single organism may completely ~ u p s  ivhich mas br: iiivolvsd: ( I femrntative anaerobes: (2) 

hydrogeii-producing acetoeeiis: (3 ) Iiy drogen-consuniing 
acerogens; (4) hydrogen-consuining inethanogsns: ( 5 )  

oxidize a complex organic rno~ecuie to Co2. acemmphic meihanogm (Zinder 1993). 



The microbiz! food chah may be composed of up to four interacting metabolic 

groups of anaerobic microorganisms depending on the operative methanogenic habitats. No 

matter what the methanogenic habitats, organisms involving the fïrst step of the degradation 

of complex molecules are those anaerobes including bacteria, b g i  and protozoa, which 

hydrolyse polysaccharides and degrade the hydrolysed products to Hz, CO2, formate, acetate, 

and higher fatty acids such as butyrate and propionate. These fermentative organisms also 

ferment protein and lipids with similar end products. 

Syntrophic Hz-producing acetogens may or may not be involved in methanogenesis 

depending on habitat. In the anaerobic bioreactor, for example, retention time is very long 

(14-30 d) and fatty acids and other intermediates carmot 'escape' readily. Hz-producing 

acetogens thus can grow in this habitat with conversion of higher fatty acids or alcohols to 

acetate and H ,  and aiso CO, with odd-numbered carbon fatty acids. However, this group 

of organisrm is rarely found in the rumen. Ruminants swallow a large quautity of water and 

produce large amounts of saliva so that the retention time of m e n  contents is only 1-2 d. 

This short retention time does not allow the growth of the slow-growuig syntrophic HI- 

producing acetogens (doubling tirne > 3 d). Another reason that limits syntrophic fatty acid 

oxidation in the rumen is tke high E& partial pressure of the rumen. The basal Hz partial 

pressures in the rumen are about 10-fold higher than those in an anaerobic bioreactor, which 

is too high to allow syntrophic fatty acid oxidation (Zhder 1993). Consequently, the 

anaerobic food chab in the 

accumulate in large amounts, 

Hydrogen-consumuig 

m e n  is tnincated and acetate, propionate, and butyrate 

with rnolar proportions of approximately 60 : 30 : IO. 

acetogenic bacteria are usuaily found in such methanogenic 



habitats as the lower gut of termites and the colon of animai. These organisms produce 

acetate through reduction of CO, with H,. It is not clear why Hz-consuming acetogenic 

bactena can outcompete methanogens in the gut of termites and the colon of human 

individuals. For thermodynamic reasons, the Hz-consumllig acetogens are generally 

outcompeted by the methanogens in anaerobic bioreactors and the rumen (Zinder 1992). 

Methanogens constitute the terminal group in the consortium. SUay-six species of 

methanogens have been isolated fiom a variety of anaerobic habitats including sanitary 

landfills, acidic peat bogs, waterlogged soils, sait lakes, thermal environments, and the 

digestive mm of animais (Archer and Harris 1986; Mackie et al. 1992). Hydrogen- 

consuming methanogens (hydrogenotrop hs) exist in al1 type of anaero bic habitats, which is 

reflected in the fact that almost al1 species of methanogens c m  generate CH, using H2 and 

CO,, which are common end-products of fermentative organisms. Methanogens, rather than 

hydrogenotrophs, are restricted to certain habitats depending on physiological conditions and 

substrate availabilities. Methanothrix, which is often the dominant acetotrophic methanogen 

in anaerobic bioreactors, is rarely found in the rumen due to its slow growth rate (doubling 

time > 3.5 d), whereas Methanosarcina, with a doubling time of 1 -2 d on acetate, cm be 

found in the rumen in low nurnbers (Patterson and Hespell 1979). It is important in the 

ecosystem of ruminant that hydraulic retention time be kept short enough to prevent 

rnethanogenesis fiom acetate. Otherwise a significant loss of energy would occur. 



Table 2.2. Characteristics of methanogens isolated fiom the m e n  
MorphoIogy and ce11 

Organism envelope composition Nutritional requirernent 
Methunobrevibucter ruminantium ' Short rods; pseudomurein 

Methanobrevibacter spp.* Short rods; pseudomurein 

~blethanosarcina &&ri' Irregular cocci, large clusters; 
heteropolysaccharide and protein 

Methunosarcina rnazelJ Cocci; heteropoIysaccharide 

Methanobacterium formicicumS Long rods and filaments; 
pseudomurein 

H&O, formate, acetate, 
2-methylbutyrate, CoM? 

HJCO, formate, isobutyrate, 
isovalerate, 2-methylbutyrate, 
valerate, CoM 

H&O, formate 

Methano 1, methy lamines, 
acetate 

HGO, formate 

Methanornicrobiwn mobile6 Short rods:  rotei in - - - - - - - - - - 7 H2/C02, formate 
Adapted fmrn 'Smith and Hungate (1 958); 'Lovley et al. ( 1984) 'Beijer (1 952); 'Mah (1 980); 
'Oppemann et al. (1 957); 6Paynter and Hungate (1 968). 
TOM, 2-mercaptoethanesulfonic acid or coenzyme M. 
This species includes both CoM- requiring and non- requiring strains. 

2.1.4. Rumen methanogens 

Six rnethanogen species of rumen origin have been described to date (Table 2.2). 

Only two species, Methanobrevibacter ruminatiurn and Methanosarcina isolates sirnilar to 

Methanosarcina barkeri are assumed to play the most significant role in ruminal 

methanogenesis (Rowe et al. 1979; Lovley et al. 1984; Miller et al. 1986; Stewart and Bryant 

1988). However, new ruminal species may be identified and the perspectives on their 

relative importance w i U  no doubt change, because new species f?om other anaerobic habitats 

are fiequently discovered with phylogenetic analyses of 16s rRNA (Jones et al. 1987). 

Methanobrevibacter ruminantizîm (formerly Methanobacterium ruminantium), the 



first methanogen isolated fiom the bovine m e n  (Smith and Hungate 1958), is present in 

high numbers (106 - log ml,-'). It is a short, non-motile, Gram-positive coccobacilli. 

Hydrogen and CO2 are the major energy and carbon source, respectively, for methanagenesis, 

although it c m  also use formate as energy and carbon sources, with a slower growth rate 

(Miller 1995). 

Methanobrevibacter ruminantium requires acetate as a major source of ce11 carbon 

(Bryant et ai. 1971). It is more nuûitionally fastidious than other species of this genus. It 

requires hnethylbutyrate, 2-mercaptoethanesulfonic acid (Coenzyme M or CoM) and a 

mixture of amino acids (Bryant et al. 1971; Taylor et al. 1974). 7-Methylbutpte is a 

precursor of isoleucine via the Allison reductive carboxylation pathway (Robinson and 

Allison 1969), while CoM is a cofactor that is required for the terminal reaction of 

medianogenesis and found only in methanogens. The reason for the requirement of CoM by 

this species is not clear. CoM-requuing and non-requiring strains of Methanobrevibacter 

species have been isolated fiom bovine m e n  contents in high numbers (log - 109 mL') 

(Lovley et al. 1984; Miller et al. 1986). Two type of strains do not react with rabbit antisera 

against Methanobrevibacter ruminantium (Miller et ai. 1986). These strains require 

isobutyrate, isovalerate, valerate, a?d 2-methylbutyrate for growth. 

Methanosarcinu barkeri, which is often found in high nurnbers in anaerobic 

bioreacton, are also present in lower numbers (lo3 - 1 o6 ml,-') in the rumen of cows, goats 

and sheep (Beijer 1952; Rowe et ai. 1979; Patterson and Hespell 1979; Vicini et al. 1987). 

The cells are Grarn-positive, non-motile spheres, which occur in packets or large clusters. 

Substrates for methanogenesis include H2/C0,, methanol, methy lamines and acetate 



(Patterson and Hespell 1979; Archer and Harris 1986). The unique biochemical abiliv to 

use methanol, methylamines and acetate enables the slow-growing Methanosarcina barkeri 

to flourish in the rumen of ruminants fed diets containing ingredients like molasses that 

promote the utilization of methylamines, methanol and acetate as substrates for 

methanogenesis (Rowe et al. 2979; Vicini et al. 1987). 

Methanomicrobium mobile was found in high numbers in rumen contents of cows 

in only one report (Paynter and Hungate 1968), and no additional information regarding its 

presence in the m e n  has been reported. M. mobile grows rapidly with -O2, but does not 

form CH, fiom methyl groups (Wolin and Miller 1988). 

2.1.5. Biochemistry of methanogewsis 

AIthough the sources of electrons used for the reduction of methyl group to CH, vary, 

al1 methanogens share a unique metabolic step in which energy conservation is associated 

with the reduction of a methyl group to CH,, and coenyme M is an essential methyl group 

carrier that mediates methyl group transfer to methylreductase. The central pathway is 

illustrated in Fig. 2.2. Six coenzymes have been confirmed as participants in the reduction 

of CO2 to CH,. niese coenzymes include methanofuran (MFR), tetrahydromethanopterin 

(H,MPT), cofactor F,,,, cofactor F,,,, coenyme M (CoM) and 7- 

mercaptoheptano ylheonine phosphate (HS-HP). Methano furan, tetrahydromethanopterin, 

and coenzyme M function as C,-cimiers, while cofactor F420, cofactor F,,, and 7- 

mercaptoheptanoylthreonine phosphate function as electron carriers in the reductases 



Fig. 2.2. Metabolic pathway of methanogenesis from C O  and HF MRF, methanofuran; 
CHO-MFR, N-formyl-MFR; H4-MPT, tetrahydromethanopterin; CHO-WMPT, Ns-formyl- 
H4MPT; CH=H4MPT, N ', N 1 0 - m e t h e n y l - ~ , ~ ~ ~ ;  CH2=H4MPT, N ', N 'O-methylene- 
H,MPT; CH,-H4MPT, N -methyl-H,MPT; Fd2&, reduced cofactor F,; F4?,', oxidized 
cofactor F4,,; HS-CoM, coenzyme M; CH,-S-CoM, methyl-CoM; Fa,, cofactor F,,,; HS- 
HTP, N 7-mercaptohetanoyl-O-phosphate-L-threoni (Thauer et al. 1 993). 



(DiMarco et al. 1990; Keltjens et al. 1990; Wolfe 1991). 

The reduction of CO, to CH, occurs in a novel reaction in which the C, goup is 

passed, bomd to coenzyme, as it is sequentiaiiy reduced through the fomyl, methenyl, 

methylene, and methyl stages to CH4. Formyl-MFR is the fust stable product of C o  fixation 

(reaction 1). The formyl group is then tramferred to H,MPT, a pterin unique to 

methanogens, catalysed by formyl-MFR:H,MPT formyltransferase (reaction 2). 'The fomyl 

group is next converted to a methenyl group catalysed by the enzyme 5,1 0-methenyl-H4MPT 

cyclohydrolase (reaction 3). The reduced deazafiavin, cofactor F4,,, donates electrons for 

reduction of the double bond of the methenyl group, thereby f o d g  a methylene gmup in 

a reaction catalysed by the enzyme methylene-H,MPT:coenzyme F,,, oxidoreductase 

(reaction 4). A similar oxidoreduction reaction (reaction 5) is speculated to be involved in 

reduction of methylene-H,MPT to methyl-H,MPT (Mackie et al. 1992). Prior to reduction 

of methyl group to CH, the methyl group carried by H4MPT is tramferred to coenzyme M 

(reaction 6). The methyl group carried by coenzyme M, then, is reduced to CH4 catalysed 

by a complex methyl-CoM methylreductase which includes cofactor F,,, and HS-HTP 

(reaction 7). This terminal reaction also results in activation of CO, and formation of 

fomyl-MFR. 

The pathway for reduction of methanol to CH, has been studied in Methanosarcina 

barken' and two methyltransferases, methanol5-hydroxybennnidazollyl cobamide 

tramferase (MTI) and Co-methy1cobamide:HS-CoMmethyltransferase (MT2), are involved. 

MT1 contains a firmly bound corrinoid and in the most reduced state [CoO], the c0rri.n is 

methylated by methanol. The methyl group is then transferred to HS-CoM catalysed by 



M T  If methanol is used as sole substrate, part of it must be oxidized to C O  to provide 

electrons for the CH,-CoM reductase systern. This possibly occurs via a H4MTP to form 

CH,-H,MTP and then sequentiaily to CHO-H4MTP, CHO-MFR and h d y  C o .  The 

methyl groups of trïmethylamine and monomethylamine are reduced directly to CH, by 

Methanosarcina barkeri without exchange of protons with H20  or the formation of fkee 

methanol as an intermediate (Mackie et al. 1992). 

Aceticlastic methanogenesis involves cleavage of acetate with reduction of the methyl 

group (C,) and oxidation of the carboxyl (CL) group. Acetate is activated to acetyl-CoA, 

which is then cleaved by the complex enzyme systern, carbon rnonoxide dehydrogenase, to 

Co2, CO& and a methyl moiety. The methyl group is then transferred in tum to &MTP and 

CoM before being reduced to CH, (Mackie et al. 1992). 

2.1.6. Methanogenesis and anaerobic fermentation 

2.1.6.1. Interspecies A, transfer 

Bryant et al. (1967) found that the organism, so called "S organism", that can oxidize 

ethanol to acetate and H2, grew well on ethano1 only when the methanogen 

Methanobacterium bryantii was present. This finding leads to a concept of syntrophism 

(Greek, eating), Le. two organisms, an HZ producer and an H2 consumer, could couple 

together break down a single substrate. The role the methanogen M. bryanrii played in 

anaerobic degradation of ethanol by the "S organism" is demonstrated in the following 



"S organism" ZCH3CH20H + H20 - 2CH,COO + 2H' + 4H2 
AG0 ' = 19.3 kJ/m 

M. bryantii 4H1 + HCOi + H- - CH, + 3-0 
AG0'=-135.6 k . J / r ~ ~ l  

 SU^ ZCH3CE&OH + HCO, - 3CH3COO- -t- H* + CH, + H,O 
AG0'= -1 16.3 kl/m 

Because the reaction in which oxidation of ethanol to acetate and H7 is not 

thermodynamicdly favourable, the reaction will not proceed fiom left to nght unless a 

product is kept at an extrernely low concentration. Due to the high affinity of methanogens 

to El,, the partial pressure of HZ is kept as low as 104 atm in the presence of these organisms 

(Hungate 1975). This is Iow enough to result in the formation of HI fiom NADH + HT 

(Gottschalk and hdreesen 1979). NADH has a redox potential of -320 mV that is not low 

enough to produce HZ (Eco= -414 mV at pH 7) under standard conditions. However, if the 

Hz partial pressure is kept as lower than IO-' atm (ca. -320 mV), then H, production from 

NADH becomes feasible. Microbial associations in which a Hz-producing organism c m  

grow only in the presence of a Hz-consuming organism are termed obligate syntrophism. The 

couplhg of formation and utilization of & is called interspecies HZ transfer. Other similar 

associations have been discovered, including those responsible for oxidation of acetate, 

butyrate, propionate, and benzoate. 

However, many anaerobes do not require interspecies Hz transfer to ferment organic 

matter, although they benefit fiom it Many rumen carbohydrate-utiliruig rnicroorganisrns, 

including bacteria and fungi, are good examples. Ruminococcus albus can produce H2 fiom 

pyruvate oxidation to acetyl-CoA and CO, (Miller and Wolin 1973). This reaction is not 



inhibited by HZ because the enzyme pyruvate:ferredoxin oxidoreductase involved has an 

oxidation reduction potential near -400 mV, close to that of HZ. In contrast, the organisms 

c m  also produce H2 &om oxidation of NADH (Et,,= -320 mV) by the action of 

NADH:ferredoxin oxidoreductase and ferredoxin hydrogenase, but this reaction is 

thermodynamically unfavourable unless the Hz partial pressure in the system is low (Glass 

et ai. 1 977). When H2 accumulates, the formation of Hz from NADH is inhibited and NADH 

produced during glycolysis is oxidized through the alternative pathway of ethanol formation 

catalysed by the enzyme alcohol dehydrogenase, where NADH functions as an electron 

donor. When Hz is removed by methanogens or other H-consuming organisms, HZ is 

produced fiom NADH. This ailows the organisrn to dispose of electrons from NADH as E& 

rather than having to dispose of them by producing more reduced products such as ethanol 

(Fig. 2.3). The net benefit for R albus nom interspecies H2 transfer is, therefore, one more 

ATP conservation- 

The fermentations of several other important microorganisms in the rumen are also 

infiuenced by the partial pressure of H2 and subject to alteration of biochemical pathways by 

interspecies H, transfer. Ruminococcus Jmefaciens, another cellulolytic bacterium, c m  

oxidize NADH by reduction of oxalaacetate through a series of reactions to succinate when 

it is cultured alone. When it is CO-cultured with a methanogen, succinate production by R. 

flavfaciem is dramatically decreased and acetate production is increased (Latham and Wolin 

1977; Stewart et al. 1990). Similady, when Selenomonas ruminantium is CO-cultured with 

a methanogen, carbon flow hims to acetate formation at the expense of propionate (Chen and 

Wolin 1977). Figure 2.4 illustrates the diversion of carbon flow fkom succinate to acetate 



a R. albus alone b R. albus + Methanogen 

Fig. 2 3  Fermentation products of Ruminococcus albus growing axenieah on 
cellulose (a) or with a methanogen (b) (Miiier and W o h  1973). 

by the influence of interspecies H2 transfer. 

In addition to fermentative bacteria, the most obvious beneficial effect of 

methanogens on non-methanogens occurs with H2- or formate-producing anaerobic b g i  

(Bauchop and Mountfort 198 1; Ma.-Sikkema et al. 1990; Stewart and Richardson 1990). 

Lactate and ethanol, major end-products of m e n  fùngi found in an axenic culture, are 

decreased, while acetate production is increased when rumen h g .  grow with a methanogen 

(Fig. 2.5). It was found that when rumen fungus NeocalhastUcfiontaZis was CO-cultured 

with a methanogen, the production of lactate dehydrogenase, acetaidehyde dehydrogenase, 

alcohol dehydrogenase and fumarate reductase, which are key enzymes for synthesis cf 

lactate, ethanol and succinate, were depressed (Marvin-Sikkerna et al. 1993). 

Glucose Glucose 

T CO2 mwfpNmH 2ATP 2NADH+2H2- 

2 pyruvate 

ZCO, 2Fd,-2K2 

acetyCCoA acetyl-CoA 

Zpyruvate 

2c0*+;::- ..; - 
2acetyCCoA 

ATP I 4 2ATP 
v 1 

acetate ethanol 
1 

2acetate CH4 



a R flavfaciens alone b R flavefaciens + Methanogen 
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Fig. 2.4 Fermentation products of Ruminococcu~ flavefaciens growing axenically 
on ceiluIose (a) or with a methanogen (b) (Latham and Wolin 1977). 

Several species of flagellate, ciliate and arneboid protozoa have been commonly 

found in anaerobic sediments and animal gastrointestinal tracts. These anaerobic protozoa 

lack mitochondria, but often contain membrane bound organelles, called hydrogenosomes, 

in which pymvate is converted to acetyl-CoA, CO,, and H, (Müller 1988). 

It has first been noted that methanogens attach on the surfaces of m e n  ciliate 

protozoa based on autofluorescence of F4,-containing methanogen cells (Vogels et ai. 1980). 

Since that time methanogens, either attaching to the surface or living inside anaerobic 

protozoa, have been found in the termite guts, cockroach guts and aquatic sediments (van 

Bruggen et al. 1986; Lee et al. 1987; Finlay and Fenchel 199 1 ; Guzen et al. 1991). 

It has been demonstrated that the density of methanogens attached on the surfaces of 
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Fig. 2.5 Fermentation products of rumen fun@ gowing axenically on eeiiulose (a) 
or with a methanogen (b) (Ma~in-Sikkema et ai. 1990). 

m e n  protozoa is reduced when exogenous H, is supplied (Stumm et al. 1982; Smolenski 

and Robinson 1988), and it is reasonable to assume that the role of the symbiotic relationship 

between methanogens and anaerobic protozoa resembles facultative interspecies Hz transfer, 

thereby allowing the protozoa to dispose of their electrons as H2 and produce more acetate. 

Hino (1983) reported that starch fermentation and ATP synthesis by Entodinium spp. were 

reduced under a hi& partial pressure of Hz. The inhibition disappeared when Enrodinium 

spp. were CO-cuitured with m e n  methanogens. Stumm et al. (1982) estimated that 10-20% 

of methanogens are attached on the surfaces of protozoa in the m e n .  Even though the 

relationship between methanogens and protozoa is not clear (Knimholtz et al. 1983), the 

study conducted by Holler and Pfennig (1991) demonstrated that the anaerobic ciliate 



Tynyerna compressum infected by the methanogen Methanobacterium formicicum did not 

increase acetate production and host ceil yield as compared to protozoa without 

methanogens. Little or no effiect was found on host ceil yield in a similar study of three 

anaerobic ciliates with methanogens eliminated using BES (Fenchel and Finlay 1991), 

alrhough fermentation products were not measured in this shidy. Other studies have also 

indicated that protozoa did not produce more HZ in the presence of the methanogen than in 

the absence of the methanogen (Zinder 1993). It has been assumed that anaerobic protozoa 

may not possess the biochernical mechanism to convert NADH to H2 (Zinder 1993). 

Nevertheless, the experimentai results consistently demonstrate that defaunation reduces 

methanogenesis in the rumen (Whitelaw et al. 1984; Itabashi et al. 1984; Ushida et al. 1986; 

Vermorel and Jouany 1989). 

2.1.6.2. Intempecies formate bansfer 

A hypothesis was put forward that formate rather than Hz may fûnction as the 

mediator carrying electmns fkom one organisrn to the other, i.e. interspecies formate transfer 

occurred. Such secretion and uptake of formate could be electrogenic, thereby contributing 

to the proton motive force in both syntrophic partners (Thiele and Zeikus 1988; Boone et al. 

1989). The experimentai data supporting this hypothesis was that Oxalobacter formigens 

consewed energy fiom formate excretion (Allison et al. 1985), and Methanobacterium 

formicicum showed 1.4-fold higher growth efficiency (Y,) in its presence (Schauer and 

Ferry 1980). In addition, Boone et al. (1 989) examined a methanogenic butyrate-oxidizing 



CO-culture and found that the dissolved H, concentrations were near 63 nM during active 

metabolism, dropping to a minimum threshold of 35 n M  near the end of growth. A formate 

concentration of 16.4 PM was themodynamicdy equivalent to 63 nM Hz. Ushg a diffusion 

mode1 with these concentrations, it was calculated that even though the diffusion coefficient 

of formate is five-fold lower than that of Hz, formate could be expected to transfer electrons 

98-fold more rapidiy than Hz. 

However, a clear argument against the necessity of interspecies formate tramfer is 

that syntrophic ethano1 and butyrate-degmding cultures exist which grow in the presence of 

methanogens that are unable to oxidize formate (Bryant et al. 1967; Mchemey et al. 198 1 ; 

Ahring and Westermann 1 987). In propionate-adapted methanogenic granular sludge, 

interspecies formate transfer is not important because in thin sections of the sludge 

propionate oxidizen were found to be surrounded by Methanobrevibacter arboriphilus, a 

methanogen that cannot use formate (Zehnder and Wuhrrnann 1977). 

Many rumen microorganisms produce formate and Hz when they are grown 

axenically, but no formate is detectable in the rumen (Hungate et al. 1970). Thus, an 

intenpecies formate transfer may play a role in electron transfer in the rumen habitat. 

However, its biological significance has not yet been fully established, although it has been 

estimated that formate accounts for 18% of rumen methanogenic substrate (Hungate et al. 

1 970; Whiteman et al. 1 992). However, formate-hydrogen lyase enzyme systems are 

comrnon in anaerobes and formate and Hz c m  be interconverted according to the following 

equation: 

HCOO + H20 = HCO, + H, 

27 



Thus, formateltf, equilibrium would be expected in most anaerobic habitats, and 

determination of the relative roles of formate vernis H, in interspecies electmn transfer needs 

to be assessed under a variety of conditions, including pH, temperature, and bicarbonate 

concentrations because these factors can affect the H,/formate equilibrium. 

The net effect of intenpecies H, W o r  foxmate tninsfer in which methanogens are 

involved with other anaerobes is that there is a reduction in the amount of the ppva te  which 

must be reduced for NAD regeneration, instead pyruvate is oxidized to acetyl-CoA and the 

high-energy thioester bond in this compound c m  be conserved as ATP via acetyl phosphate. 

For example, an organism carryïng out glycolysis of sugars and produchg lactate only 

conserves two ATP equivdents from glucose. However, if two mole of acetate are formed 

instead, the net equivdent of four ATP molecules are conserved, benefiting the Hz-producing 

organisrns. Thus, the presence of Hz- andlor formate-consuming methanogens often causes 

in many fermentative anaerobes, such as nimen fibrolytic bacteria and fungi, to switch their 

metabolism toward the pathway with a greater ATP conservation, consequently leading to 

a higher ce11 yield of fermentative rnicroorganisms and an enhanced extent of organic matter 

fermentation. In contrast, if methanogens are absent, a Iowered extent of organic matter 

fermentation and total rnicrobial yield would be expected. 



2.2. Inhibition of Rumina1 Methanogenesis 

2.2.1. Manipulation of ration and feeding strategy 

Methane production in the rumen can be moderated by a diet rich in rapid 

fermentable carbohydrate such as starch (Drskov et al. 1968; Demeyer and Van Nevel 1975). 

