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ABSTRACT : The rumen microbial ecosystem is coming 
to be recognized as a rich alternative source of genes for 
industrially useful enzymes. Recent advances in biotech
nology are enabling development of novel strategies for 
effective delivery and enhancement of these gene products. 
One particularly promising avenue for industrial applic
ation of rumen enzymes is as feed supplements fbr non
ruminant and ruminant animal diets. Increasing competi
tion in the livestock industry has forced producers to cut 
costs by adopting new technologies aimed at increasing 
production efficiency. Cellulases, xylanases, B -ghic금nases, 
pectinases, and phytases have been shown to increase the 
efficiency of feedstuff utilization (e.g., degradation of 
cellulose, xySn and B -glucan) and to decrease pollutants 
(e.g., phytic 겨cid). These enzymes enhance the availability 
of feed components to the animal and eliminate some of 
their naturally occurring 금ntinutrition금 1 effects. In the 
past, the cost and inconvenience of enzyme production 

and delivery has hampered widespread application of this 
promising technology. Over the last decade, however, 
advances in recombinant DNA technology have 
significantly improved microbial production systems. 
Novel strategies fbr delivery and enhancement of genes 
and gene products from the rumen include expression of 
seed proteins, oleosin proteins in canola and transgenic 
animals secreting digestive enzymes from the pancreas. 
Thus, the biotechnological framework is in place to 
achieve substantial improvements in animal production 
through enzyme supplementaion. On the other hand, the 
rumen ecosystem provides ongoing enrichment and 
natural selection of microbes adapted to specific 
conditions, and represents a virtually untapped resource of 
novel products such as enzymes, detox ificants and 
antibiotics.
(Key Words : Rumen Microbes, Enzymes, Gene Source, 
Genetic Engineering, Detoxificants, Review)

INTRODUCTION

The global industrial enzyme market was estimated in 
1994 to be worth US$ 400 million per year (Hodgson,
1994).  This market was more recently valued at USS 1.4 
billion and was suggested to be increasing at 4 to 5% 
annually (Cowan, 1996). Enzymes such as cellulases, 
xylanases, proteases, lipases, amylases, phosphatases, and 
pectinases are widely used in the pulp and paper, textiles,
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detergent, food and beverage, and pharmaceutical 
industries. Industrial enzymes also have application in the 
livestock industry as feed additives. The potential of 
enzyme supplementation fbr improving the efficiency of 
feed utilization by non-ruminant livestock is widely 
recognized. The merits of using -glucanase in barley
based poultry diets and phytase in swine and poultry diets 
are well documented, and feeding these enzymes h그s 
become common practice in some areas of the world. 
Unlike non-ruminant animals, ruminants h근ve 금n exten
sive array of microbial enzymes produced in the rumen, 
금nd these enzymes play an important r이e in the ruminant 
digestive process. The most extensively studied enzyme 
systems of the rumen are those involved with the 
digestion of fibre and other associated or related plant cell 
wall polymers. Fibr이ytic activity in the rumen is 
estimated to be 10 times higher th겨n that in 그ny other 
known fermentation system. Notwithstanding this impres
sive array of endogenous enzymes, recent evidence 
suggests that enzyme supplementation c겨n 금Iso increase
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the production performance of ruminants (Feng et al., 
1992a, b; Beauchemin et al., 1995; Beauchemin and Rode, 
1996). However, the expense of production using 
traditional large-scale fermentations and downstream 
processing has prevented the widespread use of enzymes 
as livestock feed additives. Manufacturers and researchers 
have therefore sought more powerful enzymes and 
alternative systems for enzyme production and delivery. 
Recombinant DNA technology has recently enabled 
manufacturers to increase the volume and efficiency of 
enzyme production, and to create new products. 
Characteristics of the original source organism no longer 
dictates limits to commercial enzyme production. Genes 
encoding superior enzymes can be transferred from 
organisms such as anaerobic bacteria and fungi, typically 
impractical fbr industrial production, into well charac
terised industrial microbial production hosts (e.g., 
Aspergillus and Bacillus spp.). As well, these genes may 
be transferred to novel plant and animal expression 
systems. The rumen ecosystem also represents a virtually 
untapped resource for novel new products (e.g., anti
biotics, chemicals, detoxificants) and provides opportuni
ties to define the processes of nutrient degradation.

