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I. Discovery and taxonomy 

Before the discovery of anaerobic fungi, it was believed 
that cellutolytic bacteria were primarily responsible for 
the degradation of plant biomass in the rumen environ- 
ment. Anaerobic fungi that colonize and ferment plant 
fiber have only recently been shown to be an indigenous 
part of the rumen ecosystem (Orpin, 1975, 1976, 
1977b; Bauchop, 1979). However, the zoospores of 
the species had been observed many years previously by 
microbiogists who reported small flagellated microorgan- 
isms in rumen liquor. These flagellated organisms, 
smaller than the readily identified ciliate protozoa, were 
all believed to be flagellate protozoa, and descriptions 
were published by Liebetanz (1910) and Braune (1913) 
of several distinct morphological types. Liebetanz 
(1910) described four uniflagellate organisms and as- 
signed them to four genera, Cercomonas, Oikomonas, 
Sphaeromonas and Piromonas. Sphaeromonas and Piro- 
monas were similar except for the larger size and more 
elongate shape of Piromonas (Leibetanz, 1910). Braune 
(1913) described these genera in greater detail and sug- 
gested that the four genera were synonymous. 

Weissenberg (1912) described a multiflagetlate or- 
ganism that was parasitic on freshwater copepods and 
named it Callimastix cyclopisWeissenberg. Subsequent- 
ly, new species of muttiflagellated organisms that were 
believed to be Callimastix were isolated. Braune (1913) 
isolated C. frontals from the rumen, and Hsuing (1930) 
isolated C. equi from horse cecum. In 1950 it was sug- 
gested that C. cyclopsis might be a zoospore of a primi- 
t ive fungus (Weissenberg, 1950), but Kudo (1964) 
placed the genus Callimastix in the family Callimastigidae 
of the protozoan order Polymastigina. 

Vavra and Joyon (1966) reported that C. cyclopsis 
flagellates were zoospores from the vegetative stage of a 
zoosporic fungus. Ultrastructural studies showed that 
these flagellates had characteristics similar to zoospores 
of the Blastocladiales. The genus Callimastix, with C. 
cyclopsis as the type species, was, therefore, transferred 
to the order Blastocladiales (Vavra and Joyon, 1966). A 
new genus, Neocallimastix Vavra & Joyon, with N. fron- 

tails Vavra & Joyon and type species, was created to ac- 
commodate the three other species of the former genus 
Callimastix (Vavra and Joyon, 1966). 

Little attention was given to these organisms until 
Warner (1966) measured diurnal fluctuations of the popu- 
lation densities of rumen microorganisms in sheep and ob- 
served that motile flagellated ceils, similar to Catlimastix 
frontalis, significantly increased in density one hour after 
feed ingestion by the animal. Orpin (1974) also exa- 
mined this fluctuation in population and found a consider- 
ably greater variation than reported by Warner, with the 
peak population density of multiflagellated cells occur- 
ring 15-30 min after the animal had eaten, further stu- 
dies showed that the high population density of flagel- 
lates could be duplicate in vitro by treating large digesta 
fragments, centrifuged from the rumen fluid, with an 
aqueous extract from oats. This population increase sug- 
gested that either the flagellates sequenstered on or wi- 
thin the plant fragments or that a multiple reproductive 
phase, such as a sporangium, was present in the life cy- 
cle. Both possibilities were novel for rumen microorgan- 
isms. 

Orpin first succeeded in culturing one of these poly- 
flagellated organisms under anaerobic conditions by ini- 
tially following the culture methods of Jensen and Ham- 
mond (1964) for the flagellated protozoa. Further studies 

of cultures revealed that the motile flagellates were 
released from sporangia that resembled those of the 
zoosporic fungi. Microscopic evaluation revealed that 
the multiflagellated organisms, originally considered to 
be protozoa, were zoospores produced from the 
zoosporangium of N. frontalis (Orpin, 1975). Heath et 
al. (1983) validated the genus Neocallimastix and as- 
signed it to a new family Neocallimasticaceae in the order 
Spizellomycetales of the class Chytridiomycetes. Since 
then, the original isolate that was used to establish Ne- 
ocallimastix as a zoosporic fungus has been renamed N. 
patriciarum Orpin & Munn (Orpin and Munn, 1986). 

The fungal nature of these organisms was strongly in- 
dicated by the morphology of the vegetative stage, and 
the life cycles were similar to known species of zoosporic 
fungi and particularly to Chytridiomycetes. The 
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demonstration that the cell walls of these species con- 
tained chitin (Orpin, 1977b) and that chitin synthetase 
was produced (Brownlee, 1986) gave further evidence 
that these organisms were true fungi, despite their being 
strict anaerobes. The discovery of obligately anaerobic 
fungi has raised questions about many accepted con- 
cepts of mycology and rumen microbiology. Until these 
fungi were discovered, fungi were regarded as being aer- 
obes or facultative anaerobes, and studies on the rumen 
ecosystem did not take into account anaerobic fungi 
(Hungate, 1966). 

The four major groups of zoosporic fungi are placed 
in the subdivision Mastigomycotina of the Kingdom of 
Fungi (Eumycota). Based on morphological grounds the 
anaerobic fungus Neocal l imast ix was assigned to the 
Chytridiomycetes (Heath et al., 1983). The Chytridiomy- 
cetes are thought to be the ancestral group for higher 
fungi which are subdivided into four orders: the 
Basocladiales, Monoblepharidiales, Chytridiales and 
Spizellomycetales (Barr, 1980). Based on ultrastructur- 
al characteristics of the zoospores anaerobic fungi were 
assigned to the order of the Spizellomycetales in a new fa- 
mily, the Neocallimasticaceae (Barr, 1988). Gold et al. 
(1988) suggested the subdivision of this family into three 
genera containing monocentric species, Neocall irnastix, 
Piromyces (previously Piromonas) and Caecomyces 
(previously Sphaeromonas). Subsequently, three poly- 
centric genera have been described namely, Or- 
p inomyces (Barr et al., 1989) and Ruminomyces (Ho et 
al., 1990), and Anaeromyces (Breton et al., 1990). Re- 
cently, Munn and Orpin (1993) erected a new family, 
Anaeromycetales, to encompass the anaerobic fungi due 
to the evidence accumulated on the variable morphology, 
uniform possession of a hydrogenosomes, and novel fine 
structural features. 

