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ABSTRACT : Anaerobic chytridiomycete fungi are now 
well recognized as one of the major components of rumen 
microflora. Since the discovery of anaerobic fungi, the 
knowledge upon their morphology and physiology has 
been accumulated. It is certain that they have roles in 
ruminal fiber digestion, although their quantitative 
contribution to rumen digestion is still unclear. Their role 
in fiber digestion is complicated by the dietary factors and 
the interaction with other microorganisms. We aim at 

reviewing such information in this article.
Considerable attention has been paid to the 

polysaccharidase of these fungi. Analysis on the fungal 
genes encoding these enzymes has been performed in 
several laboratories. This article also covers the genetical 
analysis of fungal polysaccharidases.
(Key Words: Rumen, Anaerobic Fungi, Chytridiomycetes, 
Fiber Degradation)

INTRODUCTION

Interests in the ruminal anaerobic fungi have been 
growing in recent decades especially on their capacity for 
fiber digestion. Several excellent reviews have been 
published so for (Orpin and Joblin, 1988; Joblin, 1990; 
Fonty and Joblin, 1991). We aim at discussing the roles 
of rumen chytridiomycete fungi in the ruminal fiber 
degradation. We have conducted a joint research program 
on this subject supported by Japan Society for Promoting 
Science and Korea Science and Engineering Foundation. 
The basic knowledge on classification and culture 
techniques of these particular microorganisms will also be 
presented.

MATERIALS AND METHODS

Taxonomy of anaerobic chytridiomycete fiingi
The ruminal fungi are unique in that they are the only 

known strictly anaerobic fungi in the biosphere. However, 
monoflagellated zoospores of ruminal fungi were 
discovered long time ago by Liebetanz (1910) as 
monoflagellated protozoa and been given the names as 
Piromonas communis and Sphaeromonas communis. In 

1913, Braune discovered a multiflagellated organism and 
named it Callimastix frontalis. From ultrastructural 
studies on Callimastix sp., Vavra and Joyon (1966) 
concluded that this organism belonged not to the protozoa, 
but to the fungi. They created a novel genus Neocallima- 
stix. About ten years later, Orpin (1975) was the first to 
succeed in culturing these organisms and he defined their 
life cycle. Later he has demonstrated the presence of 
chitin in their cell-wall (Orpin, 1977a). He concluded that 
N. frontalis^ P. communis and S. communis belong to 
the class Chytridiomycetes in subdivision Mastigo- 
mycota. This conclusion was confirmed by 18S rRNA 
sequence analyses on the rumen fungi (Dore and Stahl, 
1991). Barr et al. (1989) involved the ruminal fungi into 
the order Spizellomycetales in sub-division Mastigo- 
mycota and separated ruminal fungi from Chytridio- 
mycetales on the basis of the ultrastructural differences in 
zoospores. Heath et al. (1983) had proposed a new family 
Neocallimastigaceas in the order of Spizellomycetales. 
However, from recent rRNA analyses, Li and Heath 
(1992) and Li et al. (1993) have proposed to elevate the 
family Neoccdlimastigaceae to the new order Neocallima- 
sticales in the C hytridiomycota. Five genera have been 
established so far; Neocallimastix, Piromyces (formerly 
Piromonas)^ Caecomyces (formerly Sphaeromonas), 
Orpinomyces, A naeromyces (syn. Ruminomyces) and 17 
species are known (table 1). The change in nomenclature 
for Piromonas and Sphaeromonas was proposed by Gold 
et al. (1988), because their former names were given as
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the protozoa. Ruminomyces and Anaeromyces have Among the rumen chytridiomycetes, species belonging to 
similar morphological features and considered to be the genera Neocallimastix and Orpinomyces produce 
synonymous (Ho et al., 1993a; Li et al., 1993). Species multiflagellated zoospores, and the remaining species 
belonging to the former three genera develop monocentric produce monoflagellated zoospores, 
thalli, and the latter two produce polycentric thalli.

Tabel 1. Classification of anaerobic chytridiomycete fungi

Genera and characteristics Species Source Reference

Neocallimastix
Monocentric, polyflagellate zoospore, frontalis Sheep Heath et al., 1983
extensive, filamentous rhizomycelium patriciarum Sheep Orpin and Munn, 1986

hurley ensis Sheep Webb and Theodorou, 1991
variabilis Sheep Ho et al„ 1993b

Piromyces
Monocentric, monoflagellate zoospore, communis Sheep Gold et al., 1988
filamentous rhizomycelium mae Horse Li and Heath, 1990

dumbonicus* Elephant Li and Heath, 1990
rhiz inflatus* Ass Breton et al., 1991
minutus Deer Ho et al., 1993c
spiralis Goat Ho et al., 1993d
citronii Horse Gaillard-Martinie et al., 1995

Orpinomyces
Polycentric, polyfla응ellate zoospore, joyonii Sheep Li et al., 1991
filamentous rhizomycelium intercalaris Cattle Ho et al., 1994

Caecomyces
Polycentric or monocentric, monoflagellate communis Sheep Gold et al., 1988
zoospore, spherical holdfasts equi Horse Gold et al., 1988

A naeromyces
Polycentric, monoflagellate zoospore, mucronatus Cow Breton et al, 1990
filamentous rhizomycelium elegans Sheep Ho et al., 1993a

* According to Ho and Barr, 1995.