RUMINAL MICROBES AS A SOURCE OF 
ENZYMES FOR INDUSTRY

The rumen microbial population represents a rich and, 
until recently, underutilized source of novel enzymes with 
tremendous potential for industrial application. The 
enzyme activities confinned to exist in the rumen are 
divei'se, and include plant cell wall polymer-degrading 
enzymes (e.g., cellulases, xylanase, -glucanase, pec
tinase), amylases, proteases, phytases and specific plant 
toxin-degrading enzymes (e.g., tannases). The variety of 
enzymes present in the rumen arises not only from the 
diversity of the microbial community, but also from the 
multiplicity of specific enzymes produced by individual 
microbial species (Doemer 그nd White, 1990; Malburg and 
Forsberg, 1993; Flint et aL, 199과; Ali et aL, 1995; Yanke 
et aL, 1995).

Cellulases and xylanases
The rumen is increasingly being recognized as a 

promising source of superior fibrolytic enzymes. 
Cellulases and xylanases produced by ruminal fungi are 
among the most active fibrolytic enzymes described to 
date (Trinci et al., 1994), thus these anaerobic fungi and 
(or) their enzymes have sparked interest for a number of 
biotechnological applications. These include development 
of probiotics and as feed additives for silages and total 

mixed rations, fbr saccharification of lignocellulosic 
residues, and for production of polysaccharide-hydrolysing 
enzymes. Of note, specific activities of 6,000 and 3,500 
“mol xylose released/min/mg protein have been reported 
fbr xylanases from ruminal fungi (Gilbert et aL, 1992; and 
Li et al., 1996).

Rumen microbial enzymes could find ready applic
ation as feed enzymes, as the trend is growing in the non
ruminant livestock industry to supplement diets with 
glycanolytic enzymes. Amending rations with fibrolytic 
enzymes such as cellulase, xylanase and 0 -glucanases 
have been shown to increase the efficiency of feed 
conversion by non-mminant livestock. Enzymatic hydro
lysis of cellulose and xylan to simple sugars provides the 
non-mminant animal with carbon sources not normally 
made available by intestinal enzymes. Moreover, these 
degradative enzymes eliminate certain forms of the 
polymers (e.g., arabinoxylan in wheat and rye, and B - 
glucan in barley and oats) that may interfere with nutrient 
absorption and promote intestinal disturbances by 
pathogenic enteric microorganisms. Recent research 
suggests that fibrolytic enzyme supplementation can also 
dramatically increase the growth rate and(or) production 
performance of mm inants (Feng et al., 1992a, 1992b; 
Beauchemin et al., 1995; Beauchemin and Rode, 1996).

j9 -Glucanases
The prevalence of glycans in certain cereal grains 

confers some antinutritional properties on these feedstuffs. 
In barley and oats, a mixed-linkage (1—*3, 1—*4) 0 -D- 
glucan predominates in endosperm cell walls, whereas in 
wheat and rye, arabinoxylan is the major polysaccharide 
(Selvendran, 1983; Wood, 1986; Pettersson and Aman, 
1989). 0 -Glucan in barley and oats accounts for 3 to 5% 
of the kernel weight, and contains approximately 30% 
(1—>3) linkages and 70% (1—*4) linkages. Arabinoxylan 
in rye contains 그 2:1 xylan to arabinose ratio, and it 
constitutes up to 10% of this cereal grain by weight 
(Antoniou et 그L. 1981). These 이yeans increase digests 
viscosity and cause sticky feces in poultry. Furthermore, 
because the birds lack glycanase activity, the dietary 
energy in these glycans is lost to them. Sticky feces 
syndrome causes problems for poultry producers with 
respect to animal hygiene, fouling of eggs and promoting 
spread of enteric disturbances. Supplementary xylanases 
and B -glucanases are effective fbr counteracting 
increases in digesta viscosity and the problems associated 
with it (Edney et al., 1989； Pettersson and Aman, 1989; 
Bedford et al., 1992; Campbell and Bedford, 1992). B” 
Glucanases and fibrolytic enzymes can also be used to 
improve feed for non-mminant and ruminant animals (e.g., 
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silage for cattle) by converting a portion of the 
indigestible fibre into sugars, and they have potential 
application in such diverse industries as food processing 
and manu&cturing of chemicals, clothing, paper and 
deteigents. Ruminal fungal enzymes may be especially 
advantageous for industrial applications because of their 
high activity, extracellular location and overall stability, 
the mildness of their reaction conditions, and absence of 
substrate loss due to chemical modifications.