To date, sixteen species of anaerobic fungi have 
been described and classified (Table 1). Neocal l imast ix 

joyon i idoes  not conform to the proposed generic descrip- 
tion and can probably be assigned to the Orpinornyces ge- 
nus. Furthermore, Anaeromyces mucronatans belongs 
probably to the Ruminomyces genus. For definitive clas- 
sification of these fungi, additional comparative morpho- 
logical research is needed. 

II. Distribution in nature and growth characteristics 

Taxonomy of anaerobic fungi is still relatively primitive as 
only morphological and fementation characteristics have 
been used. More refined criteria (e.g. sRNA, isoenzyme 
pattern analysis) is required to supplement these charac- 
teristics for taxonomic definition. 

The distribution of these strictly anaerobic fungi ap- 
pears to be limited to the gut of herbivores. Anaerobic 
fungi have been found in gut contents of herbivorous 
mammals from wide-ranging geographical locations 
(Bauchop, 1979, 1980). They have been isolated from 
foregut fermenters, such as the ruminants cattle, red 
deer, impala (Bauchop, 1980, 1983; Kudo et al., 1990) 
as well as from ruminant-like animals such as grey kan- 
garoo, wallaroo, swamp wallaby (Bauchop, 1980) and lla- 
ma (Mile et al., 1989). Further, anaerobic fungi have 
been isolated from faecal samples of the ass (Breton et 
al., 1991 ), horse (Orpin, 1981 ), elephant, rhinoceros and 
zebra (Mile et al., 1989; Teunissen et al., 1991a), and 
mara (South-American rodent, Teunissen et al., 1991a) 
which are all hindgut fermenters. Orpin and Joblin 
(1988) have extensively sampled terrestrial and aquatic 
environments such as lake and river sediments and sew- 
age treatment plants for anaerobic fungi of the type in her- 
bivores and found none. 

All rumen fungal species studied to date grow in a 
narrow temperature range (33-41°C) and are strictly 
anaerobic. As a result of active fermentation, conditions 
in the rumen are highly anaerobic with a redox potential 

Table 1. Anaerobic fungal species currently classified. 

Genus Species Host Reference 

Neocallimastix N. frontalis sheep 

Caecornyces 

Piromyces 

Orpinomyces 

Rurninomyces 

N. hurleyensis sheep 
N. patriciarum sheep 

N. variabilis cattle 
C. Communis sheep 
C. equi horse 
P. communis sheep 
P. dumbonica elephant 
P. mae horse 
P. munutus deer 
P. spiralis goat 
O. bovis cattle 
o. joyonii ~ sheep 
R. elegan cattle 
R. rnuconatans 2 cattle 

Health et al. 1983 
Webb & Theodorou 1992 
Orpin & Munn 1986 

Ho et al. 1993 
Orpin 1976 
Gold et al. 1988 
Orpin 1977 
Li & Heath 1990 
Li & Heath 1990 
Ho et al. 1993 
Ho et al. 1993 
Barr et al. 1989 
Breton et al. 1989 
Ho & Bauchop 1990 
Breton et al. 1990 

1 Originally Neocallimastix Joyonii. 
2 Originally Anaerornyces rnucronatans. 
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(Eh) of between -- 300 to -- 350 m (Latham, 1980). The 
absence of cytochrome, menaquinone and mitochondria 
dictates that the fungi completely depend on fementation 
processes for energy production. Bicarbonate and phos- 
phate salts in saliva of ruminants provide buffering capaci- 
ty and maintain a pH of 6-7 for forage-fed animals. 

Microorganisms are present in the rumen in the liquid 

phase of digesta contents associated with plant frag- 
ments, and as a lining on the rumen epithelium (Lathum, 
1980). Bacteria in the rumen fluid may be present at 
concentrations of 109-101°/ml whereas protozoal popula- 
tions range from 105-106/ml (Hungate, 1966). A value 
for the population density of anaerobic fungi, within the 
range of 103-105/ml, has been given by Orpin and Joblin 

Fig. 1. Scanning electron micrographs of colonization of grass leaf blade by a Neocallimastic MC 2, a monocentric anaerobic fungus. 
Bar=50~m. A. Initial colonization (24h) with germinating zoopores (arrows) and developing rhhizoids is evident on mostly 
undegraded plant tissues. B. Colonization for 7 days results in extensive degradation of plant tissues and some sporangia and 
rhizoids still present. 
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(1988), although the conventional enumeration proce- 
dures used by these workers may not be suitable for es- 
timating fungal populations (Joblin, 1981; Theodorou 
and Trinci, 1989). 

