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ABSTRACT 

The microbiology of different segmentS of digestive tract, especially the rumen is 
extremely complex due to the presence of large number of organisms, the shifting populations 
and interactions among the various microbial groups. During mid seventies, the discovery of 
rumen flagellates as of fungal origin, dismissed the earlier hypothesis of non-existence of 
anaerobic fungus in the natUre. The present investigation confirmed the presence of anaerobic 
fungi in rumen and caecum of r(.verine buffalo and cattle. These fungi were able to attack, 
weaken and partiaJly or fully degrade plant fibre. In riverine buffalo, the population ranged 
from 1.10 x 10'\0 5.41 x 10'/ml while in the case of cattle, it ranged from 1.29 x 10'to 5.14 
x. I <Y /mt. In fecal samples of ri-verine buffalo, the population rang~d from 6.5 x 103 to 6.8 
x 103/g fecal OM. The dietary combination of oats fodder and wheat straw in equal proportion 
gave the maximum fungal population. Both monocentric and polycentric fungus were present 
in the rumen of buffalo and cattle. Out of 17 selected isolates, B3 _isolate (Piromyces sp.) 
possessed maximum endoglucanase activity (17.5929 mIU/ml) on cellobiose media. Dried 
fungal cells were also good source of certain ~ritical amino acids, viz. lysine (7.17 gllOO g 
total amino acids) and methionine (3.81 g/IOO g total amino acids). The pH optima for 
endoglucanase, .cell9biase and xylanase were 6.5, 6.0 to 6.5 and 6.5, respectively. 

Crude enzyme from extracellular culture supernatant was fractionated with ammonium 
sulfate (60% saturation). The precipitated enzyme was attempted for purification. on 
hydroxylapatite, gel filtration (superose-12) and anion exchange (olono Q) columns. With 60% 
ammonium sulfate. about 58% yield was obtained with only two-fold,purification. lllis step 
helped in concentrating enzyme for subsequent purification on chromatographic columns. 
Subsequent purification on either hydroxylapatite column or superose-12 (gel filtration) 
column resulted in considerable loss in enzyme activity with little improvement in purification. 
However. purification on mo'no Q column led to separation pf four isoenzymes of 
endoglucanase. The relative abundance ,of these isoenzymes were 18.2% (peak el), 17.1% 
(peak e2), 21.8% (peak e3) and 43.3% (peak e4). Purification of xyalans. was attempted 
by fractionation with. ammonium suli'a~ and separation on mono Q anion exchanger. 
Xyalanase activity was resolved into two peaks 00 mono Q column. Xyalaoase in peaks Xl 
and X2 were purified to 129 and 17 folds and their relative abundance were 36.3% and 
63.7%, respectively. Endoglucanase and xyianase existed in several isomeric forms. On 
SDS-PAGE endoglucan .. e gave four activity bands, having MW of 100 kDa,66 kDa, 39.8 
kDa and 33 kDa. Xylanase gave four activity bands with the MW of 177 kDa, 100 kDa, 63 
kDa and 50 kDa. 

Under in vitro system, with wheat straw as substrate, the total gas production ranged 
from 57 to 99 ml by different types of inoculum used during 48 hours of incubation. The 
values for IVDMD and IVO~D differed significantly among various treatments, viz. mixed 
rumen inoculum (fl), fungi only (1"2) and bacteria only (T3). The addition of fungal isolate 
(B3) as probiotic <!id not give any significant effect regarding degradability or TVF A 
production over mixed rumen inoculum. Anaerobic fungi have be((n evolved over millions 
of years to occupy a unique niche in the digestive tract of herbivorous animals. So, we should 
judiciously select the dietary combinations for ensuring maximum fungal population in order 
to get an optimum benefit out of these organisms. . 
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1. INTRODUCTION 

Ruminants as a class of mammals stand apart and unique in the sense that by 

virtue of the vast hoards of microbial population inhabiting their large dilated segment 

of the digestive tract, i.e., reticulorumen, they Bre able to degrade fibrous feed like 

cereal straws and other cellulosic materials into energy yielding substrates. for their 

utilization by the host animal after absorption. The discovery of rumen protozoa in 

1893 was the first identification of microorganism in the ruminant stomach. The roJe 

of bacteria in the fermentation of plant material became well known as a result of the 

genius of Pasteur. It was inferred before the turn of the century that rumen 

micrOorganisn). fermented fibre anaerobically and the end products of fermentation are 

acids and gases. Today we know that these acids are mostly t~e volatile fatty acids 

and the gases are mostly carbon dioxide, methane, hydrogen, etc. 

Rumen bacteria and protozoa have been extensively studied with respect to their 

classification, characterization and the enormous metabolic role they play in the 

degradation of feed material. Hungate (19661 has done a pioneering work in this 

direction, evolving also the classified methodology fot the cultivation of the rumen 
9 . 

organis")< Another class of rumen microorganisms i.e., rume(l flagellates were noticed 
. , 

long back but received attention and prominence only recently by the researchers. 

Rumen flagellates, possessing a spherical to ovoid cell and a single flagellum were 

described by liebetanz (1910) and by Braune (1913). Since then, very few references 

to this type of organism have been made in the literature and no mention was made by 

HURgate (19661 or by Jensen and Hammond (19641. The.e flagellates have been 

reported to be fairly abundant in young calves before the ciliates develop (Eadie, 1962) 

and In adult sheep their number ranged from 2 x 10' to 3 X 10' per ml (Warner. 19661. 

It appears that these organisms have been overlooked, perhaps due to the lack of 

knowledge of their identity.! But it was only in 1975, when Orpin first referred that 

flagellates, free living in rumen ecosystem were in fact zoospore of phycomycete 

fungus, thus, setting at rest the earlier notion that these are of protozoal origin. The 

possession of rhizoid by the reproductive body (sporangium) confirmed that the 
- . 

organism might be fungal rather than protozoal; for, protozoal reproductive bodies do 

not normally possess rhizoids. Fungi possessing life histories (alt~rnating between two 
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phases, i.e., the motile flagellated phase and the non-motile vegetative reproductive 

phase) were identical with that of aquatic phycomycetes. However, Orpin's flagellates 

possessed more flagella (up to 14) than the maximum of 2 previously recorded for 

aquatic phycomycete zoospores (Sparrow, 19601 and 2 and 9 recorded for Callimastix 

cyclopis. a member of the Blastocladiales (Varva and Joyon, 1966). The latter, too, 

were previously regarded as a flagellate protozoa. 

It is now well established that fungi are also per.ma~ent member of rumen 

anaerobic ecosystem along with bacteria, protozoa, yeast and phage particles. In the 

rumen, anaerobic fungi are closely associated with the fibre particles, which they 

rapidly colonize after they have bee'n ingested by the ,animal (Bauchop, 1981). The 

fungi attack preferentially the lignified tis~ues such as sclerenchyma and the fibres of 

the vascular bundles (Bauchop, 1979, 1981; Grenet and Barry, 1988). It is now well 

known that fungi possess strong hydrolytic activities against several polymers of the 

plant cell walls except lignin (Orpin and Joblin. 1988; Fonty and Joblin, 1990). The 

important members of rumen fungi are Neocallimastix frontalis (Orpin, 1'976), 

Sphaeromonas communis (Orpin, 1976). Piromonas communis (Orpin, 1977b), N. 

patriciarum (Orpin and M'unn, 1986), N. joyonii (Breton et al.,- 1990), Orpinomyces 

bovis (Barr et sl., 1989), Ruminomyces elegans (H.o et al •• 1990), Piromyces spirali$ 

(Ho et al., 1993b). However, their efficiency in degrading the plant nutrients varies 

according to the species and strain. The cellulolytic activity .of Sphaeromonas is 

generally lower than that of Neocallimastix and Piromonas (Gordon and Philips, 19891. 

During the degradation and fermentation of cellulose by the anaerobic fungus, the end 

products are formate, acetate, lactate, ethanol, carbon dioxide and hydrogen, (Orpin and 

Joblin, 1988; Fonty and Joblin, 1990). Because of their ability to produce hydrogen, 

rumen fungi Interact with methanogenic bacteria (Bauchop and Mountfort. 1981; 

Mountfort et s/" 1982; Fonty et a/., 1988; Joblin et a/ .• 1990; Marvin·Sikkema et a/ .• 

1990). In the event of interaction with methanogens, fungal cellulolytic activity , . 
increases and the fungal metabolism is shifted towards the production of acetate at the 

expense of ethanol and lactate. Because of their high cellulolytic and hemicellulolytic 

activities, rumen fungi may occupy the same ecological niches as the cellulolytic 

bacteria and either compete or act synergistically with them to efficiently degrade the 

feed ingested by the animal. 
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At present the research work on the microbiological and biochemical aspects of .. 
anaerobic fungi in the rumen of cattle is going on inAew laboratories to see its precise 

role in fibre degradation, especially its cellulase system and its availability as a potential 

organism for enhancing cellulase activity in rumen. This is being done with the twin 

objectives of, either to go for their largs scale cultivation and then use as a probiotic 

feed additive or alternatively use the fungi as a source of cellulase gene for the genetic 

manipulation of rumen bacteria or the fungi itself. 

The precise role and overall contribution of anaerobic fungi to the degradation 

of fibrous plant substrates in the rumen remains unclear (Stewart et al .• 1990). If we 

consider the buffalo, there are only a few reports available which are again on swamp 

buffalo mostly. The riverine buffaloes of the Indian subcontinent have been shown to 

perform better on fibrous diets than cattle. by virtue of their slightly different bacterial 

and protozoal profile in rumen IPradhan et BI., 1991). It may be, therefore, worthwhile 

to undertake the comparative studies on the two species with respect to microbiological 

and, biochemical aspects of rumen fungi, about which the information is totally lacking 

today. Thus, the present investigation was carried out with the following objectives; 

1. To· enumerate total. zoospore count in the rumen of cow and buffalo kept on 

different dietary roughage:concentrate- ratios. 

2. To examine and select fungal isolates from cow and buffalo rumen for potential 

cellulolytic activity. 

3. To attempt partial purification of the cellulase enzyme from the most promising 

cellulolytic fungal isolates and to study its fibre degrading ability in vitro. 

3 
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2. REVIEW OF LITERATURE 

Ruminants are able to use p'lants with a high fibre content as feedstuffs, because 

of the breakdown of these materials by a complex microbial population in the 

reticulo~rumen, which is practically analogous to a large fermentation vat. For many 

years, only specific groups of anaerobic bacteria and, perhaps to a lesser extent, 

protozoa were thought to be responsible for this degradation·. In the mid 19705, 
, 

however, the existence of anaerobic fungi as one of the rumen inhabitants was reported 

(Orpin, 1975) and latter on their active role on fibre degradation was established (Orpin, 

19778, 1977b). Before the discovery of Orpin's flagellate, even just the idea of the 

existence of anaerobic fungi, lacking mitochondria, possessing hydrogenosome 

surviving through mixed acid fermentation, was instantly dismissed. Because, one of 

the major metabolic differences between molds and bacteria was thought to be that 

there were no anaerobic molds, either obligatory or facultative in nature (Foster, 1949). 

This belief was proved wrong after a series of experiments led by Orpin. He report,ed 

on several aspects of the fungi, including their obllgately anaerobic nature. the presence 

of chitin in the cell walls and their colonization on plant fibre' (Orpin, 1975. 1976. 

1977a, 1977b). RUmen fungi were able to grow on rumen simulating media. indicating 

the optimum pH about 6,,5 to 6.7 and temperature around 39°C and that their nutrient 

requirements were met by the media. The semisynthetic basal media (Caldwell and 

Bryant, 1966), in which ye~st extract. tryptone and a mixture of volatile fatty,acids 

replaced rumen fluid, was also able to support the growth of anaerobic fungi. However, 

absolute requirements for growth have not been determined for most of the .fungi. 

Orpin (1989) observed that N. patriciarum reqUir~ heme, D-biotin and thiamin or its 

precursors, sulfUr is required in reduced form and the nitrogen requirement is met 

through ammonium ions or amino acids. 

Rumen fungi extensively colonized the lignin containing tissues of the forages 

and appeared to be active in fiber degradation. Fungi were more prevalent in ruminants 

fed high fibre diets than in those fed less fibrous ones (Bauchop, 1979, 1981'. In 1983, 

Bauchop remarked: "Our failure to recognize the anaerobic fungi for what tRey were, 

was attributable not only to mycological dogma. but also to the practice among rumen 

microbiologists of working with strained rU!llen fluid and discarding the solid digests 
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with which the vegetative stage of the fungus are associated". However, 'with regard 

to rumen flagellates In buffalo, there is still paucity of information on their 

morphological, taxonomical, biochemical and metabolic aspects. In the following text, 

an attempt has been made to compile whatever information could be collected and 

present a review on the, different aspects of anaerobic fungi: 

2.1 TAXONOMY OF ANAEROBIC FUNGI, 

Because of the unusual nature of the zoospores of some of the first isolates and 

the obligatory anaerobic nature of all isolates, the taxonomic position of these 

organisms has. required some modifications by fungal taxo,\o.mists. A new family is 

created (Neocallimasticaceae) to accommodate these organisms {Heath et al., 19831. 

Uptil now, five different gener~' are recognised based on monocentric or polycentric 

thallus, filamentous or bulbous rhizoids and mono or polyflagellated zoospores 

(Theodorou et al., 1996), whereas species are differentiated according to zoospore 

ultrastructure .(Munn etBI., 1988; Munn, 19941. However, there is little consensus on 

the characteristic features for defining the genera and species of anaerobic fungi, and 

the current criteria are questionable (Munn, 1994; Trinci et al., 1994). According to 

Berr (1988) and Barr et al. (19S9), the current systematics of rumeh anaerobic fungi 

is as follows: 

Division 

Subdivision 

Clas. 

Order 

Family 

Genera 

Eumycots 

Mastigomycotina 

Chytridiomycetes 

Spizellomycetales 

Neocallimasticaceae 

Neocsllimsstlx, Plromyces, Caecomyces, 

Anasromyces and Orpinomyces. 

Neoca/limastix, Caecomyces and Piromyces are monocentric whereas 

Anaeromyces and Orpinomyces are polyentric (Trinci et al., 1994). However, 

Caecomyces, are sometimes polycentric also. Other characteristic features of different 

genera are as follows; Neocallimastix: polyflagellated zoospores' and having· extensive 

filamentous rhizomycelium; Piromyces: uniflagellated zoospores, filamentous 
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rhizomycellum; Caecomyces: uniflagellated zoospores, spherical holdfasts: 

Anseromyces: uniflageUated zoospores, filamentous rhizomycelium; Orplnomyces: 

Polyflagellated zoospores, filamentous rhizomycelium. 
( 

Analysis of sequences of 18s ribosomal RNA from 18 strains was used to clarify 

the phylogenetic relationships among anaerobic fungi, aerobic chytrids and other 

eukaryotes (Theodorou et BI., 1996). There was a similarity to the extent of 97 to 99% 

in rRNA sequence between a limited range of species 01. anaerobic fungi (Oore and 

Stahl, 1991). Bowman et al. (1992) placed the anaerobic fungi within the 

chytridiomycetes. Based on the analysis of the highly conserved internal transcribed 

spacer 1 (ITS 1) region and Its adjacent sequences from 18s rRNA gene clusters, Li and 

Heath (1992) and Li et 8/. (1993) also classified tha anaerobic fungi under 

Chitridiomycetes. However, the pos~ession of flagella by zoospores is not a trivial 

difference and suggest that a family, separate from the Neocallimasticaceae (which will 

continue to contain polyflagellated anaerorbic fungi); should be erected to 

accommodate the monoflagellated genera (Munn, 1994). But the systematics of the 

anaerobic fungi requires further refinement as information will be collected on these 

unusual organisms. 

2.2 ESTABLISHMENT OF ANAEROBIC FUNGI IN THE RUME~ 

A newly born ruminant lacks the microbial flora found in the adult and acquires 

it only after contact with the older animals. Large protozoa do ,not form the cysts and 

die rapidly in air (Hobson. 1971, and are thought to be transferred by direct contact 

with saliva. Rumen bacteria are transferred between animals through saliva, aerosols 

and also the fecal material (Hungate. 1966). Fonty er a/. (1987) found that anaerobic 

fungi became established in normal young lambs within 8 to 10 days after birth in the 

presence of adult animals, :although their survival was not guaranteed. as young 

animals did not possess a fully functional rumen. Lowe et al. (1987d'.demonstrated 

that anaerobic fungi could be isolated from the esophageal preparations of saliva and 

from feces in sheep. This indicated that mode of the transmission of the fungi CQuid be 

by direct oral contact, by aerosol and through faecal contamination. 
c 
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2.3 LIFE CYCLE AND REPRODUCTION' 

Anaerobic rumen fungi showed asexual type of reproduction during which • 
sporocyst and zoospores were formed within 26 to 32 hours and it was similar to that 

of the chytids (Orpin, 1975; Lowe et al., 1987al. The life cycle of anaerobic fungi 

consists of an alteration of generations between the cellulolytic, vegetative 

reproductive stage. which OcCUrs principally on the digest a particles (Orpin, 1975; 

Orpin and letcher. 1 ~79) and the motile flagellated zoospore. stage, which occurs 

principally In the rumen liquor. The cycle starts with the differentiation of zoospores in 

the sporocyst and their release Into the rumen shortly after offering feed to the animal. 

The reproductive bodies '(sporocyst, are stimulated to produce and liberate zoospores 

in response to soluble components of the host's diet. Flagellates remain motile in 

rumen fluid for several hours before their settlement and encystment over plant 

fragments (Lowe et al., 1987a; France et al., 1990). Generally, within 30 to 60 

minutes after release from the sporangium, the zoospores get attached to plant 

fragments, mainly on stomata, damaged tissues and then loose their flagella and 

become encysted (Orpin, 1975; Heath et al., 19861. The germination of spore is 

characterized by an increase in sporal cell size and by the format jon of highly branched 

or, bulbous rhizoids. The rhizoids penet~ate the plant material, produce hydrolytic 

enzymes and take the nutrients from the medium. After 14 to 20 hours. the zoospores 

,cease to grow and a septum Is formed at the base. delimiting the zoosporangium from 

the rhizoidal system (Lowe et al., 1987b). Cessation of zoosporangial growth marked 

the onset of zoosporogenesis. In the animals fed once a day, liberation of zoospores 

from the vegetative stages occurs soon after the animal is fed. With Neocallimastix, 'a 

maximum population density of zoospore was recorded within 15 to 30 m.inutes after 

-feeding but with Sphaeromonas and Piromonas, the peak occurred about 60 minutes 

after feeding (Orpin, 1975. 1976). Haem appears to playa major, role in 

zoosporogenesis of rumen fungi but under in vitro conditions, z~osporogenesis is not 

stimulated. This indicates that haem may act synergistically with other dietary 

components for stimulating zoosporogenesis (Orpin, 1977bl. 

In the monocentric type, the fungi develop either endogenously or exogenously. 

In the endogenous development, encysted zoospore retains the nucleus and gets 
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transformed into zoosporangium, whereas during exogenous development, the nucleus 

is migrated out of the zoospore and the zoosporangium is formed in the germ tube or 

sporangiophore {Karling. 1978; Barr et al .• 1989: Ho et al., 1993cl. In both the·cases. 

only one sporangium is formed per thallus. Nuclei are 'preseht and multiply within the 

zoosporangium developed endogenously. This causes the rhi.zoidal system to be devoid 

of nucleus. Thus, in monocentric fungi, after zoosporogenesis,' the remaining thallus 

is autolyzed witho~t further development (Lowe et al., 1 ?87a, 1987b). 

In polycentric fungi, following encystment, the zoospore gets transformed into 

germinating rhizoid where nucleus is also migrated (Barr et al., 1989; Gaillard et al., 

1989). The zoospore then became redundant IBreton et al., 1990). A highly branched, 

nucleated rhizomycelium is developed. Zoosporangium is transformed into 

sporangiophores either singly or in groups upto six. The development of sporangia may 

be either intercalary or terminal on the rhizoids (He et al., 1990). Unlike menacentric 

fungi, polycentric fungi possessed indeterminate life cycles and were less dependent 
, 

on the formation of zoospores for their continued survival. 

2.4 DISTRIBUTION OF ANAEROBIC FUNGI, 

Anaerobic fungi have been isolated worldwide from different countries from 

numerous foregut and hindgut fermenting mammalian herbivores. It was first isolated 

in the United Kingdom from the rumen of sheep. Later on .their presence in digestive 

tract were reported from New Zealand, Australia, Cana~a, Czechoslovakia, China, 

Denmark, Ethiopia, France, Holland, Indonesia~ Japan, Malaysia, Norway. Russia, 

Tanzania, Spain, U.S.A. etc. Anaerobic fungi are present in ruminants (cattle, water 

buffalo, sheep, goat), ruminants like animals (llama, vicuana. impala etc.) and 

herbivorous animals possessing a hindgut fermentation (horse) (Orpin and JobUn, 1988; 
, 

Bauchop, 1989; Milne et al.,' 1989; Teunissen et al .• ~991). These were also reported 

in the hindgut of largest herbivore, i.e., elephant (Milne et al., 1989) anc:i the smallest 

herbivore, i.e. blue duiker (Dehority and Varga, 1991). Discovery of anaerobic fu~gi 

from feces of sheep (lowe et al., 1987d) led to the investigation of these organisms 

from other herbivores. Later on, these anaerobic organisms were also found to be 

present in the digestive tract of rodent, mara (Teunissen etal., 1991). Efforts to isolate 
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these tiny creature from anaerobic muds and landfill sites proved unsuccessful (Qrpin 

and Joblin, 1988; Theodorou and King~Spooner, 1989). Thus, these group of fungi 

were present in typical micro~anaerobic environment of digestive tract of different 

herbivores only. 

Feces contained substantial population of anaerobic fungi, which declin~d very 

slowly after drying in such a way that organisms iderytiea.' in appearance to ruminal 

chytridiomycetes could still be cultured up to 10 months later (Theodorou et al., 

1990a). Related studies showed that zoospores and vegetative thalli, are highly 

sensitive to periods of exposure to low temperatures and air (lowe et al., 1987b: Trinei 

etel., 1988: Milne et al., 1989). Motile zoospores were not detected in fecal contents, 

although structures like fungal zoosporangium was observed. Thus, it was proposed 

that the life cycle of anaerobic chytridiomycetes, like that of many of their aerobic 

counterparts, consisted of three stages: the motile zoospore, the vegetative thallus and 

the aerotolerant surviva.1 stage. i.e., resistant zoosporangium (Theodorou et al., 19961. 

Two other reports suggested that anaerobic fungi produced survival structures Icysts 

or spores). Although survival was not demonstrated, Orpin (1981) reported ,on the 

appeara,nce of thick walled zoosporangia in the caecal contents of the horse. Perhaps 

more significant was the report of Johlin (1981), which showed that anaerobic fungi 

could be maintained in sisal broth up to 7 months. A survival stage in ruminal fungi 

would explain their transfer through the entire digestive tract. These survival structures 

might be disseminated via feces to herbage in the field and thus enabling the transfer 

of anaerobic fungi between herbivores. With respect to ho!?t nutrition. loss of fungal 

biomass from the digestive tract via feces represents yet another drain on the 

conversion efficiency of plant biomass in the ruminal ecosystem. Anaerobic fungi 

Isolated from hindgut fermenters were assigned to genera C8ecomyces (Gold et al., 

leBS) and Piromyces (Teunisken etel,. 19911. However, the isolation of Neocallimastix 

strain from the tapir (Tap;rus terrestris), a hindgut fermenter. suggested that the genus 

Neocallimastix was not restricted to foregut fermenting herbivores. These organisms 

were also found in omasum, abomasum, small intestine. large intestine, caecum and 

rectum (Davie. et a/., 1993). 
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2.5 ISOLATION OF ANAEROBIC FUNGI 

In order to isolate a pure culture of anaerobic fungi from its natural 

environments, it is essential to use repeated subculture, antibiotics and some form of 

physical separation such as the growth of isolated colonies on agar medium (Theodorou 

et al., 1996l. Hungate's roll tube technique (Hungate, 1966) for culturing bacterial 

anaerobes was ideally suited to study these fungi. Orpin (1975) isolated N. frontalis 

from sheep rumen by overlaying the sloppy agar medium (containing antibacterial 

antibiotics) with 0.2 ml of the large particulate (LP) fraction of rumen fluid, followed by 

gassing with oxygen free carbon d!oxlde and incubating at 39 Q C. Within 2 days of 

incubation, Neocallimastix flagellates and fungus like growth were. observed within the 

medium. The top 5 cm of medium WaS then removed aseptlcaUy by aspiration and 

drops of the underlying sloppy agar containing Neocallimastix flagellates were overlaid 

on fresh culture medium. The new culture was stoppered and shaken gently to 

distribute the inoculum in the top of medium and was incubated at 39 DC. Succes~ive 

subcultures eliminated bacteria leaving Neocallimastix as the sole flagellates. 

The isolation procedure of JobUn (1981) and Akin etal. (1983) involved straining 

. rumen fluid through muslin cloth, mixing the filtrate with molten agar medium pl~s 

antibiotics and preparing roll tubes. 8auchop and Mountfort.( 1981) used strained 

rumen fluid to make enrichment culiures in sloppy agar medium containing antibiotics. 

After three subcultures in this medium, the culture was transferre~ to liquid medium 

and single colony was picked up with a. syringe and washed in buffer. Methanogenic 

bacteria, which were not eliminated by the first antibiotic treatment, were then 

removed using chloramphenicol. Lowe et 81. (1985) isolated anaerobic fungi from rumen 
'. 

digests of sheep and cattle and purified using a plate culture technique. As per this 

method, fungal enrichment was achieved by incubating 1 ml rumen digesta with 0.1 g 

milled barley straw and 10 tnl liquid medium 8 containing antibiotics and lysozyme. 

After 6 days incubation. culture were transferred to the anaerobic chamber and 

colonized particles were used to inoculate plates of cellulose agar containing antibiotics 

and lysozyme. Fungal colonies having diameter upto 2 cm appeared following the 

incubation of the plates at 39 D C. This isolation procedure depended upon the ability 

of rhizoids to grow radially outwards from the inoculum and from contaminating 
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bacteria, Sijtsma and Tan (1993) Isolated Neocallimastix and Piromyces from the 

rumen of sheep by using medium Ml containing cellobiose (O.5%) in the presence of 

penicillin G (100/19 per mil. chloramphenicol (50/19 per mil and streptomycin sulphate 

(200 P9 per mn to suppress bacterial growth. After 8 days of incubation at 39°C, 

thallus, several zoosporangium and zoospores were observed. After a serial dilution, a 

pure fungal culture was obtained. 

2.6 ENUMERATION 

During studies on the diurnal changes in the concentrations of microorganisms 

in the rumen of sheep fed limited diets once daily, there was a significant increase in 

the population density of the flagellate, Callimastix frontalis, after one hour the sheep 

were fed. The population density then dropped to a minimum at 8 to 10 hours after 

feeding, after which little change occurred until the sheep was fed again (Warner, 

1966). The number of Callimastix in any sample could be estimated by counti~g 

microscopically all the calliinastix In 0.01 ml of the sample (Orpin, 1974). Callimastix 

frontalis was morphologically distinct {Braune, 1913) from the other flagellate protozoa, 

with characteristic movements and it was easily counted. Through .this direct 

microscopic count, it was estimated that the population density of flagellates ranged 

from 3.9 x 105 to 2.2 X 10' per ml in case of defaunated sheep; while in faunated 

sheep it ranged from 4.2 x 103 to 6.4 X 106 per ml (Orpin, 1976). Animals consumed 

appreciable amounts of fibre, large number of fungal sporangia were found attached to 

stem fragments selected at random from rumen contents of sheep before morning 

feeding {Bauchop, 1979). Mighest numbers were found with. chaffed lucerne diet 

containing stalky material than peneted lucerne diet. Phycomycetous fungal sporangia 

or zoospores were not detected microscopically in rumen contents of sheep on diets 

low in fibre. , 

The number of fungi in strained rumen fluid was determined by diluting samples 

from the stirred solution through roll tubes containing antibiotics. At 6 hours after 

i~oculation, discrete fungal thalli were visible under a dissecting microscope: A count 

of the thalli present after 20 hours indicated that the rumen fluid sample contained 2 

x 10· viable· zoospores per ml {Joblin. 19811. But in glucose containing tube the number 
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of zoospores detected was approximately twice of that found in tubes containing either 

cellobiose or cellulose. 

Rumlnal fungi associated closely with fiber during forage degradation in 

ruminants (8auchop, 1981). Sporangia of various morphologies were produced by fungi 

which colonized plant cell walls. These sporangia were enumerated by light microscopy 

(Akin, 1987). The total number of sporangia on both cut edges of a leaf blade was 

divided by leaf blade width to give the sporangial number per 'millimeter of leaf cut 
" 

edge. For evaluation of the relative numbers of sporangia per site on the leaf surfaces, 

the numbers of sporangia within five randomly selected field (x 20 objective lens; area, 

0.55 mm2
) on the mid-rib surface of the blade were averaged. The number of sporangia 

on leaf blades"8t cut edge (per millimeter) ranged from 17.2 ± 8.5 to 25.4 ± 13.2 and 

the value at surface (per site) ranged from 8.5 ± 1.3 to 9.6 ± 7.9 following 6 to 48 

hours of in vitro studies. However, monitoring sporangia did not take into account the 

biomass of rhizomycelia which were extensive at certain time of tlieir life cycle. Thu's, 

Akin (1987) suggested the use of-chitinase for assessment of fungi associated with 

plant fiber. 

Ushida et BI. (1989) developed in situ method for enumeration of fungal 

population size where agar strips (size 3 x 3 x 15 mm) containing glucose, xylose, 

cellulose, xylsn, cysteine hydrochloride were incubated in rumen through nylon bag 

(100pm size) for 24 hours. Fungal loosporangia developed on the strips were counted 

in calibrated fields. The number ranged from 5.7 x 103 to 12 X 103 pAr cm2
• Based on 

the technique of most probable numbers, an end point dilution procedure was 

developed to enumerate anaerobic chytrldiomycetes as thallus forming units (Theodorou 

et BI., 1990a). This method did not distinguish between"zoospores and thalli, but 

permitted enumeration of fungal populations with respect to their ability to digest plant 

cell walls. Through this technique, the estimated population of fibrolytric anaerobic 

fungi in reticulorumen "ranged from 2.20 x 104 to 4.6 X 104 thallus forming unit (TFU) 

per gram of ruminal dry matler, whereas total population was within the rarige of 0.94 

x 10· to 8,37 x 10· TFU per gram, 
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Population sizes of rumen anaerobic fungi were generally estimated by the roll 

tube method using appropriate antibacterial agents (JobUn, 1981). The estimates from 

this method were, therefore, based on the colony forming ability of fungal zoospores 

free of bacterial interference. However, viable zoospore counts might not necessarily 

correlate well with the fungal population size (Bauchop, 1981). Moreover, fungal 

muralytic activity increased when bacteria were eliminated (Windham. and Akin, 1984; 

Ushida et sl., 1989), suggesting the risk of over-estimation of fungal population size 

by this method. Thus, direct counts of fungal colonies on plant fragments incubated in 

the rumen might be a more direct and suitable method for estimation of relative size of 

fungal populations. 

2.7 ENUMERATION MODEL 

Zoospores and thalli remained at steady state in the rumen (France et al., 1990). 
'. 

With the combined knowledge of passage rate and life cycle, the number of digesta 

associated thalli could be determined from the concentration of zoospores in rumen 

fluid. Fungal life cycle could be compartmentalized as in Fig. 2.1. According to 

. differential calculations developed by Theodorou et al. (1996), the number of digesta 

associated thalli ranged from 50 to 170 per cent of the number of zoospores. 

Another .model. i.e., particle size model was. conceptualized by France and 

Theodorou (1994). This model assumed that the number of col~nized particles in the 

rumen was always less than the number of fungal thalli attached to them. Thus, if .it 

was possible to fragment colonized particles in such a way that each fragment 

ultimately contained only one fungal thallus, then enumeration of the thallus population 

by counting the fragmented colonized particles was comparatively easy. 

2.8 PRESERVATION OF FUNGAL CULTURE 

Rumen anaerobic phycomycetes·remained viable only for 2 to 5 days in glucose 

broth (Orpin, 19761 and 7 to 10 days in sisal broth (Bauchop, 19791. Cultures in broth 

or an agar with and without glycerol as a cryoprotectant failed to retain viability after 

storage at low temperature (-60°C). However, apparently senescent cultures on sisal 

agar which was stored at 39°C could be re-established by the addition of glucose. 

13 



1.. -1 
3 

d,l 

d,l 

d 

N, 

N, 

N, 

K, 

-1 
1..1 

K, 

1.. -1 
2 

K, 
> 
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Glucose broth (5 ml) was added and it was shaken vigorously to mix the agar and liquid 

phases. After 2 to 3 days of incubation. the culture was actively grown again. This 

provided a useful method of maintaining cultures of anaerobic fungi without frequent 

subculturing (Joblin, 1981). By this method. cultures remained viable in sisal broth at 

39°C upto 7 months. 

Cryogenic preservation of the anaerobic rumen chytridiomycete. N. patriciarum 

was possible by two-stage freezing procedure (Yarlett et al., 19868). It involved initial 

freezing and storage for 24 hours in solid carbon dioxide before transfer to either at 

-SooC freezer or liquid nitrogen. Immersion directly into liquid nitrogen resulted in no 

survival of cultures. Best long term preservation conditions were obtained by using 5 

per cent dimethyl sulfoxide as cryoprotectant in liquid nitrogen. Storage under carbon 

dioxide or at -sooe gave 'good recoveries for a limited period (several months) which 

might be useful to laboratories require' short term storage of the fungus and did not 

possess the ne,cassary liquid nitrogen facility. Storage at ·sooe for 1 year gave 

approximately 40 per cent survival compared to that in liquid nitrogen. RecoverY of 

cultures after cryogenic storage of vegetative growth in solid carbon -dioxide or at 

-sooe was enhanced by the addition of 5 per cent dimethyl sulfoxide to the medium. 

2.9 TYPES OF ANAEROBIC FUNGI AND THEIR MORPHOJ.OGY 

The first rumen fungus isolated was polyflageflated Neocallimastix frontalis 

(Orpin, 19751. The flagella'es averaged about 20.6 x 8.7 pm. Though shape was 

variable, it was basically ovoid. The cells were frequently irregular in shape soon after 

release from the sporangium, but most of these became regular within 2 to 3 minutes. 

Locomotion was effected by the rapid beating of up to 14 flagella which formed a 

Single locomotory organelle, curved in three dimensions up to 36.6 pm long and 2.5 pm 

thick. In live preparations, the individual flagella adhered closely and in fixed 

prepa'rations the flagella spreaded out. The fresh cells were actively motile and the 

maximum linear speed recorded was 5 mm per minute, timed over a 200 pm grid of a 

haemocytometer chamber. Linear motility was rare, the usual movement found to be 

erratic and gyratory. Occasionally, the flagellates cease this erratic movement and the 
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flagella become inert while the cell moves amoeboidly for 10 to 15 minutes. After this, 

cell becomes rounded and further starts the active movement by means of re-curved 

flagella. 

The size of sporangia producing the flagellates in vivo varied from 21 x'9 pm to 

74 to 52 pm. Some of the sporangia possess a single rhizoid of up to 140 x 8.5 pm, 

which is frequently branched. Under, in vitro conditions, the sporangia are capable of 

growing to larger dimension'S, up to 155 x 83 pm, with r,hizoids of up to 138.0 pm in 

length. These rhizoids are repeatedly branched, but in no instance there is more than 

one sporangium on each rhizoid system. The number of flagellates produced per 

sporangium ranged from 2 to 38. Due to some anomalies. the isolate referred as N. 

frontalis by Orpin was subsequently renamed as N. patriciarum (Orpin and Munn, 

1986). Later on. the isolates like PN1 (Bauchop and Mountfoot. 19811. L2 ( 

Marvin-Sikkema et .1 .. 19921. CS36. CL 16. XV6. CS4. XS26 (Sijtsma and Tan. 19931 

were also classified under Neocal/imastix because of their monocentric growth, 

branched rhizoid -and multiflagellated zoospores. 

In 1976, Orpin isolated another rumen fungus - Sphseromonss communis. 

Assuming the similarity between Sphaeromonas isolates and Liebetanz's protozoans, 

Orpin retained the generic name used by liebetanz (191 0). However, due to differences 

between liebetanz's description of his isolates and those described by Orpin, which 

was mainly to stress their fungal status, the genus Sphaeromonas was renamed as 

Caecomyces (Gold et al., 1988). Type species are: Caecomyces communis (isolated 

from sheep rumen) and C. equi (isolated from horse caecum). The Caecomyces 

flagellates were usually irregular in shape immediately after release from the sporangia 

(Orpin, 1976). Most become spherical within 2 to 3 minutes with an average diameter 

of 7.95 pm, but a few remained elliptical and measured up to 10.5 pm long. Each 

zoospore possessed a single flagellum (24.9 pm long) and it was posteriorly oriented 

during cell motility. Within 30 to 120 minutes, the motility decreased and elliptical 

spore became spherical. Later on, movement eventually ceased, flagellum detached and 

the refractivity of the cell increased. The non-motile stage of Caecomyces flagellates 

was indistinguishable from that of Neocal/imastix flagellates • 
• 
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The vegetative stage, Le., sporangia of Caecomyces occurred in rumen fluid with 

or without a limited thallus consisting of a single. sometimes branched rhizoid. It might 

be monocentric or polycentric in nature (Trinci et al .• 1994). The large sporangia were 

variable in shape, but were usually ovoid with maximum axial dimensions of 95 x 64 

pm (Orpin, 1976). Initial germination of the cell appeared to occur by an outgrowth of 

the cell, producing a thick (up to 8 pm wide) rhizoid. On this, up to seven spherical 

bodies of unknown function developed before the develop'!'ent of usual single 

sporangium. Occasionally, there were 2 to 3 sporangia. The maximum number of 

flagellates were seen to be liberated from a sporangium was 114. 

Piromonas communis, a rumen anaerobic fungus, was isolated and characterized 

by Orpin (1977b). The genus has been renamed as Piromyces. Type species' are 

Piromyces communis (Gold et al., 1988), P. mae, P. deembonica, P. rhizinflata (Li et al., 

1990', P. minutus (Ho et al., 1993a), P. spiralis (Ho et al., 1993b). The Piromyces 

flagellates were irregular in shape immediately after release from sporangia and became 

regular elongated in shape after 2 to 3 minutes with. average axial dimensions of'7.1 

x 14.6 pm (Orpin, 1977b,-. Zoospores were monoflagellated and the average length of 

flagella was 28.8 pm. The flagellum was posteriorly oriented whilst the cell was in 

motion. During period of less activity, the cell became more rounded, assuming the 

appearance of NeocaJ/imastix flagellates. Occasionally, the flagellates ceased 

swimming, the flagellum became inert and the cell moved in an amoeboid fashion. After 

amoeboid movement, the cell again became elongated and flagellar motility reappeared. 

