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Exploiting Gastrointestinal Microbes for Livestock
and Industrial Development
- Review -
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ABSTRACT : Gastrointestinal tract of ruminants as well as. monogastric animals are colonised by a varety of
microorganisms including bacteria, fungi and protozoa. Gastrointestinal ecosystem, especially the rumen is emerging as an
important source for enrichment and natural selection of microbes adapted to specific conditions. Tt represents a virtually
untapped source of novel products (e.g. enzymes, antibiotics, bacteriocins, detoxificants and aromatic compounds) for
industrial and therapeutic applications. Several gasmointestinal bacteria and fungi implicated in detoxification of
anti-nutritional factors (ANFs) can be modified and manipulated into promising system for detoxifying feed stuffs and
enhancing fibre fermentation both naturally by adaptation or through genetic engineering techniques. Intestinal lactobacilli,
bifidobacteria and butyrivibrios are being thoroughly investigated and widely recommended as probiotics. Restriction
endonucleases and native plasmids, as stable vectors and efficient DNA delivery systems of ruminal and intestinal bacteria,
are increasingly recognised as promising tools for genetic manipulation and development of industrially useful recombinant
microbes. Enzymes can improve the nutrient availability from feed swiffs, lower feed costs and reduce release of wastes into
the environment. Characterization of genes encoding a variety of commercially important enzymes such as cellulases,
xylanases, f3-glucanases, pectinases, amylases and phytases will foster the development of more efficacious and viable
enzyme supplements and enzyme expression systems for enhancing livestock production. (Asian-Aust. J. Anim. Sci. 200L
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INTRODUCTION

Gastrointestinal tract of animals and the microbes
inhabiting it represents a remarkable symbiosis between
the microbes and host animal. The first section of
ruminant  gastrointestinal  tract, the rumen, 15 a
fermentation chamber filled with microorganisms that
are largely responsible for feed digestion (Gregg,
1995). These microbes (bacteria, fungi and protozoa)
are capable of carrying out an enormous range of
metabolic activity and their enzymes are generally
specific for individual compounds. However, it has
been found that prior exposure of the rumen bacteria
to dietary phytotoxins induces and increases the rate
of subsequent detoxification with the phenomenon
“adaptation” being a key factor. The ruminal microbes
provide an ecophysiological advantage to the host
aimal through supply of nutrients (energy from
volatile fatty acids, proteins from microbial cells and
B-vitamins synthesized by bacteria) from lignified
fibrous feeds which are low in protein and available
energy. Prior exposure of the ruminants to the feed
containing toxins can promote the proliferation of
ruminal microbes capable of tolerating or detoxifying
some of these compounds (Odenyo et al,1997). A
major challenge for biotechnology in animal nutrition
is to improve feed in developing countries
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(Cunningham, 1990). The GI ecosystem provides a
unique niche for ongoing enrichment and natural
selection of microbes adapted to specific conditions.
Fibrolytic ~enzymes, phosphatases, pectinases and
tannases from GI microbes are enzymes of choice in
pulp and paper, textile, detergent, food and beverage
and pharmaceutical industries. Fibrolytic enzymes have
applications in livestock industry as feed additives and
the potential of other enzymes in the prevention of
environmental pollution is well recognised (Cheng et
al.,1999). Application of molecular biology techniques
to rumen microbiology has made it possible to realise
some of its potential like cloning of genes from Gl
microbes in  E  coli, ecological analysis with
non-culturing methods and transmission, c¢olonization
and population of a particular species of organism
once it is released into the environment. This review
is focused on (i) biotransformation of potential
anti-nutritional factors present in forages and grasses,
(i) industrially important enzymes and miscellaneous
novel products identified from GI microbes and (iii)
the role of the microbial products in livestock nutrition
and health promotion. :

MICROBIAL DEGRADATION OF
ANTI-NUTRITIONAL FACTORS

Nutrition and toxicology are closely intertwined.
Many forage grasses and plants produce astringic or
toxic secondary metabolites such as tannins (in a wide
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range of plants), tryptamine alkaloids (in Phalaris
spp.), oxalates (in numerous grasses and legumes),
cyanogenic glycosides (in sorghum and sudan grasses),
photosensitising agents such as saponins (in various
grasses and legumes) and  fluorocacetates  (in
Gastrolobium and Oxylobium species) (McEvan 1964;
Aplin, 1967, Cheeke et al, 1988). These metabolites
are produced by the plants as defence against
predation by herbivores. Exposure of livestock to these
compounds arises from weed infestation of pastures,
contamination of feeds and inclusion of plants in feed
rations (Gregg, 1995). In fact toxin production may be
considered a successful evolutionary strategy for
adaptation to predation or a form of chemical warfare
practiced by a range of species as varied as insects,
frogs and plants (Rosenthal and Janzen, 1979). Upon
ingestion by animals the toxic compounds can interfere
with vital functions of gastrointestinal tract (such as
digestion, absorption and excretion) or systemic level
resulting in significant losses due to animal mortality,
morbidity and decreased growth performance. The
toxins may reduce animal productivity by reducing
intake of feed, palatability, enzyme activity of gut
flora, ruminal fermentation rates or by inducing
toxicosis (Kumar and Singh, 1984; Bae et al, 1993).
Alternatively the exposure to phytotoxins may induce
microbial synthesis of enzymes which detoxify them
(Rosenthal and Janzen, 1979; Majak et al, 1982).
Pregastric microbial detoxification of plant toxins in
ruminants renders them more flexible in diet choice
compared to non-ruminant herbivores. The protection
of ruminants from plant poisons by altering ruminal
microbial population has been demonstrated by Jones
and Megarrity (1986). The resistance to the feed
toxins was attributed to a phenomenon known as
‘Adaptation’ which involves different biochemical,
growth and molecular mechanisms or processes (Clark,
1984; Van der Meer et al, 1992). The adaptive
response of gastrointestinal microbes to a plant toxin
may also involve the induction of enzyme(s) involved
in detoxification process. In many cases degradative
pathways for a toxin involve a consortium or group of
microorganisms as the enzymes needed may not be
present in one organism. Several distinct strains of a
species may be present in the rumen though a single
species is capable of degrading a particular toxin
(Allison et al, 1992). Tannins, mimosine, saponins,
phytoestrogens, oxalates, fluoroacetates, nitrotoxins and
pymolizidine alkaloides etc. are some of the most
widely encountered and studied secondary plant
metabolites or phytotoxins with respect to livestock
nutrition. Detoxification of these compounds is mainly
a characteristic of ruminants.

