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ABSTRACT : This review summarizes some recent research into ways of improving the productivity of ruminal 
fermentation by increasing protein flow from the rumen and decreasing the breakdown of protein that results from the action 
of ruminal microorganisms. Proteinases derived from the plant seem to be of importance to the overall process of 
proteolysis in grazing animals. Thus, altering the expression of proteinases in grasses may be a way of improving their 
nutritive value for ruminants. Inhibiting rumen microbial activity in ammonia formation remains an important objective: new 
ways of inhibiting peptide and amino acid breakdown are described. Rumen protozoa cause much of the bacterial protein 
turnover which occurs in the rumen. The major impact of defaunation on N recycling in the sheep rumen is described. 
Alternatively, if the efficiency of microbial protein synthesis can be increased by judicious addition of certain individual 
amino acids, protein flow from ruminal fermentation may be increased. Proline may be a key amino a러d for 
non-cellulolytic bacteria, while phenylalanine is important for cellulolytic species. Inhibiting rumen wall tissue breakdown 
appears to be an important mechanism by which the antibiotic, flavomycin, improves N retention in ruminants. A role for 
Fusobacterium necrophorum seems likely, and alternative methods for its regulation are required, since growth-promoting 
antibiotics will soon be banned in many countries. (Asian-Aust, J. Anim. Sci, 2001. VoL 14, No. 6 : 885-893)
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INTRODUCTION

The quantity of protein flowing from the rumen is 
a major factor limiting the productivity of ruminant 
livestock production (Leng and Nolan 1984; Broderick 
et al., 1991). The protein reaching the abomasum 
consists of a mixture of dietary and microbial protein 
and, f이lowing digestion and absorption, it provides the 
amino acids upon which ruminants depend for their 
amino acid requirements. Rumen wall tissue protein 
turnover must also be considered as part of the 
protein drain imposed by ruminal microorganisms, 
because ruminal bacteria tend to invade and digest 
ruminal epithelial tissues (Cheng and Costerton 1980). 
The main considerations dominating the impact of 
ruminal microorganisms on protein nutrition are thia:

(a) the breakdown of dietary protein in the rumen,
(b) the breakdown of microbial protein in the 

rumen,
(c) the efficiency of synthesis of microbial protein, 

and
(d) the breakdown and turnover of rumen wall 

tissue.

This paper reviews some of our recent findings in 
these areas.

BREAKDOWN OF DIETARY PROTEIN

Plant proteinase activity
Virtually all of the early work on proteinase 

activity in the rumen made a tacit assumption that the 
proteinase enzymes were derived from the 
microorganisms. No mention is made in early 
comprehensive reviews (Blackbum, 1965; Allison, 
1970) that the feedstuff could possibly contribute 
enzymic activity. Subsequently, quite detailed work on 
where ruminal proteinases were located (Kopecny and 
Wallace, 1982), which microorganisms were most 
important (Brock et al., 1982), what sorts of enzyme 
activities were present (Brock et al., 1982; Kopecny 
and Wallace, 1982; Prins et al., 1983), and the 
kinetics of the process whereby proteins adhere to the 
surfaces of ruminal bacteria where they are converted 
to smaller peptides, then amino acids, then ammonia 
(Nugent and Mangan, 1981; Wallace et al., 1999) also 
paid little heed to the possibility of a contribution 
from the plant material. Furthermore, the main 
proteolytic enzymes in the rumen of different animals 
appeared to be highly variable, so it was suggested 
that the proteolytic microbial population was also 
highly variable (Falconer and Wallace, 1998).

The first discussion of a possible contribution by 
plant proteinases appeared in 1996, when Theodorou et 
al. proposed that much of the rapid release of 
ammonia in grazing animals might be initiated by the 
action of plant, rather than microbial, proteinases. They 
argued that previous studies had been done in animals 
receiving dried or conserved rations, which would not 
possess the enzyme activities of fresh forages; that 
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grass cells contain vacuoles harbouring broad spectrum 
proteinases which are known to be responsible for 
protein breakdown in the silo (Wetherall et al., 1995); 
that proteins of fresh forage would not be available 
for microbial attack because they are trapped in plant 
tissues which are incompletely disintegrated; and 
finally that, within the microenvironnient of the 
incompletely disintegrated plant tissue, it would be the 
plant proteinases themselves which would break down 
the plant proteins.

If one reviews the older papers, it does indeed 
appear that none of them deals with the digestion of 
plant proteins in situ when the diet is fresh forage. 
Brock et al. (1982) used ruminal fluid from a Holstein 
cow receiving alfalfa hay plus com grain supplement, 
and azocasein as substrate. Kopecny and Wallace 
(1982) used a ration consisting of grass hay and 
barley-based concentrate together with labelled casein 
as substrate. Nugent and Mangan (1981) employed 
fraction 1 leaf protein (Rubisco) as the substrate, but 
it had already been extracted from plant tissues. Prins 
et al. (1983) and Falconer and Wallace (1998) also 
used ruminal fluid from animals fed dried rations as 
their starting material. Therefore, none of these studies 
could provide a clue as to the validity of the 
Theodorou et al. (1996) suggestion.