After 1 to 3 hours of rapid motility in vitro, or an unknown period in vivo, the flagellate 

became more refractile and subsequently lost their flagellum. Then germination started 

by the growth of single rhizoid from a terminal position on the cell. Occasiona'ny, the 

flagellum remained attached to the germinating cell in vitro and subsequent growth of 

the vegetative stage was by elongation of the rhizoid and enlargement of the 

sporangium. The sporangium was provided with single, non-septate highly branched 

rhizoid, up to 365 pm cylindrical to ovoid. The number of flagellates produced per 

sporangia ranged from 2 to.78 depending on its age. 

Ho and 8auchop (1991) demonstrated polycentric anaerobic fungi, viz. LL, le2 

and Ruminomyces elegllns (C2) from the rumen of cattle. But the genus Ruminomyces 
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was renamed as Anaeromyces (Trinci etal., 1994). The zoospores were polyflagellated 

in case of LL and LC2, but monoflagellated in case of Anaeromyces elegans. Both Ll 

and LC2 produced large rhizomycelia, comprising of extensively branched hyphae, 

which could be tubular and uniform in diameter. Sporangiophores usually developed 

from the wider hyphae. Many sporangiophores can be formed from one hyphae and 

these can be both intercalary and terminal. Development of sporangia usually occurred 

after 3 to 4 days growth in all media. The sporangia produced were usually spherical. 

A. elegans produced a much smaller but more compact rhizomycelia than LL and LC2. 

The hyphae were highly branched, giving a bead or sausage like appearance (frequently, 

small lobed or disc like structures). Other species was A. mucronatus, an isolate from 

sheep rumen (Breton et al., 1990). The polycentric fungus -Neocallimastix joyonii is 
.~ 

renamed as Orpinomyces joyonii (Trinci et al., 1994). This genus was characterized by 

polyflagellated zoospores and filamentous rhizomycelium. In India, Malakar and Walli 

11995) reported that the shape of sporangia from cattle and buffalo are of'great variety­

including cylindrical, ovoid, globose etc. 

2.10 ZOOSPORE ULTRASTRUCTURE 

Zoospore was the fir~t stage and also the motile stage in fungal life, and its 

shape was variable. In case of N. patriciarum, the cell surface was irregularly scalloped 

(Munn eta/., 1988). Flagella generally arise from one pole. There were about-9to 15 

flagella,. alternating in two rows. These contained usually (9x2) + 2 arrangement of 

microtubules which were extended up to three qua.rters of the lengtl) of· the flagella. 

The terminal part of each flagellum was narrow and contained only a few microtubules. 

The cells contain a nucleus and a variety of inclusions: large globular aggregates and 

helical arrays of ribosome like particles, amorphous electron dense globules, glycogen 

etc. From electron micrographs of a series of thin sections, Marvin-Sikkema et.al., 

(1992) showed that zoospore of Neocallimastix sp. L2 possessed 9 flagena with typical 

configuration of 9 + 2 axonema. A circumflagellar ring surrounded the flag,ellum near the 

entrance region of the zoospore. In the kinetosomes, spurs, scoops and skirts were 

visible. 

17 



Neocallimastix sp. did not contain structures recognizable as mitochondria 

(Munn et al., 1981; Heath et al., 1983). Electron micrographs of the fraction enriched 

in hydrogenase activity contained finely granular microbody like organelles, about 0.5 

JIm in diameter (Yarlett et al., 1986b). These organelles bore no similarity to 

mitochondria but were morphologically similar to hydrogen, evolving organelles 

possessed by certain anaerobic protozoa and termed 'hydrogenosomes'. These were 

shown to be involved in energy generation and had a close association with structures 
, ' 

involved in cell motility (Mulier, 1980). 

2.11 ENERGY METABOLISM OF ANAEROBIC FUNGUS 

Anaerobic fungi were unable to produce energy either by aerobic or anaerobic 

respiration because of absence of mitochondria within the celllO'Fallon et al., 1991). 

The cells were not able to prevent the accumulation of reducing equivalents by the 

electron transport chain, where oxygen acted as an electron acceptor in aerobic 

respiration and nitrate, sulphate, fumarate, triethylamine oxide served ,the 

corresponding role in anaerobic respiration (Stanier et al., 1987). Instead of this, 

anaerobic fungi metabolized energy by anaerobic fermentation of carbohydrate where 

carbohydrate acted as both electron donor and acceptor. Since part of the energy was 

retained in the substrate, anaerobic fermentation' was less efficient energy yielding 

process than aerobic process. The yield coefficient (mg biomass produced per mg 

glucose utilized) for a fungus like N. hurleyensis (0.62) grown anaerobically was much 

lower than for a fungus like Geortrichum candidum (4.50) grown aerobically (Caldwell­

and Trinci, 1973; Lowe etst., 1987b). 

Some microbody like organelles with a finely granular matrix, slightly smaller in 

size were present in zoospore as well as in vegetative stage of anaerobic fungus. 

Previously, these were designated as amorphous globules (~unn at a1., 1981) but were 

actually hydrogenosomes (Yarlett et sl., 1986b). These organelles were capable of 

coupling the metabolism of hexose to cellular energy formation with the concomitant 

generation of hydrogen. Two pathways of hydrogen (H2 ) formation were known; both 

involved pyruvate as intermediate, but they differed in the mechanism of end products 

formation. In one pathway, used by Clostridia (Gray and Gest, 1965.) and protozoa 
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IBauchop, 1971; Yarlett et a/., 1981}. electrons for proton reduction were derived from 

the conversion of pyruvate into acetyl CoA by pyruvate:ferredoxin oxidoreductase. In 

the second pathway, which occurred in the Enterobacteriaeceae (Gray and Gest, 1965). 

electrons for proton reduction were derived from formate dehydrogenase. The absence 

of detectable formate dehydrogenase and formate hydrogen lyase in extracts of N. 

patricia rum indicated the absence of later pathway of hydrogen evolution. However, 

hydrogenase, malic enzyme and NADPH:ferredoxin oxidoreductase were detected under 

all growth conditions and differential fractionation of homogenates showed that these 

activities were associated with the particulate traction. This was similar to the 

distribution of enzyme activities found in hydrogenosome from some anaerobic protozoa 

(Mulier, 1980; Yarlett et al., 1981). 

2.12 METABOLIC TRANSFORMATION OF GLUCOSE 

Primary pathway for glucose metabolism was established in the anaerobic 

rumen tungi N. patriaciarum (Varlett et a/., 1986b) and'N. frontalis EB188 (O'Fallon et 

al., 1991). The presence of certain glycolytic enzymes but the absence of detectable 

glucose-6-phosphate dehydrogenase suggested that glycolysis was the sole mechanism 

of glucose metabolism in anaerobic fungi. Glycolysis in N. frontalis EB188 was coupled 

to malate dehydrogenase, malic enzyme and specifi'ed hydrogenosome reactions 

(O'Fallon et a/ •• 1991). Pyruvate, as in most of life forms, was a pivotal compound. 

The major fermentation end_products of N. frontalis EB188 were acetate, ethanol and 

lactate with the concomitant generation of hydrogen (H2). Despite a similarity in basic 

concept, O'Fallon~s metabolic diagram differed in several important respects from that 

of Yarlett's concept. Namely, the phosphoenolpyruvate carboxykinase and pyruvate 
CJ 

kinase reactions described by'(arlett et al. (1986b) were not likely to occur in the 

direction towards glycolysis. Pyruvate produced by glycolysis was converted via 

pyruvate carboxylase into oxaJoacetate, which in turn was reduced by malate 

dehydrogenase to malate. This nlalate was transported into the hydrogenosomes, 

where hydrogeno.somal enzymes generate energy by coupling malic enzyme oxidation 

of malate to electron transfer via NADH:ferredoxin oxidoredLic!ase, ferredoxin and 

hydrogenase to proton reduction, with the concomitant generation of hydrogen. 

19 



2.13 ROLE IN FIBER DEGRADATION 
f 

Orpin (1977al first observed that flagellates of N. frontalis and P. communis 

attached themselves to stomata, lateral spikes and regions of damaged plant tissues. 

The zoospores of anaerobic rumen fungi were observed to attach and encyst on the 

plant leaves and guinea grass fragments by 15 minutes after incubation in rumen 

(Bauchop, 1981; Ho et al., 1988a). The zoospores shed their flagella very rapidly and 

attached themselves by means of material of unknown nature. It might be due to the 

fact that zoospores of N. frontalis attached on their flagellar pole with fibriller material, 

radiated out as fine fibrils from the point of attachment (Munn et al., 19811. However. 

according to Ho et al. (198Sb), the materials of attachment were not distinctly fibrillar 

J- but spreaded out irregularly at the point of attachment. 

Shortly after attachment, the zoospores germinated with a single germ tube 

which then subjected to branching to form rhizoids. Attachment and germination of 

zoospores occurred mainly on damaged plant tissues, such as cut ends and damaged 

epidermal surfaces of grass fragments. If plant fragments were intact with covered 

cuticle. then zoospores attached and germinated predominantly at the stomata (Ho et 

al., 1988a). Subsequently, Single rhizoid grows parallel to the length of the cell for 

some distance before branching and penetrating other cells on either side. Following 

contact with undamaged cell walls, many of the rhizoids developed special 

appressorium like structures for penetration. Development of appressoria by the fungi 

for penetration of-the cell wall probably accelerated the spread of the rhizoids from cell 

to cell. enabling maximum colonization of plant tissues. Then extensive root like , 
systems of rhizoids with numerous appressoria penetrated and ramified within both thin 

walled (parenchyma and mesophyll) and thick walled cells (sclerenchyma and vascular 

tissues). As more rhizoids colonized and penetrated the plant cells, disruption and break 

down of the fiber took place and the areas of degradation appeared in the mesophyll, 

ground parenchyma and sclerenchyma. 

2.13.1 DRY MATTER/CELL WALL DEGRADATION 

Antibiotics provided a way to manipulate the various microbial groups to 
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evaluate fungal contribution to fiber digestion in the rumen. Fiber loss due to the fungi 

was slightly higher at 24 and 48 hours but was significantly less at 96 hours. It was 

observed that ruminal fungi in selective culture could potentially degrade plant fiber at 

similar rates and to similar extent to that of bacterial population (Akin and Rigsby, 

1987). Under in vitro system, in presence of streptomycin and penicillin, fungi caused 

a dry ma~er (bermuda grass and pangola grass) loss of 72.4 to 74.2 per cent (Akin et 

al., 1989i. Irrespective of the substrate, the maximum amount of dry matter degraded 

by N. frontalis was reached after 4 days of culture. In contrast, the degradation by O. 

joyoniiwas more progressive: greatest degradation was reached after 6 days for maize 

stem and 8 days for wheat straw (Roger et al., 1993). These two fungi degraded maize 

stem with the same effectiveness (approximately 60% of OM was solubilized at the end 

of the cultUf':J)' Sijtsma and Tan (1993) observed that after an incubation period-Of ~ 

days, Neocsllimastix species degraded upto 89 per cent (w/w) of the isolated ce,1I walls 

while Piromyces species strain CSl degraded 65 per cent (w/w) of the cell walls. 

2.13.2 DEGRADATION OF PHENOLICS AND LIGNIN 

Anaerobic rumen fungi preferentially colonized and degraded lignified cell walls, 

which were the least biodegradable plant components (Akin fit al., 1983). The ability 

to degrade and utilize lignin anaerobically will be an important attribute for rumen 

microorganisms. Early studies with ('·C] lignin or (1·C] carbohydrate in lignocellulose 

of highly lignified and poorly digested cord grass indicated that the loss of radioJabelled 

Jignin was not the result of its oxidation into carbon dioxide but it was due to its 

solubilization (Akin and Benner, 1988). Incubation of radiolabelled oat plants with 

different pure, monocentric fungal culture indicated that 30 to 38 per cent of the initial 

radioactivity was solubilized and negligible carbon dioxide was produced (Gordon and 

Phillips, 1989). 

Hindrance of plant cen wall biodegradation appeared to be associated with in situ 

structural relationships between different types and quantities of cross-linking bonds 

between cell wall polymers rather to anyone specific cell wall. component (Ford arid 

Elliot, 1987; Forsberg and Cheng, 1990). The extent of cross-linking by ferulic and 

para-coumaric acid dimers appeared to correlate best with low biodegradability (Hartley 
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and Ford, 19891. Furthermore, the"esterification of feruloyl and para-coumaroyl groups 

to arabinoxylans were shown to limit the release of cell wall pentoses (Hespe"ll and 

O'Bryan, 19921. Recent studies indicated that rumen fungi were able to produce both 

para-coumaroyJ and ferulolyl esterases (Borneman and Akin, 1990; Borneman et a/., 

1990). The extracellular para-coumaroyl esterase secreted by the anaerobic fungus 

Neocallimastix strain MC-2 released para-coumaroyl groups from 

O-[~-O-{(E)-para-coumaroyl}-a-L-arabinofuranosyIHl""3)-O-B-D-xylopyranosyl-{1 .... 41-

D-xylopyranose {PAXXI. The extracellular feruloyl esterases (FAE-I and FAE-ll} cleaved 

ferulic acid from OI5-Q-{(E)-feruloyl}-a-L-arabinofuranosyl]- 11 .... 3) -O-B-D-xylopyranosyl-

11~4)· D·xylopyranose IFAXX). 

2..13.3 PHYSICAL DEGRADATION OF FIBER BY FUNGI 

Abilities to degrade extensively certain lignifi~d tissues. to partially degrade and 

weaken the more resistant tissues, and to penetrate the cuticle barrier in forages were 

characteristics. which indicated that rumen fungi were better equipped than rumen 

bacteria to degrade the structural barriers in plants. Therefore, fungi might be 

considered to have an ability to modify particle size or other fiber characteristics that 
. 

relate to "intake or passage of fiber through the intestinal tract (Welch, 1986). In the 

feeding study with sulfur fertilized warm season grass, the fungal population was" 

stimulated which, in turn, increased the feed intake. It was thought to be inflL!enced by 

the ability of fungi to attack and weaken anatomic barriers of fiber (Akin et 8f., 1983,-. 

In a study to evaluate quantitatively the potential of mixed bacterial and mixed fungal" , 
population to weaken structural barriers in vitro (Akin et al., 1989) indicated that stems 

incubated with fungi got significantly weaker than those incubated with bacteria. 

Particle size was not altered by any microbial group but fungal filaments degraded 

tissues most refractory to degradation in both grass and legume "stems. Csecomyces 

isolates were able to fibrillate plant fragments due to the expansion of its bulbous 

rhizoid (Joblin, 1989). Therefore. rumen fungi appeared to have .the ability to alter the 

ctlaracteristics of fibrous residues; thus potentially aided in mastication and fiber flow 

in the digestive tract and subsequently increased the feed consumption. 
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2.14 FACTORS AFFECTING SPORANGIAL COLONIZATION ON PLANT MATERIAL 

The colonization of lignified tissues by rumen fungi is of interest in ruminant 

nutrition, because these tissues are the ones most limiting to digestibility (Ak.in, 1986). 

Electron microscopic investigations showed that colony development was initiated on 

the lignin-containing tissues preferentially (Akin et al., 1983). Although chemotaxis 

was shown with soluble sugars in rumen fungi (Orpin and 80untiff, 1978). it was not 

known whether chemotaxis to cell wall components was important in colonization of 

specific plant cell walls. After colonization of the refractory lignocellulose, fungal 

rhizoids or hyphae partially or totally degraded plant walls. Lignin containing tissues 

those were partially degraded by rumen bacteria, such as leaf blade sclerenchyma but 

were extensively and often completely utilized by rumen fungi (Akin and Rigsby, 1987). 

Other,types of lignin containing tissues which were totally resistant to bacterial 

degradation, such as xylem and sclerenchyma ring tissue in s;tems, were degraded 

partially by fungi. With some rumen fungi, appressorial like structures that produced 

a penetration peg, a system similar to that of plant pathogenic phycomycete fungi, 
CQ\\ 

appeared to be involved in degrading plan~walls (Ho et al., 1988b). In addition to the 

greater degradation of lignified tissues by rumen fungi compared to bacteria, another 

attribute of fungi was their ability to penetrate the cuticle of grass leaf blades. 

However, fungal colonization over plant biomass was not uniform. It depended upon 

several factors, viz., diet, time after feeding, system of keeping animal (grazing or 

stall-fed), soil status, fungal type, pH etc. 

2.14.1 GEOGRAPHIC FACTOR 

Whole rumen fluid from the Australian ruminant source degraded bermuda grass 

leaf blades at a faster rate and to a greater extent than that from the U.S.A. Inclusion 

of cyclohexamide or streptomycin and penicillin with the rumen fluid indicated that the 

potential bacterial activity was less in the Australian inoculum. while that for eucaryotic 

microorganisms (fungi) was greater (Akin et al., 19891. Rumen fungi from the 

Australian inoculum were particularly more active on'the leaf surface of both forages. 

The development of large number of oval sporangia on leaf surfaces in the 'Australian 

inoculum compared with the predominance of globose and-fusiform morphotypes in the 
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U.S.A. inoculum suggested that different fungi were present in the inocula from the two 

geographiC? regions. Possibly, the greater degradation from the Australian inoculum was 

due to the ability of these fungi to extensively penetrate the leaf surface and attack 

underlying tissues by the rhizomycelium. A higher number of oval sporangia on the leaf 

surfaces of both bermuda grass and pangola grass for the Australian inoculum 

suggested that a predominant fungal type might be particularly important in establishing 

a niche for attacking and penetrating the leaf surface (Akin et al., 1989). 

2.14.2 SPECIES 

Fungal colonization and development on rice straw and palm press fibre were 

shown to be similar in both cattle and buffalo (Ho etal., 1991) ...... 

2.14.3 DIET 

Not aU feed ingredients allowed the proliferation of anaerobic fungi at the same 

rate in the rumen. In case of sheep consuming appreciable amounts of fiber tpelleted 

or chaffed lucernei, large numbers of sporangia were found attached to stem fragments 

selected at random from the rumen contents, before morning feeding (Bauchop~ 1979). 

Highest numbers were found with chaffed lucerne diet because of mere stalky material 

as compared to pelleted lucerne diet. 

Fungal populations were stimulated with the alfalfa diet to a much greater extent 

than that observed with coastal bermuda grass~ though NOF per cent was more in case 

of coastal bermuda grass (69.7%) than alfalfa diet (32.8%). Therefore. the general 

statement that most fibrous diets support the greatest population of fungi may no 

longer be valid and indicated that factors other than fiber content affects fungal 

development (Windham and Akin, 1984). The exact factors in alfalfa responsible for 

stimulation of fungal development were not known. Akin (1987) observed large 

differences in the association of sporangia with different grasses from various field 

plots, at the time of incubation with rumen fluid and penicillin and streptomycin. The 

number of sporangia on cut edge (per mm) on different grasses were ~s follows: 

coastal bermuda grass 27.7 ± 14.3, coastcross 1 bermuda grass 4.2 ± 1.5, 

experimental low digestible bermuda grass 31.9 ± 21.9, experimental high digestible 
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bermuda grass 14.0 ± 9.5, pangola grass 4.4 ± 4.2, tall fescue 3.3 ± 2.4 and 

orchard grass 1.0 ± 1.2. 

Fungal zoospores generally attached and germinated mainly on damaged plant 

tissues, viz. cut ends and damaged epidermal surfaces of the grass (guinea) fragments 

(Ho et al., 1988a). But in case of undamaged grass, fungal attachment took place at 

the stomatal region. Dimensions of the germinated zoospores were generally 7.0-14 x 

8.5 x 17 pm and rhizoids up to 70 pm long are observed. The rhizoids were present 

mostly in thin walled tissues such as epidermis (stems and leaves), ground pare'nchyma 

(stems) and mesophyll (leaves). The rhizoids grew parallel to the length of the plant cell 

for some distance before branching and penetrating other cells on either side. The 

rhizoids were found to be especially long if it was in. a sclerencbyma fibre or vascular 

element. 

It was speculated that the presence of large amount of soluble carbohydrates in 

the rumen liquor not only inhibited the adhesion of cellulolytic bacteria to feed particles 

(Fonty et al., 1987) but also hindered the germination of zoospores (Orpin and Bountiff, 

1978). The zoospores preferred to get attached to those feed particles which stayed 

longer in the rumen and were able to provide the full duration of life cycle, i.e., about 

24 hours IGrenet et al •• 19891. 

Rye grass at the leafy stage was an unfavourable feed item for the fungi. This 

feed item did not cause any hindrance for the establishment of fungi in the rumen, but 

it reduced their development (Grenet et al., 1989). The use of very young grass (rich 

in nitro~en. soluble carbohydrates and highly digestible) allowed extensive 

fermentations in the rumen and gave a higher level of volatile fatty acids. In addition 

to this, due to little lignification and lesser retention time in rumen, younger g'rass gave 

little scope to fungi for attachn:aent and subsequent development. Differential 

colonization by rumen fungi could be explained in two ways (Grenet et al., 19S9) either 

by a selective colonization of the various composition of the substrate. Soyabean 

tegument (rich in cellulose and hemicellulose) seemed to be favourable to the 

development of fungi. However, again it was more difficult to explain why lucerne 

stems were more favourable than maize stalks. 
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2.14.4 TIME 

Under in vitro system, incorpOration of streptomycin and penicillin stimulated the 

development of sporangia on the leaf surface of bermuda grass from 24 to 96 hours. 

The number of sporangia per site (of bermuda grass) at different hours of incubation 

were as follows: 6 hours 0, 24 hours 1.2 ± 0.3, 48 hours 10.0 ± 1.6, 72 hours 8.2 

± 4.4 and 96 hours 4.8 ± 3.4 (Akin and Rigsby. 19871. 

Fungal zoospores were found to get attached to rice straw fragments 15 minutes 

after rumen incubation and by 30 minutes many germinated (Ho et al., 1991). Similar 

rapid attachment' of zoospores to plant fragments in _ the rumen was reported by 

8auchop (1981) and Ho et al. (198~"). The zoospores attached predominantly on 

stomata; cracks. fissures and cut··surfaces of the rice straw. By 1 to 3 hours, same 

fungi developed an extensive hypha! system in the thin waned parenchyma cells of the 

rice straw. Some of the hyphae produced lobed or disc shaped 'appresoria' with 

penetration pegs· penetrating cell walls. After 6 hours in the rumen, the thick walled' 

lignified tissues, viz. scierenchyma and vascular elements, were colonized by the fungi. 

Degradation of the cell wall took place in the thin walled tissues which were extensively 

colonized by fungi. Some degradation was also observed in the thick walled tissues 

with profused fungal colonization. Sporangia of the fungi were small, mostly spherical 

or ovoid. At 24 hours, fungal colonization of the straw fragments was very profused 

and dense networks of hyphae were observed in the sclerenchyma and vascular 

tissues. By 48 hours, much of the softer thin walled tissues of the rice straw fragments 

were degraded and the remaining sclerenchyma and vascular tissues were extensively 

colonized by fungi. In place of large spherical and ovoid sporangia, a large number of 

smaller ovoid structures having. diameter of 8 to 15 pm (germinat~d·zoospores or young 

sporangia) were present both outside and within the cells (Ho et al., 1991). These 

young sporangia! germinated zoospores did not produce extensive network. Most of the 

hyphae produced were thick and short. Some of the larger sporangia appeared shrunken 

or collapsed with part of the sporangial walls disintegrated or with openings or pores 

in the walls. Similar type of collapsed _sporangia were observed on ~uinea grass, 

incubated in the rumen of cattle and Swamp buffalo and they were probably the 

remains of sporangia I wall after the release of zoospores (Ho et al., 1988a). Although 
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the degradation of tissues was quite extensive at 72 hours after rumen incubation, but 

extensive fungal growth was not observed. The number of sporangia was very much 

less than that at 24 and 48 hours (Ho et al., 1991). 

Roger et al. (1993) observed that after 15 hours of incubation with 

Neoca/limastix frontalis, the tissues of straw and maize stem were almost completely 

covered by an abundant mycelium. After 24 hours, the inner part of the parenchyma 

was degraded and after 48 hours it was separated from the stem. At 72 hours of 

incubation, the degradable tissues (phloem and parenchyma) disappeared. 

2.14.6 FREQUENCY OF FEEDING 

Beet diet (comprised of 8.2 kg Capax fodder beet and 7.4 kg lucerne hay) 

offered in single meal did not cause fungal colonization on substrates suspended 

through nylon bag. The number of fungi was also low in rumen fluid. But during offering 

the same beef diet in six different meals, fungi attached to the substrates and number 

of fungi in rumen fluid was also more' (Grenat et al., 1989). 

2.14.6 SPECIES OF FUNGUS 

Members of the genus Caecomyces seemed to be the least capable of 

penetrating plant fiber among all the anaerobic fungi (Gordon and. Phillips, 1989; Roger 

et al., 1992). This was due to the presence of spherical holdfasts unlike mycelial 

rhizoids of Neoca/limastix, Orpinomyces, Anaeromyces and Piromyces species. Thus, 

Caecomyces were unable to penetrate deeply into plant tissues (Joblin, 1989; Fonty 

etal., 1990). 

2.15 INTERACTION OF RUMEN FUNGI WITH OTHER MICROBES 

Anaerobic chytridiomycetes fungi are part of the complex microbial consortium 

that colonize and degrade plant materials in the ruminal ecosystem (Orpin and Joblin, 

1988). By virtue of their characteristic evolutionary nature, these fungi are able to 

thrive on strict and competitive anaerobic rumen ecosystem. In such complex rumen 

ecosystem, both synergistic and competitive microbial interactions take place. The 
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The presence of methanogenic bacteria In fungal culture Increased cellulose 

fermentation by 5 to 10 per cent (Marvin-Sikkema etal., 19901. There was a shift in 

the fermentation products to more acetate and less lactate, succinate, ethanol and 

formate. When Selenomonas ruminantium was used as a hydrogen consuming organism 

in co-culture with Neocallimastix sp. strain L2, both the rate and level of cellulolysis 

were increased. The beneficial effects of S. ruminantium might be resulting from a 

lowered electron sink products by the fungus, from consumption of electron sink 

products or hydrogen by bacteria or from competition for free sugars which in pure 

culture could exert an inhibiting effect on cellulolysis (Marvin-Sikkema etal., 1990~. 

2.16 PLANT BIOMASS DEGRADING ENZYMES 

Anaerobic fungi inhabiting the alimentary tracts of ruminants as well as 

non-ruminant herbivorous mammals plays a crucial role in the digestion of cellulose, 

hemicellulose, pectin, starch, protein etc. present in plant cell (Bauchop and Mountfort, 

1981; Orpin, 1983/84, Lowe etBI., 1987b; Mountfort and Asher, 1988; Gordon imd 

Phillips, 19921. The following enzymes are produced by anaerobi" fungi: carboxymethyl 

cellulase or end~glucanase (Lowe et al., 1987c; Barichievich and Calza, 1990; Wilson 

and Wood, 1992), exoglucanase or avicelase (pearc~\ 'and- Bauchop, .1985', 

B-1 A-glucosidase (Li and Calza, 1991al, hemicellulase ILowe et 81., 1987c, Mountfort 

and Asher. 1989) including xylanase «Teunissen"et al.,' 199"3a}, and xylosidases 

(Hebraud and Fevre, 1988, 1990; Calza, 1991a; Garcia-Campayo and Wood, 1993; 

Teunissen etBI., 1993a; Chen etBI., 1994), pectin lyase (Gordon and Phillips, 19921, 

feruloyl and paracoumaroyl esterase (Borneman etal., 1990, 1991., 1992), amylase and 

amyloglycosidase (Mountfort and Asher, 1988; Pearce and Bauchop, 1985), protease 

(WaUace and JobUn, 1986; Michel .t BI" 19931. Most of the enzymes produced by 

anaerobic fungi were secreted in the culture supernatant and o~ly a minor quantity of 

enzyme resided at cellular level tLi and Calza, 1991a). 

Since the discovery of bacteria. search is still continuing for finding out suitable 

organism able to produce enzymes for the bioconversion of lignocellulosic biomass into_" 

utilizable materials. Promising microorganisms: are aerobic bacteria, e.g. Thermonospora 

sp. (Moreira et al., 19811, aerobic fungi, e.g. Trichoderma sp. (Mandels and Reese, 
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Since the discovery of bacteria, search is still continuing for finding out suitable 

organism able to produce enzymes for the bioconversion of lignocellulosic biomass into_ 

utilizable materials. Promising microorganism~ are aerobic bacteria, e.g. Thermonospora 

sp. (Moreira et al., 1981), aerobic fungi, e.g. Trichoderma sp. (Mandels and Reese, 
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leruloyl and paracoumaroyl esterase (Borneman et a/., 1990, 1991, 1992), amylase and 

amyloglycosidase (Mountlort and Asher, 1988; Pearce and Bauchop, 1985). protease 

(Wallace and Joblin, 1985; Michel et sl., 1993). Most of the enzymes produced by 

anaerobic fungi were secreted in the culture supernatant and o'"!ly a minor quantity of 

enzyme resided at cellular level (U and Calza, 1991a). 

Since the discovery of bacteria, search is still continuing for finding out suitable 

organism able to produce enzymes for the bioconversion of lignocellulosic biomass into __ 

utilizable materials. Promising microorganisms: are aerobic bacteria, e.g. Thermonospora 

sp. (Moreira et al., 1981), aerobic fungi, e.g. Trichoderma sp. (Mandels and Reese. 
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was comprised of 14to 18 polypeptides (lemed etBI., 1987; lamed and Bayer. 19881. 

Cellulosomes could act at some distance from the cell and were found in clusters 

covering the whole of the residual cellulose {Mayer et al., 1987}. The attachment 

between the enzyme complex and cellulose substrate was mediated by a 

non-cellulolytic binding factor IWu et .1" 19881. Wilson and Wood (1992) observed 

that a minor component (4% of the total extracellular protein) of the cellulolytic 

enzymes of N. frontalis was present in a cellulosome like structure which was secreted 

there and got adsorbed to cellulose. Hence. the mechanism of cellulose degradation by 

anaerobic fungus seemed to be similar to that of C. thermocellum, although the 

molecular weight of the complex was much lower (750 to 1000 kOa vs. 2 x 10' kOal 

from its bacterial counterpart (Wilson and Wood, 1992). t,. 

2.16.1.1 Purification of endoglucanase 

Barichievich and Calz8 {19901 made first attempt to separate the supernatant 

protein and cellulase secreted by Neocallimastix strain EB18S. Molecular weight Of 

protein ranged between 19,000 tQ 1.16,000. Comparatively, the fungus grown over 

cellulose medium, secreted fewer low molecular weight proteins and more of high 

molecular weight proteins. Isoelectric points of cetlulase varied from 3.7 to 8.3 and 

possessed maximum activities at pH range of 5.9-6.5. 

Several forms of CMCase were separated by gel filtration chromatography, 

native polyacrylamide gel electrophoresis-snd isoelectric focussing (Wood et al., 1986; 

Barichevich and Calza, 1990). -fhe" multiple forms of CMCase might represent distinct 

enzymes or proteolytic degradative products or those resulted from post-translational 

modification including glycosylation. Wallace and Joblin 119851 reported the pre.ence 

of proteolytic activity in anaerobic fungus and this might contribute the proteolytic 

modification of cellulase. By using hydroxylapatite chromatography, Li and Calza 

(1991a) separated seven well defined CMCase peaks. The recovery of CMCase was 

71.2 per cent and 68 per cent of total activity resided on two peaks, viz. C3 and C4 

while minor percentage of activities were found among r-ost three peaks, vi~. C4, C5 

and C7. The CMCase specific activity of various peaks ranged from 0.77 to 15.66 

IU/mg protein. 
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Most microorganisms produce isoenzymes. Differences in enzyme activities 

found after growth on the different substrates could be the result of variations in 

isoenzymes synthesized. The molecular weight of different isoenzymes (CMCase) were 

215, 150. 128, 110 and 55 kOa. The dark bands which appeared within some of the 

clearing zones during destaining, was probably due to the presence of acid protein or 

the formation of an acid product by the enzymes. But during growth over lactose. two 

additional endoglucanase ac~ivity bands (MW 120 and 200 kOal were also observed 

(Teunissen et al., 1992). 

The crystalline cellulose solubilizing factor (CCSF) was isolated from the 

extracellular cellulase of anaerobic rumen fungus Neocallimastix frontalis (Wilson and 

Wood, 1992). This factor was obtained by adsorption on cellulose. The eeSF showed 

endoglucanase and B-glucosidase activity and effected the extensive hydrolysis of 

crystalline cellulose in the form of cotton fibre. The specific activity of CCSF (2.6 

IU/mg protein) in degrading cotton fibre was much higher than any other cellulase ,or 

cellulase component so far. From SOS-PAGE it was confirmed that the activity of eeSF 

resided in a high molecular mass complex of 670 kOa. 

2. 16. 1.2 Purification of avice/ase 

The activity of avicelase in the cutture supernatant of Neocallimastix frontalis 

was very low ( < 2 ·U/ml). Failure of solubilizing agents to release exoglucanase from 

fungal rhizoid, together with their low activities in culture fluid, suggested that these 

enzymes were produced in low quantities. (Mountfort and Asher, 1985J. The low , 
avicelase (0.006 U/ml) activity was also reported by Pearce and Bauchop (1985). By 

hydroxylapatite chromatography. Li and Calza (1991a) were able to separate six major 

. peaks for avicelase activity from the culture supernatant of Neocallimastix frontalis. 

The recovery of avicelase from the column was 76 per cent. 

2.16.1.3 Purification of B·glucosidase 

B-glucosidase is present in plants,.fungi and bacteria. Considerable attention has 

been diverted towards B-gJucosidase (Ee 3.2.1.21) primarily because of its involvement 

in the biological conversion of cellulose materials at terminal step. This enzyme brought 
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about the hydrolysis of various compounds having B-D-glucosidic linkages and played 

a vital role in large scale saccharification of cellulose, by eliminating the cellobiose, 

which is a potent inhibitor of both exo as well as endoglucanase (Shewale, 1982; Chen , 
et al., 1994). . 

The B-glucosidase of N. frontalis occurred in several isoenzyme forms (li and 

. Calza, 1991 a). They were able to separate four activity peaks for B-glucosidase through 

hydroxylapatite column chromatography. On native .PAGE, crude enzymes were 

present in three active bands. Such enzyme peaks might represent distinct enzymes, 

proteolytic degradative products of single enzyme or enzymes with different degree 

post-translational-modification (Le. glycosylation). The subsequent steps of purification 

(viz. gel filtration, ion-exchange chromatography, native PAGE). The molecular weight 

of purified enzyme was 1.-25,000 daltons. Isoelectric focussing 'point was 7.10. This 

enzyme readily hydrolyzed -p-nitrophenyl-B-D-glucopyranoside and cellobiose only. 

Activity was inhibited by glucose, glucono-6-lactone, Ag2+, Hg2+, Cu2+ etc. but 

stimulated by dithiothreitol. The km and Vmax values were 2.55 mM and 5.02 IU/mg 

protein, respectively. Optimum temperature and optimum pH were 45°C and 5.5 to 

7.0, respectively. 

Several types or multiple forms of B-glucosidase were detected in the culture 

supernatant of polycentric anaerobic fungus Orpinomyces sp. strain PC2 (Chen et al.; 

1994l. Because of aggregation of severa' hydrolytic enzymes, purification of the 

B-glucosidase from another polycentric anaerobic fungus (Orpino'!'yces sp. strain PC-2) 

was cumbersome and low yielding (Li et al., 1992). In microorganisms, different 

B-glucosidases are encoded by separate genes, but multiple forms of the enzymes 

having differ.ent pi values, may also be due to differences in charge or in contents of 

carbohydrates (Shewale, 1982), 

The purified B-glucosidase from Orpinomyces sp. PC-2 was a glycoprotein 

containing 8.5 per cent carbohydrate (Chen et al., 1994). The molecular weight of the 

enzyme was 86,000 and consisted of a single polypeptide. The enzyme ~as strongly 

inhibited by a sulfhydryl reagent (p-chloromercuribenzoate) and sulfhydral oxidant 

metals {Ag and Hg}. The activity of the enzyme was stimulated by several bivalent ions, 
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including Mn, Co and ~i. The enzyme was comprised of 45 cysteine residues 

suggesting the important role of their group within the enzyme. 

Teunissen et sl. (1992) purified an extracellular Bwglucosidase from 81laerobic 

monocentric fungus. The molecular weight of the enzyme of Was 45,000 daltons. pH 

and temperature optimum were close to physiological range of the rumen. The Km value 

of the enzyme against cellobiose was 0.05 MM. The enzyme was found to be inhibited 

by cellobiose, the substrate itself. Inhibition of high substrate concentrations resulted 

from the formation of transfer products, which was also observed with the cellobiase 

from N. frontalis EBl88 ILi and Calza. 1991bl. 

Cellobiose is one of the major product from the hydrolysis of cellulose by 

endoglucanase and exoglucanase. But the hydrolysis is supposed to be inhibited by 

cellobiose. The B-glucosidase released by anaerobic fungus were extracellular in nature 

and released into the medium ILi and Calza. 1991 a). In contrast, the B-glucosidase of 

the anaerobic rumen bacteria, viz. Ruminococcus a/bus (Ohmiya et al., 19851 .and 

Fibrobactor succinogenes (Groleau and Forsberg, 1981) were intracellular in nature. 

Therefore, it is possible that in the rumen the fungal B-glucosidase playa vital and 

critical role by eliminating cellobiose from the rumen fluid and thereby relieve the 

inhibition caused by the cellobiose produced in the process of cellulose hydrolysis. 

Xue et al. (1992a,b) made a eDNA expression library of N. patriciarum in E. coli 

and demonstrated the existence of two types of genes- that encode for c::;ellulase and 

other polysaccharide hydrolases on the anaerobic fungal.genome. One type was found . , 
in multiple copies (eel A, cel B andesl C) coding for cellulase, with high activities 

towards crystalline and amorphous celluiose (eel A) and carbox¥methyl cellulose (eel 

Band cel C). Cel A, eel B 'and eel C were responsible for encoding one , 
cellobiohydrolase and two endoglucanase, respectively and their expression was 

induced by cellulose. The enzyme encoded by eel B contained a fully functional 

catalytic domain that had homology with some bacterial endoglueanase. An absence 

of introns from the cel B gene and the homology between the catalytic domain of eel 

B and a number of the endoglucanase from anaerobic rumen bacteria could be regarded 
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as evidence that the evolution of cellulase might involve gene transfer between 

prokaryotes and eukaryotes (Zhu at al., 1994). 

2. 16. 1.4 Cloning of anaerobic fungal cellulase 

Another type of gene (eel 01 was found as a single copy that encoded for a 

multifunctional polysaccharide hydrolase with three catalytic domains, each domain 

possessing endoglucanase, cellobiohydrolase and xylan~s", activities. The enzyme 

encoded by eel 0 gene also possessed cellulose binding affinity (Xue et al., 1992al. 

This enzyme was constitutively expressed and was not affected by the presence of 

cellulose in the culture media. Its characterization confirmed the earlier report of lowe 

et al. t 1987cl, who observed some constitutive xylanase production and Barichievich 

and Calza (1990), who detected low levels of cellulase activity in glucose grown 

cultures. 