Tannins . :
Tannins are naturally occurring water soluble
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polyphenols of varying molecular weight and are the
most abundant natural phenolic compounds with their
ability to precipitate proteins from solutions (Spencer
et al, 1988). Two forms of tannins namely condensed
tannins (proanthocyanadins) and hydrolysable tannins
(gallotannins, ellagitannins and teragallotannins) are
commonly found in a large array of higher plant
species of both herbaceous and woody types
(pteridophytes and  spermatophytes). Tannins can
accurnuiate in large amounts in particular organs or
tissues such as bark, root, wood, leaves and fruits
(Sanderson et al., 1975; Hoff and Singleton, 1977).
Various vegetables, fruits, tea and wines also contain
variable quantities of tannins (Deshpande et al.,, 1984,
Salunkhe et al., 1989). '

When food tannins .are ingested initial contact is
with the gastrointestinal tract which is the most active
metabolic site in body (Chung, 1996). Adverse effects
of tannins include inhibition of growth of many
gastrointestinal microbes through various mechanisms.
Gupta et al. (1977) have correlated the tannins directly

with reduction in body weight and changes in
intestine, liver, spleen and kidney of ruminants.
Tannins may bind to proteins and may form

complexes with digestive enzymes (Kumar and Singh,

1984), may cause reduction in milk vyield and
production of tainted eggs in poultry (Blair and
Richart, 1984; Kozlowska et al., 1990). Condensed

tannins {CTs) reduce digestibility of protein and
carbohydrates in the rumen and may form
tannin-protein complexes that are stable in the pH
range of 3.5 to 7.0 (Mangan, 1988). They thus reduce
the digestibility of forage by protecting them from
ruminal microbial fermentation. CTs may also form
indigestible complexes with cell wall carbohydrates,
including cellulose and hemicellulose (Reed, 1995).
Some tannins are recalcitrant to biodegradation and
inhibit the growth of some ruminal bacteria (Field and
Lettinga, 1987, 1992). Bae et al. (1993) showed that
CTs from birdsfoot trefoil (Lotus corniculatus) were
inhibitory  towards  endoglucanase  activity  of
Fibrobacter succinogenes S$85 in the rumen. CTs of
sainfoin (Onobrychus viciifolia) bind to the cell coat
polymers and inhibit the associated proteolytic activty

in ruminal bacteria, Butyrivibrio fibrisolvens and
Streptococcus bovis by 48% and 52% respectively
(Jones et al, 1994). Very limited information is

available on inhibitory effects of tannins on human
intestinal bacteria. Chung et al. (1998) found tannic
acid  inhibitory towards human  gastrointestinal
microflora namely Bacteroides fragilis ATCC25285,
Clostridium clostridiforme ATCC25537, C.
perferengenes ATCC 13124, C. paraputrificum ATCC
25780, Escherichia coli ATCC25922, Enterobactor
cloacae ATCC 13047, Salmonella typhimurium TA99
and S.  fphimurium YG  1041.  Lactobacillus
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acidophilus and Bifidobacterium infestans were not
inhibited by tannic acid.

Despite the antimicrobial properties many fungi,
bacteria and yeasts are quite resistant to tannins and
are able to grow and flourish on them (Deschamps,
1989). Some molds develop easily on tannin rich
woods or on surface of liquids of tannery pits and
tannery wastes (Rajakumar and Nandy, 1983). A
number of gastrointestinal microorganisms that degrade
tannin-protein  complex have been reported from
adapted domesticated and feral animals. These

microorganisms play an important role in deriving

dietary proteins  from  tannin-rich  foliage as
demonstrated in koalas (Osawa, 1992). Lonepinella
koalarum. gen. nmnov, a tannin-protein complex

degrading bacterium representing as much as 60% of
the fecal flora has been isolated from koalas, which
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microbes play important role in deriving dietary
proteins from tannin rich foliage as demonstrated in
koalas (QOsawa, 1992). There are numerous ruminal
microorganisms capable of degrading hydrolysable
tannins (Nelson et al., 1995; Skene and Brooker, 1995;
Bhat et al., 1998). Tannin degrading Lactobacillus spp.
from human intestine and fermented foods have been
reported recently (Osawa et al,, 2000). Table 1 shows
various  gastrointestinal  microflora  involved in
biotransformation of potential ANFs.

Toxic non-protein amino acids

Ruminant as well as non-ruminant livestock suffer
toxicity caused by non-protein amino acids present in
the seeds and leaves of some agronomically important
legumes. Leucaena leucocephala, is a tropical, rapidly
growing, drought resistant and - high yielding forage

feed on tannin rich Eucalyptus spp. (Osawa et al,

1995). The

tannin-protein  complex

degrading Gl

legume. It is a rich source of proteins,

8 -carotenes

and minerals to animals (Akbar and Gupta, 1985). Its

Table 1. Gastrointestinal microbes involved in detoxification of antinutritional plant secondary metabolites

Organisms Host/habitat Substrate References

Aspergillus niger Bovine intestine Tannic acid Bhat et al.,, 1996
Butyrivibrio fibrisolvens Bovine rumen Fluorcacetate Gregg et al, 1994, 1998
(Genetically modified)

Clostridia Rumen nitrotoxins Angermaier and Simon, 1983
Clostridium sp. Sheep rumen mimosine and 3, 4 DHP Dominguezz-Bello and

Cl. thermoaceticum
Denitrobacterium
detoxificans gen. nov.,
Sp. nov

Enterobacterium agglomerans

Enterococcus faecalis
Eubacterium oxidoreducens
Sp. nov.

Eubacterium ramulus
Lactobacillus spp.
Lonepinella koalarum
Mitsuokella multiacidus
gen. nov., sp. nov.
Oxalobacter formigenes
Peptococcus heliotrine-
reducens sp. nov.
Prevotella ruminicola
Selenomonas spp.

Selenomonas ruminantium
Selenomonas ruminantium
Sterptococcus caprinus
Sp. TIOV.

Streptococcus gallolyticus
Streptococus sp.
Synergistes jonesii
Treponema sp.

Horse manure
Bovine rumen

Koala caecum
Human faeces
Koala intestine

Human faeces
Human intestine
Koala caecum
Bovine rumen

Rumen and intestine
Sheep rumen

Bovine and sheep rumen
Antelope, bovine and
sheep rumen

Bovine rumen

Bovine rumen

Feral goat rumen

Bovine rumen

Koalas caecum

Goat rumen

Bovine and ovine rumen

Stewart, 1991.

Oxalates Daniel and Drake, 1993
Nitrotoxins Anderson et al.,, 2000
Tannins Osawa, 1992

Oxalates Hokama et al., 2000
Tannins Krumholz and Bryant, 1986
Flavonoids Schneider and Blaut, 2000
Tannins Osawa et al,, 2000

Tannins Osawa et al.,, 1995

Phytate Yanke et al.,, 1998
Oxalates Allison et al., 1985

Pymolizidine alkaloids

Russel and Smith, 1968,
Lenigan, 1976

Phytate Yanke et al., 1998

Tannins Odenyo and Osuji, 1998
Phytate Yanke et al., 1998, 1999
Tannins Skene and Brooker, 1995
Tannins Brooker et al.,, 1994

Gallic acid

Osawa et al., 1995

Tannins Osawa and Sly, 1992
Miosine Allison et al., 1992
Phytate Yanke et al., 1998
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use in human diet (Van Veen, 1973} and as forage
(NRC,1984) is restricted due to the presence of a free
amino acid, the mimosine (8 -N-3-hydroxy-4-oxo-
pyridyl- @ -amino-propionic  acidy which  undergoes
autolysis by leaf enzymes duning ingestion and
mastication ( Hegarty et al, 1976; Lowry et al., 1983)
or is hydrolyzed by rumen bacteria to a goitrogenic
toxin  pyridinediol,  3-hydroxy-4-(1H)-pyridone  or
3,4-DHP (figure 1). Biochemical mode of action of
mimosine is not very clear. Hegarty (1978) suggested
that it may act as amino acid antagonist and may
complex with metals like zinc and copper. Under
physiological conditions mimosine binds to zinc and
copper more strongly compared to most amino acids
(Stunzi et al, 1979). Mimosine acts as cell-specific
antagonist of folate metabolism (Oppenheim et al,
2000). Treatment of mammalian cells with mimosine
have been found generating DNA breaks (Mikhailov et
al., 2000), Level of leucaena meal at about 5-10% of
diet for swine, poultry and rabbits generally results in
poor animal performance. Animals exhibit symptoms of
alopecia, eye cataracts and reproductive problems.
Ruminants grazing on leucaena may show various
symptoms such as poor growth, alopecia, swollen and
raw coronets above the hooves, lameness, mouth and
oesophageal lesions, depressed serum thyroxine levels
and goiter.