The classification of fungi is based principally upon 
the morphological characteristics of the thallus. This is 
also true fbr the rumen chytridiomycetes fungi, but an 
analysis of the ultrastructural features of zoospores is 
often required for the species-level identification (Gold et 
al., 1988; Li et al., 1991). The traditional physiological 
tests, such as sugar utilization or end product formation 
for classification, do not seem to be efficient fbr 
identifying species, because little difference is usually 
observed in sugar utilization and end-product formation 
among genera (Phillips and Gordon, 1988; Gordon and 
Phillips, 1989). The G + C contents in fungal DNA has 
been measured in several strains (table 2). The G + C 

contents of these organisms are often as low as 13 to 20%, 
indicating the uniqueness of rumen fungi as true fungi. 
However the G + C contents of coding regions are 
usually as high as 40 to 45%, suggesting that the introns 
or non-coding sequences have very low G + C contents. 
Brownlee (1994) has proposed the use of DNA base 
sequence of the spacer non-coding region between 18 S 
rRNA gene and 28S rRNA gene. Further molecular level 
analyses on the rumen chytridiomycetes fungi are required 
fbr the efficient identification of the species.

Isolation of rumen chytridiomycetes
Most anaerobic chytridiomycetes fungi have been 
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isolated from the rumen, but some of them have been 
isolated from hind gut contents or feces of a range of 
herbivores belonging to orders Marsupialia, Rhodentia, 
Proboscidea, Perissodactyla, and Artiodactyla (Li and 
Heath, 1993). Usual techniques used for the isolation of 
rumen anaerobic bacteria are still useful fbr the isolation 
of rumen chytridiomycetes. The methods published by 
Joblin (1981) and Lowe et al. (1985) are routinely used in 
many laboratories. The selection of rumen chytridiomyce­
tes is facilitated by the addition of antibacterial agents. 
Pure cultures are usually maintained by a frequent transfer 
(usually 2-3 days interval) to the fresh media. Cryopre­
servation of zoospores or mature thalli are also possible 
(Yarlett et aL, 1986a), but it is not certain that all strains 
do persist during storge. However, the cultures can 
sometimes be maintained for long period at 39*0 under 
usual culture condition (Joblin, 1981). This suggests the 
presence of dormant spores or some kinds of resting cells.

a Brownlee, 1989.
b Billion-Grand et al., 1991.
c Kozawa et al.s 1993.

Tabel 2. DNA Base composition of anaerobic fungi

G + C G + C
Organisms

mol %
Organisms

mol %

Neocallimastix Caecomyces
N. sp. LM-2a 18 C. communis 22.1
N. frontallis MCH3C 17.9 Anaeromyces
N. sp. Nlc 21.2 A. mucronatus^ 15.7
N. sp. B10c 21.2 Orpinomyces
N. variabilis Bm2c 23.7 0. joyoniP 14.6

0. sp. 01c 24.5

Piromyces
P. comunisb 15.5
P. communis 93 -3C 21.2
P. sp. Plc 34.1

Population sizes of chytridiomycetes in the rumen
The quantification of biomass of rumen chytridio­

mycetes is still difficult. Determination of only the 
relative population size is possible. The numbers of viable 
zoospores are usually estimated as colony forming units 
(CFU) by roll-tube techniques. Thallus forming units 
(TFU) based on the most probable number technique 
using filter strip broth has been proposed by Theodorou et 
al. (1990). Enumeration of zoosporangia developed on 
agar strips containing carbohydrates after incubation 
within the rumen has also been used (Ushida et al., 

1989a). Recently, we have developed a novel in vitro 
culture of rumen fungi in the dual-phase medium, a solid 
medium containing carbohydrate overlaid by a liquid 
medium. Enumeration of zoosporangia under a binocular 
microscope was done after 6h incubation (Kojima et al. 
unpublished). Analysis of chitin or protein provides the 
good estimation of biomass of pure cultures. It does not 
work well in vitro, however. Recent development of 18S- 
rRNA targeted oligonucleotide probes may give more 
precise estimation for fungal biomass not only in the 
rumen, but also in duodenum or feces (Millet et al., 1996; 
G. J. Faichney, personal communication).

Chytridiomycetes fungi appear in the rumen of young 
ruminants about ten days after their birth (Fonty et al., 
1987). The development of the subsequent population 
depends on the nature of diet. Forage-based diets promote 
the development of fungal populations, but starch-based 
diets lower the population from the young animals. In 
general, diets rich in fiber promote a larger population of 
chytridiomycetes fungi in the rumen of adult ruminants. 
Although their capacity fbr starch utilization has been 
stressed by certain researchers (McAllister et al., 1993), 
their dependence on fibrous feed is obvious (Grenet et al., 
1989). Little information is available about generic 
composition of chytridiomycetes in the rumen. MonoCen- 
tric species (mostly Neocallimastix) had seemed to be 
predominant in sheep rumen in earlier studies (Ushida et 
al., 1993), and polycentric species (Qrpiomyces and 
Ruminomyces) have been isolated almost entirely from 
cattle. However recent DNA probe works suggested the 
predominance of polycentric species even in the sheep 
rumen (Millet et al., 1996). Since polycentric species 
often produce low numbers of zoospore in pure culture, it 
is often difficult to determine by the usual roll-tube 
technique whether polycentric species are the predominant 
chytridiomycetes in the rumen.