Zhu et al. (1999) set out to assess the importance 
of plant proteinases in four forages - ryegrass, red 
clover, white clover, and birds-foot trefoil by following 
the breakdown pattern of plant proteins by SDS-PAGE 
in the presence and absence of ruminal fluid in vitro. 
The ruminal fluid was not from a grazing animal, but 
from a cow receiving grass silage or a sheep receiving 
hay. The digestion of proteins to peptides clearly 
occurred with both ruminal fluid in the incubation 
mixture and without added ruminal fluid after 24 h 
incubation. The authors concluded that endogenous 
plant proteinases were responsible for the proteolysis. 
However, volatile fatty acids accumulated to almost 40 
mM, which is about 40% of the total VFA 
concentration in ruminal fluid, indicating that a very 
substantial microbial fermentation had occurred. 
Bacteria at high cell densities in pure culture rarely 
exceed 10 mM acids produced. Thus, very substantial 
microbial growth must have occurred in the 
incubations without added ruminal fluid, which could 
have contributed in a major way to proteolysis. The 
inoculum was presumably epiphytic bacteria associated 
with the plant material.

In order to assess whether plant proteinases were 
likely to be as significant as had been suggested, an 
experiment was carried out in our laboratory, in order 
to evaluate the proteolytic activity of plant proteinases 
vis-a-vis rumen microbial proteinases and to evaluate 
the effect on ruminal ammonia production of 
destroying plant proteinase activity by autoclaving.

Fresh ryegrass was chopped into 1-cm lengths and 
homogenised in a Waring blendor. A portion was 
autoclaved, and the rate of release of ammonia from 
homogenised grass and homogenised, autoclaved grass 
were compared with corresponding rates of ammonia 
formation from the chopped grass when they were 
added to ruminal fluid in vitro. Ammonia production 
from chopped grass decreased markedly as the result 
of autoclaving (figure 1). The rates were 0.38 and 
0.13 mmol/L per h for chopped grass and autoclaved 
grass respectively (p=0.0002), indicating that 
inactivation of the grass proteinases had a major effect 
on the rate of protein breakdown. Ammonia was 
released from blended grass only slightly more rapidly 
than from chopped grass (p=0.055), indicating that 
blending had not altered the susceptibility of plant 
proteins to proteolysis. Autoclaving also decreased 
ammonia production substantially (0.45 and 0.24 
mmol/L per h for blended and blended, autoclaved 
grass respectively; p=0.0016), which is consistent with 
a sigiHficantly lower rate of hydrolysis when plant 
proteinases are destroyed. The proteolytic activity of 
the blended grass preparation was determined using 
14C-labelled casein (Wallace, 1983). The proteolytic ac
tivity of blended grass (0.2 mg casein hydrolysed/h 
per g of grass fresh weight), was small in comparison 
with the proteolytic activity of rumin이 fluid, which is 
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Figure 1. Influence of blending and autoclaving grass 
on the production of ammonia from grass incubated 
with ruminal fluid in vitro
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usually tenfold higher (Wallace 1983). The 
interpretation of this finding must be that, although 
plant proteolytic activity is much less than microbial 
proteoytic activity, the location of the plant proteinases 
at the same place as the proteins being broken down 
(figure 2) gives them a significance that outweighs 
their relatively low proteolytic activity. Thus, altering 
the proteinase activity of grass by breeding or genetic 
engineering should produce significant benefits to the 
protein nutrition of grazing ruminants.

Inhibition of dipeptidyl peptidase activity
The microbiology and biochemistry of protein 

breakdown has been reviewed extensively (Morrison & 
Mackie, 1996; Wallace et al., 1997). Proteolysis is a 
highly variable activity which is carried out by a large 
number of species. The subsequent breakdown of 
peptides to amino acids is a two-step process (Wallace 
and McKain, 1989; Wallace et al., 1990; Depardon et 
al., 1996). Most peptides are cleaved by the sequential 
removal of dipeptides from the N-terminus, and the 
dipeptides which are released are then broken down to 
amino acids by separate dipeptidases. The former 
process is carried out predominantly by one of the 
most numerous bacterial genera, Prevotella, (Wallace 
and McKain, 1991; McKain et al., 1992; Debroas et 
al., 1998) while the latter activity is associated with 
several different species of bacteria and ciliate

Table 1. Inhibition (%) of the different dipeptidyl 
peptidases of Prevotella albensis by synthetic 
inhibitors
Inhibitor DPP- I DPP-II DPP-IV Ala-DPP
InhA 76 0 3 48
InhB 50 1 3 60
Diprotin A 3 0 38 0
InhG 63 29 18 9
InhA, Inh B and InhG are synthetic peptide and amino
acid analogues.

Table 2. Effect of feeding essential oils to cattle on 
the subsequent production of ammonia from casein 
acid hydrolysate in the presence and absence of 
monensin in rumen fhiid in vitro__________________

Ammonia production from amino 
acids (nmol NH3 produced/mg 

protein/h)

Control Essential 
oils SED

No monensin 410 372 9.8*
5 p. M monensin 280 287 10.9
From Newbold et al. (1999).

protozoa (Wallace et al., 1997).
A constriction in the flux of nitrogen from protein 

to ammonia in the rumen therefore occurs at peptide 
breakdown. This is thus a target for manipulation. At 
the same time, however, the potential benefit to rumen 
microorganisms of having pre-formed amino acids 
available to them cannot be ignored (see below). 
Significant progress has been made in identifying 
inhibitors of the peptidases of the ruminal bacterial 
genus, Prevotella. These inhibitors, which are structural 
analogues of dipeptides, inhibit the main dipeptidyl 
peptidases of Prevotella (table 1). They are potential 
novel feed additives for improving protein retention in 
the rumen, and further development work should be 
done to evaluate their potential.