III. Life cycles 

Monocentric anaerobic fungi have asexual life-cycles 
which occur both in vitro and in vivo. The posteriorly 
flagellated motile zoospore contacts a suitable substrate, 
typically a fragment of forage fiber, and sheds its flagell- 
a. A rhizoid develops, and a celt-wall is synthesized 
around the celt-body. The rhizoids develop on plant fiber 
and anchor the organism to cell walls; in this process of 
development, plant cell walls are degraded which provide 
energy for growing fungi (Fig. 1). The rhizoids penetrate 
the substrate and the cell body enlarges by synthesis of 
organelles and cytoplasm accompanied by multiple round 
of mitosis (Gold et al., 1988; Orpin, 1988). After a varia- 
ble degree of cell body enlargement, zoosporogenesis 
can be induced. The cell body becomes the zoosporangi- 
um (Fig. 2) wherein all of the nuclei and cytoplasm are 
cleaved in 1 to 114 uninucleate zoospores (Heath et al., 
1983; Orpin, 1976). Zoospores are released from the 
sporangium by dissolution of the sporangial wall (Fig. 3) 

and the cycle is complete (Heath et al., 1983). Some 
species of anaerobic fungi are known to produce oxygen- 
resistant forms that maintain viabil ity in feces for several 
months (Wubah et al., 1991). Wubah further isolated 
species of Neocallimasix, Piromyces, Orpinomyces and 
Caecomyces from both fresh and dry faeces of a cow. 
Each of these isolates produced a metanized resting stage 
in vitro and similar melanized sporangia were observed in 
the faecal smears from which they were isolated. Dieta- 
ry contamination by faeces in common and may be an im- 
portant means for transfer of fungi between individual 
ruminants. 

The potycentric fungi are not dependent on zoospore 
production for their propagation as their growth pattern 
resembles that of the higher fungi: fungal growth is propa- 
gated by hyphae (Ho et al., 1990). Often colonization of 
plant fiber occurs wi thout  development of sporangia (Fig. 
4), and zoospores are produced infequently or zoosporo- 
genesis is even absent (Phillips, 1989). Some polycen- 
tric anaerobic fungi form zoospores readily and abundant- 
ly in certain media, but the majority of the sporangia do not 
differentiate and release zoospores. The development 
of sporangia occurs laterally or terminally at hyphae. 
Sporangia of Orpinomyces can be branched (Barr, 1980), 
whereas those of Ruminomyces are unbranched. 

Fig. 2. Transmission electron micrograph of sporangium within a leaf blade with developing components of zoospores including 
flagellar bundles (F) and nuclei (N), Bar=O.5~m. (From Akin et aI., 1983), 
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Fig. 3. Scanning electron micrograph of stem with sporangia, one of which appears to have partially dissolved with a germinating 
zoospore within (arrow). Bar=25 ~m. 

In monocentric fungi zoosporogenesis and liberation 
of zoospores from the sporangia occur soon after the 
animal is fed. With Neocallimastix, a peak in the popula- 
tion density of zoospores was found 15-30 minutes after 
feeding (Orpin, 1974, 1975), but with Caecomyces and 
Piromyces the peak occurred about 1 h after feeding (Or- 
pin, 1976). Zoosporogenesis in Neocallimastix was in- 
duced by a'water-soluble component of the diet (Warner, 
1966; Orpin, 1974) and, subsequently, hemes were 
shown to induce zoosporogenesis (Orpin and Green- 
wood, 1986a). Hemes in chemically oxidized or 
reduced form are present in all living plant tissues as en- 
zyme prosthetic groups, and oxidized forms occur in 
dead plant tissues. Therefore whenever the animal eats, 
hemes enter the rumen. To our knowledge, other poten- 
tial zoospogenic factors have not been elucidated. 

Free zoospores of Neocallimastix showed a 
chemotactic response to soluble carbohydrates (Orpin 
and Bountiff, 1978). Soluble carbohydrates present in 
freshly ingested plant tissues diffuse into the liquor, and 
Neocaltimastix zoospores possibly locate these plant frag- 
ments by migrating up soluble carbohydrate-gradients to 
damaged surface regions and plant stomata. Four 
chemoattractants identified were glucose, fructose, man- 
nitol, and mannose, and low concentrations of mixtures 
of glucose, sucrose and fructose resulted in a synergistic 
response. This synergism could be responsible for 
specific tissue location by the zoospores. Chemotactic 
response was very sensitive, being elicited by as little as 
1 #m sucrose. After zoospores located plant tissue, at- 
tachment, encystment and germination occurred, fol- 
lowed by the penetration of the plant tissues by the fun- 
gal rhizoidal or rhizomycelial system and subsequent 

growth of the sporangium. From in vitro studies, it ap- 
pears that the zoospore, still bearing flagella, adopts an 
amoeboid stage and may move across the surface, 
presumably to locate exactly the right site for encyst- 
ment. Microscopic studies have indicated that certain 
lignified tissues appear to be preferentially colonized by 
anaerobic fungi, but chemotactic factors related to this 
phenomenon are not known. 

From in vivo and in vitro studies, the life cycle of Ne- 
ocallimastix sp. has been determineed to be about 24- 
32 h (Joblin, 1981; Bauchop, 1983; Lowe et al., 1987a), 
although under appropriate conditions zoosporogenesis 
may occur as early as 8h  after encystment (Orpin, 
1977b). In continuously fed animals the life cycle may, 
therefore, be as short as 8 h. 

IV. Nutritional requirements 

Representative organisms of each genus are routinely 
grown in a semi-synthetic medium developed by Caldwetl 
and Bryant (1966), consisting of the fol lowing: mineral 
solutions, Na2CO3, volatile fat ty acids, heroin, trypticase, 
yeast extract, a carbon source, and cysteine-Na2S reduc- 
ing agent. Precise nutritional requirements are, in gener- 
al, undetermined for these fungi, and only IV. patriciarum 
has been grown in a chemically defined medium (Orpin 
and Greenwood, 1986b). Minimal nutritional require- 
ments for growh of N. patriciarum on cellobiose in a CO2 
atmosphere were satisfied by the provision of heme, o- 
biotin, thiamine or its precursors, ammonium ions, and 
reduced sulfur and trace elements. Growth was stimu- 
lated by amino acids, straight and branched short-chain 
volatile fatty acids, low concentrations of long-chain fat- 
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Fig. 4. Scanning electron micrographs of colonization of grass leaf blade by a Orpinomyces PC 3, a polycentric anaerobic fungus. 
Bar=50#m. A Initial colonization (24h) with extensive rhizomycelium over mostly undegraded plant tissues and lack of 
sporangia. B. Colonization for 7 days results in extensive degradation of plant tissues and some rhizomycelium on a vascular bun- 
dle. 

ty acids and a number of vitamins. Germination was 
stimulated by acetic acid and soluble, fementable carbo- 
hydrates. Hemes appear to play a major role in both the 
nutrition and zoosporogenesis of rumen fungi (Orpin and 
Greenwood, 1986a). 