Carbohydrate fermentation and hydrolytic enzymes
The rumen chytridiomycetes fiingi have an array of 

polysaccharidases (ewtfo-glucanase, ero-glucanase, xylan- 
ase, cellodextrinase, amylase), glycosidases {a -and B ■ 
glyosidase, B -fructosidase, B -xylosidase, a -L-arabino- 
fiiranosidase etc.), and esterase (acetylxylan esterase, p- 
coumaroyl esterase, feruroyl esterase) (Pearce and 
Bauchop, 1985; Williams and Orpin, 1987ab; Williams 
and Withers, 1981, 1982; Joblin et al., 1990; Borneman 
et al., 1990, 1991; Matsui et al., 1992). Therefore rumen 
chytridiomycetes can ferment a wide range of carbohy­
drates in plant materials. Most species ferment plant 
polymers, such as cellulose, xylan and starch, but cannot 
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ferment pectin and inulin. Certain species cannot grow on 
cellulose without coexistence of soluble sugar such as 
cellobiose (Ushida and Matsui, unpublished observation).

Rumen chytridiomycetes also have protease activities 
(Wallace and Joblin, 1986; Asao et aL, 1993). Proteases 
may have role in cell-wall degradation, because the plant 
structural protein, such as extensin, increases the integrity 
of plant cell-wall (Fry, 1986). To test this hypothesis, the 
effect of protease inhibitors on plant cell-wall digestion 
by fungus was estimated. Either L-cystein, a metallopro­
tease inhibitor, or phenylmethylsuphonyl fluoride (PMSF), 
a serine protease inhibitor, was added to the fungal 
culture. These inhibitors were effective against protease 

produced by ruminal fungi (Asao et aL, 1993). PMSF did 
not affect fungal e«Jo-glucanase and xylanase activities. 
However it may inhibit exo-glucanase activity as it 
reduced crystalline cellulose (Avicel) degradation. Thus 
the effect of PMSF on timothy hay degradation was not 
further determined. Metalloprotease inhibitor (L-cystein) 
reduced timothy hay degradation (dry matter, neutral 
detergent fiber and acid detergent fiber) by fungus though 
it did not affect e«Jo-glucanase and xylanase activities 
as well as Avicel degradation (table 3). Possession of 
protease is a unique characteristic of rumen chytridio­
mycetes as rumen cellulolytic organisms, because the 
major ruminal celluloytic bacteria are not proteolytic.

Tabel 3. Effect of Protease inhibitors on fiber digesting capacity of ruminal polycentric fungus

Inhibitor -
L-cystein PMSF

0 mM 2 mM 0 mM 1.5 mM

Extrcellular CMC asea) 100 96.0 100 103.6
Extracellular xylanasea) 100 107.2 100 105.0
Avicel degradabilityb) -29.2 ± 1.4 30.7 ± 1.1 37.5 ± 2.1 23.1 ± 1.8**
Extracellular proteinasebc) 11.1 ± 1.1 6.6 ± 1,0* 13.8 ± 1.4 10.4 ± 0.7*
Timothy hay degradation3*0

Dry matter 42.2 ± 0.5 39.4 ± 0.6** ND ND
NDF 50.2 ± 0.3 46.7 ± 0.4** ND ND
ADF 47.9 ± 0.4 46.3 ± 0.3** ND ND

酊 Relative activity to control (100) on the day 7 of culture on timothy hay medium, n = 3.
Sugars in Lowe's B medium was replaced by ground timothy hay (1% w/v).

b) % dige마ed during 7 days, n = 3. Means ± Standard deviation.
Sugars in Lowe's B medium was replaced by crystalline cellulose (3% w/v).

"unit/ml culture spematant (1 unit = 1 mg azocasein hydrolyzed/h).
Assayed on the same samples as avicel degradability, n = 3. Means 士 Standard deviation.

d) % digested during 7 days, n = 3. Means ± Standard deviation.
NDF, neutral detergent fibr; ADF, acid detergent fiber. Medium, see (a).

* p < 0.05, ** p < 0.01, ND, not determined. PMSF, phenylmethylsulfbnyl 鱼loride.

Most of the strains produce hydrogen, carbon dioxide, 
formate, lactate, succinate, acetate and ethanol. Certain 
species do not produce succinate and ethanol. Unlike 
bacteria, fermentation pathway may not vary between 
genera since the fermentation end products are quite 
similar. Metabolic pathway has been defined in three 
strains of Neocallimastbc (Yarlett et al., 1986b; O'Fallon 
et al., 1991; Marvin-Sikkema et al., 1994). N. 
patriciarum metabolizes glucose through EMP pathway to 
phosphoenol pyruvate that is further metabolized to 
pyruvate with two intermediate products, oxaloacetate and 
malate. Reoxidation of NADH generated during glycolysis 
is coupled with hydrogen production, the reduction of 

pyruvate and acetoaldehyde. Since this strain produces 
only trace amount of ethanol and formate, hydrogen and 
lactate become the major electron sink. N. frontalis 
possess a similar carbon and electron flow system.

Role of chytridiomycetes fungi in ruminal fiber 
degradation

Rumen chytridiomycetes appear to release zoospores 
within 30 minutes after feeding (Orpin, 1977b; Orpin and 
Bountiff, 1978). Free zoospores move in the liquid by 
chemotactic response to soluble carbohydrates towards 
damaged area or stomate of the feed particles newly 
ingested by the host. After attachment of the zoospores to 
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the feed particles, flagella are detached from the 
zoospores, then encystement and gemination occur, 
followed by penetration of the plant tissues by the 
rhizoids and form the sporangia. This type of life cycle 
implies that chytridiomycetes may have a unique mode of 
action in rumen fiber digestion. Their colonization 
cerlai미y weakens the integrity of plant tissues and 
fragmentation of feed particles would proceed (Carderon- 
Cortes et al., 1989; Akin et al., 1990). The rumen 
chytridiomycetes appear to preferentially colonize ligni­
fied tissues such as sclerenchyme and xyleme that remain 
within the reticulo-rumen longer than other tissues 
(Bauchop, 1979; Grenet et al., 1989).