Inhibition of amino a어d deamination
The amino acids released by proteinase followed 

by peptidase activity are then deaminated, enabling the 
carbon skeletons to be fermented for energy, and 
much of the ammonia is lost from the rumen by 
diffusion across the rumen wall (Leng & Nolan, 
1984). Two new opportunities for inhibiting deami
nation using feed additives have emerged. One is a 
synthetic amino acid derivative, LY29, the other a 
group of natural compounds known as essential oils.

LY29 is a diazotization product of proline, with a 
chemical name of l-[(E)-2-(2-methyl-4-nitrophenyl) 
diaz-1 -enyl]pyrrolidine-2-carboxylic acid (figure 3). 
LY29 inhibited the rate of production of ammonia 
from amino acids and peptides by mixed ruminal 
microorganisms in vitro (figure 3; Floret et al., 1999). 
Peptidase and proteinase activities were unaffected, and 
the bacteriolytic activity of ciliate protozoa was 
unchanged, implying that the site of action was at the 
deamination of amino acids. The most sensitive 
ruminal bacteria to LY29 were the ammonia 
hyper-producing (HAP) species, Clostridium amino- 
philum and Clostridium sticklandii, both of which are 
implicated in ruminal ammonia production (Chen and 
Russell, 1988, 1989; Russell et al., 1991; Russell et 
aL, 1988). LY29 may therefore have potential as a 
protein-sparing feed additive for ruminants via its 
effect on HAP bacteria.

Essential oils are volatile compounds responsible 
for the characteristic aroma of spices. Essential oils 
from a variety of sources alter bacterial growth and 
metabolism in several environments, including the 
rumen (Oh et al., 1967). Recently, Fernandez et al. 
(1997) found that a commercial blended essential oil 
product decreased rumen ammonia concentrations in 
sheep. It appears that essential oils have a similar 
mode of action to LY29. A commercial essential oils 
mixture inhibited the production of ammonia from 
amino acids (table 2; Newbold et al., 1999). This 
occurred in the absence but not in the presence of
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Figure 2. Ruminal bacteria invade plant tissues from damaged ends, rather than through the cuticle. If plant 
proteinases are present in the plant matrix close to the plant proteinases, it will be plant proteinases rather than 
bacterial proteinases which will be most effective in breaking down plant protein. Much depends on the degree 
of comminution of the plant which results from chewing.

monensin, which is known to inhibit HAP bacteria 
(Chen and Russell, 1989; Russell et al., 1991; Russell 
et al., 1988). Thus, it is speculated that some essential 
oils have a useful, specific suppressive effect on HAP 
bacteria and are therefore potentially useful feed 
additives for ruminants. Essential oils have the 
advantage that they are materials which have been 
used for centuries by man for many purposes, 
including food flavouring. They are therefore generally 
regarded as safe, and would consequently not require 
to pass many of the regulatory hurdles which are 
required before the introduction of a new, synthetic 
compound into feedstuffs.

INHIBITING MICROBIAL PROTEIN BREAKDOWN

Protein turnover is an endogenous activity of all

1 -[(E)-2-(2-methyF4-nitrophenyl)diaz-1 -enyl]pyrroliciine-2-carl3oxylic acid (LY29)

**p<0.05

Inhibitor Rate of NH3 production 
(m히 h너 ml rumen fluid너)

None 3.50
10 “M LY29 2.90나

Figure 3. Influence of LY29 on NH3 production from 
Trypticase by mixed ruminal microorganisms

Table 3. Influence of defaunation and refaunation of 
ciliate-free sheep on N fluxes in the rumen

Defaunated Refaunated
Microbial protein flow from 13.3 8.9
rumen (g N d-1) 

Recycling rate (g N d'1) 4.1 12.4
Intraruminal recycling (g N d-1) 0.8 6.6

microorganisms. In the rumen, however, bacterial 
protein breakdown is initiated mainly by exogenous 
factoiSj principally ciliate protozoa (W allace and 
McPherson> 1987; Williams and Coleman, 1992). 
Arguably, avoiding the engulfment and digestion of 
bacterial cells by protozoa would be the manipulation 
strategy which would have the greatest impact on 
microbi 이 protein flow from the rumen in most 
ruminants throughout the world. Saponins-containing 
plants or plant products have a great potential for 
achieving the suppression of rumen ciliate populations 
(Navas Camacho et al., 1994; Teferedegne et al., 
1999). Until recently, whole-body N flux measurements 
to support the inferred impact of ruminal protozoa on 
recycling had been lacking. An experiment which 
compared normal and ciliate-free sheep, infused with 
l5NHs in the rumen and 15N-urea in the jugular vein, 
enabled in vivo quantitation. It emerged that the 
ammonia pool in the rumen decreased in defaunated 
animals, as did ammonia transfer (table 3). The flux 
from blood urea to rumen ammonia also declined. The 
effect on intraruminal N recycling was enormous, 
decreasing by 88%, and as a consequence microbial 
protein flow from the rumen increased by almost 50% 
(table 3). If similar benefits could be obtained in 
production animals, the need for protein supple
mentation of ruminants would virtually disappear, with 
substantial economic and environmental benefits. 
Establishing methods to control protozoal activity, such 
as by saponins, remains a priority area of research in 
ruminant nutrition