V. Intermediary metabolism 

The major fementation products from carbohydrate 
catablism are acetate, formate, lactate, ethanol, hydro- 
gen and carbon dioxide (Bauchop and Mountfort, 1981; 
Orpin and Munn, 1986; Lowe et al., 1987b; Borneman et 
al., 1989). Traces of succinate have also been detected 
in some cultures (Phillips and Gordon, 1988; Borneman 
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et al., 1989). Variations in the proportions of each 
product occurred for different strains and culture condi- 
tions. 

In N. patriciarum the Embden-Meyerhof pathway ap- 
pears to be the major glycolytic pathway for catabolism 
of carbohydrates (Yartett et al., 1986). This fact is sup- 
ported by the distribution of 14CO2 produced by cultures 
fermenting glucose which had been labelled in the C-1, C- 
2 and C-6 positions (Orpin and Joblin, 1988). 

Glycolysis generates phosphenolpyruvate, which is 
converted via oxaloacetate into malate. Hydrogenoso- 
mal enzymes generate energy from the oxidation of ma- 
late to pyruvate, which is coupled via NADPH: ferridoxin 
oxidoreductase, ferridoxin and hydrogenase to H2 produc- 
tion. Some of the pyruvate generated is converted to 
acetyI-CoA via pyruvate: ferridoxin oxidoreductase and 
subsequently into acetate. Lactate dehydrogenase is 
responsible for lactate generation and, when cultures are 
grown in a N2 rather than in a CO2 atmosphere, low levels 
of alcohol dehydrogenase convert acetaldehyde into 
ethanol (Yarlett et al., 1986). Carbon dioxide appears to 
suppress acetate generation as well as ethanol produc- 
tion, perhaps by end-product inhibition of the pyruvate: 
ferridoxin oxidoreductase and pyruvate decarboxylase 
reactions, both which generate C02. 

Studies with N. frontalis EB188 indicate a similar glu- 
cose metabolic pathway, but the metabolism of this or- 
ganism differed in several important aspects from that of 
IV, patriciarum (O'Fallon et al., 1991 ). Namely, the phos- 
phoenot pyruvate carboxykinase and pyruvate kinase 
reactions reported by Yarlett et at. (1986) for N. frontalis 
are not likely to occur in the direction stated, the latter in 
fact constituting a futile cycle with its direction in gtycoly- 
sis. In place of phosphoenolpyruvate carboxykinase, 
O'Fallon et al. (1991 ) found pyruvate carboxylase, which 
carboxylates pyruvate to form oxaloacetate. 

Little information if available concerning formate 
metabolism. Neocallimastix patriciarum, which does 
not produce high levels of formate, lacks formate de- 
hydrogenase and formate hydrogen lyase (Yarlett et al., 
1986). Formate is the major end-product for Neocal- 
limastix MC 2 (Borneman et at., 1989) and has been used 
as an index of growth in another strain of Neocallimastix 
sp. (Lowe et at., 1987). 

The pattern of fementation products is markedly 
affected by the presence of methanogenic bacteria 
(Mountfort et at., 1982; Bauchop and Mountfort, 1981; 
Williams et al., 1993) that can utilize the hydrogen and 
formate produced by the fungus. Removal of these fer- 
mentation products often results in increased substrate 
utilization and increased growth rate of the fungus with a 
concomitant increase in production of carbohydrate 
degrading enzymes. The close proximity of all microor- 
ganisms in vivo would ensure that much interspecies 
transfer of fermentation products would occur. Hydro- 
gen and formate would be rapidly utilized by the surround- 
ing microflora, as would the D(-)lactate, succinate, and 
ethanol. Culture of anaerobic fungi with methanogens 
often increases the rate of degradation of plant celt wall 
structural carbohydrates (Williams et al., 1993). 

VI. Carbohydrate utilization 

A wide range of mono-, di-, and polysaccharides support 
growth of all species examined (Orpin, 1975, 1976, 
1977b; Bauchop, 1980; Mountfort and Asher, 1983; Phil- 
lips and Gordon, 1988, Borneman et al., 1989), but differ- 
ences among strains are evident with respect to the utili- 
zation of carbohydrates. Phillips and Gordon (1988) 
compared 17 isolates of rumen fungi for their ability to uti- 
lize a total of 40 carbohydrates as the sole source of 
fementable carbon. All the fungi utilized the monosac- 
charides o-fructose and D-glucose, and the disaccharides 
D-cellobiose, gentiobiose and lactose. None of the fungi 
utilized: i) monosaccharides, D- or L-arabinose, L-fU- 
cose, D-galactose, D-mannose, L-rhamnose, D-ribose, L- 
sorbose, ii) sugar alcohols, adonitol, dulcitol, meso- 
erythritot, meso-inositol, D- mannitot, O-sorbitol, xylitol, 
iii) sugar acids, sodium D-galacturonate, sodium D- 
glucuronate, iv) disaccharides, D-melibiose, D-trehatose, 
and v) polysaccharides, arabinogalactan, chitin, pectin or 
sodium polygalacturonate. The failure of any anaerobic 
fungus to ferment common plant carbohydrates such as 
arabinose, galactose, mannose and pectin is so far unex- 
plained. A total of 11 sugars and polysaccharides (i.e., 
xylose, maltose, raffinose, sucrose, cellulose, glycogen, 
inulin, pullulan, pustulan, starch, and xylan) gave differ- 
ent patterns of utilization by isolates representative of Ne- 
ocallimastix spp., Sphaeromyces spp. and Piromyces 
spp. (Phillips and Gordon, 1988). The patterns of utiliza- 
tion of sugars and potysaccharides by strains, classified 
on morphological grounds as Neocallimastix spp., were 
virtually identical (Gordon and Phillips, 1989a). Sugar 
and polysaccharide utilization were identical in three 
strains of Sphaeromyces, but isolates of Piromyces ex- 
hibited a variety of patterns for carbohydrate utilization 
(Gordon and Phillips, 1989a). Neocallimastix frontalis 
has been shown to grow actively on cellobiose, o-fruc- 
tose, D-xylose, maltose, sucrose, and glucose, giving 
growth yields of 40-50mg dry wt. mmol of hexose -1 
and 20mg mmol pentose ~ (Mountfort and Asher, 
1983). 