This observation may be explained by the life cycle of 
the rumen chytridiomycetes and the maturation time of 24 
to 32 h after encystement in the rumen (Lowe et al., 
1987).

Most strains tested so far degrade hay particles such 
as timothy or ryegrass by 40 to 70% during 6 to 8 days 
under batch culture conditions. In a continuous culture 
system(M. Rusitech), an addition of one strain of 
Neocallimastix to the mixed rumen bacteria increased 
degradation rate of wheat straw by 15% (Hillaire and 
Jouany, 1989). Fonty and Gouet (1989) inoculated either 
N. frontalis, P. communis or mixed rumen chytridiomyce­
tes to the rumen of new bom lambs which had been 
individually introduced into a sterile isolator before the 
establishment of cellulolytic flora in the rumen. They also 
prepared the lambs which harbored Fibrobacter succino- 
genes or Ruminococcus flavefaciens as the sole cellu­
lolytic organisms. Then they deterimined the in sacco 
digestibility of wheat straw or ryegrass hay in the rumen 
of these lambs.

The results indicated that lambs harbouring chytri­
diomycetes digested fiber less efficiently than those 
harboring cellulolytic bacteria. However, in the case of 
the mature rumen, elimination of chytridiomycetes fungi 
from the rumen by the chemical means often decreases 
the plant fiber digestion (Windham and Akin, 1984; Ford 
et al., 1987, Carderon-Cortes et al., 1989; Ushida et al., 
1989b; Gordon and Phillips, 1993). Introduction of fungal 
isolates into the sheep rumen enhanced feed degradation 
in the rumen (Ha et al., 1994). The overall role of rumen 
chytridiomycetes in fiber digestion is still debatable.

Interaction between chytridiomycetes and other 
microorganisms in the rumen

The fiber degrading activity of rumen chytridiomyce­
tes is complicated by the interaction with other microor­
ganisms. Coculture studies have been done in several 

laboratories in order to define interactions between 
bacteria and chytridiomycetes. Coculture with methano­
genic bacteria enhanced fiber digestion by chytridiomyce­
tes with few exceptions (U아lida, 1993). This kind of 
interaction is defined as inter-species hydrogen transfer 
which improves metabolic activity of hydrogen producing 
organisms (Wolin and Miller, 1983).

The presence of methanogens also improves the 
specific activity of fungal cellulases (Joblin and Williams, 
1991). However the presence of sulfate reducing bacteria, 
same hydrogentroph as methanogens, did not enhance 
metabolic activity of rumen chytridiomycetes (Ushida et 
al., 1995; Morvan, 1996).

Coculture with saccharolytic bacteria including several 
celluloytics often decreased fiber digestion by rumen 
chytridiomycetes (Ushida, 1993). The negative effect of 
some strains of Ruminococcus^ Butyrivibrio, and Mega- 
sphaera were evident. The mechanisms involved in this 
negative interaction have not been well defined except for 
R. flavefaciens 007. This bacterium produces the protein 
that inhibits ewt^-giucanase of chytridiomycetes 
(Bemalier et al.s 1993). These authors identified two 
inhibitory proteins of 24 kDa and 100 kDa in the 
bacterial supernatant. These proteins were suggested to be 
enzymes that act on the fungal cellulase complex. These 
inhibitory proteins may have chytinolytic activity that can 
release a cellulase complex from fungal cell wall to 
reduce cellulolytic activity (Kopecny et al., 1996). The 
significance of this inhibition under in vivo situation is 
not known. The effects of cellulolytic bacteria on the 
ability in fiber digestions of chytridiomycetes may depend 
on species and strain under investigation. Non significant 
or increased fiber digestion has been observed when 
different strains of cellulolytic bacteria were cocultured 
with rumen chytridiomycetes (Kim, 1997).

Rumen ciliate protozoa predate chytridiomycetes 
(Williams et al., 1994) and digest them (Morgavi et al., 
1993), therefore defaunation (elimination of protozoa) 
often increase the population size of rumen chytridiomyce­
tes (Ushida et al., 1989a, 1991).

Cloning and expression of polysaccharidase gene of 
rumen chytridiomycetes

Several ewt/o-glucanases, xylanases, £ -glucosidases 
and B -xylosidases have been purified from strains 
belonging to genera Neocallimastix, Piromyces and 
Orpinomyces (Hebraud and Fevre 1988, 1990; Li and 
Calza, 1991; Teunissen et al., 1992; Wilson and Wood, 
1992; Garcia-Campayo and Wood, 1993; Gomez de 
Serga and Fevre, 1993; Chen et al., 1994; Zhou et al.,
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1994).
These enzymes are all extra-cellular, and have acidic 

pH (5 to 6) and mesophillic temperature (50 to 55°C) 
optima. Rumen chytridiomycetes secrete potent 
polysaccharidases into the medium (Wood et al., 1986; 
Barichievich and Calza, 1990; Matsui et al., 1992; 
Wilson and Wood, 1992), but the protein production is 
usually small.

More than ten genes encoding polysaccharidases, such 
as ew^-glucanases and xylanase have been cloned and 
expressed in E. coli so far (table 4). The ewJo-glucanases 
of rumen chytridiomycetes that have been sequenced so 
far were classified into family 5 — subfamily 4 — 
endoglucanase. Family 5 cellulases are also produced by 
aerobic true fungi such as Trichoderma spp., but these 
enzymes are classified into subfamily 5. Interestin임y most 
of the family 5 sub 4 cellulases of anaerobic microbes 

are ruminal origin. High homology between rumen fungal 
endoglucanase genes and those of Clostridia and of 
Ruminococci suggested the horizontal transfer of cellulase 
gene. The cel B gene of N. patriciarum and cel A gene 
of N. frontalis having no intron (Zhou et al., 1994; 
Fujino et al., 1995) may support this hypothesis.