Lowered CH4, associated with increased propionate and decreased acetate, may be attributed 

to a rapid ruminal fermentation, which favours propionate-producing microorganisms such 

as Selenomonas nrminatium over methanogens (Derneyer and Van Nevel1975). In addition, 

rapid niminal fermentation of starch or soluble carbohydrates often results in pH less than 

6.0, which may M e r  inhibit growth of methanogens andor other H- or formate-producing 

microorganisms, including fibrolytic bacteria and rumen protozoa, which are usually 

favoured in neutrality of pH (Derneyer and Henderickx 1967; Eadie et al. 1970; Van Kessel 

and Russell 1995). 

Methane production of ruminants is generally increased when the proportion of 

dietary roughage is increased in their ration, but varies depending on digestibility of fibre 

sources, physiological mahinty, method of preservation, chernical and physicd treatment. 

With highly digestible fibre sources like beet pulp, CH, production may be lowered to 4-5% 

of gross energy intake (Kujawa 1994). CH, production is generally lower when ruminants 

are fed on legume than gras (Varga et al. l985), and tends to increase with the m a h t y  of 

forage fed (Armstrong 1960). Ensiling, grinding and pellethg lowers CH, production 

(Sundst~11 198 1 ; Thomson 1972; Hironaka et al. 1996). Chernical treatment of cereal straws 



with NaOH or ammonia decreases CH, production per unit of digestible organic matter 

(Moss et al. 1994), but the intensity of depression varies with the type. Maxhum 

depression is obtained with wheat straw treated with ammonia. 

Methane production in ruminants decreases with increasing level of feed intake. The 

amount of energy lost as CH, per unit of feed intake decreases to 12% fiom 30% when feed 

intake is increased fiom maintenance to twice maintenance, dthough total CH, production 

increases (Blaxter 1967). A cornparison of 42 forages indicated that CH, production 

decreased by about 7% as intake of forages was increased by about 40% (Mathison, 

unpublished data). He alsn found that CH, production was depressed by 42% as intake of 

concentrate diets increased by 71%. A much greater extent of depression in CH, production 

with increasing intake level of concentrate diets rnay be partly attributed to defaunation of 

m e n  protozoa because concentrate diets fed at maintenance level causes a proliferation in 

the ciliate population (Bohomme 1 WO), and increasing intake level reduces protozoa 

population and CH, production @earth et al. 1 974; Kreuzer et al. 1 986). 

Lncreasing level of feed intake may a f k t  not only the population of m e n  protozoa, 

but also the extent of substrate availability to microorganisms in the m e n .  GeneraiIy, high 

intake results in hi& passage rate of feed particles out the m e n  (Owens and Goetsch 1986). 

Consequently, the extent to which microbes access to substrates is decreased which, in tum, 

reduces the rate a d o r  extent of ruminal dietary fermentation and thus CH, production. 

However, the extent to which intake Ievel affects passage rate of roughage is proportionately 

less than with concentrate or mixed diets. When mixed diets with less than 25% concentrate 

are fed, the effect of intake Ievel on passage rate of roughage is limited (Galyean and Owens 



199 1). This supports the suggestion that intake level has less effect on CH, production in 

ruminants fed roughage-based diets than concentrate-based diet. 

Feeding strategy also affects ruminal CH, production. Low frequencies of feeduig 

tend to increase propionate production and lower CH, production (Roth and Kirchgessner, 

1976; Jensen and Wolstrup 1977; Sutton et ai. 1986). Again, this effect is probably 

associated with lowering the population of rumen protozoa Moir and Somes (1 956) found 

that feeding the same quantity of feed four times a day instead of once daily resulted in a 

doubling population of protozoa, whereas the total bacterial population was not affected. 

The most plausible explanation for this may be that multiple feedings prevent the drastic 

fluctuations in rumen pH which can be inàibitory to protozoa. The experiment conducted 

by Kadinann et al. (1980), for instance, demonsûated that when a given level of concentrate 

diets was fed to cows twice a day, nimen pH fluctuated fkom 5.85 to 6.65, whereas when 

cows were fed six times a &y, rumen pH ranged only fiom 6.1 5 to 6.4. Bragg et al. (1 986) 

detennined the diunial pattern of rumen pH and protozoa population of steers fed on a corn 

silage-concentrate (40~60) diet either twice or eight times daily, and found that populations 

of protozoa were slightly higher when the steers were fed eight t h e s  a &y than twice a day, 

with minimum pH values being 5.6 and 5.45, respectively. 

In summary, reduced CH, production in the rumen is possible by manipulahg ration 

composition and feeding strategy. A reduction in methane production is associated with 

lowered population of m e n  protozoa, which are symbiotically related to methanogens. 

Therefore, it appears that removai of protozoa fiom the m e n  would be important in terms 

of reducing niminai CH, production. 



2.2.2. Defaunation 

Defaunation is a technical terni for eliminatïng protozoa from the rumen. It was 

fond that defaunation resulted in reduction of d n a l  CH, production by 20 to 50% in 

ruminants (Kreuzer et al. 1986; Williams and Coleman 1992). The huge variations observed 

were related to differences in diet composition (see above). The effect of defaunation on 

ruminai methanogenesis c m  be attributed to severai factors, such as the Iower rumen 

digestion of fibre (Veira et al. l983), the loss of methanogens that are nomally syrnbioticaily 

related with protozoa (Knunholz et al. 1983), and the loss of Hz and/or formate-producers 

for methanogenesis (Müller 1988). In addition, Van Nevel and Demeyer (1996) also suggea 

that a shift in the site of digestion fiom rumen to hindgut, which is associated with 

defaunation, reduces ruminal methanogenesis. However, some Iiteratures reviewed by Van 

Nevel and Demeyer (1 9 8 8) indicate that de faunation increases rumen volume, thereby 

increasing mean retention time of digesta in the rumen, which would compensate the 

negative effect on ruminal digestion of diet, especially on fibre digestion, caused by loss of 

protozoa. 

Unfortunately, at prescrit, there are no satisfactory defaunation methods available to 

apply on a practical scale. Methods used in experimental conditions can cause senous 

weight loss of animal due to severe anorexia during treatrnent and even death (Kreuzer et ai. 

1986; Jouany et al. 1988). Therefore, more research in developing defaunation methods is 

needed. 



2.23. Chamelhg of electron flow 

Methanogens carry out important terminal reactions in which remove the end- 

products produced by fementative microorganisms. The consequence is the shift in 

fermentation pattern to more energy yield On the other han& rnethanogens also compete for 

substrates with other organisms, especially Hz-utilizing organisms such as nitrate, sulfate and 

iron reducers as well as Hz-collSUmiC.g acetogens. Because the magnitude of free energies of 

many anaerobic reactions is small, concentration of products and reactants can have a major 

effect on whether or not the reaction is thermodynamically favourable. The population of 

organisms in the habitat is determined by the amount of energy generated during substrate 

oxidation. 

Most Desulfovibrio species grow on H2 as an electron donor and SO,=, SO,' or 

SSO,= as electron acceptors (Badziong et at. 1978). Sulfate reducers are capable of using H2 

at lower partial pressure than methanogens and steady-state Hz levels are usually very low 

in habitats receiving modest amounts of organic matter. Thus, sulfate reducers generally 

outcompete methanogens. However, some Desu&wibrio species can produce Ht when 

growing fermentatively on pyruvate (Postgate 1952) and lactate (Bryant et ai., 1977) in the 

absence of sulfate. Pynivate is oxidized to acetate, CO,, and &. This process is 

thermodynamically favourable (AG0' = - 1 8 9 klheaction), whereas degradation of lactate is 

not thermodynamically favourable (AG0' = -8 Wreaction). The fermentation can proceed 

only when it is coupled with the reaction associating with H,-consuming methanogens or 

other bacteria When growing on lactate by interspecies H, transfer with methanogens, 



Desulfovibrio species can be purely fermentative organisms deriving their energy 6rom 

substrate-level phosphorylation. 

Dissimilatory sulfate reduction is a trammembrane redox process with extemd 

oxidation of H, and vectorial electron transport. The electron fiom Hz is transferred to the 

hydrogenase located in the periplasmic side of cytoplasmic membrane in close association 

with cytochrome c, (Badziong and Thauer 1980). Due to the spatial arrangement of the 

electron tramport components in the membrane, when Hz is oxidized, the protons (H') 

remain outside of the membrane, whereas the eleceons are transferred across the membrane. 

In this way, a proton motive force is established to generate ATP. In the cytoplasm, the 

electrons are w d  to reduce adenosine phosphosulfate (AP S), the activated forrn of sulfate. 

in dissimilatory sulfate reduction, the sulfate ion of APS is reduced directly to sulfite. Once 

sulfite is formed, the subsequent reduction proceeds readily by many organisms using it 

either as an electron acceptor or in detoxincation of sulfite (Brock and Madigan 199 1). The 

sulfite is reduced to hydrogen suifide by sulfite reductase. 

Ability to utilize NO,' &or NO, as terminal electron acceptoa is widespread 

among anaerobes. Since the amount of energy available to nitrate-reducing bacteria is so 

much p a t e r  than methanogens and d a t e  reducers, nitrate reducers can easily outcompete 

these other anaerobes. 

The biochemistry of nitrate and nitrite reduction has been studied in rnost detail in 

Escherichia coli that uses NO; as a terminal electron acceptor when O, is absent by virtue 

of a dissimilatory nitrate reductase which is induced when nitrate is provided (Ingledew and 

Poole 1984). NO, is very rapidly reduced to NO,. The reaction 



NO, + 2 e  + 2W = NO; + H20 

has an oxidation-reduction potential of +42O mV at pH 7, giving a AG0' for nitrate reduction 

by NADH of -163 kJ/mol, a large enough standard fkee energy for the reaction to be coupled 

to the synthesis of more than 1 ATP/2e-. The utilization of nitrate as terminal oxidant does 

not incur the metabolic consequences that accompany use of fumarate so the carbon source 

may be fully oxidized and, assuming sirnilar stochiometries for oxidative phosphorylation 

with O2 (Ingledew and Poole 1984). The ATP yields will be the same as with O?. 

In the absence of O?, E. coli can also rapidly reduce NO; to NHI (Ingledew and 

Poole 1984). At least three separate pathways contribute to this process: a soluble 

NADPH:sulfite reductase, which also has a measurable activity with nihite; a soluble 

NADHmitrite reductase; and a respiratory chah-linked (partially membrane-dependent) 

nihite reductase. The reduction of nitrite to ammonia is a six-electron reduction: 

NO; + 6e' + 8H' - NH; + 2H20 

In the case of the NADPH:sulfite and NADHmitrite reductase, the whole process is catalysed 

by one enzyme. It is not known whether the entire reduction of nitrite is catalysed by a single 

terminal enzyme in the case of the respiratory chain system, but the terminal enqme is a 

periplasmic cytochrome c,, îhat c m  reduce nitrite to ammonia. The overall oxidation- 

reduction potential for the six-electron transfer reaction is +275 mV, a value between those 

of fumarate and nitrate couples and enough to support oxidative phosphorylation and give 

a AG0' for NADH oxidation of -1 13 Wmol. Although the product of these pathways is 

NH;, the control of the processes is such that they do not appear to have an assirnilatory 

function, but rather the removal of catabolic reducing equivdents ([ngledew and Poole 



1984). Tne nitrite reductases are induced by nitrite and repressed by O2 and nitrate (Abou- 

Jaoude et al. 1979). Ammonia has no effect on nicnte reductases (Cole et al. 1974; Jackson 

et al. 198 1). 

In the rumen, NO; is rapidly reduced to NO;. Nitrite can be subsequently reduced 

to NH,-, but at much slower rate (Wang et al. 1961). When NO,' is present in sufficient 

quantities such that the rate of its reduction exceeds the capacity for NO; reduction, 

accumulated NO; will diffuse into the bloodstream. Nitrite oxidizes haemoglobin to 

rnethaemoglobin which cannot transport 0, and also acts as a vasoconstrictor. 

E. coli as well as a few eucaryotic rnicroorganisrns can grow anaerobically using 

fumarate as an electron acceptor via the fumarate reductase system (Ingledew and Poole 

1984; Gottschalk 1986). Fumarate serves as an oxidant for anaerobic respiration by being 

the oxidized half of the succinate-fumarate couple, which has an oxidation-reduction 

potential of +30 mV, giving a AG0' for fumarate reduction to succinate by NADH of -67 

Wmol, which is large enough to be coupled to proton translocation and ATP synthesis. In 

addition to NADH, Hz, and formate c m  donate electrons to fumarate reductase and a- 

glycerol phosphate (E. coli) and lactate (most propionic acid bactena) have been shown to 

function as NAD+-independent donors for fumarate reductase. 

in E. coli, the succinate-fumarate couple may be utilized as either oxidant or 

reductant for the respiratory chah. These two reactions are cataiysed by two different 

enzymes, succinate dehydrogenase and fimarate reductase. Although these two enzymes are 

strikingly similar in structure, the genetic independence of the two enzymes was suggested 

by variation of the two activities in a nonpardel manner (HVsch et al. 1963). Thus, succinate 



dehydrogenase is induced aerobically and repressed anaerobically, whereas h a r a t e  

reductase is repressed in the presence of O? or NO; but expressed anaerobically and the 

presence of fumarate (Hirsch et al. 1963; Spencer and Guest 1973). Although fumarate 

reductase had both succinate-oxidizbg and fumarate-reducing activities under appropriate 

conditions in vitro, the and V, values of the enymes for the two substrates were 

substantially different in dye-iïnked assays. The b a r a t e  reductase had a Y, of 1 7 pM for 

fumarate, whereas it was 1,000 p M  for succinate. The succinate dehydrogenase had Y, of 

260 and 450 FM for succinate and fumarate, respectively (Ingledew and Poole 1984). 

Unsaturated fatty acids were found to inhibit methane production in the m e n  

(Czerkawski et al. 1966a; 1966b; Demeyer and Henderickx 1967; Demeyer et al. 1969). It 

was thought to be amibuted to cornpetition with methanogens for H, that is altematively used 

to hydrogenate unsaturated fatty acids (Leman 1966). Hydrogenation of unsaturated fatty 

acids such as luioleic and linolenic acid occurs in the rumen and this process is not confined 

to Iipolytic bacteria (Kemp et al. 1975; Hazlewood et al. 1976). 

Hydrogenation of unsaturated fatty acids absolutely requires a fiee carboxyl group. 

Thus, lipids must firstly be unesterified (Kepler et al. 1970; Hazlewood et ai. 1976). The 

initial step of hydrogenation is isornerization resulting in the formation of a conjugated cis- 

9.h.um-11 acid. Subsequently, hydrogenation of the conjugated diene takes place in the 

tramfer of 2 H to each double bond in him, the tram- 1 1 being the last to be hydrogenated 

(Harfoot and Hdewood 1988). Hydrogenation of the conjugated acid is catalysed by cis- 

9,trans- 1 1 octadecadienoate reductase (Hughes et al. 1982) and electron transfer from 

NADH is supposedly mediated by a flavin-like and a quinone-like substance (Yamazaki and 



Tove 1979; Hughes and Tove 1980a; l98Ob). 

2.2.4. Chemical inhibitors of methanogenesis 

Inhibition of methanogenesis by variety of chemicals has long been studied. 

Chlorinated methane analogues, such as chloroform, carbon tetrachlonde, and methylene 

chloride were f5rst reported by Bauchop (1967) to inhibit methanogenesis in rumen samples. 

Subsequently, Prim et ai. (1972) demonstrated inhibition of pure cultures by micromoiar 

levels of chloroform and carbon tetrachlonde. Chloroform signincantly inhibited 

methanogenesis. The mechanism is inhibition of rnethyl-CoM reductase (Gunsalus and 

Wolfe 1978). However, halogenated aikanes are known to block the bctioning of corrinoid 

enzymes in methanogenesis (Wood et ai. 1968; Kenealy and Zeikus 198 1). These 

compounds can interfere with the Functioning of B,, enzymes (Oremland and Capone 1988). 

nerefore, their specficity for the "target" organisrn is debatable. Furthemore, chloroform, 

carbon tetrachloride, dichloromeùiane, as well as chlorinated ethanes and ethenes are al1 

susceptible to anaerobic degradation (Rittman and McCarty, 1980; Bouwer and McCarty 

1983a). 

a-Bromoethanesulfonic acid has been studied as a more potent inhibitor of 

metkanogenesis. BES is a structural analogue of mercaptoethanesulfonic acid, the CO-factor 

known as coenzyme M in methanogens. BES was fmt employed to study the inhibition of 

methyl-CoM reductase activity in ceii-fiee extracts of Methanobacterium 

thermoautotrophicum (Gunsalus et al. 1978). Fifty percent inhibition of methane production 



occurred at approximatefy IO-' M BES, with total inhibition evident at approximately 5 x 1@ 

M. In contrast, chloroethanesulfonic acid required about 1 O-fold higher concentrations than 

BES to achieve the same degree of inhibition. In addition, BES was found to be a potent 

inhibitor of methanogenesis and growth by Methanobacterium ruminantium, a m e n  

rnethanogen that requires an exogenous supply of CoM (Taylor et al. 1974), although there 

was some ameliorating influence related to the amount of HS-CoM in the medium. At a 

molar ratio of 15: 1 (HS-CoM:BES) no inhibition could be achieved, whereas complete 

inhibition occurred at a ratio of 1:l. By contrast, an analogue of BES, P- 

bromopropanesulfonic acid (BPS), was ineffective as an inhibitor (Balch and Wolfe l 979a). 

Uptake of HS-CoM by whole cells of M. nrminantium was completely inhibited by IO4 M 

BES, whereas 105 M BPS had no inhibitory eflect (Balch and Wolfe 1979b). Another 

promising candidate as an inhibitor of methyl-CoM reductase is seleno-CoM (Oremland and 

Capone 1 988). However, ody  very limited work has been done with this compound. 

a-Bromoethanesulfonic acid inhibits methanogenesis by ail species of methanogens 

growing on any of the recognized substrates (Oremland and Capone 1988). Since CoM is 

found only in methanogenic bacteria, BES functions as a specific inhibitor when used in 

mixed microbial systems. ui addition, BES is inexpensive and readily obtained £iom 

commercial sources in a purified form. Although it functions as a competitive inhibitor, 

relatively little should be required because the quantities of CoM in the environment are in 

the nanomolar range (Mopper and Taylor 1986). a-Bromoethanesulfonic acid is also water 

soluble. Thus, it can easily be added into the rumen and other habitats, such as sewage 

sludge, and sediment slurries. The compound is usually effective at blocking 



methanogenesis in cultures when added at levels in excess of 0.1 mM (Oremland and Capone 

1988). 

a-Bromoethanesdfionic acid, however, does have some special problems related to 

spontaneous mutants which are resistant to BES. Spontaneous mutants of Methanosarcina 

strain 227, for example, were resistant to 0.24 mM BES when previously exposed to Levels 

of 0.024 rnM, and a strain of Methanobacterium fonnicicirm was found to be resistant to 0.2 

rnM BES without any pnor exposure (Smith and Mah 198 1). Resistance to BES appears to 

be conferred by impermeability to the compound, since cell-fiee extracts of resistant mutants 

were susceptible to BES inhibition of rnethyl-CoM reductase (Smith 1983). Bouwer and 

McCarty (1 983 b) reported that fixed film digesters had ody partial (41 %) inhibition when 

exposed to 0.6 mM BES. niey speculated that this may have been due to resistant mutants 

or degradation of BES by the microbial community. 

A considerable amount of research has been done on the influence of the ionophores 

on methanogenesis. Monensin is one of ionophores studied most extensively and used 

commercially . In addition, others, suc h as lasalocid, tetronasin, lysocel lin, narasin, and 

laidlomycin, either have been investigated or are used commercially. Monensin addition to 

populations of rnixed rumen bacteria inhibited methanogenesis and increased propionate 

formation (van Nevel and Demeyer 1977). However, when hydrogen gas was added to the 

mixed cultures containing monensin, CH, production was restored, and even increased, 

suggesting that monensin does not directly act on methanogens. Subsequent studies revealed 

that monensin directly iohibited growth of some methanogens, namely Methanobacterium 

bryantii, Methanobncterium formicicum, and Methanosarcina barkeri, whereas, 



Methanobacterium ruminantium, a ruminal methanogen, was not inhibited (Chen and Wolin 

1 979). Similady, cellulolytic &al bacteria, Ruminococcus albus and R flavefuciens as 

well as Butyrïvibriofibrisolvenr, were particularly sensitive to monensin, but Bacteroides 

succinogens was eventually able to grow in the presence of 2.5 pg of monensin. The 

sensitivities of some celiulolytic bactena and the long lag tirne of B. succinogenes may 

explain why short-term in vitro experiments have &en shown depressed cellulose digestion, 

while in vivo feeding trials have exhibited no depression. 

Ruininal protozoa were inhibited by monensin in vitro (Hino 1981), but not al1 

workers have observed a decrease in protozoan numbers in vivo (Eadie and Gill 1971). 

Because protozoa produce H, and are colonized by meîhanogens, their elimination wodd 

contribute to reductions in ruminal CH4 production. In vitro experiments showed that 

m i n a 1  fun@ were also sensitive to monensin (Stewart et al. 1987). However, in vivo 

inhibition has not been c o h e d .  Ruminal fungi produce large amount of E& (Wallace and 

Joblin 1985). There has been considerable speculation on the importance of rumina1 fungi 

in the degradation of cellulose, and in particular highly lignified cellulose (Mountfort 1987). 

However, it has estimated that the nunina1 h g i  account for only 8% of the total ruminal 

biomass (Citron et al. 1987). 

Ionophores are highly lipophilic substances which are able to shield and delocalize 

the charge of ions and facilitate their movement across membranes. Some ionophores 

function as mobile carriers within the membrane. Mobile carriers are selective for specific 

ions. Others, commody called pore formers, create channels which traverse the ce11 

membrane and have less specificity. Monensin is an antiporter with a high selectivity for 



NaT, but it also has the ability to trmslocate IC. Thus, monensin is able to collapse Na- and 

H' gradients existing across biological membranes. 

Ionophores are antibiotics (Pressman 1976). Thus, resistance of bacteria to 

ionophores will cause concem. Yet after more than 10 years of widespread use, ionophores 

continue to improve the efficiency of animal performance (Russell and Strobel 1989). This 

observation would suggest the sensitivity of niminal microorganisms to ionophores is 

relatively stable and that the pattern of resistance is due to a fiindamental difference between 

cells. 

23. Conclusions 

Methanogenic bacteria carry out important terminal reactions in anaerobic 

fermentation. They interact mutuaiistically with fermentative microorganisms in the rumen 

and other anaerobic habitats by removing H2, thereby shifting the flux of carbon towards the 

degradation pathway. In the absence of rnethanogens, anaerobic fermentation rnay not 

proceed normally. This phenornenon is true for some syntrophic anaerobes which obligately 

rely on interspecies Hz transfer for fermentation of organic acids. However, many, if not d l ,  

fermentative microorganisrns in the m e n ,  including bacteria and fiingi, possess biochemical 

mechanisms for regeneration of NAD through alternative reductive pathways using NADH . 

These anaerobes do not necessarily require methanogens for electron disposai. Therefore, 

removal of rnethanogens fiom the rumen may not senously depress niminal fermentation of 

feedstuffs. Additionally, removal of rnethanogens fkom the rumen may cause a shift of 



acetate production to more reduced products, such as ethanol, lactate, succinate and 

propionate. Lactate and propiomte are important precursoa of gluconeogenesis in niminant 

animals. Therefore, depression of nuninal methanogenesis wouid benefit ruminant animds 

with an improved efficiency of diet energy utilization. 
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3. LIPID-INDUCED DEPRESSION OF METHANE PRODUCTION AND 
DIGESTTBILITY IN THE ARTIIFICIAL RUMEN SYSTEM (RUSITEC)' 

3.1. Introduction 

Inhibition of methane production in the rumen by long-chab unsaturated fatty acids 

has been recognized for many years (Czerkawski et ai. 1966a). Depression of methane 

production increases with the degree of fatty acid unsaturation. However, the reduction in 

methane production induced by unsaturated fatty acids is not directly proportional to the 

number of double bonds introduced. For example, reduction in methanogenesis by linolenic 

acid is considerably greater than wodd be indicated by stoichiometric calculation, even 

based on hydrogenation of dl three double bonds (Czerkawski et al. 1966b). Thus, factors 

other than consumption of hydrogen via biohydrogenation are involved. A direct toxic effect 

of unsaturated fatty acids on methanogens has also been reported for mixed nimen bacteria 

in vitro (Demeyer et al. 1967). In pure culture, growîh of Methanobacterium nrrnimtium 

is severely inhibited by long chah fatty acids with the order of inhibitory activity of a series 

of long chah fatty acids being: C 1 8 ~ l ~ C ~ 4 ~ C 1 2 ~ C 1 6 ~ C 1 8  (Prim et al. 1972; Henderson 1973). 

The inhibitory pattern of long-chah fatty acids was similar for Gram-positive bacteria, but 

Gram-negative bacteria were less sensitive to fatty acids at the same concentration (Galbraith 

et al. 1971; Macnilak et al. 198 1). 

Lipids of either plant or animai origin depress fibre degradation both in the m e n  

and in the total digestive tract (Doreau et al. 1991; Ferlay and Doreau 1992), but the extent 

'This study was published in Can. J. Anim. Sci. 77:269-278 (1997). 
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of this depression varies with the nature and amount of lipids used, the animal species and 

the experimental conditions. In con- lipid supplementation often does not affect the 

digestion of starch or soluble carbohydrates in ruminants (Tarnminga et al. 1983). 