Phytase
In areas of the world where swine and poultry 

production is intensive, phosphorus excretion is becoming 
a major problem. Up to 90% of the phosphate in cereal 
and oilseed diet constituents occurs as phytate (Gra£ 
1986), which passes through tiie digestive tract intact 
Diets for po 니 try and swine must therefore be 
suppleme가ed with inorganic phcsphate, even though 
large amounts of phosphorus (as phytate) are excreted in 
the manure and contribute significantly to eutrophication 
of surface waters (Van Gorcom et al., 1995). Efforts to 
minimize this problem have focused on using enzyme 
feed additives (i.e., phytase) to liberate the phosphorus in 
phytate, and make it available to the non-ruminant animal. 
At present, commercially available phytase supplements 
are produced using genetically modified strains of the soil 
fungus Aspergillus niger. Three genes coding for phytases 
have been characterized from this organism (Ehrlick et al., 
1993; Piddington et al., 1993; Van Hartingsveldt et al., 
1993), and using the charac- terization information, 
phytase production has been increased by gene 
amplification and promoter substitution (Piddington et al., 
1993; Van Hartingsveldt et al., 1993; Van Gorcom et al.,
1995).

In contrast to non-ruminant animals, ruminants readily 
utilize the phosphorus in phytic acid. This ability is 
attributable to the phytase activity of the rumen microbial 
population which, although recognized for many years, 
has only recently become the fbcus of intensified study. 
Receit research in our laboratory at the Lethbridge 
Research Centre has been directed toward phytase 
production by a number of ruminal microbes. Seleno- 
monas ruminantium JY35 was identified as having the 
highest phytase activity of the 335 strains (representing 22 
species) studied. The phytase was purified from a 
recombinant Escherichia coll clone, and was found to 
have a specific activity four to eight times higher (400 to 
800 “mol phosphate released from phytate/min/mg 
protein) than the commercially available A. niger phytase. 
Although the process of phytate degradation has been 
thoroughly characterized, study of the genetics governing 

this process is relatively new. Whereas fibre degradation 
in the rumen is complex, and involves many enzymes, 
phytate degradation is considerably more simple, and can 
be conferred upon an organism by substitution of a single 
gene (Piddington et al., 1993; Van Hartingsveldt et aL, 
1993; Van Gorcom et al., 1995; our unpnblished 
observations). Techniques developed during research with 
fibrolytic genes and enzymes from the rumen may well 
prove easily transferable to applications with phytases.

RUMINAL MICROBES AS A SOURCE OF 
GENETIC MATERIAL FOR INDUSTRY

The cost of enzymes for enhancing livestock pro
duction performance can be reduced by selecting more 
effective expression and delivery systems. Improvements 
in this area require establishment of a larger battery of 
genes from which to choose. Ongoing study of the 
mechanisms of fibre digestion, the quest to find more 
efficacious enzymes for industrial purposes, and recent 
technological developments which now enable genetic 
manipulations of ruminal microorganisms previously not 
achievable, all have contributed to the growing number of 
genes from ruminal bacteria, protozoa and fungi which 
have been cloned and characterized.