2.16.2 XYLANASE 

Hemicellulose is the second most abundant polysaccharide in plant cell walls, 

constituting up to 40 per cent of the total carbohydrate fraction. Xvlan is the major 

component of hemicellulose complex and it is a highly branched polymer in which the . . 
xylopyranoside units are substituted with acetyl, arabinosvl and-glucoronosyl residues 

depending on the source (Aspinall, 1983). Hemicellulose associated with lignin 

surrounds cellulose fibrils and constitutes a 'barrier/, restricting the cellulose hydrolysis. 

Xylan degradation brought about by the combined action of endo·1, 4-I3-D-xylanase, 

B-xylobiase, B-xvlosidase and enzymes responsible for cleaving the -side grbups. Some 

or all of these enzymes were reported to be secreted in cultu.re fluid of anaerobic fungus 

grown either on pure xylan or natural substrates (Orpin and Letcher, 1979; Pearce and 

Sauchop, 1985; Lowe et .,., ,1987c; Williams and Orpin, 1987a, 1987b; Mountlor! and , 
Asher, 1989; Teunissen et a/., 19911. 

Xylanase (1 ,4-B·O·xylanohydrolase, EC 3.2. 1.81 was relea.sed principally into the 

culture fluid by Neocallimastix lrontalis (Mountiort and Asher, 19891. The pH and 

temperature optima were 5.5 and 55°C, respectively. Though xylan was the most 

effective inducer of xylanase production but xylanase were also produced by anaerobic 
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fungi even when grown on substrates like wheat, straw, cellulose. cellobiose. glucose 

or xylose (Lowe et sl., 1987c). This suggested that a basal level of xylanase was 

constantly produced by anaerobic fungi and production was further increased through 

the presence of xylan. 

Garacia~Campayo and Wood (1993) p\Jrified a B-D-xylosidase from N. frontalis. 

The enzyme had a pi of 4.6 and was a dimer of two polypeptide subunits of molecular 

masses of 83 and 53 kOa, respectively. The optimum pH and temperature were 6.4 

and 37°C, respectively. The enzyme showed its activity against xylobiose and 

xylo-oligosaccharides and was competitively inhibited by o~xylose. The enzyme was 

inhibited by Cu2+, Ag2+, Zn2 +, EDTA, SOS and stimulated by Ca2+ and Mg2+. 

Gomez De Segura and Fevre (1993) purified two B-endoxylanase from culture 

supernatant of N. frontalis by serial steps of purification, viz: ammonium sulphate 

precipitationl gel filtration and ion-exchange chromatography. Xyalanase I was a 

non-glycosylated protein with an apparent molecular mass of 45 koa. Xyalanse II was 

a glycoprotein with apparent molecular mass of 70 kOa. The pH optima of these 

enzymes were 5.5 and 6.01 respectively and the temperature optima was 55°C for both 

the enzymes. Thin layered chromatography of xylan hydrolysates indicated their. endo 

mode of action. Antibodies raised against each purified protein exhibited no _cross 

reaction and confirmed their biochemical specificities. Both enzymes exhibited 

carboxymethyl cellulase activity and .xylanase I was absorbed on crystalline cellulase, 

indicating that these enzymes might. belong to the family of B-1, 4~glycanase. 

A recombinant xv-lanse (xyl Al was purified from E. coli harbouring xyl A from 

eDNA library, constructed from mRNA of M. patriciarum (Gilbert et a/., 1992). This 

enzyme hydrolyzed oat spelt xylan to xylobiose and xylose but was not effective 

, cellulosic substrates and was modular in construction with a distinct catalytic domain. 
I , 

Comparison of sequences for the enzyme of N. patriciarum and some bacterial xylanase 

revealed significant homology suggestive of a common evolutionary origin and the 

possibility of horizontal transfer 6f genes between rumen prokaryotes and lower 

eukaryotes (Gilbert etal., 1992; Gilbert and Hazlewood, 1993). 
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Tamblyn lee et al. (1993) cloned an endo acting B-l,4-xyalanase of N. 

patriciarum into E. coli with phage and plasmid vectors. The xylanase activity of the 

recombinant enzyme was expressed in the periplasmic space of the host probably via 

its own promotor. This indicated that the E. coli synthetic system could recognize the 

promotor of N. frontalis. The temperature and pH optima of periplasmic enzymes were 

40°C and 6.2, respectively. Besides xyalanse activity, it also showed activity against 

carboxymethyl cellulose. The catalytic affinity for xylan did not ,appear to be affected 

by the expression in E. coli because the km value for the recombinant enzyme against 

oat spelt xylan was similar to that of other xylanase from aerobic fungi. During 

electrophoresis, Zymograms, the periplasmic enzyme, revealed three bands of activity 

with a molecular weight of 48, 51 and 58 kOa. 

2.16.3 PECTIN DEGRADING ENZYMES 
• 

Pectin is an important polymer of plant biomass. like phenolic acids, pectin 

forms ester and ether linkages with lignin and hemicellulose and possibly plays an 

important role in binding lignin to -hemicellulo'se (Jeffries. 1990). Pectin degradation 

therefore" causes, breaking of bonds between lignin and hemicellulose and 

subsequently makes the path towards the inaccessible nutrients. 

Only a few anaerobic fungi possessed the ability to hydrolyse this polymer. 

There was substantial loss (20 to 40%1 of pectin while anaerobic fungi was allowed to 

grow over wheat straw (Orpin, 1983/841. Williams and Orpin (1987al also detected , 
very low levels of pectin degrading enzymes from culture supernatant of N. frontalis 

and N. patriciarum. Contrary to that, Phillips and Gordon (1988) observed that neither 

pectih nor its breakdown p~oducts (viz. O-galactouronic acid and polygalactouronic 

acid) were fermented by a range of anaerobic fungi. Secretion o~ pectinolytic enzymes 

by Neocallilffastix sp. was also reported by Gordon and Phillips (1992). 

Neocallimastix isolate from feces of water buffalo were reported to-grow over 

pre-washed apple pectin and polygalactouronate as a sole source of energy (Lawrence, 

1993). 
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2.16.4 ESTERASE 

The hemicellulose fTactlo." of forages and cereals is composed mainly of xylan. 

Xylans are extensively substituted with acetyl, uronyl and arabinosyl residues. In 

grasses, 40 to 50 per cent of the arabinosyl residues are substituted at the 0-5 position 

and a si"gnificant portion of these arabinosyl groups are ester linked to p-coumaroyl and 

feruloy' moieties (Chesson and Forsberg, 1988; Hartley and Ford. 1989). There is an 

evidence that these esterified phenolic groups dimerize in vivo either by oxidative 

coupling, fo~ming dehydrodiferulic acid or by photodimerization in sun-light forming a 

series of substituted truxillic and truxinic acid cross links (Hartley and Jones, 1976; 

Hartley at al., 1990). There are, also evidences that feruloyl anli p-coumeroyl groups 

form bonds between the-xylan and lignin (Scalbert et al .• 1985; Chesson and Forsberg, 

1988). Hindrance of plant cell wall biodegradation appears to be associated with in situ 

structural relationship between different types and quantities of cross-linking bonds 

between cell wall polymers, rather than to anyone specific cell wall component (Ford 

and Elliot, 1987; Forsberg and Cheng. 1990). The extent 01 ~ross·linking by lerulic and 

p-coumeric acid dimers appears to correlate best with low biodegradability (Hartely and 

Ford, 1989; Forsberg and Cheng, 1990). Furthermore, the esterification of feruloyl ,and 

p-coumerol groups to arabinoxylans has been shown to limit the release of cell wall 

pentoses (Hespenand O'Bryan, 1992). 

Trans-feruloyl and trans-p-coumeroyl esterase were detected from the culture 

filtra~~s of both monocentric and polycentric fungus (Borneman et al., 1990). These 

enzymes were capable to release ferulic and p-coumeric acids from their methyl esters 

as well as from coastal bermuqa grass. Another interesting finding was that these 

enzymes exhibited greater esterase activities against methyl ferulate and p-coumerate 

rather than p-coumaroyl groups of coastal bermuda grass. The monocentric isolate 

MC-2 had the highest esterase activity. 

Borneman et al. (1991) purified an extracellular p-coumaroyl esterase from 

Neocallimastix strain MC-2. The enzyme was purified 121 fold from culture supernatant 

through ultrafiltration, column chromatography on Q-Sepharose and hydroxylapatite, 

isoelectric focussing and gel filtration. The native enzyme had an apparent mass of 11 
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kDa under non-denaturing conditions and 5.8 kDA under denaturing conditions. This 

suggested that the enzyme existed in dimeric form. The isoelectric point was 9.7 and 

pH optima was 7.2. The purified esterase released p-coumaroyl groups from finely, but 

not coarsely ground plant cell walls and this activity was enhanced by the addition of 

xylanase and other cell wall degrading enzymes. 

Borneman et al. (1992) purified two extracellular feruloyl esterases (FAE-I and 

FAE-II) from the culture supernatant of anaerobic fungus Neocallimastix strain MC-2. 

The molecular weight of FAE-I and FAE-ll were 69 and 24 kOa, respectively in 

denaturing as well as undenaturing conditions. Apparent Km and maximum rate of 

hydrolysis with FAXX were 31.9 pm and 2.9 pmol min-' mg-' for FAE-I and 9.6 pm and 

11.4 IImol min·' mg·' for FAE-II. FAE-II was specific for O-{5-0-[(E)-feruloyl]-a-L­

arabinofuranosyl)-11-3)-O-B-D-xylopyranosyl-( 1-4)-D-xylopyranose (FAXX) but FAE-I 

hydrolyzed both FAXX and DAXX. 

2.16.5 LIGNIN DEGRADING ENZYMES 

It is unlikely to secrete enzymes for lignin degradation by anaerobic fungi 

(Gordon and Ashes, 1984; Windham and Akin, 1984; Theollorou et 8/., 1989). But it 

is common to secrete lignin degrading enzymes by aerobic fungi. viz. Trichoderma 

mesophilia (Zimmerman and Broda, 1989). However, there were some reports of lignin 

solubilization by the anaerobic fungi (Orpin, 1981; Akin et al., 1983). In lignin 

biodegradation process, there is involvement of mole_cular oxygen, but rumen is 

completely anaerobic, so it should not expect existence of lignin degrading enzymes in 

the anaerobic rumen eco-system. 

2.16.6 STARCH DEGRADING ENZYMES 

The widespread investigation of starch degrading enzymes has mainly been 

related to their application in industry. such as conve·rsion of starch into different 

sugars (Bareford, 1976; Fogarty and Kelly, 1979; Fogarty and Kelly, 1980).- It is found 

that the most effective amylases are those which are relatively active at high 

temperature and thermostable too. Amylase with these characteristics were reported 
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to be produced by a few mesophilic organisms (Saito, 1973; Fogarty and Kelly, 1980; 

Medda and Chandra, 1980; Krishnan and Chandra, 1983). 

Many anaerobic fungi can utilize and grow over starch as a sale source of energy 

(Williams and Orpin, 19870, 1987b; Phillips ond Gordon, 1988). Mountfort and Asher 

(19SS) observed that N. frontalis mostly secreted a-amylase into their culture 

supernatant. Cellulose, cellobiose, glucose, xy!an and xylose were less effective 

substrates to induce amylase secretion while starch and maltose were equally effective 

to induce the amylase secretion by anaerobic fungi. Activity was upto 4.4 U mr' while 

aerobic fungus was grown over 2.5 mg of starch mr1. The pH and temperature optima 

were 5.5 and 55°C. The anaerobic fungal amylase was stable even at 60 0 e in the 

presence of low concentration of starch. This suggested their suitability for industrial 

application. McAllister et al.(1993) investigated Orpinomyces joyonil~ N. patriciarum 

and Piromyces communis for their ability t<;l degrade cereal starch and found that-all 

species degraded corn starch more readily than from barley or wheat. This fungal 

amylolytic activity could be important in high yielding animals where a major part of the 

diet comprised of cereal grains like barley, oat. maize. 

2.16.7 PROTEOLYTIC ENZYMES 

Because of the active and vital role of anaerobic fungus on fiber degradation, 

proteolytic activity of fungus received very little attention. A high metalloprotease , 
activity having trypsin like specificity was detected by Wallace and JobUn (1985) from , 
the N. fronatalis. The protease activity of anaerobic fungus was comparable to that of 

rumen anaerobic bacteria. Unlike rumen celluiolytic bacteria, the proteolytic activity of 

fibre degrading anaerobic fungi removed the protein layer of fibre and allowed the fibre 

degrading enzymes to avail the inaccessible nutrient hidden within the fibre fraction. 

The extracellular metalloprotease. cysteine prote-ase, serine protease of anaerobic 

-'fungus were found to be active between pH 6.5 to 10.5, with an optimal range nearer 

towards neutral to alkaline side. 
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2.17 CATABOLITE REGULATION 

The cellulase. hemicellulase. amylase and other glycosidase activities of 

anaerobic fungi were subjected to catabolite regulation (Mountfort and Asher, 1983, 

1985, 1988, 1989; Wallace and Joblin, 1985; Morrison et al., 1990). Presence of 

monosaccharides in anaerobic fungal cultures grown over cellulose, xy)an or starch 

resulted in reduced or zero production of polymer degradin,9 enzymes (Mountfort and 

Asher, 1985, 1988). Xylose and arabinose played a regulatory role in xyalanse 

production by N. frontalis (Mountfort and Asher, 1989). Like cellulases and 

hemicellulase, the production of starch degrading enzymes was also regulated by the 

presence of monomeric sugar (Mountfort and Asher, 1988). Induction of extracellular 

cellulase was also observed in N. frontalis by switching pre~grown cultures from 

glucose to cellulosic substrates (Barichievich and Calza, 1990). 

Besides catabolic regulation, enzyme production by anaerobic fungi was also 

dependent on de novo protein synthesis and protein glycosylation (Calza, 1991a, 

1991b; Li and Calza, 1991b). Glycosylation inhibitor, viz. tunicamycin and 

2-deoxy-D-glucose inhibited the secretion of protein. and cellulase by N. frontalis EB 

188 (Li and Calza, 1991b). Cellulase synthesized in presence of inhibitors possessed 

altered catalytic properties. Electrophoresis experiments me-asucing protein molecular 
, 

masses and pkl suggested that a different set of proteins were synthesized by 

anaerobic fungus. Calza (1991b) concluded that glycosylation played an important role 

in the secretion. catalytic activity and stability of cellulase enzymes of anaerobic 

fungus. 

The action of fibre degrading enzymes were also subject to control by surface 

of the substrates. The attachment and cellulose digestion by anaerobic fungi were 

complete)y inhibited by the' surfactant like methylceUulose (Cheng et al., 1991). 

Although the addition of methylcellulose did not affect the growth of anaerobic fungi, 

but further cellulolysis was inhibited by the above surfactant. Like bacterial cellulolysis. 

anaerobic fungi required the spatial juxtaposition with its attacking substrates (Cheng 

etal., 1991). 
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2.18 FERMENTATION END PRODUCTS OF ANAEROBIC FUNGI 

Until the mid-1970, it was thought that rumen ecosystem was dominated only 

by bacteria and protozoa. However, this assumption- was challenged by Orpin in 1975, 

who first reported that anaerobic chytridiomycete fungus were also permanent and 

important member of rumen eco-club along with bacteria, protoioa, yeast and phage. 

The fermentation end products of these anaerobic fungi were governed by several , 
factors, viz., nature of substrates, presen'ce of other mj~robes and so on (Theodorou 

et ./., 1996). 

During growth on xy!an, reducing sugars, including arabinose and xylose were 

rapidly accumulated in the medium (Lowe et al., 1987c). Xylose and other reducing 

sugars were subsequently used for growth of anaerobic fungi, leaving only arabinose. 

During growth over wheat straw, wheat straw-holocellulose or cellulose, there was also 

accumulation of reducing sugars but at lower rate. The fermentation by Neocallimastix 

sp. over glucose and xylose resulted in the production of formate, acetate, lactat~ and 

ethanol (Lowe et al., 1987b). In a study with five anaerobic fungi, Borneman et al. 

(1989) concluded that accumulation of fermentation products was concurrent with 

substrate utilization. The major fermentation products for all isolates were formate, 

acetate, DH lactate, l( -+:) lactate, ethanol, carbon dioxide and hydrogen. Monocentric 

isolates produced a greater ratio of oxidized to reduced products when grown on 

glucose or coastal bermuda grass than did the polycentric isolates, which produced a 

nearly equal ratio of these products. 

When grown in the presence of methanogenic bacteria, the fermentation-profile , 
of anaerobic fungus was shifted away from electron sink products such as ethanol and 

lactate and towards the more reduced products such as ~cetate and formate 

(Theodorou ~t al., 1996). In methanogenic co-culture of rumen fungi, acetate was the 

major product and carbon dioxide production increased, whereas lactate and ethanol 

decreased. Substantial amounts of methane were also produced (8auchop and 

Mountfort, 1981). In addition to changes in fermentation profile, methanogenic 

co-culture showed significant increase in fungal biomass production also .. This could 

be due to removal of fermentation inhibitory intermediates, viz. ethanol, formate and 

lactate (Theodorou et 8/.,1988; Joblin and Naylor, 1993). 
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Cfiapter 3 

MateriaCs and Metliods 



3. MATERIALS AND METHODS 

In the mid 19705, it was confirmed that the rumen organisms which were earlier 

identified as zooflagellates, were actually of fungal origin (Orpin, 1975). Later on, 

several aspects of rumen fungi have been reported including their obligately anaerobic 

nature. presence of chitin in the cell walls, colonization over plant fibre, stages of life 

cycle, secretion of different enzymes etc. (Orpin, 1975,19770, 1977b; Theodorou et a/., 

1996; Samanta et al., 1997). Rumen fungi are able to grow on a rumen simulating 

media, indicating that pH of 6.5 to 6.7, temperature around 39°C and nutrient 

requirements of the fungi are met from the media normally used for rumen bacteria. The 

semi·synthetic basal medium of Caldwell and Bryant (1966), in which yeast extract, 

tryptone, hemin and a mixture of VFAs replaced rumen fluid, has also supported a 

variety of anaerobic fungi. However, absolute requirements for growth have not been 

determined for most of the anaerobic fungi. While reviewing the nutritional requirement 

for N. patriciarum, Orpin (1989) reported that heme, D-biotin and thiamin or its 

precursors, sulfur were required in reduced form while nitrogen requirement was met 

with ammonium ions or amino acids. Based on the above information, following 

techniques and methodologies were followed to study the anaerobic fungi from cattle 

and buffalo for fulfilling the set objectives, 

3.1 DESCRIPTION OF THE EXPERIMENTAL ANIMALS 

3.1.1 CATTLE 

Three crossbred (Sahiwal x Holstein Friesian) male calves of 2 to 2.5 years age , 
were procured from NORI farm and fitted with rumen fistula. The average weight of the 

animals were 280 to 300 kg. Animals were housed in the well ventilated individual pens 

keeping in mind the optimum comfort required by the anima1. Before starting the 

experimental feeding, all the animals were dewormed and vaccinated against prevalent 

diseases in order to keep them free from infection during the experiment. 

3.1.2 BUFFALO 

Three Murrah male buffaloes, aged about 2 years were procured from the 

Institute herd. The average weight of the animals was 250 kg. The animals were 
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subjected to rumen fistulation and were housed in the well ventilated individual pens 

by providing optimum comfort. Before starting the experimental feeding. all buffaloes 

were dewormed and vaccinated against prevalent diseases during that season. 

3.2 DIETARY COMBINATIONS USED FOR FEEDING ANIMALS 

The animals (3 rumen fistulated cattle and 3 rumen fistulated buffaloes) were 

maintained on three dietary regimes with different roug,hage and concentrate ratios. 

The details of the diets are given on Table 3.1. 

Table 3.1 Feeding schedule to experimental animals 

Dietary component Dietary combinatio,!s 

T1 T2 T3 

Wheat straw (parts) 50 0 50 

Concentrate {parts} 50 50 0 

Green fodder (parts) 0 50 50 

Roughage:concentrate 50:50 50:50 100:0 

In case of T1. all roughage source was from wheat straw and there was no green 

fodder in the ration. The roughage source of T2 was only from green fodder and there 

was no wheat straw at al. But in case of T3, 50 parts were from green fodder and rest 

50 parts from wheat straw. There was no concentrate at al. 

3.3 COMPOSITION OF THE CONCENTRATE MIXTURE 

The individual ingredients of the concentrate mixture have been given in 

Table 3.2. 
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Table 3.2 Proportion of different ingredients of concentrate mixture 

Sl. 
No. 

1. 
2. 
3. 
4. 
5. 

Ingredients 

Maize 
Wheat bran 
Groundnut cake 
Mineral mixture 
Salt 

3.4 SAMPLING TIME 

Part 

4S 
22 
30 

2 
1 

Rumen liquor was collected at 0, 1, 2, 3 and 4 hours of post feeding for counting 

the fungal population. 

3.5 SAMPLING PROCEDURE 

Rumen liquor was collected by plastic tube through permanent rumen fistula and 

brought in a pre-gassed (using carbon dioxide) and autoclaved flat bottom flask of 250 

ml capacity. The flask containing rumen liquor was kept in a thermostatic bucket 

containing water o:t 39 ± 1 0 C. 

3.6 ENUMERATION OF ANAEROBIC FUNGAL POPULATION 

Hungate roll tube technique (Hungate. 1969), as adopted by Joblin (1981) for 

enumeration of anaerobic fungi was followed for counting rumen as well as fecal 

anaerobic fungal population. The carbon dioxide gas was first p'assed through heated 

(350 0 C) copper column of Biosystem Gassing Manifold to make the gas free from 

oxygen. Under heating condition, copper reacts with oxygen and the manifold system 

supplies the oxygen free carbon dioxide during the culturing of anaerobic fungi. The 

composition of the medium (Joblin, 1981) has been presented in Table 3.3. 
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Table 3.3 Anaerobic media for enumerating fungal population IJoblin. 1981) 

Ingredients Quantity 

Salt solution A 17 ml 

Salt solution B 17 ml 

Clarified rumen fluid 15 ml 

Yeast extract 50 mg 

Tryptone 100 mg 

Cellobiose 200mg 

0.1 % Resazurin solution 0.3 ml 

0.05% Hemin solution 0.2 ml 

5% Sodium bicarbonate 5.0ml 

5% Cysteine hydrochloride 2.0ml 

Distilled water 43.6ml 

Agar 2.0g 

3.6.1 COMPOSITION OF SALT SOLUTIONS 

The composition of salt solutions are as par Table 3.4 and 3.5. 

Table 3.4 Composition of salt solution A (Bauchop and Mou,ntfort. 1981' 

Salt 

KH,PO, 

NaCI 

[NH,I,SO, 

CaCl, 

MgSO, 
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Quantity (wt/vo/) 

0.3% 

0.6% 

0.3% 

0.03% 

0.03% 



Table 3.5 Composition of salt solution B (Bauchop and Mountfort. 1981) 

Salt Quantity.(wt/vol) 

K,HPO, 0.3% 

3.6.2 CLARIFIED RUMEN FLUID (CRF) FOR THE MEDIUM 

The freshly collected rumen liquor was strained through double layer of muslin 

cloth and clarified through centrifugation at 12,000 rpm for 30 'minutes and kept at _5° 

C. Before adding to the medium, the ruman liquor was thawed and again centrifuged 

to remove any sedimented material. The clarified rumen fluid. was used to provide 

unidentified growth factor to the anaerobic fungus. 

3.6.3 0.05% HEMIN SOLUTION 

0.05 9 hemin powder was dissolved in a solution of 1: 1 ethanol and 0.05 M 

sodium hydroxide solution. 

3.6.4 ANAEROBIC MEDIA PREPARATION 

With the exception of reducing agents (sodium, bicarbonate and cysteine 

hydrochloride), al: the_ quantified ingredients of medjum were taken in 250 ml high 

necked, flat bottom flask. The pH was adjusted within the range of 6.6 to 6.S. The 

medium was boiled to free it from dissolved oxygen and cooled under the flow of 

carbon dioxide, supplied through biosystem gassing manifold. Before solidification of 

media under continuous carbon dioxide flow, the quantified reducing agents were . 
added.' The flask containing the media was closed by rubber cork and tied through wire 

and autoclaved. The colourless or slight yellowish appearance of media was indicative 

of perfectly anaerobic condition while any pinkish appearance was indicative of aerobic 

or imperfect anaerobic condition. 
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3.6.5 PREPARATION OF ANAEROBIC DILUENT' 

The composition of the anaerobic diluent has been presented in Table 3.6. 

Table 3.6 Composition of anaerobic diluent .(Bryant and Burkey, 1953) 

Ingredients 

Salt solution A 

Salt solution B 

5 % Cysteine hydrochloride 

5% Sodium carbonate 

0.1 % Resazurin 

Distilled water 

Quantity 

5.0ml 

5.0ml 

4.0ml 

10.0ml 

O.2ml 

175.8 ml 

By following the anaerobic media preparation technique, 9 ml of anaerobic 

diluent was dispensed in pre-gassed 20 ml glass ,vial, s~aled and autoclaved. The 

anaerobic diluent was used for dilution of rumen liquor at the time of anaerobic fungal 

culture. 

'3.6.6 ANTIBIOTIC SOLUTION 

A. Penicillin stock solution 

The stock solution for sodium salt of benzyl penicillin was prepared, having a 

concentration _of 2 x ,04IU per rOl and sterilized through membrane filtration (0.22pm 

pore diameter). This was gassed through oxygen free carbon dioxide and 0.25 ml was 

added in each roll tubes. 
, 

B. Streptomycin sulfate stock solution 

Streptomycin stock was prepared at a concentration of 2 mg· per ml and 

sterilized through membrane filter (0.22 JIm pore diameter). This was gassed through 

oxygen free carbon dioxide before use and 0.25 ml was dispensed into the roll tubes. 
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3.6.7 PROCESSING OF RUMEN LIQUOR 

Freshly collected rumen liquor (either from cattle or buffalo) was used without 

straining as a source of inoculum, and stirred for 5 to 7 minutes on a magnetic stirrer. 

The stirring was performed with a continuous flow of carbon dioxide in front of the 

flame. Then 1 ml of stirred rumen liquor was dispensed in 20 ml glass vial containing 

9 ml of anaerobic diluent to get requisite dilution. This gave a dilution of 1: 1 O. The 

same procedure was again followed for making subsequent dilutions. 

3.6.8 PROCESSING OF FECAL SAMPLE 

Ontt gram of freshly collected feces of either cattle or buffalo was stirred for 5 

to 7 minutes in a fixed volume of anaerobic diluent with a continuous flow of carbon 

dioxide in front of the flame. This was used as a source of inoculum for the 

enumeration of fecal anaerobic fungus. 

3.6.9 DISPENSING OF ANAEROBIC MEDIA 

The sterile roll tubes (7.5 x 1.5 em) were gassed with oxygen free carbon 

dioxide for 2 minutes under aseptic conditions. Then the mol~en media (4 mn w.as 

dispensed in each tube and kept in water bath at 45° C. 

3.6.10 INOCULATION INTO ROLL TUBES 

The inoculum (0.5 ml) from different sources at desired level of dilution was 

added in roll tubes containing molten media and antibiotic solution. The tubes were 

then rolled over platform of crushed ice to solidify the media uniformly as a thin film on 

the inner wall of the roll tube. The tubes were kept in incubator at a temperature of 39 

± 1 0 C on inverted position. During incubation, the roll tubes were regularly inspected 

for appearance of colonies visible either through nak'ed eye ot through an inverted 

microscope. The number of colonies were then counted and characterized. 
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3.7 ISOLATION OF ANAEROBIC FUNGUS 

The anaerobic fungal colonies which appeared in roll tubes were transferred to 

a media containing 0.3 per cent agar, or in Joblin's media. where cellobiose was 

replaced by 1 per cent wheat straw, in the presence ,of the recommended dos_e of 

antibiotics. 

3.8 CULTURE PURITY 

The purity of the culture was examined regularly under microscope and 

confirmed by reisolation on solid media until single type of colony was obtained. The 

culture were also checked for growth' under aerobic c~nditions. The pure cultures 

grown only under strict anaerobic conditions were maintained subsequently. 

3.9 MAINTENANCE OF FUNGAL ISOLATES 

The anaerobic fungal isolates· were maintaine~ in 1 per cent wheat straw 

containing media or 0.2 per cent cellobiose soft agar media 10.3% agar) in the presence 

of recommended dose of antibiotics. It was done in 250 ml flat bottom •. higra necked 

flask. In each case subculturing was done by transf'erring the inoculum at 5% ievel. 

3.10 IDENTIFICATION OF ANAEROBIC FUNGUS 

Identification of the fungus was done upto the genus level, based on 

morphological features of zoospores. sporangia and nature of the rhizomycelia (Trinci 

ef al., 1994; Theodorou ef al .. 1996). 

3.11 SUBSTRATE UTILIZATION BY FUNGAL ISOLATE 

The fungal isolates were tested for their ability to grow on different energy 

source. viz. cellobiose. cellulose, xytan, Whatman filter paper- and wheat straw. 
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3. 12 ANALYSIS OF THE METABOLIC PRODUCTS OF ANAEROBIC FUNGUS 

3.12.1 GAS PRODUCTION 

The isolate was first grown in a sealed glass vial containing 5 mt cellobiose soft 

agar at 39° C. During course of incubation the gas production was visually assessed 

and isolates were grouped into profused (+ + + +), moderate (+ + +), small quantity 

(+ +) and negligible' +) gas producer. 

3.12.2 FRACTIONATION OF VFAs 

The fungal isolates were grown on 4 ml of cellobiose soft agar medium. 

Following inoculation, one tube was taken from the incubator periodically at 24 hours 

interval, and the media was mixed with 1 ml of 20% metaphosphoric acid (prepared in 

5 N H2 S04 ), This was kept for overnight at room temperature and centrifuged at 4:-,000 

rpm for 30 minutes (Erwin et al., 1961). The supernatant obtained after centrifugation 

was subjected to VFA analysis on Nucon Gas Chromatograph Series 5500 fitted wi·th 

flame ionization detector. The column was chromosorb 101. Standard VFA mixture 

containing acetate, propionate and butyrate in the ratio of 70:20:10 were injected to 

the GlC before loading the sample. 

Calculation 

Area of the peak = 1/2 x height x width of the base 

Area of the peak for acetate, propionate and butyrate W!3re calculated and 

compared with the area of the peaks of standard and were presented accordingly. 

3.13 LIGHT MICROSCOPY 

Pieces of wheat straw either from rumen or from culture tubes were routinely 

examined under microscope without staining or by using lactophimol cotton blue as the 

stain. Similarly, fungal zoospore, sporangia and rhizomycelia __ oobsltrved under 

microscope with or without staining. 
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For counting and motility of the zoospore, a hemocytometer was used. The 

measurement of zoospore, sporangia and rhizomyceli~ were also. done with the help of 

stage and occulometer under the microscope. 

3.14 AMINO ACID COMPOSITION OF FUNGAL ISOLATE 

The isolate was grown in 1 litre of cellobiose soft ag.ar for five days. The fungal 

biomass was collected by filtering through a muslin cloth. The residue left was given 

washings by normal saline in order to remove traces of media. Fungal cells were then 

kept in an oven (60-70 0 C) for 72 hours to dry the cells completely. Subsequently, 

cells were powdered in pestle~mortar and kept for amino acid analysis by using high 

performance liquid chromatography (HPLC). 

3.14.1 PREPARATION OF PROTEIN HYDROLYSATE 

A known quantity (200 mg) of the dried -fungal biomass was taken in a 20 ml 

glass vial. 10 ml of 6 N hydrochloric add was added to the vial. After passing nitrogen 

gas for 1 to 2 minutes, the vial was sealed by aluminium cap. The sealed vial was kept 

in the oven at 1100 C for 20 hours (Roach and Gehrke, 1970) to complete the 

hydrolysis of the fungal proteins. 

3.4.12 INJECTION OF SAMPLE AND ANALYSIS· 

After 20 hours. the ~rotein hydrolysate was filtered th~ough Whatman filter 

paper (No. 40)-and the volume was made upto 15 ml with distilled water. The diluted 
' .. 

sample was again filtered through millipore filter 10.22 11m). 10111 of above filtered 

sample was taken in a capillary tube and dried under vacuum for 45 minutes. 30 pi of 

solution containing water, methanol and triethylamine in.the ratio of 2:2:1 was also 

added in the cap"illary tube ilnd the contents were again dried under vacuum for 45 

minutes. 30 pi of water, methanol and triethylamine (2:2:1) solution was again added 

and dried under vacuum for 45 minutes. Then 200 III of dilutor (0-phthal-.ldehyde/2 

mercaptoethanol) was added and incubated for 1 minute at 39 0 C for the reaction to 

take place to cause fluorescence. About 20 pi of the above dilute~ sample was injected 
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for analysis in high performance liquid chromatography (HPLC). Standard of known 

concentration of each amino acid was run simultaneously to know the concentration 

of unknown amino acids. 

3.15 SCREENING OF ANAEROBIC FUNGAL ISOLATES FOR THE PRODUCTION 

OF ENDOGLUCANASE ACTIVITY 

The different fungal isolates were anaerobically grown over cellobiose soft agar 

in sugar tubes, capped by rubber corks. These were incubated at 39 ± 1 ° C for a 

period of four days after which the supernatant containing enzymes were harvested by 

centrifugation at a speed of 12,000 rpm for 30 minutes at 4°C. The supernatant 

obtained was used for endoglucanase assay- as well as congo red assay for their ability 

to produce yellow zone of clear~nce in CMC agar. 

3.15.1 CONGO RED ASSAY 

The method described by 8eguin (1983) was followed to confirm the 

endoglucanase activity of different fungal isolates. Congo red bound strongly to 

polysaccharides containing 8-1, 4-glycosidic linkage and provided the basis for the 

highly sensitive and qualitative test for detecting cellulase activity. 

The carboxymethyl cellulose/xylan (1 %) containing 1.S per cent agar was 

dispensed around 25 to 30 ml in each sterilized petri plates. After solidification, wells 

were made by standard sized well borer in front of flame. Then about 100 to 200 pi of 

enzyme preparation was poured in each well and incubated at 39° C for overnight. The 

petri plates were flooded with 0.1 per cent congo red solution and kept for 30 minutes. 

The staining solution was drained out. The plate was destained by 1 M sodium chloride , 
solution and looked out for the appearance of any yellow zone of clearance, which was 

indicative of the endoglucanase/xylanase activity. 
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3.15.2 QUANTIFICATION OF ENDDGLUCANASE ACTIVITY 

Endoglucanase was assayed by the method of Mountfort and Asher (19851. 

3.16 TIME OPTIMIZATION FOR HARVESTING THE ENZYME 

Different tungal isolates were grown in 200 ml soft agar media under strict 

anaerobic condition. The inoculum was used at 5% level. Two antibiotics, viz. 

Penicillin and Streptomycin were used to keep the fungal isolate free from any bacterial 

contamination. Following inoculation, culture samples were withdrawn periodically at 

24,hours interval by following aseptic and anaerobic condition during the total growth 

period of 8 to· 9 days. These samples were then subsequently used for harvesting the 

endoglucanase. 

3 •. 17 HARVESTING OF ENZYMES 
, 

The culture supernatant thus withdrawn were'taken in 25 ml clean, autoclaved 

centrifuge tube and spinned in refrigerated centrifuge at' a speed of 12,000 rpm for 30 

minutes at 4°C. The supernatant obtained was kept for differeot enzyme assays and 

protein estimation. The pellet formed was also subjected to sonication for enzyme 

assay. 

3·.18 DISRUPTION OF FUNGAL RHIZOMYCELIA AND SPORANGIA 

The cell pellet obtained after centrifugation was thoroughly washed with 0.1 M 

citrate phosphate buffer (pH 6.01 to remove the left over agar and other media 

ingredients. The fungal cell including rhizomycelia and sporangia free from any media 

components were subject to sonication. four times for 15 seconds each, with a time 

interv\q1i of 2 min~tes under i,ce covering (Malik, 19961, The sonic'ated sample. was then 

centrifuged at a speed of 12,000 rpm for 30 to 40 minutes at 4°C. The supernatant 

was collected and tested for enzyme activity. 
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3.19 PARTIAL PURIFICATION OF ENDOGLUCANASE 

3.19.1 SOURCE OF ENZYME 

The fungal isolate having maximum endoglucanase activity was grown in 500 

ml flat bottom, high necked anaerobic flask containing 200 mt cellobiose soft ~gar. The 

inoculum was used at 5% level and allowed to grow at 39 ± 1°C for a period'of four 

days in the presence of penicillin and streptomycin. After the growth of fungus for a 

stipulated period, the enzyme was harvested from the medium by centrifugation at a 

speed of 12,000 rpm for 30 to 40 minutes at 4 0 C. The supernatant containing the 

enzyme was preserved in clean, autoclaved flask at ~20o C following the addition of 

PMSF at a level of 0.2 mM. 

3.19.2 AMMONIUM SULFATE PRECIPITATION 

The first test was done in order to find out the optimum concentration of 

ammonium sulfate to precipitate the protein present in the supernatant. For this, 20 ml 

of the supernatant containing the enzyme was tried to precipitate out the protein at 

ammonium sulfate level of 40%,60% and 80%. Measured quantity of solid ammonium 

sulfate was added gradually with slow stirring and tried to ~omplete this step within 10 

to 15 minutes under the at low temperature. This was kept at 4°C for either 2 hou~s 

or overnight. The above material was then centrifuged at 12,000 rpm for 30 to 40 

minutes at 4°C. The supernatant was kept for enzyme and protein assay. The pellet 

so obtained was dissolved in minimum volume of either 20 mM sodium. phosphate 

~uffer (pH 6.5) or 20 mM Tris-Hel buffer (pH 7.5) and subjected to enzyme and protein 

assay. The level of ammonium sulfate so determined was used .in subsequent 

experiment to precipitate out the enzyme protein on large scale. All steps as described 

above were followed for large volume of enzyme also. 

3.19.3 DIALYSIS 

The protein (enzyme) obtained by ammonium sulfate precipitation was dialyzed 

overnight against 20 mM sodium phosphate buffer (pH 6.5) or 20 mM Tris HCI buffer 

(pH 7.7). The dialyzed sample was tested for different glycosidase activities. 
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3.19.4 ION EXCHANGE CHROMATOGRAPHY 

The dialysed sample was then tried for further purification through OEAE 

Sepharose as' well as hydroxylapatite column chromatography. 

3.19.4.1 DEAE Sepharose ion exchange chromatography 

The DEAE Sepharose 28 (Sigma) was available in 20 per .cent alcoholic 

suspension. Before packing the column, the gel was subjected to several steps of 

washings. 

A. GEL PREPARATION AND COLUMN PACKING 

(a) 1 x vt. (total bed volume) 1 M sodium acetate (pH adjusted at 3.0 with diluted 

He!) for 5 minutes at 4°C. 

(bl 1.5 x vt. 0.5 M NaOH. The gel, was kept in 0.5 M sodium hydroxide solution 

overnight at 4°C. 