Cellulase genes of Neocallimastix have a reiterated 
sequence at the C-terminal region which is considered to 
code a binding structure with the scaffolding protein (Xue 
et al., 1992; Fanutti et al., 1995 ; Fujino et al., 1995).

These reiterated sequences strongly suggest the 
presence of cellulosomes in this group of fungi. Indeed, 
high molecular weight protein complexes have been 
detected in the culture supernatant of Neocallimastix 
(Wood et at, 1988) and Piromyces (Teunissen et al., 
1992).

Tabel 4. List of sequence data on fungal polysaccharidases

Organism Enzyme gene family Genbank accession number authors

N. patriciarum Endoglucanase celB 5 Z31364 X 77186 Zhou et al., 1994
N. patriciarum Xylanase xynA 11 X65526 Gilbert et al., 1992
N. frontalis Endoglucanase celA 5 U38843 Fujino et al., 1995
N. frontalis Endoxylanase xynl 11 X82266 Durand et al., 1994
N. frontalis Endoxylanase xyn2 11 X82439 Durand and Fevre, 1994
N. patriciarum Xylanase xynB 10 S71569 X 76919 Black et al., 1994
N. patriciarum Cellobiohydrolase celA 6 U29872 Denman et al., 1995
Piromyces sp. Mannanase manA 26 X91857 Fanutti et aL, 1996
Piromyces sp. Endomannanase manB 26 X97408 Millward-Sadler et al., 1996
Piromyces sp. Endomannanase manC 26 X97520 Gilbert, 1996
Piromyces sp. Xylanase xynA 11 X91858 Fanutti et al., 1995
Orpinpmyces sp. Xylanase xynA 11 U57819 Li et al., 1996
Orpinpmyces sp. Endoglucanase celB 5 U57818 Li et al., 1996
Orpinpmyces Cellobiohydrolase celA 6 U63837 Li et al., 1996
Orpinpmyces Cellobiohydrolase celC 6 U63838 Li et aL, 1996

ACKNOWLEDGEMENT

K. Ushida was supported by Japan Society of Promo­
ting Science in Japan-Korea joint research program. Ha, J. 
K. was supported by Korea Science and Engineering 
Foundation (956-0500-002-2) in the same joint research 
program. Special thanks are given to Dr T. Nagamine, Dr 
R. I. Aminov, and Mr Ogata (STAFF Institute, Tsukuba, 
Japan). Professor S. Karita, (Mie University, Tsu, Japan), 
Dr K. N. Joblin (Grassland Research Centre, AgResearch, 

New Zealand), Dr G. Fonty and Ms Lilliane Millet (INRA, 
Centre de Recherches, Clermont-Ferrand-Theix, France) 
for their cooperation.

REFERENCES

Akin, D. E., L. L. Rigsby, C. E. Lyon, and W. R. Windham. 
1990. Relationship of tissue digestion to textural strength in 
bermudagrass and alfalfa stems. Crop. Sci. 30:990-993.

Asao, N., K. U아lida and Y. Kojima. 1993. Proteolytic activity 



RUMEN ANAEROBIC FUNGI 547

of rumen fungi belonging to the genera Neocallimastix and 
Piromyces. Lett. Appl. Microbiol. 16:247-250.

Barichievich, E. M. and R. E. Calza. 1990. Supernatant protein 
and cellulase activities of the anaerobic ruminal fungus 
Neoc이Hmastix frontalis EB 188. Appl. Environ. Microbiol. 
56, 43-48.

Barr, D. J. S., H. Kudo, K. D. Jakobar and K. -J. Cheng. 1989. 
Morphology and development of rumen fungi: Neocalli­
mastix sp., Piromyces communis, and Orpinomyces bovis 
gen. nov., sp. nov. Can. J. Bot. 67:2815-2824.

Bauchop, T. 1979. Rumen anaerobic fungi of cattle and sheep. 
Appl. Environ. Microbiol. 38:148-158.

Bemalier A, G. Fonty, F. Bonnemoy and Ph. Gouet. 1993. 
Inhibition of the cellulolytic activity of Neocallimastix 
frontalis by Ruminococcus flavefaciens. J. Gen. Microbiol. 
139:873-880.

Borneman, W. S., R. D. Haltlye, W. H. Morrison, D. E. Akin 
and L. G. Ljungdahl. 1990. Feruloyl and p-coumaroyl 
esterase from anaerobic fungi in relation to plant cell wall 
degradation. Appl. Microbiol. Biotechnol. 33:345-351.

Borneman, W. S.} L. G. Ljungdahl, R. D. Hartley and D. E. 
Akin. 1991. Isolation and characterization of p-coumaroyl 
esterase from the anaerobic fungus Neocallimastix strain 
MC-2. Appl. Environ. Microbiol. 57:2337-2344.

Braune R. 1913. Untersuchungen uber die in Viedeikauermagen 
voifcommenden Protozoen. Arch. Prot. 32:111-170.

Breton, A., A. Bemalier, M. Dusser, G. Fonty, B. Gaillard- 
Martinie and J. Guillot. 1990. Anaeromyces mucronatus 
nov. gen. nov. sp. A strictly anaerobic rumen fungus with 
polycentric thallus. FEMS Microbiol. Lett. 70:177-182.