At least 100 different genes, the majority of which 
encode enzymes involved in fibre degradation, have been 
cloned from ruminal microbes. Most of these have been 
isolated from a small group of bacterial species, including 
Ruminococcus albus, Ruminococcus flavefaciens, Fibro- 
bacter succinogenes, Butyrivibrio fibrisotvens, Prevotella 
ruminicola (for review, see Hespell, 1989; Forsberg et al., 
1993; Flint, 1994; Wallace, 1994), and Actinomyces (Min 
et al., 1994) and researchers have only recently turned to 
studying the genetics of anaerobic fungi and protozoa 
from the rumen.

The powerful fibrolytic activity of rumin키 fimgi and 
their ability to utilize plant cell wall polymers generally 
recalcitrant to bacterial degradation have motivated resear
chers to isolate almost 40 genes coding for fibrolytic 
enzymes from four fungal species. These include four 
cellulases (Xue et aL, 1992a, b; Zhou et al, 1994; 
Denman et al., 1996) and three xylanases (Gilbert et al., 
1992; Tamblyn Lee et al., 1993; Black et al., 1994; 
Selinger et al., 1995) from Neocallimastix patriciarum, 
four cellulases (Li et aL, 1996, 1997a, b; Liu et al., 1996) 
and a xylanase (Li et al., 1996) from Orpinomyces spp., 
eight cellulases, four xylanases and seven mannanases 
from Piromyces spp. (Ali et al., 1995; Fanutti et al., 1995; 
Millward-Sadler et al., 1996), and an endoglucanase 
(Fujino et al., 1995) and two xylanases (Durand et aL,
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1996) from Neocailimastix frontdis. To date, there have 
been no reports of genes cloned from anaerobic fungi 
belonging to the genera A naeromyces or Caecomyces, but 
this will likely change, as the search for novel genes 
continues. During construction and screening of cDNA 
libraries for Orpinomyces Jqyonii SG4 and Piromyces 
rhizinflata 2301 at the Lethbridge Research Centre, 229 
fibrolytic clones were recovered. Preliminary sequence 
analyses of clones from the O. joyonii SG4 library has 
revealed five novel cellulases (X. Qiu, A. Takenaka, L. B. 
Selinger and K.-J. Cheng, unpublished results).

Ruminal protozoa have received even less attention 
than the fungi. Although protozoa have been implicated in 
fibre digestion, there have been no reports in the literature 
regarding genes cloned from these organisms. Recently, 
however, four genes (encoding two cellulases and two 
xylanases) from Epidinium ecaudaium and Polyplastron, 
multivesiculatum were recently cloned and characterized 
as part of a collaborative research project between the 
Japanese National Institute of Animal Industry and the 
Lethbridge Research Centre (A. Takenaka, X. Qiu, L. B. 
Selinger and K. -J. Cheng, unpublished results). The 
genes were isolated from cDNA libraries of the two 
species, and analysis of the DNA sequences has identified 
5' regions encoding catalytic domains related most clos이y 
to enzymes produced by other ruminal microorganisms.

Genetically modified ruminal microbes
Manipulation of digestion in ruminants through 

genetic modification of ruminal bacteria is currently being 
investigated in many laboratories, and numerous review 
have been written on this subject. Strategies proposed for 
manipulating the bacteria include expression of 
heterologous genes encoding fibrolytic enzymes, artificial 
peptides, bacteriocins, detoxification agents and antipro
tozoal factors. In the past, the lack of functional gene 
transfer systems for anaerobic bacteria has impeded 
progress toward expression of foreign genes. However, 
conjugal and electroporation gene transfer systems have 
now been developed and refined for several prominent 
species of ruminal bacteria, including B. Jibrosolvens, 
Eubacterium cellulosolvens, P. ruminicola, R. al bus, 
Streptococcus bavis and S. ruminantium. Genetic transfer 
into a rumen bacterial species was first demonstrated by 
Teather (1985). The conjugal plasmid RP4 was 
transferred from Escherichia coli to B. fibrisolvens. 
Application, of gene transfer technologies to construction 
of recombinant anaerobic bacteria designed to modify the 
ruminal environment is illustrated in the following 
examples. Whitehead and Hespell (1989) cloned an 
endoxylanase gene from Bacteroides (now Prevotelld) 