(e) 1.5 x vt. 1 M sodium acetate (pH 3.0) for 5 minutes at 4°C. 

(d) The gel was then equilibrated with the 20 mM sodium phosphate buffer, pH 6.5 

(starting buffer). The gel was washed with this buffer till the pH was brought to 

6.5. The equilibrated DEAE Sepharose-2B matrix was then packed into the 

column (2.2 x 12 cm) and kept under cold conditions 14°C). 

B, SAMPLE LOADING AND ELUTION 

The dialysed enzyme sample was layered onto the column and unbound proteins 

were eluted with 1 bed volume (20 mil of 20 mM sodium phosphate buffer at pH 6.5, 

with a flow rate of 30 ml h-1
• The bound proteins were eluted by using a linear gradient 

of 200 ml of 20 mM sodium phosphate buffer, pH 6.5 and 200 ml of 500 mM sodium 

chloride prepared in 20 mM sodium phosphate buffer, pH 6.5. Strongly bound proteins 

were attempted to elute through 1 M sodium chloride prepared in 20 mM sodium 

phosphate buffer, pH 6.5. Fractions of 5 ml each were collected. The flow rate was 
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50 ml ho1
o All the fractions were kept under ice-cold jacket for fUrther analysis of 

protein and enzyme activity. 

C. TESTING OF DEAE SEPHAROSE ANION EXCHANGER FOR THEIR ABILITY TO BIND 

WitH ENDOGLUCANASE 

One ml of fresh DEAE 8epharose anion exchanger was taken in 15 ml centrifuge 

tube and equilibrated with 20 mM sodium phosphate buffer (pl-f 6.5) by several changes 

(4 to 5 times). Then 0.5 ml of dialysed enzyme was added to the anion exchanger and 

kept at 4 0 C for 5 minutes and centrifuged at 5,000 rpm for 10 minutes. The 

supernatant was designated as 81. The pellet was dissolved in 2 ml of 20 mM sodium 

phosphate buffer (pH 6.5). Centrifuged at 5000 rpm for "10 mfiiutes. The. supernatant 

was designated as 52. The pellet was dissolved in 2 ml of 20 mM sodium phosphate 

buffer. Centrifuged at 6000 rpm for 10 minutes. Designated the supernatant as 83. 

Dissolved the pellet in 2 ml of 1 M sodium chloride prepared in 20 mM sodium 

phosphate buffer. Centrifuged at 5000 rpm for 10 minutes. Designated the supernatant 

as 84. Dissolved ~he pellet in 2 ml of 1 M sodium chloride prepared in 20 mM sodium 

phosphate buffer. Centrifuged at 5000 rpm for 10 minutes. Designated the supernatant 

as 85. The pellet was termed as DEAE 8epharo'se protein complex (DEAE 8PC). The 

different supernatant fractions, viz .. 81, 82, 83, 84. 85 ahd OEAE 5PC were tested for 

endoglucanase assay. 

3.19.4.2 Hydroxylapatite column chromatography 

Hydroxylapatite matrix (Sigma) was first washed with 5 mM potassium 

phosphate buffer, pH 6.5 for several times under cold condition. Then the anion 

exchanger was packed into small glass column (1.5 x 10 em) and kept under cold 

condition. The dialysed enzyme (6 ml) was layered onto the column and unbound 

proteins were eluted with 50 ml of 5 mM of potassium phosphate buffer, pH 6.5 with 

a flow rate of 5 ml hot (li and Calza. 1991 a). The bound proteins were eluted with a 

linear gradient of 60 ml of 5 mM potassium phosphate buffer and 60 ml of 450 mM 

potassium phosphate buffer. 8trongly bound proteins were eluted with 50 ml of 1 M 
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potassium phosphate buffer (pH 6.5). Fractions of 3.5 ml each were collected and kept 

at 4°C for enzyme and protein assay. 

3.19.5 FAST PROTEIN lIaUID CHROMATOGRAPHY IFPLC) OF FUNGAL ENZYMES 

The dialysed enzyme was further attempted to purify through FPLC on Superose 

12 gel (cross linked agarose)/mono-Q, HR 5/5 column designed with FPLC system 

(Pharmacia). 

3.19.5.1 Description of Superose 12 gel 

The superose 12 gel was available in 1 per cent sodium azide. The fractionation 

range varied from 1000 to 3 x 105 balton with functional pH range from 1 to 14. 

Workable temperature ranged from 4 to 40°C. Size of the .column was 25 ml. The gel 

was first washed and equilibrated with 50 mM sodium phosphate buffer (pH 6.5) 

containing 150 mM sodium chloride and 0.2 mM PMSF. The equilibration was 

performed at a flow rate of 0.4 ml per minute and the back pressure was maintained 

below 2 MPa. Two column volumes, i.e., 50 ml of the above mentioned de-gassed 

phosphate buffer was passed through the column before loading the enzyme sample. 

The seven way, 3 position valve was fixed on load position at the time of washing or 

equilibration. 

3. 19.5. 1.A Fraction collector 

The fraction collector (Redifrac. Pharmacia) was connected with the FPlC 

system before loading the sample. The fraction of 1 ml each was collected by setting 

the flow rate at 0.5 ml per minute. 

3.19.5.1.8 Recorder 

The recorder was connected with the FPLC and the recorder ink pen 'was set at 

" 
the uniform base line after setting the sensitivity at 0.1. The chart speed was 2 mm 

per minute. 
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3.19.5.1.C Sample preparation 

Before loading on the -FPLC system, the sample was centrifuged at 6,000 rpm 

for 10 minutes to settle down the precipitated proteins. This was needed for protecting 

the column from blocking. 

3.19.5.1.0 Sample application and elution 

After all the settings (connection of FPLC with fraction oollector and recorder, 

uniform flow rate, correct base line etc.) were over, the 7-way valve was shifted from 

the load position to the inject position. Then 200 pi of the dialysed enzyme sample was 

injected ,into the injector loop through the help of a syringe (Malik, 1996). Following 

loading of the sample, ths- 7-way valve was shifted back to the load position. 

Immediately,_ fraction collector and recorder were started. Elution of the sample was 

performed at the flow rate of 0.5 ml per minute. The chart speed was set at 2 mm per 

minute. One ml of eac_h fraction was collected and endoglucanase activity in.each 

fraction was assayed. Protein profile was recorded by the recordef. 

After the run, the column was washed with two bed volume (50 mt) of elution 

buffer and subsequently stored in 1 per cent sodium azide. 

3. 19.5.2 Description of mono·Q HR 5/5 column 

This anion exchanger gel was available in 20 per cent ethanol-water solution 

with'sulfate as counter ion. The mono-Q is a strong anion exchanger (particle size 10 

pm) based on a beaded hydrophilic resin with one of the narrowest particle size. The 

charged group on the gel is -CH 2-N + -(CH3)3' Separation, Ii,"!",it of the substances is with 

molecular weight upto 107
• The column size was 1 ml. The !column was first washed 

with 5 ml of start buffer (20 mM Tris HCI buffer, pH 7.71. Then it was washed with 

0.4 M NaCI prepared in 20 mM Tris HCI buffer (pH 7.71. Again itowas equilibrated with 

5 ml of start buffer. The flow-rate and back pressure were restricted at 1 ml per minute 

and less than 5 MPa. respectively._ The seven way, 3·position valve was fixed at the 

load position during washing as well as during equilibrating the column. 

59 



3.19.5.2.A Fraction collector 

As described in section 3.19.5.1.A 

3.19.5.2.8 Recorder 

As described in section 3.19.5.1.8 

3.19.5.2.C Sample preparation 

As described in 3.19.5.1.C 

3.19.5.2.0 Sample application and elution 

The following programme (Table 3.7) was applied for ,g.radient elution of protein 

on mono-Q column. 

Table 3.7 The programme for gradient elution of protein on mono-Q column 

Time (minute) Percentage of B 

0 0 

7 0 

25 75 

25 100 . 

30 100 

30 0 

35 0 

where, B was the 0.4 M sodium chloride dissolved in 20 mM Tris HCI buffer (pH 7.71 

and A was the 20 mM Tris HCI buffer (pH 7.71. 

After all the settings were over, the seven way valve was shifted from the load 

position to the inject position. Then 500/1 000 pi of the dialysed enzyme sample was 

injected into the injector loop with the help of a syringe. After toading of the sample, 

the. 7 way valve was shifted back to the load position. The fraction collector and 
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recorder were started immediately. Elution of the sample was continued at a flow rate 

of 0.5 ml per minute. 1 ml of each fraction was collected and endoglucanase/ xylanase 

activity was assayed. Protein profile was recorded by the recorder. After the each run, 

the column was washed with 20 mM Tris Hel buffer (pH 7.7) until the back pressure 

come down at 2 MPa (while flow rate is 1 ml per minute). 

3.20 SODIUM DODECYL SULFATE POLYACRYLAMIDE GEL 

ELECTROPHORESIS (SDS-PAGE) 

80S-PAGE in slab gel was performed as per the method of Laemmli (1970). 

3.20.1 STOCK ACRYLAMIDE/BIS-ACRYLAMIDE (30%1 

29.2 9 of acrylamide and 0.8 9 of bis-acrylamide were dissolved in 100 ml of 

distilled water. The solution was filtered by Whatman filter paper No.1 and stored at 

4°C in dark bottle. 

3.20.2 1.5 M TRIS-HCI (pH 8.81 

18.15 g of Tris was dissolved in 80 ml of di.stilled water and adjusted the pH at 

8.8 with 1 N HCI and volume was made 100 ml with distilled water and kept at 4°C. 

3.20.3 0.6 M TRIS-HCI (pH 6.BI 

6 9 of Tris was dissolved in 80 ml of distilled water and the pH was set at 6.8 
• 

with 1 N HCI. Total volume was made upto 100 ml with distilled water and store,d at 

4°C. 

3.20.4 10% SDS 

10 9 of sodium dodecyJ sulfate was dissolved in 100 ml of distilled water. 

3.20.5 ELECTRODE BUFFER 15X, pH 8.31 

9 g of Tris, 43.2 9 of glycine and 3 9 of sodium dodecyl sulfate were dissolved 

in 600 ml of distilled water. If chemicals are perfect and weighed correctly, the pH 
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automatically reaches the value of 8.3 ± 0.2. As per recommendation of the method, 

the pH should not be adjusted either with alkali or acid. Before running of the gel, the 

electrode buffer was diluted five times with distilled water and used in chilled condition 

only. 

3.20.6 STACKING GEL (10 mil 

It was prepared with the following solutions as in Table 3.S. 

Table 3.S Composition of stacking gel 

Components 

Distilled water 

30% acrylamide mixture 

0.5 tv! Tris·HCI (pH 6.8) 

10% ammonium persulphate 

TEMED 

3.20.7 SEPARATING GEL (8%. 10 mil 

Quantity 

6.14 ml 

1.30 ml 

2.50 ml 

50 pi 

10pl 

" . 
It was prepared with the following solutions as given in Table 3.9. 

Table 3.9 Composition of separating gel 

Components 

Distilled water 

30% acrylamide mixture 

1.5 M Tris HCI (pH 8:8) 

10% ammonium persulphate 

TEMED 

Carboxymethyl cellulose or xylan (0.1 %) 
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Quantity 

4.895 ml 

2,5ml 

2.5 ml 

100pl 

5p) 

10 mg 



Carboxymethyl cellulose was first dissolved in 1.5 M Tris HCI (pH 8.8). In case 

of xylan, 10 mg was first weighted and dissolved in 1.5 M Tris Hel (8.8) by slight 

heating. 

3.20.8 GEL PREPARATION 

Immediately after adding the measured quantity of ammonium per sulfate and 

TEMEO, the separating gel was poured into the gel cassette with 1 mm spacer. Water 

was layered at appropriate time. Appearance of interface within 5 to 10 minutes 

indicated the completion of polymerization of the gel. Water was carefully removed. 

After addition of fixed quantity of 10% ammonium per sulfate and TEMEO, immediately 

the stacking gel was layered over the polymerized separating gel. The comb was then 

placed into the stacking gel for making the wells. Comb .was taken out afteF 

polymerization of the gel. 

3.20.9 PREPARATION OF MOLECULAR WEIGHT MARKER 

The SOS-PAGE molecular weight standards, high range and low range were 

used. Following steps were followed for preparing molecular weight markers. 

3;20.S.1 Dilution of molecular weisht standards 

The standards were diluted 1 :20 in 50S reducing sample buffer. The same was 

boiled for 3-5 minutes at 95°C. Cooled and 5 pi was loaded into the gel. 

3.20. S. 2 SDS reducing sample buffer 

It was prepared immediately before use 

B-mercaptoethanol 25 pi 

Stock sample buffer 475 pi 

3.20.9.3 Stock sample buffer 

It was prepared with the following solutions as described in Table 3.10. 
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Table 3.10 Composition of the stock sample buffer 

Solutions 

0.5 M Tris Hel (pH 6.8) 

Glycerol 

10% (wlv) SDS 

0.1 % (w/v) Bromophenol blue 

Distilled water 

Quantity 

1.2 ml 

1.0 ml 

2.0 ml 

0.5 ml 

4.8 ml 

3.20.9.4 Protein molecular weight marker (low range) 

'. 
The 50S-PAGE Low range molecular weight standards are given in Table 3.11. 

Table 3.11 The low range SDS~PAGE molecular weight standards 

Protein 

Bovine serum albumin 

B-amylase 

Alcohol dehydrogenase 

Carbonic anhydrase 

Cytochrome C 

Molecular weight (da/tons) 

66,000 

50,000 

38,000 

31,000 . 

12.400 

3.20.9.5 Protein molecular weight markers (high range) 

The higher range of protein molecular weight-standards are given in Table 3.12. 

Table 3.12 The high ranga SDS·PAGE molecular weight standard. 

Protein 

Mycsin 

B-galactosidase 

Phosphorylase b 

Serum albumin 

Ovalbumin 

Mo/ecular weight (daltons) 

64 

200,000 

116,250 

97.400 

66,200 

45,000 



3.20.10 SAMPLE PREPARATION 

Enzyme sample for observing protein bands and activity bands (zymograms) 

were processed in different ways, Following sample buffers were tried: 

Sample buffer A 

Glycerol 

10% SDS 

0.5 M Tris Hel (pH 6.8) 

Distilled water 

Sample buffer B 

Sample buffer A 

B-mercaptoethanol 

Sample buffer C 

Sample buffer A 

10 mM DTT 

3.20.10.1 Protein bands 

1.6 ml 

3.2ml 

1.0 ml 

1.4 ml 

0.9ml 

0.1 ml 

0.98 ml 

0.02ml 

Before 'oad~ng in gel, the enzyme solution was mixed with twice its volume of 

sample buffer B. One pi 0.1 per cent (w/v) bromophenol blue was added. The mixt.ure 

was heated on boiling water bath for 5 minutes. Cooled and 30 pi was loaded onto the 

gel. 

3.20.10.2 Acti,vity bands (zymogram) 

The enzyme sample was mixed with twice its volume of sample buffer C. 

One pi 0.1 per cent Iw/v) bromophenol blue was added. It was now ready for loading 

into the gel. 

3.20.11 ELECTROPHORESIS 

The electrode buffer was properly diluted. chilled and poured into the 

electrophoretic unit (Startagene/Bio·Rad). For detecting the protein bands. 20 to 30 pi 
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of protein was loaded. For zymogram, 3 to 5 pi of sample was loaded in different wells 

in the gel containing either carboxymethyl cellulose or xylan. Then electrophoresis was 

carried out at 4°C at a constant current of 25 rnA. Electrophoresis was continued till 

the dye reached at the bottom of the gel. 

3.20.12 PROCESSING OF GEL AFTER ELECTROPHORESIS 

After completion of electrophoresis, gels were removed from electrophoretic unit 

and cut into vertica.l pieces. One fragment was kept for detection of protein bands 

either by Coomassie Brilliant Blue or by silver staining method. Another fragment was 

kept for detection of enzyme activity bands. 

3.20.12.1 Staining with Coomassie Brilliant Blue 

The staining solution was prepared with Coomassie Brilliant Blue R-250 0;25 per 

cent lv/v), methanol 25 per cent lv/v) and glacial acetic acid 10 per cent (v/v). The cut 

fragment was flooded with above staining solution and kept on rocking floor (3 

revolutions per minute) for 4 h (Wood and McCrae, 1977). 

3.20.12.2 Destaining of the gel 

Following completion of staining for 4 h, the gel was transferred to the 

destaining solution and kept on rocking floor 13 revolutions per minute) for overnight 

with frequent changing of destaining solution. The de staining solution was prepared 

with 5 per cent (v/v) methanol and 7.5 per cent (v/vl glacial acetic acid. Destaining 

was continued till the appearance of protein bands. 

3.20.12.3 Visualization of bands by silver staining 

The ammonical silver staining method described by Harlow and lane (1988) was 

followed. The steps were as follows: 

1. After running the SOS·PAGE, the gel fragment was placed in 5 gel volume of 50 

per cent ethanol, 10 per cent glacial acetic acid for overnight with shaking at 

room temperature. Solution was discarded and gel was rinsed with water. 
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2. ,Gel was placed in 5 gel volume of 20 per cent ethanol for 30 minutes with 

continuous shaking. This step was repeated for two times. 

3. After removing ethanol solution, the gel was placed in 1) gel volume of 5 per cent 

glutarladehyde (prepared in deionized water) at room temperature for 30 minutes 

with continuous shaking. 

4. Following removal from glutaraldehyde solution, the gel was washed with 

deionized water and kept on 5 gel volume of 20% eth·anol with continuous 

shaking for 20 minutes. This ethanol washing step was repeated two times 

more. 

5. After completion of ethanol wash, the gel was rinsed with deioniied water and 

incubated in 5 gel volume of water for 10 minutes with continuous shaking. 

6. After the water was removed. four gel vQlume of a freshly prepa~ed 

ammonia/silver solution were added. 100 ml of this solution was prepared as 

follows: 1.4 ml of 14.8 M NH 40H (concentrated ammonia) was added to 100 ml 

of distilled water. 190 pi of 10 N NaOH was added to this. This mixture was 

vortexed and 1 ml of freshly prepared silver nitrate solution was added (0.8 9 

of AgN03 was dissolved in 1 ml of distilled water) drop by drop. Initially a 

precipitate appeared which dissolved gradually. The gel was incubated for 30 

minutes at, room temperature with continuous shaking. 

7. After removal of ammonia-silver solution, the gel was rinsed with deionized 

water (~-6 changes) over a period of 20 minutes. 

8. When the gel was properly washed, 5 gel volume of freshly prepared 0.005 per 

cent citric acid, 0.019 per cent formaldehyde (diluted from commercial 37% 

solution) were added to the gel. This developer was removed when the bands 

appeared and the reaction was stopped by incubating the gel in solution 

containing 10 per cent glacial acetic acid and 20 per cent ethanol. 
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3.20.12.4 Measurement of relative mobility 

The relative mobility (Rt) of each protein band was calculated by the following 

formula: 

distance migrated by the protein band 
RI ~ 

distance migrated by the dye 

3.20.13 MOLECULAR WEIGHT DETERMINATION FROMSDS-PAGE 

The SDS·PAGE molecular weight standards were run on the gel along with each 

run of enzyme sample. Log of molecular weight of standa~d proteins were. plotted 

against their relative mobilities (Rt). The relative mobilities of the .enzyme samples were 

determined and molecular weight was calculated accordingly. 

3.21 ENDOGLUCANASE ACTIVITY 

Endoglucanase activity was measured by estimating the reducing sugars released 

from carboxymethyl cellulose feMe). The method of Nelson, modified by Somogyi 

(1952) was used for the measurement of reducing sugars. The reagents were prepared 

as follows. 

3.21.1 SOMOGYI REAGENT I 

36 9 of sodium sulfate was dissolved in 125 ml of boiled distilled water. To this, 

3 g of Rochelle's salt (sodium-potassium tartarate), 6 9 9f ~nhydrous sodium carbonate 

and 4 g of sodium carbonate were added. Final volume was made upto 200 ml with 

boiled distilled water and stored at room temperature. 

3.21.2 SOMOGYI REAGENT II 

9 9 of sodium sulfate was dissolved in 37.5 ml of boiled distilled water, to which 

1 g of copper sulfate was added. Final volume was made upto 50 ml with boiled 

distilled water. 
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3.21.3 WORKING SOMOGYI REAGENT 

Just before use, 4 volume of Somogyi reagent I was mixed with 1 volume of 

Somogyi reagent II to form the working Somogyi reagent. 

3.21.4 NELSON REAGENT 

10 9 of ammonium molybdate (molybdic acid) was dissolved in 180 ml of 

distilled water. 8.4 ml of concentrated H2S04 was added' with proper stirring. To this, 

1.2 g of sodium arsenate (dissolved in 10 ml of distilled water) was added. The reagent 

was stored at 37°C in amber coloured bottle for 1 to 2 days and then at room 

temperature. 

3.21.5 STANDARD CURVE 

Appropriate volume of glucose stock solution· (1 00 pg/mll were taken in different 

tubes and volume was- made upto 1 ml with distilled water. Then 1 ml of working 

Somogyi reagent was added _and the tubes were placed in boiling water bath for 15 

minutes. After taking out from the boiling water bath. the tubes were cooled. Then 1 

ml of Nelson reagent and 2 ml of distilled water were added to each tube and 

absorbance was recorded at 520 nm. Standard curve was prepared by plotting the 

absorbance vs. concentration o-f glucose (Fig. 3.1). 

3.21.6 ENDOGLUCANASE ACTIVITY 

The method of Mountfort ahd Asher ('985) was followed for estimation of 

endoglucanase activity. The total assay system (2 mil contained 1 ml of substrate (1 % 

CMC dissolved in 0.1 M citrate phosphate buffer, pH 6.5), appropriate volume of 

enzyme and 0; 1 M citrate phosphate buffer (pH 6.5). After 2 h incubation at 50°C in 
, 

water bath, 1 ml working Somogyi reagent was added to each tube and boiled for 15 

minutes in a bOiling water bath. Then the tubes were cooled and 1 ml Nelson reagent 

and 1 ml distilled water were added. The resultant mixture was centrifuged at 3,500 

rpm for 15 to 20 minutes and absorbance was r~ad at 520 nm against a reagent blank 

containing 1 mlof 1 per cent CMC, 1 mlO.l M citrate phosphate buffer (pH 6.5), 1 ml 
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Fig. 3.1 Standard curve of glucose by Nelson and Somogyi method 
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working Somogyi -reagent, 1 ml Nelson reagent and 1 ml distilled water. Wherever 

required, enzyme blanks were also prepared by terminating reaction at zero time. This 

was done to substract the values of reducing sugars, if present in sample. 

Enzyme unit (lU) was defined as the pmol of glucose released per minute. 

Specific activity was defined as units (lU) of activity per mg of protein. 

3.21.7 ESTIMATION OF PROTEIN 

The dye binding method of Bradford (1976) was follo,,:",ed for estimation of 

protein. Standard curve was prepared by using bovine serum albumin (Fig 3.21. 

3.22 AVICELASE 

Avicelase a'ctivity was based on the procedure 'described by Mountfort and 'Asher 

(1985). The total assay system (2 mil contained 1 ml of substrate (1 % avicel dissolved 

in 0.1 M citrate phosphate buffer, pH 6.5), appropriate volume of enzyme and 0.' M 

citrate phosphate buffer, pH 6.5. After incubation at 50°C in water bath for specific 

time, 1 ml working Somogyi reagent was added and boiled for 15 minutes in a boiling 

water .bath. Tubes were cooled, and 1 ml Nelson reagent and 1 ml water were added. 

The resultant mixture was centrifuged at 3,500 rpm for 15 to 20" minutes. Absorbance 

was read at 520 nm against a reagent blank. Wherever required, enzyme blank (control) 

were also prepared by terminating reaction at zero time. This \"Jas done to substract the 

values of reducing sugars, if present in sample. Enzyme unit (lUI of avicelase activity 

was defined as pmol of glucose equivalents· released per minute. Specific activity was 

defined as units (lUI of activity per mg of protein. 

3.23 CELLO BlASE ACTIVITY 

Cellobiase was determined by measuring the glucose released from cellobiose 

(Saddler and Khan, 1980). The reaction mixture (1.5 ml) consisted of 1 ml substrate 

(0.4% cellobiose dissolved in 0.1 M citrate phosphate buffer (pH 6.5) and 0.5 ml of 

enzyme. The reaction mixture was. incubated at 50°C far 2 h. The reaction was 

terminated by placing the tubes in bai!ing water bath fo~ -15 minutes. After cooling, the 
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Fig.3.2 Standard curve for estimation of protein by dye binding method 
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released glucose was determined by glucose oxidase-peroxidase method IBergmeyer 

and Bernt, 19741. Absorbance was read at 505 nm against a reagent blank. Wherever 

required, enzyme blanks (controll were also prepared by termin,ating reaction at zero 

time. This -was done to substract the values of glucose, if present in sample. 

Enzyme unit (lUI of cellobiase activity was defined as tlmol of glucose 

equivalents released per minute. Specific activity was defined as units (lUI of activity 

per mg of protein. 

3.23.1 STANDARD CURVE OF GLUCOSE BY GOD/POD METHOD 

Appropriate volumes of glucose standard solution (, pg/pl) were taken in 

different tubes and volume was made upto , rnl with distilled water. Then 1.5 ml 

working reagent was added, Mixed well and allowed to stand for 30 minutes at room 

temperature (25 to 30°C}. To this 0.5 ml water was added. The pink colour developed 

was read at 505 nm against the reagent blank. The standard curve was prepared by 

plotting the absorbance vs. glucose concentration "(Fig. 3.31. 

3.23.2 PREPARATION OF WORKING REAGENT 

One tablet of glucose oxidase-peroxidase was dissolved in 50 mt of phenol 

solution. Mixed and dissolved the tablet thoroughly. Then 1.5 ml of this working 

reagent was used in each tube to develop the colour. 

3.24 ASSAY OF XYLANASE 

About 1 per cent {wt/vol) of the larch wood xylan was dissolved in O. 1 M citrate 

phosphate buffer (pH 6.5) by heating at aooc until complete solubilisation of substrate. 

The reaction mixture (2 mH comprised of 1 ml of substrate and appropriate volume of 

enzyme and 0.1 M citrate phosphate buffer (pH 6.5). The above reaction mixture was 

incubated at 50°C for 1 h. Then 1 ml working Somogyi reagent was added and boiled 

for 15 minutes in a boiling water bath. Tubes were cooled and 1 ml Nelson reagent and 

1 ml water were added. The resultant mixture was centrifuged at 3,500 rpm for 15 to 
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Fig.3.3 Standard curve of gill£Ose by GODIPOD method 
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20 minutes. Absorbance was read at 520 nm against a reagent blank. Wherever 

required, enzyme blanks (control) were also prepared by terminating reaction at zero 

time. This was done to substract the values of reducing sugar, if present in sample. 

Enzyme unit (lU) of xylanase activity was defined as pmol of xylose equivalents 

released per minute. The specific activity was expressed as units (lU) of activity per mg 

of protein. 

3.24.1 STANDARD CURVE OF XYLOSE 

Appropriate volume of xylose stock solution (100 P9/m!) were taken in different 

tubes and volume was made upto 1 ml with distilled water. Then 1 ml of working 

Somogyi reagent was added and the tubes were placed in boiling water bath for 15 

minutes. After taking out from the boiling water bath the tubes were cooled. Then 1 

mt of Nelson reagent and 2 ml of distilled water were added to each tube and 

absorbance was recorded at 520 nm. Standard curve was prepared by plotting the 

absorbance vs. concentration of xylose (Fig. 3.4). 

3.25 EFFECT OF pH ON ENZYME ACTIVITY 

0.1 M citrate phosphate buffer with a pH range of 5.0 to 8.0 15.0. 5.5, 6.0, 6.5, 

7.0 and 8.0) were used for determination of optimum pH. 

3.26 IN VITRO DIGESTION STUDIES 

To specifically define the contribution of bacteria and fungi on wheat straw 

degradation, a series of IVDMO experiments were conducte~ in the presence of 

antibiotics (Windham and Akin, 19841. Antibiotics against bacteria, Le .• penicillin and 

stremptomycin and against fungi, i.e, cyclohexamide were used (Windham and Akin. 

1984)./n vitro incubation was done in 100ml glass vial capped and sealed by rubber 

and aluminium cap respectively. Following treatments were applied to conduct these 

studies. 
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Fig.3.4 Standard curve of xylose by Nelson and Somogyi method 
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3.26.A Treatment zero (TO) 

TO comprised of 500"'9 of milled wheat straw, 39 ml of McDougall's buffer, 10 

ml of stirred and strained rumen liquor and 1 ml of distilled water. Activity was stopped 

at zero hour itself by the addition of a few drops of saturated mercuric chloride . 
solution. This was the negative control. 

3.26.B Treatment 1 (T1) 

T1 comprised of 500 mg of milled wheat straw, 39 ml of McDougall's buffer, 10 

. ml of stirred and strained rumen liquor and 1 ml of distilled water: Incubation was done 

at 39 ± 1°C for 48 h. This reflected the activity of bacteria and fungi. i.e., positive 

control. 

3.26.C Treatment 2 (T2) 

T2 comprised of 500 mg of milled wheat straw, 39 ml of McDougall's buffer, 10 

ml of stirred and strained rumen liquor and 1 ml of penicillin and streptomycin solution. 

The vials were incubated at 39 ± 1°C for 48 h. This reflected the activity of fungi 

only. 

3.26.0 Treatment 3 (T3) 

T3 comprised of 500 mg of milled wheat straw, 39 ml of McDougall's buffer. 10 

ml of stirred and strained rumen liquor and 1 ml of cyc!ohexamide solution. Incubated 

the vial at 39 ± , °C for 48 h. This reflected the activity of bacteria only. 

3.26.E TREATMENT 4 (T4) 

I 
T4 comprised of 500 mg of milled wheat straw, 39 ml of McDougall's buffer, 10 

ml of stirred and strained rumen liquor and 1 ml of 48 h old fungal culture (83 isolate). 

Incubated at 39 ± 1 °C for 48 h. This reflected the probiotic effect, if any. In all above 

treatments, six replicates were taken. Following the stipulated pe'riod of incubation, the 

activity was stopped by addition of few drops of saturated mercuric chloride solution. 
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3.27.1 COMPOSITION OF McDOUGALL'S BUFFER 

The composition of McDougall's buffer has been given in Table 3.13. 

Table 3.13 Composition of McDougall's buffer {McDougall. '1948} 

Component 

Sodium hydrogen carbonate 

Anhydrous disodium hydrogen phosphate 

Sodium chloride 

Potassium chloride 

Magnesium sulfate 

Calcium chloride 

Distilled water 

pH adjusted at 

3.27.2 ANTIBIOTIC SOLUTION 

3.27.2.1 Against fungi 

Quantity 

9.80 9 

3.71 9 

0.479 

0.579 

0.069 

0.04g 

,1000 ml 

6.(3-6.8 

Cyclohexamide was used to inhibit fungal activity. Concentration was 5 mg per 

ml of distilled water. Filter sterilize~ by O.2pm filter and added 1 ml to each vial before 

addition of rumen liquor. 

3.27.2.2 Against bacteria , 

Sodium salt of benzyl penicillin and streptomycin sulfate were included in one 

solution as follows: 

Penicillin (1600 Uimg) 

Streptomycin (650 Uimg) 

12.5 mgim) 

2.0 mgiml 

The above antibiotic mixture was filter sterilized (0.2 pm} and used at the rate 

of 1 ml per vial before addition of rumen liquor. 
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3.27.3 COLLECTION AND PROCESSING OF RUMEN LIQUOR 

Rumen liquor was collected from cattle and buffalo through permanent rumen 

fistula. It was agitated/stirred for a few minutes and strained through muslin cloth and 

used subsequently as source of inoculum. 

3.27.4 DIET SCHEDULE OF ANIMAL 

Fistulated cattle and buffalo were maintained on a diet comprising of concentrate 

1 kg (composition described •• rli.r) and green fodder ad libitum. 

3.28 MEASUREMENT OF IN VITRO GAS PRODUCTION 

The glass vials were made anaerobic by passing carbon dioxide to each vial. The 

vials were fitted with rubber corks and sealed with aluminium cap by the hand sealer. 

Following incubation at 39 ± 1°C, the gas production was monitored at 8 h interval 

for 8 period of 48 h by an electronic instrument Pressure Tr~nsducer manufactured by 

Bailey and Mackay Ltd., U.K. (Theodorou et .1., 1995). 

3.29 DETERMINATION OF TOTAL VOLATILE FATTY ACIDS (TVFA) 

TVFA concentration was estimated bV the method of Barnett and Reid (1956). 

2 ml of sample was tak.en into Markham's distillation apparatus. The sample was steam 

distilled with 2 ml of oxalate buffer containing 1 ml of 10 per cent potassium oxalate 
, 

and 1 ml of 5 per cent oxalic acid. About 100 ml of distillate was collected and then 

titrated against standard (N/1 00) sodium hydroxide solution. Phenolphthalein was used 

as indicator which gave light pink colour at the end point. 

Calculation 

Volume of Nll00 NaOH used·x Norm~lity of NaOH 
TVFA ImMI1 00 ml SRL) = x 100 

Volume of sample taken 
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3.30 PARTITIONING OF VOLATILE FATTY ACIDS 

The method of Erwin etal. (1961) was followed. The different volatile fatty acids 

present were partitioned into acetic, propionic and butyric acid on Nucon Gas 

Chromatograph Series 5500 fitted with dual flame ionization qetector and a pair of 

stainless steel column packed with chromosorb lOt to serve as stationary phase. 

4 ml of sample + 1 ml of 20 per cent metaphosphoric acid (prepared in 5 N 

H2S04 ) were kept overnight and then centrifuged at 3500 to 4000 rpm for 15 to 20 

minutes. The supernatant was used for fractionation of VFAs. 

2 pi of this centrifuged sample was injected in gas chromatograph. A mi_xture of 

known quantities of acetic, propionic and butyric acid was also injected-simultaneously 

as standard. Area of peaks were calculated according to following formula: 

Area of peak = 1/2 x height x width of the base 

Proportion of Individual fatty acids 

Individual VFA such as acetic. propionic and butyric acid proportion were 

calculated as follows: 

Area covered by individual peak of fatty acid 

Proportion of individual fatty acid .. ------------.. --------------.------------------------------------ )( 100 

Total area of all fatty acids 

3.31 ESTIMATION OF IN VITRO DRY MATTER-DIGESTIBILITY nVDMD) 

After the incubation of substrates for 48 h, the sample was filtered through G 1 

glass crucible. CrucibLes were dried in an oven for 48 h at 80°C and weighed. Weight 

of residue was recorded and,dry matter digestibility was calculated by'subtraction. , 

3.32 ESTIMATION OF IN VITRO ORGANIC MATTER DIGESTIBILITY (lVOMD) 

After the incubation of substrates for 48 h at 39°C, samples were subjected to 

ashing on muffle furnace and IVOMO was calculated by subtraction. 
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4. RESULTS 

The microbiology of the different segments of the digestive tract, specially the 

rumen is extremely complex due to the' large number of organisms present, the shifting 

populations that result from changes in the diet of host a.n,imal and the interaction 

among the various microbial groups/species. In recent times, it is established that 

anaerobic fungi are also permanent and important member of rumen eco-club besides 

bacteria. protozoa and phage particles. Rumen fungi produce high levels of cellulase 

and hemicellulase and are particularly proficient in producing xylanases. The synthesis 

of these enzymes arB also regulated by availability of substrates to the organisms. 

Rumen fungi extensively colonize the lignin containing tissues of forages and appear 

to be highly active in fibre degradation. Their population is generally high in the rumen 

of animals fed high fibrous diets than in those fed less fibrous diet. This indicates that 

the enzymes essential for hydrolysis of lignified forages are secreted by anaerobic 

fungi. The fibre degrading ability of fungi is more than the bacteria. Anaerobic fungi are 

unique among rumen micro.organisms due to their penetrating ability to the cuticle layer 

of plant cell. Residues after incubation with fungi are physically weaker than those 

incubated with whole rumen fluid or with rumen bacteria, suggesting that fungi could 

alter the fibrous residues for easier mastication by the animal. But the only thing which 

puts rumen fungi in a disadvantageous position compared to bacteria is their small 

numerical-strength. 

4.1 ENUMERATION OF FUNGAL POPULATION 

4.1.1 BUFFALO 

Fungal population was enumerated simply by counting colonies, which appeared 

in roll tubes after 2-3 d of 'incubation at 39 Ge. The number of anaerobic fungi on 

different dietal y combinations at different hours after feeding has been presented in 

Table 4.1. In case of T1, the average fungal populations in buffaloes were 1.10 x 

10'/ml, 2.42 x 10'/ml, 1.41 x 10'/ml, 1.22 x 10'/ml and 1.21 x 10'/ml at 0,1,2,3 

and 4 hours after feeding, respectively. In T2 treatment, the fungal populations were 
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Table 4.1 Total fungal population (number/ml) in buffalo rumen at different bours 
after feeding on different dietary regimes 

Time after Dietary regime 
feeding (h) 

Tl T2 TJ 
-

0 1.10 x 10' 1.21 x 10' 2.48 x 10' 

I 2.42 x 10' 2.56 x 10' 5.41 x 10' 

2 1.41 x 10' 1.52 x 10' 2.90 x 10' 

3 1.22 x 10' 1.39 x 10' 2.56 x 10' 

4 1.21 x 10' 1.36 x 10' 2.51 x 10' 

Average .1.47 x 10' 1.60 x 10' 3.17 x 10' 

Tl = Wheat straw: concentrate::50:50 

T2 = Oat fodder:concentrate::50:50 

T3 = Oat fodder + wbeat,straw:concentrate::lOO:O 



1.21 x 10'/ml, 2.56 x 10'/ml, 1.52 x 10'/ml, 1.39 x 10'/ml and 1.36 x 10'/ml at 0, 1, 

2,3 and 4 hours after feeding, respectively. In T3 treatment, fungal populations were 

2.48 x 10'/ml, 5.41 x 10'/ml, 2.90 x 10'/ml, 2.56 x 10'/mland 2.51 x 10'/ml at 0,1, 

2, 3 and 4 h.Durs after feeding, respectively. The average values for three types of 

diets, irrespective of the intervals after feeding were 1.47 x 103/mi for Tl, 1.60 x 

10'/ml forT2 and 3.17 x 10'/mlfor T3. 

4.1.2 CATTLE 

Total fungal population from cattle rumen was again enumerated by the roll tube 

method and the results are presented in Table 4.2. In case of T1, fungal populations 

were 1.32 x 10'/ml, 2.57 x 10'/ml, 1.69 x 10'/ml, 1.41 x 10'/ml and 1.39 x 10'/ml 

at 0,1,2·,3 and 4-hours after feeding, respectively. In T2 animal fungal population 

were 1.29 x 10'/ml, 2.67 x 10'/ml 1.78 x 10'/ml, 1.38 x 10'/ml and 1.34 x 10'/ml at 

0, 1, 2, 3 and 4 h after feeding respectively. In T3 animal, fungal populations were 

2.41 x 10'/ml, 5.14 x 10'/ml, 2.75 x 10'/ml, 2.44 x 10'/ml and 2.43 x 1 O'/ml at 0, 1, 

2, 3 and 4 hours after feeding, respectively. For different dietary combinations, the 

average values. irrespective of the sampling time, were 1.67 x 103 /ml for T1. 1.69 x 

10'/ml for T2 and 3.03 x 10'/ml for T3. 