Studies on the utilization of paired substrates indicat- 
ed that the uptake of fructose and xylose was inhibited 
by glucose by a catabolic regulatory mechanism (Moun- 
tfort and Asher, 1983). Chemotaxis of zoospores of N. 
patriciarum to soluble carbohydrates occured with com- 
pounds such as mannose, sorbose, sorbitol, and fucose; 
these carbohydrates were not utilized as carbon sources 
(Orpin and Bountiff, 1978). Neocallimastix sp. preferen- 
tially utilized cellobiose and sucrose over fructose and glu- 
cose, respectively (Mountfort and Asher, 1983). 

VII. Polysaccharide degrading enzymes 

From the earliest studies of the anaerobic fungi, observ- 
ers noted the marked attack on plant fiber (Orpin, 1977a; 
Bauchop, 1979; Akin et al., 1983). The anaerobic fungi 
produce a wide array of enzymes that can hydrolyse a 
range of glycosidic likages (Williams and Orpin, 1987b), 
digest the major structural poloysaccharides of plant cell 
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walls (Pearce and Bauchop, 1985; Wood et at., 1986; Wil- 
liams and Orpin, 1987a, Lowe et al., 1987b, c; Borne- 
man et al., 1989, 1990a), and enable the fungi to grow 
on a number of polysaccharides (Orpin and Letcher, 
1979; Mountfort and Asher, 1983). Many of the poly- 
saccharide hydroiysing enzymes are produced by rhizoids 
and rhizomycelia (vegetative stage) and are also excreted 
into the culture medium (Williams and Orpin, 1987b; 
Lowe et al., 1987b). It has also been reported that the 
zoospores of anaerobic fungi produce polysaccharide 
degrading enzymes (Williams and Orpin, 1987b). 

All species studied to date utilize cellulose, xylan, 
starch, and hemicellulose (Orpin and Letcher, 1979; 
Bauchop, 1983; Orpin and Munn, 1986; Williams and Or- 
pin, 1987a; Borneman et al., 1989). However, few iso- 
lates have been found to grow on pectin even though 
very low levels of pectin-hydrolysing enzymes were 
produced in culture media (Williams and Orpin, 1987a), 
and pectin was lost from plant fragments that were 
digested by isolates of rumen funti (Orpin, 1983/84). 
More recently, Gordon and Philips (1992) reported on the 
production of an endo-acting pectin lyase by Neocal- 
limastix strain LI 1 growing on pangota grass/pectin con- 
taining medium. 

Rumen fungi degrade the lignin-containing plant 
walls and colonize such tissue preferentially (Bauchop, 
1979; Akin and Rigsby, 1987; Akin and Benner, 1988). 
Consequently, studies have been undertaken to assess 
the ability of the fungi to attack the phenolic components 
of plant walls, with antibiotics included in the media to 
select microbial groups. These groups were tested for 
ability to release phenolics or carbohydrates in 14C 
labelled lignocellulose of highly lignified cordgrass (Akin 
and Benner, 1988, Gordon and Philips, 1989). Results 
indicated that the mixed fungal population did not con- 
vert lignin to C02 but solubilized phenolics from the 
fiber. Similarly, in studies of specifically 14C labelled oat 
plants degraded by 18 pure cultures of monocentric ru- 
men fungi (Gordon and Phitips, 1989a), 30 to 38°Jo of the 
initial radioactivity in phenolics was solubilized, but 
negligible radioactive CO2 was produced. Results so far 
obtained indicate that rumen fungal attack on lignocelu- 
lose results in solubilization but not in the mineralization 
of phenolic components comprising lignocellulose. 

Both monocentric and polycentric species are able to 
extensively degrade plant celt walls (Figs. 1, 4). Lig- 
nified walls are entirely or partially degraded, depending 
on the particular lignocellulosic type (Akin and Rigsby, 
1987). The result of this extensive attack on the lig- 
nocellulose is a substantial loss of textural strength (Akin 
et al., 1989). The anaerobic fungi are better able to 
weaken the physical structure of plants than are the 
fiber-digesting rumen bacteria (Borneman and Akin, 
1990), and this phenemenon may be significant in feed in- 
take and feeding characteristics of animals. 
A. Cellulases Anaerobic fungi produce cellulases neces- 
sary for solubilizing both amorphous and highly ordered 
celluloses present in plant fiber. High levels of endo-#- 
1,4-glucanase (CMCase) were released into culture super- 
natants by IV. frontalis (Mountfort and Asher, 1985; 