Some ruminants such as Hawaii and Indonesian
cattle and goats can consume leucaena with impunity
and the tolerance was correlated to the presence or
absence of ruminal microbes capable of degrading
3,4-DHP (Jones, 1981). It was demonstrated that
transfer of ruminal fluid from animals in Hawaii and
Indonesia to mimosine sensitive Australian cattle
resulted in complete elimination of mimosine toxicity
(Jones and Lowry, 1984; Meggarity and Jones, 1986).
Synergistes jonesii 78-1, a ruminal bacterial species
capable of degrading the toxic pyridinediols has been
isolated from the adapted Hawaiian goats (Allison et
al., 1992). This unique anaerobic ruminal bacterium is
excreted in faeces and is spread among animals via

dust in cattle yards and in areas of animal
0 0]
I I
OH _~OH OH
- - 4
N“H N \N N OH
|| I
H.C —C— COOH H
NH;
Mimosine 3, 4-DHP 2, 3-DHP

Figure 1. Ruminal metabolism of mimosine
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concentrations (Jones, 1994). Ruminal Clostridium spp.
have also been found capable of degrading mimosine
and 3,4-DHP (Dominguezz-Bello and Stewart, 1991).
Presumably these organisms have evolved in the areas
where leucaena is native.

Many other forage trees and shrubs contain toxic
amino acids which induce toxicity in susceptible
animals, Canavanine found in jack bean (Canavaliaeusi
formis} seeds are toxic to non-ruminants whereas
ruminants are not affected as canavanine s
metabolized by sheep rumen bacteria (Dominguez-
Bellow and Stewart, 1990). Indigafera spictata is a
potential tropical leguminous forage crop having soil
improving properties. It contains an unusual amino
acid, indospicine which inhibits -arginine incorporation
in tissue proteins causing hepatic necrosis in cattle and
sheep consuming this forage. Horses consuming
Indigofera suffer severely from a neurological disorder
called *Birdville horse disease’ (Morton, 1989). The
flat pea (Lathyrus sylvestris), a perennial legume
forage contains toxic amino acids including
diaminobutyric acid (DABA) and other lathyrogens
such as oxalyl diaminopropionic acid (ODAP). While
flatpea hay is toxic to sheep (Rowe et al, 1993),
other animals also exhibit variable susceptibility to flat
pea. Rasmussen et al. (1993) have found evidence for
detoxification of toxic amino acid by ruminal microbes
and ruminal adaptation to flatpea in the diet.

Saponins

Saponins are glycosidic compounds composed of
steroids (Czy) (Mahato et al, 1982) or triterpenoid
(Cx) (Kulshreshtha et al, 1992) sapogenin nucleus
with one or more carbohydrate branch. Various plants
of economic importance like leguminous forage and a
variety of human feed stuffs contain various saponins

(Oakenfull and Sidhu, 1989; Price et al, 1987).
Saponins are often implicated in rumen bloat
(Mathison et al, 1999) and may affect rumen

fermentation. Lu and Jorgenson (1987) and Klita et al.
(1996) reported reduction in ruminal protozoal
population and reduced amount of microbial protein
flowing to small intestine and decreased apparent
digestibility of diet when alfalfa saponins were
administered to sheep. They atributed antiprotozoal
effect to the reaction of saponins with cholesterol in
the protozoal cell membrane, causing the lysis of
protozoa. Steroidal saponins from Yucca schidigera
inhibited cellulolytic ruminal bacteria and fungi, but
their effects towards amylolytic bacteria were species
dependent and similar to the effects of ionophores
(Wang et al, 2000). However, bacteria were tolerant
to saponins as their cell wall does not contain
cholesterol. Saponins may influence nutrient digestion
and absorption by interacting with cell membranes,
causing permeability changes or the loss of activity of



GI MICROBES AND THEIR APPLICATIONS

membrane bound enzymes (Oleszek: et al., 1994).
Southon et al. (1988) found inhibition of iron
absorption by dietary saponins. Saponins act as
inhibitors of smooth muscles activity
profound effects on animals. Alfalfa (Medicago sativa)
saponins can completely inhibit rumen and reticular
contractions (Klita et al., 1996). Studies with ruminants
suggest that some ruminal microfiora are capable of
metabolizing saponins (Gutierrez et al., 1958; Gutierrez
and Davis, 1962; Lu and Jorgenson, 1987). Mathison
et al. (1999) confirmed extensive metabolism of
saponins in sheep. However, no information on actual

digestibility or whole animal digestibility of saponins.

is available (Mathison et al, 1999). Moreover,
information is lacking on the involvement of a
particular ruminal or intestinal microorganism in

metabolism of saponins and the end products formed.

Phytoestrogens (Isoflavones and coumestans)

Pasture species such as subterranean clover
(Trifolium subterran) widely sown as sheep pasture,
red clover (Trifolium pretense) and alfalfa (Medicago
sgtivg) contain various estrogenic compounds in the
form of water soluble glycosides. Most of the
leguminous plants have been r1eported to contain
phytoestrogens and their content varies depending upon
a number of factors Alfalfa contains little phytoestro-
gens unless it is suffering from foliar disease. Plants
with genetic resistance to attack by aphids and fungal
pathogens suffer less damage and therefore are less
estrogenic (Loper et al, 1967). Medicago spp. can
produce coumestrol or d4-methoxy coumestrol if
infected with fungal pathogens. Subterranean clover
may contain as much as 5% dry weight of estrogenic
isoflavones including genistein, formononetin and
biochanin A (figure 2). Soybean (Glycine sp.) preducts
may contain up to 0.25% isoflavones mainly genistein,
daidzein, glycetin and coumestrol. Various leguminous
and non-leguminous forages are also found to have
various amounts of these compounds (Kaur et al,
1999). Kaur and co-workers found high content of
daidzein, genistein, coumestrol and biochanin A in
sprouting gram.