4,1.3 EFFECT OF BERSEEM AND LEUCAENA LEAF MEAL FEEDING ON FUNGAL 

POPULATION 

A fistulated buffalo fed '20 kg berseem and 3 kg concentrate possessed a fungal 

population of 5.2 x 102/ml at 1 h after feeding. However. a buffalo fed 5 kg leucaena 

leaf meal and 1 kg concentrate had a fungal population of 5.80 x 102/ml at 1 h after 

feeding. 

4.1.4 FUNGAL POPULATION IN FECAL SAMPLE 

In the case of buffalo (T3), fecal fungal population was 6.5 X 103 to 6.8 X 103 

per gram of fecal dry matter, while in case of cattle (T3). the value was 5:3 x 103 to 

5.6 X 103 per gram of fecal dry matter. 
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Table 4.2 Total fungal population (number/ml) in cattle rumen at different hour, after 
feeding on different dietary regimes 

T~after Dietary regi_ 
feeding (I,) 

TI 1'2 T3 

0 1.32 x 10' 1.29 x 10' 2.41 x 10' 

1 2.57 X 10' 2.67 x 10' 5.14 X 10' 

2 1.69 X 10' 1.78 x 10' 2.75 x 10' 

3 1.41 X 10' 1.38 X 10' 2.44 X 10' 

4 1.39 X 10' 1.34 x 10' 2.43 x 10' 

Average 1.67 x 10' 1.69 X 10' 3.03 X 10' 

T1 = Wheat straw: concentrate::50:50 

1'2 = Oat fodder:concentrate::50:50 

T3 = Oat fodder + wheat straw:concentrate::lOO:O 



4.2 TYPES OF FUNGAL COLONIES 

After the addition of rumen inoculum into the roll tubes' containing cellobiose 

agar medium, fungal colonies appeared in different forms. Evaluation of the agar 

surface of the roll tubes at specific times showed variations due to growth pattern of 

different species of fungus. These growth patterns were classified into three 

categories. 

4.2.1 TYPE R 

Colonies were completely circular (Plate 1). Diameter varied from 2 to 10 Mm. 

Within the colony, three well demarcated zones were visible. A completely opaque zone 

was visible at the centre of fungal colony. The opaqueness of ~he area was possibly 

due to aggregation of sporangia. The second was less dense zone ~ formed due to the 

spreading of thick rhizomycelia. The third one was more or less transparent zone -

formed by the finely branched thinner rhizomycelia. This typ~ ~omprised of 60% of the 

total colonies. 

4.2.2 TYPE 11 

Colonies were bigger in size with irregular boundaries (Plate 2). Diameter ranged 

from 10 to 15 rnm. No well demarcated zones were visible. Total area of colony was 

transparent. This type comprised of 15% of the total colonies. 

4.2.3 TYPEC 

Colonies were small (Plate 31. Diameter ranged from 0.5 to 2 mm. Two zones 

were visible - central zone was completely opaque and outer rhizomycelia zone was 

transparent. It comprised 25% of total colonies in the .roll tubes. 

4.3 TYPES OF ANAEROBIC FUNGI PRESENT IN CATTLE AND BUFFALO RUMEN 

Both polycentric and monocentric types of fungi were found to be present within 

the rumen of Indian cattle and buffaloes. Fungal colonies which appeared on cellobiose 

roll tubes were directly scrapped and seen under microscope with or without 
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Pillfe J: 1)IJle Rt:alollY ul1der zoom microscope 

Plate 2: Type a colollY finder Zonm microscope 



I'late 4: 

Plate c.: Type 3 CO/OilY ullder zoom ",;cro.fcope 

MOIUJcel1tric fUllgus. Round sporangium witf, e..'C.tel1si"ely branched 
rh'zomycelia 



lactophenol cotton blue stain. Monocentric were those where single sporangium 

developed from the thallus (Plate 4). Sporangia were round shaped. There were 

extensively branched rhizomycelia. Initially rhizoids were thick and subsequently 

became thinner to form extensively branched mycelial network (Plate 5). 

Polycentric fungus were those where more than one spor.angia developed from 

a single thallus (Plate 6). The development of sporangia may be either intercalary (Plate 

7) or terminal (Plate 8). Sporangia were oval or sometimes balloon shaped. Within the 

sporangia about 8 to 9 circular bodies were visible (Plate 9) and took lactophenol stain. 

Extensively branched and segmented rhizomycelia were seen. 

4.4 ISOLATION OF ANAEROBIC FUNGI FROM CATTLE AND BUFFALO 

, 
A total of 17 isolates of rumen anaerobic fungi were obtained during the course 

of this investigation from cattle and buffalo. Isolation was done in 0.2% cellobiose 

containing 2% agar. The selection of the colonies from roll tubes was at random. Based 

on their growth under strict anaerobic conditions, the isolates were classified as 

obligatory anaerobic. Out of these isolates, seven from cattle and ten from buffalo were 

selected for further studies. The different isolates were again purified through roll tube 

technique till a single type ·of colony for each isolate was obtained. These isolates were 

maintained in both J ,per cent wheat straw containing media and 0.2 pe'r cent cellobiose 

soft agar. Subculturing was done at seven days interval. 

.4.5 IDEIliTIFICAT,ON OF RUMEN ANAEROBIC FUNGUS 

Isolates from cattle were C1, C2, C3, C4, C5, Sm1 and Sm2. Isolates from 

buffalo were 81. 82, 83, 84, I, 3, 4, 6, 8 and 11. 

4.5.1 ISOLATE C1 

Isolated from cattle (Tl). Around a to 15 sporangia developed from single 

thallus. Thus, it was polycentric in nature (Plate 10). Sporangia were ,round and 

possessed stalk at the base. It had profusely branched unsegmented rhizomycelia. The 
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Plate 5: Extensively branched tr,ycelinl network of rlll1rell fUllgus 

Plate 6: Polycentric fungus. Sel'en,i sporullgill tlel'e/oped frol1' file I"nfllls 



Plate 7: Illtercalary developmellt of SPOrtlll1:ia 

Terl1riflol del'efnpment nf sporangia 



· Plate 9: Se,'eral circular bodies present illside tile spora"gia of polycelltric 
fUllgus 

Plate 10: Aficro.fcopic view of isolate C l. Selleral ruund S/WPt!f/ sp o rallgia willt 
extensively branched rllizol1lycelia. l~olyce"lric. /flelflijied as 
Alfaerolllyces .{p. 



fungus was able to grow on straw and possessed uniflagollotod zoospore. Tho isolnto 

seemed to be Anaeromyces sp. 

4.5.2 ISOLATE C2 

It was isolated from the cattle receiving the diet T1. Very few sporangia (2 to 

31 developed from single thallus (plate 11) and thus it was polycentric. Sporangia 

were completely circular and possessed segmented, extensively branched rhizomycelia. 

No stalk was present at the ba~e of the sporangia. Some unusual structure was coming 

out of sporangia. It was able to grow over straw. Zoospores were uniflagellated and 

the isolate seemed to be Anaeromyces sp. 

4.5.3 ISOLATE C3 

Isolated from the cattle (T21. Single sporangium developed from the thallus. 

Thus it was a monocentric isolate. Sporangia were completely circular and mUltiple. 

Layers of sporangia I wall were clearly visible. Profusely branched, unsegmented 

rhizomycelia were seen (Plate 12). Zoospores were polyflagellated. About five fl,agella 

were visible under microscope (Plate 13). The isolate seemed to be Neocallimastix sp. 

4.5.4 ISOLATE C4 

Isolated from cattle (T3). A number of sporangia developed from single thallus 

IPlate 14). Sporangia were sman and round in shape. Unsegmented, extensively 

branched rhizomycelia were seen. No stalk at the base of sporangi~. Zoospores were 

polyflagellated and were not able to grow on straw. Isolate was polycentric one and 

seemed to be Anaeromyces sp. 

4,5,5 ISOLATE C5 

This was isolated from cattle (T3). It was monocentric in nature as single 

sporangium developed from the thallus -(Plate 15). Sporangium was circular in shape 

and no stalk was found at the base. Thick and unsegmented long rhizoid was seen and 

there was no immediate branching. The isolate was. n,ot able to grow on straw. 

Monoflagellated zoospore. Seemed to be Piromyces sp. 
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Plate J I: Microscopic view of isolate C2. Polycentric jilllgUS with extellsively 
brallched and segnrellted rIlizo/uyce/ia. Idell tified as A llaerol1Jyces sp. 

Plate 12: Microscopic view of iso/ate C3 (nlOllocelltric). COlllpletely circular 
sporangia wit/r exteltsil'e/y bral/ched rhizollrj'l.:elia. Iclell'ijied as 
Neocllllilllas lix sp. 



• 

.' 
Plate 13: Microscopic structure ofpolyJlagellllled lOo.<'pore (C3 i.\"o/ale) 

Plate 14: Microscopic view ofC4 Iso/ale, SCl'I:!rt1/ sporollt:ia IIl ilIt finely branched. 
IIl1segllu!llled rhizolttyceJia. PoZ,'ccllfric. Jdelltijied a .... AllaeroruJ'ccs .... 1'. 



Plate J 5: 

P{('(e 16: 

Microscopic view of C5 i-fo/ate. 
tflick rhizoid. No i1,,,/u!({itttc 
Plro"IYce.S sIJ . . 

A-follocClltric jilll1!IIS 
branching of rhizoid. 

",ith IOlll! (Iud 
Idelltij7ed m. 

Microscopic view of Sill I iSt}llIfe. MOlloc:elftricjillrClls wilh extellsiwfly 
brallc"ed~ ullsegl7le"ted rl,i;zol1.ycelia. Identified liS l~irol1lJ'ce.'i sp. 



4.5.6 ISOLATE Sm1 

Isolated from cattle (13). It was monocentric as single sporangium developed 

from the thallus (Plate 16). No stalk at the base of.sporangja. Multiple layers of 

sporangia I wall were clearly visible. Extensively unsegmented branched rhizomycelia. 

Monoflagellated zoospore. Able to grow over straw. Seemed to be p'iromvces sp. 

4.5.7 ISOLATE 5m2 

Isolated from cattle {T3). Small, circular, single sporangium developed from 

thallus (Plate 17). Thus, it was monocentric. Presence of stalk at the base of sporangia. 

Rhizomycelia were unsegmented and extensively branched. Zoospores were 

monoflagellated. Able to grow Over straw. Seemed to belong to Piromyces sp .. 

4.5.8 ISOLATE 81 

This was isolated from the buffalo receiving the diet T1. Single sporangium 

developed from the thallus (Plate 181. It had round and medium sized sporangia. No 

stalk was observed at the base of sporangium. Thick, segmented and long rhizoid which 

branched terminally was seen. Not able to grow over straw. The zoospores were 

monoflagellated. It appeared to belong Piromyces sp. 

4.5.9 ISOLATE 82 

This was isolated from buffalo (T2). Singl~ sporangium d.eveloped from the 

thallus (Plate 19), suggested the monocentric nature of fungus. Small oval shaped 

sporangia was seen, with a stalk at the base. Finely branched and unsegmented 

rhizomycelia were observed. The zoospores were monoflagellated. The isolate was able 

to grow over straw. Appeared to belong Piromyces sp. 

4.5.10 ISOLATE 83 

Isolated from buffalo (T31. Single sporangium developed from the th~lIus. Thus, 

it was a monocentric fungi. It had round and large sporangia (Plate 20). No stalk at the 

base of sporangia. Multiple layers of sporangial wall were visible. Extensively branched 
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Plate 17: 

Plate 18: 

Microscopic .,iew iso/ate S,,,2 .t"owing sum" "ud circular sporallJ.:ia. 
Stalk at the bllse of sporangia. MOllocen tric. Brauc"ed r/lizolllyc:elin. 
Identified as Pirol1ryces sf'. 

Microscopic view nfisolate RI. IUollocelltricfIlIlKlt ,'f; wi'" IO;I/: rhiz oid. 
No stalk af til e base of sporallgia. Jdelllijied {IS PirOlllyce.t ,~p. 



PllIte 19: !f.1icr{}scopic .fIrllctlire of IJ2 isolate. 1t100J(Jcelltric fl"'f.:lIs wil" 01111/ 
shaped sporaflgin. Stalk at tlt e base ofsporallgia. E\.·tclI.os/)'ely branched 

rhizol11ycelia. Jdelltified (IS /,irOl1lyces sp. 

Plate 2(J: Alicroscopic strllcture of JJ3 isolale. ft1ollocelltric fllngus wit" 
e..:ctellsively bran cited myc:e1irr. Completely circular sporangia. Identified 
as Plrol1'yces sf'. 



and thick rhizomycelia were observed at the beginning and finely branched at the end. 

Zoospores were monoflagellated (Plate 21) and able to grow over straw. It appeared 

to be Piromyces sp. 

4.5.11 ISOLATE 84 

Isolated from buffalo (T3). It was a monocentric fungi as single sporangium 

developed from the thallus. Small and circular sporangia were seem (Plate 22). No stalk 

at the base was noticed. Extensively branched, unsegmented rhizomycelia. Zoospore 

was monoflagellated and not able to grow over straw. It appeared to belong 

Piromyces sp. 

4.5.12 ISOLATE 1 

It was isolated from buffalo (T3). About 4 to 6 sporangia developed from single 

thallus (Plate 23). Polycentric in nature. Sporangia were small and oval shaped. 

Presence of stalk at the base of sporangia. Unsegmented, extensively branched 

rhizomycelia. Zoospores were polyflagellated. Able to grow. over straw. Thus it 

appeared to be Orpinomyces sp. 

4.5.13 ISOLATE 3 

Isolated from buffalo (T31. Several sporangia developed from the thallus (Plate 

24). Small, circul,ar sporangia. Polycentric in nature. No stalk at the base of sporangia. 

Extensively branched, unsegment~d, filamentous rhizomycelia. Not able to grow over 

straw. Polyflagellated zoospore. Appeared to belong Orpin0f!1,yces sp . 

. 4.5.14 ISOLATE 4 

Isolated from buffalo (Tl). Several sporangia developed from the thallus. Thus, 

it was polycentric one. Large, circular sporangia (Plate 25)'. No stalk at the base of . 

sporangia. Unsegmented, extensively branched rhizomycelia. Able to grow, over straw. 

Uniflagellated zoospore. Appeared to belong Anaeromyces sp. 
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Plate 21: Microl·copic strllctllre of 171ollofiagellated z.oospore (/J3 isolate) 

Plate 22: Microscopic view 
circular ".porallgia. 
Pirolltyces sp. 

of isolate JJ4. ftlollocelltric fUlIgus witlt small, 
No Malk at tile base of sporangia. ldelltijie(/ tIS 



PllIle 23: Micro.scopic view of i:wlale I. Polyce"tric j;III1:II.S willi oval shllped 
spora1lgia. Stalk at tfle base of spora"l:;u. Brallcbed rhi'lol1u'celia. 
Idelltified as OrpillolJlyce.s sp. 

Plate 24: Microscopic structure of i .... o/ate 3. Po~rcelltric fttllJ:US wit" sCi'erni 
sl1wll .sporangia. ExtellsilJely brallched rll iZOIIIJ'celitl. Idelltified as 
Orpillolt.vces sp. 



Plate 25: Alicroscopic view ofi.folale 4. PolycelllricfilllKIlS willt large sporangia. 
U"sec",ented brallched rlllznmyce!ia. Identified (I.{ Allllcromyce.f' ,\"1'. 

Plflle 26: Micro.'fcoplc IlielY of isolate 6. l~olJ'ceutrlcf,,"g"s witlt large !iporallgia. 
Branched rltizo.ltlycelia. Iclelltijied as Allaero,,'yces sp. 



4.5.15 ISOLATE 6 

Isolated from buffalo (T2). Several sporangia developed 'from single thallus 

(Plate 26). Circular and large sporangia. Poly centric in nature. Unsegmented, 

extensively branched rhizomycelia. No stalk at the base of sporangia. Matured 

sporangia were full of zoospores. Able to grow over straw. Uniflagellated zoospore. It 

appeared to belong Anaeromyces sp. 

4.5.16 ISOLATE 8 

Isolated from buffalo {T1).,' Several sporangia developed from the thallus 

(Plate 27). Polycentric in nature. Unsegmented .. extensively branched rhizomycelia. 

Circular and large sporangia. No stalk at the base. Not able to grow over straw. 

Uniflagellated zoospore. Appeared to be Anaeromyces sp. 

4.5.17 ISOLATE 11 

Isolated from buffalo (T1). Several sporangia developed 'from single thallus· 

(Plate 28). So it was polycentric. Small and circular sporan~a. No stalk at the base of 
, . 

sporangia. Unsegmented rhizomycelia were finely branched. Polyflagellated zoospore. 

Able to grow over straw. Appeared to be Orpinomyces sp. 

4.6 FECAL ISOLATE (BF3) 

This was isolated from the feces of b!:lffalo receiving the T3 diet. It was a 

monocentric ·as single sporangium developed from the thallus IPlate 29). Circular 

sporangia. Multiple layers of sporangial wall were visible. No stalk at the base of 

sporangia • Extensively branched and unsegmented rhizomycelia. Zoospores were 

polyflagellated. Able to grow over straw. Appeared to belong Neocallimastix sp. 
I 

4.7 MOTILITY OF ZOOSPORE 

The motility of zoospore was tested with the C3 isolate. The ZOQ,sl?ore of the 

isolate was polyflagellated. During motility, multiple flagella remained in the form of 

flagellar tuff and formed a single locomotory organ (Plate 30). After the formation of 
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Plate 27: Microscopic !firllClllre of isolerte 8. Polycentric Jilllgll ,,. witlt circular 
sporangia. Ul1segmel1ted branched rlril.omycclia. Identified a ,s 

Anaero",yces .}p. 

Plate 28: Microscopic structure of LHJlufe 11. Polycentric fungus witll ,"nwll, 
circular sporangia. BraNched rltiZOJ1tycelia. Identified as Orpillomyces 



o 

Plate 29: Microscopic structure of BF3 i.om/ole. Itloll0CelltricfulI }flls with lurJ.:e 
sporallgicl. Brallched rhizol"ycelifl. Idel1tified a.\· NeocalliuUlsfix .\JJ. 

, 
• • 

Plate 30: :ornw(ioll ofsillgle loc(lIttOlory organ by PO~)I.fI{/ffellfl/(!(I7.(}().\'pore ofC3 
ISolate. 



single locomotory organ, flagellar tuff first bent forward and moved the zoospore in 

upward direction. Again flagellar tuff curved and'forced the c~1 to move. Actually these 

were done through continuous and rapid beating of flagella. 

4.8 GROWTH CHARACTERISTICS OF ISOLATES 

Efforts were first made to grow all the isolates on cellobiose broth media. The 

isolates did not grow. Then the isolates were grown in 2% agar and subsequently agar 

conc~ntration was reduced up to 0.3% (soft agar). With the last one, the growth was 

optimum. Actually the isolates were unable to grow without solid support. Isolate 83 

was able to grow on xylan and cellulose also. 

4.9 GAS PRODUCTION OF ISOLATES 

Different isolates were grown on cellobiose soft agar and the gas production was 

judged visually after 4 days of incubation. Detail of the gas production has been 

presented in Table 4.3. From the table it could be seen that isolate number el, C3, 

Sml, Sm2, 83 and 84 produced prolused gas (+ + + +); C2, C4, 6 and B produced 

moderate amount of gas (+ + +); 81, 82, 1, 3 produced small quantity of gas 1+ + I. 

while C5, 4 and 11 were negligible producer of gas I + I., 

4.10 VOLATILE FATTY ACIDS PRODUCTION 

Out of the three major volatile fatty acids, the isolates produced only acetate. 

The acetate production by different isolates on cellobiose soft agar after 4 c.:ays 9f 

incubation j,s presented in Table 4.4. Maximum production was observed in case of 83 , 
and C3 isolate and minimum observed in case of isolate 6. 

4.11 DETAILED MORPHOLOGICAL FEATURES OF 83 AND C31S0LATE 

4.11.1 ISOLATE 83 

It was a monocentric isolate. Zoospores were monoflagellated. Size of the 

zoospore was 0.01 to 0.02 pm with circular shape. Sporangia too wel=e circular in 

shape. Size of the sporangia was 1.5 x 1.5 pm. It possessed-highly thick rhizoid 

(Plate 311. Thickness was upto 0.15 pm. Length 01 the flagella was 0.84 pm. 
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Table 4.3 Visual appraisal of gas producing ability of different anaerobic 
fungal isolate . 

Isolate Degree oj gas proiJuction 

Buffalo 

BI ++ 
B2 ++ 
B3 ++++ 
B4 ++++ 
I ++ 
3 ++ 
4 + 
6 +++ 
8 +++ 
11 + 

Cattle 

el ++++ 
C2 +++ 
e3 ++++ 
C4 +++ 
e5 + 
8ml ++++ 
8m2 ++++ 

+ Negligible gas production 
++ Lower quantity of g.. production 
+++ Moderate gas production 
++++ Profused gas production 



Table 4.4 Acetate production from different fungal isolates following 
4 days of incubation 

Isolate Acetate (nanomoVmI) 

Buffalo 

Cattle 

BI 
B2 
B3 
B4 
1 
3 
4 
6 
8 
11 

CI 
C2 
C3 
C4 
C5 
8m1 
8m2 

0.4556 
3.0913 

14.2530 
9.1170 
1.2200 
1.0040 
1.2700 
0.4550 
1.2210· 
1.3478 

6.0220 
5:9910 
12.9670 
6.1730 . 
2.9710 
7.5350· 
7.4910 



Mic.:roscopic view of extells;ve(J' 
rllizolltycelia of B3 i.1'olate. 

Plate 32: Microscopic "iew ofpolyjl(lJ:ellafeti (fiJ!e) Z()(J.\jJore (C3 i,'wlafe), 



4.11.2 ISOLATE C3 

The isolate was monocentric. Size of zoospore was 0.04 x 0.04 pm. Number of 

flagella may be up to five (Plate 32). length of flagella was O.14f.1m. During early stage 

of development, sporangia were oval (P.late 33) and became circular (Plate 34) at the 

time of maturity. Size of the sporangia was 2.1 x 2.1 pm, with the rhizoid thickness 

between 0.06 to 0.2 pm. 

4.12 NUMBER OF ZOOSPORES RELEASEO PER SPORANGIUM 

Number of zoospores were counted on the roll tube under inverted microscope. 

It was assumed that single colony developed from each zoospore or sporangium. After 

release of zoospore, these were not able to move furtner due to the presence of agar 

on cellobiose roll tube and fUrther matured to become reproductive cell, i.e., sporangia. 

The number of zoospore released per sporangium was 15 to 18 (Plate 35). 

4.13 ATTACHMENT OF STRAW WITH ANAEROBIC FUNGUS 

Samples of rumen digesta were taken and seen under microscope. Oval shaped 

sporangia attached to fibr~ particle through long and thick rhizomycelia were observed 

(Plate 36). Under in vitro condition. straw particles were also heavily attacked by 

rhizomycelia (Plate 37). This attachment results in the weakening (breakdown) of the 

fibre particles. 

4.14 AMINO ACID COMPOSITION OF B3 ISOLATE 

The amino acid composition of d~ed anaerobic fungal cell (83 isolatel is analysed 

in Water's HPLC. The chromatographic separation of standard amino acid mixture and . 
Piromyces sp. 83 isolate are presented in Ag.4.1 and 4.2 respectively. The quantity of , 
individual amino acid was calculated by comparing with the standard through computer 

programming. The concentration of each amino acid is presented in Table 4.5. The 

concentration of arginine and serine were at higher side. Moderate contents of amino acids 

were lysine '(7.17 g/1 00 g total amino acids), isoleucine (6.08 g/1 00 9 total' amino acids)', 

tyrosine (5.28 g/100 9 total amino acids), proline (6.26 g/100 9 total amino acids)'. 
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Fig.4.1 Chromatographic profile of standard amino acid mixture on HPLC 
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Fig.4.2 Chromatographic separation of amino acid.s from Piromy,·e.o; sp. 
(B3 isolate) on HPLC 
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Table 4.5 Amino acid compositioo of hydrolysates prepared from 
rumeo fDDguS (B3 isolate) 

Amino acid Amount present 
(gIIOO g total an!;"o acids) 

Lysine 7.17 

Isoleucine 6.08 

Leucine 4.91 

Phenylalanine 3.74 

Alanine 4.44 

Proline 6.26 

Histidine 5.64 

Arginine 11.90 

lbreonine 2.63 

Glycine 4.38 

Glutamic 9.18 

Serine 11.87 

Aspartic 7.16 

Methionine 3.81 

Cystine 0.65 

Valine 4.90 



Plale 33: Oval shaped, yOlll1g ~por(J"l:i(l of C3 isolalc. 

-

Plate 34: Matured, circulor .fpora"!:;u,,, of C3 isolale. 



Plate 35: AggregatiOll ofsel1eral ,fporallJ:;a to form tile CO /OflY (Z(}()I" miCrO,\' l'ope). 

Plate 36: Samples of rUJ1IC" digesta ~'IIOWlllg fUllgal (oval shaped) lI(tUc!lJlICllt 

wit" fibre. 



Plate 37: 

Plate 38: 

r 

• 

-
Extelu'ive tievelopnrelll of rltizo",yce!ia (},'er .fihre particle (i/l vi/ro). 

cltdoglucullose actil1ily of different iso/a iel". 
illdicating Ihe isolate IlUllliJer s, viz,. I , 3, 4, 6, 8, 

lJ 'ell "lIll1bers liTe 
II , Sill J "'1(/ S 11I2. 



histidine (5.64 g/100 g total amino acids). glutamic (9.18 g/100 g total amino acidsl. 

aspartic (7.16 gil 00 9 total amino acids), Other amino acids were leucine (4.91 gIl 00 9 

total amino acids), phenylalanine (3.74 gIl 00 9 total amino acids), alanine (4.449/1 00 9 

total amino acids), threonine (2.63 g/l ~Og total amino acids), glycine (4.38 gIl 00 9 amino 

acids). methionine (3.81 g/100 9 total amino acids). cystine (0.659/1009 total amino 

acid.s) and valine (4.909/100-9 total amino acids). 

4.15 SCREENING OF FUNGAL ISOLATES FOR THE PRODUCTION' OF 

ENDOGLUCANASE 

The fungal isolates after 4 days of growth were screened for endoglucanase 

secretion through- qualitative (congo red assay) as well as quantitative assay. 

4.15.1 CONGO RED ASSAY 

The yellow zone of clearance in CMC plate is the indicative of endoglucanase 

activity. From plate 38 and ,39, it could be seen that isolate number 1, 8, C1, C3 and 

83 produced bigger zone of clearance suggesting that they had better endoglucanase 

activity. Isolate number 4. 11, Sm1, Sm2, C2 and 82 produced smaller Zone of 

clearance, i.e., these wer~ moderate. endoglucanase producer. Isolate number 3, 6, C4, 

CS, 81 'and 84 were not able to produce any yellow zone of clearance, i.e., these 

isolates were not able to produce endogJucanase enzyme. 

4.15.2 QUANTITATIVE ASSAY 

• 
The endoglucanase activity was measured by estimating the reducing sugars 

from carboxymethyl ceUulose (CMC) after specific time of incubation at 50·C. The 

units of activity (lU) is defined as pmol of glucose e.quivaJent released per minute by the 

culture supernatant. The endoglucanase activity of different isolates are presented in 

Table 4.6 The endoglucanase activity of isolate 1. 8, Cl, C3 and 83 were towards 

higher side. ranging from 14.6990 to 15,9722 mlU/ml. In isolate number 4. 11. Sm1. 

Sm:!. C2 and 82. the activities ranged from 3.9351 to 7.1759 mlU/ml. While the isolate 

number 3,6, Bl, 84, C4 and C5 did not possess any endo~lucanase activity. Out of 

these seventeen isolates, 83 (Pfromyces sp.) was selected for fUrther enzyme stu~ies. 
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Table 4.6 Eodoglutaoase attivity of differeot isolates after 4 days of 
growth on cellobiose soft agar 

lsolale 

Buffalo 

Cattle 

BI 
B2 
B3 
B4 
I 
3 
4 
6 
8 
11 

CI 
C2 
C3 
C4 
C5 
Sml 
Sm2 

Endoglucanllse activity 
(mlUlml) 

Nil 
3.9351 

15.9722 
Nil 

15.0462 
Nil 

5.7870 
Nil 

15.5092 
4.9768 

. 14.6990 
5.7870 

15.5092 
Nil 
Nil 

6.7129 
7.1759 



Plate 39: Elldoglucallnse octil'ity of diffee"t i.folates. 1Velll1111l1bers tlTe ilU/iClItillg 
lite isolale Illllllhers, viz.. 81, B2, B3. B4, C/, C2. C3, C4 allti C5. 

Plate 40: Elldoglllcanase actil1ity of B3 isolate at different days after incubation. 
Wellnllll1hers are illl/icotillg t/le days after incubatiQII. 



4.16 TIME OPTIMIZATION FOR HARVESTING ENZYME' 

The isolate 83 was grown in 500 ml flask containing 200 ml cellobiose soft agar 

media. Following withdrawal of culture supernatant regularly, endoglucanase activity 

was assayed quantitatively as well as qualitatively. The congo red assay of different 

days enzyme activity is given in Plate 40. The endoglucanase ac~ivity at different days 

after incubation is presented in Table 4.7. The maximum endoglucanase activity was 

found after 4 days of incubation (17.5925 mlU/mll~ 

4.17 EFFECT OF SONICATION ON THE RELEASE OF ENDOGLUCANASE FROM 

FUNGAL CELL 

Fungal cells (sporangia and rhizomycelia) were subjected to sonication. The 

sonication 'of fungal cell did not release any endoglucanase enzyme. So it could be 

concluded that the enzyme production of this isolate is completely extracellular. 

4.18 OTHER PLANT BIOMASS DEGRADING ENZYME 

The avicelase, cellobiase and xylanase were also estimated in the culture 

supernatant of 83 isolate. (The values were 0.4629 mlU/ml for avicelase. 19.3737 

mlU/ml for cellobiase and 237.613 mlU/ml for xylanase. The speCific activities were 

0.00331U/mg protein for avicelase, 0.1409 IU/mg protein for cellobiase, 0.11861Ulmg 

protein for endoglucanase a'nd 1.7280 IU/mg protein for xylanase. 

4.19 EFFECT OF pH ON DIFFERENT ENZYME ACTIVITY 

4.19.1 ENDOGLUCANASE 

The endoglucanase activity of culture supernatant was determined at 50°C in 

the pH range of 4.0 to 8.0. The studies depicted that the enzyme endoglucanase had 

a pH optima of 6.5 (Fig. 4.31. 

4.19.2 CELLOBIASE 

The cellobiase activity of the culture supernatant was determined at 50°C in the 

pH range of 4.0 to 8.0. A pH optima of 6.0 to 6.5 (Fig. 4.41 was found for the 

cellobiase enzyme. 
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Fig.4.3 Effect of pH on the extra-cellular endoglucanase activity of 
Piromyces sp. (B3 isolate) 
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Fig.4.4 Effect of pH on the extracellular cellobiase activity of 
Piromyces sp. (B3 isolate) 
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Table 4.7 Enzyme secretion by Piromyces sp. (B3 isolate) at 
different days after incubation 

Days after Endoglucanase activity 
incubation (miUlml) 

1 1.1574 

2 6.3657 

3 11.1111 

4 17.5925 

5 16.4351 

6 16.4351 

7 10.4166 

8 9.9537 



4.19.3 XYLANA5E 

The xylanase activity of culture supernatant was determined at 50°C in the pH 

range of 4.0 to 8.0. The studies revealed a pH optima oJ 6.5 (Fig. 4.5) for xylanase 

enzyme. '. 

4.20 PARTIAL PURIFICATION OF ENDOGLUCANA5E AND XYLANA5E 

4.20.1 ENDOGLUCANA5E 

The culture supernatant having activity of 16.3194 m~U/ml was first precipitated 

with different levels, viz., 40%, 60% a~d 80% of ammonium sulfate. It was- seen that 

60% ammonium sulfate was able to precipitate the endoglucanase enzyme completely. 

This level was subsequently used for precipitation of the enzyme. 

4.20.1.1 Ammonium 8ulfatB prBcipitation 

Ammonium sulfate (60%) precipitated enzyme sample was dialysed overnight 

and endoglucanase activity was esti.mated. During this step, 42% of the endoglucanase 

activity was retained in the solution and 58% of activity was recovered in pe-liet. The 

specific .activity of the dialysed fraction was 0.2473 IU/mg protein, indicating an 

increase of 2.08 fold after 60% ammonium sulfate precipitation followed by dialysis 

(Table 4.8). 

4.20.1.2 DEAE SBpharo8B column chromatography 

The next step of purification was attempted with DEAE Sepharose column 

chromatography. However, due to the unusual binding of enzyme protein with the anion 

exchanger, the enzyme failed to come out of the column and thus this step of 

purification was unsuccessful. Then fresh DEAE Sepharose anion exchanger was taken 

and 0.5 ml of enzyme was added to this. Subsequent washing of the column with 

different concentrations of buffer as described in materials and methods, gave several 

supernatants (51, 52, 53, 54 and 55) and DEAE-5PC. The endoglucanase activity was 

detected only in DEAE·5PC fraction, not in 51, 52. 53, 54 and 55. Thus. it was 
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Fig.4.5 Effect of pH on the extracellular xylanase activity of Piromyces sp. 
(B3 isolate) 
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Table 4.8 Partial purifieation of endoglucana.e from Piromyces .p. (B3 isolate) through 
bydroxylapatite column cbromatograpby and Superose-12 gel filtration 

SL Purification Total Total Specific Yield Purifi-
No. step protein activity activity ('Yo} cation 

(mg) (m/U) (JUlmg fold 
protein) 

I. Crude enzyme 13.750 1631.940 0.1186 100 1 

2. Ammonium 3.840 941.998 0.2473 58.21 2.08 
sulfate 
precipitation . 

3. Hydroxylapatite 0.560 197.819 0.3532 12.12 2.97 

4. Superose 12 gel 0.2726 120.575 0.4420 7.30 3.72 
(FPLC) 



confirmed that endoglucanase actually binds with tho DEAE Sophnroso ollion 

exchanger. 

4.20.7.3 Hydroxylapatite column chromatography 

The dialysed sample was then applied in hydroxylapatite column. The elution of 
protein and distribution of activity is given in Fig. 4.6. In this case also, recovery of the 

activity was only 12.12 per cent (Table 4.8). The specific activity of endoglucanase 

was 0.3532 IU/mg protein indicating 2.97 fold of purification. 

4.20.1.4 FPLC 

Further purification of endoglucanase _was attempted on Superose~12 gel 

filtration column fitted with FPlC. The elution of protein and distribution of 

endoglucanase activity is depicted in Fig. 4.7. The recovery of activity was only· 7.3 

per cent (Table 4.8), even lesser than hydroxylapatite column chromatography. 

However ~ in mono-Q column (fitted with FPLC)' the recovery of activity was 

! around 43 to 50 per cent. The elution of protein and distribution of activity is 

presented in Fig. 4.8. Total of four peaks were obtained ... Fold of purification and 

recovery of activity are presented in Table 4.9'. First peak IC1) comprised of 7.8 per 

cent of the total activity and specific activity was 0.5761 IU/mg protein. The second 

peak (C2) comprised of 7.4 per cent of total activity and specific activity was 0.4261 

IUJmg protein. The third peak IC3) comprised of 9.2 per cent of total activity and 

specific activity was 0.22641U/mg protein. Fourth peak (C4) comprised of 18.7 per 

cent of total activity and spec,ific activity was 0.3583 IU/mg protein. 

4.20.2 XYLANASE (PARTIAL PURIFICATION) 

The culture supernatant having the xylanase activity of 237.613 mlU/ml was 

used for ammonium sulfate precipitation. By this step, 47 per cent of activity was 
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Fig.4.6 Chromatographic profile of ammonium sulfate precipitated 
endoglucanase on hydroxylapatite column 

0·····0 Protein, ~B nm 
• • Endoglucanase activity, mlUlml 
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FigA.7 Chromatographic profile of ammonium sulfate precipitated 
endoglucanase on FPLC using Superose-12 gel filtration column 

Protein, 280 nm 
• • Endoglucanase activity, mlU/ml 
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Fig.4.8 Chromatographic profile of ammonium sulfate precipitated 
endoglucanase and xylanase on FPLC using ~on~Q colwnn 

Protein, 280 run 
0--0 Endoglucanase activity. mIUlml 
.-... Xylanase activity. ml U/ml 
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Table 4.9 Partial purification of en<loglucanase from Piromyces sp. (B3 isolate) through 
mono-Q column (FPLC) 

SL Purification Tollll Total Spec!flc Yield Purifi-
No. . step protein activity activity (%) catioll 

(mg) (m/U) (IU/mg fold 
protein) 

1. Crude enzyme 13.750 1631.940 , 0.1186 100 I 

2. Anunonium 3.840 941.998 0.2473 58.21 2.08 
sulfate 
precipitation 

3. Mono-Q column 
(FPLC) 

Peak I (el) ·0.223 128.484 0.5761 7.80 4.87 

Peak II (C2) 0.284 121.022 0.4261 7.40 3.59 

Peak III (e3) 0.667 151.020 0.2264 9.20 1.90 

Peak IV (e4) 0.854 306.033 0.3583 18.70 3.02 



recovered and 53 per cent was lost in supernatant (Table 4:10). The specific activity 

of the dialysed sample was 2.91471U/mg protein, indicating an increase of 1.68 fold. 

This sample was then directly applied to mono-Q column connected with FPLC. Elution 

of protein and xylanase activity are depicted in Fig. 4.8. The recovery of activity was 

23" per cent.,The xvlanase was eluted in two peaks (X2 and X2). X1 peak comprised 

of 6.2 per cent of total activity with a specific activity of 58.308 IUlmg protein. X2 

peak comprised of 14.2 per .cent of total activity with ~ specific activity of 7.7451 

IU/mg protein (Table 4.10). The fold of purification were 128.8 and 17.1 for Xl and X2 

peak, respectively. 

4.21 50S-PAGE 

4.21.1 ENDOGLUCANASE '. 

Dialysed en~yme along with the molecular weight marker were run on separating 

gel containing 0.1 per cent carboxymethy"1 cellulose. After staining, four activity bands 

(Plate 41) were detected. Rf values for each marker protein was calculated and plotted 

against the log MW of individual protein. Standard curve was drawn. From the 

migration ot'each activity band, Rf value was calculated. The MW was determined froin 

the standard curve. MW of different isoenzvmes of endogJucanase were 100 kOa, 66 

kDa. 39.8 kDa and 33 kDa (Table 4.111. 