Canola oil, which contains predominantly oleic (C ,,: ,), linoleic (C , ,:J and linolenic 

(C,,,) acids (Weiss 1983), is sometimes used as a high energy supplement to nnishing diets 

of feedlot cattie in western Canada. Engstrom et al. (1994) found that the inclusion of 4% 

canola oil in a typicai finishing diet tended to increase the average daily gain, but did not 

improve feed efficiency. The direct incorporation of fatty acids into animal lipids (Nehring 

et al. 1963; Czerkawski et al. 1966a) and a reduction in CH, production would be expected 

to irnprove efficiency of metabolizable energy (ME) utilization. However, these positive 

effects may be counteracted by a reduction in DM digestibility. 

The present study was undertaken to compare canola oil, cod iiver oil (also 

predominately unsaturated fatty acids but with a different fatty acid profile), and coconut oil 

(predominantely sa~ra ted  with more toxic CI2 and C,, fatty acids) on feed digestibility, 

microbial populations and methane production. A hay diet (fibrous) and a wheat-based diet 

(very rapidly degraded starch) were used to provide a range in dietary conditions. The 

experiment was conducted using the m e n  simulation technique (RUSITEC). 



3.2. Materials and Methods 

3.2.1. Diet preparation 

Early bloom orchardgrass (Dactylis glornerata) hay and wheat (Trificum sp.) grain 

were used to prepare two basal die& consisthg of 100% hay (hay diet) or a mixture of 90% 

wheat and 10% hay (concentrate diet). Hay and wheat were ground through a 3-mm screen. 

The ground wheat was then sieved and particles passing through a 2.0-mm screen, but 

retained by a 0.85-mm screen were collected. Experimental diets were prepared by sprayhg 

the basal diets with 10% (wt wt") canola oil (Flora Distributors Ltd., Vancouver, BC), cod 

liver oil (Vita Health Co. Ltd.. Winnipeg, MB), or coconut oil (Vita Health Co. Ltd., 

Winnipeg, MB), and m k h g  thoroughly. The diets were stored at 4°C for up to 3 days before 

addition to the fermenters. 

3.2.2. Apparatus and culture conditions 

The rumen simulation technique (RUSITEC) as described by Czerkawski and 

Breckenridge (1977) was used. The RUSITEC was equipped with eight fermenters, each of 

820 mL nominal capacity. Inoculum was obtained fiom a rumhally fistulated Holstein steer 

fed a diet of 50% rolled wheat and 50% cubed forage (70% alfalfa hay and 30% barley 

straw). Ruminal fluid was filtered through four layers of cheese cloth upon collection. To 

begin the experiment, the fermenters were filled with 820 mL of filtered ruminal fluid, 20 



g of solid digesta and 10 g of diet. Digesta and diet were contained in nylon bags (80 x 120 

mm with pore size of 53 p). The digesta bag was replaced by a feed bag (10 g) after 24 h. 

Thereafter, one bag was replaced daily, so that each feed bag remained in the fermenter for 

48 h. Amficiai saliva (McDougdl 1948, modified by ornitting CaC12 and MgCl?, pH 8.2) 

was infused continuously into the fermenters at a dilution rate of 0.6 d-'. The pH of the 

niminal fluid in each fermenter was measured daily during feed bag exchange. Fernientels 

were fed for 8 d pnor to commencement of data collection. The anaerobic technique of 

Hungate (1 %O), as rnodified by Bryant and Burkey (1 953), was used consistently throughout 

the experiment. The steer fiom which inoculum for the RUSITEC was obtained was cared 

for in accordance with the guidelines of the Canadian Council on Animal Care. 

3.2.3. Diet, digestibility and digesta components 

Fatty acid compositions of the three oils were determined by gas chromatographie 

analysis of their methyl esters (Metcalf et ai. 196 1) on a Varian 3700 with a 30 m x 0.25 mm 

ID SP-2330 fused-silica capillary column connected to a fiame ionization detector. Helium 

was the carrier gas. NeutraI detergent fibre (NDF) content in diets and digesta was 

detennined as described by Goering and Van Soest (1 970). In situ dry matter disappearance 

(ISDMD) at 48 h fkom feed bags was determined as described by Rode et al. (1986) on three 

days during the sampling penod. 



3.2.4. Fermentation gases and end-products 

The gas in the collection bag connected to each fermenter was anaiysed for CH,, H2 

and COzon a Varian 3700 gas chromatograph equipped with a Porapak Q column (mesh size 

80/100) coated with 6% FFAP and connected to a thermal conductivity detector. The carrier 

gas was NI. Fifty pL of fermentation gas were injected and data were recorded and 

integrated on a Chrornatopac C-RI B data system (S himadm Corporation, Kyoto, Japan). 

Amounts of CH,, Hz, and C O  were determined against calibration curves. Total gas 

production was detennined using a water displacement technique as described by Fedorak 

and Hnidey (1983). 

Analyses for volatile fatty acids V A ) ,  ethanol, formate, lactate and succinate were 

conducted on 24-h accumulations of effluent f?om each fermenter. On sample collection 

day, sodium azide (as an aqueous stock solution) was placed in each effluent collection flask 

to yield approximately 0.1% (wt vols1) finai concenaation in a 24-h accumulation of effluent. 

FoIlowing thorough rnixing, samples of accumulated effluent were withdrawn and 

transferred to storage at -40°C. Ethanol and VFA were analysed by gas chromatography on 

a Varian 3700 equipped with a DB-FFAP (15 m x 0.53 mm LD; 1.0 micron film thickness) 

fused silica capillary column (J & W Scientific, Folsom, CA) connected to a flame ionization 

detector, with helium as the carrier gas. To detennine lactate and succinate, samples were 

methylated with boron trifluoride-methanol in boiling water both for 5 min, extracted in 

chloroform and analysed on the same gas chromatography system. Formate was detennined 

using the colorimetric method described by SIeat and Mah (1984). 



3.2.5. Microbial counts 

Upon removal of a feed bag (48 h) fiom the fermenter, excess fluid was gently 

squeezed out and the feed bag was inseaed into a plastic bag containing 10 mL of artificial 

saliva (pH 7.0; McDougall 1948). The plastic bag was heat sealed, then pummelled (no& 

speed, 30 s) in a Stomacher 400 Laboratory blender (Seward Medical Limited, Londoa UK) 

to dislodge bacteria fiom feed particles. M e r  pummelling, the liquid (designated feed bag 

liquid, FBL) was gently extracted nom the feed bag into the plastic bag and collected for 

rnicrobial counts and assay of enzymatic activity. Serial dilutions were prepared ushg an 

anaerobic salt solution (Bryant and Burkey 1953). 

Total viable bacteria in FBL were enumerated by the roll tube count rnethod (Hungate 

1969). Celiulolytic, amylolytic and methanogenic bacterial populations were estimated by 

most probable number (MPN) technique with three tubes at each dilution (Koch 1 9 8 1). The 

medium of Scott and Dehority (1 965) was used for total bacterial enurneration. The same 

medium, modified to contain Whatman filter paper or soluble starch, was used to cultue 

cellulolytic and amylolytic bacteria, respectively. Medium M2 (Hobson 1969), modified by 

adding 0.25% (wt vol-') sodium formate and 1% (vol vol-') of the trace vitamins solution of 

Scott and Dehority (1965), was used for d e t e d a t i o n  of methanogenic bacterial 

populations. AI1 cultures were incubated at 39OC. Bacterial colonies in roll tubes were 

counted after incubation for 5 d. Cultures for MPN determination of cellulolytic and 

methanogenic bactena were assessed for digestion of the filter paper (visual inspection) and 

CH, production (headspace gas analysis), respectively, afler 5 d of incubation. Cultures for 



MPN determination of amylolytic bacteria were assessed for growth d e r  2 d. 

3.2.6. Endoglucanase assay 

Endoglucanase activity in FBL was determined using the soluble chromogenic 

substrate, ostazin brilliant red-hydroxyethyl cellulose (OBR-HEC) (Biely et ai. 1 98 5). 

Samples of FBL (0.1 mL) were mixed with 0.1 mL of 0.8% OBR-HEC (Sigma Chexnical 

Co., St. Louis, MO) in 50 mM sodium phosphate bu6er @H 6.5) and incubated at 39OC for 

2 h. Reactions were stopped by adding 0.8 mL of acetone-ethanol solution (1 :2 vol vol-'). 

Controls for each treaûnent were prepared by incubating OBR-HEC alone for 2 h then 

adding FBL immediately pnor to the acetone-ethanol solution. The mixtures were allowed 

to stand at room temperature for 30 min, and the precipitated substrates were removed by 

centrifugation (14,000 x g, 5 min). Absorbante at 550 nm was determined using a Stasar III 

spectrophotometer (Gilford Instrument Laboratones, Oberlin, OH). Activity was 

standardized against a commercial endoglucanase from Penicillium funiczdosum (EC 

3.2.1.4., Sigma Chernical Co.) with 1 U of activity defined as the absorbance given by 1 U 

of commercial endoglucanase mL-' h-'. 

3.2.7. Scanning electron microscopy 

Samples of hay were collected £tom feed bags d e r  24 h of incubation in the 

RUSITEC. Specimens were fixed for 2 h in 5% (wt vol-') giutaraldehyde (J.B. EM Services 



Inc., Dorval, QC) in 0.1 M cacodylate b a e r  (pH 7.2) containhg 0.05% (wt vol-') rutheniun 

red. Specimens were then washed five times in 0.1 M cacodylate buffer with 0.05% (wt 

vol-') nithenium red. The specimens were dehydrated in a graded ethanol senes and critical- 

point dried, then mounted with silver paste on alwnïnium stubs and sputter coated with gold. 

They were viewed using a Hitachi S-570 scanning elecbon microscope at an accelerating 

voltage of 7-10kV and photopphed on Ilford FP4 panchromatic film. 

3.2.8. Statistical analysis 

The experiment was conducted in a completely randomized 2 x 4 factorial 

arrangement with three replicates. Analysis of variance was perforxned using the general 

linear model (GLM) procedure of the Statistical Analysis System (SAS Institute hc. 1990). 

Microbial counts were transformed using square root transformation in variance analysis 

(Steel and Tome 1980). Main effects of diet (N = 2) and oil (N = 4), and their interaction 

(diet x oil, N = 8) were incorporated into the model. Effects of oil were compared separately 

among oil treatments, within and between diets. Cornparisons among least-square means 

were performed by the procedure of possible difference (PDIFF, SAS Institute Inc. 1990). 



33. Results 

n i e  canoia and cod liver oils used in this study contained high proportions (89.7 and 

75.2%, respectively) of unsaturated fatty acids (Table 3.1). Oleic acid (C ,,: ,) was the major 

component of canola oil, whereas cod liver oil was composed mainly of CI,, C,,., Cl,:,, 

C20:I' C20:5i CE, and C,,:, fatty acids. In contrast, coconut oil contained very high 

concentrations of saturated fatty acids (88.7%), principally lauric (C12) and myristic (C,,) 

acids- 

The effects of lipid addition on diet digestion and production of gases are presented 

in Table 3.2. The extent to which addition of oil afXected DM digestion depended oo the type 

of diet The 48-h ISDMD of the untreated concentrate diet was higher (P < 0.05) than that 

of the untreated grass hay diet @y 2 1%), but no difference (P > 0.05) in degradation of the 

NDF fiaction was detected between the untreated concentrate and grass hay diets. Canoia 

oil and cod liver oil did not affect ISDMD or NDF degradation in either diet. Coconut oil 

depressed (P < 0.01) ISDMD and NDF degradation of the grass hay diet (by 3 1% and 47%, 

respectively) but had no such effects on the concentrate diet. 

Production of CH,, CO, and Hz (mm01 g-' DM digested) was higher (P < 0.05) h m  

the untreated concentrate diet than fiorn the untreated g m s  hay diet (Table 3.2). In generd, 

lipids depressed (P < 0.05) CH, production. Coconut oil had the greatest efTect, reducing 

CH4 production fiom grass hay by 59%, and fkom concentnite by 85%. Canola oil and cod 

b e r  oii depressed CH, production by 26% and 29%, respectively, with the grass hay diet by 

32% and 49% with the concentrate diet. Coconut oil reduced (P < 0.05) CO, production 



from both diets, whereas canola oil and cod liver oil did not affect C O  production from 

either diet. Production of H2 from both diets was increased three-fold (P < 0.05) by coconut 

oil. Canola oil decreased H, production (P < 0.05) fiom the concentrate diet only whereas 

cod liver oil did not affect (P > 0.05) Hz production fiom either diet Daily production of 

gases followed a similar pattern as production of gases per unit of DM digested. 

The ratio of methane to carbon dioxide (CH4:C0,J did not diEer between the 

untreated, canola oïl- and cod liver oïl-treated concentrate diet and hay diet. However, this 

ratio was lower (P < 0.05) when coconut oil was applied to concentrate than when it was 

added to hay (Table 3.2). In contrast, the CH4:C0, ratio was not changed when lipids were 

added to the hay diet, but added lipids decreased (P < 0.05) this ratio from the concentrate 

diet. 

The effects of lipid and diet as well as their interaction on the fermentative 

environment are presented in Table 3.3. In general, fluid pH was 10 wer (P < 0.0 1 ) in 

fermenters receiving the concentrate diet than in those receiving hay, but was not af5ected 

by lipids. Production of VFA (mm01 g-' DMD) was greater (P < 0.0 1) fkom concentrate than 

fiom grass hay whereas lipids did not affect this parameter. There was an interaction (P  < 

0.05) between diet and lipid type for total VFA concentrations and the molar percentages of 

VFAs produced. A lower (P c 0.05) proportion of acetic acid, and a higher (P < 0.05) 

proportion of b u w c  acid were produced fiom the concentrate diet than fiom gras hay. 

Addition of Lipids did not affect total VFA concentration, other than a coconut oil-mediated 

decrease in total VFA measured in effluent from femienters receiving hay. Applied to g r a s  

hay, both oils increased the percentage of propionic acid, left butyric acid production 



unchanged and decreased the percentage of acetic acid in total VFA. With the concentrate 

diet, propionic acid production was unaf3ected by these oils, butyric acid was decreased and 

the proportion of acetic acid was decreased by cod liver oil but not by canola oil. In con- 

coconut oil appiied to gras hay decreased propionic acid, increased butyrïc acid and did not 

affect the proportion of acetic acid. On the concentrate diet, the shifts induced by coconut 

oil were reversed (propionate increased, butyrate increased) and the proportion of acetic acid 

was reduced as well. Levels of production of formate, lactate and succinate and ethanol on 

both diets were very low (Tabke 3.3). 

The effects of the lipids on endoglucanase activity and bacterial populations in FBL 

are presented in Table 3.4. The effect of lipids on activity of endoglucanase varied (P < 

0.01) with diet type. Endoglucanase activity was higher (P < 0.01) with untreated gras hay 

diet than with the untreated concentrate diet. Applied to the gras hay, canola and cod liver 

oil increased (P c 0.05) endoglucanase activity, whereas coconut oil depressed (P < 0.05) it. 

None of the lipids affected endoglucanase activity in fermentes receiving the concentrate 

diet. Canola and cod liver oils reduced (P < 0.05) the nurnber of methanogenic bacteria, but 

did not affect other bacterial populations. Coconut oil lowered (P < 0.0 1) al1 four measured 

bacterial populations on both diets with the exception of cellulolytic bacteria in the 

concentrate diet. 

Scanning electron microscopy (SEM) revealed that during 24 h of incubation in the 

RUSITEC, extensive dismption of the outermost layer of untreated (Fig. 3.1 A) and canola 

02-treated (Fig. 3.1 B) orchardgraçs hay, and substantial colonization of the interna1 surfaces. 

Disruption of the surface layen of cod liver oil-treated grass was Iess complete (Fig. 3.1 C), 



but colonization of intemal tissues by a variety of morphotypes was nonetheless evident. By 

cornparison, the outermost layer of orchardgrass hay treated with coconut oil was largely 

intact (Fig. 3.1 D) and colonization of intemal structures, observable in damaged areas, was 

sparse. 



3.4. Discussion 

3.4.1. Comparative assessment of RUSITEC system 

Methane production from the untreated diets in this study (0.3 and 0.6 mmol g-' 

DMD £kom untreated g ras  hay and concentrate, respectively) was much lower than that 

reported by Czerkawski and Breckenridge (1 977) for an adficial m e n  mdy  involving diets 

of hay (1.7 mm01 CH, g-' DMD) and 80% concentrate:20% hay (1 .4 mm01 CH, g-' Dm). 

However, CO2 production (1 -7 - 2.7 mm01 g") was within the range of that observed by 

Czerkawski and Breckenridge (1 977,2.9 - 5.5 m o l  g-') when a 50% concentrate diet was 

fed to the RUSITEC. Moreover, the ratio of CH, to COz (0.21 - 0.22) and total VFA 

production (4 - 5 mm01 g*' DM digested) were close to the values of CH,:CO1 (0.3 - 0.37) 

and totai VFA production (5.7 - 7.0 mm01 g-' DM digested) reported by these authors. 

Wallace et al. (198 1) reported productions of CH, at 1.4 mm01 g-l DM digested and total 

VFA at 7.7 m o l  g-' DM digested in an artificial m e n  given 67% chopped hay and 33% 

bruised barley. Totai VFA production in the present study were also within the ranges of 

values measured in vivo in which total VFA ranged fkom 6.5 to 8.8 m o l  g-' DM or OM 

digeçted in sheep (Weston and Hogan 1968; 1971 ; Siddons et ai. 1984; Leng and Brett 1966), 

and korn 3.8 to 1 1 mm01 g-' DM or OM digested in cattle (Davis 1967; Esdale et al. 1968; 

Rogers and Davis 1982; Siciliano-Jones and Murphy 1989). Moreover, the molar ratios of 

acetate:propionate:butyrate on the gras hay diet (63:26:11) and the concentrate diet 

(47:28:25) were well within the ranges of values found in the rumen (Hungate 1988). 



Given these observations, cornparisons among treatments in this study are expected 

to be valid. 

3.4.2. Dietary digestibility 

Coconut oïl reduced NDF disappearance in the gras hay diet (Table 3.2), which is 

consistent with the findings of Sutton et al. (1983), who observed a 76% depression of NDF 

digestion in sheep fed a basal diet of 1/3 chopped hay and 2/3 concentrate mix preîreated 

with 6.7% coconut oïl, compared to sheep fed untreated concentrate. Although coconut oil 

was applied at 10% in the present study, the observed depressions in NDF digestion were 

ody  48% and IO%, on g ras  hay and concentrate diets, respectively. The variation between 

the two studies may be partly attributable to the greater dilution rate in the in vivo 

experiment, which would tend to reduce bacterial attachent to dietary fibre, and thus cause 

a greater depression in NDF digestion. 

Dry matter disappeafance f?om the concentrate diet was not depressed (P > 0.05) by 

coconut oil treatrnent. This is in agreement with other reports, in which long-chah fatty 

acids have had no inhibitory effect on the digestibility of starch or soluble carbohydrates 

(McALlan et al. 1983; Tarnrninga et al. 1983). 'This difference in the effectiveness of Lipids 

in depressing feed digestion between fibre- and concentrate-based diets was reflective of the 

observed changes in rnicrobial populations. Coconut oil reduced the celluiolytic bacteriai 

population on the hay diet by about 700-fold, whereas it reduced the amylolytic bacterial 

population on the concentrate diet by only about 7-fold. 



Khorasani et al. (1 992) found no depression in the apparent digestibilitie of DM and 

NDF of a concentrate:forage (60:40) diet when canola seed (40% fat) was added at levels up 

to 17.4% of the diet of dairy cows. Similarly, Sutton et al. (1975) found no depression in 

either OM or cmde fibre digestion in sheep fed a basal diet of concentrates and hay 

supplemented with 3% cod liver oil. This agrees with the lack of effect of canola oil and cod 

liver oil supplementations on both DM and NDF digestion with both the grass hay diet and 

the concentrate diet in the present study. In our experirnent, cod liver oil did not cause any 

greater degree of depression in fibre digestion than did canola oil, although cod liver oil had 

a higher degree of unsaturation due to fatty acids with multiple double bonds. Thus, the 

effect of lipids on fibre digestion is apparently dependent more on the properties of 

individual fatty acids than on the degxee of unsaturation of fatty acids. 

In the present study, the depression in DM and N D F  digestion associated with 

coconut oil corresponded with a decrease in number of total bacteria and cellulolytic bacteria 

as well as in endoglucanase activity (Table 3.4). The increase in endoglucanase activity and 

its associated tendency for an increase in cellulolytic bacterial numbers induced by canola 

oil and cod liver oil was unexpected. However, canola and cod liver oil induced increases 

in endoglucanase activity and numbers of cellulolytic bacteria corresponded and may be 

responsible for the numerical increase in the DM and NDF digestibility of the gras hay diet. 

These observations are contradictory to the general concept that unsamted fatty acids have 

the most adverse effect on fibrolytic bactena (Henderson 1973; Macnilak et al. 198 1). 

Henderson (1 973) found that growth of the cellulolytic bactena Rziminococcus spp. was more 

strongly inhibited by oleic acid than by lauric and myristic acids. Furthemore, Tesfa (1992) 



reported that rapeseed oil decreased carboxylmethylcellulase and xylanase activitk~ of nmen 

digesta, as well as the digestibilities of DM, NDF and ADF in the rumen of Friesian bdls. 

The mechanism by which canola oil and cod liver oil enhanced the endoglucanase activity 

is not known, but it could be associated with stimulaMg the growth of celIulollolytic bacteria 

(Table 3 -4). 

The greater decrease in cellulolytic and total bactenal population mediated by 

coconut oil than by the other two oils in the RUSITEC may be associated with the oil causing 

detachment or preventing attachment of primary digestive bacteria ont0 feed particles. 

Scaaning electron microscopy demonstrated that there was no bacterial colonization on the 

surface of the coconut oil-treated fibre (Fig. 3.1 D). Anything that prevents microorganisms 

attaching onto feed particles would result in an increased rate at which microorganisms are 

washed out. A combination of detachment or prevention of attachment with a direct toxic 

effect of coconut oil, therefore, wodd result in a reduction in celldolytic bactena in the 

RUSITEC. However, 0rskov et ai. (1 978) found that coating feed particles with lipids was 

in itself of little importance since in situ DM digestion of the dried gras in the rumen of 

sheep was not depressed by sprayhg tallow at levels up to 15% of diet. Therefore, they 

attnbuted depressed celIuiose digestion with lipids to a direct toxicity to celluiolytic bacteria 

Because lack of colonization could also be due to the dramatically lowered bactenal numbea 

associated with toxicity of lauric and myristic acids (Galbraith et al. 1971 ; Hendeson 1973), 

it is not possible to determine if toxicity or detachment is responsible for the reduced 

digestibility associated with coconut oil. 



3.43. Methane production 

The depression in CH, production induced by the supplementary lipids generdly 

agrees with reports in which long-chah fatty acids have depressed CH, production 

(Czerkawski and Brecke~dge  1969; Demeyer et al. 1969). Moreover, the present shidy 

revealed that the extent to which lipids depressed CH, production depended on not only the 

type of lipids, but also the diets to which the lipids were applied. The degree of depression 

in CH, production induced by lipids was greater with a concentrate-based diet than with a 

hay diet (Table 3.2). With the hay diet, the depressions in CH, production induced by canola 

oil and cod liver oil(26 and 29%, respectively) were similar to depressions (27,26, and 34%) 

caused by infushg 60 g d-' of oleic, linoleic, and linolenic acids, respectively, into the rumen 

of sheep fed dried hay (Czerkawski et al. 1966a). However, the 59% depression caused by 

coconut oil was much higher than the corresponding values above. On the other hand, with 

the concentrate diet, the 3 1, 47 and 84% depressions in CH, production associated with 

canola oil, cod liver oil and coconut oil, respectively, were higher than the 25% depression 

observed in sheep following treaûnent of a basai diet (30% sugar-beet pulp, 20% decorticated 

groundnut meal, 30% barley meal, 10% oatmeal and 5% ground oat husk) with linseed oil 

(Czerkawski et al. 1966~). 

This study confïrmed that lipid-mediated depression in CH, production was not 

directly associated with the degree of unsaturation of the fatty acids. Assuming the canola 

oil, cod liver oil and coconut oil used in this study to be 85% fatty acids, their mean 

unsaturations (mm01 double bonds per g of oil) were 3.71, 5.05 and 0.30, respectively. 



Consumption of 1 mm01 of HI in the hydrogenation of each mmol of double bonds wodd 

theoretically decrease production of CH, by 0.25 mmol. Thus, the daily doses (0.91 g) of 

canola oil, cod liver oil and coconut oil would cause CH, production to be dec~ased by 0.84, 

1.15 and 0.07 mm01 d-', respectively. However, the depressions actually effected by these 

oils were 0.37, 0.38 and 1.33 m o l  6' on grass hay, and 1.74, 2.25 and 3.43 mm01 d-' on 

concentrate (Table 3.2). Depression of CH, production induced by coconut oil greatiy 

exceeded the stoichiomeîrïc calculation on both diets, whereas with canola oil and cod liver 

oil the reduction was lower than was expected if al1 double bonds were hydrogenated on 

grass hay, and approximately double the stoichiometric value on concentrate. Clearly more 

factors are involved than the degree of unsaturation. 

In the present study, depressed CH, production with supplementation of canola oil, 

cod liver oil and coconut oil corresponded with a lowered methanogenic population (Fig. 