Wood et al., 1986) Piromyces sp., Sphaeromyces sp. 
(Williams and Orpin, 1987a), and Orpinomyces sp. (Bor- 
neman et al., 1989). Exoglucanase active against 
microcrystalline cellulose (Avicel) was also detected but 
at lower levels than CMCase (Mountfort and Asher, 
1985; Borneman et al., 1989). To date, the fungi are 
the only rumen microorganisms reported than can solubi- 
lize the most resistant form of cellulose known i.e., cot- 
ton fiber. A N. frontalis strain produced extracellular ex- 
oglucanase(s) capable of solubilizing highly resistant cot- 
ton fiber as well as Avicel (Wood et al., 1986). Partial 
hydrolysis of celulose yields cellodextrins, and culture su- 
pernatants of N, frontalis have been shown to contain a 
cellodextrinase with a greater specific activity than 
CMCase. Avicelase, endoglucanase, and #-glucosidase 
activities of IV. frontalis had pH and temperature optima 
of 5-7 and 37-50°C, respectively (Mountfort and Asher, 
1985; Williams and Orpin, 1987a). Endoglucanase 
production was maximum when the fungus was grown 
on cellulose while synthesis was totally repressed by the 
addition of glucose, indicating that the enzyme was sub- 
ject to regulation (Mountfort and Asher, 1985). The 
combination of extracellular exocellulase, endocellulase, 
and cellodextrinase gives fungi the capacity to degrade 
cellulose into cellobiose, which can then be fermented. 

Studies by Wood et al. (1988) on N. frontalis sug- 
gested that the endoglucanse, #-glucosidase, and 
another factor (thought to be responsible for crystalline 
cellulose hydrolysis, i.e., exoglucanase) exist in solution 
as a multicomponent enzyme complex. Act ivi ty to- 
wards Avicel was associated almost entirely with the 
high molecular weight enzyme complex (Wood et al., 
1988). The complex had an exceptional capacity for 
solubilizing cotton fiber, i.e., 80°Jo in only 48 h. In com- 
parison, a sample of the complete cellulase system of 
Trichoderma reesei C30 containing the same amount of 
endoglucanase solubilized only about 20°Jo of the cotton 
fiber in the same time (Wood et al., 1988). Recently, 
Wilson and Wood (1992b) isolated a crystalline cellulose 
sotubilizing factor from Neocallimastix frontal/s, which 
resided in a high molecular mass complex of 670 kDa, 
that comprised a number of subunits ranging in size from 
68 to 135kDa. The isolated component showed en- 
doglucanase and #-glucosidase activity and hydrolyzed 
crystalline cellulose to glucose as the sole product. 

Seven carboxymethyl celiulases and six avicelases 
have been identified in supernatant fluids of cultures of 
Neocallmastix frontalis EB188 (Li and Catza, 1991a). 
Molecular weights ranged from 116 kDa to 19 kDa. The 
relationship between these cellulases is not clear since 
differing degrees of glycosylation (Li and Calza, 1991b) 
and possible proteolytic action by proteases secreted into 
the medium (Wallace and Jobtin, 1985) may indicate a 
higher number of cellulases than are actually synthe- 
sized. 

A majority of the anaerobic fungal enzymes studies 
are glycosylated; although glycosylation is not necessary 
for activity, it is apparently important for excretion (Or- 
pin, 1993). Nonglycosylated enzymes may have 
modified substrate specificties (Li and Calza, 1991b). 
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The ability of Neocallimastix cellulases to retain activity 
when not glycosylated has enabled a range of plant cell- 
wall hydrolyzing genes to be isolated from a cDNA library 
prepared from N. patriciarum mRNA (Xue et at., 1992, 
1993a, 1993b; Gilbert et al., 1992). Some of the recom- 
binant genes isolated from this library encoded cellulases 
and xylanases containing more than one active site and 
some have active sites wi th multiple substrate specifici- 
ties (Xue et al., 1992, 1993, 1993b; Gilbert et al., 
1992). 

Five different cellulase genes have been cloned from 
N. patriciarum (Xue e ta l . ,  1992; Gilbert et al., 1992). 
All of these genes express proteins in Escherichia coil 
that have cellodextrinase and endo-l,4-~-gtucanase ac- 
tivities. Three of them (CelA, CelD and CelE) also have 
significant cellobiohydrolase activity and release cel- 
Iobiose from crystalline cellulose, while CelD also has 
xylanase and xylo-oligosaccharase activity. Interesting- 
ly, while CelA, CelB and CelC are inducible by the 
presence of cellulose, CelD is produced constitutively. 
Constitutive cellutases are rare, and the enzyme ex- 
pressed by CelD may be of major importance to the fun- 
gus during initial colonization of a plant fragment, which 
contains a mixture of structural carbohydrates, in the 
competitive environment of the rumen (Orpin, 1993). 
B. Xylanases Xylan structure is more heterogeneous 
than that of cellulose. Xylan is a linear chain of (1-*4)- 
linked ~-D-xylopyranosyl residues, which is highly sub- 
stituted by various groups including arabinosyl, O-acetyl, 
uronyl, and arabinosyl-containing side chains (Biely, 
1985). The arabinosyl substituents are sometimes es- 
terified with ferulic and p-coumaric acids (Mueller-Harvey 
et al., 1986). Therefore, complete hydrolysis of xylan re- 
qiures an assortment of enzymes. 