Breton, A., M. Dusser, B. Gaillard-Martinie, J. Guillot, L. 
Millet and G. Prensier. 1991. Piromyces rhizinflata nov. 
sp., a strictly anaerobic fungus from the Saharian ass: a 
morph이ogical, metabolic and ultrastructural study. FEMS 
Microbiol. Lett. 82:1-8.

Billion-Grand, G., J. B. Fiol, A. Breton, A. Bruyere and Z. 
O니h河. 1991. DNA of some anaerobic rumen fungi: G + C 
content deterimination. FEMS Microbiol. Lett. 82:267-270.

Brownleen, A. G. 1989. Remarkablly AT-rich genomic DNA 
from the anaerobic fungus Neocallimastix. Nucleic Acid 
Res. 17:1327-1335.

Brownlee, A. G. 1994. The Nucleic Acids of Anaerobic Fungi. 
In ^Anaerobic Fungi" (Mountfort, D. O.s and C. G. Orpin, 
eds.). pp. 241-256. Marcel Dekker, Inc. New York.

Calderon-Cortes, J. F., R. Elliot and C. W. Ford. 1989. 
Influence of rumen fungi on the nutrition of sheep fed 
forage diets. In "The Roles of Protozoa and Fungi in 
Ruminant Digestion" (Nolan, J. V., R. A. Leng and D. L 
Demeyer, eds.). pp. 181-187. Penui血이e Books. Armidale, 
Australia.

Chen, H., X. Li, and L. G. Ljungdahl. 1994. Isolation and 
properties of an extracellular g -glucosidase from the 
polycentric rumen fungus Orpinomyces sp. strain PC-2. 
Appl. Environ. Microbiol. 60:64-70.

Dore, J. and D. A. StahL 1991. Phylogeny of anaerobic rumen 
chytridiomycetes inferred from small subunit ribosomal 
RNA sequence comparisons. Can. J. Bot. 69:1964-1971.

Fanutti, C., T. Ponyi, G. W. Blacks, G. P. Hazlewood and H. J. 

Gilbert. 1995. The conserved noncatalytic 40-residue 
sequence in cellulases and hemicellulases from anaerobic 
fungi functions as a protein docking domain. J. Biol. Chem. 
270:29314-29322.

Fonty, G. and Ph. Gouet. 1989. Establishment of microbial 
populations in the rumen. Utilization of an animal model to 
study the role of the different cellulolytic microorganisms 
in vivo. In “The Roles of Protozoa and Fungi in Ruminant 
Digestion" (N이an, J. V., R. A. Leng and D. I. Demeyer, 
eds.). pp. 39-50. Penumble Books. Armidale, Australia.

Fonty, G., Ph. Gouet, J. P. Jouany and J. Senaud. 1987. 
Establishment of the microflora and anaerobic fungi in the 
rumen of lambs. J. Gen. Microbiol. 133:1835-1843.

Fonty, G. and K. N. Joblin, 1991. Rumen anaerobic fungi: Their 
role and interactions with other rumen microorganisms in 
relation to fiber digestion. In "Physiological Aspects of 
Digestion and Metabolism in Ruminants" (Tsuda, T., Y. 
Sasaki, R. Kawashima, eds.). pp. 665-680. Academic Press, 
San Diego, U. S. A.

Ford, C. W., R. Elliott and P. J. Maynard. 1987. The effect of 
chlorite delignification on digestibility of some grass 
forages and on intake and rumen microbial activity in sheep 
fed barley straw. J. Agric. Sci. 108:129-136.

Fry, S. C. 1986. Cross-linking of matrix polymers in the 
growing cell walls of angiosperms. Ann. Rev. Plant Physiol. 
37:165-186.

Fujino, Y., K. Ushida, K. Miyazaki, Y. Kojima, T. Nagamine, K. 
Ogata, M. Matsumoto and H. Itabashi. 1995. Cloning of 
cellulase gene from rumen chytridiomycete fungus 
Neocallimastix frontalis MCH3. Japanese Proc. Jpn. Soc. 
Rumen Physiol. Metabol. 7:21-24.

Gaillard-Martinie, B., A. Breton, M. Dusser and V. Julliand. 
1995. Piromyces citronii sp. nov., a strictly anaerobic 
fungus from the equine caecum. A morphologic, metabolic, 
and ultrastructural study. FEMS Microbiol. Lett. 130:321- 
326.

Garcia-Campayo, V. and T. M. Wood. 1993. Purification and 
Characterisation of a 0 -D-xylosidase from the anaerobic 
rumen fungus Neocallimastix frontalis. Carbohydrate Res. 
242:229-245.

Gilbert, H. J., G. P. Hazlewood, J. L. Laurie, C. G. Orpin and G. 
P. Xue. 1992. Homologous catalytic domains in a rumen 
fungal xylanase: evidence fbr gene duplication and 
procaiyotic origin. Mol. Microbiol. 6:2065-2072.

Gold, J. J,. I. B. Heath and T. Bauchop. 1988. Ultrastructural 
description of a new chytrid genus of caecum anaerobe, 
Caecomyces equi gen. nov. sp. nov., assigned to the 
Neocallimasticaceae. Biosys. 21:403-415.

Gomez de Segura, B. and M. Fevre. 1993. Purificaion and 
characterization of two 1,4- 0 -xylan endohydrolases from 
the rumen fungus Neocallimastix frontalis. Appl. Environ. 
Microbiol. 59:3654-3660.

Gordon, G. L. R. and M. W. Phillips. 1989. Comparative 
fermentation properties of anaerobic fungi from the rumen. 
In "The Roles of Protozoa and Fungi in Ruminant 
Digestion" (Nolan, J. V., R. A. Leng and D. I. Demeyer, 
eds.). pp. 127-138. Penapibul Books. Armidale, Australia.