4.21.2 XYLANASE 

Dialysed enzyme along with the molecular weight marker were run on separating 

~gel containing 0.1 per cent xvlan. After staining, four xvJanase activity bands were 

detected (Plate 42). 'A standard curve was drawn by plotting the Af values against 

log MW of marker proteins. The Rf values for each activity band were calculated and 

MW was determined from the standard curve. MW of different isoforms of xylanase 

wer.177 kOa. 100 kDa. 63 kDa and 50 kDa (Table 4.121. 
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Table 4.10 Partial purification of xy1anase from Piromyces sp. (B3 isolate) through 
mono-Q .olumo (FPLC) 

SL Purification Total Total Specific Yield Purifi-
No. step protem activity activity (%) ca(ioll 

(mg) (IU) (IUlmg /old 
protein) 

1. Crude enzyme 13.750 23.7618 1.7281 100 I 

2. Ammonium 3.840 11.1925 2.9147 47.1 1.68 
sulfate 
precipitation 

3. Mono-Q colwnn 
(FPLC) 

Peak. I (XI) 0.0337 1.9650 58.3080 8.io 128.8 

Peak. II (X2) 0.4449 3.4450 7.7451 14.50 17.1 



,Table 4.11 Relative nwbUhy (Rj) of tl,e molecular weiglrt markers and different 
isoenr,y1neS of endoglucanase on SDS-PAGE. 

Distance travelled by dye = 9,1 em 

Proteins MW LogMW Distauce Relative 
travelled. mobility 
by protein (Rj) 

(crn) 

Markers 

Bovine serum albumin 66,000 4.8195 4.6 0.5054 

D-amylase 50,000 4.6989 5.7 0.6263 

Alcohol dehydrogenase 38,000 4.5797 7.0 0.7692 

Carbonic anhydrase 31,000 4.4913 8.0 0.8791 

Cytochrome C 12,400 4.0934 8.5 0.9340 

Endoglucanase 

1st band 100,000 5.00 3.0 0.3296 

2nd band 66,069 4.82 . 4.6 0.5054 

'3rd band 39,810 4.60 6.5 0.7142 

4th band 33,113 4.52 7.4 0.8131 



Table 4.12 Relative mobility (Rf) of t/,e molecular weight markers and differellt 
isoen1,)lnres of xylanase on SDS-PAGE. 

Distance travelled by dye = 7.5 em 

Proteins MW LogMW Distance Relative 
travelled mobility 
by protein (Rf) 

(em) 

Markers 

Myosin 200,000 . 5.3010 0.35 0.0466 

a·gaIactosidase 116,250 .' 5.0653 1.25 0.1666 

Phosphorylase b 97,400 4.9890 1.45. 0.1933 

Serum albumin 66,200 4.8208 2.15 0.2866 

Ovalbumin 45,000 4.6532 3.70 0.4933 

Xylanase 
. 

1st band 177,827 5.25 0.7 0.0933 

2nd band 100,000 5.00 1.8 0.2400 

3rd band 63,095 4.80 2.7 0.3600 

4th band 50,000 4.70 3.6 0.4800 



• 

Plate 4 I: Zymogram of elldoglllcallase. Migratio" from top to bottom. 
Lalle 1, A set of lIIoleClllar weight marker: lJSA (Mr '" 66,000); 
jJ-amylase (Mr = 50,000); alcohol dehydrogena.I'e (Mr = 38,000); 
carbollic anhydrase (Mr = 31,()(}0) allcI cytoclrrome C (Mr = 12.4(0). 
Lalle 2, Ammollium slllfate precipitated I!IIl,YIi ' ~ II ctil'i~)' stailled, 



1 :3 

Plate 42: ZYlllogralll of xylrlllilse. Migratioll from top til bottolll. 
Lalle 1, A set of molecular weight marker: Myosill (Mr = 2110,1/(111); 
jJ-galactosidase (Mr = 116,250); fiho.1pho()'lilse b (Mr = 97,4(0); Scrtl/ll 
a/bUII/;II (Mr = 66,200) am/oll(llhlllllill (Mr = 45,11(10). 
Lalle 2, Ammollium sulfate precipitated ell7,jlmc. Proteill .stailled. 
Lalle 3, Amlllollillm slt/fille precipitated ell7.),me. Actil'i~l' Itailled. 



4.22 IN VITRO STUDIES 

4.22.1 CHEMICAL COMPOSITION OF WHEAT STRAW 

The milled (1 mm particle size) and dried wheat straw was taken for the in vitro 

studies. The-ehemical composition of the straw sample was as follows: organic matter 

88.45% and total ash 11.55%. 

4.22.2 IN VITRO GAS PRODUCTION 

In vitro gas production at different hours of incubation are depicted in the Fig. 

4.9 and 4.10 for buffalo and cattle, respectively. During the use of buffalo fumen 

liquor as a source of inoculum. -total gas production (mil were 93.33 ± 3.52 (Tl), 

57.00 ± 1.15 (T2), 73.30 ± 0.88 (T3) and 99.33 ± 2.90 (T4). Statistical analysis 

revealed that gas production by different groups of organisms differed significantly (P 

< 0.011. Gas production in T1 (bacteria and-fungi) and T4 (bacteria, fungi and fungal 

isolate) was statistically at par (Table 4.13), But in th~ presence of either fungi alone 

(T2) or bacteria alone (T3), the gas production differed significantly between T2 and 

T3 and also with T1 and T4. When cattle was used as source of rumen inoculum, total 

gas production (ml) were 86.00 ± 1.52 IT1), 57.66 ± 0.66 H21, 67.00 ± 1.15 H3) 

and 92 •. 00 ± 0.57 (T4).St~tistical analysis revealedlhat gas production in T2 and T3 

groups differed significantly ,from T1 and T4 (P < 0.01). The results further revealed 

that there' was no additional effect of fungal isolate as probiotic (Table 4.14). Gas 

producing'ability of only fungi (T2) and only bacteria (T3) differed significantly between 

each other, the values being higher for bacteria only compared to fungi only. 

4.22.3 IN VITRO DRY MATTER DIGESTIBILITY 1%) 

IVDMO per cent for different treatments are presented in Table 4.13 and 4.14. 

The values (%) were 36.33 ± 0.78 (Tl). 23.93 ± 0.52 IT2), 28.93 ± 0.69 H3) and 

38.56 ± 0.58 (T4) for buffalo. From the statistical analysis, it was found that T2 and 

T3 differed significantly from Tl and T4 (P < 0.01). The IVDMD per cent differed 

significantly between only fungi (T2) and only bacteria (T3). When source of rumen 

inoculum was cattle, IVDMD per cent were 30.60 ± 0.78 ITl), 18.73 ± 0.94 IT2). 
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Fig.4.9 In vitro gas production by diflerent types of inoculum (buffalo) 
at different hours of incubation 

Tl = Mixed inoculum (bacteria + fungi) 
T2 = Fungi only 
T3 =. Bacteria only 
T4 = Mixed inoculum + Piromyces sp. (B3 isolate) 
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Fig.4.10 In vitro gas production by different types of inoculum (caule) 
at different hours of incubation 

TI = Mixed inoculum (bacteria + fungi) 
1'2 = Fungi only 
T3 = Bacteria only 
T4 = Mixed inoculum + Piromyces sp. (B3 isolate) 
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Table 4.13 Role of difrerent groups or organisms on rumen parameters under in vitro system in buffalo 

SL Rumen parameters Mixed rumen Fungi only Bacteria only Mixed rumen CD 
No. inoculum inoculum + Jungal 

isolate 
, (TI) (T2) (T3) (T4) 

1. Total gas production** (ml) 93.33' ± 3.52 57.00' ± U5 73.30' ± 0.88 99.33' ± 2.90 16.2095 

2. IVDMD**(%) 36.33' ± 0.78 23.93' ± 0.52 28.93' ± 0.69 38.56' ± 0.58 4.3093 

3. IVOMD** (%) 53;96' ± 0.12 41.73' ± 0.84 46.86' ± 0.14 53.76' ± 0.67 4.1910 

4. TVFA concentration** (mM/toO ml SRL) 19.33' ± 0.66 10.33' ± 0.33 , 15.33' ± 0.33 20.66' ± 0.88 4.0369 

5. Molar proportion of acetate**(%) 64.03' ± 1.24 80.96' ± 0.82 6L50'± 1.05 60.13' ± 1.21 7.7648 I 
6. Molar proportion of propionate'!'* (%) 23.56' ± 0.72 10.23' ± 0.60 24.90' ± 1.60 27.33' ± 1.49 8.1948 I . 

7. Molar proportion of butyrate(%) 12.40 ± 0.62 8.80 ± 0.34 13.60 ± 0.72 12.53 ± 0.98 NS 

• 
• P < 0.05; •• P < 0.01; NS = Non-significant; "S.B. 



Table 4.14 Role of different groups of organisms on rumen parameters under in ""itro system in cattle 

SL Rumen parameters . MIXed rumen Fungi only Bacteria only Mixed rumen CD 
No. inoculum inoculum + fungal 

isolate 
(TJ) (T2) (T3) (T4) . 

I. Total gas production** (ml) 86.00' ± 1.52 57.66' ± 0.66 67.00' ± 1.15 92.00' ± 0.57 7.4369 

2. IVDMD** (%) 30.60' ± 0.78 18.73' ± 0.94 25.93' ± 0.57 34.40' ± 0.75 6.8374 

3. IVOMD** (%) 50.76' ± 0.32 38.36' ± 0.61 44.76' ± 0.35 52.60' ± 1.40 5.8572 

4. TVFA concentration** (mM/IOO mt SRL) 18.66' ± 0.66 10.66' ± 0.66 15.00' ± 0.57 20.00' ± 0.57 3.9375 

5. Molar proportion of acetate** (%) 60.\3' ± 1.21 79.63' ± 0.83 62.03' ± 1.41 . 63.36' ± 1.63 8~40 

6. Molar proportion of propionate·· (010) 26.30' ± 0.43 9.86' ± 0.33 26.63' ± 1.01 24.20' ± 0.75 4.9482 

7. Molar proportion of butyrate (%) 11.36 ± 0.40 9.83 ± 1.13 11.33 ± 0.55 12.43 ± 1.03 NS 

* P < 0.05; ** P < 0.01; NS = Non-significant; ± S.B. 



25.93 :t 0.57 (T3) and 34.40 :t 0.75 (T4). Statistical analysis indicated that 
• treatments differed significantly (P < 0.01). While Tl and T4 did not differ 

significantly, T2 and T3 differed significantly. Hence, dry matter degradation was 

different for bacteria and fungi nable 4.14), with higher IVDMD per cent recorded for 

bacteria only than fungi only. 

4.22.4 IVOMD (%) 

IVOMD (%) for different treatments are presented in Table 4.13. The values in 

buffalo were 53.96 :t. 0.12, 41. 73 :t 0.84, 46.86 ± 0.14 "~d 53.76 ± 0.67 per cent 

for Tl, T2, T3 and T4, respectively. From the statistical analysis. it wa's found that 

degradation of organic matter using four types of inoculum was significantly different 

(P < 0.01). But thEfTl and T4 did not differ significantly indicating no beneficial effect 

from added fungal isolate. When source of rumen liquor was cattle, the values (%) were 

50.76 :t 0.32,38.36 :t 0.61,44.76 ± 0.35 and 52.60 :t 1.40 for Tl, T2, T3 and 

T4, respectively (Table 4.14). Statistical analysis revealed that degradation of straw 

organic matter using different types of .inoculum differed significantly (p < 0.01). But 

there was no significant difference between T1 and T4 indicating no effect of added 

fungal isolate. 

4.23 TOTAL VOLATILE FATTY AC)DS (mM/100 m) SRL) 

TVFA for different treatments are presented in Table 4.13. Total volatile fatty 

acids production (mM/l00 ml SRL) in buffalo were 19.33 ± 0.66, 10.33 ± 0.33, 

15.33 ± 0.33 and 20.66 :t 0.88 for Tl, T2, T3 and T4, raspectively. From statistical 

analysis, it was found that TVFA production was significantly different among the types 

of inoculum (P < 0.011. But Tl and T4 did not differ significantly, indicating no effect 

of additional fungal inoculum. T2 and T3 also differed significantly. When the source 

of rumen inoculum was cattle, the values (mM/100 ml SRL) were 18.66 ± 0.66, 

10.66 ± 0.66, 15.00 :t 0.57 and 20.00 ± 0.57 for Tl, T2, T3 and T4, respectively 

(Table 4.14). Statistical analysis revealed that the various types of inoculum differed 

significantly (P < 0.01) regarding the production of VFA. But T1 and T4 did not differ 

significantly. 
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4.24 MOLAR PROPORTION OF INDIVIDUAL VOLATILE FATTY ACIDS 

• 
In case of buffalo rumen liquor, the proportion of individual volatile fatty acids 

in T1. T2, T3 and T4, respectively were acetic acid, 64.03 ± 1.24, 80.96 ± 0.82. 

61.50 ± 1.05 and 60.13 ± 1.21; propionic acid. 23.56 ± 0.72. 10.23 ± 0.60. 

24.90 ± 1.60 and 27.33 ± 1.49; butyric acid. 12.40 ± 0.62.8.80 ± 0.34; 13.60 ± 

0.72 and 12.53 ± O.98lTable 4.131. From statistical analysis, it was seen that T2 

differed significantly (P' < 0.01) from T1, T3 and T4 with ~espect to molar proportion -of acetate and propionate. 
>. 

In case of cattle rumen inoculum, the proportions of individual volatile fatty acids 

in T1, T2, T3 and T4, respectively were acetic acid, 60.13 ± 1.21, 79.63 ± 0.83, 

62.03 ± 1.41 and 63.36 ± 1.63; propionic acid. 26.30 ± 0.43. 9.86 ± 0.33. 26.63 

± 1.01 and 24.20 ± 0.75; butyric acid. 11.36 ± 0.40. 9.83 ± 1.13 and 11.33 ± 

0.55 and 12.43 ± 1.03 (Table 4.141, Statistical analysis revealed that the inoculum 

T2 differed significantly (P < 0.01) from other three inoculum, i.e., T1, T3 and T4 with 

respect to molar proportion of acetate and propionate. But molar proportion of butyrate 

using the four inoculum did not differ significantly. 
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5. DISCUSSION • 

While studying the diurnal changes in the concentrations of microorganisms in 

the rumen of sheep fed limited diets once daily, Warner (1966) showed a significant 

increase in the population density of the flagellate Callimastix frontalis 1 h after the 

sheep were fed. In 1976, Orpin first established tnat these flagellates are of ,fungal 

origin and challenged the hypothesis of non-existence of anaerobic fungi in nature, as 

postulated by Foster (1949). But till mid seventies of this century, there does not exist 
~ 

even a single report regarding the rumen anaerobic fungi, though extensive studies 

about rumen organisn\had been initiated from 1950 onwards. Accor~ing to Bauchop 

(1983), the failure to recognize the anaerobic fungi could be attributed not only to 

mycological dogma, but also _~o the practice among rumen microbiologists, of working 

with strained rumen fluid and discarding the solid dige~ta, wit~ which the vegetative 

stage of the fungus is associated. Once Orpin in 1975 brought to_the light the existence 

of anaerobic fungi in rumen, it was readily accepted by the scientists, especiaUy ru":,en 

microbiologists and it is a reality now. Today, it is known-that rumen anaerobic fungi 

possess a minority status in the rumen eco~club. But the role it plays in fibre 

degradation in rumen is significant. The presence of fungi in rumen and the role it plays 

has generated lot of interest among the scientists "(animal nutritionists. rumen , 
microbiologists, biochemists and biotechnologists). A cons~d~rable work is going on 

in many laboratories in the world on the different aspects of ruinen anaerobic fungi. 

In the present study, the interest was mainly- focussed on anaerobic fungi from buffalo 

rumen, its characteristics, biochemistry and the role it plays iti fibre degradation. The 

on-going text discusses th~ resul~obtained f~om the present study. 

5.1 ENUMERATION OF FUNGAL POPULATION 

Fungal population was enumerated by counting the colonies which appeared in 

roll tube following incubation_at 39°C. Actually, on the agar surface. zoospores can 

not migrate, however, they mature to become vegetative sporangia. After bursting of 

sporangia, several zoospores are released which mature again and form visibl7 colonies. 

These colonies are counted. 
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In case of buffalo, fungal population in rumen was found to be more in T3 'animal 
• 

(roughage:concentrate::100:0) all time, compared to either Tl animal (wheat 

straw:concentrate::50:50) or T2 animal (oat fodder:concentrate::50:50). From Table 

4.1, it could be realised that fungal populations were more at 1 h after feeding, 2.42 

x 103/ml, 2.56 x 103/ml and 5.41 x 103/ml in Tl, T2'and T3 animal. respectively, and 

gradually declined to reach a level of 1.21 x 103/ml, 1.36 x 103/ml and 2.51 x 10l/ml 

for T1, T2 and T3 animal, respectively at 4 h after feeding. Similarly, in cattle rumen 

also, the fungal population was always 'more in T3 animal 
• 

(roughage:concentrate::l00:0) as compared to either T1 animal (wheat 

straw:concentrate::50:501 or T2 animal {oat fodder:concentrate::50:501. From the 

Table 4.2, it could be seen that the fungal population were more at 1 h after feeding, 

2.57 x 10l /ml, 2.67 x 10l /ml and 5.14 x 103/ml in T1, T2 and T3 animal, respectively 

and gradually declined to reach a level of 1.39 x 10l /ml, 1.34 x l03/ml and 2.43 x 

103/mt for T1. T2 and T3 animal, respectively at 4 h after feeding. The population 

density of rumen anaerobic fungi is usually in the range of 4 x 102 to 10s/ml, fluctuat.es 

greatly and rapidly over the feeding period of the host animal (Orpin, 1975; Akin, 1987; 

Ushida et al., 1989). Theodorou et 81. 11990al enumerated fungal population from 

steers as cell wall degrading thallus forming unit (TFU). Population ranged from 2.20 

x 104 to 28.6 X 104 TFU/g o~ rumen dry matter. The n'umber of Neocallimastix sp. 

zoospores in the rumen of cows during first 3 h after feeding with 

hay-silage-concentrate diets varied from 7 x 10l to 5.4 x lOs/ml; the number of 

uniflagellated zoospores varied from 104 to 10s/ml (Kostyukovsky et a/., 1991). But in 

the experimental animals of present study, fungal population was comparatively lower. 

This may either be due to the lower population of fungi within rumen itself or due to 

less release of zoospore or sporangia from fibre particles during stirring of rumen liquor. 

Fungi are supposed to be attached with fibre particles through extensive rhizomycelia 

(Bauchop, 1979).·'0 case of animals receiving either Tl or T2 diet, fungal population 

were lower due to the type of diet on which they were maintairted. Higher' population 

in animal receiving T3 diet was due to 100 per cent roughage, that too 50 per cent 

from wheat straw and 50 per cent from oat fodder. Large number of fungal population 

were detected in animal 'maintained on high fibrous diet compared to low fibrous ~r 

pelleted diet (Bauchop, 1979). This is due to the fact that fungi need solid support for 
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their growth and thus invade the fibrous materials. High concentlate diet or easily 

digestible nutrients can not provide that so·rt of ;olid support· for a longer time for 

growth and maturity of fungus. Consequently, the high concentrate diet can not 

support higher fungal population. The maximum fungal population was observed at 

15~30 minutes after feeding (Orpin, 1974). In the presen·t study, the highost fungnl 

population was observed after 1 h of feeding. The maximum number of fungi found 

after feeding is the result of stimulus received from soluble nutrients of the ingested 

materials. The soluble chemicals released from the fibrous feeds induce the sporangia 

to burst out, releasing spores which then move towards the fibre particles (Orpin, 

1975). 

5.2 ENUMERATION OF FUNGAL POPULATION IN FECES 

Anaerobic fungi identical in appearance to the rumen fungi have been reported 

'"" t~present in the feces of Ethiopian Zebu cattle, gaur, bacterian camel. antelope, 

Arabian oryx, Ethiopian fat tailed· sheep, bongo, vicuna, mara, Asian elephant. Zebra 

(Milne et .1., 1989), blue duiker (Oehofity and Varga, 1991), llama (Marvin·Sikkema et 

al., 1992), Przewalski's horse, nilgai, axis deer, wapiti onager (Lawrence. 1993), yak 

(Sijtsma and Tan, 1993). 

During the present stu~y , an effort was also made to .count and isola·te the 

anaerobic fungus from the fecal samples of cattle·and r'\Nerine buffalo. In reverine 
'. 

buffalo, anaerobic fungal population ranged from 6.5 x 103 to 6.8 X 103 per gram of 

fecal dry mattC"!'r, w,~ile in the .case of cattle, the values ranged from 5.3 x 103 to 5.6 

x· 103 per gram of fecal dry matter. Reports by other workers (Theodorou et al .• 1990a; 

Davies et al., 1993) suggest that the population size of anaerobic fungi in feces can be 

equivalent to that of rumen digesta (at 104 to 105 thallus forming unit per gram fecal 

dry matter) and tend to decl}ne slowly after drying. Present finding is the first report 

on the presence of anaerobic fungus in the feces of r i·verine buffalo (Samanta et al., 

1996). In the caecum, fibrous materials (escaping rumen degradation) are supposed to 

be digested by bacteria only. Our studies established that in ri-verine buffalo, anaerobic 

fungi also contribute in fibre digestion at caecum level in addition to bacteria. 
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5.3 TYPES OF COLONY 
< 

Based on the appearance of colony on cellobiose agar surface, three types of 

colonies were observed, viz., type A, type B and type C.ln case of type A colony, three 

zones were visible; the first was due to the aggregation of sporangia, the second was 

due to the growth of thick rhizomycelia and third one resulted from the finer branching 

of myc~lia. Fungus of type A was monocentric nature. Type B colonies were 

completely transparent due to either having extensively spread or less developed -rhizomycelia. Fungus of these colonies were polycentric in nature. Type C colonies 

were of monocentric fungus. Akin and Rigsby (1987) classified the colonies on 

cellobiose agar into three categories. In their case, type A colony was due to prominent 

rhizomycelia without sporangia. At 96 h and later, these colonies had developed both 

oval and small globose sporangia in the rhizomycelia. Type 8 colonies revealed 

sporangia with a thick wall, packets with multiple flagella and rhizoidal structures 

devoid of cytoplasm, indicating a fungus of different nature of growth rate from type 

A. Type 0 differed from type A and 8 by having a central cluster of round bodies. 

radiating rhizoids and much reduced rhizomYcelia. 

5.4 CHARACTERISTICS OF FUNGAL ISOLATES 

The different isolates were identified based· o~ zoospore morphology,. 

development of 'sporangia (one or more), nature of rhizomycelia (Theodorou et al., 

1996). On perusal of Table 5.1. it can be seen that both polycentric and monocentric 

fungi are present in the rumen ecosystem of crossbred cattle and reverine:buffalo. Out 

of 17 anaerobic fungal isolates, nine were classified as polycentric and eight were 

monocentric, based on the number of sporangia developed from thallus. Trinci et al. 

(1994) also bro_adly classified the anaerobic fungus into two categories (mono centric 

and polycentric) based on the number of sporangia developed from the thallus. 

Similarly, based on number of flagella present in zoospore, isolate C5, Sm1.-Sm2, 81, 

82, 83 and 84 -were identified as Piromyces sp. , as all these isolates possessed single 

flagella. The sporangia of these isolates were circular and possessed unsegmented 

rhizomycelia. The isolates from sheep, horse, elephant, deer and goat are classified as 

Piromyces genus, based on monocentric nature of growth, uniflagellated zoospores, 
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Table 5.1 Characteristics of different fungal isolat~ 

• 
Isolate Source Nature of Shape of- Rh/zomycdl. Presmceof Zoospore Gas Endogluctlnase Name of the 

growth sporangia stalk at the base flagellation production activity species 
of sporangia i 

Cl Cattle Polycentric Circular Unsegmented Present Monoflagellated -1+++ High Anaeromyces 

C2 Cattle Polycentric Circular Segmented Absent MonofIagellated +++ Low Anaeromyces 

C3 Cattle Monocentric Circular Unsegmented Absent Polyflagellated -1+++ High Neocalfimastix 

C4 Cattle Polycentric Circular Unsegmented Absent Polyflagellated +++ Nil Anaeromyces 

CS Cattle Monocentric Circular Unsegmented- Absent Monoflagellated + Nil Piromyces 

Sml Cattle Monocentrlc Circular Unsegmented Absent Monoflagellated ++++ Low Piromyces 

5m2 Cattle Monocentric Circular Unsegmented Present Monoflagellated ++++ Low Piromyces 

Bl Buffalo Monocentric Circular Segmented Absent Monoflagellated ++ Nil Piromyces 

82 Buffalo Monocentric Oval Unsegmented Present Monotlagellated ++ Low Piromyces 

B3 Buffalo Monocentric Circular Unsegmented Absent Monoflagel1ated ++++ High Piromyces 

B4 Buffalo Monocentric Circular Unsegmented . Absent MonotlageUated ++++ Nil Piromyces 

1 Buffalo Polycentric Oval Unsegmented Present Polyflagellated ++ High Orpinomyces 

3 Buffalo Polycentric Circular Unsegmented Absent Polyflagellated ++ - Nil Orpinomyces 

4 Buffalo Polycentric , Circular Unsegmented Absent ' Monotlagellated + Low Anaeromyces 

6 Buffalo Polycentric Circular Unsegmented Absent Monoflagellated +++ Nil Anaeromyces 

8 Buffalo Polycentric Circular Unsegmented Absent Monoflagellated +++ High Anaeromyces 

11 Buffalo Polycentric Circular Unsegmented Absent Polyflagellated + Low OrpinomyCes 

BF3 Buffalo Monocentric Circular Unsegmented Absent Polyflagellated Not detected Not detected Neocalrimaslix I 
-- --_._-

+. negligible; ++, little; +++, moderate; ++++, profused 



extensive and filamentous rhizomycelia (Orpin, 1977b; Gold e-t al., 1988; Li et al., 

1990; Ho et al., 19930). 

The isolate C3 (from cattle) was Neocallimastix sp. Its monocentric nature of 

growth and presence of numerous flagella in zoospore determined its classifjcation 

under the genus Neocallimastix. Based on zoospore inorphology,-nlonocentric nature 

and extensive rhizomycelia several workers also classified their isolate as 

NeocBllimastix (Heath et al., 1983; Orpin and Munn, 1986;, Ho et al., 1993b). The fecal -isolate IBF3) from buffalo also belonged to NeocalJimas(ix sp. due to its monocentric 

nature, polyflagellation of zoospore and extensively branched rhizomycelia. 

Marvin-Sikkema (1992) also classified their one of the fecal isolates as Neocallimastix 

L2 based on morphological features. 

Isolate Cl, C2, C4, 4, 6 and 8 were classified as Anaeromyces sp. 'due to 

polycentric growth, monoflagellated zoospore. Breton et al. (1990) and Ho et al. 

(1993d) used the monoflagellation of zoospore and polycentric nature for classifying 

their isolate as Anaeromyces sp. Isolate 1, 3 and 11 belonged to Orpinomyces sp. as 

their zoospores were polyflagellated and sporangia possessed branched rhizomycelia. 

Beaton et al. (1989) used polyflagellEltion of zoospore for classification of their isolate. 

5.5 METABOLIC PRODUCTS OF ANAEROBIC FUNGUS 

The gas production by different isolates was visually judged (Table 4.3) and the 

acetate production was determined in GLC (Table 4.41. Theie 'was no increase in peak 

height of propionate as compared to control, where media was not inoculated with 

anaerobic fungus. This indicated that anaerobic fungi -did not produce propionate as , 
well as butyrate. The fermentation end products of anaerobic fungus can be influenced 

by a variety of cellular and environmental factors, including the presence of other 

microorganisms. In place of mitochondria, anaerobic fungi !lossess hydrogenosomes 

which are capable of coupling the metabolism of hexose to cellular energy formation 

with the conco.rnitant generation of hydrogen (Yarlett etal., 1986bl. Thus, they convert 

hexose to formate, acetate, lactate, ethanol, carbon dioxide and hydrogen' (Bauchop 

and Mountfort, 1981; Lowe et al., 1987b; Phillips and Gordon, 1988; Borneman et al., 
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1989). When cultured in the presence of methanogenic bacteria. the fermentation 

profile is shifted away from electron sink. produpts, such as ethanol and lactate, 

towards the more reduced products, such as acetate and formate (Bauchop and 

Mountfort, 1981). 

5.6 NUMBER OF ZOOSPORES RELEASED PER SPORANGIUM 

It was observed that about 15- to 18 zoospores were released from single 

-sporangium. Neocallimastix sporangium can release 2-38 zoopspores under in vitro 

conditions (Orpin, 1975). 

5.7 ATTACHMENT OF STRAW WITH ANAEROBIC FUNGI 

80th. under in vitro and in vivo conditions anaerobic fungi were observed to 

attach and penetrate wheat straw. Orpin (1977a) provided the first account of plant cell 

wall degradation by anaerobic fungi, by demonstrating their close association with plant 

biomass with the help of 14C uptake from barley awns. Anaerobi'c fungi penetrate and 

preferentially colonize tissues traditionally regarded as resistant to degradation, such 

as recalcitrant sclerenchyma and vascular tissues (Akin et al., 1989; Borneman and 

Akin, 1990). 'They can even colonize highly recalcitrant plant m~terials, such as palm 

press fiber and wood {Ho et al., 1991; Joblin and Naylor, 1993}. Wheat straw, rice 

straw, maize stalk, soya bean hulls and grass'es are also reported to be colonized by 

anaerobic fungi (Akin et al., 1983,1989; lowe et al., 1987c; Grenet and Barry, 1988; 

Theodorou et al .. 1989; Ho et al., 1991; Roger et 81 .. 1992). 

5.8 AMINO ACID COMPOSITION OF B31SDLATE 

On perusal of Table 4.!?, it is crystal clear that fungal isolate is rich in arginine 

(11.90 gl100 g total amino acids) and $erine (11.87 g/100 9 total amino acids). If we 

consider methionine and cystine, quantity was 4.46 g/1 00 g total amino acids. Lysine, 

isoleucine, tyrosine. proline, histidine, glutamic and apartic Were also present at 

moderate level. The amino acid composition of the isolate can be compa~ed with an 

important cellulolytic bacteria. i.e., Ruminococcus albus (Pur$er and Buechler. 1966). 

for which the values (g/100 9 total amino acids) are 4.4,6.3, 1.3,7.5,7.1. 5.2, 10.9, 
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2.5, 9.6, 3.6, 10.7, 3.6, 8.0, 5.9, 1.7, 3.8, 0.6 and 5.6 for threonine, valine, 

methionine, isoleucine. leucine, phenyla1aline, lysine, histidine. aspartic, serine, 

glutamine, proline, glycine, alanine, cystine, tyrosine, diaminopimelic and arginine, 

respectively. The values (g/100 9 total amino acids) for another important cellulolytic . 
bacteria Bacteroides succinogenes are 6.4, 4.7,2.9,5.7,7.9, 5.0, 9.7, 2.3, 11-.1,3.6, 

11.6, 5.0, 5.5, 6.1. 1.4, 4.5 and 6.3 for threonine. valine, methionine, isoleucine, 

leucine, phenylalanine, lysine, histidine, aspartic. serine, glutamic. proline, glycine, , 
alanine, cystine, tyrosine and arginine, respectively (Purser and Buechler, 1966). In the 

• , 
case of methionine. the quantity is more than R. a/bus and B. succinogenes (3.81 vs. 

1.3 and 2.9). Regarding the content of cystine, it is lower in 83 isolate than in either 

R. a/bus or B. succinogenes (0.65 VS. 1.7 or 1.4, respectively). Methionine and lysine 

are reported to be'most limiting amino ,a~ids ~~r growing steers (Richardson and 

Hatfield, 1978). Thus, 'anaerobic fungi are playing a vital role by providing these two 
e 

limiting amino acids to m~ their tissue_~equirements. ,Purser and Buecheler (1-966) did 

a comparison between the amino acid composition of rumen bacteria (mixed) and 

protozoa (mixed), the content (g/100 9 total amino acid) of three,amino acids were 9.3 

and 10.1 for lysine, 2.6 and 2.2 for methionine, 1.0 and 1.0 f9r cystine, respectively. 

Thus; in the isolate (B3), the content of methionine (3.81 g 1/00 9 total amino acids) 

was higher as compared to 'either rumen bacteria and protozo~. 

The principal sC?urce of amino acids of ingesta, leaving the rumen and entering 

the alimentary tract, are from bacterial, protozoal and undigested food proteins. The 

relative proportions, together with the amino acid composition of ,each of these ... 
fractions; are the princi9! ' factors influencing the distribution of amino acids at tissue 

level (Purser and Buchler, 1966). But thE! present studies point out that anaerobic rumen 

fungi also may govern the tissue availability and distribution of major amino acids in . 
the host animal when _the microbial protein production is limited or when amino acid 

, 
requirements are high, especially in high yielding animals where ruminally produced 

microbial protein may not met the amino acid need of the host animal (Merchen and 

Titgemeyer, 1992). Under these circumstances. if the ration is formulated judiciously 

which is capable of maintaining a fungal population towards higher side, the adverse 

situation arising from the lower level limiting amino acids can be easily overcome. 
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6.9 ENDOGLUCANASE ACTIVITY OF DIFFERENT ISOLATES 

Based on congo red assay and quantitative assay nable 4.6}, the isolate C1, C3, 

83, 1 and 8 were found to have higher endoglucanase activity, whereas the isolate e2, 

8m1, 5m2, 82, 4 and 11 had lower endoglucanase activity. However, the isolate C4, 

C5, B1, B4, 3 and 6 did not show any endoglucanase activity at all. Relatively few . 
microorganisms produce enzymes capable of degrading the crystalline, hydrogen: 

bonded, highly ordered polymer of cellulose. Among them important are Trichoderma 

sp., Fusarium so/ani, Clostridium thermocellum, anerobic fungi (Wood and . 
Garcia-Campayo, 1990; Wood, 1991; Wilson and Wood, 19921. In the present study, 

only 11 out of the total of 17 Isolates had endoglucanase activity. suggesting thereby 

that not all the strains of the rumen fungi are able to produce the endoglucanase 

enzyme for the degradation of dietary cellulose. 

5.10 OPTIMUM TIME FOR HARVESTING ENZYME 

It was observed that maximum endoglucanase secretion by isolate 83 happened 

at 96 hours after inoculation (Table 4.7). Barichievich and Colza (1990) and Gomez De 

Segura and Favre {19931 found the maximum cellulase and xylanase activity by the 

rumen fungi after 3 to 4 days of Inocul~tion. In the present studies, similar trend was 

observed, and the enzyme activity was found to decline afterw~rds. 

6.11 EFFECT OF SONICATION ON THE RELEASE OF ENDOGLUCANASE FROM 

FUNGAL CELL 

Location of the enzymes· appears to be strain dependent (Sijtsma and Tan, 

1993). In the present stullies, sonication of fungal biomass, viz. sporangia and 

rhizomycelia does not release any endoglucanase and xylanase enzyme, indicating that 

the isolate B3 produces these enzymes extracellularly. Mountfort and Asher 11985) . 
observed that sonication of fungal tissue (N. frontalis) In the absence or presence of 1 

to 10 per cent (vol/vol) Tween 80 or TET, also failed to release e~doglucanase from the 
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cells. When N. frontalis is grown on xylan, xylanase was found to be present mainly in 

the culture fluid. and only 10 per cent of the acti9ity was ~ound to be associated with 

fungal rhizoid (Mountfort and Asher, 1989). In contrast, Lowe et,al. (1987al found that 

no cellulase and only 15 per cent of the xylanase activity, produced by Neocallimastix 

Rl were extracellular, implying thereby that the enzyme was mainly located 

intracellularly. 

5.12 DIFFERENT HYDROLYTIC ENZYMES OF 83 Il?OLATE 

In the present studies, it was observed that 83 isolate had the following enzyme 

activities: endoglucanase (16.319 mlU/ml), cellobiose (19.3737 mlU/ml), very high 

level of xyl.n.se 1237.613 mlU/ml) .nd very low level of .vicel.se (0.4629 rnlU/mll. 

Sijtsma and Tan (1993) reported that Piromyces CS 1 isolate secreted the four enzymes 

viz. B-l,4-glucosidase (21 mlU/ml), B-xylosidase (58 mlU/mlL xylanase (840 mlU/ml) 

and endoglucanase (116 'mIU/ml). Compared to the enzyme activities obtained by the 

above workers (rom N. frontalis with regard to the different enzymes,. the enzyme 

activities obtained from isolate 83, in the present case were much lower. 

5.13 EFFECT OF pH ON DIFFERENT ENZYME ACTIVITIES 

The optimum pH for different enzymes were 6.5 for 'endoglucanase (Fig. 4.31, 

6.0 to 6.5 for cellobiase (Fig. 4.4) and 6.5 for xyl.nase (Fig. 4.5). These v.lues were 

close to physiological pH range of rumen and allowed to accrue maximum benefit of 

these hydrolytic enzymes for the degradation of plant biomass. Mountfort and Asher 

(1989) reported that pH optima for endoglucanase is 6.0 and for xyalanase it is 5.5. 

5.14 PARTIAL PURIFICATION OF ENDOGLUC.ANASE 

-
Purification and fractionation of enzymes are cumbersome due to aggregation of 

several hydrolytic enzymes. The presence of extracellular complexes of cellulolytic and 

other hydrolytic enzymes in the culture fluid of anaerobic fungus has been reported for. 

Neocallimastix as well as for Piromyces sp. (Wilson and Wood, 1992; Teunissen et al., 

" 199~. In the present study, the ammonium sulfate (60%1 precipitation ¥ielded only 

58.21 per cent of endoglucanase activity with the improvement of specific activity by 

2.08 fold only. 
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Attempt to partially purify and fractiilnate through DEAE sepharose column 

chromatography. hydroxylapatite column chromatography and superose 12 gel filtration 

(connected with FPlC) was not much encouraging due to unusual binding of the 

enzyme protein with OEAE sepharose gel and the low yield through latter two steps. 

Gomez De Segura and Fevre (1993) also observed a significant loss in enzyme activity 

du!ing anion exchange chromatography. However, Li and Calza (1991a) observed 71.2 

per cent recovery of endoglucanase, 76 per cent of avicelase aryd 85 per cent of B-1, 

4-glucosidase through the hydroxylapatite column chromatography. 

Most of the microorganisms produce isoenzymes. Differences in enzyme 

'. activities found after growth on the different substrate's could be the result of variations 

in isoenzymes synthesized. Several forms of isoenzymes for endogiucanase from 

anaerobic fungi were separated by gel filtration chromatography, native polyacrylamide 

gel electrophoresis and isoelectric focussing (Wood et al., 1986; Barichevich and Calza; 

1990). The multiple forms of endoglucanase might represent distinct enzymes or 

proteolytic degradative products or those resulted from postranslational modifications 

including glycosylation. By using hydroxylapatite column chromatography. li and Calza 

(1991 al separated seven well defined endoglucanase peaks, having specific activities 

ranging from 0.77 to 15.66 IU/rng protein. Through the use'of mono-Q column (FPlC), 

it was possible in the present study, to separate four well defined peaks, having 

specific activities ranging from 0.2264 to 0.5761 IU/mg protein indicating 1.9 to 4.87 

fold of purification (Table 4.9). 