3.2). The non-linear relationship between methane production and methanogen population 

may reflect the diEerent degrees to which the added oils are toxic to methanogens. Addition 

of oils did not depress diet DM or N D F  digestibility even though CH, production was 

reduced, with the exception of when coconut oil was added to the hay diet. This observation 

agrees with the observation of Czerkawski et al. (1966a,b,c) in which the extent of 

depression in CH, production with supplementation of fatty acids was far greater than that 

of depression in fibre digestibility in sheep. Lack of correlation between CH, production and 

feed digestibility confimis that methanogenesis is not the only route for electron deposition 

in continuous mixed culture systems. 



3.5. Conciusions and Implications 

Coconut oil supplementation reduced methane production fiom both diets, but to a 

greater degree for concentrate than hay. This reduction in methane production corresponded 

with a decrease in DM digestion for the hay diet, but not the concentrate diet. 

Supplementation of canola oil and cod liver oil also depressed methane production to a 

greater degree in the concentrate diet than in the hay diet, but these oils did not have a 

detrimentai effect on the digestion of either diet These r e d i s  agree with the previous work 

that the C,, and C,, fatty acids in coconut oil are inhibitory to methanogens, cellulolytic and 

arnylolytic bacteria Biohydrogenation alone could not account for the reduction in methane 

production with canola oil and cod liver oil supplementation and at least a portion of this 

decrease appeared to be due to a shift in fermentation towards a greater production of 

propionate. Electron microscopy reveded that coating of the feed with oil and prevention 

of bacteriai attachrnent was not responsible for reduced methane production in the hay diet 

supplemented with canola or cod liver oil. In the present shidy, it was concluded that a direct 

toxic effect of specific fatty acids on methanogens is the major factor responsible for the 

reduction in methane production with oil supplementation. 



TabIe 3.1. Fatty acid composition (% by weight of total fatty acids) of the lipids 
Canola oil Cod liver oil Coconut oil 

Fatty acid Mean SIY' Mean SD Mean SD 
Caprylic O 

Capric 

Lauric 

Myrisîic 

Pahitic 

Stearic 

Arachidic 

PalmitoIeic 

OIeic 

Linoleic 

Linolenic 

Gadoleic 

Arachidonic 

Erucic 

Total saturated fatty acid: 7.07 

Total unsaturated fatty acid: 89.74 

Unidentified compounds: 3.19 

'SD: standard deviation of  the mean of triplicate measurements. 



Table 3.2. Effect of dietary lipids on dry maMer (DM) and neutral detergent fibre (NDF) disappeamnce and production of fermentation gases in the artificial 
rumen system (n = 3) 

Grass hay Concentrate* Signi ficances 

Lipidy CON CAN COD COC CON CAN COD COC SE F" Lx FxL 

DM disappearance (%) 55,Ob 59. l ab 6 1. lab 38, lc 

NDF disappearance (%) 49.5a 55.6a 54.9a 25.6b 

Gas production per digestible DM (rnmol g") 

CH4 0 . 3 4 ~  0.25d 0.24d 0.14e 

Co2 L65b 1,44b 1.39b 0 . 6 8 ~  

H2 0,002~ 0.003~ 0.003~ 0,O 1 Ob 

Gas production (mmol ci-'): 

CH4 1.84b 1.47b 1,46b OSlc 

Co, 8.98b 8.55b 8S3c 2 .59~  

H2 0 . 0 1 ~  0.02bc 0.02bc 0.04b 

CH,:C02 0.2 1 ab 0.1 7abc O. l7abc 0.20ab 

0.40b 0.3 lbcd 0.09e 

3.20a 3.33a 1.75b 

0.005~ 0.007b 0,044a 

' 90% wheat plus 10% grass hay. 
YCON=control; CAN=canola oit; COD=cod liver oil; COC=coconiit oil. 
'F=feed; L=lipids. 
NS = nonsignificant; * = P<0.05; ** = P<O.OI. 
a-e: Within a row, values no1 fotlowed by the sarne letter differ (P < 0,05). 



Table 3.3. Effect of dietary lipids on pH and profile of fermentation products in the fiuid in the artificial rumen systeni (n = 3) 
Grass hay Concentratez Signi ficances 

Lipidy CON CAN COD COC CON CAN COD COC SE Fx L* FxL 

Effluent (niL d-') 457. l ab 460.7ab 448.5b 

PH 7.15a 7.10a 7.10a 

Total VFA production per digestible DM (inmoles g')  

4,Ob 3,9b 3.9b 

Fermentation product concentration (mM) 

Total VFA 46 .9~  50 .2~  53. lbc 

Formate 0.4b 0.4b 0.7b 

Lactate nd nd nd 

Succinale nd nd O. l b 
4 
OQ Ethanol 1.8ab 2.0ab 1.9b 

VFAs (rnolar %): 

Acetate 57.67a 53.46b 5 1.73b 

Propionale 24.1 Oc 39.89b 30.04b 

Butyrate 10.44d 8.89d 10,Old 

' 90% wheat plus 10% grass hay. 
YCON=control; CAN=canola oil; COD=cod liver oil; COC=coconut oil. 
' F = feed; L = lipids. 
"nd = nondetectible, 
NS = nonsignificant; * = P<0.05; ** = P<O,O 1. 
a-d: Within a row, values not followed by the same letter differ (P < 0.05). 





Fig. 3.1. Scanning electron rnicrographs of gras hay which was untreated (A), or treated 
with 10% (wt wt-') canola oil (B), cod liver oil (C)  or coconut oil (D) and incubated in the 
RUSITEC for 24 h. The outermost layer of the grass is missing entirely in A and B, and only 
partially present in C. In contrast, the outer layer in coconut oil-treated grass hay was 
relatively undisturbed in most areas. Colonization of intemal tissues by a variety of bacterial 
morphotypes was readily apparent on untreated canola oil- and cod liver oil-treated samples 
(A, B, C), but was evident only at damage sites in coconut oil-treated hay, and was notably 
sparse (D). Bars = 5 Fm. 
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Fig. 3.2. The relationship between methane production and methanogenic population 
in a rumen simulation technique system with a orchardgrass hay-based diet or a 
concentrate-based diet (90% wheat + 10% hay). 
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4. THE EFFECT OF EXOGENOUS FLBROLYTIC ENZYMES, a-BROMO- 
ETHANESULFONATE AND MONENSIN ON DIGESTIBILITY OF 
GRASS HAY AND METHANE PRODUCTION IN THE RUSITEC 

4.1. Introduction 

Rufninants fed forages exhibit reduced productivity, relative to those fed concentrate- 

based diets. This has been attnbuted to (i) lower digestibility of the feedstuffs and (ii) less 

efficient utilization of the energy in forages, arising from production of more acetate and 

methane fiom roughages than from concentrates during ruminal fermentation. Productivity 

of roughage-fed ruminants might be improved by implementing strategies to manipulate 

ruminal fermentation to increase fibre digestion and propionate production, and to depress 

methane production. 

In recent years the newly exploited fibrolytic enzymes, which have the potential to 

substantially irnprove the utilization of fibrous feeds, prompted a renewed interest in feed 

enzymes for nuninant animals. Early studies showed that exogenous fibrolytic enzymes 

increased cellulose digestibility in vitro (Vandevoorde and Verstraete, 1 987) and in vivo 

(Perry et al., 1960), but these enzyme preparations did not hprove feed conversion 

efficiency in cattle (Leathenvood et al., 1960, Perry et al., 1960). More recent studies, 

however, demonstrated that pretreatment of hay with exogenous fibrolytic enzymes improved 

milk yield (Komo et al., 1993; Lewis et al., 1995; Stokes and Zheng, 1995) and live weight 

gain of cattle (Konno et al., 1993; Beauchemin et al., 1995). It has been found that the 

exogenous fûngal fibrolytic enzymes effectively hydrolyse strucniral carbohydrates (McHan, 



1986; Stokes, 1992) and yield more substrate for lactic acid-producing microorganisms 

dunng ensiling (Stokes, 1992). These findings imply that the improved productivities of 

niminant anbals fed forages treated with exogenous fibrolytic enzymes are partly attributed 

to an increase in availability of simple sugars which can be utilized by animals and/or 

niminal lactate- and propionate-producing bacteria. Increasing competitiveness of ruminal 

lactate- and propionate-producing bacteria with acetate-producers c m  reduce ruminal 

methane production. However, addition of fimgal ceiiulase to feeds was reporied to increase 

methane production in vitro (Vandevoorde and Verstraete, 1 987). 

Research concerning the effect of supplementary fibrolytic enzymes on specific 

rumen rnicrobial populations and on the niminal fermentative process is limited. In 

mutuahtic relationships with other microorganisms in the rumen and other anaerobic 

habitats, methanogens remove hydrogen, which renders the degradation of organic matter 

thermodynamically favourable in anaerobic fermentation. Thus, inhibition of 

methanogenesis would be expected to depress digestion of fibre in the rumen. in an earlier 

study in our laboratory, however, methane production in the artificial rumen system was 

significantiy depressed by canola and cod liver oil without a decrease in dry matter (DM) 

digestion (Chapter 3). Similady, Cmrkawski et al. (1966% 1966b) f o n d  that in sheep fed 

oleic and linoleic acids, cellulose digestion fell by 2%, whereas methane production was 

depressed by 39 and 43%, respectively. These observations confirm that methanogenesis is 

not the sole route for electron disposal in the nimen. Using methanogenic inhibitors to 

reduce methane production in the ruminal ecosystem therefore may not necessarily be at the 

expense of feed eficiency; in fact, an improvement in the utilization of dietary energy by 



rzllllulants may occur when such products are used due to a reduction in the energy lost as 

methane. 

a-Bromoethanesulfonate (BES), an analogue of coenzyme M (CoM) in methanogenic 

bacteria, has been studied as a specEc inhibitor of rnethanogenesis (Taylor and Wolfe, 

1974). A shidy with Methunobacterium thermoautotrophicum demonstrated that 

methanogenesis was inhibited by 50% by 7.9 p M  BES, and was completely inhibited by 500 

MM BES (Gunsalus et al., 1978). In addition, BES was found to be a potent inhibitor of the 

ruminal methanogen, Methc~nobacterim ruminanîium, which requks an exogenous supply 

of CoM (Taylor et al., 1974). Uptake of HS-CoM by whole cells of M. ruminmtitrm was 

completely inhibited by 1 p M  BES (Balch and Wolfe, 1979). Martin and Macy (1985) 

demonstrated that 30 PM BES decreased methanogenesis by 76% in mixed cultures o f  

mmïnal fluid. The effect of BES on the relationship between digestibility and methane 

production has not been examined either in vitro or in vivo. 

This experiment was conducted to examine the effect of supplemenîary fibrolytic 

enzymes and BES on fibre digestion and methane production. Monensin, a well known 

inhibitor of methanogenesis, was included as a positive control. 



4.2. Materials and Methods 

42.1. Experimental apparatus and operation 

Two m e n  simulation technique (RUSITEC) units (Czerkawski and Breckenridge, 

1977), each equipped with eight fermenters (nominal volume 820 ml), were used in this 

study. Inoculum for the RUSIEC was obtained fkom a nimllidly fistdated Holstein steer 

fed cubed alfalfa hay:barley straw (70:30 DM basis). This animal was cared for in 

accordance with the guidelines set by the Canadian Council on Animal Care (1993). 

Fermenters were initially fUed with 820 ml of rumen fluid which had been filtered through 

four iayers of cheesecloth, two nylon bags (203 x 102 mm; pore size 50 pm) each containhg 

1 0 g of solid rumen digesta, and a third bag containing 10 g of diet. After 24 h, the two 

inoculurn bags were replaced with a second feed bag. Daily thereafter, the feed bag of 

longest residence was replaced, so that al1 feed was retained in the fermenter for 48 h. 

Artificial saliva (pH 8.2; McDougdl, 1948) was continuously infused into the fermenters at 

a rate of 600 ml/d. At the tirne of feed bag exchange, fermentation fluid pH, total gas 

production and effluent f?om each fermenter were measured daily throughout the experiment. 

Eight days were allowed for equilibration of microbial populations prior to commencement 

of sample collection. The anaero bic technique of Hungate (1 %O), as modified by Bryant and 

Burkey (1953), was used consistently throughout the experiment. 



4.2.2. Experimental die? and treatments 

The experiment was designed as a complete randomized block with eight treatments: 

hay alone (CON) or pretreated with a fibrolytic enzyme mixture (ENZ), in combination with 

additions of no chernical, 25 p M  monensin, 25 PM BES or 50 p M  BES. The diet comprised 

early-bloom orchardgrass (Dacty[is glomerata) hay ground to pass through a 4-mm screen. 

Enzyme-treated diet was prepared by spraying hay with the mixed enzyme solution (100 

mVkg DM) containing cellulase (200 g/l, Novo Nordisk, Demark) and xylanase (200 g/l, 

Novo Nordisk, Denmark) at concentrations to yield final application rates of 30,000 nova 

cellulase units and 10,000 nova xylanase units, respectively, per kg hay DM. A control diet 

was prepared in the same manner with distilled water. Hays for both treatments were 

prepared 72 h pnor to incubation in the RUSITEC and stored at 4°C. 

Stock solutions of BES (Sigma Chernical Co., St. Louis, MO) were prepared in 

distilled water, whereas a stock solution of monensin (Hoechst Animal Health, Regina, SK) 

was prepared by dissolving the chernical in ethanol (>99.0%,v/v). Stock solutions were 

stored at 4°C. At the time of daily feed bag exchange, 1 ml of chernicai stock solutions or 

distilled water was added into corresponding fermenter to yield initial concentrations of 25 

p M  monensin, and 25 or 50 pM BES in the cultures. Since the dilution rate of cultures was 

0.7/d, the daily effective concentrations of chernicals at equilibrium varied fiom 48 PM at 

the time of dosing to 23 PM 24 h d e r  dosing for the daily dosage of 25 HM monensin or 

BES, and fiom 97 to 47 ,uM for the daily dosage of 50 pM BES. 



4.23. Sample coiIection and analysis 

In situ dry matter disappearance @MD) at 48 h fiom feed bags was determined nom 

day 1 1 to day 13 of the experirnental period. Feed bags withdrawn fkom each fermenter were 

washed under running warm (3g°C) tap water until the water was clear. The feed bags were 

then dried at 105°C for 24 h. The feed bags for O h were soaked for 30 min in warm water 

(39"C), then washed and dried in the same manner as described above. The residues were 

pooled over 3 d and analysed for neutral detergent fibre (NDF), acid detergent fibre (ADF), 

acid detergent lignin (ADL), using the methods of Van Soest et al. (1991). Hernicellulose 

content was calculated as the difference between NDF and ADF and cellulose as the 

difference between ADF and ADL. 

Fermentation gas was collected using a gas collection bag which had been connected 

to fermenters. Total daily gas production from each fermenter was determined using a water 

displacement technique as described by Fedorak and Hrudey (1983) throughout the 

experiment. Concentrations of methane, carbon dioxide and hydrogen in the gas were 

measured for 7 days during day 9 to day 22 of the experirnental period, using gas 

chromatography as described in Chatper 3. 

Analysis of volatile fatty acids (VFAs) was conducted on 24-h accumulations of 

effiuent containing sodium azide (0.1 % final concentration, w/v) on day 20 to day 22 of the 

experiment. The effluent for each fermenter was collected once daily at the time of feed bag 

exchange. Effluent sample (4.0 ml) fiom each fermenter was taken in a screw capped vial 

containing 1 .O ml of 25% (w/w) phosphoric acid. Sarnples were immediately frozen and 



stored at -40°C until anaiysis for VFAs by gas chromatography using the method as described 

by McAllister et ai. (1 990). 

Microbial counts and enzyme assays were carried out on the hequid obtained fiom the 

48-h incubated feed bag on d 14 and 16 of the experimental period. The feed bag liquid. 

prepared following the procedure described in Chapter 3, was diluted serially using an 

anaerobic solution of Bryant and Burkey (1 953) for bacterial enumeration. Total viable 

bacteria in the Iiquid were enumerated by the roll tube count method (Hungate, 1969). 

Cellulolytic and methanogenic bacterial populations were estimated by most probable 

nurnber (MPN) method (Koch, 198 1). The medium of Scott and Dehority (1965) was used 

for total bacterial enumeration. The same medium, modified with addition of Whatman filter 

paper, was used to culture celluloIytic bacteria. Medium M 2  (Hobson, 1969), modified by 

adding 0.25% (w/v) sodium formate and 1% (v/v) of trace vitamins solution of Scott and 

Dehority (1965), was used to culture methanogens. Bacterial populations were determined 

after 5-d incubation at 39"C. Numbers of total viable bacteria were directly determined fiom 

counts of bacterial colonies in roll tubes. Detennination of cellulo1ytic bacterial popuiation 

was assessed through visual inspection of filter paper degradation in cultures. The 

methanogenic population was estinated by measurement of methane production in the 

headspace of culture tubes using gas chromatography as described in Chapter 3. 

P-Endoglucanase activity in the liquid fkom feed bags was detemüned with the 

soluble chromogenic substrate, ostazin brilliant red-hydroxyethy lcellulose (Sigma Chernical 

Co-, St Louis, MO)@iely et al., 1985), following the procedure descnbed in Chapter 3. 

Xylanase activity in feed bag Liquid was measured using beechwood 4-0-methyl-D- 



~ ~ u c u ~ o ~ o - D - x ~ ~ ~ I I  (RBB-xylan) as a chromogenic substrate (Biely et al., 1985). Samples 

(0.1 ml) of the liquid fiom feed bags were mixed with 0.1 ml of 1 .O% (w/v) RBB-xylan 

(Sigma Chemical Co., St. Louis, MO) in 50 m M  sodium phosphate buffer @H 6.5) and 

incubated for 30 min at 39OC. Reactions were stopped by adding 0.8 ml of the cooled (4°C) 

ethanoi (>99.0%, v/v). Controls for each treatrnent were prepared by incubating RBB-xyh 

done, then adciing the liquid fkom feed bags immediately prior to addition of ethanol. The 

mixtures were ailowed to stand at room temperature for 30 min, and the precipitated 

substrates were rernoved by centrifugation at 14,000 g for 5 min. Absorbance at 595 nrn was 

detemiùied using a Stasar iII spectrophotometer (Gilford Instrument Laboratones, Oberlin, 

OH). Activity was standardized against a commercial xyianase kom Aspergillus niger (EC 

3-2.1.8, Sigma Chemical Co., St. Louis, MO) with one unit of activity defined as the 

absorbance given by one unit of commercial xylanase per ml per h. 

4.2.4. Statisticai analysis 

Analysis of variance was performed using the general hear model (GLM) procedure 

of the Statistical Analysis System (SAS M t u t e  hc., 1 990). Main effect of enzyme (n = 2), 

chernical (n = 4) and RUSITEC (n = 2), and their interactions were incorporated into the 

initial analyticai model. Microbial counts were transformed into a square root prior to 

variance analysis (Steel and Tome, 1980). Differences among main effect means were tested 

with the method of the Student-Newman-Keuls (Sm). Cornparisons among individual 

treatment means (least-square means) were performed by the procedure of possible 



difference (PDIFF) (SAS lnstitute hc., 1990)- 



43. Results and Discussion 

43.1 The RUSITEC system 

The mean methane production of 0.37 mm01 per gram of digestible OM fiom 

untreated gniss hay observed in the present study (Table 4.1) was similar to that recorded in 

an earlier RUSITEC shidy (Chapter 3, although the Ievels in both of these experiments were 

much lower than those reported in previous studies with the RUSITEC by Czerkawski and 

Breckenridge (1 977) and Wallace et al. (1 98 1). The comparative assessrnent of RUSITEC 

systems and the factors which could cause the lowered methane production with our 

RUSITEC systerns have been discussed in Chapter 3. 

4.3.2. Exogenous fibrolytic enzymes 

Pretreatment of gras hay with fibroiytic enzymes increased (Pc0.0 1) digestibilities 

of OM, cellulose and hemicellulose by 9, 15 and 20%- respectively (Table 4.1). These 

findings are consistent with the resdts of earlier in vitro studies (Hunt et al., 1995; Feng et 

al., 1996) and shidies in canle (Feng et al., 1996; Lewis et al., 1996). The increased 

digestibilities of cellulose and hernicellulose with enzyme treatment were consistent with the 

observed increases (Pc0.0 1) in P-endoglucanase and xylanase activities (Table 4.2). Because 

application of the exogenous fibroiytic enzymes did not alter (-0.05) either total bacterial 

or cellulolytic bacterial populations (Table 4.2), the increased digestibility of fibrous 



components of hay with the enzyme treatment can probably be attributed to a direct catdytic 

action of the exogenous fibrolyeic enzymes, raîher than provision of essential branched faw 

acids or other growth factors in the enzyme solutions to cellulolytic bacteria as has been 

previously suggested (Bowden and Church, 1959). 

Pre-treating hay with fibrolytic enzymes increased (P < 0.0 1) methane production by 

approximately 43% as expressed in per unit of digestible OM (Table 4.1). This is consistent 

with an early report of Vandevoorde and Verstmete (1987), in which cellulase treatment 

induced an increase in methane production by approximately 23% from cellulose powder in 

vitro. The enzyme-induced increase in methane production observed in the present study 

corresponded to an overall increase (P < 0.05) in the methanogenic population (Table 4.2). 

However, the observation that erizyme treatment had no influence on total bacterial and 

fibrolytic bacterial populations raises a question conceming how enzyme treatment 

stimulated the growth of methanogens without stimulating the gro wth of fermentative 

bacteria since their activity is related to the food supply for methanogens. More research is 

needed to confirm the interactive relationship between methanogenic bacteria and 

fementative rnicroorganisms under the niminal condition with feed digestion enhancer(s) 

such as fibrolytic enzymes. 

Treatment of hay with fibrolytic enzymes did not alter either total VFA production 

per unit of digestible OM or the molar proportions of acetate and propionate, but it did 

increase (P<0.01) the molar proportion of butyrate (Table 4.3). These trends in VFA 

production patterns following enzyme treatment do not correspond with the increase in 

methane production. Decreased proportions of propionate (Miller and Wolin, 1973) would 



be expected to accompany the increased methane production observed with enyme pre- 

treatment of the grass hay. 

No differences between BES levels of application were detected for the observed 

parameters other than for CO2 and H2 production. a-Bromoethanedonate did not influence 

the digestibilities of OM, cellulose and hemicellulose of the grass hay (Table 4.1). Similarly. 

it did not affect the population of celluiolytic bactena and. therefore the activities of P- 

endoglucanase and xylanase (Table 4.2). To my knowledge, there has been no previous 

report conceming the effect of BES on forage digestion either in vitro or in vivo. 

a-Bromoethanesulfonate depressed (PcO.0 1) methane production by 52% (Table 4.1). 

This observation is consistent with an earlier in vitro mdy (Martin and Macy, 1985). I d g  

et al. (1995) also found that BES significantly depressed methane production in sheep, but 

methane production was restored after 4 days of BES administration, suggesting 

methanogens in the rumen may have adapted to BES. a-Bromoethanesuifonate did not 

influence either the total bacterial popuiation or cellulolytic bacterial population, but it 

signincantly inhibited (Pe0.05) the growth of methanogenic bactena (Table 4.2). Therefore, 

a specific toxicity of BES to methanogenic bacteria was responsible for the reduction in 

methane production. 

a-Bromoethanesulfonate did not change the total VFA production per unit of 

digestible OM or the molar proportions of acetate and propionate (Table 4.3). The decline 



in methane production in fermenters receiving BES would seem to suggest that there shodd 

have been an increase in the rnolar proportion of propionate or in hydrogen production. This 

inconsistency suggests that alternative electron accepton such as lactate, ethanol or succinate 

may have been produced during fermentation. Unfortunately, concentrations of these 

potential products were not measured. 

4.3.4. Monensin 

Monensin depressed (Pc0.0 1) digestibilities of OM, cellulose and hemicellulose in 

untreated hay by 2 1,30 and 2 1%, respectively, and, to a lesser extent, by 10,24 and 13%, 

respectively, in enzyme-treated hay. Wallace et ai. (198 1) also observed declines in digestion 

of DM (19%), cellulose (48%) and hemicellulose (43%) when a RUSITEC was fed 10 mg 

of monensin daily. However, the effect of monensin on digestion has been inconsistent in the 

past. In various in vitro and in vivo studies, monensin has been reported to depress (Poos 

et al., 1979; Mir, l989), to have a minunal effect (Dinius et al., 1976; Lemenager et al., 1978; 

Ricke et al., 1984; Faulkner et al., 1985) or to have no effect (Kone and Galyean, 1990; DufT 

et al., 1999, and even to increase (Wedegaertner and Johnson, 1983) fibre digestibility. This 

variability may arise fiom dzerences among these studies in dilution rates or the retention 

times of digesta in the rumen, which monensin may prolong (Lemenager et al., 1978). These 

factors remain relatively constant in the RUSITEC. The monensin-mediated depression in 

digestibilities of cellulose and hemicellulose was associated with a decrease (Pc0.05) in 

cellulolytic bacterial population (Table 4.2). This observation is consistent with an earlier 



pure culture snidy (Chen and Wolin, 1979) in which ruminal cellulolytic bactena, 

Ruminococcus albus, Ruminococcmflavefacienr and Buryrivibrio fibrisolvens were sensitive 

to rnonensin, although the reduced population of cellulolycic bacteria may aiso have been 

related to a depressed methanogenesis (Miller and Wolin, 1973). 