Phytoestrogens have structure similar to that of
endogenous estrogen and they have a similar
interaction with the nuclear estrogen receptors in
different tissues (Rosenblum et al., 1993, Whitten et
al., 1995). The most important estrogenic compounds
in legumes are isoflavones and coumestans. Estrogenic
compounds of clovers are usually isoflavones while
alfalfa contain coumestans which apparently resemble
estradiol. Phytoestrogens mimic the action of estradiol
though their actions are not identical. Phytoestrogens
are also found to have antiestrogenic activities. Folman
and Pope (1966) indicated that phytoestrogens compete
with endogenous steroids so that the balance between

and have’

571

estrogen and estrogenic activity is determined by the
ratio of phytoestrogens to estrogens. This may explain
why estrogenic effects may predominate in sheep, but
antiestrogenic effects are mainly reported in humans,
in  which circulatory concentrations of estradiol
estrogens are relatively high (Adlercreutz et al., 1991).
Laboratory animals fed soy based diets exhibited
estrogenic effects (Sharma et al., 1992). Phytoestrogens
have little effect on male ruminants, The coumestans
are more estrogenic compared to isoflavones as the
later are readily hydrolyzed by plant enzymes or
rurninal microbes (Beck, 1964). The metabolism of
isoflavones in sheep has been extensively reported
(Cox and Davies, 1988; Price and Fenwick, 1985).
However, ruminal metabolism™ of isoflavones in other
species has been suggested to be qualitatively similar
to that in sheép (Adams, 1989). Ruminal metabolism
of isoflavones may result in both the activation of
compounds that are intrinsically estrogenic and the
bioactivation of others. Biochanin A is demethylated to
genistein  and non-estrogenic  p-ethyl phenol and
organic acid (Batterham et al.,, 1965, Braden et al,
1967). There is conclusive evidence that the gut flora
play a crucial role in the metabolism of phytocestro-

gens with the parent compounds and bacterial
metabolites  having  different  biological activities
(Rowland et al., 1999).
Oxalates

Plants of Oxalidaceae and Chenopodiaceae familes
and various tropical grasses such as bufflegrass
(Cenchrus ciliaris), pangolagrass (Digitaria decumbens),
setaria  (Setaria  sphacelata) and  kikuyu grass

(Pennisetum clandestenum) contain soluble oxalates
(oxalic acid, potassium oxalate, calcium oxalate and
sodium oxalate} in sufficient concentration to induce
calcium deficiency in grazing animals (Cheeke, 1998).
Oxalates react with calcium to produce insoluble
calcium oxalate, reducing its absorption (figure 3).
This leads to disturbance in the absorbed Ca:P ratio,
resulting in mobilization of bone minerals to alleviate
the hypocalcaemia. Prolonged mobilization of bone
minerals in horses may induce or result in nutritional
secondary hyperparathyroidistn (NSHP) or osteodystro-
phy fibrosa (Blaney et al., 1982; McKenzie et al,
1981), Interstitial concentrations of oxalate ions
damage capillaries in lungs and tubular epithelial cells
of kidneys. Characteristic crystals of calcium oxalate
precipitate in lamina of nephrons (Allison and Reddy,
1984). Oxalate-induced death of renal epithelial cells
exhibits several features of characteristic of apoptotic
cell death, including increased production of ceramide,
abundance of apoptotic bodies, and marked sensitivity
to the level of expression of apoptotic gene bcl-2
(Miller et al., 2000).

Cattle and sheep are less affected because of
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Figure 2. Ruminal metaolism of isoflavones (Biochanin A, genistein, and daidzein). The major metabolic
pathway of formononetin is via daidzein to equol, rather than via o-methyl equol and to desmethyl anglonensin.

degradation of dietary oxalates in rumen. Ruminants
adapted to diet containing oxalates are resistant (o
high levels of oxalates whereas the non-adapted
animals suffer acute oxalate toxicity (Allison and
Reddy, 1984). Acquired tolerance to oxalate toxicity is
attributed to the increased population of organisms that
metabolise oxalate in the rumen (Dawson et al., 1980).
Bacteria that use oxalate as a carbon and energy
source have been isolated from many environments
including the gastrointestinal tract of animals. The only
organism capable of degrading dietary oxalate has
been isolated from the rumen of sheep is Oxalobacter
formigenes (Allison et al., 1985; Dawson et al,, 1980).
This bacterium is of great economic importance
because its population in the rumen of sheep has been
found to increase dramatically when sheep are slowly
fed increasing levels of oxalate (Allison et al, 1977;

Dawson et al, 1980). O. formigenes tequires oxalate
only as source of energy for growth and catabolises it
to CO, and formate in approximately !:1 ratio (Baetz
and Allison, 1989). This organism also appears to be
present in  caecal and rectal contents of
simple-stomached animals (Allison et al., 1981).
Clostridium thermoaceticum originally isolated from
horse manure (Daniel and Drake, 1993), has also been
implicated in metabolismm of oxalate and glyoxylate to
form acetate.

Fluoroaceate

A somewhat enigmatic example of the role of
selection in microbial detoxification is provided by
flucroacetate.  Fluoroacetate occurs in  leguminous
shrubby browse plants including various species of
Acacia, Gastrolobium and Oxylobium and renders them
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poisonous by accumulating within leaves, stems and
seeds (McEwan, 1964; Aplin, 1967 ). Fluorcacetate is
a very potent toxin inhibiting tricarboxylic ac¢id (TCA)
cycle. Fluoroacetate can substitute for acetate and be
converied into fluorocitrate in the first step of TCA
cycle. Fluorocitrate acts as competitive inhibitor of
aconitate hydratase and blocks TCA at the citrate
stage. This results in the accumulation of citrate in the
tissues, energy deprivation of the cells and their death

(Twigg and King, 1991). Fluorcacetate may also
impair  citrate  transport  through  mitochondrial
membrane. The domestic animals exhibits variable

sensitivity to fluoroacetate poisoning. While some of
the native animals in Western Australia are able to
consume plant materials of this type without ill effects
(Oliver et al., 1979; Mcllory, 1984; Twig et al,
1988), the others suffer fatal fluoroacetate poisoning
(Seawright, 1982; McCosker, 1989). Canines are highly
sensitive, while birds are more tolerant than mammals.
The emu is especially resistant to fluoroacetate
poisoning (Twigg et al, 1988). Because of its
economic importance in livestock production and lack
of naturally occuring gastreintestinal microflora that
could degrade fluoroacetate, ruminal bacteria were
genetically engineered for this purpose (Gregg et al,
1994). The genes encoding fluoroacetate-dehalogenase
(H1), were isolated from Moraxella sp. strain B and

the plasmid containing a gene for hydrolytic
dehalogenation of  fluoroacetate  introduced  into
Butyrivibrio  fibrisolvens OB156. The recombinant

plasmid was found stably maintained in this strain in
vitro, and the bacterium was maintained in measurable
numbers following the inoculation into the rumen of
sheep. Markedly reduced toxicological symptoms were
exhibited by sheep inoculated with these recombinant
strains (Gregg et al., 1998).