On 50S-PAGE zymogram, four yellow bands were visualized for endoglucanase 
, 

enzyme after congo red assay. The molecular weight of these bands were 100 kDa, 66 

kDa, 39.8 kOa and 33 kOa. The endoglucanase isoenzymes fractionated by li and 

Calza (1991a) had a molecular weight of 29 kOa, 95 kOa, 125 kOa. 20 kOa, 50 kOa 

and 120 kOa for C1. C2, C3, C4, C5, C6 and C7 peak, respectively. 

5.15 PARTIAL PURIFICATION OF XYLANASE 

The culture supernatant having xylanase activity 237.618 mlU/ml and specific 

activity 1.728 IU/rng protein was used for partial purification. Ammonium sulfate 
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precipitation yielded only 47.1 per cent of xylar},ase activity with an increase in specific 

activity by 1.68 fold. This indicated that a substantial amount of activity was lost in the 

supernatant during ammonium sulfate precipitation. Gomez De Segura and Fevre 

(1993) obtained 78.5 per cent yield of xylanase activity and 1.2 fold purification 

through ammonium sulfate precipitation. 

Attempt to fractionate xylanase enzyme by mono-Q column (FPLC) permitted 

only 23 per cent recovery through two well defined peaks~ viz., X1 and X2 (Fig. 3.8). 

The specific activity of X 1 peClk was 58.308 IUlmg protein indicating a whopping 

increase in purification by 128.8 fold. While in case of X2 peak (7.7451 IU/mg protein), 

the purification increased by 17 fold only. Gomez De Segura a!1d Fevre (1993) were 

able to increase the purification by 13 fold for xylanase 11 and by 1.5 fold for xylanase 

I. The molecular weight of these fractions were 45 kOa and 70 kDa for xylanase I and 

11; respectively. But in the present investigation, four yellow bands were detected on 

50S-PAGE zymogram after congo red assay. The molecula," ,weight of these activity 

bands were 177 kDa, 100 kDa, 63 kDa and 50 kDa. Therefore, on SDS·PAGE 

zymogram, it·was found that the two proteins {100 kOa and 63 kOal exhibited. both 

endoglucanase as well as xylanase activity. This might be due to the presence of 

common catalytic domain, capable of triggering ·both endoglucanase and xylanase 

activity. 

5.16 IN VITRO STUDIES 

5.16.1 IN VITRO GAS PRODUCTION FROM STRAW 

In vitro gas production using rumen liquor containing mixed rumen organisms 

(T1), rumen liquor containing fungi alone (T2) and rumen liquor containing bacteria 

alone (T3) were significantly different in both buffalo and cattle. No difference was 

noticed between T1 and T4 (whole rumen liquor containing mixed organism plus fungal 

isolate). This indicated that there was no additional significant effect on gas production 

due to addition of the fungal culture (B3 isolate) •. The in vitro gas production from 

-straw {O.5 gl can vary from 28.25 to 44.75 ml within 24 hours of fermentaHon (Sirohi, 

1993). The gases are produced during the fermentation of substrates .. The total volume 

105 



of gas production depends upon the nature of \f1e substrate, in vitro conditions, source 

of inoculum etc. If anyone of these factors is changed, the type of fermentation is 

altered leading to differences in gas production. In the present investigation, higher 

values for total gas production were obtained in T1 and T4 in both the species, i.e., 
• 

cattle and buffalo. 

Though the gas production in rumen is directly related to fermentation -of the 

substrates. it is more related to fibre degradation rather than the fermentation of soluble 

sugars. However. the lower gas production in T2 (fungi onlyl and T3 (bacteria onlyl 

reveals that these organisms, when used in isolation, and not as mixed culture of all the 

members of the rumen ecosystem, fail to degr~de the plant ti,bre substantially. 

5.16.2 IN VITRO DRY MATTER DIGESTIBILITY (lVDMD %1 OF STRAW 

On perusal of Table 4.13. it was found that IVOMD per cent was slightly higher 

with buffalo rumen liquor as compared to cattle •. Digestibility of dry matter and other 

nutrients can vary between buffalo and cattle (Bhatia et al., 1979; Parthasarthy. 1980; 

Sangwan et al., 1987). Ichhponani and Sidhu (1966) found higher OM digestibility in 

buffalo while Walli and Mudgal (1978) did not f:.-:ind any significant difference' in the 

OM digestibility of the two species. 

The addition of antibiotics agatnst either bacteria (T2)' or fungi (T31 caused 

significant reduction of OM digestibility. The reduction was more prominent while using 

the antibiotics against bacteria. This suggssts ~that the presence of bacteria is more 

essential for the overall dry matter digestibility of the feed compared to fungi. While 

using antibiotics either against bacteria or fungi, the dry matter ~egradation of coastal 

bermuda grass and alfalfa was lower for fungi, but the bacteria were most active 

(Windham and Akin, 1984) as far as the OM degradation was concerned. 

Using the antibiotics against fungi and bacteria in ·an in vitro rumen system, 

Malakar and Walli (1995) observed that rumen fungi alone were less active in degrading 

plant biomass in both cattle as well as buffalo, as tompared to bacteria alone. In the 

present study, the addition of fungal isolate 83 to the mixed rumen culture did not 

produce any additional benefit in terms of degrading OM. It is quite intriguing that 
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although the rumen anaerobic fungi has a weLl developed enzyme system to degrade 

fibre, the results obtained from the in vitro studies do . not reflect that trend. 

5.76.3 IN VITRO ORGANIC MATTER DIGESTIBILITY OF STRAW 

The average IVOMD values (%) for buffalo and cattle were 53.96 ± 0.12 and 

50.76 ± 0.32 for mixed rumen culture (bacteria plus fungi). There was no significant 

difference in organic matter digestibility between buffalo and cattle (Walli and Mudgal, 

19~ .. '. In present investigation, the treatment groups were found to differ significantly 

with regard to the degradation of organic matter, both in cattle and buffalo. The value 

was highest in the system which had mixed rumen inoculum IT1) and lowest in the 

system containing fungus only IT2). Furthermore, the degradabiJity of organic matter 

between the treatments containing fungi alone and the bacteria alone, differed 

significantly (P < 0.01). Bacterial population was however. more efficient in degrading 

organic matter than that of fungi alone in the rumen in vitro system (Malakar, 1991 I. 

Thus, the pr~sence of bacterial population appe;:lrs to be more essential in digesting the 

feed organic matter in the rumen than the presence of fungi alone. The addition of 

fungal isolate IT4) did not improve the degradation of straw organic matter over the 

-control IT1). However, twice daily dosing of calves, kept. in isolation, with a 

. Neocallimastix culture, prior to weaning, caused 25 per cent increase in feed intake and 
10 

8 'per cent increase in weight gain in 6 to 12 weeks (Theodoroll- et al .• 199~. In this 

investigation, added fungal isolate (B31 perhaps did not get sufficient time to get 

re-established in the rumen ecosystem, provided under in vitro· conditions. and thus 

failed to enhance the OMIOM digestibility of straw. , 

5.16.4 TOTAL VOLATILE FATTY ACID CONCENTRATION 

From lable 4.13 and 4.14, it could be observed that volatile fatty acid 

concentration did not differ much between buffalo and cattle (19.33 ± 0.66 vs. 18.66 

± 0.66). The variation between the antibiotic treatme~ts was significant ,(P < 0.01). 

In case of buffalo, inhibiting the bacterial activity caused a significant reduction in total 

volatile fatty acids (I11M/l00 ml SRL) from 19.33 ± 0.66 to 10.33 ± 0.33: However, 

by suppressing the fungal activity using cyclohexamide, the value reduced 19.33 ± 
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0.66 to 15.33 ± 0.33 showing that the absence of fungi caused much less reduction 
• 

than the absence of bacteria. The addition of fungal isolate did not produce any 

significant enhancement in TVFA p'roduction. Malakar and Walli (1995) also observed 

similar kind of trend while suppressing the activities of bacteria or fungi through 

selective antibiotics. 

Pant and Roy (1970) did not observe any difference in volatile fatty acid 

production in rumen between buffalo and cattle corroborating with the results obtained 

in the present investigation. Volatile fatty acids are the end product of substrate 

degradation in rumen. The general ,pattern of plant biomass degradation in rumen at 

particular time is governed by dynamic equilibrium existing between different groups 

of complex microbial' population apart fro'm the other factors like, the type of feed, 

frequency of feeding, quantity of feed, dietary roughage concentrate ratio, flow rate of 

digesta and the sampling time: However, in'the in vitro system, it is mainly the type of 

substrate and the type of microbial culture which gov~rn the concentration of TVFA. 

The results of the present investigation are also a pointer inl;the same direction as the 

. treatment differences were mainly due to the cultural differences. 

5.16.5 MOLAR PROPORTION OF INDIVIDUAL VOLA TILE FA TTY ACIDS 

From the Table 4.13 and 4.14, it was quite clear.that the acetate proportion was 

much higher in T2 group (fungi only) from T1. T3 and T4. The trend was similar in both 

buffalo and-cattle. In T2 group, penicillin and streptomycin were added to suppress the 

activity of bacteria and alloWed only fungi to ferment wheat straw. This resulted the 

higher molar proportion of acetate, being 80.96 ± 0.82 for buffalo and 79.63 ± 0.83 

for cattle in contrast to 64.03 ± 1.24 and 60.13 ± 1.21 for buffalo and cattle, 

respectively in mixed culture (T1). Several reports suggest that fermentation by 

anaerobic fungi results in conversion of monosaccharides into acetate, lactate. formate, 

ethanol, carbon dioxide and hydrogen (Bauchop and Moundort, 1981; Lowe et 'al., 

1987b; Phillips and Gordon, 1988; Borneman et al., 1989). The proportion of acetate 

in T1, T3 and T4 groups did not differ significantly. Propionate proportion was 

significantly low in T2 group as compared to T1, T3 and T 4 groups. The results of the 

present in vitro studies clearly establish that when the rumen liquor contains only fungi 
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, 
in the incubation system, i.e., when the bacterial population is suppressed through the 

use of antibiotics, the type of fermentation favours acetate production and inhibits 

propionate production. The molar proportion of propionate in T1 (presence of bacteria 

and tungi), T3 (presence of bacteria) and T4 (presence of bacteria, fungi and isolate), 

did not differ significantly among each other. This also indicated that there was no 

effect on the molar proportion of propionate after the addition of the fungal isolate. The 

butyrate proportion remained unaffected by different groups of organisms in the in vitro 

incubation studies. 

Looking at the results on gas production, DMD and OMD, TVFA concentrations 

obtained from the in vitro rumen studies, in which one of the treatments, i.e., T4 was 

as good as a single culture (isolate) of rumen anaerobic fungi used as a probiotic 

supplement to see whether it enhances the fermentation rate more so the degradation 

of plant fibre (i.e., wheat straw); it can be concluded that the supplementation of 

pro biotic fungi to the fibre diet did not prove, beneficial the way it was contemplated. 

One reason could be the limitations of the in vitro experiments, which are just short 

term studies. It is just possible that once the fungi is separated from rumen digesta and 

subjected to various processes during its isolation, including the different kind of 

growth media used on which it is grown, it may need more than 48 hours (as used in 

the in vitro studies) to get re-established in the rumen ecosystem. That is perhaps the 

reason that after using the rumen fungi as a probiotic on long term basis, Theodorou 

et al. (1990b) were able to get increased weight gain and feed intake in calves. Thus', 

iong term studies are needed using probiotic fungal isolates from rumen scaled up fO'( 

growth studies of calves,- to re-establish the results obtained by Theodorou et al. , 
11990b). 

109 



Cliapter 6 

Summary ana Conc[usion 



6. SUMMARY AND CONCLUSION 

Rumen anaerobic fungi have attracted a considerable attention globally since its 

discovery in mid-seventies, not only because of their uniqueness among fungal species 

existing in nature but also because of th"eir ability to attaclt" penetrate and utilize all 

categories of plant biomass including highly lignified fibre. Reports about the crucial role 

played by the anaerobic fungi in the digestion of herbivorous animals provided the 

source of inspiration to plan and conduct the present investigation, entitled "Studies 

on anaerobic fungi from cow and buffalo rumen with respect to cellulolytic activity and 

fibre degradability". Since most of the work reported on anaerobic fungi was deemed 

fit to extemhhe studies to buffalo rumen also and simultaneouslY compare it with cattle 

rumen. 

The whole study was divided into 3 parts. The first part consisted of the in vivo 

studies, in which three fistulated cattle and three fistulated buffaloes were fed 3 dietary 

combinations, viz. 50 per cent through roughage and 50 per cent through conceniri;lte 

(T1 and T21 and 100 per cent roughage comprising of green fodder and straw (T3). 

The main purpose of this study was to see the effec,t of. diet and time of 

sampling on anaerobic fungal population in rumen. The studies also included a 

comparison of cattle and buffalo rumen with respect to anaerobic fu'ngal population. 

The second part of the study was the main part of the present investigation 

involving the isolation of rumen fungi having cellulolytic and xylanolytic activity from 

the rumen digesta of the fistulated cattle and buffalo used in the first part of the study. 

Subsequently, the studies included the selection of the promising isolate having 

potential plant biomass degrading enzyme activity and partial purification of 

endoglucanase and xylanase. 

The third part of the studies concerned the use of the promising rumen fungal 

isolate as probiotic supplement in the in vitro rumen system to see its effect on the 

enhancement of fibre degradation and VFA production. 

The salient achievements of the investigation are summarized as follows: 
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6.1 FUNGAL POPULATION 

6.1.1 POPULATION IN BUFFALO RUMEN 

The fungal population in buffalo var;jed with the type of diet and the time after 

feeding. The maximum fungal population was found on 100 per cent roughage diet, at 

1 h after feeding. The number was 5.41 x 10'/mIIT3). But when the diet comprised of 

50 per cent concentrate and rest 50 per cent either fr?m wheat straw or green fodder, 

the maximum population was 2.42 x 103 /ml tTl) or 2.56 x 10l/ml (T2), respectively. 

Irrespective of sampling time, the average' fungal population for three dietary 

. combinations upto 4 h after feeding were 1.47 x 103/ml for T1, 1.60 x 103/ml for T2 

and 3.17 x 103/mJ for T3, suggesting the highest average fungal population on 100 per 

cent roughage diet. 

6.1.2 POPULATION IN CATTLE RUMEN 

The fungal population in cattle also varied with the diet as well as with the time 

after feeding. The maximum fungal population in cattle also was found to be on 100 

per cent roughage based diet. The value at 1 h after feeding was 5.14 x 1 03/ml on this 

diet. The maximum population observed at 1 h after feeding in Tl and T2 groups were 

2.57 x 103/ml and 2.67 x 103/ml. respectively. The average fungal population'-upto 4 

h after feeding were 1.67 x 10'/ml. 1.69 x 10'/ml and 3.03 x 10'/ml in T1. T2 and T3, 

respectively. Thus, the trend in the ruminal fungal population with regard to dietary 

combination and time of sam'ple was similar in cattle and buffaloes. 

6.1.3 POPULATION IN FECAL SAMPLES 

The average fungal population in buffalo fecal sample was 6.5 x 103 to 6.8 x 

10'/g fecal dry matter, while in the case of cattle, value was 5.3 x 10'·5.6 x 10'/g 

fecal dry matter. Thus, the population of anaerobic fungi was higher in fecal matter of 

cattle and buffalo than its population in the rumen digesta. 

6.2 TYPES OF ANAEROBIC FUNGI IN THE RUMEN 

Both polycentric and monocentric fungi were observed in the rumen of Indian 

buffalo and cattle. Out of 17 isolates selected arbitrarily. 9 were polycentric in nature 

and 8 were monocentric in nature. In polycentric group. several sporangia are found to 
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develop from the same thallus, while in the case of monocentric type, single 

sporangium develops from the thallus. 

Based on the number of flageUa in zoospore of the selected fungal "isolates, these 

were classified and accordingly the isolat~ C3 was Neocallimastix sp.; C5, 8m 1, 8m2, 

81, 82, 83 and B4 were Piromyces sp.; 'C1, C2. C4, 4, 6 and 8 were Anaeromyces sp. 

while isolate number 1, 3 and 11 were Orpinomyces sp. 

6.3 TYPE OF FUNGUS IN FECAL SAMPLES OF CATTLE AND BUFFALO 

The fecal fungal isolate (8F3) of buffalo was classifie(t-as Neocallimastix sp. The 

zoospores were monoflagellated and the sporangia were equipped with highly branched 

rhizomycelia. 

6.4 NUMBER OF ZOOSPORES RELEASED PER SPORANGIUM 

The number of zoospores released range from 15 to 18 in monocentric fungus. 

6.5 INDIVIDUAL VOLATILE FATTY ACIDS PRODUCTION BY THE ISOLATES 

All the isolates produced acetate in higher proportion during their growth on 

cellobiose soft agar which, in fact, it appeared to be the main acid produced by the 

rumen fungi. The isolates 83 and C3 produced maximum of this acid compared to other 

isolates. 

6.6 AMINO ACID COMPOSITION OF THE SELECTED ISOLATE B3 

The selected isolate, i.e., 83 (Piromyces sp.) had a moderate level of lysine (7.17 

gl100 9 'otal amino acids). Cystine plus methionine level-was also at moderate (4.46 

g/100 g total amino acids). Thus, the fungal isolate selected. appears to be a good 

source of limiting amino acios. 
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6.7 ENDOGLUCANASE ACTIVITY 

Out of 17 isolates, five isolates lel, C3, 83, 1 and 8) had higher endoglucanase 

activity, six isolates (C2, 8m1, 5m2, 82, 4 and 11) had moderate endoglucanase 

activity and rest of the six isolates (C4, B 1, 84, 3 and 61 did not possess any 

endoglucanase activity. Thus, the isola'Rl; having highest enzyme activity, i.e., 83, was 

selected for further biochemical and nutritional studies. 

6.8 DIFFERENT ENZYME ACTIVITY OF 83 ISOLATE 

The culture supernatant _of 83 isolate possessed several hydrolytic enzyme 

activities, viz., endoglucanase, 17.5925 mlU/ml, avicelase~ 0.4629 mlU/ml. cellobiase, 

19.3737 mlU/ml and xylanase, 237.613 mlU/ml. Sonication of fungal cells failed to 

release any hydrolytic enzyme, indicating the extracellular nature of enzyme production 

by the fungal isolate. 

6.9 OPTIMUM pH OF DIFFERENT ENZYMES 

The pH optima determined for the different hydrolytic enzymes wer.e:, 6.5 for 

endoglucanase, 6.0 to 6.'5 for 'cellobiase and 6.5 for xylanase. 

6.10 PARTIAL PURIFICATION OF ENDOGLUCANASE 

Sixty per cent ammonium sulfate saturation of enzyme supernatant increased the 

specific activity from 0.118& IUJmg protein to 0.3473 IU/mg protein indicating 2.08 

fold purification of the enzyme. 

DEAE Sepharose unusually caused binding of the enzyme and failed to get any 

recovery of the "enzyme, leaving aside its separation. 

Hydroxylapatite column chromatography allowed only 12.12 per cent recovery 

of activity. The specific activity of endoglucanase was 0.3532IU/~g protein. indicating 

2.97 fold purification of the enzyme. 
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Purification through Superose~ 12 gel filtration (FPLC) also failed to give much 

recovery of enzyme. 

Purification through mono~Q column (FPLC) resulted in the recovery of around 

50 per cent of total activity of the enzyme. Total of four wetl defined peaks were 

obtained. The specific activities were 0.57611U/mg protein for C1 peak, 0.4261 IU/mg 
• 

protein for C2 peak, 0.2264 IU/mg protein for C3 peak and 0.3583 IU/mg protein for 

C4 peak. The fold of purification ranged from 1.90 to 4.87. 

6.11 PARTIAL PURIFICATION OF XYLANASE 

Sixty per cent 'ammonium sulfate saturation improved the specific activity of 

xylanase from 1.7280 to 2.9147 IU/mg protein, indicating 1.68 fold purification. 

On mono·Q column (FPLC)' the recovery of activity was ~3 per cent. Two well 

defined peaks were obtained. The specific activities were 5S:3081U/mg protein f~r Xl 

peak' and 7.7451 IU/mg protein for X2 peak, indicating 128.8 and 17.1 fold purification 

for Xl and X2 peaks, respectively. Thus, higher fold of purification were obtained for 

xylanase than for endoglucanase through ~ono·a co!umn (FPLC). 

6.12 MOLECULAR WEIGHT OF DIFFERENT ISO ENZYMES OF 

ENDOGLUCANASE 

Using the SDS·PAGE technique, it was found that endoglucanase existed in four 

different isozyme forms. The MW of different isozymes (endoglucanase) were 100 kOa, 

66 kOa, 39.S kOa and 33 kOa. 

6.13 MOLECULAR WEIGHT OF DIFFERENT ISOENZYMES OF XYLANASE 

From zymogram of xylanase, using the same technique as for endoglucanase, 

it was found that xylanase also ex.isted in four isoforms, having MWs of 177 kDa, 100 

kOa, 63 kOa and 50 kOa. 
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6.14 IN VITRO RUMEN STUDIES ON ENHANCEMENT OF DEGRADABILITY BY 

THE ISOLATE 

6.14.1 GAS PRODUCTION 

In presence of both bacteria and fungi, total gas production_ during 48 h 

incubation in vitro was 93.33 ± 3.52 ml and 86.00 ± 1.52 in buffalo and cattle, 

respectively. Addition of antibiotics (either against ba.cteria or fungiJ significantly 

reduced the gas production, the reduction being more when bacterial growth was 

suppressed than when fungal growth was suppressed. No significant _effect on gas 

production was found following addition of 83 isolate in mixed culture (bacteria plus 

fungi), though apparently the increase was there. 

6.14.2 IN VITRO DRY MATTER AND ORGANIC MATTER DIGESTIBILITY 

In the in vitro rumen system, using wheat' straw as the substrate. the addition 

of antibiotics against bacteria or fungi to suppress their actiVities/growth, resulted in 

reduction in the dry matter and organic matter djgestibility in comparison to the mixed 

rumen culture (without any antibiotics). 

In IVDMD. the reduction was from 36.33 to 23.93 per cent in buffalo and 30.60. 

to 18.73 per cent in cattle with respect to bacterial suppression. During suppression 

of fungal activity the IVDMD were 28.93 per cent,and 25.93 per, cent in buffalo and 

cattle respectively. 

IVOMD also reduced from 53.96 to 41.73 and 46.86 per cent for bacterial and 

fugal activity suppression respectively in buffalo. In cattle, the values reduced from 

50.76 to 38.56 and 44.76 for suppression of bacteria .and fungus, respectively. 

Addition of the 'selected fungal isolate 83 to the mixed rumen -culture (without 

antibiotics) did not cause any significant increase in the, in vitro DM and OM 

digestibilities of rumen. 
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6.14.3 TOTAL VOLATILE FATTY ACID CONCENTRATION 

Addition of antibiotics against bacteria or fungi resulted inlhe reduction of TV FA 

concentration in the in vitro rumen system, compared to when mixed rumen culture 

without any antibiotics was used. The reduction was from 19.33 to 10.33 mM/l00 ml 

SRL in buffaloes and from 18.66 to 10.66 mM/l00 ml SRL,. in cattle with respect to 

bacterial suppression. 

Reduction in TVFA concentration was also observ'ed when antibiotics against 

fung.i was used. The values were 15.33 mM/l 00 ml SRl for buffalo and 15.00 mMll 00 

ml SRL for cattle. 

Addition of the selected fungal isolate 83 to the mixed rumen culture did not 

cause any significant increase in the TVFA concentration of the·in vitro system, using 

straw as the substrate. though apparently the isolate addition did cause some increase 

in TVFA concentration. 

These trends in TVFA conc&Jltrations were similar in cattle and buffaloes C!J1d the 

species difference was non-significant. 

6.14.4 MOLAR PROPORTION OF INDIVIDUAL FATTY ACIDS 

The molar proportion of acetate. propionate and butyrate were similar when 

mixed rumen inoculum (bacteria plus fungi). bacteria only and mixed inoculum plus 83 

isolate. The trend is similar in both buffalo and cattle. Acetate proportion is 

·significantly higher (around 80%) when wheat straw is fermented only by fungi. , 

Acetate production was significantly higher 180.96% for buffalo and 79.63% for 

cattle}. when wheat straw was fermented by fungi alone (antibiotics used against 

bacteria) than when the st.raw was fermented by bacteria alone (antibiotics used 

against fungil. the values being 61.50 per cent for buffalo and 62.03 per cent for 

cattle. 

No significant difference was observed in the proportion of acetate,. propionate 

and butyrate when the inoculum used was either mixed rumen culture or mixed rumen 

culture plus the fungal isolate 63. 
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The trend in the VFA proportions using different inoculum was similar in cattle 

and buffalo rumen. 

As the fibrolytic saprophytes of graminaceous plants, anaerobic fungi have 

evolved over millions of years to occupy a unique niche in the gastrointestinal tract of 

herbivorous animals, where they act as primary colonizer of plant cell walls. Discovery 

and descriptions of their presence in the digestive tract of ruminants have challenged 

the traditional belief that fungi require oxygen to grow, a~d have thus, brought about 

a reappraisal of accepted theory regarding the digestion of plant biomass by 

herbivorous mammals. In addition to plant biomass digestion through enzymatic and 

mechanical means, fungi also Serve as better source of amino' acids, specially lysine, 

cystine and methionine as compared to either anaerobic bacteria or'protozoa. 

Besides their saprophytic role in animals, anaerobi,c fungi have certain important 

characteristics which are applicable to, industry and agriculture, particularly in relation 

to the utilization of crops, crop residues and their by-products. The fibrolytic actiyity 

of anaerobic fungi is comparable with that of aerobic organism. currently used as a 

source of cellulase and hemicellulase. The anaerobic ~fungi are widely distributed 

throughout the world among the wild and domesticated herbivores. Some of these 

organisms may have higher .. fibrolytic activity than the -species known today. The 

enhanced cellulolysis in Trichoderma reesei (strain C30) is the consequence of an 

intensive programme of mutagenesis and selection for hypercellulolytic activity. Similar 

way, if it is possible to apply selection pressure to anaerobic fungi either through 

conventional mutation or moleculzr means, it is quite likely that mutant forms 

(anaerobic fungi) could be produced with an even greater activity towards cellulosic 

substrates than the already available wild species. Another important thing is that 

anaerobic fungi exist in digestive tract in a highly competitive ecosystem alongside , 
other microorganisms which grow at a faster rate. It is suggested that these mini 

creatures survive in dig.estive tract, because of their invasive growth habit and 

consortium of plant biomass degrading enzymes. 

The present investigatio.,s depict that anaerobic fungi do exist in the rumen of 
~ . 

reverine buffalo and the type of fungi and their cellulolytic and xylanolytic enzyme 

activities are similar with respect to cattle and buffaloes. 
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Using the anaerobic culture techniques. a promising fungal 83 was isolated from 

the buffalo rumen and subsequently used for the production of endoglucanase and 

xylanase enzymes. The enzymes were partially purified through biochemical techniques 

to achieve the purification of 1.90 to 4.87 fold for endoglucanase and 17.1 and 128.8 

fold for two peaks of xylanase enzyme. 

When the promising fungal isolate 83 was used as a probiotic in the mixed 

rumen culture in the in vitro system. the increase in OM ~nd OM digestibility and the 

increase in TVFA and the proportions of individual VFA was non-significant. 

It may be concluded that inspite of the fact that a promising rumen fo.ngal isolate 

exhibiting higher hydrolytic enzyme activities. i.e., endoglucanase and xylanase (the , 
latter being very much higher compared to former), its presence as a pro biotic in the 

in vitro system did not produce the desired results of enhancing OM and OM digestion. 

It is just possible that the fungus could not re-establish itself in the new rumen 

environlJlent in such a short span of 48 h. Perhaps it needed more time to get 

re-adapted in the rumen ecosystem. May be long term feeding studies on the growing 

ruminants (cattle, buffalo. goats) using the probiotic fungi eQuid provide an explanation 

to this intriguing question. 

118 



~i6{iograpliy 



BIBLIOGRAPHY 

Akir:a. D.E. (1986). Interaction of ruminal bacteria and fungi with southern forages. 

J. Anim. Sci. ~: 962-977 

Akin, D.E. (1987). Use of chitinase to assess ruminal fungi associated with plant 

residues in vitro. Appl. Environ. Microbial. 53: 1955-1958 

Akin. D.'E. and Benner, R. (1988). Degradation of polysaccsharides and lignin by 

ruminal bacteria and fungi. Appl. Environ. Microbial. 54: 1117-1125 

Akin, D.E. and Rigsby, lol. (1987). Mixed fungal populations and lignocellulosic 

tissue degradation in the bovine· rumen. Appl. Environ. Microbial. 53: 

1987-1995 

Akin, D.E.; Gordon, G.L.R. and Hogan, J.P. {19S3}. Rumen bacterial and fungal 

degradation of Digitari8 pentzii grown with or without sulfur. Appl. Environ. 

Microbiol. 46: 738-748 

Akin, D.E.; Gordon, G.L.R. and Rigsby, L.L. (1989). Comparative fibre degr,adation 

by mixed rumen fungi from Australian and U.S.A. cattle. Anim. Feed Sci. 

Technol. 23: 305-321 

Aspinall, G.O. (1983). Classification of polysaccharides. In:- G.O. Aspinal (editor). 

The polysaccharides. Academic press. London. pp. 1-11 

Bareford .. H.C. (1976). Enzymes in starch processing. Cereals Foods World. ll: 
588-593 

, 
Baric)1ievich, E.M. and Calza, R.E. (1990). Supernatant, protein and cellulase 

activities of the anaerobic ruminal fungus Neocallimastix frontalis E S 188. 

Appl. Environ. Microbiol. 2ft: 43-48 

'Sarnett, A.J.G. and Reid, R~L. (1956). Studies on the production o't volatile fatty 

acids from the grass by rumen liquor in an artificial rumen. J. Agric. Sci. 48: 

315-321 

Barr, D.J.S. (1988). How modern systematics relates to the rumen fungi. Biosystems 

2.1: 351-356 



B~(; D.J.S.; Kudo, H.; Jakob.r, K.D. and Cheng, K.J. (19891. Morphology and 

development of rumen fungi: Neocallimastix sp .• Piromyces Communis and 

Orpinomyces bovis gen. nov. sp. nov. Can. J.Bot. 67: 2815-2824 

Bauchop, T. (1971). Mechanism of hydrogen formation in Trichomonas foetus. 

J.Gen. Microbiol. 68: 27·33 

Bauchop. T. (1979). Rumen anaerobic fungi of cattle and sheep. Appl. Environ. 

Microbiol. 3B: 148-158 

Bauchop, T. (1981). The anaerobic fungi in rumen fiber digestion. Agric. Environ .. §': 

339-348 

Bay,chop, T. 119_83)., "The gut anaerobic fungi: Colonizers of dietary fibre. In: G.B. I 

wallace (editor). Fibre in human and animal nutrition. Royal Society of New 

Zealand. Wellington. pp. 143-148 

Bay",op. T. (1989). Biology of gut anaerobic fungi. Biosystems 23: 53-64 

Bau9t0p. T. and Mountfort, D.O. (1981). Cellulose fermentation by a rumen 

anaerobic fungus in both the absence and presence of rumen methanogens. 

Appl. Environ Microbiol. 42: 1103-1110 

Beguir{ P. (1983). Detection of cellulase activity in polyacrylamid~ gels using congo 
/ '. " 

red stained agar replicas. Anal. Chem. 131: 333-336 

Beoton, A.; Bernalier, A.: Bonnemoy, F.: Fonty, G.;, Gaillard, B. and Gouet. Ph. 

(1989). Morphological and metabolic characterjsatif?~ of a new species of 

strictly anaerQbic rumen fungus: Neocallimastix joyonii. FE M S Microbiol. 

Lett. 58: 309-314 

Bergmeyer, H.V. and Bernt; E. (1974). Determination with glucose oxidase and 
• 

peroxidase. In: H.U. Bergemeyer (editorl. Methods of enzyme analysis. 2nd 

English ed., vol 3. Academic press, Inc., New York. pp. 1205·1215 

Bhatia, S.K.; Pradhan, K. and Singh, R. (1979). A note on the relative efficiency of 

intake and digestibility in cattle and buffaloes. Indian J. Anim. Sci. 49A: 

468-469 

Bisaria, V.S. and Ghose, T.K. (1981). Biodegradation of cellulosic materials. 

substrates, microorganisms, enzymes and products. Enzyme "Microbiol. 

T echnol. ~: 90-1 04 

ii 



Borneman, W.S. and Akin, D.E. {19901. Lignocellulose degradation by rumen fungi 

and bacteria. In : D.e. Akin; L.G. Ljungdahl; J.R. Wilson and P.J. Harris 

(editors). Microbiol and plant opportunities to improve lignocellulose utilization 

by ruminants. Elsvier Science publishing Co., Inc., New York. pp. 325-339 

Borneman, W.S.; Akin, D.E. and Ljungdahl, L.G. (1989)~ Fermentation products and 

plant cell wall degrading enzymes produced by monoce.ntric and polycentric 

anaerobic ruminal fungi. Appl. Environ. Microbiol. 55: 1066-1073 

Borneman, W.S.: Hartley, R.D.; Morrison, W.H.; Akin, D.E. and Ljungdahl, L.G. 

119901. Feruloyl and para coumaroyl esterase from anaerobic fungi in relation 

to plant cell wall degradation. Appl. Microbiol. Biotechnol. 33: 345-351 

Borneman, W.S.; ljungdahl, L.G.; Hartley, R.D .. and Akin, D.E. (19911-. Isolation and 

characterization of para coumaroyl esterase from the anaerobic fungi­

Neocallimastix Strain MC - 2. Appl. Environ. MicrobiaL .21.: 23"37-2344 

Borneman, W.S.; Ljungdahl, L.G.; Hartley, R.D. and Akin, D.E. (1992). Purification 

and partial characterization of two feruloyl est erases from the anaerobic 

fungus Neocallimastix Strain MC - 2. Appl. Environ. Microbiol. 58: 3762-3766 

BOJfman, B.H.; Taylor, J.~.; Brownlee, A.G.; lee, J.; Lu. S.D. and White, T.J. 

(1992). Molecular evolution of the fungi: relationship of the Basidiomycetes, 

Ascomycetes and chytridiomycetes. Mol. BioI. Evol. ~: 285-296 

Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of 

microgram quantities of protein utilizing the principal of protein,-dye binding. 

Anal. Biochem. 72: 248-254 

Braune, R. (1913). Untersuchungen uber die in wieder kauermayen vorkommenden 

Protozoen. Arch. protistenk. 32: 111-170 

Breton, A.; Bernalier, A.; Dusser, M.; Fonty, G.; Gaillard~Martinie, B. and Guillot. J. 

,( 1990). Anaeromyces mucronatus nov. gen. nov. sp. A new strictly anaerobic 

rumen fungus with polycentric thallus. FEMS Microbiol. Lett. 70: 177-182 

Bryant, M.P. and Burkey, L.A. (1953). Cultural meth.ods and some characteristi(::s of 

some of the more numerous groups of bacteria in the bovine rumen. J. Dairy 

Sci., 36: 205-217 

iii 



Caldwell, D.R. and Bryant, M.P. (1966). Medium without rumen fluid for nonseloctive· 

enumeration and isolation of rumen bacteria. Appl. Microbiol. 1...4.: 794-801 

Caldwell, I.Y. and Trinci, A.P.J. (1973). Kinetic aspects of growth of Geotri~hum 
'C8ndidum on various carbon sources. Trans. Br. Mycol. Soc. 2..1: 411-416 

Calz.a·, R.E. (1991 a). Nascent synthesis and secretion of Cellobiase in Neocallimastix 

frontalis EB - 188. CUrro Microbiol. 23: 175-180 

Calza, R.E. (1991b). Cellulases from Neocallimflstix frontalis EB - 188 synthesized 

in the presence of protein glycosylation inhibitors: measurement of protein 

molecular weights and isoelectric focussing values. Appl. Microbiol. 

Biotechnol. ~: 748-752 

Chen, H.: Li, X. and ljungdahl, l.G. (1994). Isolation and properties of an 

extracellular beta-glucosidase from the polycentric rumen fungus Orpinomyces 

sp. Strain PC - 2. Appl. Environ. Mircrobiol. 60: 64-70 

Cheng, K.J.: Kudo, H.; Duncan, S.H.; Mesbah, A.; Stewart. C.S.; Bernalier. A.; 

\. Fonty. G. and Costertoa, J.W. (1991). Prevention of fungal colonization and 

digestion of cellulose by the addition of me"thylcellulose. Can. J. Microbiol. 

37: 484-487 

Chesson, A.: Forsberg, C.W. (1988). Polysaccharide degradation by rumen 

mic·roorganisms. Iri: P.N. Hobson (editor). The rumen microbial ecosystem. 

Elsevier. New York. pp. 251-284 

Davies. D.R.: Theodorou, M.K.; lawrence, M.1. and Trinci, A.P.J. (19,93). 

Distribution of anaerbic fungi in the digestive tract of cattle and their survival 

in feces. J. Gen. Microbiol . .ul!: 1395-1400 

Oehority, B.A. and Varga, G.A. (1991). Bacterial and fungal numbers in ruminal and 

caecal contents of the blue duiker (CephaJus monticola). Appl. Environ. 

Microbiol. 57: 469-472 

Dore, J. and Stahl, D.A. (1991). Phylogeny of anaerobic rumen chytridiomycetes 

inferred from small subunit ribosomal RNA sequence comparison. Can. J. Bot. 

~: 1964-1971 

Ea~ie, J.M. (1962). The development of rumen microbial populations iri lambs and 

calves under various conditions of management. J.Gen. Microbiol. 29: 

263-278 

iv 



Erw)o. E.S.; Macro, G.A. and Emery, r.M. (1901). Volftlilo 'lilly lid.! 11I1II1Y!lhl 0' 

blood and rumen fluid by gas chromatography. J. Dairy Sci. 44: 1768-1771 

Fogarty, W.M. and Kelly, C.T. (1979). Starch_degrading enzymes of microbial origin. 