rum inicola 23 and used the vector pVAL-1 to introduce it 
into Bacteroides fragilis and Bacteroides uniform is, 
dramatically increasing enzyme activity. Endoxylanase 
activities of the newly constructed xylanolytic strains 
were up to 50 times higher than the activity measured in 
the original B. rum 诅icola cultured on xylan (Whitehead 
and Hespell, 1990). The xylanase gene has since been 
integrated into the chromosomal chondroitin lyase II gene 
of Bacteroides theiaotaomicron for stable endoxylanase 
production in the absence of selective agents (Whitehead 
et al.t 1991). In B. thetaiotaomicron, the enzyme activity 
was 17 times higher than that in B. ruminicola 23, and 
remained stable in B. thetaiotaom icron over more than 60 
generations of growth in a carbon-limited chemostat 
culture. Introduction of the new strain into the rumen to 
increase xylan degradation was proposed, but it remains 
to be determined whether or not the modified B. 
thetoiotaomicron, which is not a naturally occurring 
species in the rumen, will persist in numbers high enough 
to substantially increase hem icellulose digestion. At the 
Lethbridge Research Centre, B. fibrisolvens has been 
selected as a host for heterologous gene expression. This 
species is an ubiquitous species native to the rumen, and 
as such is an ideal candidate for introducing novel genetic 
information into the ruminal environment. Introduction 
and expression of an amylase-encoding gene from S. 
bovis in B. fibrisolvens H17c was accomplished in our 
laboratory (Clark, 1994; Clark et al., 1992, 1995). The 
gene was cloned onto an E. coli/B. fibrisolvens shuttle 
vector, and the resulting construct (pUBLRSA) was 
introduced into B. fibrisolvens using electroporation. 
Expression of the S. bovis amylase was confirmed by 
zymogram analysis, and the amyl이ytic activity of B. 
fibrisolvens (pUBLRSA) grown with glucose as the sole 
carbon source was 2.5 times higher than that of wild type 
B. fibrisolvens H17c. This was the first reported 
expression of a foreign polymer-degrading enzyme in a 
bacterium indigenous to the rumen. Research directed 
toward constructing a more effective expression system 
and introducing addition겸I genes encoding fibrolytic 
enzymes into native niminal species is currently underway.

Genetically modified silage inoculants
Enzymes added to low soluble carbohydrate forages 

prior to ensiling to effect release of soluble sugars from 
plant cell walls can improve silage quality 겸nd livestock 
growth performance. The cost 겸nd inconvenience of 
adding these enzymes could be circumvented if the 
bacteria in standard silage inoculants were 겸Is。capable of 
producing the enzymes typically supplemented. To d교te, 
attempts to isolate microorganisms suita이e as inoculants 



88 CHENG ET AL.

and possessing desired enzyme activities have been 
unsucessf니. Recent research efforts have therefore been 
directed toward developing genetically engineered strains 
of lactobacilli which produce fibrolytic enzymes. 
Lactobacillus strains expressing heterologous cellulase and 
xylanase genes have been developed (Bates et aL, 1989; 
Scheiriinck et al., 1989, 1990; Baik and Pact, 1990) and 
have, in at least one case, exhibited competitive growth in 
silage (Sharp et aL, 1992). Those researchers also 
determined that the heterologous plasmid pM25 (a pSA3 
derivative containing a Clostridium thermocellum 
cellulase gene) was maintained at・ high levels by the 
rifampin-resistant host cells. Present as a chromosomally 
integrated element, it was maintained by 100% of host 
cells; as an autonomously replicating plasmid element, by 
85% of host cells. Although cellulase and xylanase genes 
have been introduced into L. plantarum (Bates et al., 
1989; Scheiriinck et 혀., 1989, 1990; Baik and Pact, 1990; 
Sharp et al., 1992), development of efficacious 
recombinant silage inoculants has been confounded by 
persistently low levels of heterologous gene expression 
(Hols et al., 1994; Ooosting et aL, 1995). Construction of 
hybrid genes, consisting of homologous expression
secretion signals fused with structural sequences of 
heterologous fibrolytic enzyme-encoding genes, may 
improve levels of gene expression. Hols et al. (1994) 
demonstrated the effectiveness of this technique by 
isolating promoter signal sequence regions from L. 
plantarum and using them to drive expression and 
secretion of foreign amylase and levanase genes in L. 
plantarum. Expression of the heterologous levanase 
enabled the modified L. plantarum is이ates to use inulin 
as a carbon source. Application of recently developed 
gene expression and integration technologies will expedite 
development of genetically modified Lactobacillus strains 
for use as silage inoculants.