Gordon, G. L. R. and M. W. Phillips. 1993. Removal of 



548 USHIDA ET AL.

anaerobic fungi from the rumen of sheep by chemical 
treatment and the effect on feed consumption and in vivo 
fibre digestion. Lett. Appl. Microbiol. 17:220-223.

Grenet, E., A. Breton, P. Barry and G. Fonty, G. 1989. Rumen 
anaerobic fungi and plant substrates colonization as affected 
by diet composition. Anim. Feed Sci. TechnoL, 26, 55-70.

Ha, J. K., S. S. Lee, C. H. Kim, Y, J. Choi and H. K. Min. 1994. 
Effect of fiin^l inoculation on ruminal fermentation 
characteristics, enzyme activities and nutrient digestion in 
sheep. Proc. Soc. Nutr. Physiol. 3:197.

Heath, L B., T. Bauchop and R. A. Skipp. 1983. Assignment of 
the nimen anaerobe Neocallimastix frontalis to the 
Spizelomycetales (Chytridiomycetes) on the basis of its 
polyflagellate zoospore ultrastructure. Can. J. Bot. 61:295- 
307.

Hillaire, M. C. and J. P. Jouany. 1989. Effects of rumen 
anaerobic fiingi on the digestion of wheat straw and the end 
products of microbial metabolism studies on a semi- 
continuous in vitro system. In "The Roles of Protozoa and 
Fungi in Ruminant Digestion" (Nolan, J. V., R. A. Leng 
and D. I. Demeyer, eds.). pp. 269-272. Penumble Books, 
Armidale, Australia.

Ho, Y. W. and D. J. S. Barr. 1995. Classfication of anaerobic 
gut fungi from herbivores with emphasis on nimen fungi 
from Malaysia. Mycologia, 87:655-677.

Ho, Y. W., D. J, S. Barr, N. Abdullah, and S. Jalaludin. 1993a. 
Anaeromyces, an earlier name for a Ruminomyces. 
Mycotaxon 47:283-284.

Ho, Y. W., D. J. S. Barr, N. Abdullah, S. Jalaludin and H. Kudo. 
1993b. Neocallimastix variabilis, a new species of 
anaerobic rumen fungus from cattle. Mycotaxon 47:241-258.

Ho, Y. W., D. J. S. Barr, N. Abdullah, S. Jalaludin and H. Kudo. 
1993c. A new species of Piromyces from the rumen of deer 
in Malaysia. Mycotaxon 47:285-293.

Ho. Y. W. D. J. S. Barr, N. Abdullah, S. Jalaludin and H. Kudo. 
1993d. Piromyces spiralis, a new species of anaerobic 
fungus from the rumen of goat. Mycotaxon 48:59-68.

Ho, Y. W., N. Abdullah and S. Jalaludin, 1994. Orpinomyces 
intervalaris, a new species of polycentric anaerobic rumen 
fungus from cattle. Mycotaxon 50:139-150.

Hebraud, M. and Fevre. 1988. Characterization of glycoside and 
polysaccharide hydrolases secreted by the rumen anaerobic 
fungi Neocallimastix frontalis, Sphaeromonas communis 
and Piromonas communis. J. Gen. Microbiol. 134:1123- 
1129.

Hebraud, M. and M. Fevre. 1990. Purification and characteriz­
ation of an aspecific glycoside hydrolase from the anaerobic 
ruminal fiingus Neocallimastix frontalis. Appl. Environ. 
Microbiol. 56:3164-3169.

Joblin, K. N. 1981. Isolation, enumeration, and maintenance of 
rumen anaerobic fungi in roll tubes. Appl. Environ. 
Microbiol. 42:1119-1122.

Joblin, K. N. 1990. Bacterial and protozoal interactions with 
ruminal fiingi. In "Microbial and Plant Opportunities to 
Improve Lignocellulose Utilization by Rum inants(Akin, D. 
E., L. G. Ljungdahl, J. R. Wilson, P. J. Harris, eds.). pp. 3니 

-324. Elsevier, New York.
Joblin, K. N., G. Naylor and A. G. Williams. 1990. The effect 

of Methanobrsvibacter smithii on the xylanolytic activity 
of anaerobic rumen fungi. Appl. Environ. Microbiol. 
56:2287-2295.

Joblin, K. N. and A. G. Williams. 1991. Effect of cocultivation 
of ruminal chytrid fungi with Methanobrevibacter smithii 
on lucerne stem degradation and extracellular fungal 
enzyme activities. Lett. Appl. Microbiol. 12:121-124.

Kim. S. W. 1997. The r이e of rumen fungi and interaction with 
bacteria in fiber digestion. MS Thesis. Seoul National 
University, Seoul, Korea.

Kopecny, J. B., B. Hodrova and C. S. Stewart, 1996. The effect 
of rumen chitin이ytic bacteria on cellulolytic anaerobic 
fiingi. Lett. Appl. Microbiol. 23:199-202.

Kozawa, M., K. Ushida and Y. Kojima. 1993. Genomic DNA 
GC content determination as a possible tool for the 
classification of nimen fungi, (in Japanese). Proc. Jpn. Soc. 
Rumen Metabol. Physiol. 4:29-34.

Li, J. and L B. Heath. 1990. Piromyces mae and Piromyces 
dumbonica, two new species of uniflagellate anaerobic 
chytridiomycete fungi from the hindgut of the horse and 
elephant. Can. J. Bot 68:1021-1033.

Li, X. and R. E. Calza. 1991. Purification and characterization 
of an extracellular g -glucosidase from the nimen 
anaerobic fungus Neocallimastix frontalis EB 188. Enz. 
Microb. Technol. 13:1-7.