Prog. Ind. Microbiol.1!i: 87·150 

Fogarty, W.M. and Kelly, C.T. (1980). Amylase, amyloglucosidase and related 

glucanase. In : A.H. Rose (editor). Economic microbiology microbial enzymes 

and bioconversion. vol 5. Academic press, Inc., New York. pp. 115-170 

Fonty, G. and JobUn, K.N. (1990). Rumen anaerobic fungi: their role and interactions~ 

with other rumen microorganisms in relation to,fi~er digestion. In : T.Tsuda; 

Y.Sazaki and R. Kawashima (editors). Physilogical &Spe.cts of digestion and 

metabolism in ruminants. Academic Press. pp. 665-679 

Fonw, G.: BernaUer, A. and Gouet, Ph. (,1990). Degr~dation of lignocellulosic forages 

by anaerobic fungi.I~: M.P. Coughlan and MoT. Collaco (editors). Advances in 

bi%gicaltreatmentoflignocellulos;c materia/so Elsevier. London. pp. 253-268 

F~ty, G.; Gouet, Ph. and Sant~, V. (1988). Influence d'une bacteria methanogene 

sur I'activite et Ie metabolisme de deux especes de champignons 

cellulolytiques du rumen, in vitro, resultats preliminaries. Reprod. Nutr. Dev.; 

1.e.: 133-134 

Fonty, G.; Gouet, Ph.; Jouanv, J'.P.and Senaud, J. (19871. Establishment of the 

microflora and anaerobic fungi in the rumen of lambs.-J. Gen. Microbiol. 133: 

1835-1843 

Ford. C. W. and Elliot, R. (198.7). Biodegradability of mature gas~ cell walls in relation 

to chemical composition and rumen microbial activity. J. Agric. Sci. 

(Cambridgel1Qa: 201-209 

Forsberg, C.W. and Cheng, K.J. (1990). Integration of rumen microorganisms and 

their hydrolytic enzymes during digestion of lignocellulosic materials. In : D.E. 

Akin: LoG. Ljungdahl; J.R. Wilson and P.J. Harris (editors). Mircobia/ andplants 

opportunities to improve lignocellulose utiliza-tion bV ruminants. Eisvier science 

publishing Co., Inc., New York. pp. 411·423 

Foster, JoW. (1949). Chemical activities of the fungi. Academic 'press, New York. 

v 



France, J. and Theodorou, M.K. (1994). Differential and integral equations and their 

application in quantifying the fungal population in the rumen. In: C.G. Orpin; 

D.O. Mountfort (editors). The anaerobic fungi. Marcel Dekker, New York, pp. 

257-270 

France, J.; Theodorou, M.K. and Davies, D. (1990). The use of zoospore 

concentrations and life cycle parameters in determining the population of 

( anaerobic fungi in the rumen ecosystem. J. Theor. Bioi. 147: 413·422 

Gaillard, B.: Breton, 'A. and Bernalier, A. (1989). Study of the 'nuclear cycle of four 

species of strictly anaerobic rumen fungi by fluorescence microscopy. Curro 

Microbiol. ll: 103-107 

G7r 'a-Campayo, V. and Wood. T.M. (1993). Purification and characterization of a 

beta-d-xylosidase from the anaerobic rumen fungus Neocallimastix frontalis. 

Carbohydrate Res. 242:229-245 

Gil~ert, H.J. and Hazlewood, G.P. (1993). Bacterial cellulases and xylanases· review 

article. J. Gen. Microbiol.ll.!!.: 187-194 

Gilbert, H.J.; Hazlewood, G.P.; Laurie, J.I.; Orpin, C.G. and Xue, G.P. 11992). 

Homologous catalytic domains in a rumen fungal xylanase : evidence for gene 

duplication and prokary·otic origin. Mol. Microbial . .§.: 2065-2072 

Gold, J.J.; Heath, I.B. and Bauchop, T. (1988). Ultrastructural description of a new 

chytrid genus of caecum anaerobe, cBecomyces equi gen. nov. sp. nov. 

assigned to the NeocBllimasticBceae. Biosystems. ll: 403·415 

Gomez de Segura, B. and Fevre. M.(1993). Pufification and characterization of two 

1, 4 - xylan endohydrolases from the rumen fungus Neocallimastix frontalis, 

Appl. Environ. Micr,0biol. U:3654-3660 

Gordon, G.L.R. and Ashes, J.R. (1984). In vitro digestion of wheat straw by 

different rumen anaerobic fungi. Can. J. Anim. Sci.(suppl.}. 64: 156-157 

Gordon, G.~.R. and Phillips, M.W. 11989). Oegradation and u~ilization of cellulose 

and straw by three different anaerobic fungi from the ovine rumen. Appl. 

Environ. Microbiol . .29.: 1703-1710 
, 

Gordon, G.L.R. and Phillips, M.W. (1992). Extracellular pectin lyase produced by 

Neocallimastix sp. LM 1 : a rumen anaerobic fungus. Lett. Appl. Microbial. i.§.: 

113-119 

vi 



Grayr.T. and Gest, H. (1966). BioligicaJ formation of molecul.ar hydrogen. Science 

~: 186·192 

Grenet, E. and Barry, P. (1988). Colonization of thick walled plant tissues by 

anaerobic fungi. Anim. Feed Sci. Technol. lit: 26~31 

Grenet, E.; Breton, A.; Barry, P. and Fonty, G. (1989). Rumen anaerobic fungi and 

plant substrates colnization as affected by diet composition. Anim. Feed Sci. 

Technol. 26: 55·70 

Groleau, O. and Forsberg, C.W. (1981). Cellulolytic activity of rumen bJterium 

Bacteroides succinogens. Can. J. Microbiol. 27: 517~530 

Harlow, E. and Lane, D. (19SS). Electrophoresis. In: J. Cuddihy·(editor). Antibodies: 

A Laboratory Manual. Cold spring Harbor laboratory. New York. pp. 651·652 

Hartley, 'R.O. and Ford, C.W. (1989). Phenolic constituents of plant cell walls and 

, wall biodegradability. In : N.G. Lewis and M.G. PaicE\,. (,editors). Plant cell wall 

polymers : biogenesis and biodegra,dation. American' Chemical society, 

Washington. D.C. pp. 137,145 

Har~~ey, R.D. and Jones, E.C. (1976). Diferulic acid as'a component of cell walls of 

Lotium multiflorum. Phytochemistry . .lJi.: 1157·1160 

Hartley, R.D.; Morrison, W.H.~ Himmelsbsch, O.S. 'and Borneman. W.S. (1990), 

Cross linking of cell wall arabinoxylans in gr~minaceous plants. 

Phytochemistry U: 3705·3709 

H~ath, 1.8.; Bauchop, T. and Skipp, R.A. (1983). Assignment of the rumen anaerobe 

Neocallimastix frontalis to the Spizelfomycetales (Chytridioll":','cetes) on the 

basis of its polyflagellate zoospore ultrastructr~. c;;an. J. Bot. §.1: 295-307 

Hea~h, I.B.; Kaminasky, J. and Bauch~::, ~r. (19861. Basal body loss during fungal 

zoospore encystment: e';'ldence against centriole autonomy. J. cell Sci. 83: 

·'6·140 

Hebraud. M. 
hydrola 

Sphap 

112 

·1 Ff',V"re, M. (1988). Characterization of glycoside and polysaccharide 

.s secreted by the rumen anaerobic fungi Neocallimasiix frontalis, 

)monas communis and Piromonas communis. J. 'Gen, Microbial. 134: 

129 

vii 



Hebraud, M. and Fevre, M. (1990). Purification and characterization of a specific 

glycoside hydrolase from the anaerobic ruminal fungus Neocallimastix 

frontalis. Appl. Environ. Microbiol. 56: 3164-3169 

Hespell, R.B. and O'Bryan, P.J. (1992). Purification and characterization of an 

alpha-L-arabinofuranosidase from Butyrivibrio fibrisolvens GS 113. Appl. 

Environ. Microbiol. li§.: 1082·1088 

Ho, Y.W. and Bauchop, T. (1991). Morphology of three, polycentric rumen fungi and 

description of a procedure for the induction of zoosporogenesis and release of 

zoospores in cultures. J. Gen. Microbial. 137: 213-217 

Ho, Y.W.; Abdullah, N, and Jallaludin, S.' (1988a). Colonization of guinea grass by 

anaerobic rumen fungi in swamp buffalo and cattle.Anim. Feed Sci. Technol. 

22: 161-172 

Ho, Y.W.; Abdullah, N. and Jallaludin. S. (198Sb). Penetrating structures of 

anaerobic rumen fungi in cattle and swamp buffalo. J. Gen. Microbiol. 134: 

177-181 

Ho. Y.W.; Abdullah, N. and Jatlaludin, S. (1991). Fungal colonization of ric'e straw 

and palm press fibre in the rumen of cattle and buffalo. Anim. Feed Sci, 

Technol. 34: 311-321 

~·.W.; Bauchop, T.; Abdullah, N. and Jallaludin, S. (1990). Ruminomyceselegans 

gen. et sp. nov. a polycentric anaerobic rumen "fungus from cattle. Mycotaxon 

38: 397-405 

Ho, V.W.; Barr. D.J.S.; Abdullah. N.; Jallaludin. S. and Kudo. H. (1993al. A new 

species of piromyces from the rumen of deer in Malaysia. Mycotaxon 47: 

285-293 

Ho. V.W.; Barr. D.J.S.; Abdullah. N.; Jallaludin. S. and Kudo. H. 11993bl. Piromyces 

spiralis, a new species of anaerobic fungus from the rumcn of goat. Mycotaxon 

~: 59-68 

/ 

Ho/V.W.; Barr. D.J.S.; Abdullah. N.; Jallaludin. S. and Kudo. H. 11993cl. 

Neocallimastix variabilis, a new species of anaerobic fungus from the rumen 

of cattle. Mycotaxon 46: 241-258 

viii 



Ho, -Y.W.; Barr, D.J.S.; Abdullah, N.; JaUaludin, S. and Kudo, H. (1993dl. 

Anaeromycs, an earlier name for Ruminomyces. Mycotaxon47: 283-284 

Hobson, P.N. (1971). Rumen microorganisms. Prog. Ind. Microbiol. 9: 42-77 
/ -

+tungate. R.e. (1966). The rumen and its microbes. Academic press. London 

H,.ungate. R.E. (1969). A roll tube method for the cultivatiorr of strict anaerobes. In: 

J.R. Norris; D. W. Ribbons (editors). Methods in microbiology 3 B. Academic 

press. London. pp. 117·132 

Ichhoponani, J.S. and Sidhu, G.S. (1966). Factors affecting the activity of rumen 

microorganisms. Indian Vet. J. 43: 16-25 

Je'ffries, ToW. (1990). Biodegradation of lignin-carbohydrate complexes. 

Biodegradation 1: 163·176 

J~sen. N.A. and Hammond, O.M. (1964). A morphological study of trichomonads 

and related flagellates from the bovine digestive tract. J. Protozool. /I : 

386·394 

Joblin. K.N. (1981). Isolation. enumeration and maintenance of rumen anaerobic 

fungi in roll tubes. Appl. Environ. Microbiol.~: 1.119·1,122 

>-
Joblin. K.N. (1989). Physical disruption of plant fibre by rumen fungi of the 

Sphaeromonas group. In: J.V. Nolan; R.A. Leng and Demeyer. 0.1. (editors). 

The role of protozoa and fungi in ruminant digestion. Penambul books. 

Armidale. New South Wales. Australia. pp. 259·260 

. 
Joblin. K.N. and Naylor. G.E. (1993). Inhibition of the rumen anaerobic fungus 

Neocsllimastix frontslis by fermentation products. Lett. Appl. Microbiol. l..§.: 

254·256 

Jo»lln, K.N.; Naylor, G.E. and Williams, A.G. (1990). Effect of Methanobrevibacter 

smithii on xylanolytic activity of anaerobic fungi. Appl. E,nviron. Microbiol. 56: 

2287·2295 

Johnson, E.A.; Reese, E.T. and ~emain. A.L. (1982). Inhibition of Clostridium 

thermocellum cellulase by end products of cellulolysis. J. Appl. Biochem. 1.: 

64·71 

ix 



Kariing, J.S. (1978). Chytriomycetarum icongraphia : illustrated and descriptive 

guide to the chytridiomycetous genera with a supplement of the 

hyphochytridiomycetes. J. Cramer, Monticello. New Yorl<. 

Kostoyukobsky, V.A.; Dkunev. D.N. and Tarakanob, B.V. (1991). Description oftwo 

anerobic fungal strains from the bovine rumen' and influence of diet on the , 
fugal population in vivo. J. Gen. /y1icrobiol. 137: 1759-1764 

Krishnan. T. and Chandra. A.K. (1983). Purification and characterization of 

alpha-amylase from Baci/us licheniformis CUMC 305. Appl. Environ. Microbial. 

~: 430-437 

Laemmli, U.K. (1970). Cleavage of structral proteins during the assem'bly of the head 

of bacteriophage T4, Nature 227: 680-685 

Lamed, R. and Bayer, E.A. (1988). The cellulosome of Clostridium thermocellum, 

Adv_ App/_ Microbio/.ll: 1-46 

Lam~" R.; Naimark, J.; Morgenstern,· E. and 8aye'r~ E.A. (1987). Sepcialized cell 

surface structures in cellulolytic bacteria. J. Bacterial. 169: 3792-38.00 

Lawr~ .. nce, M.1. (1993). A study of anaerobic fungi isolated from ruminants and 

monogastric herbivores. Ph.D. Thesis. Universi~v of Manchester. Manchester. 

Li, X. and ealza, R.E., (19918). Fractionation oJ'celiulases from the ruminal fungus 

Neocallimastix frontalis EB 188. Appl. Environ', Microbial. 57: 333.1-333.6 

Li, X. and Calza, R.E. (1991b). Cellulases from Neoeallimasfix frontalis EB 188 

synthesized in the presence of glycosylation inhibitors: measurement 'of pH 

and temperature optima, protease and ion sensitivities. Appl. Microbial. 

Biotechno/. 35: 741-747 

Li. J. and Heath, LB. (1992). The phylogentic relationships of the anaerobic 

chytidiomycetous gut fungi (Neocallimasticaceae) and the chytridiomycota 1: 

cladistic analysis of rRNA sequences: Can. J. Bot. 70: 1738-1746 

Li, J-.; Heath, I.B. and Bauchop, T. (1990). Piromyces mae and Piromyces dumbonica. 

two new species of uriiflagellated anaerobic chytridiomycetes fu'ngi from the 

hind-gut of the horse and elephant. Can. J. Bot. 68: 1021-1033 

x 



Li, x.; Chen, H.Z. and ljungdahl, L.G. (1992). Aegutation and characterization of 

celiuJoytic and xylanolytic enzymes from the polycentric rumen fungus 

Orpinomyces PC - 2. 92nd. Annu. Meet. Am. Soc. Microbiol. Washington, D.C. 

pp.258 

Li, +: He(ith, LB.: Bauchop, T. and Packer, I. 1199~). Tho PhyJogentic relationships 

of the anaerobic chytridiomycetous gut fungi (Neocallimasticaceae) and the 

chytridiomycota II : cladistic analysis of structural 'data description of 

Neocallimasticales ord. nov. Can. J. Bot. I1: 393·407 

Liebetanz, E. (1910). Die Parasitischen protozoen des wiederkauermagens. Arch. 

Protistenk . .1.l!.: 19·80 

Lowe, S.E.: Theodorou, 'M.K.; Trinci, A.P.J. and Hespell, R.B. (1985). Growth of 

anaerobic rumen fungi on defined and semi defined media Jacking rumen fluid. -, 
J. Gen. Microbiol. 131: 2225·2229 

Lowe, S.E.: Griffith, G.G.; Milne, A.; Theodorou, M.K. and Trinci, A.P.J. (1987a). 

Life cycle and growth kinetics of an anaerobic rumen fungus. J .. Gen. 

Microbiol. lla: 1815·1827 

lowe, S.E.; Theodorou, M.K.: Trinci, A.P.J. (·1987b). Growth and fermentation of an 

anaerobic rumen fungus on various carbon sources and effect of temperature 

on ~evelopment. Appl. Environ. Microbiol. 53: 1210·1215 

Lowe, S.E.; Theodorou, M.K. and Trinci, A.P.J. 11987c). Cellulases and xylanase of 

an anaerobic rumen fungus grown on wheat straw, wheat straw holocellulose, 

cellulose and xylan. Appl. Environ. Microbiol. 53: 1216-1223 

Lowe, S.E.; Theodorou, M.K. and Trinci. A.p.J. (1987d). Isolation of anaerobic fungi , 
from saliva and faeces of sheep. J. Gen. Microbial. 133: 1829·1834 

Malakar, D. (1991). Studies on relative in vitro fibre degradation of staw based diets 

. in cow and buffalo rumen using selective antibiotics. "M.Sc. Thesis. NORI. 

Kamal 

Malakar, D. and Walli, T.K. (1995). Relative fibre degradation in vitro by bacteria and 
~ , 

fungi" using inoculum from cow and buffalo. Indian J. Dairy Sci. 48: 295-301 

Malik, S. (1996). Studies on cellulase from Ruminococcus albus. M.Sc. Thesis. NOR!. 
c 

Karnal 

xi 



Mandels, M. and Reese, E.T. (1957). Induction of cellulase in Trichoderma vitide as 

influenced by carbon sources and metals. J. Bacterial. 73: 269-278 

Marvin-Sikkema, F.D.; lahpor, G.A.; kraak, N.; Gottschalk, J.C. and Prins, R.A. 

(1992). Characterization of an anaerobic fungus from llama faeces. J. Gen. 

Microbiol. ll.!!.: 2235-2241 

Marvin-Sik·kema, F.D.; Richardson, A.J.; Stewart, C.S.: Gottschalk. J.e. and Prins, 

R.A. (1990). Influence of hydrogen consu~ing bacteria on cellulose 

degradation by anaerobic fungi. Appl. Environ. Microbial. 56: 3793-3797 

Mayer, F.; Coughalam, M.P.; Mari, Y. and ljungdahl, l.G. 119B71. Macromolocular 

organization of the ceilulolytic enzyme complex of Clostridium thermocellum 

as revealed by electron microscopy. AppJ. Environ. Microbiol. 53: 785·792 

McAJlister, T.A.; Dong, Y.; Yanke,LJ.; Bae, H.D. and Cheng, K.J. 119931. Cereal 

grain digestion by selected strains of ruminal fungi. Can. J. Microbiol. 39: 

367-376 

MpDougall, E.!. (1948). Studies on ruminant saliva. 1. The composition and output 

of sheep's saliva. Biochem. J. 43: 99-109 

Medda, S. and Chandra, A.K. (1980). New strains of BacHus .Licheniformis and 

fi;cilus coagulans producing thermostable alpha-amylase active at alkaline pH. 

J. Appl. B~cteriol. ~: 47-58 

Me~chen, N.R. and Titgemeyer, E.C. 119921. Manipulation of amino acid supply to 

the growing ruminant. J. Anim. Sci.1Q: 3238-3247 

Michel, V.; Fonty, G.; Millet, L.; Bonnemoy, F. and Gouet, P. (1993). In vitro study 

of the proteolytic activity of rumen anaero_bic fungi. FEMS Microbial. Lett. 

110: 5-10 

Milne, A.; Theodorou, M.K.; Jordan, M.G.C.; kingspooner, C. and Trinci, A.P.J. 

(1989). Survival of anaerobic fungi in faeces, in saliva and in pure culture. 

Exp. Mycol. U: 27-37 

. . 
Moreira. A.R.; Phillips, J.A. and Humphrey, A.E.119811. Utilization of carbohydrates 

by Thermonospora sp. grown on glucose, cellobiose and cellulose. Biotechnol. 

Bioeng. ll: 1325-1338 



Mor~Json. M.; Mackie, A.1. and Kistner, A. (1990). Evidence that cellulolysis by an 

anaerobic ruminal fungus is catabolite regulated by glucose. cellobiose and 

soluble starch. Appl. Environ. Microbiol. §Q: 3227-3229 

Mountfort. D.O. and Asher, R.A. (1983). Role of catabolite regulatory mechanisms 

in control of carbohydrate utilization by the rumen anaerobic fungus 

Neocallimastix frontalis. Appl. Environ. Microbial.1.§.: 1331-1338 

Mountt,ort, D.O. and Asher, R.A. (1985). Production and regulation of cellulase by 

two strains of the rumen anaerobic fungus Neocallimastix frontalis. Appl. 

Environ. Microbiol. 49: 1314-1322 

Mountfort. D.O. and Asher. R.A. (1988-). Production of a amylase by the rumina! 

anaerobic fungus Neacallimastix frontalis. Appl. Environ. Microbial. 54: 

2293-2299 

Mountfort. D.O. and Asher. A.A. (1989). Production ofaxylanase by the ruminal 

anaerobic fungus Neocallimastix frontalis. Appl .• Environ. Microbiol. ~:. 

1016-1022 

JMountfort. D.O .. ; Asher. R.A. and Bauchop, T. (1982). Fermentation of cellulose to 

methane and carbon dioxide by a rumen anaerobic fungus in a triculture with 

Methanobrevibac(er sp. strain RA I and Methanosarcina barkeri.Appl. Environ. 

Microbiol. ~: 128-134 

Muller, M. 11980). The hydrogenosome. In : G.W. Gooday; D. Lloyd, and A.P.J. 

Trinci (editors). The .Ekaryotic microbial cell. Cambridge University press. 

Cambridge. pp. 127-142 

. , 
Mlnn, e.A. (1994). The ultrastructure of anaerobic fungi. In : C.G. Orpin and D.O. 

Mountfort (editors). The anaerobic fungi. Marcel Dekker. New York. pp. 

47-105 

Munn, E.A.; Orpin, C.G. and Greenwood, C.A. (1988). The ultrastructure and 

possible relationships of four obligate anaerobic chytridiomycete fungi from the 

rumen of sheep. Biosystems ll: 67-82 

Munn, E.A.; Orpin, C.G. and Hall, J. 11981). Ultrastructural studies of the free 

zoospore of the rumen phycomycete Neocallimastix frontalis. J. Gen. 

Microbiol. 125: 311-323 

xiii 



O'Fallon, J.V.; Wright, R.W. andCalza, R.E. (1991). Glucose metabolic pathways in , 
the anaerobic rumen fungus Neocallimastix frontalis EB 188. Biochem. J. 274: 

595·599 

Ohmiya, K.; Shirai, M.; Kurachi, Y. and Shimizu, S. (1985). Isolation and properties 

of beta-glucosidase from Ruminococcus a/bps. J. Bacterial. 161: 432-434 

Orpi~. C.G. (1974). The rumen flagellates CalJimastix frontalis: does sequestration 

occur 7 J. Gen. Microbial. 84: 395-398 

Orpin, C.G. (1975). Studies on the rumen flagellate Neocallimastix frontalis. J. Gen. 
'" 

Microbial. 91: 249·262 

~'Orpin, C.G. (19761 .. -Studies on the rumen flagellate SphaerDmonas communis. J. 

Gen. Microbial. 94: 270·280 

Orpin, e.G. (1977a). Invasion of plant tissue in the rumen by the flagellate 

Neocallimastix frontalis. J. Gen. Microbial. 98: 423·430 

Orpin, C.G. (1977b). The rumen flagellate Piromonas communnis: its life history and 

invasion of plant meterial in the rumen. J. Gen. Microbial. 99: 107·117 

Orpin, C.G. (1981). Isolation of cellulolytic phycomycete fungj from the caecum of 

the horse. J. Gen. Microbiol. 123,: 287·296 

Orpi~C.G. (1983/84). The role of ciliate protozoa and fungi.in the rumen digestion 

\./ of plant eel( wal(s. Anim. Feed Sci. Technol. 10: 121·143 

Orpin, C.G. (1989). Ecology of rumen anaerobic fungi in relation to the nutrition of 

the host animal. In : J.V. Nolan; R.A.leng and 0.1. Demeyer (editors). The role 

of protozoa and fungi in reminant digestion. Penambul books. Armidale. New 

South Wales. pp. 29·38 

Orpin, C.G. and Bountiff, L. (197a). Zoospore chemotaxis in the rumen phycomycete 

Nt#ocallimastix frontalis. J. Gen. Microbial. 104: 113·122 

Orpin, C.G. and Joblin, K.N. (1988). The rumen anaerobic fungi. In : P.N. Hobson 
v' 

(editor). The rumen microbial ecosystem. Elsevier.- -london. pp. 129·150 

Orpiri, C.G. and letcher, A.J. (1979). Utilization of cellulose. starch, xyl~n and other 
" 

hemicelluloses for growth by the rumen phycomycete Neocallimastix frontalis. 

Curro Microbial. 3: 121·124 

xiv 



Orpifl;' C.G. and Munn, E.A. 11986). NeoeaJlimastix patrie;arum sp. nov., a new 
,._/' . 

member of the Neocallimasticeae inhabiting the rumen' of sheep. Trans. Br. 

Mycol. Soc. 86: 178-1 8 1 

Pant, H.C. and Roy, A. (1990). Studies on the rumen microbial activity of buffalo and 

zebu cattle. Indi.n J. Anim. Sci. 40: 600-609 

Parthasarthy, M. (1980). Recycling of hen's littre as a ruminant feed. Ph.D. Thesis. 

HAU. Hisar 

Pearce, P.O. and Bauchop. T. (1985). Glycosidases of the rumen anaerobic fungus 

Neocallimastix frontalis grown on cellulosic substrates. Appl. Environ. 

Microbial. 49: 1265-1269 

Persson, I.; Tjerneld, F. and Hahn-Hagerdal, B. (1991). Fungal celluloytic enzyme 

\. production: a review. Process Biochem. 2.§.: 65-74 

Phillips, M.W. and Gordon, G.L.R. 11988). Sugar and polysaccharide fermentation by 

anaerobi'c fungi from Australia, 8ritain and New Zealand. Biosystems 11: 

377-383 

~radhan~ K.; Bhatia, S.J. and Sangwan, D.C. (1991). Technical bulletin on "Relative 
/ 

rumen ecosystem and nutrient digestibility in cattle and buffalo fed high 

fibrous diets". Department of Animal Nutrition. HAU. Hisar 

Purser, o.B. and Buchler, S.M. (1966). Amino acid composition of rumen 

microorganisms. J. Dairy Sci. 49: .81-84 

Richardson, C.R. and Hatfield, E.E'. (1978). The 'limiting amino acids in growing 

cattle. J. Anim. Sci. 46: 740-745 

Richardson, A.J.; Stewart, C.J.; Campbell, G.P.; Wilson, A.B. and Joblin, K.N. 

(1986). Influence of coculture with rumen bacteria on the lignocellulolytic 

activity of phycomycetous fungi from the rumen. XIV International congress 

of microbiology, PG 2-24, 233 

Roach, D. and Gehrke, C.W. (1970). The hydrolysis of protein. J. Chrom.togr, 52: 

, 393-404 

xv 



Roger. V.; Grenet. E.; Jamot, J.; Bernalier, A.; Fonty, G. Dnd GOllot. P. (1992). 

Degradation of maize stem by two rumen fungal species Piromyces communis 

and Caecomyces communis, in pure culture or in association with cellulolytic 

bacteria. Reprod. Nutr. Dev.~: 321-329 

Roger, V.; Bernalier, A.; Grenet, E.; Fonty, G.; Jamot, J. and Gouet, P. (1993). 

Degradation of wheat straw and maize stem by a monocentric and a 

polycentric rumen fungi, alone or in association with rumen cellulolytic 

bacteria. Anim. Feed Sci. Techno/. 42: 69-82 

Saddler, J.N. and Khan, A.W. {198m. Cellulase production by Acetivibrio 

cellu/o/ytricus. Can. J. Microbiol. 26: 760-765 

Saito, N. (1973). A thermophilic extracellular alpha-amylase from Bacillus 

licheniformis. Arch. Biochem. Biophys. 115: 290-298 

Samanta. A.K.; Walli. T.K.; Batish. V.K.; Grover. S. and Mohanty. A.K. (19961. 

Isolation of anaerobic fungi from hind gut <;>f reverine buffalo. National 

symposium on "Current Trends in Biochemistry and,.Biotecnology of Fungi". 

Osmania University. Hydrabad 

Samanta. A;K.; Walli. T.K.; Batish. V.K.: Grover. S.; Rajput. Y.S. and Mohanty. A.K. 

(1997). Morpholog'ical features and carboxymethylcellulase activity of an 

anaerobic fungal isolate from buffalo rumen. National Symposium on" Feeding 

strategies for eco-friendly animal production in India". IVRI. Bareilly 

Sangwan, D.C.; Pradhan, K. and Vidyasagar (1987). Effect of dietary fibre and 

protein sources on rumen metabolities and nutrient digestibility in catle and 

buffalo. Indian J. Anim. Sci. 57: 562-569 

Scalbert. A.; Monties. B.; Lallemand. J.Y.; Guillet. E. and Rolando. C.(19851. Ether 

linkage betwe~n phenolic acids and lignin fractions from wheat straw. 

Phytochemistry ~: 1359-1362 

Shewale. J.G. (1982). Beta-glucosidase : its role in cellulase synthesis and 

hydrolysis of celiulose.Jnt. J. Biochem. 244: 457-464 

Sijtsma, L. and Tan. B. (1993). Degradation and utilization of grass cell walls by 

anaerobic fungi isolated from yak, llama and sheep. Anim. Feed Sci. Technol. 

44: 221-236 

xvi 



Sirohi, S.K. (1993). Studies on urea and urea with lime treatment of cereal straw on 

growth and milk production efficiency in dairy animals. Ph.D. Thesis. NDRI. 

Kamal 

Somogyi, M. (1952). Notes on sugar determination. J. BioI. Chem. 195: 19-23 

'Sparrow, F.K. Jr. (1960): Aquatic phycomycetes. 2nd edn. Ann. Arbor. University 

of Michigan press 

Stanier, R.Y.; Ingraham, J.L.; Wheelis, M.L. and Painter, P.R. (1987). General 

Microbiology. 5th edn. Macmillan Education. London 

Stewart, C.S.; Gilmour, J. and McConville, M.L. (1986). Microbial interactions, 

manipulation and genetic engineering. In : A. N. Sor,ensen (editor). New 

development and future- perspectives in research on rumen function. Comm. 

Eur. Commun. Luxembourg. pp. 243-

Stewart, C.S.; Akoyo, J.A. and Zarderi, F.V. 119901. Enhenced degradability of 

wheat straw following fermentation by Pleurotisostreatus and the contribution 

of rumen fungi and bacteria to straw degradation1n vitro. In : M.T. Collaco and 

M. Coughlan (editors). Advances in the biological treatment of lignocellulosic 

materials. Elsevier Applied Science. Barking. pp. 269-280 

Tamblyn Lee, J.M.; Hu, Y.; Zhu, H.; Cheng, K.J.; Krell, P.J .. and Forsberg, C.W. 

(1993). Cloning of a xylanase gene from the ruminal fungus Neocallimastix 

pa,triciarum 27 and. its express.ion in Escherichia Coli. Can. J. Microbiol. 39: 

134·139 

, 
Teunissen, M.J.; Op. Den Camp, H.J.M.; Orpin, C.G.; Huis in't Veld, J.H.J. and 

Vogels, G.O. (1,991). Comparison of growth characteristics of anaerobic fungi 

isolated from ruminant and nonruminant herbivores during cultivation in a 

defined medium. J. Gen. Microbiol. ll1.: 1401-1408 

Teunissen, M.J.; De kort, G.V.M.; Op Den Camp, H.J.M. and Veld, J.H.J.H. (1992). 

Production of cellulolytic and xylanolytic enzymes during growth of the 

anaerobic fungus Piromyces sp. on different substrates. J. Gen. Microbial. 

138: 1657-1664 

Teunissen, M.J.; De kort, G.V.M.; Op Den Camp,_ H.J.M. and Vogls, G.O. 11993al. 

Production of cellulolytic and xylanolytic enzymes during growth of the 

anaerobic fungi from ruminant and non-ruminant herbivores on different 

substrates.Appl. Biochem. Biotechnol. 39/40: 177-189 

xvii 



Teunissen. M.J.; Hermans. J.M.H.; Tyeld. J.H.J. and Vogels. G.D. 11993bJ. 

Purification and characterization of a complex bound and a free beta-1, 

4-endoxylanase from the culture fluid of the anaerobic fungus Piromyces sp. 

strain E2. Arch. Microbial. 159: 269-271 

Theodorou, M.K. and King-Spooner, C. (19891. Presence or absence of anaerobic 

fungi in landfill refuse. Proe. Landfill Microbiology Research and Development 

Workshop Energy Technology Support Unit,· Department of Energy 

Publications. C,rown Copyright. Harwell, U.K. 

Theodorou, M.K.; Lowe, S.E. and Trici, A.P.J. (1988). The fermentative 

characteristics of anaerobic rumen fungi. Biosystems 2..1: 371-376 

Theodorou, M.K.; Langland-, A.C.; Dhanoa, M.S.; Lowe. S.E. and Trinci, A.P.J. 

(1989). Growth of Neocallimastix sp. strain RI on Italian ryegrass hay removal 

of neutral sugars from plant cell walls. Appl. Environ. Microbial. 55: 

1363-1367 

Theodorou, M.K.; Gill, M.K.; King-Spooner, C. and Beever, D.E. (199Ga). 

Enumeration of anaerobic chytridiomycetes as thallus forming units: a novel 

method for the quantification of fibrolytic fungal populations from the digestive 

tract ecosystem. Appl. Environ. Microbial. 56: 1073-1078 

Theodorou. M.K.; Beever, D.E.; Haines, M.J. and Brooks, A. (1990b). The effect of 

a fungal pro biotic on intake and performance of-early weaned calves. Arim. 

P'!'.J!. ~: 577 

Theodorou. M.K.; Williams. B.A.; Dhanoa. M.S.; McAlian. A.B. and France. J. 

/ 
./ 

(1994). A simple gas production method using a pressure transducer to 

determine the fermentation kinetics of ruminant feec:fs. Anim. Feed Sci. 

Technol.~: 185-197 '-, 
Theodorou, M;K.; Zhu, W.Y.; Rickers, A.; Nielsen, ~.B.; Gull, K. and Trinei, A.P.J. 

(19961. Biochemistry and ecology of anaerobic fungi. In: HowardlMiller 

(Editors). The Mycota. VI. Human and Animal Relationship. Springer-Verlag, 

Berlin •. Heidelberg 

Trinei, A.P.J.; Lowe, S.E.; Milne, A. and Theodorou. M.K. (1988). Growth and 

survival of rumen fungi. Biosystems £1: 357-363 

Trinei, A.P.J.; Davies, O.R.; Gull, K.; Lawrence, M.I.; Nielsen, B.B.; Rickers. A. and 

Theodorou, M.K. (1994). Anaerobic fungi in herbivorous animals. Myeol. Res. 

98: 129-152 

xviii 



Ushj,da, K. Tanuka, H. and KOjima, Y. (1989). A simple in situ method for CSlilllULlIlg 

fungal population size in the rumen. Lett. Appl. Microbiol. ~; 109·111 

)larva, J. and Joyon, L. (1966). Etude sur la morpho logie, 

position systematique de Callimastix cyclopis, 

Protistologica Z: 5-16 

Ie cycle evolutif et la 

Weisse.nberg, 1912. 

Wallace, R.J. and Joblin, N.J. (1985). Proteolytic activity of a rumen anaerobic 

fungus. FEMS Microbiol. Lett. 29: 19·25 

Walli, T.K. and Mudgat, V.D. (1982). Nand S balance studies in cattle and buffaloes 

fed urea ba~ed diet with or without su~phur supplementation. Indian J. Anim. 

Sci. 52: ;019-1023 

Warner,- A.C;L (1966). Diurnal changes in the concentrations of microorganisms in 

~he rumen of sheep fed limited diets once daily. J. Gen. Microbiol. 45: 

213-235 

Welch, J.-G. (1986). Physical parameters of fiber affecting passage from the rumen. 

J. Dairy Sci. 69: 2750-2754 

Williams. A.G. and Orpin. C.G. (1987a). Polysaccharide degradfng enzymes formed 

by three species of anaerobic rumen fungi grown on a range of carbohydrate 

substrate •• Can, J, Microbiol. 33: 418·426 

Williams, f'.G. and Orpin, C.G. (1987b). Glycoside hydrolase enzymes present in the 

rumen fungi Neocalllrhastix patriciarum, Piromonas communis and an 

unid~ntified isolate grown on a range of carbohydrates. Can. J. Microbial. 33: 

427·434 

Wilson, C.A. and Wood, T.M. (1992). The anaerobic fungus Neocallimastix frontalis: 

isolation and properties of a cellulosome-type enzyme fraction with the 

capacity to solubilize hydrogen·bond-ordered cellulose: Appl. Microbial. 

Biotechnol. ~: 125-126 

Windham, W.R. and Akin, D.E. (1984). Rumen fungi and forage fiber degradation . 

. Appl. Environ. Microbiol. 48: 473-476 

Wood, T.M. (1991). Funga) Cellulases. In: C.H. Haigler and P.J. Weimer (editors). 

Biosynthesis and Biodegradation of Cellulose. Marcel Dekker. New York. 

pp.499·533 

xix 



Wood, T.M. and McCrae, S.I. (1977). Cellulase from Fusarium solani: purificution 
.~ 

and properties of the C1 component. Carbohydrate Res. 57: 117-133 

Wood, T.M. and Garcia-Campayo, V. (1990). Enzymology of cellulose degradation. 

Biodegradation 1: 147-161 

Wood, T.M.; Wilson, C.A.; McCrae, St. and Joblin. K.N. (1986). A highly active 

extracellular cellulase from the anaerobic rumen fungus Neocallimastix 

frontalis. FEMS Microbiol. Lett. 34: 37-40 

Wu. J.H.D.; Orme-~ohnson, W.H. and Demain, A.L. (198,8), Two components of an 

extracellular protein aggregate of Clostridium thermocellum together degrade 

crystalline cellulose. Biochemistry 27: 1703-1709 

Xue, G.P.; Gobius, K.S. and Orpin, C.G. (1992a). A novel 'polysaccharide hydrolase 

cDNA (ceID) from Neocallimastix patriciarum encoding three multi .... nctional 

catalytic domains with high endoglucanase, cellobiohydrolase and xylanase 

activities. J. Gen. Microbiol. 138: 2397-2403 

XU., G.P.; Orpin, C.G.; Gobius, K.S.; Aylward, J.H. and Simpson, G.O_ (1992b). 

Cloning and expression of multiple cellulase cDNAs from the anaer:ohi.c rumen 

fungi Neocallimastix patriciarum in Escherichia coli. J. Gen. Micr.obiol. 138: 

1413-1420 

Yarlett, N.; Hann, A.C.; Lloyd, O. and Williams, A.G. (1981). HydrogenosClIOes in the 

rumen protozoa Dasytricha ruminantium schuberg. Biochem. J. ,200: 36.5-372 

Yarlett, N.C.; Varlett, N.; Orpin, C.G. and Lloyd, D. (1986a). Cry,?preserva'litn of the 

anaerQbic rumen fungus Neocallimastix patridarum. Lett. Appl. MiDlObiol . . ~: 

1-3 

Yariett, N.; Orpin, C.G.; Munn, E.A.; Yarlett, N.C. and Greenwood, C.A_11986b). 

Hydrogenosomesin the rumen fungus NeocalJimastix patriciarum. BiOllhem. J., , 
236: 729-739 

Zhu, W.Y.; Nielsen, B.B.; Theodorou, M.K. and Trinci, A.P.J. (1994). Qowth of 

anaerobic fungi in continuous flow culture. Abstr. 5th "lnt. Mycd. Congr. 

Vanconver. British Columbia. Canada. pp. 253 

Zimmerman, W. and Broda, P. (19891. Utilization ,of lignocellulose from, ba6w st-c~w 

by Actinomycete •. Appl. Microbiol. Biotechnol. 30: 103-109 

xx 