Aliphatic nitro compounds

Various aliphatic compounds containing nitrate

Oy.,OH Oy.,0K 0\\T,0Na 0§C/o\
T T | Ca

Cc_/
OéC\OH Oé:\OH OéC\ONa Oé \O

Oxalic  Acid potassum  Sodium Calcium
acid oxalate oxalate oxalate
Oy.~OH
‘f —————» CO;+ HCOOH
¢C Ruminal microbes
0” “OH Formic acid
Oxalic
acid

Figure 3. Plant oxalates and their ruminal metabolism
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moiety (nitrotoxins), e.g. 3-nitro-1-propionic  acid
(NPA) and 3-nitro-1-propanol = (NPOH) found in

Astragalus spp. (Fabaceae) are responsible for
poisoning of thousands of sheep and catile every year
(Williams and Bameby, 1977a,b; Williams et al.,
1979). More than 450 plant species are found to
contain either NPA or NPOH (Williams and Barneby,
1977a,b). Several plants of agricultural. importance
including the genera Coronilla, Indigofera -and Lotus
(Majak and Pass,1989), contain varying amounts of
NPA. The nitro componds in Astragalus spp. are of
highest significance to livestock. Nitro-containing
glucosides may cause ‘cocoism’ or may accumulate
toxic levels of selenium. Both acute and chronic
toxicity (often refered to as Craker heels) occur in
livestock that' consume Astragalus -spp. containing
glycosides. When absorbed into the blood stream, NPA
inhibits succinate dehydrogenase and while not toxic
per se, NPOH is converted to NPA by hepatic alcohol
dehydrogenase (Majak and Pass, 1989). The nitro
compound toxicity is associated with development of
methaemoglobinemia which occurs when haemoglobin
is oxidized by nitrite released from the absorbed
nitrotoxins. Methaemoglobin is incapable of carrying
oxygen. NPA and NPOH also appear to be inhibitory
to some of ruminal microbes at concentrations 4.2 mM
occurring in the rumen of animals grazing nitrotoxin
enriched pasture plants (Anderson et al.,, 1993).

Some ruminants can tolerate higher concentrations
of nitrotoxins whereas monogastrics are susceptible to
nitrotoxin poisoning. Nitrotoxin degrading ruminal
microbes rapidly adapt to nitro compounds in the diet
with enhanced detoxification rates (Majak et al., 1982;
Anderson et al, 1993). However, the degree of
poisoning depends on the level of intake of toxins and
their rate of metabolism in the rumen. Observations
clearly demonstrate that rumen environment can be
manipulated to enhance microbial detoxification of
NPOH (Majak and Cheng, 1983; Majak et al., 1982).
Since NPA is degraded more rapidly than NPOH in
the rumen (Gustine et al.,, 1977, Anderson et al,
1993), the former is less toxic to the animal. The
primary pathway of metabolism of NPA and NPOH
by ruminal microorganism from cattle and sheep was
the reduction of nitro group in the toxins and the
conversion to  f-alanine and  3-amino-1-propanol,
respectively (Anderson et al., 1993). In view of the
economic importance of forage containing nitrotoxins,
practical strategies are being developed to enhance
their detoxification by ruminal microorganisms. By
supplementing the microbial suspensions with ferrous
and sulfide ions, active microbial preparations against
these toxins were obtained (Anderson et al., 1993).
Their investigations on the microbial metabolism of
NPOH and NPA have shown that ferrous and sulfide
ions stimulate, while CO reduces the rate .of reduction
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of NPOH but not NPA. This effect of ferrous and
sulfide ions on NPOH metabolism was further
enhanced when the incubations were done under Ho,
suggesting  that NPOH-degrading  bacteria  like
Clostridia, may use a non specific hydrogenase-
ferredoxin system to reduce NPOH (Angermaier and
Simon, 1983). A bacterium capable of metabolizing
the naturally occurring nitrotoxins NPOH and NPA
was isolated from a ruminal population enriched for
enhanced nitrotoxin  metabolism (Anderson et al.,
1996). Rates of rminal metabolism of both the
nitrotoxins are enhanced when anjmals are fed
sublethal amounts of milkvetch forage (A. miser var.
serotinus) or a non-toxic analogue (Majak, 1992).

Pyrrolizidine alkaloids

The plants belonging to Families Boraginaceae,
Compositae and Leguminaceae contain hepatotoxic
pyrrolizidine  alkaleids (PAs). Senecio, Crotolaria,
Heliotropium, Amsinckia and  Echium are the
ubiquitously distributed genera which contain PAs as
principal toxins. S. brasliensis is most often implicated
in PAs poisoning (Lombardo de Barros et al, 1992).
Most of the PAs are esters of bases retronecine and
heljotridine and are hepatotoxic in nature (figure 4).
Hundreds of the PAs have been identified and their
structures  determined (Mattocks, 1986). The toxic
effects of PAs are due to their bioactivation in liver
to chemically reactive metabolites called pyrroles or
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dihydropyrrolizidine (DHP) derivatives (Bull et al.,
1968} or trans-4-hydroxy-2-hexenal by the liver (Segall
et al., 1985). Pyrroles are highly reactive alkylating

agents that bind with vital cellular components
including DNA.
The domestic livestock species exhibit variable

susceptibilities to PA toxicity. Grazing animals like
cattle and horses are equally susceptible to PA
poisoning whereas browsing livestock like sheep and
goat appear quite tesistant (Sharrow and Mosher, 1982;
Cheeke, 1988). Although it is not entirely clear what
specific  host factors confer resistance  andfor
susceptibility, evidence suggests that preliminary
protective mechanism {n vive is localized in the
anaerobic tuminal microflora (Craig et al., 1985).
Rabbits and guinea pigs are resistant to effects of
dietary PAs (Cheeke, 1988). A ruminal bacterium
Peptococcus  heliotrinereducens, isolated from sheep
rumen metabolizes PA, heliotrine to non-toxic ¢
-hydroxy-1- ¢ -methylene 8- a -pyrrolizidine and 1-meth-
yl pyrrolizidine derivatives (Russle and Smith, 1968;

.Lanigan, 1976). Metabolism of Senecio PAs in sheep,

goat and bovine rumen has been  reported
(Wachenheim et al.,, 1992) with the suggestion that the
iolerance to PAs toxicity could be due to ruminal
detoxification of these compounds (Craig et al., 1992}
Inhibition of the methanogens in the rumen increases
the rate of metabolism of heliotrine to non-toxic
metabolites (Lenigan, 1972). The ruminal bacteria

| OH CH, oH CH,
CH;—O0~C —C—C - CHs
S e =TS =
N N
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Figure 4. (a) Ruminal metabolism of pyrorlizidine alkaloid heliotrine, and (b) structure of alkaloid jacobine
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responsible for detoxification of PAs have not been
identified. However, biotransformation of tansy ragwort
(Senecio jacobaea) PAs, in the sheep provides
evidence for the ability of sheep to detoxify PAs
through ruminal metabolim.