Transgenic plants
Using plants as hosts fbr expression of enzymes for 

industrial use would provide an alternative,- more cost 
effective method of enzyme production 그nd, in many 
cases, delivery. The recent advances in plant bio
technology which make such a scheme feasible m그y well 
revolutionize the commercial enzyme industry. Large 
quantities of plant biomass can be produced inexpensively 
via existing agricultural infrastructure. Production of 
enzymes fbr animal feed by plant species commonly fed 
to livestock will greatly reduce requirements for 
downstream processing, packaging and delivery, as the 
whole or parts of the enzyme-producing plants can be fed 
directly to livestock. Phytase has been expressed in 

tobacco and soybean plants (Pen et al., 1993; Pen 1994; 
Russell, 1994), as well as a xylanase in tobacco plants 
(Herber et al., 1995). At the Lethbridge Research Centre, 
we are usin뭉 a plant expression system fbr production of 
superior fibrolytic enzymes from ruminal fungal isolates 
at costs significantly reduced over traditional fermentation. 
In collaboration with researchers from the University of 
Calgary, we have produced a gene fusion of oleosin (oil 
body membrane protein, Van Rooijen and Moloney, 1995) 
and N. patriciarum xylanase, and introduced it into canola 
via Agrobacierium-mediaiQd transformation (J. -H. Liu, M. 
M. Moloney and K. -J. Cheng, unpublished data). 
Xylanase activity has been detected in crude oil body 
protein preparations from the transgenic canola seeds. 
Yield of the N. patriciarum xylanase has yet to be 
detemiined, but yields of recombinant protein in excess of 
1% of total seed protein are computed to be possible with 
this system. We have 그Iso obtained positive results with 
expression of a g -glucanase gene from F. succinogenes 
in transgenic potato (L. M. Kawchuk, J. D. Armstrong 
and K. -J. Cheng, unpublished data), which attests further 
to the promise and versatility of plant expression systems 
fbr enzyme production. In addition to providing 그n 
efficient alternative to traditional microbial systems, 
transgenic plants offer the added advantage of a safe and 
stable storage and delivery system, in the form of the seed 
(Pen, 1994). Recombinant enzymes were found to be 
stable in seeds stored for up to one year at 4C or at 
room temperature (Pen et aL, 1993; Pen 1994; Van 
Rooijen and Moloney, 1995).