ENHANCING MICROBIAL PROTEIN SYNTHESIS

Microbial protein flow depends on the efficiency of 
microbial protein synthesis as well as the extent to 
which microbial protein breaks down before it leaves 
the rumen. Among many other factors (Russell and 
Wallace, 1997), the yield of microbial protein is 
affected by the availability of pre-formed amino acids. 
Baldwin and his colleagues (Maeng and Baldwin 1976; 



INCREASING RUMEN PROTEIN FLOW 889

Maeng et al., 1976; Argyle and Baldwin 1989) 
attempted to identify whether one or a group of amino 
acids might limit nutrition of ruminants and factors 
affecting ruminal fermentation, particularly fiber 
digestion. The way in which these experiments were 
done was to determine if single amino acids or 
subgroups of amino acids could support the stimulation 
of fermentation rate found with a complete mixture. 
None of the single amino acids or sub-groups 
produced the same response as the complete mixture. 
However, it would be difficult to cover all the 
combinations of amino acids to be tested if, say, three 
individual amino acids were co-limiting. An alternative 
method for identifying which amino acids may be 
limiting was undertaken using 15N-labelling of 
ammonia and peptides, in which the effects of adding 
pre-formed amino acids on de novo synthesis of 
individual amino acids was investigated. It was hoped 
that,迁 the de novo synthesis of certain amino acids 
was seen to be preferentially switched off when 
pre-formed amino acids were presented to ruminal 
microorganisms, these might be the key amino acids 
upon which to focus.

In mixed ruminal microorganisms fermenting 
soluble sugars, the amino acid whose synthesis was 
switched off most was proline (table 4), followed by 
glycine, methionine, lysine, valine and threonine 
(Atasoglu et al., 1999). The effect with proline was 
replicated in pure cultures of non-cellulolytic bacteria 
(table 4; Atasoglu et al., 1998), presumably the main 
species growing in the mixed population when soluble 
sugars are present. However, adding the apparently 
most-limiting amino acids, including proline, to the 
mixed population failed to replicate the stimulation 
given by a complete mixture of amino acids (Atasoglu 
et al., 1998).

The situation was different with cellulolytic ruminal 
bacteria. There is a long-held belief that cellulolytic 

ruminal bacteria use NH3 as their sole source of N, 
based on experiments carried out many years ago 
(Bryant and Robinson, 1961; Bryant and Robinson, 
1963; Bryant, 1973). Some recent published results are 
not consistent with this conclusion, however. The 
amino acid transport experiments of Ling and 
Armstead (1995) indicated that F. succinogenes 
accumulated radioactivity from 14C-labelled peptides 
and amino acids. Pre-formed amino acids stimulate 
microbial growth and increase fiber digestion in vivo 
and in vitro (Merry et al., 1990; Chikunya et al., 
1996; Griswold et al., 1996; Cairo and Miller, 1999) 
and pure cellulolytic species grow faster on cellobiose 
when peptides are added to the medium (Cruz Soto et 
al., 1994). In addition, bacteria most closely associated 
with solids derived a substantial proportion of their 
cell-N from sources other than ammonia (Komisarczuk 
et al., 1987; Cairo and Miller, 1999; Dixon and 
Chanchai, 2000). All of these observations indicate 
that amino acids are significant nutrients for 
cellulolytic bacteria. Our recent experiments with 
cellulolytic bacteria replicated the earlier studies with 
non-cellulolytic species, and demonstrated that amino 
acid-N was incorporated by cellulolytic bacteria. 
Furthermore, it emerged that the proline response was 
much less pronounced in these species, but instead 
phenylalanine synthesis was more sensitive to the 
presence of pre-formed amino acids, particularly in 
Fibrobacter succinogenes (table 4). The synthesis of 
both amino acids was affected preferentially to a small 
extent in R, flavefaciens (table 4).

Clearly, much more work on the regulation of 
amino acid biosynthesis in ruminal microorganisms is 
called for. As mixed amino acids stimulate microbial 
synthesis by up to 25% (Cotta and Russell, 1982), 
judicious amino acid supplementation could achieve 
important nutritional benefits to ruminants in terms of 
microbial protein flow.

microorganisms

Table 4. Influence of the addition of pre-formed amino acids (Trypticase, 10 g/L for mixed ruminal 
microorganisms, 5 g/L for pure cultures) on de novo synthesis of amino acids from ammonia by rumin시

Proportion of total 
amino acids formed 

from NH3

Proportion of proline 
formed from NH3

Proportion of 
phenylalanine formed 

from NH3

Mixed ruminal microorganisms1 2 Non-cellulolytic bacteria
0.29 0.06 0.34

Prevotella bryantii 0.31 0.03 0.09
Selenomonas ruminantium 0.29 0.01 0.22
Streptococcus bovis 3 

Cellulolytic bacteria
0.09 0 0.05

Fibrobacter succinogenes 0.77 0.71 0.01
Ruminococcus albus 0.89 0.98 0.60
Ruminococcus flavefaciens 0.72 0.51 0.58

From Atasoglu et al. (1999), 2 From Atasoglu et al. (1998), 3 From Atasoglu (2000)
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BREAKDOWN AND TURNOVER OF RUMEN 
WALL TISSUE

The rumen w이1 has an important function in the 
absorption of nutrients and metabolites, particularly the 
volatile fatty acids, urea and ammonia (Hungate, 
1966). An equally important function is as a barrier to 
invasion of the rest of the body by ruminal 
microorganisms. As a consequence, the rumen wall has 
evolved to present a tough epithelial layer to the 
ruminal microorganisms, which resists both physical 
and microbiological damage. Recent experiments with 
flavomycin in sheep at the Rowett give us an idea of 
the metabolic cost of that damage.