GASTROINTESTINAL MICROBES AS SOURCE
OF ENZYMES, NOVEL PRODUCTS AND AS
PROBIOTICS

The history of industrial enzyme application is
believed to begin in the late 19th century with the
first patenting of an industrial enzyme ‘Taka-Diastase’
(derived from Aspergilius oryzae) by Dr. Jokiche
Takamine, a Japanese immigrant. The global enzyme
market was estimated in 1994 to be worth US$ 400
million annually (Hodgson, . 1994). This market was
motre recently valued at US$
increase. of 4 to 5 percent annually as suggested by
Cowan (1996). The rumen microbial ecosystem
represents a wealth of microbial resource- cellular,
enzymatic and genetic- with tremendous potential of
exploitation in industrial applications (Cheng, 1999). It
also includes a wide array of potentially useful
organisms probably awaiting discovery for a particular

purpose. Cloning of the genes encoding
polysaccharidases 1in £ c¢ofi have accelerated
characterization of their structure and origin by
sequencing and of their products by purification

(Kobayashi and Onodera, 1999). Some of commercially
important  enzymes obtained from gastrointestinal
microbes and their applications to livestock nutrition

and prevention of environmental pollution are
emphasised here.
Fibrolytic = enzymes  (cellulases,  hemicellulases,
endoglucanases and pectinases)

Plant structural carbohydrates are the major
contributors to the energy requirements of the

ruminants and other herbivores. The plant cell wall is
composed primarily of fibrils of cellulose, the most
abundant polymer on the earth. Cellulose is a
hydrogen bonded 3-1-4-linked D-glucan, which
accounts for 20-30% dry weight of most plant primary
cell wall (Mc Neil et al, 1984). Enzyme system
digesting crystalline cellulose comprises mainly of
endoglucanase (S -1-4 D-glucan glucanohydrolase;, EC
3.2.1.4), exoglucanase (exocellobiohydrolase, 8 -1-4-D-
glucan cellobiohydrolase; EC 3.2.1.91), exoglucano-
hydrolase  (/2-1-4-D-glucan  glucohydrolase;  EC
32.1.74) and /A -glucosidase, (3 -D-glucoside gluco-
hydrolase; EC 3.2.1.21). The most commonly found
exoglucanase is a cellobichydrolase that cleaves
cellobiose units from non-reducing ends of cellulose
chains. Endoglucanases cleave 1-4-linkages of cellulose
at random. ‘Glucosidase mainly hydrolyses cellobiose

1.4 billion with an
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produced by exocellobiohydrolase and some 2
-glucosidases remove - glucose residues from  short

oligosaccharides (Shewale, 1982; Wood, 1991).

Among the ruminal microbes fungi are the major
sources of fibrolytic enzymes described to date (Trinci
et al, 1994). Ruminal fungi have been shown to
exhibit as much as 5 times higher cellulolysis than
those of predominant bacteria -(Lee et al,, 1996), and
their enzymes have therefore sparked interest for a
number of biotechnological applications. Hemicellulose,
the second most important polysaccharide in nature is
a heteropolymer composed primarily of . 4 -1-4-linked
B -D-xylose backbone with various.. amounts of
arabinose, glucose, uronic acid, methylated glucouronic
acid and other sugars as side groups depending upon
the plant source (Whistler and Richards, 1970).
Hemicellulose represents a potential energy source for
the host animal especially to the herbivores. Since the
herbivores do not produce hemicellulase, they entirely
depend upon their gastrointestinal microflora for the
degradation of hemicellulose. Rumen bacteria exhibiting
a wide array of endoglucanases, cellobiases and 2
-glucosidases have been reviewed in .detail (Chesson
and Forsberg, 1997; Selinger et al, 1996, Lee et al,
1999). Hind gut of other vertebrate herbivores is also
inhabited by various fibrolytic microflora. The
dominant xylanolytic bacterium in the rabbit was
identified as Bacteroids ruminicola whilst Butyrivibrio
fibrisolvens and B. ruminicola. were predominant in
mice. Cellulolytic  Eubacterium, Bacterdides and
Ruminococcus spp. have been isolated from . large
intestine of herbivores (Davies, 1965; Boulahrouf et
al,, 1986). The hemicellulolytic -potential of these
bacteria is indicated by their analogy with- ruminal
isolates. Julliand et al. (1999) have identified
Ruminococcus flavefaciens as predominant cellulolytic
bacterial species colonizing the equine caecum. The
number of cellulolytic and hemicellulolytic bacteria
were found to increase within 3 days in swine
receiving fibrous diets (Varel, 1987). B. fibrisolvens,
Bacteroides  ruminicola, B. succinogenes and R
flavefaciens were the predominant bacterial species. It
has been established that microbial population from the
hind gut of ruminants (Bailey and MacRae, 1970),
horse (Bonhomme-Florentin, 1988), rat (Rowland et al.,
1986) and human (Englyst et al, 1987) degrade
hemicellulose. A number of ruminal bacteria (Clarke et
al., 1969, Pettifer and Latham, 1979) and protozoa
(Prins, 1977) have been described as producer of
hemicellulases. Cloning and characterization of a
xylanase encoding gene in ruminal anaerobic protozoan
Polyplastron multivasiculatum rteveal that protozoa play
significant role in dietary fibre digestion (Devillard et
al.,, 1999). Anaerobic fungi colonize specific regions of
intestinal tract of mammalian herbivores and are most
abundant in larger herbivores consuming fibrous diets.
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Rumen of domestic and feral ruminants, fore gut of
camel and kangaroo, the caecum of ruminants and
hind gut fermenters are inhabited by anaerobic
Chytridiomycetes (Orpin, 1988).

The fibrolytic enzymes have several applications
especially to the animal feed processing (table 2).
Amending livestock ration with fibrolytic enzymes
such as cellulases, xylanases and endoglucanases have
been found to enhance efficiency of non-ruminant
livestock. Extensive reviews are available on use of
microbial enzymes to improve feed quality (Bedford,
1996, Wallace and Chesson, 1995, Campbell and

Bedford, 1992). The use of fibrolytic enzymes in
improving the digestibility of fibrous feeds for
ruminants is also of  considerable interest.

Commercially produced cellulases and hemicellulases
are used during ensilage to release soluble sugars from
degradable fibre components of ensiled grasses
(Spoelstra, 1990). Cellulase is sold and wused as
commercial silage additive and to improve malting and
filtration in brewing.

- Glucanase is aimed at improving digestibility of
non-starch carbohydrate in viscous cereals such as
barley and oats. Barley contains anti-nutritional factors

called- S -glucans which after solubilization yield
extremely viscous mixture that inhibits nutrient
digestion and assimilation. This inhibition has

numerous adverse effects on poultry performance.
Adverse effects of S -glucans may be counteracted by
the ‘incorporation of /S -glucanase preparation in the
diet. It reduces the viscosity in gut lumen of broiler
chicks and piglets. Xylanases are directed at viscous
polymers in wheat, rye and triticales. Pack et al
(1598) have suggested that a mixture of Xylanases,
proteases and amylases improve digestion in low
viscous cereals such as com and sorghum. The merits
of f-glucanases in batley based poultry and swine
diet is well documented. #-glucanase is normally
added in a dry form to the feed and acts after
hydration within digestive tract (Edney et al, 1986).
This application has led to wide spread incorporation
of barley into poultry feed, an area where batley had
previously been used to a very limited extent. Feeding
of these enzymes has become common practice in
some parts of the world (Cheng et al., 1999).