Rumen fungi produce an array of hemicellulolytic en- 
zymes that allow for complete degradation of the xylan 
heteropolymer. Xytanase is produced by both mono- 
and polycentric rumen fungi (Borneman et al., 1989) and 
is the most active of all endo-acting polysaccharide hydro- 
lases studied from the anaerobic fungi (Mountfort and 
Asher, 1989). Neocallimastix frontalis released xyla- 
nase mainly into the culture medium, and only a small 
proportion (< 10%) of the enzyme was associated wi th 
the fungal rhizoid (Mountfort and Asher, 1989). Neocal- 
limastix frontalis xylanase is endo hydrolytic and releases 
xytobiose and lesser quantities of xylooligosaccharides 
as products. One strain of N. frontalis has been shown 
to subsequently convert the xylooligomers to xylose 
(Pearce and Bauchop, 1985), indicative of a hydrolysis 
proceeding first via xylanase and then ~-xylosidase. 
Another strain did not produce p-xylosidase (Mountfort 
and Asher, 1989). The production of xylanase was 
greatest when the fungus was grown on xylan-rich sub- 
strates, but the enzyme was also present when the organ- 
ism was grown on cellobiose (Lowe et al., 1987b, Moun- 
t fort  and Asher, 1989). That the enzyme is also induci- 
ble was evident from considerably elevated activites af- 
ter growth of the organism on xylan (Mountfort and Ash- 
er, 1989). Xylose and arabinose were involved in the 
regulation of xylanase production in N. frontalis (Moun- 

tfort and Asher, 1989). The temperature and pH optima 
for 30min assays were 55°C and 5-6.5 for N. frontalis 
xylanase and 50°C and 5-6.5 for ~-xylosidase (Lowe et 
al., 1987b; Mountfort  and Asher, 1989). Chen and Ljun- 
gdahl (1993) isolated a 29kDa endo-xytanase from Or- 
pinomyces PC-2 with a pl above 8.0. The purified 
xylanase displayed no activity toward carboxymethyl or 
crystalline cellulose and had a high activity on oat spelt 
xylan (Vma× = 1700 IU mg-1). A endoxylanase has also 
been purified from Piromyces strain E2 (Teunissen et al., 
1992). The Piromyces endoxylanase was shown to be 
present in a high molecular mass complex protein and as 
a free protein in nearly equal amounts. It is a monomer 
wi th a molecular mass of 12.5 kDa and with a high activi- 
ty on oat spelt xylan (Vma×=26001U mg-~). The 
products of the enzyme were xylo-oligosaccharides and 
no xylose was produced. The enzyme showed no cellu- 
lase activity. 

Two different xylanase genes have been identified, 
XylA and XylB (Gilbert et al, 1992, Xue and Orpin, unpub- 
lished). While both enzymes also have xylo-oligosac- 
charase activities, neither has cellulase, but XylB has 
some cellobiosidase activity. XylA has substantial 
homology with prokaryote xylanases, suggesting horizon- 
tal gene transfer from prokaryotes at some time during 
the evolution of the fungus. XylA is a highly active en- 
doxylanase, hydrolyzing about 9 0 ~  of oat spelt xylan 
(Gilbert et al., 1992). 
C. Accessory enzymes for xylan hydrolysis Rumen 
fungi produce enzymes required to hydrolyze xylan sub- 
stituents such as O-acetyl and arabinosyl groups. 
Acetyl xylan esterase activity was greater than xylanase 
activity in both Neocallimastix MC-2 and Orpinomyces 
PC-2 (Borneman and Akin, 1990). Esterases capable of 
releasing ferulic and p-coumaric acids from plant cell 
walls (Borneman et al., 1990b) and from O-[5-O-((E)-p- 
coumaroyl)-~-L-arabinofuranosyl]-(1-->3)-O-~-D-xylopyra- 
nosyl- (1 - * 4 ) -  D- xylopyranose (PAXX) and O-[5-O-((E)- 
feruloyl)-a-L-arabinofuranosyl]-(1-*3)-O-p-o-xylopyrano- 
syt-(1-*4)-D-xylopyranose (FAXX) isolation from cell 
walls of Coastal bermudagrass (Cynodon dactylon) 
(CBG) have been demonstrated (Borneman et al., 1990). 
Two feruloyl (FAE-I and FAE-II) esterases and one p-cou- 
maroyl (CAE) esterase have been purified from Neocal- 
limastix strain MC-2 (Borneman et al., 1991; Borneman 
et at., 1992). FAE-I is a monomeric protein of molecular 
mass 68 kDa, FAE-II is a monomer of molecular mass 
24kDa, and CAE is a dimer of two 5.8 kDa subunits. 
FAE-I exhibited substantial activity toward both FAXX 
and PAXX, whereas FAE-I and CAE were specific for 
FAXX and PAXX, respectively. Neocallimastix MC-2 
also exhibited ~-(4-O-methyl)-glucuronidase activity (Bor- 
neman, unpublished data). 
D. Proteases Proteolytic activity has been determined in 
culture fluid of a strain of N. frontalis, and the enzyme ap- 
peared to be a metalloprotease since activity was inhibit- 
ed by metal chelators such as phenanthroline and 
ethylenediaminetetraacetic acid (EDTA) (Wallace and 
Joblin, 1985). Inhibition by EDTA could be reversed by 
addition of Zn 2+, Cu 2+ or Co 2÷. It was suggested that 
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the protease(s) functioned as fol lows: i) to provide amino 
acid for growth, ii) to modify the activities of other en- 
zymes (i.e., cellulases), or iii) to degrade plant structural 
protein thereby facilitating invasion of plant tissue by fun- 
gal rhizoids (Mountfort, 1987). Neocaltimastix sp. strain 
N1 and Piromyces sp. strain P1 were recently examined 
and shown to have high proteolytic activity (Asao et al. 
1993). The cultures exhibited extracellular metal- 
Ioprotease, cysteine protease, and serine protease activi- 
ty. The temperature optima for enzymatic activity in 
both fungal strains was around 50°C wi th substantial ac- 
t iv i ty remaining at 60°C. During a three hour hydrolysis 
of azocasein at 60°C, approximately 30% and 68% of 
maximal activity remained for strains N1 and P1, respec- 
tively. The proteases were active between pH 6.5 and 
9.0 with a maximum of 7.9 for isolate N1 and between 
pH 6.5 and 10.5 with a maximum of 8.8 for isolate P1. 
In vitro studies in which N. frontalis was added to a mix- 
ed rumen bacterial culture (including the important pro- 
teolytic strains) fermenting solid substrate indicated that 
the fungi potentially could contribute up to 50°J0 of the 
total proteolytic activity in the rumen (Wallace and 
Munro, 1986). It is of interest that the major rumen cel- 
lulolytic bacteria are not actively proteolytic, while the ru- 
men fungi posses high activities of both proteases and 
cetlulases. 
E. Amylases Neocallimastix frontalis released a-amy- 
lase into the culture medium, but less than 20°Jo was as- 
sociated wi th the fungal rhizoid (Mountfort and Asher, 
1988). The amylase was endo-hydrotytic as demonstrat- 
ed by the release of maltose, maltotriose, and mal- 
totetraose as major end-products from soluble starch. 
The a-amylase apparent Krn for starch was 0.8 mg m1-1 
Amylase production was regulated by glucose concentra- 
tion. The enzyme was stable and active at moderately 
elevated temperature (55-65°C) (Mountfort and Asher, 
1988). Starch grains in grain endosperm have been 
shown to undergo digestion by rumen fungi, indicating a 
potential role for fungal amylases (as well as proteases) 
in vivo (McAIlister et al., 1993). However, fungal degra- 
dation of cereal grains varied with fungal strain and wi th 
type of grain. 
F. Glycosidases For the complete degradation of plant 
cell walt potysaccharides, gtycosidases are necessary. 
A range of glycosidase activites has been detected in cul- 
ture supernatants and whole cells of several species of 
anaerobic fungi. To completely degrade cellulose to glu- 
cose, glucosidase is required. This enzyme has been de- 
tected in culture supernatant fluids of IV. patriciarum (Wil- 
liams and Orpin, 1987b), N. frontalis (Pearce and 
Bauchop, 1985; Hebraud and Fever, 1988; Li and Calza, 
1991a) and other rumen fungal cultures. Four different 
glucosidases, differentiated by molecular weight, were 
found in N. frontalis culture supernatant fluids, but their 
relationships were not determined. During the examina- 
tion of five cloned cettulases from N. patriciarum, no 
glucosidase activity was detected, but cellobiosidase ac- 
t iv i ty was present in two clones; one of these lacked cel- 
tobiohydrolase activity (Xue et al., 1993a). Further, a ~- 
glucosidase was purified from the culture filtrate of 