Transgenic animals
Technological developments enabling introduction of 

genetic material into domestic animals (Ward et 그］., 1989; 
Briskin et al., 1991)' provide validity of the concept of 
direct expression of microbial enzymes by the animal 
itself, rather than adding them to feed fbr livestock. To 
benefit the animal, heterologous expression must be 
targeted for the appropriate tissue, and the enzyme(s) 
must be secreted into the lumen of the gastrointestinal 
tract, resist degradation by proteases, 그nd exhibit activity 
in the prevailing environmental conditions (e.g., pH, 
temperature, osmolarity) of the digestive tract (Forsberg et 
al., 1993; Hall et al., 1993). Expression of fibrolytic 
enzymes in a non-ruminant animal was first demonstrated 
by Hall et 그I. (1993). A truncated endoglucanase E gene 
from C. thermocellum under the control of the el금stase I 
gene promoter w그s expressed in the exocrine pancreas of 
transgenic mice. Carboxymethycellul 그 se activity w그 s 
detected in small intestin 시 contents, demonstrating 
secretion of the recombinant en,me from the pancreas.
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In related studies, synthesis and secretion of a bacterial 
glucanase and a bacterial xylanase in Chinese hamster 
ovary cells has been demonstrated (Zhang et al., 1995) 
using an SV40 early enhancer/promoter and mouse amy- 
2.2 sign근］ peptide sequence. Weak but definite synthesis 
and secretion from an acinar pancreatic cell line has also 
been achieved, using the amylase gene promoter-enhancer 
sequence, as well as pancreatic expression of the 
glucanase in transgenic mice. Preliminary findings 
indicate that a major challenge of this research will be 
attainment of sufficiently high expression levels of the 
glycanase genes in pancreatic cells to effect significant 
hydrolysis of the glycans in the intestine. The. obvious 
potential of this method of enzyme delivery sparks 
continued research in this area.

RUMINAL MICROBES AS A SOURCE OF 
DETOXIFICANTS FOR INDUSTRY

Enzymatic detoxification
Many plants produce astringent or toxic secondary 

metabolites as a defence against predation by herbivores. 
Exposure of livestock to these compounds arises from 
weed infestation of pastures, contamination of feed, and 
inclusion of toxic plants in feed rations (Gregg, 1995). 
This exposure results in multimillion dollar annual losses 
to producers, manifested both as animal deaths and as 
cwnpromised growth performance. The most w거ely 
studied plant toxins include mimosin T-2 toxins, 
nitrotoxins, pyrrolizidine alkaloids, /rans-aconitate and 
tannins. These toxins reduce animal productive by 
reducing feed palalability, feed intake, enzyme activity, 
ruminal fermentation rates, nutrient availability and wool 
growth, or by inducing toxicosis (Hammond, 1995). In 
many areas of the world, indigenous ruminants have, 
evolved the ability to digest native plants that are toxic to 
non-ruminant animals (Jones, 1981; Allison et al., 1992). 
Often this ability can be traced to activities of the ruminal 
microbes, which convert toxic components to harmless or 
even beneficial compounds (Jones and Lowry, 1984; 
Gregg, 1995). Well documented examples of this 
phenomenon include resistance to Leucaena toxins by 
mm inants in Hawaii (Jones, 1981; Hammond, 1995) and 
ovine resistance to pyrrolizidine alkaloids (Hooper, 1978; 
Craig et al., 1992). Leucaena lecocephala is a legume 
grown in the tropics for a variety of uses, including feed 
for livestock. This plant produces mimosine, a non-proteic 
free amino acid which is toxic to non-ruminants and to 
ruminants in which ruminal degradation of mimosine 
itself or its degradation product, 3-hydroxy-4-( 1H)- 
pyridone (3,4-DHP) does not occur (Hammond, 1995).

Involvement of ruminal microorganisms in detoxification 
of mimosine was demonstrated by Jones and Lowry (1984) 
who transferred Leucaena tolerance to mimosine-sensitive 
Australian goats by infusing ruminal flu거 from -t이erant 
Indonesian goats. Resistance of sheep to the toxicity of 
Senecio Jacobaea (tansy ragwort) hepatotoxic pyrr이izidine 
alkaloids which affects cattle and horses, is also 
attributable to detoxification activity (i.e., hydrolytic 
transformations) carried out by ovine ruminal microbes 
(Hooper, 1978; Wachenheim et al., 1992). Identification 
of ruminal detoxifications of plant metabolites have 
prompted more detailed examinations of the bacteri근 

accomplishing the degradations. Enrichment and selection 
techniques have been utilized to isolate anaerobic bacteria 
able to degrade 3,4-DHP, tannins, /rans-aconitate and 
nitrotoxins. Characterization of the biochemical and 
genetic bases of plant toxin degradation by these microbes 
may Militate development of strategies involving toxin
degrading enzymes, or the genes encoding them, for 
improving livestock production.