Monensin depressed (Pe0.05) methane production per unit of digestible OM by 7 1 % 

(Table 4.1). This is consistent with previous in vitro and in vivo studies (Van Nevel and 

Demeyer, 1977; Thornton and Owens, 1981; Wallace et al., 198 1; Wedegaertner and 

Johnson, 1983; Martin and Macy, 1985). The observed depression in methane production 

corresponded to a decrease (Pc0.05) in the population of methanogenic bactena (Table 4.2). 

This observation agrees with an early pure culture study (Chen and Wolin, 1979) in which 

the growth of some rumina1 methanogens such as Methanobacterium bryantii, 

hfeihunobacterium formicicum and Methanosarcina barkeri were inhibited by rnonensin. 

Monensin did not change total VFA production, but it altered the molar proportions 

of VFAs, with an increase (PcO.0 1) in the proportion of propionate and a decrease (P<0.05) 

in the proportion of acetate (Table 4.3). These are consistent with other in vivo and in vitro 

observations (Durand 1982; Schelling 1984; DufT et al., 1995). The decreased molar 

proportion of acetate was associated with a decrease in the population of celldolytic bactena 

(Table 4.2). Ruminai cellulolytic bacteria R. albus, R. jlavfaciens and B. fibrisolvens are 

sensitive to monensin (Chen and Wolin, 1979), and their major fermentative product is 

acetate (Stewart and Bryant, 1988). The increased molar proportion of propionate was 

related to an inhibition of methanogenic growth (Table 4.2) and methanogenesis (Table 4.1). 

Depressed methanogensis in the m e n  resdts in the generation of propionate and other 



reduced end product nich as succinate (Chen and Wolin, 1977; Latham and W o b  1977). 

43.5. Comparative potency of BES and monensin in methaoe depression 

The present study indicated that monensin was a more potent inhibitor of 

methanogenesis than BES (71 vs 52% depression). This is opposite to the report of Martin 

and Macy (1985) in which monensin (10 ppm) and BES (30 PM) depressed methane 

production 16 and 76%, respectively. In my study, the concentration of monensin was about 

70% higher, while the concentration of BES was about 17% lower than in their study. in 

addition, they evaporated methanol from monensin solution, which rnay have caused a 

decrease in solubilization of monensin in the culture media Introduction of monensin in an 

ethanoi solution form to fermenters in our study may have increased potency of monensin, 

but the possibility that ethanol directly intluenced activity of methanogenic bacteria cannot 

be d e d  out since its concentration could have reached 27 PM. Monensin decreased not only 

the methanogenic population, but also the fibrolytic bacteriai population (P<0.05). 

Depressed growth of fibrolytic bactena can aggravate the effect of monensin on 

methanogenesis. In contras& BES only affected methanogenic bactena and not other types 

of microorganisms. Therefore, it appears that BES may have potentiai as an anti- 

methanogenic agent. 



4.4. Conclusions and Implications 

Pretreatment of grass hay with fibrolytic enzymes increased fibre digestion and 

methane production in the RUSITEC. The mechanisrn(s) by which supplementary fibrolytic 

enzymes influenced niminal fibre digestion and rnethanogenesis could not be determined, 

but this study suggests that the digestibility of roughage-based diets may be increased by 

enzyme supplementation. It was possible to decrease methane production with BES, without 

adversely affecting fibre digestibility, whereas fibre digestibility was decreased when 

monensin was used to depress methane production. The use of exogenous fungal fibrolytic 

enzymes and BES may prove to be effective agents for increasing the availability of 

metabolizable energy to ruminants consurning forages, although animal studies are required 

to assess the concerted effects of supplementary enzymes and BES as an inhibitor of 

methanogenesis in vivo. 



Tabk 4.1. Effect of exogenous fibrolytic enzymes, a-hromoethanesulfonate (BES) and monensin (MON) on digestbilities of organic matter. cellulose and 
hemicellulose and on production of fermentation gases in RUSITEC fermenters receiving ground orchardgrass hay 

Chernical Treatment Contras tsz 
-- 

BES Chemical BES 

None MON 25 ph4 50 pM ENZ MON BES MON 25 

- Diety CON ENZ CON ENZ CON ENZ CON ENZ SEM CON None None BES 50 

Dilution rate (%Id) 72.9 73.6 73.0 74.6 72,l 74.0 74.4 73,8 3.1 NS NS NS NS NS 

Digestibility (%): 

Organic mattcr 33.56~ 36.60 26.6d 32.96~ 34.06~ 35.7ab 32.1 bc 3 4 . 5 ~ 6 ~  0.8 I* ** NS ** NS 

Cellulose 26.76 3 0 . 8 ~  18.7d 2 3 . 5 ~  26.6bc 30 .9~  25.4~ 29Sab 1,l *+ ** NS ** NS 

Hemicellulose 36.46 4 3 . 5 ~  2 8 . 7 ~  37.96 36.0b 42 .2~  34,3b 4 1 . 2 ~  0.9 ++ ** NS ** NS 

c-r Gas production (rnmol/d): 
$ CH, 1.22b 1 .95~  0.21d 0,626~ 0.666~ 0.806~ 0S8c 0.85b 0.08 ** * + i) I ** NS 

Gas production per digestible OM (mmoVg): 

WS: not significant (P > 0.05); *: (P < 0.05); **: (P < 0.01). 
CON: Untreated orchardgrass hay; ENZ: Orchardgrass hay treated with cellulase and xylanase. 
a-e: Within a row, values not followed by the sanie letter differ (P < O.OS), 



Table 4.2. Effect of exogenous fibrolyiic enzymes, a-bromoethanesulfonate (BES) and monensin on (MON) feed particle-associated fibrolytic enzyme 
activities and bacterial populations in RUSITEC fermenters receiving ground orchardgrass hay 

Chernical Treatrnent Contrasts' 

BES Cheniical BES 

None MON 25 PM 50 MM ENZ MON BES MON 25 

Diety CON ENZ CON ENZ CON ENZ CON ENZ SEM CON None None BES 50 

Endoglucanase (U/ml/h)" 

Xylanase (U/mVh)* 

Total bacteria (x I O'o/ml)' 

c1 29.5 24.3 33.2 35.2 32.3 24.6 36.4 30.7 0.2 NS NS NS NS NS 
O 
vi Cellulolytic bacteria ( x  1 07/ml)' 

Methanogens ( x  10s/ml)' 

WS: not significant (P > 0.05); *: (P < 0.05); **: (P < 0.01). 
VON: Untreated orchardgrass hay; ENZ: Orchardgrass hay treoted with cellulase and xylanase, 
'Units were defined as the absorbante given by one unit of commercial endoglucanase or xylanase/rnl/h. 
'Values showii are actual bacterial counts; analysis of variance was based on a square root transformation of the actual bacterial counts, 
a-e: Within a row, values not followed by the same letter differ (P < 0.05). 



Table 4.3. Effect of exogenous fibrolytic enzymes, a-bromoethanesulfonate (DES) and nionensin on pl-l and volatile fany acid profiles in RUSITEC 
fermenters receiving ground orchardgrass hay 

Chernical Treatrnent Contrasts* 

BES Chernical BES 

None MON 25 pM 50 pM ENZ MON BES MON 25 
VS VS VS \'S VS 

DietYCON ENZ CON ENZ CON ENZ CON ENZ SEM CON None None BES 50 

Effluent production (mlfd) 

598.0 603.5 598.5 612.0 591.5 607.0 610.0 605.0 25.6 NS NS NS NS NS 

Total VFA concentration (mM) 

C Total VFA production per digestible OM (mmollg) 
O 
rn 3 ,7 3.6 3,7 3.4 4.0 3.7 4.2 3.2 0.5 NS NS NS NS NS 

VFA (rnolar %): 

Acetate 58 .6~  5 8 . 1 ~  55.3ub 50.3b 5 8 . 0 ~  57.2~1 5 8 . 1 ~  53,9uh 2.0 NS * NS * NS 

Propionate 23 .1~  2 0 . 5 ~  30.5ab 3 3 . 1 ~  23.9hc 20.6~ 23.0~ 22.0~ 2.3 NS ** NS ** NS 

Butyrate 18.2bcd 2 1 . 4 ~  14.2d 16.7cd 18.lbcd 22.2~6 18.9bc 24 .0~  1.3 + + ** NS ** NS 

YS: not significant (P > 0.05); *: (P < 0.05); **: (P < 0.01). 
yCON: Untreated orchardgrass hay; ENZ: Orchardgrass hay treated with cellulase and xylanase. 
a-e: Within a row, values not followcd by the same letter differ ( P  < 0.05). 
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5. INFLUENCE OF EXOGENOUS FIBROLYTIC ENZYMES AND CC-BROMO- 
ETRANESULFONIC ACID ON SaEEP FED GRASS RAY: 1. DIGESTION, 

METHANE PRODUCTION AND ENlERGY METABOLISM 

5.1. Introduction 

Pre-treaûnent of forages with h g a l  fibrolytic enzymes has been shown to increase 

fibre digestibility (Dong , Chapter 4; Hunt et al., 1995; Feng et al., 1996; Lewis et al., 1 W6), 

food intake (Stokes and Zheng, 1995; Feng et al., 1 W6), milk yield (Konno et ai., 1993; 

Lewis et al., 1995; Stokes and Zheng, 1995) and live weight gain of cattle (KOMO et al., 

1993; Beauchemin et al., 1995). On the other hand, in vitro shidies have documented that 

application of exogenous fibrolytic enzymes also promotes methane production 

(Vandevoorde and Verstraete, 1987; Dong, Chapter 4). Increases in methane production 

couid potentiaily offset any improvement in the utilisation of fibrolytic enzyme treated 

forages by Nminant animais. Sirnultaneou depression of methane production in the rumen 

would, therefore, maximise the beneficial effect that fibrolytic enzymes may have on 

improvernent of forage utilisation. 

A previous study has demonstrated that a-bromoethanesulfonic acid (BES), an 

analogue of coenzyme M (Cohl) in methanogenic bacteria (Gunsalus et al., 1 W8), depressed 

methane production in the artificiai rumen by as much as 50% with no detrimental effect on 

fibre degradation of grass hay (Dong, Chapter 4). Similady, Martin and Macy (1985) 

reported that a 76% reduction of methane production was achieved in mixed cultures of 

rumen fluid containhg 30 pM BES. A study in sheep also demonstrated that BES 



effectively depressed methane production, but its effectiveness persisted for just 3 d (Immig 

et al., 1995). Aithough this ùnplies that niminal methanogens possess a veq  efficient 

mechanism(s) to protect their unique metabolic system, research into the inhibition of 

methane production in vivo with BES is very limited. The present experiment was therefore 

conducted to examine the effects of the exogenous fibrolytic enzymes and BES on fibre 

digestion, fermentation processes, methane production and energy metabolism in sheep. 



5.2. Materials and Methods 

5.2.1. Experimental animals and management 

Six SuI3oi.k ewes (85.5 I 8.6 kg) consuming a grass hay-based diet were used to study 

the effect of exogenous fibrolytic enzymes and BES on digestion and methane production. 

Ewes were fitted with a ruminal cannula (5 cm LD.) and a T-shaped flow-through cannula 

in the proximal duodenum. Surgery was performed in a stenle environment after feed had 

been withdrawn for 48 h. Procaine penicillin G (Pfizer, Point Claire-Duval, PQ) was 

injected intramuscularly twice daily (1 x 10' IUIinjection) starting 24 h pnor to surgery and 

continuhg for 10 d d e r  surgery. Anaesthesia was induced with intramuscuiar Atravet 

(Ayerst, Saint Laurent, PQ) and intravenous thiopentone sodium (Abbott, Montreal, PQ) and 

maintained by haiothane and oxygen delivered through a semi-closed system with 

intermittent positive pressure ventilation. Ewes were allowed at least 15 days for recovery 

fiom surgery before the experiment was commenced. The experimental procedures with 

animais were approved by the Animal Care Cornmittee of the Agriculture, Forestry and 

Home Economics Facdty. Animais were cared for in accordance with the guidelines set by 

the Canadian Council on Animal Care (1993). 

Each experimental penod was 43 ci, compnsing 14 d of adaptation followed by a 29- 

d sampling period. During the period of experiment, ewes were housed in individual 

metabolic crates and fed ad libitum four times daily (0800, 1400, 2000, 0200 hrs) with 

automatic feeders. Ewes were aliowed fkee access to fiesh water and trace-mineraiized salt 



099.0% NaCl, 0.0 15% 1,O.O 1 % Co) (Sifto Canada hc., Mississauga, ON) throughout the 

experiment. Body weight was measured at the b e g h h g  and the end of each experimental 

penod. Between each experimental penod, ewes were allowed 2 wk of exercise and 

recovery in floor pens. During the fïrst 3 d of a recovery period, about 1 L of m e n  fluid 

and 1 kg of rumen digesta nom the ewes which were not given BES were transferred into 

the rumen of ewes which had previously been subjected to BES treatment. 

5.2.2. Experimental diets and treatments 

Late-bloom fescue (Festuca sp.) gras hay was used as a basal diet for ewes. Hay was 

chopped to pass through a 10-cm screen using a forage harvester (Sperry New Holiand New 

Holland, PA). The chopped hay was treated once daily at 2000 h by spraying either distilled 

water (CON) or an aqueous enzyme solution (ENZ) at a rate of 100 mUkg DM. The 

enzyme solution contained 10% (voVvo1) enzyme (FinnFeeds International Ltd., 

Marlborough, Wiltshire, U.K.) and 5% (voVvol) enzyme " B  (FinnFeeds International Ltd., 

Marlborough, Wiltshire, U.K.) which provided f3-endoglucanase activity of 36,450 units/kg 

hay DM and xylanase activity of 2 15,565 units/kg hay DM. immediately d e r  it was treated, 

25% of the diet was fed to the ewes. The remaining portion was loaded on automatic feeders 

and fed to anirnals at 6, 12 and 18 h after treatment. 

Ewes on BES treatment received 5 rnL BES (Sigma Chemical Co., St. Louis, MO) 

solution (20 mg/mL) nuninally twice daily at the feeding times of 0800 and 2000 h. Ewes 

as controls for the BES treatment received 5 mL distilled water in the same manner. 



5.23. Sample collections 

Volmtary feed intake was deterrnined during day 10 to day 23 of each experimental 

period. Daily amounts of feed fed and refbsed were weighed and recorded for each animal. 

Feed samples were collected once daily by hand sampling at multiple sites prior to feeding 

at 2000 h. Total refusals were collected once daily f?om each animal. Daily collections of 

feed and refusais were then cornposited on an equal proportion (20% of weight) over 14 days 

for each experimental period. AU samples were placed in plastic bags and stored at 4OC until 

M e r  chemical aoalysis. 

Total coIlections of feces and urine were conducted during day 15 to 21 of each 

experimental penod. Feces were collected into a container using a sloped metal screen to 

separate urine and feces. Urine was collected into a tub containing 20 mL of 6 M HCl, 

replenished daily, to prevent ammonia volatilization. Total outputs of feces and urine were 

measured and recorded once daily. Daily collections of feces and urine were pooled on equal 

proportion (20% of weight) over 7 days for each experimental period. Pooled sampIes were 

fkozen and stored at 40°C until fûrther analysis. 

The activities of P-endoglucanase and xylanase associated with rumen liquid and 

digesta particles were assayed during day 22 to day 27 of each experimental period. About 

500 g of nimen digesta were collected fiom the cranial, mid and caudal sections of the dorsal 

sac of the m e n .  Rumen digesta were mixed thoroughiy and two subsamples (about 100 g 

each) were taken for detennination of DM and enzyme assays. The remaining rumen digesta 

was retumed to the rumen. Samples used for enzyme assays were squeezed through four 



layes of cheesecloth until no more liquid could be expressed. The liquid was collected into 

test tubes standing on ice and centrifuged at 29,000 x g at 4°C for 15 min to prepare 

supernatants for enzyme assays. About 2 g of the liquid-fiee rumen digesta prepared as 

descnbed above were transferred h to  plastic containers standing on ice containing 20 mL 

of 10 mM N-PO, b&er (pH 6.8) for measurement of enzyme activities associated with 

m e n  particdate matters. Enzymes bound to rumen particdate matters were extracted by 

sonication following the procedure set by Silva et al. (1 987). Digesta were dimpted by low 

sonication at 0°C for ten 30 s penods, with 30 s h t e ~ d s  between sonkations to aliow for 

cooling. Feed particles were removed by filtration and the filtrates were centrifiiged at 

29,000 x g at CC for 15 min. The supematants were used for enzyme assay. Samples for 

determination of DM content were dried for 24 h at 105°C. 

In situ dry matter disappearance (ISDMD) was conducted simultaneously during the 

days in which enzyme assays were conducted (day 22 to day 27). Triplicates of nylon bags 

(5 x 10 cm, 50 pm pore size), each containing 2.5 g DM of ground (s 1 mm) grass hay treated 

24 h prior to nuninai incubation in the same manner as the hay fed directly to anhals, were 

placed into the rumen either at 0800 h or at 2000 h and incubated for 12,24, or 48 h. The 

nylon bags were withdrawn nom the rumen and bnefly rinsed with warm (39°C) tap water, 

transferred into a washing machine and washed with warm (3g°C) water in the normal mode 

until the water was clear. Bags were then dried at 105°C for 24 h and ISDMD was calculated 

as DM weight loss that had occurred during incubation in the rumen. 

b e n  auid was collected fiom the ventral sac of the rumen with a strainer 2 h after 

each feeding on day 29, 30 and 3 1. Rumen fluid pH was immediately rneasured. 



Subsamples (4.0 mL) were added to tubes containuig 1 .O rnL of 25% ( d w t )  phosphonc acid 

for volatile fatty acid (VFA) analysis. Samples were immediately fiozen and stored at 40°C 

until analysis. 

Cobalt ethylenediaminetetraacetic acid (Co-EDTA) and chromium mordanted fibre, 

which were prepared as described by Udén et ai. (1980), were employed as liquid phase and 

solid phase markers, respectively, to measure rumen volumes and ruminal digesta kinetics- 

Five grams of Co-EDTA and 10 g of chromium modanted fibre were dosed intraniminally 

at 0800 h on day 32 with subsequent collection of rumen fluid and digesta over 72 h. Rumen 

fluid was collected through a strainer fiorn the rumen ventral sac at O, l ,2,3,4,6,8, 10, 14, 

18,24,30,36, and 48 h pst-dosing. About 100 g of m e n  digesta were collected fkom the 

fiont, middle and rear of the dorsal sac of the rumen at 0,2,4,6 10, 14,18,24,30,36,48, 

56, and 72 h post-dosing using a long-handle tea spoon. Ruminal liquid dilution rate and 

particulate passage rate were detennined by regressing the natural logarithrn of niminal 

marker concentrations after peak concentration over tirne. The absolute value of the slope 

was the estimated fiactional rate of dilution or passage. Rumina1 liquid volumes and 

particulate matter sizes were estimated according the following equation: pool size (L or g) 

= [amount of marker dosed (g)] / [marker concentration at time O extrapolated fiom the 

regression equation (g/L or g/g DM)]. 

Methane and heat production were determîned during the 1 s t  9 days of each 

expehental period, using indirect calorimetry as described by Young et al. (1 975). Two 

ewes, each housed in an individual metabolic crate in a respiration chamber, were measured 

at each time. Measurements were conducted continuously for two 36 h periods, each 



consisting of 12 h equilibrium and 24 h of data collection. The Data Grabber system, 

developed by Godby and Gregory (personal communication) was used to coliect data 

pertaining to respiratory rates, oxygen consumption, and carbon diox..de and methane 

production. Animal heat production was calculated accordhg to the following formula: heat 

production (kcdd) = 4.89 x O, consurned (Ud) (McLean, 1972). 

5.2.4. Laboratory analyses 

Uniess specified otherwise, al1 samples for chernical analyses were dned at 60°C for 

48 h and ground to pass through a 1-mm screen using a Wiley laboratory mil1 (model 4, 

M u r  H. Thomas Co., Philadelphia, PA). Dry matter content of al1 samples was determined 

by drying ground samples at 10S°C for 24 h. 

Nitrogen contents of feed and feces were detemiined with a nitrogen d y s e r  (LEC0 

model FP-428, St. Joseph, MI). Approximately 100 mg of feed or feces were weighed in a 

tin foi1 cup which was folded, compressed into a tablet fom and completely combusted. 

Nitrogen content was detennined fiom the nitrogen concentration in the combustion gases. 

Cnide protein contents of feed and feces were then cdculated by N content x 6.25. Gross 

energy (GE) contents of feed and feces were measured using a Parr adiabatic bomb 

cdorimeter (Parr Instrument Co. Inc., Moline, IL) as described by AOAC (1990). Gross 

energy of urine was measured on fkeeze-dried urine in the same manner as described by 

AOAC (1990). 

Neutra1 detergent fibre (NDF), acid detergent fibre (ADF) and acid detergent lignin 



(ADL) were determined following the procedures described by Van Soest and Robertson 

(1 980). Andysis of NDF was performed &er preparing samples with a heat stable amylase 

(Sigma Chernical Co., St. Louis, MO) as suggested by Van Soest et al. (1991). 

Hernicellulose content was calculated as the ciifference between NDF and ADF and cellulose 

was the difference between ADF and ADL. 

Volatile fatty acid concentrations in rumen fluid were measured using a Varian 3400 

Gas Chromatograph (Varian, Sunnyvde, CA) equipped with a Stabilwax-DA column (30 m 

x .53 mm 1. D. x .5 prn fih thickness, Restex Co., Bellefonte, PA) and a flame ionization 

detector, with helium as the carrier gas. Samples were prepared following the procedure 

described by McAilister et al. (1990), rnodified with sample acidification using 25% 

(voVvol) phosphoric acid. 

Contents of cobalt (Co) in rumen fluid and chromium (Cr) in rumen digesta were 

determined by atomic absorption spectrophotometry (Pye Unican SP9, Scientific Instrument 

CO. of Philips, Cambridge, UK). Rumen fluid samples for Co analysis were thawed, and 15 

of m e n  fluid samples were centrifuged at 39,000 x g for 15 min. Concentrations of Co 

were determhed at a wavelength of 240.7 nrn after diluting the rumen fluid samples with 0.1 

M HCl. Rumen digesta samples for Cr analysis were dried in an forced-air oven at 60°C for 

96 h and ground using a coffee grinder. Samples (0.5 g) were pre-digested with 30 mL of 

4 N HNO, at room temperature for 4 h and then incubated for 24 h at 75°C in water bath. 

hcubated samples were filtrated and supematants were used to determine Cr concentrations 

at a wavelength of 357.9 m. 

P-Endoglucanase activity was assessed using ostazin brilliant red- 



hydroxyethylcellulose (Sigma Chemical Co., St. Louis, MO) as a soluble chromogenic 

substrate (Biely et al., 1985)- following the procedure described in Chapter 3. Xylanase 

activity was assayed with remazol briliiant blue-xylan (RBB-xylan) (Sigma Chemical Co., 

St. Louis, MO) as a soluble chromogenic substrate (Biely et al., 1985). Samples (0.1 mL) 

were mked with 0.1 mL of 1 .O% (Wvol) WB-xylan in 50 mM sodium phosphate b&er 

(pH 6.5) and incubated for 30 min at 39°C. Reactions were stopped by adding 0.8 mL of the 

cooled (4°C) ethanol (>99.0%, vol/vol). Controls for each treamient were prepared by 

hcubating RBB-xylan alone, then adding the samples immediately prior to addition of 

ethanol. The mixtures were allowed to stand at room temperature for 30 min, and the 

precipitated substrates were rernoved by centrifiigation at 14,000 x g for 5 min. Absorbante 

at 595 nm was determined using a spectrophotometer (Milton Roy, Spectronic 2 1, Rochester, 

N.Y.). Activity was standardized against a commercial xylanase nom Aspergillus niger (EC 

3.2.1 -8, Sigma Chernical Co., St. Louis, MO) with one unit of activity defined as the 

absorbance given by one unit of commercial xylanase per mL per h. 

5.2.5. Experimental design and statistical analysis 

Six ewes were randomly arranged in a complete 4 x 4 and an incomplete 2 x 4 Latin 

square designs with 4 treatments in a 2 x 2 factorial arrangement. The treatments were hay 

alone or pretreated with fibrolytic enzymes combined without or with niminal addition of 

BES. Variance analysis of data was performed with the general linear mode1 procedure of 

the Statistical Analysis System (SAS Institute Inc., 1990). Variation sources included in the 



initiai analytic mode1 were Latin squares (II = 2), experimental periods (n = 4), ewes (n = 6), 

enzymes ( n = 2), BES (n = 2) and their interactions. Because of missing data for one ewe 

in the fourth penod of the experiment, least square means for main effects were ody  

computed with the GLM procedure. The procedure of repeated measurements was employed 

to analyse the data that were sampled over tirne. Differences between main experimental 

treatments were determined using the method of the Student-Newman-Keuls when variance 

component of main treatment effect was significant (P c 0.05) with the F-test. Cornparisons 

among individual effect of treatments were perfoxmed with the possible clifference procedure 

when interactions between treatments were significant (P < 0.05). 



No interactions (P > 0.05) between pre-treatment of hay with exogenous fibroI@c 

enzymes and ruminal addition of BES were detected for any of the parameters meanired in 

the present sh~dy. 