Gut tissues in all animals turn over rapidly. In 
ruminants, although the gut tissues comprise less than 
5% of total body protein mass, their rate of protein 
turnover is equivalent to >40% of total body amino 
acid flux. Rumen wall tissue turns over at about 
one-third of the rate of small intestinal tissues. 
However, because of its large size, the turnover of 
rumen tissue represents a considerable drain on the 
availability of amino acid for growth and other 
functions. Antibiotics have been used for many years 
at sub-therapeutic concentrations in order to promote 
the growth efficiency of pigs and poultry (Swick, 
1996). The mode of action of these growth-promoting 
antibiotics (GPA) in improving feed efficiency involves 
in part a suppression of pathogens, but there is also 
clear evidence of an anabolic response (Schole et al., 
1994). Flavomycin (bambermycin) is one such 
antibiotic. Flavomycin is not licensed for use in 
ruminants, however MacRae et al, (1999) found a 
growth response in lambs equivalent to 22% when 
they received flavomycin, which appeared to be 
accompanied by a corresponding decrease in the rate 
of protein turnover in the gut, as determined by 
arterio-venous concentration differences. Experiments 
were undertaken to try to pinpoint the site in the 
digestive tract where flavomycin had its effect. The 
methods were based on the uptake of 2H-phenylalanine 
supplied as a flood-dose, leading to measurements of 
the fractional protein synthesis rates at different sites 

sampled immediately post mortem. It emerged that 
several sites in the tract of lambs receiving flavomycin 
had lowered fractional synthesis rates, although only 
two - rumen and duodenum - had differences which 
reached statistical significance (table 5). The decrease 
in the fraction이 synthesis rate in ruminal tissues was 
27%.

The sensitivity of different species of ruminal 
bacteria to flavomycin (table 6) indicated that few 
were sensitive at a concentration of 2 〃 g/ml. The 
incorporation rate of flavomycin in the diet was 0.25 
g of a preparation containing 8% active bambermycin. 
Thus, the likely maximum concentration of antibiotic 
in the 5-litre rumen of the sheep would be 0.25 x 
0.08/5=0.004 g/l=4, with the average concentration 
being much lower. Perhaps the most significant piece 
of information that might relate to the gut tissue 
turnover measurements is that the sensitivity of 
Fusobacterium necrophorum to flavomycin in vitro 
was significantly greater than the other species tested. 
F. necrophorum is a Gram-negative species which is 
known to pass through the rumen wall, eventually 
being the primary cause of liver abscesses in feedlot 
cattle (Tan et al., 1996). Fusobacterium spp. are 
occasionally found in the rumen digesta, and have also 
been isolated from the epimural population (Cheng et 
al., 1979). They are not typical members of either 
population. Nevertheless, because of their role in 
forming liver abscesses in cattle, and their possible 
degradative role which may lead to damaged rumen 
wall integrity, together with their sensitivity to 
flavomycin and the similarity of their morphology to 
that of bacteria which invade rumen wall tissues 
(Dinsdale et al., 1980; Rieu et al., 1990), it is 
reasonable to propose a hypothesis that an important 
part of the growth-stimulatory properties of flavomycin 
is to suppress the growth of bacteria such as F. 
necrophorum which invade and digest rumen wall 
tissue. Thus, controlling the digestive activities of 
epimural bacteria offers a previously unrecognised 
scope for improving protein nutrition in ruminants. 
Further experiments are already under way to 
determine the impact of flavomycin on the

Table 5. Influence of flavomycin on gut tissue turnover in sheep

Tissue
Fractional synthesis rate (%/d)

Control Flavomycin SE P
Rumen 13.9 10.1 1.8 0.075
Abomasum 16.6 15.1 3.2 NS
Duodenum 48.0 36.7 4.1 0.027
Jejunum 42.8 38.3 3.7 NS
Ileum 36.5 34.7 2.3 NS
Caecum 20.2 17.9 2.0 NS
Large intestine 24.5 26.4 5.0 NS
Liver 15.5 28.0 3.0 NS



INCREASING RUMEN PROTEIN FLOW 891

Table 6. Sensitivity of different strains of ruminal bacteria to flavomycin

Gram-negative species Strain MIC50 
(mg/ml) Gram-positive species Strain MIC50 

(mg/ml)
Fusobacterium necrophorum A54, A12 0.25 Peptostreptococcus anaerobius 27337 1
Fibrobacter succinogenes S85 0.5 Clostridium sticklandii 12662 2
Ruminobacter amylophilus WP109 4 Ruminococcus albus SY3 2
Veillonella parvula L59 4 Lactobacillus casei LB17 8
Prevotella albensis M384 8 Butyrivibrio fibrisolvens SH13 32
Megasphaera elsdenii JI Eubacterium ruminantlum 2388 32
Prevotella bryantii B14 Eubacterium pyruvovorans Isol 6 32
Anaerovibrio lipolytica 5S Ruminococcus flavefaciens Fdl 32
Mitsuokella multiacidus 46/5 Clostridium aminophilum 49906 64
Prevotella brevis GA33 Butyrivibrio fibrisolvens SHI 그 64
Prevotella ruminicola 23 Lachnospira multipara D15d 그 64
Selenomonas ruminantlum HD4 Ruminococcus flavefaciens 17 그 64
Selenomonas ruminantlum Z108 Streptococcus bovis ESI, C277 그 64
MIC5q-concentration at which growth decreased by 50%. From McKain et al. (2000).

composition of the mixed rumen epimural population.