Dissimilatory metal reduction
Microbes in nature can typically reduce 근 variety of 

metals in metab이ic processes not related to metal 
assimilation. Microbes that use metals as terminal electron 
acceptors, or that reduce metals in detoxification mech
anisms, exert an important influence on the geochemistry 
of ecosystems such as aquatic sediments, submerged soils 
and the terrestrial subsurfece. Recognition of the potential 
for exploiting microbial metal reduction fbr remediation 
of environments and waste streams contaminated with 
metals and certain organics is increasing. Until recently, 
metal reduction in sedimentary environments was 
generally considered to result primarily from non- 
enzymatic reactions, but it is now accepted that much of 
this reductive activity arises from enzym근tic processes 
attributable to microbes in anaerobic conditions (Lovley 
et aL, 1991). The intrinsic activities of dissimilatory metal- 
reducing microorganisms that use Fe3+, Mn", U어 or Se” 
as terminal electron acceptors can have a substantial 
impact upon the fete of these metals in aqu근tic sediments 
and groundwater. Dissimilatory reduction of U어, Se아, 

C£, Hg거, Tc7+, Vs*, Au과 and Ag1+ is 근 potential 
mechanism fbr removing these metals from contaminated 
environments or waste streams. Pure culture models fbr 
reduction of these metals have been developed, but 
substantive information about the microbes important in 
catalysis of metal reduction in the natural environment is 
lacking. Some microbial species employing anaerobic 
respiration are able to use as teiminal electron acceptors 
various metals (via reduction of ions), nitrate (via 
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denitrification and dissimilatory nitrate reduction), sulfate 
(reduction) and carbon (via methanogenesis). The concept 
of identifying and exploiting the microorganisms and (or) 
the enzymes involved in these processes fbr industrial 
purposes is intriguing. Although attempts to date to 
isolate or enrich ecosystems fbr suitable microbial candi
dates have not been successful (Lovley, 1992), the poten
tial for valuable research in 世is area of microbial manipu
lation, and the contributions that may be m겁de by the 
ruminal anaerobic population, remain to be investigated.

RUMINAL MICROBES AS A SOURCE OF 
USEFUL PRODUCTS FOR INDUSTRY

Microbes worldwide are used to produce hundreds of 
commercial products valued in the tens of billions of 
dollars annually (Steele and Stowers, 1991). Products 
manufactured through microbi이ogical means include, in 
addition to enzymes, chemicals (e.g., citric acid, ethanol, 
dextran), vitamins and amino 그cids (e.g., vitamin B12j L- 
lysine) and other phannaceuticals (e.g., antibiotics, insulin, 
steroid transformations). Products produced by naturally 
occurring microbes have tiie advantage of being con
sidered natural themselves and are therefore more easily 
approved fbr industrial applications than are those 
produced by genetically manipulated organisms. For this 
reason, selection of naturally occurring microorganisms 
for production purposes is favoured in many industries, 
and viable and efficient screening programs remain a 
necessity. The diversity of the microbial world holds 
much promise fbr new technologies to improve day-to- 
day operations. Over the past 40 to 50 years, the 
screening of industrially important microbes has evolved 
steadily. Increasingly, investigators are seeking out natural 
enrichments in the environment, such as thermal springs, 
glacier ice, or industrial waste-treatment facilities, where 
specialized populations of microbes proliferate under 
physical or chemieal selective pressures. These environ
ments provide ongoing enrichments and natural selection 
of organisms adapted to specific conditions. The rumen 
microbial ecosystem represents a wealth of microbial 
resources - cellular, enzymatic and genetic-with tremen
dous potential fbr exploitation in industrial applications. 
A vast array of potentially useful organisms probably still 
await discovery and(or) recognition of their applicability 
to particular challenges. The idea is enticing-and was 
stated succinctly by Perhrnn (1980) in the laws of applied 
microbiology that microbes are capable of any task.
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