Pre-treatment of grass hay with exogenous fibrolytic enzymes did not influence (P 

> 0.05) the intakes and the total gastrointeshnal tract digestibilities of DM, OM, NDF, ADF, 

cellulose, hemicelldose, CP and GE (Table 5.1 and Table 5.2). Similarly, pretreating hay 

with the enzymes did not affect (P > 0.05) in situ DM disappearances (ISDMD) measured 

d e r  12, 24 and 48 h nunina1 incubation time aithough it tended to increase (P = 0.08) 

ISDMD measured at O h incubation (Table 5 -3). 

Pre-treatment of gras hay with exogenous fibrolytic enzymes increased the activities 

of P-endoglucanase (P < 0.05) and xylanase (P < 0.01) per mL per h in rumen liquid, but it 

did not enhance (P > 0.05) the activities of the fibrolytic enzymes per g DM per h in m e n  

digesta p h c l e s  (Table 5.4). Application of fibrolytic enzymes to feed did not change the 

total niminal activities of P-endoglucanase and xylanase in either rumen liquid or digesta 

particles (Table 5.4). It was clear that the digesta particle-associated fibrolytic enzyme 

activities were muc h higher (P < 0 .O0 1) than the liquid-associated activities. 

Rumen pH was not changed (P > 0.05) when grass hay was treated with fibrolytic 

enzymes (Table 5.5). Similady, neither concentrations nor molar proportions of VFAs were 

affected by fibrolytic enzymes (Table 5.5). Pretreatment of grass hay with fibrolytic enzymes 

had no effect (P > 0.05) on oxygen consurnption, heat production or gros  energy output in 



urine (Table 5.6). Similarly, methane and carbon dioxide productions were not afTected (P 

> 0.05) by fibrolytic enzymes. 

Ruminal addition of BES did not affect (P > 0.05) the intakes of DM, OM, NDF, 

ADF, cellulose, hemicellulose, CP and GE (Table 5.1). Similarly, BES had no influence (P 

> 0.05) on the total gastrointestinal tract digestibilities of DM, OM, NDF, ADF, cellulose, 

hernicellulose, CP and GE (Table 5.2), or the in situ DM disappearance (Table 5.3). The 

addition of BES did not affect the fibrolyric enzyme activities per mL per h in rumen liquid 

or the activities per g DM per h in nimen digesta particles. Sunilarly, the total ruminal 

activities of P-endoglucanase and xylanase associated with either m e n  liquid or digesta 

particles were not af5ected by enzyme treatment (Table 5.4). 

a-Bromoethanesulfonic acid did not change (P > 0.05) rumen pH and VFA 

concentrations or molar proportion (Table 5.5). Similarly, ruminai addition of BES did not 

influence (P > 0.05) oxygen consurnption, heat production and the gross energy output in 

urine (Table 5.6). Methane production was not depressed (P > 0.05) by niminal addition of 

BES (Table 5.6). 



5.4. Discussion 

5.4.1. Exogenoous fibrolytic enzymes 

The voluntary intake of the ewes in present study (1.2% of body weight daily) was 

much lower than that expected (Table 5.1). As a consequence, live body weight of ewes 

dropped by 1.5 kg (15.2 kg) during the experimental periods. Such a low intake may be 

attributed to the hi& ceIl waU content of the hay, which restricted intake of ankals. In 

addition, the ewes were quite fat which would also reduce feed intake. 

Pre-treating gras hay with exogenous fibrolytic enzymes did not enhance the 

voluntary intake of sheep (Table 5.1). This observation agrees with the results of earlier 

studies in sheep (McAllister et al., 1997) and in canle (Lewis et al., 1995; Lewis et al., 1996). 

In contrast, other studies demonstrated that food intake was increased in cattle fed forages 

treated with fibrolytic enzymes (Perry et ai., 1966; Chen et al., 1994; Stokes and Zheng, 

1995; Feng et al., 1996; McAllister et al., 1997). Increased feed intake was correlated to 

increased digestion of feed (Perry et al., 1966; Chen et al., 1994; Feng et al., 1996) andor 

passage of digesta particles (Feng et al., 1996). In the present study, the N D F  content of the 

hay fed to the animais was high enough that an increase in intake would have been expected 

if digestion of the hay had been increased. 

The total gastrointestinal tract digestibilities of grass hay were not improved by 

pretreatment of grass hay with the fibrolytic enzymes in present study (Table 5.2). 

Pre-atment of grass hay with fibrolytic enzymes did not improve in situ DM disappearances 



of grass hay at 12, 24 and 48 h incubation, although it tended to increase (P = 0.08) DM 

disappearances at O h incubation (Table 5.3). These observations are consistent with the 

results fiom an earlier study with cattle (Hristov et al., 1998% in press), in which 

pretreatment of a rnixed diet consisting of rolled barley grain, corn silage and soybean meal 

with the same exogenous fibrolytic enzymes used in this experiment did not affect the rate 

or extent of in sihi DM dîsappeanince in the rumen and total tract digestibilities of the ration, 

although it increased the release of soluble reducing sugars and decreased NDF content of 

the diet pnor to incubation. in the past, the effect of exogenous fibrolytic e-es on forage 

digestion has ken inconsistent. In various in vitro and in vivo studies, pre-treating forages 

or fibrous feedstuffs with exogenous fibrolytic enzymes has been reported to improve 

digestibility (Grainger and Stroud, 1960; Clark et al., 196 1; Rovics and Ely, 1962; Van 

WaUeghem et at., 1964; Perry et al., 1966; Galiev et al., 1982; Vandevoorde and Verstraete, 

1987; Stokes, 1992; Fredeen and McQueen, 1993; Hunt et al., 1995; Feng et ai., 1996; Lewis 

et al., 1996; Gwayumba and Christensen, 1997) or to have no effects, and even negative 

responses (Leatherwood et al., 1960; Perry et al., 1960; Theurer et al., 1963; Rust et al., 

1965; Perry et al., 1966; Kennedy, 1987; Hristov et ai., 1997; b u s e  et al., 1997; Wright et 

al., 1997). These inconsistencies may have &sen nom differences in feed types 

(Beauchemin et al., 1995; Feng et al., 1996), method of enzyme application, and the enzyme 

stability and activity (Modyanov and Zel'ner, 1983). 

The data fiom this shidy demonstrated that both P-endoglucanase and xylanase 

activities in rumen digesta particles were much higher than in rumen liquid, revealing the 

importance of binding of fibrolytic enzymes to feed particles. It has been evidenced that 



binding of rumen rnicroorganisms to their appropriate substrates is an absolute prerequisite 

for the digestion of plant ce11 walls (McAllister et al., 1994). However, application of the 

fibrolytic enzymes to feed did not change the activities of P-endoglucanase and xylanase 

associated with rumen digesta particles, although it did enhance the activities of the fibroiflc 

enzymes in rumen liquid (Table 5.4). Hnstov et al. (1998b in press) found that the 

exogenous fibrolytic enzymes, which were of the same ongin as used in the present shidy, 

were fairly resistant to m e n  microbial degradation in vitro and in vivo. nierefore, the lack 

of response to the fibrolytic enzymes in the present study may be attributed partly, if not 

completely, to lack of binding to feed particles. Free enzymes in m e n  fluid would have 

been washed out of the m e n .  

Treatment of hay with the fibrolytic enzymes had no eEect on methane production 

(Table 5.6). This observation contradicts the report of an early study using rumen simulation 

systems (Chapter 4), in which application of exogenous fibrolyîic enzymes increased 

methane production by 43% along with a 10% increase in OM digestion of grass hay 

(Chapter 4). Application of the fibrolytic enzymes was shown to increase the population of 

ruminai methanogens along with fibre digestion in vitro, although it had no effect on the 

populations of either fibrolytic or total bacteria (Chapter 4). Although the rnechanism(s) by 

which fibrolytic enzymes promoted the growth of methanogens was not determined in that 

study, it was postulated that crude preparations of the fimgal enzymes provided an unknown 

growth facto@) to methanogens rather than other microbes. hevious studies demonstrated 

that direct-fed cmde preparations of Aspergillus oryzae increased the microbial populations 

in the m e n  (Martin and Nisbet, 1992; Newbold, 1995; Kung, 1996). In the present study, 



since fibrolytic enzymes had no effect on food intake, digestibility or digestion rate, any 

change in methane production with the fibrolytic enzymes might not have been expected. 

54.2, a-Bromoethanesulfonic acid 

Ruminal addition of BES did not affect the digestion of gras hay in sheep (Table 5.2 

and Table 5.3), a result that is consistent with the kdings of an earlier study in m e n  

simulation systems (Chapter 4). Consistently, addition of BES had no effect on the fibrolytic 

enzyme activities in the m e n  (Table 5.4), implying BES in the rumen bas no detrimental 

effect on fibrolytic bacteria This hding  is supported by a previous work with the 

RUSITEC in our laboratory, which addition of BES into fermentee did not change the 

population of fibrolytic bactena and therefore the activities of fibrolytic enzymes (Chapter 

4)- 

a-Bromoethanesdfonate did not effectively depress mediane production in the 

present study (Table 5.6). This observation does not agree with hdings of an earlier in vitro 

study by Martin and Macy (1985). Similady, methane production was depressed by as much 

as 52% when BES was added continuously to the RUSITEC systems for 3 wk (Chapter 4). 

The inconsistency between previous in vitro studies and ours is not clear, but is probably 

related to adaptation of ruminal methanogens to BES after a prolonged administration in 

vivo. Indeed, mutants of Methanosarcina strain 227 have been discovered (Smith and Mah, 

198 l), which are resistant to 0.24 mM BES when previously exposed to a level of 0.024 mM. 

Smith and Mah (198 1) discovered a strain of Methanobacterium formicium that is resistant 



to 0.2 mM BES without any pnor exposure. lmmig et al. (1996) found that administration 

of BES dramatically decreased methane concentration of niminal gases h m  about 40 to less 

1% in sheep. However, methane concentration in nrminal gases reached 20% after BES was 

adrninistrated for 4 days. These observations imply that there may exist species or strains 

of methanogens which are intrinsicdly resistant to BES in the m e n .  These methanogens 

may or may not be cultivated within artificid rumen systems. 



5.5. Implications 

Pretreatment of grass bay with fibrolytic enzymes did not enhance fibre digestion in 

sheep. This lack of improvement in fibre digestion may be partiy attributed to weak binding 

of the enzymes with feed particles. Ruminal application of BES did not effectively depress 

methane production in sheep. Failure to depress methane production may have resulted nom 

adaptation of rumen methanogenic bacteria to BES. 



Table 5.1. Effect of exogenous fibro1ytic enzymes and a-bmoethanesulfonate (BES) on daily intakes of 
sheep fed long chopped gras hay 

-- 

None BES probabilitiesd 

item CONb ENZ CON ENZ SEM BES ENZ BESxENZ 

Body weight, kg 

Intake 

DM, kgfd 

OM, kgld 

NDF, kg/d 

ADF, kg/d 

Cellulose, kgld 

Hemicellulose, kg/d 

CP, kg/d 

GE, McaUd 
- 

Wone: No a-bromoethanesulfonate treaûnent; BES: a-Bromoethanesulfonate treatment. 
bCON: Untreated gras hay. 
'ENZ: Grass hay treated with celIulase and xytanase. 
dProbabiIity that treatrnent has no effect; BES: main effect of  a-bromoethanesulfonate treatment; ENZ: main 
effect of enzyme treatment; BESxENZ: interaction between a-bromoethanesulfonate and enzyme treatrneants. 



Table 53. Effect of exogenous fibrolytic enzymes and a-bromoethanesulfonate (BES) on apparent 
digestibilities (%) of long chopped grass hay in the total gastrointhal tract of sheep fed 

long chopped gras  hay 

Item 

None BES h.obabilitiesd 

 CON^ ENZ= CON ENZ SEM BES ENZ BESXENZ 

DM 

OM 

ND€ 

ADF 

Cellulose 

Hemicellulose 

CP 

GE 

'None: No a-bromoethanesulfonate treatment; BES: a-Bromoethanesulfonate treatment. 
bCON: Untreated g r a s  hay. 
'ENZ: Grass hay treated with celluIase and xylanase. 
dPmbability that treatment h a  no effect; BES: main effect of a-bromoethanesul fonate treatment; ENZ: main 
effect of enzyme treatment; BESxENZ: interaction between a-brornoethanesulfonate and enzyme treatmeants. 



Table 53. Effect of exogenous fibrolytic enzymes and a-brornoethanesulfonate (BES) on in situ dry 
matter disappearance (96) in sheep fed long chopped grass hay 

None BES probabilitiesd 

CONb ENZC CON ENZ SEM BES ENZ BESxENZ 

"None: No a-bromoethanesulfonate treatment; BES: a-Bromoethanesulfonate treatment- 
bCON: Untreated g r a s  hay. 
'ENZ: Grass hay treated with celIulase and xylanase. 
dProbability that treatrnent has no effect; BES: main effect of a-bromoethanesulfonate treatment; ENZ: main 
effect of enzyme treatment; BESxENZ: interaction between a-bromoethanesulfonate and enzyme treatrneants- 



Table 5.4. Effect of exogenous fibrolytic enzymes and a-bromoethanesulfonate (BES) on the ruminal 
liquid volume, dry matter content and activities of P-endoglucanase and xylanase in sheep fed long 

chopped grass hay 

Item 

None BES ~robabiiities~ 

CONb ENZC CON ENZ SEM BES ENZ BESxENZ 

Ruminal liquid volume, L 526 5.63 5.98 

Ruminal DM content, kg 1 .O7 1.16 0.88 

Activity in Iiquid phase, units/mL per h 

P-endoglucanase 0.027 0.028 0.024 

xylanase 0.305 0.347 0.324 

Activity in particulate phase, unitsfg DM per h 

P-endog lucanase 3.26 3-12 3.02 

xylanase 30.51 28.75 26.23 

Total activity in Iiquid phase, units (x IO3) 

P-endoglucanase 0.14 0.16 0.14 

xylanase 1-58 1.92 1.93 

Total activity in particulate phase, units (x 103) 

P-endoglucanase 3.80 2.73 3.77 

xylanase 31.74 23.93 2927 

"None: No a-bromoethanesulfonate treatment; BES: a-Bromoethanesulfonate treatment. 
bCON: Untreated gras hay. 
'ENZ: Grass hay treated with celiulase and xylanase. 
'Probability that treatrnent has no effect; 8ES: main effect of a-bromoethanesulfonate treatment; ENZ: main 
effect of enzyme treatment; BESxENZ: interaction between a-bromoetfianesulfonate and enzyme treatmeants. 



Table 5.5. Effect of exogenous fibrolytic enzymes and a-bromoettianesulfonate @ES) on the ruminai pH 
and volatile fatty acid production in sheep fed long chopped gras hay 

None BES ~robabilities* 

CONb ENZe CON ENZ SEM BES ENZ BESxENZ 
- - - - - - - - - - - - - - 

PH 6.86 6.83 

Volatile fatîy acid concentration, m M  

Total 89.3 81.1 

Acetate 63.5 58.0 

Pro pionate 14.0 12.1 

Butyrate 9.3 8.5 

Valerate 0.69 0.64 

Caproinate 028 0.21 

Isobutyrate 0.71 0.72 

Isovalerate 0.86 0.94 

VoIatiIe faîty acids, molar % 

Acetate 70.9 71.5 

Propionate 15.7 14.9 

B utyrate 10-5 10.5 

'None: No a-brornoethanesulfonate treatment; BES: a-Bromoethanesulfonate treatment. 
bCON: Untreated gras hay. 
'ENZ: Grass hay treated with cellulase and xylanase. 
d Probability that treatment has no effect; BES: main effect of a-bromoethanesutfonate treatment; ENZ: main 
effect of enzyme treatment; BESxENZ: interaction between a-bromoethanesulfonate and enzyme treaûneants. 



Table 5.6. Effect of exogenous fibrolytic enzymes and a-brornoethanesulfonate (BES) on methane and 
heat production in sheep fed long chopped gras hay 

None BES Probabilitiesd 

Item CON"Zc CON ENZ SEM BES ENZ BESxENZ 

Oxygen consurnption 

Ukg BW7'  17.6 16.4 15.6 16.4 1 .O -35 -82 -4 1 

Carbon dioxide production 

Ud 

mg OMI 

Ukg B W.'' 
Methane production 

Ud 

Ukg OMI 

Ukg BW7' 
Energy loss in methane 

KcaYd 

KcaVkg OMI 

KcaVkg B WO " 
Energy loss in urine 

KcaYd 

KcaVkg OMI 

KcaVkg BWO 75 

Heat production 

Kcaüd 

KcaVkg OMI 

Kcalkg B WO 75 

Wone: No a-bromoethanesulfonate treatment; BES: a-Bromoethanesulfonate treatment. 
bCON: Untreated grass hay. 
'ENZ: Grass hay treated with cellulase and xylanase. 
dProbability tha treatment has no effect; BES: main effect of a-bromoethanesulfonate treatment; ENZ: main 
effect of enzyme treatment; BESxENZ: interaction between a-bromoethanesulfonate and enzyme treatmeants. 
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6. INFLUENCE OF EXOGENOUS FIBROLYTIC ENZYMES AND a-BROMO- 
ETEANESULFONATE ON SHEEP FED GRASS KAY: II. RUMEN DIGESTA 
KINETICS, NUTRIENT DIGESTION SITES, BACTERIAL OUTF'LOW TO 

THE DUODENUM AND TEllEIR RELATIONS TO METHANE 
PRODUCTION 

6.1. Introduction 

Pretreatment of forages with exogenous fibrolytic enzymes have been shown to 

improve total tract fiber digestion and in situ fiber disappearance in cattle (Hunt et al., 1995; 

Feng et al., 1996; Lewis et al., 1996). On the other han& earlier in vitro studies have 

demonstrated that supplementation of fibrolytic enzymes increased methane production 

dong with increased fiber digestion (Vandevoorde and Ventmete, 1987; Chapter 4). 

Increases in methane production would offset the efficiency of fibrolytic enzymes in 

irnprovement of forage utiiization by ruminants. However, the effect of exogenous fibrolytic 

erizymes on fiber digestion and methane production has yet been examined sirnultaneously 

in vivo. 

Early in vitro studies have demonstrated that a-bromoethanesul fonic acid (BES), a 

specific competitive inhibitor of methanogens (Gunsalus et al., 1978), depressed methane 

production by 50-7694 (Martin and Macy, 1985; Chapter 4). Similariy, a study with sheep 

aiso indicated that BES eflectively depressed rnethane production, although methane 

production rose to normal level after three days of administration of BES (Immig et al., 

1996). Reduction in rnethane production with BES would improve efficiency of feed energy 

utilization by ruminants and reduce contribution to greenhouse gases. On the other hand, 



reduction in methane production could dso reduce rnicrobial protein synthesis in the m e n ,  

since studies with axenic cultures have demonstrated that niminal microbial growth is 

reduced when methanogens are absent (Miller and Wolin, 1973; Latham and Wolin, 1977; 

Marvin-Sikkema et ai., 1990). In vivo studies regarding inhibition of ruminal 

methanogenesis with BES and its effect on microbial protein synthesis are limited. 

This report, as a part of large animal experiment, focused on the study in the effect 

of exogenous fibrolytic enzymes and BES on rumen kinetics, outfîows of nutrients and 

diaminopimelic acid (DAPA), and digestion sites. Relationships between methanogenesis, 

rumen microbial synthesis, and fibre digestion in and passage out of the nimen were also 

examined. information conceming total tract digestion of the grass hay with fibrolytic 

enzymes and BES has been reported in the previous chapter. 



6.2. Materials and Methods 

The effects of exogenous fibrolytic enzymes and BES on digesta kinetics, site of 

digestion, methane production and DAPA flow to the duodenum were studied with six 

Suffolk ewes (85.5 * 8.6 kg), each fitted with a niminal cannula (5 cm LD.) and a T-shaped 

flow-through cannula in the proximal duodenum. Ewes were randornly arranged into a 

cornplete 4 x 4 Latin square and an incomplete 2 x 4 Latin square design with four treatments 

in a 2 x 2 factorial arrangement. The treatments were hay alone (CON) or pre-treated with 

exogenous fibrolytic enzymes (ENZ) combined without or with niminai administration of 

BES . Ewes were cannulated following the procedures described previously (Chapter 5). 

Anirnals were cared for following the guidelines set by the Canadian Council on Animal 

Care (1 993) throughout the experiment. 

The experiment consisted of four periods, each of 43 d duration. Ewes were allowed 

to adapt to their diet for 14 d prior to commencement of sample collection. Ewes were 

housed in individual metabolic crates and fed ad libitum four times daily at 0800, 1400, 

2000,0200 h with automatic feeders. Throughout the experiment, ewes were allowed fiee 

access to fiesh water and trace-ninerd salt. Between each experimentai period, ewes were 

allowed 2 wk of exercise in floor pens. During the h t  3 d of this period approxirnately 1 

L of rumen fluid and 1 kg of rumen digesta fiom the ewes which were not on BES treatment 

were transferred into the rumen of ewes which had previously been subjected to BES 

treatment to minïmize any residue eEects of BES. 

The diet for ewes consisted of late-bloom fescue (Festucu sp.) grass hay, which was 



chopped to pass through a IO-cm screen before feeding. Enzyme treatment was prepared 

once daily at 2000 h by spraying an aqueous enzyme solution at a rate of 100 mL./kg DM 

containing 10 mL enzyme "A" and 5 mL enzyme "B" (FinnFeeds International Ltd., 

Marlborough, Wiltshire, U.K.) and yielding P-endoglucanase activity of 36,450 units/kg DM 

and xyianase activity of 21 5,565 unitskg DM. An equal amount of distilled water to that 

of the enzyme solution was sprayed on grass hay in the control treatment. Approximately 

25% of the treated hay was offered to ewes immediately after preparation. The remaining 

material was Ioaded on automatic feeders and fed at 6 h intervals. Ewes on BES treatment 

received 5 mL BES (Sigma Chernical Co., St. Louis, MO) solution (20 mgImL) 

intmmmidly twice a day at 12 h intervais. Control animals received 5 rnL distilled water 

in a same fashion as the BES treatrnent, 

To estimate digesta DM flow to the duodenurn, ytterbium (Yb) was employed as an 

external marker. A solution of YbC1,-H20, containing 1 mg Yb/mL, was continuously 

infûsed into the rumen via a multichannel peristaltic purnp from d 22 to d 29 at a rate of 144 

mL/d. Collections of duodenal digesta and feces were conducted on d 27,28 and 29 with 

collection intervais of 6 h. During collection of duodenal digesta, cannulas were opened for 

a maximum thne period of 1 h and a inaxim~m of 200 g of sample was obtained. Feces were 

collected into containers using a sloped metai screen to separate urine fiom feces and 

collected evey 6 h. Samples of duodenal digesta and feces were pooled within sarnple type 

through collection times and days for each period on an equal proportion basis (20% of 

weight). Duodenal digesta was freeze dried, ground using a coffee g ~ d e r  equipped with a 

cooling system utilizing ninnuig cool tap water (type M O ,  Janke & Kunkel KG, IKA 



WERK, Staufen i. Breisgau, Germany), and stored at 4OC until analysis. Feces were oven 

dned at 60°C for 48 h, ground to pass through a I-mm screen using a Wiley laboratory mil1 

(Mode1 4, Arthur H. Thomas Co., Philadelphia, PA), and stored at room temperature. 

Ytterbium concentrations in duodenal digesta and feces were determined by atomic 

absorption spectrometry (Pye Unican SP2900, Scientific Instrument Co. of Philips, 

Cambridge, UK) using an acetylene and nitrous oxide flarne as described by Siddons et al. 

(1985) d e r  extraction of Yb fiom the ashed material with 20 mL of solution containing 2.25 

M HCl, 2.25 M HNO, and 25.6 mM K' as KCl. Standards were made by addition of Yb 

atomic absorption standard solution (Aldrich Chernical Co. Inc., Milwaukee, WI) into the 

liquid which was obtained £iom fecal samples collected pnor to dosing and subjected to 

processing in the same mariner as other samples. 

Digesta dry matter (DM) flow to the duodenum and fecal DM output were calculated 

as follows: DM output (dd) = daily dose of Yb (g/d)/concentration of Yb in duodenal digesta 

or feces (glg DM). The mean recovery of Yb in the feces was 91.6 * 2.7% (n = 23). 

Diarninopimelic acid was used as a bacterial marker. Concentrations of DAPA were 

determined using a HPLC (Varian 5000 Liquid Chromatogrph, Varian Instruments, CA, 

USA) following the procedure descnbed by Dugan et al. (1992). 

Digesta kinetics in the rumen was studied using cobalt ethylenediaminetetraacetic 

acid (Co-EDTA) and chromium mordanted fibre as liquid and solid phase markers, 

respectively. The markers were prepared following the procedure of Udén et al. (1980). Five 

gram of Co-EDTA and 10 g of chrornium mordanted fibre were dosed h-ly on day 

32 with subsequent collection of m e n  fluid and solid contents over 72 h. Rumen fluid was 



collected through a strainer from the m e n  ventral sac at O, 1,2,3,4, 6, 8, 10, 14, 18,24, 

30,36, and 48 h post-dosing. Approximately 200 g of m e n  contents were collected fiom 

the manial, mid, and caudal of the dorsal sac of the rumen at 0,2,4,6 10, 14,18,24,30,36, 

48, 56, and 72 h post-dosing using a long-handled spoon. The samples were then mixed 

thoroughly and a sarnple of approximately 50 g was taken for analysis. The remaining 

portion of the sarnple was returned to the nimen. Ruminai liquid dilution rates and 

particulate matter passage rates were deterrnined by regressing the natural logarithm of 

rnarker concentrations over time after peak concentration. The absolute value of the dope 

was taken as hct iond rate of dilution or passage. Rumen pool sizes of fluid or particulate 

matter were estimated as follows: rumen pool size = dose of markedmarker concentration 

at time O as extrapolated fiom the regression equation. 