Piromyces sp. strain E2 which was a monomer with a 
molecular mass of 45 kDa (Teunissen et al., 1992). The 
enzyme obtained from Piromyces also exhibited activity 
towards ceilodextrins. This enzyme showed virtually no 
inhibition by glucose (up to 100 mM) in contrast to the/~- 
glucosidase of the Neocallimastix strains, which were 
completely inhibited at a concentration of 100 mM glu- 
cose (Li and Calza, 1991a; Wilson and Wood, 1992a). 

Xylosidase activity is also common in culture super- 
natants of anaerobic fungi, and the enzyme has been exa- 
mined in more detail by Hebraud and Fever (1990). The 
/%xylosidase obtained from Neocallimastix frontalis was 
shown to be a dimer wi th a molecular mass of 180 kDa 
and had a pl of 4.35. The enzyme had also a small activi- 
ty towards xylan indicating that it acts as an exox- 
ytanase. 

A non-specific glycoside which exhibited both t3- 
glucosidase and/%fucosidase activities was purified from 
a strain of N. frontalis (Hebraud and Fever, 1990). The 
purified enzyme had a molecular mass of 120 kDa by gel 
fi ltration and pl of 3.85. The majority of the enzyme ac- 
t iv i ty (>85°Jo) was secreted into the culture fluid. The 
optimum pH and temperature under the assay conditions 
were 6.5 and 50°C, respectively (Hebraud and Fever, 
1990). The optimum pH of the glycoside and polysac- 
charide hydrolases from rumen fungi (i.e., pH 6.2-6.8) 
are wi thin the range of the rumen pH (6 .0<pH<7 .0 )  
(Mountfort and Asher, 1985; Lowe et al., 1987b; Borne- 
man et al., 1989). 

VIII .  Conclusion 

The discovery of anaerobic fungi has added a new mem- 
ber to the indigenous microorganisms that inhabit the ru- 
men ecosystem. Anaerobic fungi do not appear essen- 
tial for the survival of ruminants due to their presence in 
very low numbers, and sometimes absence, in ruminants 
fed low fiber diets, but their presence may likely be very 
important in the digestion of fibrous diets. The anaero- 
bic fungi have adapted well to the rumen environment. 
They are able to ferment a large array of soluble carbohy- 
drates and can synthesize cellular components in an 
anaerobic environment. The fungi posses hydrogeno- 
somes for the removal of reducing equivalents in the form 
of molecular hydrogen and the removal of trace oxygen is 
a accomplished via removal by NADH oxidase. Their 
positive synergistic interaction with methanogenic bac- 
teria eludes to their highly evolved role in the rumen en- 
vironment. The fungi also produce resistant sporangia 
that allows for transfer of species to a new host in an oxy- 
gen environment. The anaerobic fungi posses a highly 
active array of polysaccharide degrading enzymes that 
may provide an advantage in the highly competitive ru- 
men ecosystem. The production of specific enzymes 
that hydrolyze the lignocellulosic fraction of plant walls is 
unique in rumen microorganisms and allows for their at- 
tachment and growth on fibrous plant particles that are 
not available to the rumen bacteria. 
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