ACKNOWLEDGEMENT

This work was supported by the Scottish Executive 
Rural Affairs Department.

REFERENCES

Allison, M. J, 1970. Nitrogen metabolism of ruminal 
micro-organisms., p. 456-473. In A.T.Phillipson (ed.), 
Physiology of Digestion and Metabolism in the 
Ruminant. Oriel Press Ltd., Newcastle.

Argyle, J. L. and R. L. Baldwin. 1989. Effects of amino 
acids and peptides on rumen microbial growth yields. J. 
Dairy Sci. 72: 2017-2027.

Atasoglu, C., C. Valdes, N. D. Walker, C. J. Newbold, and 
R. J. Wallace. 1998. De novo synthesis of amino acids 
by the ruminal bacteria Prevotella bryantii B14, 
Selenomonas ruminantlum HD4, and Streptococcus bovis 
ESI. Appl. Environ. Microbiol. 64:2836-2843.

Atasoglu, C., C. Valdes, C. J. Newbold, and R. J. Wallace. 
1999. Influence of peptides and amino acids on 
fermentation rate and de novo synthesis of amino acids 
by mixed rumen micro-organisms from the sheep rumen. 
Br. J. Nutr. 81:307-314.

Atasoglu, C. 2000. Regulation of amino acid and ammonia 
utilisation by ruminal microorganisms. Ph. D. The어s, 
University of Aberdeen.

Blackbum, T. H. 1965. Nitrogen metabolism in the rumen., 
p. 322-334. In R. W. Dougherty, R. S. Allen, W. 
Burroughs, N. L. Jacobson, and A. D. McGilliard (eds.), 
Physiology of digestion in the ruminant.

Brock, F. M., C. W. Forsberg, and J. G. Buchanan-Smith. 
1982. Proteolytic activity of rumen microorganisms and 
effects of proteinase inhibition. Appl. Environ. Microbiol. 
44:561-569.

Broderick, G. A., R. Onodera, and R. J. Wallace. 1991. 
Control of rate and extent of protein degradation, p. 
541-592. In T. Tsuda, Y. Sasaki, and R. Kawashima 

(eds.), Physiological aspects of digestion and metabolism 
in ruminants. Academic Press, Inc., San Diego.

Bryant, M. P. 1973. Nutritional requirements of the 
predominant rumen cellulolytic bacteria. Fed. Proc. 
32:1809-13.

Bryant, M. P. and I. M. Robinson. 1961. Apparent 
incorporation of ammonia and amino acid carbon during 
growth of selected species of ruminal bacteria. Appl. 
Microbiol. 9:96-103.

Bryant, M. P. and I. M. Robinson. 1963. Apparent 
incorporation of ammonia and amino acid carbon during 
growth of selected species of ruminal bacteria. J. Dairy 
Sci. 46:150-154.

Cairo, M. D., and E. L. Miller. 1999. Effect of 
supplementing a fibre basal diet with different nitrogen 
forms on ruminal fermentation and microbial growth in 
an in vitro semi-continuous culture systems (RUSITEC). 
Br. J. Nutr. 82:149-157.

Chen, G. and J. B. Russell. 1988. Fermentation of peptides 
and amino acids by a monensin-sensitive ruminal 
Peptostreptococcus. Appl. Environ. Microbiol. 54:2742- 
2749.

Chen, G. and J. B. Russell. 1989. More monensin-sensitive, 
ammonia-producing bacteria from the rumen. Appl. 
Environ. Microbiol. 55:1052-1057.

Cheng, K. -J. and J. W. Costerton. 1980. Adherent rumen 
bacteria - their role in the digestion of plant material, 
urea and epithelial cells., p. 227-250. In Y. Ruckebusch 
and P. Thivend (eds.), Digestive Physiology and 
Metabolism in Ruminants. MTP Press, Lancaster, 
England.

Cheng, K. -J., R. P. McCowan, and J. W. Costerton. 1979. 
Adherent epithelial bacteria in ruminants and their roles 
in digestive tract function. Am. J. Clin. Nutr. 
32:139-148.

Chikunya, S., C. J. Newb이d, L. M. Rode, X. B. Chen, and 
R. J. Wallace. 1996. Influence of dietary 
rumen-degradable protein on bacterial growth in the 
rumen of sheep receiving grass hay on the growth of 
rumen bacteria in vitro. Animal Feed Sci. Technol. 
63:333-340.



892 WALLACE ET AL.

Cotta, M. A. and J. B. Russell. 1982. Effect of peptides and 
amino acids on efficiency of rumen bacterial protein 
synthesis in continuous culture. J. Dairy Sci. 65:226-234.

Cruz Soto, R., S. A. Muhammed, C. J. Newbold, C. S. 
Stewart and R. J. Wallace. 1994. Influence of peptides, 
amino acids and urea on microbial activity in the rumen 
of sheep receiving grass hay and on the growth of 
rumen bacteria in vitro. Anim. Feed Sci. Technol. 49: 
151-161.

Debroas, D., N. Depardon, and G. Blanchart. 1998. Study of 
enzyme activities and physicochemical parameters during 
hydrolysis of soy peptides by Prevotella ruminicola. J. 
Sci. Food Agric. 78:453-460.