Middle lamella of primary cell wall of higher
plants is composed of pectin polymers, the chains of
8 -1-4-D-galactouronic acid and methoxylated
derivatives (Collmer et al, 1988). It is present in
vegetables and fruits as a component of the plant cell
wall. Lignified tissues contain only small quantity of
pectic materials compared to young, actively growing
plant tissues (Fogarty and Kelly, 1983). Like other
types of dietary fiber, pectin also is not depolymerized
by endogenous gastrointestinal enzymes during passage
through the stomach or intestine. It is fermented more
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or less completely by the host's indigenous microflora
(Jensen and Canale-Parola, 1986; Gibson et al, 1990
Titgemeyer et al, 1991). A few strains of ruminal
fungi exihibit pectinolytic activity (Kopency and
Hodrova, 1995). Ruminal bacteria (Streptococcus bovis)
and protozoa (Treponema saccharophilum) are ihe
major pectinolytic microbes (Wojciechowicz and
Ziolecki, 1984; Paster and Canale-Parola, 1983).
Exo-polygalactournase, endo- and exo-pectate lyase and
pectin esterase produced by these microbes act on
pectin molecules (Wojciechowicz and Ziolecki, 1984,
Paster and Canale-Parola, 1985). ' Fungi (Erwinia,
Aspergillus, Penicilium, Fusarium and Trichoderma)
are primarily -used for production of pectinase on
commercial scale. Pectinolytic enzymes have several
industrial uses. The age old process of retting by
which important textile fibres such as flax, hemp and
jute are prepared also involve pectinolytic enzymes
which degrade pectin in middle lamella of the plant
fibres (Fogarty and Kelly, 1983). Pectin esterases,
endopectin  lyases and endopolygalactouronases are

.commercially used in fruit processing, paper, textile,

detergent and pharmaceutical industries.

Tannase

Tannase (Tannin acyl hydrolase, E.C. 3.1.1.20),
primarily catalyzes the hydrolysis of ester and depside
bonds in hydrolyzable tannins such as tannic acid
releasing glucose and gallic acid. Tannase is now
known to be an ubiquitous enzyme of microbes
namely yeast, fungi and bacteria (Deschamps, 1989;
Field and Lettinga, 1992; Lekha and Lonsane, 1997).
Tannase was originally used in Japan to produce
commercially quantities of gallic acid from tannic acid.
It is extremely useful in food, feed, beverages,
brewing and pharmaceutical industries (Lekha and
Lonsane, 1997). Preparation of instant tea is ome of
the most promising applications of tannase. It is used
as an inhibitor of creamdown in tea and as a clarifier
in the production of beer and fruit juices (Cantarelli et
al,, 1989). Lactobacilli with tannase activity have been
recently reported from human feces and fermented
foods (Osawa et al, 2000). A number of
gastrointestinal microflora that produce tannases have
been documented (table 1).

Phytase

For an environment friendly livestock production
phytase is a valuable enzyme. Much of the phosphorus
in seeds, cereals and oil cakes occurs as phytate
(Graf, 1986), and is found in rather substantial levels
in virtnally all feed substances originating from plants
(figure 5). It comprises from 1-3% of the content of
all cereals, nuts, legumes and spores. The com grain
and wheat processing by-products (e.g. wheat bran and
wheat middings) are high in phytate content. Because
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Table 2. Gastrointestinal microbes as sources of enzymes, and biotherapeutics.

Products Organisms and references

Enzymes .

Cellulase Caecomyces communis (Bata and Gerbi, 1997);, Cytophaga (Volokita et al., 2000);
Fibrobacter succinogenes (Martin and Martin, 1998; Julliand et al.,, 1999
Bera-Maillet et. al., 2000);- Neocallimastix frontalis (Fugino and Ushida, 1999);
Orpinomyces  joyonii  (Qiu et al, 2000); Polyplastron  multivasicultum
(Bonhomme-Florentin, 1988); Ruminococcus albus, R flavefaciens (Julliand et al.,
1999); Streptococcus bovis (Ekinsi et al.,, 1997).

Hemicellulases Bacteroides ruminicola, B. succinogenes (Bailey and MacRae, 1970); B. ovatus

Xylanases and
glucanases

Pectinases

Phytase

Tannase

Restriction endonucleases

(Reddy et al., 1984); Clostridium aerotolerans (van Gylswick and van der Toomn,
1987).

Bacteroides ruminicola, Butyrivibrio fibrisolvens (Boulahrouf et al., 1986); Clostridium
aerotolerans sp. nov., (van Gylswick and van der -Toorn, 1987); Neocallimastix
frontalis (Fugino and Ushida, 1999); N. patriciarum (Liu et al., 1999); Orpinomyces
(Li et al., 1996): Polyplastron multivasiculatum (Devillard et al, 1999); Ruminococcus
albus (Attwood et al., 1996).

Bacteroides  pectinophilus sp. nov., B. galacturonicus sp. nov. (Jensen and
Canale-Parola, 1986); Bacteroides thetaiotaomicron (Tiemny et al., 1994, Dongowski et
al.,, 2000); Butyrivibrio fibrisolvens and Prevotella ruminocola (Maraunek and
Duskova, 1999);, Streptococcus bovis (Wojciechowicz and Ziolecki, 1984); Treponema
saccharophilum sp. nov. (Paster and Canale-Parola, 1985)

and

Mitsuokella  multiacidus, Prevotella ruminicola, Selenomonas ruminantium

Streptococcus bovis and Treponema spp (Yanke et al., 1998, 1999)

Aspergillus niger (Bhat et al., 1996); Eubacterium oxidoreducens (Krumholz and
Bryant, 1986); Lactobacillus spp. (Osawa et al, 2000);, Lonepinella koalarum (Osawa
et al, 1995); Selenomonas ruminantium (Skene and Brooker, 1995); Streptococcus
caprinus (Brooker et al.,, 1994).

Ruminococcus albus, R. flavefaciens FD 1 (Morrison et al,, 1992a,b)

Fsul Fibrobacter succinogenes (Lee et al., 1992)

Ral 81, Rft F1

Sbv 1 Streptococcus bovis (Vanat et al,, 1993a)

Sru 1, Sru 4D1 Selenomonas ruminantium (Vanat et al,, 1993b)

Sru 30D1 Selenomonas ruminantium (Pristas et al., 1995)

Pstl isoschizomers Ruminal selnomonades (Molnarova et al., 1999)

Sri 1, St 1l Selenomons ruminantium sub sp. lactilytica (Pristas et al., 1998)

Bfi 571, Bfi 891
Probiotics/biotherapeutics

Butyrivibrio fibrisolvens (Mohan and Teather, 1995)

Bifidobacteria (Wells et al, 1997); butyrivibrios (Teather and Forster, 1998),
lactobacilli and bifidobacteria (Gusils et al., 1999; Kabir et al., 1997; Kailasapathy
and Chin, 2000; Matsuzaki and Chin, 2000)

of its highly ionized

complexes with a varietg
Fe¥*, Zn®', Mg and Mn’") and pectins and it is this

other monogastric animals who are unable to degrade
phytate. The large amount of phosphorus excreted in
manure as phytate contributes  significantly to

orthophosphate  groups, it
of divalent cations (Ca’’,

trait which categorizes phytate as an antinutritional
factor since it decreases the bioavailability of proteins
and nutritionally important minerals (Graf, 1986). This
is particularly important in poultry, swine, humans and

eutrophication of surface waters (Pen et al, 1993, Van
Gorcom et al, 1995). The enzyme phytase (myo-
inositol hexaphosphate phosphohydrolase) produced by
microbes and plants but not by vertebrates, cleaves off