Methane production was detemhed fiom d 35 to 43 of each experimental penod, 

using indirect calorimetry techniques as described by Young et al. (1 975). Two ewes, each 

housed in an individual metabolic crate in a respiration chamber, were rneasured at each 

time. Measurernent was conducted continuously for two 36 h periods, each consishg of 12 

h equilibrium and 24 h of data collection. The Data Grabber system, developed by Godby 

and Gregory (personal communication) was used to collect data pertaining to respiratory 

rates, oxygen consumption, and carbon dioxide and methane production. Animal heat 

production was caiculated according to the following formula: heat production (kcdd) = 

4.89 x O? consurned (Ud) (McLean, 1972). 

Al1 samples for chemical analyses were dried at 60°C for 48 h and ground to p a s  

through a 1-mm screen using a Wiley laboratory mil1 (mode1 4, Arthur H. Thomas Co., 



Philadelphia, PA), unless otheMrise specined. Dry matter content of d l  samples was 

detennined by drying ground samples at 105°C for 24 h. Nitrogen contents of feed and feces 

were determined with a nitrogen analyzer (LEC0 model FP-428, St. Joseph, MI). 

Approximately 100 mg of feed or feces were weighed in a th foil cup which was folded, 

compressed into a tablet form and combusted completely. Nitrogen content was deterrnined 

fiom the nitrogen concentration in the combustion gases. Cnide protein contents of feed and 

feces were then calculated as N content x 6.25. Neutrai detergent fibre (NDF), acid detergent 

fibre (ADF) and acid detergent lignin (ADL) were detennined following the procedures 

described by Van Soest and Robertson (1980). Analysis of NDF was performed d e r  

preparhg samples with a heat stable amylase (Sigma Chernical Co., St. Louis, MO) as 

~ggested by Van Soest et ai. (1 99 1). HemiceUulose content was calculated as the clifference 

between NDF and ADF and cellulose was the difference between ADF and ADL. 

Variance analysis of data was pefiormed with the general linear model (GLM) 

procedure of the Statistical Analysis System (SAS lnstitute Inc., 1990). Variation sources 

included in the initial model were Latin squares (n = 2), experimental periods (n = 4), ewes 

(n = 6), enzymes ( n = 2), BES (n = 2) and their interactions. Because of misshg data for one 

ewe in the fourth penod of the experiment, les t  square means for main effects only were 

computed with the GLM procedure. The procedure of repeated measurements was employed 

to iillalyze the data that were sampled over tirne. Differences between main experimental 

treatments were determined using the method of the Student-Newman-Keuls when the 

variance component of the main treatment effect was significant (P < 0.05) with the F-test. 

Cornparisons among individual effect of treatments were performed with the possible 



difference procedure when interactions between treatments were sigrifkant (P c 0.05). 

Relationships between methane production, bacterial flow to the duodenum, passage rates, 

and ruminal digestion of fiber were predicted using the simple regression procedure. 

Coefficients of determination (R2) and standard errors of estimates were calcdated according 

to the method of Steei and Tome (1 980). 



63. Results 

6.3.1. a-Bromoethanesulfonic acid 

Ruminal administration of BES did not change (P > 0.05) animal body weight during 

the experimental period (Table 6.1). Intakes of DM and CP were not influenced (P > 0.05) 

by ruminal administration of BES. Methane production was not depressed (P > 0.05) with 

BES treatment. 

Ruminal administration of BES did not influence (P > 0.05) rumen pool sizes of 

either fluid or particulate matter (Table 6.1). Similarly, neither the rate of dilution of rumen 

fluid nor the fiactional rate of passage of m e n  particulate matter were altered by ruminai 

addition of BES (Table 6.1). Addition of BES to the rumen of sheep did not innuence (P > 

0.05) the out£iows of DM, OM, NDF and ADF of grass hay to the duodenum. Similarly, the 

outflows of total N and DAPA to the duodenum were not changed (P > 0.05) with ruminal 

administration of BES (Table 6.1). Ruminal administration of BES did not influence (P > 

0.05) the digestion of any nutrients of grass hay either in the rumen or pst-niminally (Table 

6.2). 

63.2. Exogenous fibrolytic enzymes 

No difference in animal body weight was detected (P > 0.05) between the control and 

the enzyme treatment (Table 6.1). Pretreatment of grass hay with exogenous enzymes did 



not affect (P> 0.05) htake of DM or CP. Methane production was not changed (P > 0.05) 

with enzyme treatment. 

Pretreatment of grass hay with exogenous fibrolytic enzymes did not change (P > 

0.05) pool sizes of rumen fluid or particulate DM (Table 6.1). Although enzyme treatment 

did not affect (P > 0.05) the rate of dilution of rumen fluid, it tended to increase (P = 0.08) 

fkactional rate of passage of m e n  particulate matter. There was no effect (P > 0.05) of 

exogenous fibrolytic enzymes on the flows of DM, OM, NDF, ADF and total N to the 

duodenum. Similarly, enzyme treatment did not increase (P > 0.05) flow of DAPA and 

hence rumen bacteria, to the duodenum. Pretreatment of gras hay with exogenous fibrolytic 

enzymes did not influence (P > 0.05) the digestion of DM, OM, NDF, ADF and N either in 

the rumen or post-cuminally (Table 6.2). Thus, the site and extent of digestion of gras hay 

was not changed (P > 0.05) by enzyme treatment. 

6.33. Factors influencing methane production 

Methane production per kg DM1 decreased (P = 0.04, R2 = 0.25) with the increases 

in DM1 across individual sheep (Fig. 6.1). Total tract (P = 0.09, R' = 0.18) and ruminal (P 

= 0.09, R' = 0.18) apparent DM digestibilities both tended to increase with the increases in 

DM1 (Fig. 6.2). Methane production per kg DM1 decreased with the increases in total tract 

apparent DM digestibility (P = 0.007, R' = 0.3 7) and with the increases in ruminal apparent 

DM digestibility (P = 0.007, R2 = 0.38) (Fig. 6.3 and 6.4). Similarly, methane production 

per kg DM1 decreased with increases in total tract true DM digestibility (P = 0.01, R' = 0.34) 



and with increases in ruminai true DM digestibility (P = 0.006, R' = 0.38) (Fig. 6.5 and 6.6). 

Both m e n  fluid dilution rate (P = 0.02, R' = 0.32) and particdate matter passage rate (P = 

0.006, R' = 0.40) increased with the increases in DMI (Fig. 6.7). Methane production per 

kg DM1 tended to decrease (P = 0.09, R' = 0.18) with the increases in m e n  fluid dilution 

rate, but methane production per kg RDOM was not signincantly correlated (P = 0.62) with 

rumen fluid dilution rate (Fig. 6.8). Methane production expressed as either per unit of DMI 

or per unit of RDOM was not signiscantIy correlated with rumen particdate matter passage 

rate (Fig. 6.9). 

6.3.4. Relationship between methane production and bacterial yield 

Methane production per kg OM apparently digested in the total tract decreased (P = 

0.0002, R' = 0.59) with the increases in total tract apparent OM digestibility (Fig. 6.10). 

Similady, methane production per kg OM apparently fermented in the rumen decreased (P 

= 0.000 1, R' = 0.82) with the increases in niminal apparent OM digestibility (Fig. 6.1 1). 

Diaminopimelic acid outflow per kg OM apparently digested in the total tract decreased (P 

= 0.0001, R~ = 0.76) with the increases in total tract apparent OM digestibility (Fig. 6.12). 

Similarly, DAJ?A outtlow per kg OM apparently fermented in the rumen decreased (P = 

0.000 1, R' = 0.88) with the increases in ruminal apparent OM digestibility (Fig. 6.13). 

Diaminopimelic acid outflow per kg OM t d y  fermented in the rumen also decreased (P = 

0.000 1, R' =0.71) with the increases in ruminal tme OM digestibility (Fig. 6.14). 

Diaminopimelic acid outflow per kg OM apparently femented increased (P = 0.000 1, R' = 



0.74) with the increases in methane production per kg OM apparently fermented in the rumen 

(Fig. 6.15). There were no correlations between ruminai concentration of total VFA or molar 

percentage of VFAs and nunina1 apparent OM digestibility (Fig. 6.1 6). 



6-4. Discussion 

6.4.1. a-Bromoethanesulfonic acid 

Ruminal addition of BES did not depress (P > 0.05) methane production. This 

observation disagrees with the earlier in vitro studies (Chapter 4) and those of Martin and 

Macy (1985). The possible reasons that could cause the failure of BES to depress methane 

production in the present study have been discussed in detail in Chapter 5. 

Ruminai administration of BES did not influence (P > 0.05) the m e n  pool size of 

either fluid or particulate matter (Table 6.1). Similady, neither the rate of dilution of rumen 

fiuid nor the rate of passage of rumen particulate matter was altered by ruminal addition of 

BES (Table 6.1). Consistent with these fuidings, no changes were observed in outflows of 

any nutrients of gras  hay and rumen bactena to the duodenurn with administration of BES 

(Table 6.1). To my knowledge, there has been no previous report conceming the effect of 

niminal administration of BES on rumen pool sizes, passage rates and flows of nutrients and 

m e n  bacteria to the duodenum. 

Ruminal addition of BES did not affect either niminal or post-ruminal digestion of 

any nutrients of g ras  hay. This is consistent with the findings in the total digestive tract 

(Chapter 5) and the in vitro study (Chapter 4). 



6.4.2. Exogenous fibrolytic enzymes 

Ruminal digestion of fibrous cornponents and other nutrients of grass hay were not 

afYected by enzyme treatment in the present study. This observation is consistent with the 

results obtained with cattie in our laboratory, in which supplementations of exogenous 

fibrolytic enzymes did not &ect either in situ DM disappearance or total tract digestibilities 

of DM or NJ3F (Hnstov et al., 1998b, in press). However, this observation is not consistent 

with previously reported positive responses in cattle (Feng et al., 1996; Lewis et al., 1996) 

and in vitro (Chapter 4). As reported in the previous chapter, although application of 

exogenous fibrolytic enzymes to grass hay increased activities of fibrolytic enrymes in the 

rumen fluid, fibrolytic enzyme activity associated with rumen particdate matter was not 

changed with enzyme treatment. Additionally, Hristov et al. (1998% in press) found that the 

exogenous fibrolytic enzymes, which were of the same origin as used in the present study, 

were fairly resistant to m e n  rnicrobial degradation in vitro. Therefore, the observation that 

there was no response in nimuid digestion to the increased fibrolytic enzyme activities in 

rumen fluid was likely attributable to the weak binding of the enzymes with feed particles. 

Binding of enzymes to their appropriate substrates is an absolute prerequisite for the 

digestion of plant ce11 walls (McAilister et al., 1994). 

In the present study, post-ruminal digestions of fibrous components were not 

increased with enzyme treatrnent. This observation is consistent with the results of Hristov 

et al. (1998b, in press), who found that pretreatment of a mixed diet containing rolled barley 

grain, corn silage and soybean meal with exogenous fibrolytic enzymes did not influence the 



pst-ruminal digestion of DM, NDF and N in cattle. They fond that carboxymethylceliuiase 

and P-glucanase activities of exogenous fibrolytic enzymes were not stable with respect to 

pepsin proteolysis and low pH in vitro. Therefore, the lack of Knprovement in the post- 

niminal digestion of forage fiber with exogenous fibrolytic enymes was attributed to the low 

resistance of exogenous fibrolytic enzymes to ruminal proteolysis and the low pH of the 

abornasum. 

Pretreatment of gras hay with exogenous fibrolytic enzymes tended to increase the 

rate of passage of rumen particulate matter out of the reticulorurnen, although it did not 

change the rate of dilution of rumen fluid (Table 6.1). The tendency to increase the rate of 

passage of rumen particulate matter with fibrolytic enzymes agrees with the observation of 

Feng et al. (1996), who fond  that pretreatment of dry g m s  hay with fibrolytic enzymes 

increased the m e n  particulate passage rate in cattle. Fractional passage of particdate 

matter out of the rumen is determined in a larger part by the size of digesta particles in the 

rumen, Le. smaller particles passing faster than larger ones (Ulyatt et al., 1986). Chewing 

during eating and rumination appear to be the principal means by which particle size of feed 

or digesta is reduced and microbial fermentation in the rumen per se has little effect on 

particle size reduction Wyatt et al., 1986). Its contribution to particle size reduction is likely 

to be in weakening cell wail structure by means of enzymatic digestion, thereby facilitating 

breakdown of particle size by chewing during nimination (Evans et al., 1974; Chai et al., 

1984) ancilor by detrition during digesta movement (Murphy and Nicoletti, 1984; Pond et al., 

1987). A sirnila. mechanisn(s) would explain the tendency of increased particulate passage 

rate with exogenous fibrolytic enzymes. 



Data fiorn this study did not show any increase in out£lows of any nutritive 

constituents or m e n  bactena from m e n  to the duodenum with enyme treatment (Table 

6.1). These observations were not consistent with the tendency of fibrolytic enzyme to 

increase hct iond particulate matter passage rate, which shodd have resulted in higher 

outflows of nutrients to the duodenum and lower ruminal fiber digestion and methane 

production. In addition, feed intake, which is often associated with increases in particulate 

matter passage rates, was not altered by enzyme treatnent (Chapter 5). The tendency to 

which hctionai passage rates of ruminal particdate matter were increased with exogenous 

fibrolytic enzymes was not determined in this study. 

6.4.3. Nitrogen oufflow 

Totai N flowing to the duodenum (27 g/d) was approximately 100% higher than total 

N intake (14 g/d) of sheep fed the fescue hay (1.4% N, 71% NDF, and 52% OM 

digestibility). Values for other nutritive constituent outflows and their partial digestion in 

the rumen or post-ruminally were within normal ranges. The extra gain of duodenal N 

observed in the present study is similar to the result reported by Weston and Hogan (1968), 

who found that total N arriving at the duodenum was 106% more than total N intake of sheep 

fed ryegrass with 0.96% N and 58% OM digestibility. Consistent with these observations, 

other researchers (Harris and Phillipson, 1962; Clarke et ai., 1966; Hogan and Weston, 1967; 

Egan, 1974; M a c h  et al., 1979) have ais0 reported substantially more N (566%) amiving 

the duodenurn of sheep than in the diet when sheep were fed other low-quality roughages. 



The apparent gain in duodenal N would have been partially amibutable to protein synthesis 

of rumen bacteria utilizing endogenous urea which enters the rumen via saliva (McDonald, 

1948; Somers, 1961) ancilor by diffusion Eom blood across the rumen wall (Houpt, 1959; 

Somers, 1961; Ash and Dobson, 1963). MacRae et al. (1979) measured tramfer of 

endogenous urea N to the m e n  to be 0.9-1.1 g N/d, which was equivalent to 14-22% of 

total N intake, in sheep given 460 g OM/d of low quality roughages. In contras& Kennedy 

and Milligan (1 978) estimated transfer of endogenous urea N at 7.3 g N/d in sheep given 

bromegras hay. A similar value was reported by Varady et al. (1 979), who found that 1 2.7 

g urea N/d entered the rumen of sheep fed hay diet with supplements of wheat bran and 

barley. Kennedy and Milligan (1980) in a review pointed out that in sheep transfer of 

endogenous urea N to the rumen represented the equivalent of 7.5-26% of the dietary N 

intake. Applying these percentage estimates to the present shidy, availability of endogenous 

urea N to ruminal microbial protein synthesis would be less than 3.5 g N/d even when the 

highest value (26% of dietary N intake) was used in calculation. Therefore, contribution of 

endogenous urea N through bacterial protein synthesis to the duodenal N gain would be 

relatively srnail. These observations suggest that the extra duodenal N gain must have 

resulted fkom nitrogen sources other than endogenous urea N, which could have been either 

used for bacterial protein synthesis or passed directly into the duodenum. Possible sources 

of preintestinal endogenous protein are digestive secretions in the abomasum (Phillipson, 

1964) and salivary protein (Hogan, 1975). In addition to nitrogen sources in the 

forestomachs, endogenous proteins in the form of enzymes, bile, mucus, senun albumin, 

lymph, epithelial cells and other degradable products fkom the small intestine lining would 



also have contributed to the apparent gain of duodenal N. However, these parameters were 

not measured in the present study. 

6.4.4. Methane production 

6.4.4.1. Methane production per unit dry matter intake 

Methane production averaged 22 g per kg of DM1 (Table 1). This value is consistent 

with an average value of 2 1 g per kg of D M  estimated with sheep and goats (Sawyer et al., 

1 974; Joyner et al., 1979; Kreuzer et al., 1986; Aguilera and Prieto, 199 1 ; Arieli, 1994) and 

a value of 22 g per kg of DMX estimated with cattie (Kirchgepner et al., 1991). 

When the results fkom individual sheep were examined, methane produced per kg 

DM1 decreased with increases in DM1 (Fig. 6.1). The negative relationship between methane 

production &/kg DMI) and feed intake observed in this shidy agrees with the previous 

observations of Blaxter and Wainman (1961) and others (Johnson and Johson, 1995; 

Mathison et al., 2998). 

One possible explanation for the decline in methane production per unit of food 

consumed with increasing intake could be a deche  in digestibility which might be expected 

with increases in feed intake (Reid et al., 1980; Warner, 198 1 ; Van Soest, 1982; Kennedy 

et al., 1986). However, this could not have been responsible for the decline in methane 

production in the present experirnent since the apparent digestibility of DM in the rumen as 

well as the total tract tended to increase with intake (Fig. 6.2). In contrast, methane 



production per kg DM1 substantidy decreased by 25 and 28% when total tract apparent DM 

digestibility increased fiom 35 to 55% and ruminal apparent DM digestibility increased nom 

18 to 30%, respectively (Fig. 6.3 and 6.4). This negative relationship between methane 

production and apparent digestibility is not consistent with previous conclusions that 

methane production per unit feed intake is not related to digestibility of the diet (Johnson and 

Johnson, 1995; NRC, 1996; Mathison et al., 1998). Increases in methane production per unit 

feed consumed with increases in digestibility have, in fact, been noted when sheep were fed 

at the maintenance level (Blaxter and Clapperton, 1965). 

The apparent contradictions concerning interrelationships between apparent 

digestibility and methane production with feed intake aise because the relationships between 

apparent digestibility and intake is confounded by metabolic material in the feces at the low 

level of intake exhibited by the ewes (0.6-1.5 kg DWd). When intake hcreases at beiow 

maintenance feeding levels, apparent digestibility can Uicrease because of a reduction in the 

proportion of metabolic fecal DM in the feces (Van Soest, 1982). It is therefore more 

informative to examine the relationship of methane production with the true digestibility of 

the diet. When apparent total tract DM digestibility was adjusted for metabolic fecal 

outflows, which were estunated using an equation of Y (metabolic fecai materials) = 17.4 - 

1.8 DM1 as suggested by Van Soest (1982), to obtain estimates of the true DM digestibility, 

there was a significantly negative correlationship between true DM digestibility and methane 

production (Fig. 6.5). Similady, when apparent ruminal DM digestibility was adjusted for 

bacteriai DM outflow (estimated using a value of 3 mg DAPA per g bacterial DM as 

suggested by Czerkawski, 1 986) to obtain estimates of the amount of DM truly degraded in 



the rumen, there was a significantly negative correlationship between tme niminal DM 

digestibility and methane production (Fig. 6.6). It can therefore be concluded that declined 

methane production per unit of feed intake associated with increases in feed intake did not 

result from a reduction in feed digestibility but rather than other factors such as passage rates. 

Generally, high intake results in increased passage rates of digesta out the 

reticulorumen (Owens and Goetsch, 1986), and Uicreased passage rates of digesta are 

accompanied by a reduction in methane production (Stanier and Davies, 198 1 ; Kennedy and 

MiUigan, 1978; Okine et al., 1989). In agreement with these researchers, we found that both 

fluid dilution rates and particulate matter fiactional passage rates were increased with 

increases in DM1 across different ewes (Fig. 6.7) and that methane production per unit of 

feed intake tended to be reduced (P = 0.09) with increases in m e n  fluid dilution rates (Fig. 

6.8), although not significantly with particdate matter fhctional passage rates (Fig. 6.9). 

The relatively weak response of methane production to passage rate of rumen particulate 

matter could have been associated with a low intakes of ewes (0.6 - 1.5 kg/d). It has been 

documented that increases in feed intakes have not consistently increased rumen particulate 

matter passage rates at low level of intake due to compensatoxy increases in niminal volume 

(Galyean and Chabot, 1981; Colucçi et al., 1982; Van Soest, 1982). Altematively, methane 

productions rnay not have adequately reflected ruminal production since total digestive tract 

methane production rather than nunioal production measwements were made. Kennedy and 

Milligan (1978) reported that post-niminal methane production accounted for 23% of the 

total methane produced in sheep therefore the rumen is a primary site of methane production 

in nuninants. Sepamte measurements of ruminal and post-ruminal methane production will, 



however, be needed in future studies. 

6.4.4.2 Methane production per unit of organic matter digested 

The proportion of substrate dtimately reduced to methane acnially decreased as 

digestibility increased. Thus methane production per kg of OM apparently digested in the 

total tract decreased by 56% when total tract apparent OM digestibility was increased from 

40 to 60% (Fig. 6.10). Similady, methane production per kg of OM apparently digested in 

the rumen decreased by 67% when ruminal apparent OM digestibility was increased from 

16 to 39% (Fig. 6.11). We are unaware of any comparable in vivo experiments in which 

measurements of the arnount of methane produced per unit of feed fermented in the rumen 

has been made, but Blaxter (1967) and Mathison (1990) both noted that methane production 

per unit of feed digested in the total tract declined with increases in total tract feed 

digestibility, although the declines were not as great as we noted in our experirnent Thus, 

although our results were obtained with individual animals consuming the same feed, the 

results are consistent with differences obtained with differing feed qualities. Furthemore, 

it would appear that the changes in microbial populations and substrates being used by 

ruminal microorganisrns, and which resulted in differences between digestibilities of 

individual anllnals, were more of a direct cause of variations in methane production per kg 

digestible OM than were changes in hctional passage or dilution rates since the latter were 

not related (P > 0.05) to the portion of digested organic matter which was fermented to 

methane (Fig. 6.8 and 6.9). 



6.4.5 Bacterial growth 

6.4.5.1 Diaminopilmetic acid production per unit organic matter digested 

The amount of DAPA, hence bacterial protein, synthesized in the reticdorumen was 

not influenced by either fibrolytic enzyme or BES treatment (Table 6.1). However, DAPA 

outflow to the duodenum per kg of OM digested in the individual ewes, which is a measure 

of efficiency of bacterial growth, decreased with increased totai tract organic matter 

digestibility (Fig. 6.12). In contrast, a summary of data presented in NRC (1 996) suggests 

that in general no relationship is to be expected between efficiency of bacterial synthesis (g 

bacterial cmde protein per kg dietary TDN) and totai tract digestibility. It was acknowledged, 

however, that efficiency of microbial when expressed in this manner may be reduced when 

ruminants are fed diets based upon low quality forages, because the low hctional passage 

rates result in increased maintenance costs for the rumen microorganisms (Russell and 

Hespell, 1981) or when high concentrate diets are fed because of lower nuninal pH and 

slower rnicrobial turnover, 

The NRC (1996) suggests that ruminal digestible carbohydrate is the most accurate 

predictor of the efficiency of microbial synthesis. There was a marked negative relationship 

between the apparent digestibility of organic matter in the rumen and DAPA outflow per g 

of nunina1 apparently digested OM (Fig 6.13). A similar relationship existed when it was 

expressed as OM t d y  femented in the rumen (Fig. 6.14). There is evidence that forage- 

based diets, which have a relatively low digestibility, resdt in higher microbiai yields (gkg 



OM fermented) than do concentrate-based die& which are more digestible (Mathers and 

Miller, 1981; Johnson and Bergen, 1982; Van Soest, 1982; Owens and Goestch, 1986). 

Moreover, the NRC (1 996) suggests that maintenance requirements of non fibrolytic bacteria 

are higher than for those which degrade fiber. Although these observations apply rnainly 

to ciifferences between forage and grain based diets, they are consistent with our results that 

microbial efficiency ( g k g  OM fermented) decreased with increasing feed qualiv. 

6.4.5.2. Products of fermentation 

It is of interest that both DAPA outflow fkom the rumen (g/kg RDOM), a measure 

of ruminai bacterial ourflow, and methane production (gkg  RDOM) were negatively related 

to apparent niminal OM digestibility (Fig. 6.1 1 and 6.13) and thus positively related with 

each other (Fig. 6.15). There were no changes in either molar ratio of propionate to acetate 

or concentrations of VFAs with ntminal OM digestibility in our study (Fig. 6.16). This wodd 

suggest that VFA production rates were also not related to niminal OM digestibility since 

ruminal concentrations of VFAs are proportional to production rates (Owens and Goetsch, 

1988). These obsewations are in disagreement with the general expectatïon that deceases 

in microbial synthesis efficiency (g cell DM/kg true digestible OM) are accompanied by 

increases in methane andor VFA productions (Van Soest, 1982; Owens and Goetsch, 1988). 