Depardon, N., D. Debroas, and G. Blanchart. 1996. 
Breakdown of peptides from a casein hydrolysate by 
rumen bacteria. Simultaneous study of enzyme activities 
and physicochemical parameters. Reprod. Nutr. Dev. 
36:457-466.

Dinsdale, D., K.-J. Cheng, R. J. Wallace, and R. A. 
Goodlad. 1980. Digestion of epithelial tissue of the 
rumen wall by adherent bacteria in infused and 
conventionally fed sheep. Appl. Environ. Microbiol. 
39:1059-1066.

Dixon, R. M. and S. Chanchai. 2000. Colonization of source 
of N substrates used by microorganisms digesting forages 
incubated in synthetic fibre bags in the rumen. Anim. 
Feed. Sci. Technol. 83:261-272.

Falconer, M. L. and R. J. Wallace. 1998. Variation in 
proteinase activities in the rumen. J. Appl. Microbiol. 
84:377-382.

Fernandez, M., E. Serrano, P. Frutos, F. J. Giraldez, A. R. 
Mantecon and J. R. Llach 1997. Efecto del aditivo 
CRINA HC sobre la actividad degradativa ruminal en la 
especie ovina [Effect of Crina HC supplement upon the 
rumen degradative activity in sheep]. ITEA 18 (Vol. 
Extra): 160-162.

Floret, F., L. C. Chaudhary, W. C. Ellis, S. El Hassan, N. 
McKain, C. J. Newbold, and R. J. Wallace. 1999. 
Influence of 1 - [(E)-2-(2-methyl-4-nitropheny l)diaz-1 -enyl] 
pyrrolidine-2-carboxylic acid and diphenyliodonium 
chloride on ruminal protein metabolism and ruminal 
microorganisms. Appl. Environ. Microbiol. 65:3258-3260.

Griswold, K. E., W. H. Hoover, T. K. Miller, and W. V. 
Thayne. 1996. Effect of form of nitrogen on growth of 
ruminal microbes in continuous culture. J. Anim Sci. 
74:483-491.

Hungate, R. E. 1966. The rumen and its microbes. Academic 
Press, New York and London.

Komisarcuk, S., M. Durand, P. Beaumatin, and G.
Hannequart. 1987. Utilisation de razote 15 pour la 
mesure de la proteosynthese microbienne dans les phases 
solide et liquide d'un fermenteur semi-continu (Rusitec). 
Reproduction, Nutrition, Developpement. 27:261-262.

Kopecny, J. and R. J. Wallace. 1982. Cellular location and 
some properties of proteolytic enzymes of rumen 
bacteria. Appl. Environ. Microbiol. 43, 1026-1033.

Leng, R. A. and J. V. Nolan. 1984. Nitrogen metabolism in 
the rumen. J. Dairy Sci. 67:1072-1089.

Ling, J. R. and I. P. Armstead. 1995. The in vitro uptake 
and metabolism of peptides and amino acids by five 
species of rumen bacteria. J. Appl. Bacteriol. 78:116-124.

MacRae, J. C., L. A. Bruce and F. Yu. 1999. The effect of 

flavomycin on gastrointestinal leucine metabolism and 
liveweight gain in lambs. Proceedings of the 9th 
International Symposium on Ruminant Physiology, 
Pretoria, South Africa.

Maeng, W. J. and R. L Baldwin. 1976. Factors influencing 
rumen microbial growth rates and yields: effect of amino 
acid additions to a puiified diet with nitrogen from urea. 
J. Dairy Sci. 59:648-655.

Maeng, W. J., C. J. Van Nevel, R. L. Baldwin, and J. G. 
Morris. 1976. Rumen microbial growth rates and yields: 
effects of amino acids and proteins. J. Dairy Sci. 
59:68-79.

McKain, N., J. Edwards, R. J. Wallace, S. Edwards, L. 
Bruce, B. J. Bequette, and J. C. MacRae. 2000. Effects 
of flavomycin in the gastrointestinal tract of sheep. 
Reproduction, Nutrition, Development 40:222.

McKain, N., R. J. Wallace, and N. D. Watt. 1992. Selective 
isolation of bacteria with dipeptidyl aminopeptidase type 
I activity from the sheep rumen. FEMS Microbiol. Lett. 
95:169-174.

Merry, R. J., A. B. McAllan, and R. H. Smith, 1990. In 
vitro continuous culture studies on the effect of nitrogen 
source on microbial growth and fibre digestion. Anim. 
Feed Sci. Technol. 31:55-64.

Morrison, M. and R. I. Mackie. 1996. Nitrogen metabolism 
by ruminal microorganisms: current understanding and 
future perspectives. Aust. J. Agric. Res. 47:227-246.

Navas-Camacho, A., M. A. Laredo, A. Cuesta, O. Ortega, 
and M. Romero. 1994. Evaluation of tropical trees with 
high or medium saponin content as dietary alternative to 
eliminate ciliate protozoa from the rumen. Proc. Soc. 
Nutr. Physiol. 3:204.

Newbold, C. J., F. M. McIntosh, R. J. Wallace, P. Williams, 
and J. D. Sutton. 1999. Effects of essential oils on 
ammonia production by rumen fluid in vitro. Book of 
Abstracts of VIII International Symposium on Protein 
Metabolism and Nutrition, p. 63.