578 SINGH ET AL.
H? OH OPO3;H:  OPO;H; H(I) (l)H
OH OPO;H, =P & p=0
Mg’ O O, © OIO 0
HO | OPOsH, b—P—0 0—P—0
OH OPO;H; (") O/ (I)—-Zl'n2+
Inositol Phytic acid (|)—|I|’=O Y
Fe=o 0—P=0
on
Phytic acid chelate
OPO3;H, OPOsH, Hﬁ) OH
OPOsH, (
- + 60 > + 6H1PO,
OPO,H, Phytase HO
OPO;H: (|)H
Inositol

Phytic acid

Figure 5. Phytic acid, phytic acid chelate and enzymatic hydrolysis of phytic acid

phosphorus from inositol making phosphorus and other
minerals available for utilization (figure 5). While flora
of ruminants, for example, Selenomonas ruminantium
(Yanke et al, 1998, 1999), are well known to produce
potent phytases, monogastric animals, such as pigs,
poultry and fish, utilize this source of phosphate
poorly at best, lacking the requisite gastrointestinal
tract enzyme(s) for release of the phosphate from the
organic complex of phytate (Cromwell et al., 1995).
Ruminal microbes produce adequate phytase which
renders all dietary phytate digestible. Hind gut
microbes of pig and poultry especially young chicks
also exhibit little and variable phytase activity.
Commercial preparation of phytase from Aspergilius
niger is used as feed additive. The phytases are very
effective in increasing the availability of plant
phosphorus to poultry (Simons et al., 1990) and swine
(Lei et al, 1993). Since phosphorus is relatively an
expensive nutrient and is some times in short supply,
improving utilization of phosphorus already present in
feed stuffs would enhance efficiency of diet
formulation. Phytase supplementation has been shown
to improve the ileal digestibility of nitrogen and
nitrogen retention of pigs (Mroz et al, 1994). Dietary
phytases have been reported not only to increase
phosphate utilization efficiency from phytate in feeds
but also to decrease phosphorus pollution (Pen et al.,
1993).

The expense of production wusing traditional
large-scale fermentation and downstream processing

remains the limiting step for widespread use of these
enzymes. Manufacturers and researchers have therefore
attempted to exploit the ability of GI microbes for
enzyme production and delivery through molecular
biclogy techniques. The last two decades have
witnessed increased efforts to fully understand the
enzymology of fibre degradation and to genetically
engineer the GI bacteria with enhanced cellulolytic
capabilities.

Miscellaneous novel products

Gl microbes are promising sources of various
novel products (table 2). Ruminal bacteria, probably as
a result of selection pressure provided by high number
of bacteriophages in ruminal ecosystem (Klieve and
Bouchop, 1988), are promising SOUrces of
restriction-modification enzymes. Fibrobacter succino-
genes, an important cellulolytic inhabitant of rumen
and caecum of herbivores possesses restriction
modification system. Type II restriction endonuclease
(RE}, Fsul, an isoschizomer of Awvall from F.
succinogenes S85 is reported by Lee et al., 1992.
Other class-IIS REs namely Ral8I from Ruminococcus
albus8 (Morrison et al, 1992b) and Sbvl from
Streptacoccus bovis (Vanat et al, 1993a) have been
partially purified and characterised. Two REs, Sru 1
and Srud4DI were isolated from ruminal selenomonades,
both of which recognize pure A+T sequences (Vanat
et al., 1993b: Pristas et al., 1994). Prevalence of
CTGCAG (Ps:l isoschizomers) recognising restriction
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and modification systems in ruminal selenomonades
have been reported recently (Molnarova et al.,, 1999).
These endonucleases like other commercially available
REs may prove important tools in genetic engineering.

Biotransformation of various substrates by GI
microbes yield more valuable products. Production of
tyrosine and other aromatic c¢ompounds from
phenylalanine (Khan et al, 1999), biosynthesis of
tryptophan and related compounds (Mohammed et al,
1999) by mixed ruminal microbes and succinic acid
by Actinobacillus succinogenes sp. nov., (Guettler et
al.,, 1999) have been reported recently.

GI microbes as health promoter

Large populations of lactobacilli are the commensal
colonizers of gastrointestinal and urinogenital epitheli-
um of various warm blooded vertebrates including
ruminants and monogastric animals (Sharpe et al,
1973; Savage, 1977; Gusils et al, 1999). A low
number of lactic acid bacteria on plants and relatively
high population in human and animals suggest that
intestinal tract may be their natural habitat (Xeddy,
1959; Mundt and Hatmer, 1958; Kandler and Weiss,
1986). Microbial colonization of the GI tract of most
of monogastric livestock is similar (Lindsey, 1990).

The concept of using Lacrobacillus species for
disease treatment and prevention as well as health
restoration is not new (Reid, 1999). In recent times
there has been renewal of interest in the use of
lactobacilli and bifidobacteria as probiotics  (also
teemed as  biotherapeutic agents). Numerous claims
have been made regarding their beneficial effects in
human and animal guts (Sanders et al, 1993; Jin et
al.,, 1996; Morata de Ambrosini et al., 1998).
Microbial probiotics have many beneficial effects when
they are used in animal feeds. Studies have shown
overall improvement in the condition of animals which
received a diet supplemented with probiotic lactic acid
bacteria (Pollman et al., 1980). Probiotics, for instance,
have been used therapeutically to modulate immunity
(Matsuzaki and Chin, 2000; Chin et al, 2000),
improve lactose intolerance, prevent or reduce
diarthoea and constipation as well as candidiasis and
urinary tract infections (Reid et al., 1995). Various
antagonistic factors including organic acids, hydrogen
peroxide, diacetyl, bacteriocins and bacteriocin like
compounds produced by endogenous strains of
lactobaciili are inhibitory against a broad range of
gram-positive and gram-negative bacteria (Vincet et al,,
1959; Singh et al, 1996). Whereas Lactocoeci,
Lactobacilli and  Pediococci are  best  studied
bacteriocinogenic microbial genera (Jack et al., 1995),
findings of Attwood et al. (1988) and Odenyo et al.
(1994) support the existence of bacteriocinogenic
bacteria in rumen. A bacteriocin mediated antagonism
by ruminal lactobacilli against Streptococcus bovis was
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reported by Wells et al, (1997). The production of
bacteriocins by high populations of ruminal bacteria
such  as  Buiyrivibrios would have imporiant
implications for the design of rtumen inoculants
(Teather and Forster, 1998). This approach would use
the new bacteriocins just as the ionophore antibiotics
are used today to selectively inhibit the growth of
specific  target organism or group of organisms
(Teather and Forster, 1998). In addition to the use in
ruminant nutrition, the bacteriocins derived from the
ruminal microbes might find applications in controlling
human or animal diseases particularly in the case of
pathogens that colonize the gastrointestinal or
urinogenital tract.

Currently considerable attention is being given to
the use of probiotics in animal feeding programmes.
Two main products based  on either yeast
(Saccharomyces cerevisiae) or fungal (Aspergillus
oryzae) cultures alone or in combination with other
microorganisms, are available for use in animal diets
(Frumholtz et al., 1989). Inclusion of probiotics in
feed results in qualitative and quantitative changes in
microbial population of ruminants and ultimately
affects production efficiency and product composition.
The anaerobic fibrolytic microbes of herbivores and
their enzymes have potential for use as probiotics and
feed additives, as silage and total mixed rations for
saccharification of lignocellulolytic residues, and for
production of polysaccharolytic enzymes.
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