Generally, lowered methane production per unit of feed digested with an increased 

proportion of concentrate in a diet is attributable to a rapid ruminal fermentation which 

favors propionate-producing microorganisms Pemeyer and Van Nevel, 1975). Rapid 



nuninal fermentation is also often associated with a lower m e n  pH, which may inhibit 

growth of methanogens and/or other hydrogen or formate producing microbes such as 

fibrolytic bactena and protozoa (Demeyer and Hendericlot, 1967; Eadie et al., 1970; Van 

Kessel and Russell, 1995). In the present study, rumen pH was not decreased (P = 0.63) with 

ruminai OM digestibility. 1 am therefore unable to explain the lack of a relationship between 

methaue production and other rumen fermentation products in individual sheep in this study. 

This does raise questions concerning how the microbes operating in the rumen of sheep with 

a high niminal OM digestibility dispose of electrons. One possible explanation could have 

been accumulation of ethanol, lactate or even hydrogen in the rumen. Unfortunately, these 

chemicals were not measured in this study. 

The fact that there was a positive relationship between methane production and 

bacterial production per kg OM fermented appears to be in opposition to our hypothesis that 

methane production can be changed without influencing microbial efficiency. The results are, 

however, in agreement with the general concept that methanogenesis in the rumen benefits 

microbial synthesis (Wolin and Miller, 1988) by consuming hydrogen thereby facilitating 

regeneration of NAD' fiom NADH by fermentative bacteria (Hungate, 1975; Gottschalk and 

Andreesen, 1979). 1 am unaware of any research in vivo in which this concept has been 

examined previously. However, microbial growth is reduced when ionophores are included 

in niminant diets concurrently with reductions in methane (Delfino et al., 1988; Johnson and 

Johnson, 1995; Mathison et ai., 1998). The resdt is also consistent with shidies with 

bacterial isolates (Chen and Wolin, 1979) and mixed ruminal bacterial populations (Eadie 

and Gill, 1971; Van Nevel and Demeyer, 1977; Kino, 1981; Henderson et al., 1981). 



However the apparent relationship between methane production and microbial growth may 

not have universal application since in my eariier in vitro studies with the m e n  simulation 

technique (Chapters 3 and 4) 1 demonstrated that inhibition of methanogen growth with 

canola oil, cod üver oil and BES, a specifïc methanogenic inhibitor, did not simultaneously 

inhibit the growth of ruminal cellulolytic or total fermentative bacteria Unfortunately, BES 

failed to depress ruminal methanogensis in the present midy so that we couid not utilye this 

treatment as a means of evaluating the necessity of methane production for optimal microbial 

growth in the rumen as originally planned. 



6.5. Conclusions and Implications 

Pretreatment of grass hay with the fibrolytic enzymes had no effect on either ruminal 

or pst-ruminal fiber digestion. Similady, fibrolytic enzymes did not influence the rates at 

which rumen fluid or particdate matter passed through the reticulonunen or outflows of 

rumina1 bacteria to the duodenum. Rumina1 administration of BES did not influence the 

digestion process either in the m e n  or post-men of sheep. It had no effect on the rates 

at which rumen fluid and particdate matter pass out of the reticulonimen or outflows of 

nuninal bacteria to the duodenum. 

Regression analyses reveal that methane production per kg DMI decreased as DMI, 

passage rates and digestibiiity increased. These findings suggest that methane production 

per unit feed intake of niminant animds can be reduced by the means of increasing feed 

intake andor passage rates as well as digestibility. Diaminopirnelic acid outflow per kg OM 

digested, hence rumen bacterial outflow to the duodenum, increased with increased methane 

production per kg OM digested, suggesting depression of ruminal methanogenesis codd 

decrease availability of niminal bacteriai protein to ruminant animals. However, the question 

of whether depression of ruminal methanogenesis would have a serious detrimental effect 

on rurninal microbial synthesis was not answered in this study due to the failure of BES to 

depress methanogenesis. 

Although it is important to reduce methane production in ruminant animals to 

improve efficiency of feed energy utilization and to minimize contribution to greenhouse 

gases, it is dso important to consider any potential detrimental effect on ruminal microbial 



protein synthesis if niminai rnethanogenesis is depressed. A major benefit of ruminant 

production is that, the requirement for expensive protein supplements is reduced due to 

ruminai rnicrobial protein synthesis in the rumen. Further in vivo research is require with 

a more potent anti-methanogenic agent@) to examine the relationship between methane 

production and microbiai growth in the rumen. 



Table 6.1. Effects of exogenous fibroiytic enzymes and a-bromoethanesulfonic acid (BES) on ruminai 
digesta kinetics and nutrient flow to the duodenum of sheep fed grass hay 

None BES Probabiiitiesd 

CONb ENZC CON ENZ SEM BES ENZ BESxENZ Item 

Body weight, kg 83.8 

Dry matter intake, kg/d 1.01 

Nitrogen intake, g/d 13.5 

Methane production, g/d 23.7 

Methane production, gkg DM1 

22.9 

Rumen pool size 

Fluid, L 5.3 

Particdate, kg DM 1.1 

DiIution and passage rates 

Fluid, O/& 8 2  

Particulate, %/h 3 -9 

Nutrient flow to the duodenum 

DM, g/d 742 

OM, dd 638 

NDF, dd 409 

ADF, gld 244 

Total N, g/d 26 

DAPA: mgid 3 83 

'None: No a-bromoethanesulfonate treatment; BES: a-Bromoethanesulfonate treatment. 
bCON: Untreated grass hay. 
'ENZ: Grass hay treated with cellulase and xylanase. 
dEbbabiIity that treatment has no effect; BES: main effect of a-bromoethanesulfonate treatment; ENZ: main 
effect of enzyme treatment; BESxENZ: interaction between a-bromoethanesulfonaie and enzyme treatmeants. 
'DAPA: Diaminopimetic acid, 



Table 6.2. Effects of exogenous fibrolytic enzymes and a-bromoethanesulfonate (BES) on site of 
digestion in sheep fed gtass hay 

Item 

- - 

None BES Probabilitiesd 

CONb ENZC CON ENZ SEM BES ENZ BESxENZ 

Apparent m i n a l  digestion, % 

DM 26.8 25.5 25.1 

OM 32.8 3 1.7 29.7 

NDF 42.2 40.4 41.3 

ADF 30.0 26-7 3 13 

N -91.7 -101.3 -102.5 

Apparent post-niminal digestion, %' 

DM 25.0 24.2 24.4 

OM 30.9 302 30.5 

NDF 14.6 14.1 11.4 

ADF 15.9 14.6 16.2 

N 71.7 72.7 72.3 

'None: No or-bromoethanesulfonate treatment; BES: a-Bromoethanesulfonate treatment. 
bCON: Untreated grass hay. 
'ENZ: Grass hay treated with cellulase and xylanase. 
dProbabiIity that treatment has no effect; BES: main effect of a-brornoethanesulfonate treatment; ENZ: main 
effect of enzyme treatment; BESxENZ: interaction between a-bromoethanesulfonate and enzyme treatmeants. 
'Percentage of nutrients flowing out of the rumen. 
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Fig. 6.1. The relationship between methane production and dry matter intake of 
sheep fed gras hay. 
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Fig. 6.2. The relationship between apparent DM digestibility and dry matter intake of 
sheep fed gras  hay. 
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Fig. 6.3. The relationship between methane production and total tract apparent DM 
digestibility in sheep fed gras hay. 
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Fig. 6.4. The relationship between methane production and niminal apparent DM 
digestibility in sheep fed gras hay. 
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Fig. 6.5. The relationship between methane production and total tract true digestibility 
in sheep fed gras hay. 
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Fig. 6.6. The relationship between methane production and rumina1 true digestibility 
in sheep fed grass hay. 
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Fig. 6.7. The relationship between the rates at which fluid and particdate matter 
passed out of  the rumen and dry matter intake of sheep fed grass hay. 



Fluid dilution rate (%/h) 

Fig. 6.8. The relationship between methane production and m e n  fluid dilution rate 
in sheep fed grass hay. 
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Fig. 6.9. The relationship between methane production and rumen particdate matter 
passage rate in sheep fed grass hay. 



Total tract apparent OM digestibility (%) 

Fig. 6.10. The relationship between methane production and total tract apparent OM 
digestibility in sheep fed gras hay. 
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Fig. 6.11. The relationship between methane production and ruIILinal apparent OM 
digestibility in sheep fed gras hay. 



Fig. 6.12. The relationship between diaminophelic acid outflow and total tract 
apparent OM digestibility in sheep fed grass hay. 
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Fig. 6.13. The relationship between diarninopimelic acid outfiow and niminal 
apparent OM digestibility in sheep fed grass hay. 
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Fig. 6.14. The relationship between diaminopimelic acid outfiow and total tract tme 
digestibility in sheep fed p s  hay. 



Fig. 6.15. The relationship between diaminopïmelic acid outflow and methane 
production in sheep fed grass hay. 



Fig. 6.16. The relationship between concentration of total volatile fatty acid, molar 
percentage of VFAs and rurninal apparent OM digestibility in sheep fed gras hay. 
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7. GENERAL DISCUSSION AND CONCLUSIONS 

'1.1. Comparative Assessrnent of Experimental Systems 

In the present thesis studies, the renilts of the animal study were in disagreement with 

the in vitro study regarding the effect of exogenous fibrolytic enzymes and a- 

bromoethanesulfonic acid on fibre digestion and methane production. The disagreement 

between two experimental systems couid be attributable to the differences in distribution of 

microbial populations and dilution rates, dthough other factors such as methods used to 

prepare enzyme treatment cannot be ruled out- 

Rumen protozoa were not successfully cultivated using the rumen simulation 

technique system (RUSITEC) in the present shidy. Similady, Czerkawski and Breckenridge 

(1977) demonstrated that the protozoa, particularly the isotrichid holotrich species, declined 

rapidly in number and typically, were lost from the RUSITEC system after 7 d of normal 

operation. One factor which likely contributed to the loss of protozoa in the RUSITEC 

system is the daily opening of the vessels to change the feed bags. During feed change, the 

vessel contents are exposed to atmospherîc oxygen. It has been observed that under nomal 

operation, oxygen can dissolve in vessel contents and dissolved oxygen concentrations in 

vessel contents can reach levels of 5-10 pmolll O, which are toxic to protozoa (Scott et al. 

1983; Hillman et al. 1985). Another factor may have been lack of feed particles to which the 

slow-growing protozoa attach in order to avoid rapid wash out (Czerkawski and 

Brecke~dge 1979). Hillman et al. (1991) demonstrated that addition of inert matrices into 



the RUSITEC system prolonged the retention t h e  of protozoa fiom 3 d to 7 d. 

Loss of protozoa populations fiom the RUSITEC system could have been the cause 

of the disagreement concerning the effect of fibrolytic enzymes and BES on fibre digestion 

and methane production in cornparison with the animai system. It has been well documented 

that lowermethanogensis is associated with the absence of protozoa (Itabashi et al. 1984; 

Whitelaw et al. 1984; Demeyer and Van Nevel 1979; 1986; Krewer et al. 1986). The 

absence of protozoa reduces to ta1 niminal proteolytic activity (Stinchi et al. 1 986; Ushida and 

Jouany 1985; Ushida et al. 1986). Lowered total proteolytic activity in RUSITEC system 

could have meant a reduction in degradation of exogenous fibrolytic enymes, thereby 

increasing fibre digestion. 

In addition to protozoa, methanogenic species resistant to BES may not have been 

present in the RUSITEC system. Absence of BES-resistant species would enhance the 

effectiveness of BES in de pressing methanogenesis in the RUSITEC sy stem. 

Differences in dilution rate between two systems may also explain the disagreement 

between the in vitro and the in vivo systems. A fiuid dilution rate of about 73% d-' was 

observed in the RUSITEC system (Chapter 4), whereas the dilution rate of fluid in the rumen 

of sheep was about 200% d-' (Chzpter 6). The faster dilution rates in sheep could have 

resulted in washing BES and possibly enzymes out of the experimentai system, reducing the 

effect of these agents on methane production. In addition to its effect on the effectiveness 

of anti-methanogenic agents, dilution rate per se functiondy influences methme production 

through its effect on distribution of microbial populations and hence the extent of organic 

matter fermentation in the rumen. Stanier and Davies (1 98 1) reported that a 50% decrease 



in fluid dilution rates was associated with a 40% increase in methane production in an in 

h o  continuous culture. Kennedy and Milligan (1978) reported a 30% decline in methane 

production with 54 and 68% increases in rumina1 passage rate constants of fluid and 

particdate matter, respectively, when sheep were exposed to cold without a change in feed 

intake. Similarly, Okine et al. (1989) observed that methane production was decreased by 

29% when the mean retention time of particles in the m e n  was decreased by 63% fkom 42 

to 26 h when weights were placed in the rumen of cattle. My study with sheep dso showed 

a tendency for methane production to be negatively correlated with hctional passage rates 

(Chapter 6). 

In summary, although there are appreciable advantages in shidying rumen function~ 

with the RUSITEC system or other in vitro devices, e.g. lower c o s  and more rapid and 

reproducible in contrast with studies using anirnals, the RUSITEC system does have some 

aspects which deviate fiom the m e n .  Undoubtedly, there will be future development and 

improvement not only in maintenance of methanogens and protozoa, but also in sirnulahg 

the absorption of fermentation end-products, rumination and complex differential passage 

that occurs in the living animal. 

7.2. Control of Methane Production in Ruminants 

7.2.1. a-Bromoethanesulfonic acid 

The data f?om the in vitro study of this thesis provides evidence that BES is a potent 
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specific inhibitor of methanogensis because a srnall amount (25 mM) depressed 

methanogenesis by 50% (Chapter 4). This result is consistent with the observations nom an 

axenic culture with Methanobacterium ruminantium (Balch and Wolfe 1979) and a rnixed 

culture of ruminal inoculum (Martin and Macy 1985). However, the potency of BES in 

depressing methanogensis was not expressed in the sheep study (Chapter 5). In addition, I 

codd not detect any reduction in methane production during the first few days in unadapted 

sheep given BES (data not presented). This con- with results of Immig et al. (1996) who 

did observe BES inhibition of rnethanogensis in sheep for the fmt four days of treatment 

although the inhibitory effect of BES disappeared afterwards. Disagreement of in vivo 

studies with in vitro studies may be attnbuted to ciifferences in the distributions of 

methanogenic bacterial populations sensitive to BES. Although information concemhg this 

is Iimited, some studies have demonstrated adaptation of some methanogenic species to BES 

(Smith and Mah 1 98 1 ). In addition, a strain of Methanobacterium formicium has been ais0 

discovered that is resistant to BES at a concentration of 0.2 mM without prior exposure to 

BES. Putting these findings together, the lack of response to BES in sheep rnay have been 

because BES resistant species and/or strains of methanogens were predominant in the rumen 

of sheep under conditions of the present study. These methanogens rnay not have been 

present in the RUSITEC system. Therefore, more research is needed to develop new 

techniques to discover new species andlor strains of methanogens which exist in the m e n  

and the hindgut of animals, and to study their physiology and ecology. Such studies may 

reveal more efficient means of controllhg methane emissions without detrimental effects on 

feed digestion in nuninant animals. 



7.2.2. Long chah unsaturated fatty acids 

The data fiom this thesis study with the RUSITEC system (Chapter 3) showed that 

adding 10% lipids to diets reduced methane production f?om 26 to 85%, depending on the 

type of lipids and diets. This data provides M e r  information to suppoa the general 

conclusion that long-chain fatty acids c m  hctionally depress methanogenesis (Czerkawski 

et al. 1966% b, c; Czerkawski and Breckenridge 1969; Demeyer et al. 1969; Johnson and 

Johnson 1995; Mathison 1997). The huge variations, however, would suggest that different 

mec hanisms exist for the inhibition of methanogenesis. 

Johnson and Johnson (1995) in a review point out that decreased methane production 

is accompanied with decreased feed digestion when cattle or sheep are fed supplemental fat 

sources including tallow and soybean oil. They attribute this reduction in methane 

production with supplementation of animal fat or plant lipids to a reduced extent of feed 

fermentation rather than a direct effect on methanogenesis and concluded that dramatic 

decreases in methane production from supplementai lipids will only occur if digestion is 

inhibited. Data presented in this thesis disagree with conclusion of Johnson and Johnson 

(1995). Firstly, supplementation of coconut oil reduced methane production without any 

influence on digestion of the grain diet, although digestion of forage diet was reduced. 

Secondly, supplementation of canola oil or cod liver oil did not show any detrimental 

influence on digestion of either forage or hi& grain diet but did significantly reduce methane 

production. These observations were consistent with the distributions of microbial 

populations (Chapter 3). Czerkawski et al. (1966% c) demonstrated that when stearic acid 



was given to sheep fed dry grass hay, methane production fell by 29% with a 1 1% reduction 

in cellulose digestion. M e n  oleic acid or linoleic acid was given to sheep, methane 

production fell by 39 and 43%, respectively, and cellulose digestion fell by only about 2%. 

Tamrninga et al. (1 983) found that lipid did not influence the digestion of starch or soluble 

carbohydrates. Putting the above observations together, it can be suggested that a reduction 

in methane production with supplemental lipids may not be necessarily accompanied with 

a decrease in dietary digestion. Whether or not lipids detrimentally influence nuninal 

fermentation of organic matter dong with depression in methanogensis depend on the type 

of long-chah fatty acid in lipids, the type of diet and the distributions of microbial species 

in the rumen. 

7.2.3. Exogenous fibroIytic enzymes 

The data for the in vitro study of this thesis indicated that pretreatment of grass hay 

with exogenous fibrolytic enzymes enhanced methane production by 43% dong with a 15% 

increase in cellulose and a 20% increase in hemicellulose digestion (Chapter 4). The 

observation of enhanced methane production disagrees with my original hypothesis that 

exogenous fibrolytic enzymes would reduce methane production by accelerating release of 

simple sugars (McHan 1986; Stokes 1992; Hristov et al. l998a, in press), thus increasing the 

competitiveness of lactate- andor propionate-producers with acetate-producers in the rumen. 

Increased methane production with fibrolytic enzyme treatment in vitro was 

consistent with increases in the population of methanogens. It is interesting that the 



increased population of methanogens associated with fibrolytic enzyme treatment was not 

accompanied by an increase in the populations of either celldolytic or total fermentative 

bacteria. It is believed that no methanogens can utilize sugars, rather they utilize carbon 

dioxide, hydrogen, formate or other simple compounds which are generated as end-products 

by primary or secondary fermentative microbes (Zinder 1993). The reason for the increased 

population of methanogens which occurred with the exogenous fibrolytic enzyme treatment 

is not known. One possibility is that the enzymes contained some factors that were beneficial 

for the growth of methanogens. Further research is require to confùm these in vitro 

observations, 

Unfominately, resdts obtained with sheep did not confirm the in vitro results 

(Chapter 5). The possible reason for the failure of exogenous fibrolytic enzymes to improve 

fibre digestion and result in methane production in the m e n  may have been due to the lack 

of binding of the enzymes with feed particles since binding of enzymes to their appropriate 

substrates is an absolute prerequisite for digestion of plant ce11 walls within the rumen 

(McAliister et al. 1994). The e-es also f d e d  to improve fibre digestion pos tdnal ly .  

This implies that fkee enzymes released fiom feed particles were degraded by proteolytic 

enzymes produced by rumen microbes (Vandevoorde and Verstraete 1987) and/or denatured 

by the low pH the abomasum (Hristov et ai. 1998b, in press). Therefore, new techniques are 

needed, not only to screen potent enzymes, but also to reconstruct the molecular structure of 

the enzyme, which will improve its binding ability or enhance resistance to proteolysis and 

low pH. 



73. The Role of Methanogenesis in Ruminal Degradation of Organic Matter 

The data of this study in sheep demonstrated that DAPA outflow (g/d), a measure of 

nuninal bacterial outfiow, increased with increases in methane production (g/d) (Chapter 6). 

Similarly, DAPA outflow per kg rumina1 apparently digested OM (RDOM) increased with 

increased methane production per kg RDOM. These positive relationships between DAPA 

outflow and methane production are in agreement with the general concept that 

methanogenesis in the rumen or other anaerobic habitats is beneficial to fermentative 

microbial growth and hence fermentation of organic matter, because methanogens consume 

hydrogen thereby facilitating fennentative bacteria regenerating NAD' (Hungate 1975; 

Gottschalk and Andreesen 1979; Wolin and Miller 1988). A pure culture study has 

demonstrated that the cellulolytic microorganism Ruminococcus albus increases ATP 

generation from 3 to 4 moles per mole glucose fermented, with more acetate king produced 

and ethanol production being eluninateci, when methanogens are present (Wolin and Miller 

1 988). In vitro studies with mixed rumen bacteria have shown that populations of niminai 

fermentative bacteria and rnethanogensis change in the same direction when monensin is 

used as an anti-methanogenic agent (Van Nevel and Demeyer 1977; Chen and Wolin 1979; 

Henderson et al. 198 1 ; Chapter 4). This relationship aiso holds true when coconut oil is used 

to reduce methane production in vitro (Chapter 3). Mathison (1997) demonstrated that in 

cattle methane production was reduced by 33% dong with an 18% reduction in A D F  

digestion in cattie fed an 85% concentrate based diet. Similarly, Czerkawski et al. (1966~) 

reported that methane production fell by 29% with an 1 1% rediiction in cellulose digestion 



when stearic acid was given to sheep fed dry gras hay. hitting these observations together, 

it can be suggested that depression of niminal methanogenesis would result in reductions in 

ruminai microbial protein synthesis and organic matter digestion in ruminants. 

However, results fiom my in vitro studies with the m e n  simulation technique, in 

contrast with the in vivo studies cited above, showed no inhibition of microbial growth 

accompanying inhibition of methanogenesis. For example, inhibition of methanogenic 

bacteriai growth with canola oil, cod liver oil and BES, a specific methanogenic inhibitor, 

was not accompanied by inhibition of growth of ruminal cellulolytic or total fermentative 

bacteria (Chapter 3,4). Reductions in methane production were not consistently correlated 

with changes in organic rnatter fermentation in vitro. Similarly, Czerkawski et al. (1 966a) 

demonstrated that when methane production was depressed by 39 to 4396, there was ody a 

2% decrease in fibre digestion as long-chin unsaturated fatty acids were added to the rumen 

of sheep fed grass hay. These results would suggest that the niminal fermentative 

rnicroorganisms, including bacteria and fungi, were utilizing alternative reductive pathways 

for regeneration of NAD' fiom NADH rather than methanogenesis (Czerkawski, 1986). For 

examples, Ruminococctrs a ibu can regenerate NAD' through a pathway of ethanoi synthesis 

instead of H, formation (Miller and Wolin 1973). Ruminococcusflavefuciens can synthesize 

succinate using NADH as a reducing power (Latham and Wolin 1977). Similady, some, if 

not dl, niminai fungi cm also synthesize ethanol using NADH (Marvin-Sikkema et al. 

1990). In addition to alternative utilization of NADH, some rumen bacteria can aiso use 

molecular H, or formate as energy sources. For instance, Vibrio succinogenes cm reduce 

fumarate to succinate using formate or Hz (Wolin et al. 1961). Also, Desu@vibrio 



d e s u l ~ c m  can oxidize HZ and reduce suKate to sulfide (Howard and Hungate 1976; Odom 

and Peck 1981). In addition, some rumen bactena such as Selenornonas ruminantium and 

Anaerovibrio lipolyrica can utiiize Hz and/or formate as electron donor and nitrate as electron 

acceptor (deVries et al. 1974). 

Putting all these studies together, it can be suggested that whether or not the absence 

of methanogens influence niminal fermentation will depend on the nature of the distribution 

of nunina1 microbial species that rely on interspecies hydrogen transfer and the degree to 

which the microbial comrnunity andor host animal adapt to utilize the end-products. For 

example, if the major substrate is cellulose and major microbid species is Ruminococcus 

albus and phycomycetes, then ethanol and lactate will accumulate in the absence of 

methanogens (Fig. 2.3 and Fig. 2.5). Similarly, if the major cellulolytic species is 

Ruminococcus flavefaciens, then a shift to succinate and thence propionate formation would 

be expected (Fig. 2.4). In this circumstance, hydrogen would continue to be generated 

through the paîhway cataiysed by pyruvate-ferredoxin oxidoreductase with NADH being 

used as reducing power for succinate formation. 

Although the host animal helps to remove fermentative end-products, the interaction 

between microbes and host animai with the absence of methanogens has not been adequately 

studied. Since our attempt to ascertain the effect of depressing methanogenesis on microbial 

growth and hence organic matter digestion in the rumen was not successfid due to the failure 

of BES to depress methanogensis in sheep, more in vivo research is required with a more 

potent anti-methanogenic agent@) to examine the effect of the absence of methanogens on 

microbial growth and organic fermentation in the rumen of the intact animal. 



Exogenous fibrolytic enzymes enhanced dietary digestibility and methane emission 

in vitro, but not with the intact sheep. Similarly, BES inhibited methanogenesis in vitro, but 

not in vivo. The reason for these discrepancies was not determined. 

The in vitro study provides strong microbiological evidence that depression in 

methanogenesis with lipids is not necessarily accompanied by a reduction in dietary 

digestion. Whether or not lipids detrixrientally influence ruminal fermentation depended 

upon the type of long-chah fatty acid in lipids, the type of diet, and the distribution of 

microbid species in the m e n .  

These studies did not confirm or refbte our major hypothesis that depression in 

methanogenesis would not have a detrimental on effect organic matter fermentation 1 the 

rumen of sheep, primarily due to the failure of BES to depress methanogenesis in the rumen. 

More in vivo research is required with a more potent anti-methanogenic agent(s) to examine 

the relationships between methanogenesis, microbid growth, and organic matter 

fermentation in the rumen of niminant animals, 
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