Nugent, J. H. A. and J. L. Mangan. 1981. Characteristics of 
the rumen proteolysis of fraction I (18S) leaf protein 
from lucerne (Medicago sativa L). Br. J. Nutr. 46:39-58.

Oh, H. K., T. Sakai, M. B. Jones and W. M. Longhurst. 
1967. Effect of various essential oils isolated from 
Douglas fir needles upon sheep and deer rumen 
microbial activity. Applied Microbiology 15:777-784.

Prins, R. A., D. L. Van Rheenen and A. T. Van't Klooster. 
1983. Characterisation of microbial proteolytic enzymes 
in the rumen. Antonie van Leeuwenhoek 49:585-595.

Rieu, F., G. Fonty, B. Gaillard, and P. Gouet. 1990. 
Electron microscopy study of the bacteria adherent to the 
rumen wall in young conventional lambs. Can. J. 
Microbiol. 36:2:140-144,

Russell, J. B. and R. J. Wallace. 1997. Energy-yielding and 
energy-consuming reactions, p. 246-282. In P. N. Hobson 
and C. S. Stewart (eds.), Chapman & Hall, London.

Russell, J. B., H. J. Strobel, and G. Chen. 1988. Enrichment 
and isolation of a ruminal bacterium with a very high 
specific activity of ammonia production. Appl. Environ. 
Microbiol. 54:872-877.

Russell, J. B., R. Onodera, and T. Hino. 1991. Ruminal 
protein fermentation: new perspectives on previous 
contradictions, p. 681-697. In T. Tsuda, Y. Sasaki, and 
R. Kawashima (eds.), Physiological aspects of digestion



INCREASING RUMEN PROTEIN FLOW 893

and metabolism in ruminants. Academic Press, San 
Diego.

Schole, V. J., E. Szasz, J. Peters, J. Eikemeyer and E. 
SickeL 1994. The 'total anabolic activity' of the blood 
as a connecting link between the intestinal-flora theory 
and the intermediary action of growth promoters. J. 
Anim. Physiol. Anim. Nutr. 71:156-168.

Swick, R. A. 1996. Role of growth promotants in poultry 
and swine feed, http://www.pacweb.net.sg/asa/technical/ 
an04-1996.html. American Soybean Association.

Tan, Z. L., T. G. Nagaraja, and M. M. Chengappa. 1996. 
Fusobacterium necrophorum infections: virulence factors, 
pathogenic mechanism and control measures. Veterinary 
Research

Teferedegne, 
and C. 
different 
Sesbania 
Scottish sheep. Anim. Feed Sci. Technol. 78:11-20.

Theodorou, M. K., R. J. Merry, and H. Thomas. 1996. 
proteolysis in the rumen of grazing animals mediated 
plant enzymes? Br. J. Nutr. 75:507.

Wallace, R. J. 1983. Hydrolysis of 14C-labelled proteins 
rumen micro-organisms and by proteolytic enzymes 
prepared from rumen bacteria. Br. J. Nutr. 50:345-355.

Wallace, R. J. and N. McKain. 1989. Analysis of peptide 
metabolism by ruminal microorganisms. Appl. Environ. 
Microbiol. 55:372-2376.

Communications 20:113-140.
B., P. O. Osuji, A. A. Odenyo, R. J. Wallace, 
J. Newbold. 1999. Influence of foliage of 
accessions of the sub-tropical leguminous tree, 
sesban, on ruminal protozoa in Ethiopian and

Is 
by

by

Wallace, R. J. and N. McKain. 1991. A survey of peptidase 
activity in rumen bacteria. Journal of General

Microbiology. 137:2259-2264.
Wallace, R. J. and C. A. McPherson. 1987. Factors affecting 

the rate of breakdown of bacterial protein in rumen 
fluid. Br. J. Nutr. 58:313-323.

Wallace, R. J., N. McKain and C. J. Newbold. 1990. 
Metabolism of small peptides in rumen fluid. 
Accumulation of intermediates during hydrolysis of 
alanine oligomers, and comparison of peptidolytic 
activities of bacteria and protozoa. J.. Sci. Food Agric. 
50:191-199.

Wallace, R. J., R. Onodera, R. and M. A. Cotta. 1997. 
Metabolism of nitrogen-containing compounds. In: 
Hobson, P.N. and Stewart, C.S. (Eds). The rumen 
microbial ecosystem, 2nd edn. pp. 283-328. London: 
Chapman & Hall.

Wallace, R. J., C. Atasoglu, and C. J. Newbold. 1999. Role 
of peptides in rumen microbial metabolism. Asian-Aust. 
J. Anim. Sci.. 12:139-147.

Wetherall, J. A., D. G. Armstrong, H. J. Finlayson, and J. 
A. Rooke. 1995. Reduction of proteolysis during ensilage 
of perennial ryegrass by protease inhibitors. J. Sci. Food 
Agric. 68:497-505.

Williams, A. G. and G. S. Coleman . 1992. The rumen 
protozoa. Springer-Verlag, New York.

Zhu, W. Y., A. H. Kingston-Smith, D. Troncoso, R. J. 
Merry, D. R. Davies, G. Pichard, H. Thomas, and M. K. 
Theodorou. 1999. Evidence of a role for plant proteases 
in the degradation of herbage proteins in the rumen of 
grazing cattle. J. Dairy Sci. 82:2651-2658.

http://www.pacweb.net.sg/asa/technical/