Li, J., I. B. Heath and K. -J. Cheng, 1991. The development and 
zoospore ultrastructure of a polycentric chytridiomycete gut 
fungus, Orpinomyces joyonii comb. nov. Can. J. Bot. 
69:580-589.

Li, J., and L B. Heath. 1992. The phylogenetic relationships of 
the anaerobic chytridiomycetous gut fungi (Neocall ima- 
sticaceae) and the Chytriiomycota. I. Cladistic analysis of 
rRNA sequences. Can. J. Bot. 70:1738-1764.

Li, J. and I. B. Heath. 1993. Chytridiomycetous gut fungi, oft 
overlooked contributors to herbivore digestion. Can. J. 
Microbiol., 39:1003-1013.

Li, J., L B. Heath and L. Packer. 1993. The phylogenetic 
relationships of the anaerobic chytridiomycetous gut fungi 
(Neocal 1 imasticaceae) and the Chytridiomycota. U. Cladistic 
analysis of structural data and description of Neocallima- 
sticales ord. nov. Can. J. Bot. 71:393-407.

Liebetanz, E. 1910. Die parasitischen Protozoen der Wieder- 
kaueimagens. Arch. Prot. 19:19-90.

Lowe, S. E., M. K. Theodorou, A. P. J. Trinci and R. B. 
Hespell. 1985. Growth of anaerobic rumen on defined and 
semi-defined media lacking rumen fluid. J. Gen. Microbiol. 
131:2225-2229.

Lowe, S. E., G. W. Griffith and A. Milne, M. K. Theodorou and 
A. P. Trinci. 1987. The life-cycle and growth kinetics of an 
anaerobic nimen fungus. J. Gen. Microbiol. 133:1815-1827.

McAllister, T. A., Y. Dong L. J. Yanke, H. D. Bae and K. J. 
Cheng. 1993. Cereal grain digestion by selected strains of 
ruminal fungi. Can. J. Microbiol. 39:367-376.

Marvin-Sikkema, F. D., A. J. M. Dreissen, J. C. Gottschal and 
R. A. Prins. 1994. Metabolic energy generation in hydro- 
genosomes of the anaerobic fiingus Neocallimastix: a 
functional relationship with mitochondria. Mycol. Res. 
98:205-212.



RUMEN ANAEROBIC FUNGI 549

Matsui, H., K. Ushida and Y. Kojima. 1992. Fiber-digesting 
extracellular enzyme profiles of fiingal isolates Neocalli- 
mastix sp. N1 and Piromyces sp. Pl grown on five 
different carbohydrates. Anim. Sci. Technol. (Jpn). 63:809- 
813.

Millet, L., G. Fonty and Ph. Gouet. 1996. Use of 18S-rRNA- 
targeted oligonucleotide probes for detection and 
quantification of anaerobic fungi in the rumen of different 
animals. Ann. Zootech. 45(suppl.): 286.

Morgavi, D. P., R. Onodera and T. Nagasawa. 1993. In vitro 
metabolism of chitin and protein from ruminal fungi by 
ruminal protozoa. Anim. Sci. Technol. (Jpn.) 64:584-592.

Morvan, B. 1995. Ecologie et physiologic des microorganisme 
hydrogenotrophes des ecosystemes digestifs. Etude 
particuliere de Fecosysteme ruminal. Ph D. Thesis. 
Universite 이aude Bernard-Lyon 1. No. d'ordre: 241-95. 
123pp.

O'Fallon, J. V., R. W. J. Wright and R. E. Calza. 1991. Glucose 
metabolic pathways in the anaerobic fungus Neocallimastix 
frontalis EB 188. Biochem. J. 274:595-599.

Orpin, C. G. 1975. Studies on the rumen flagellate Neocalli­
mastix frontalis. J. Gen. Microbiol. 91:249-262.

Orpin, C. G. 1977a. The occurrence of chitin in the cell walls of 
rumen organisms Neocallimastix frontalis^ Piromonas 
communis and Sphaeromonas communis. J. Gen. 
Microbiol. 99:215-218.

Orpin, C. G. 1977b. Invasion of plant tissue in the rumen by the 
flagellate Neocallimastix frontalis. J. Gen. Microbiol. 
98:423-430.

Orpin, C. G. and L. Bountiff 1978. Zoospore chemotaxis in the 
rumen phycomycete Neocallimastix frontalis. J. Gen. 
Microbiol. 104:113-122.

Orpin, C. G. and E. A. Munn. 1986. Neocallimastix patri­
ciarum, sp. nov., a new member of the Neocallimasticaceae 
inhabiting the rumen of sheep. Trans. Brit. Mycolo. Soc., 
86:178-181.

Orpin, C. G. and K. N. Joblin. 1988. The rumen anaerobic fungi. 
In: The rumen microbial ecosystem (Hobson, P. N., editor), 
pp. 129-150. Elsevier Appl. Sci., London.

Pearce, P. D. and T. Bauchop. 1985. Glycosidases of the rumen 
anaerobic fungus Neocallimastix frontalis grown on 
cellulosic substrates. Appl. Environ. Microbiol., 49:1265- 
1269.

Phillips, M. W. and G. L. R. Gordon, 1988. Sugar and 
polysaccharide fermentation by rumen anaerobic fungi from 
Au마ralia, Britain and New Zealand. BioSystems 21:377- 
383.

Teunissen, M. 1, D. H. Lahaye, J. H. Veld and G. D. Vogels. 
1992. Purification and characterization of an extracellular B 
-glucosidase from the anaerobic fungus Piromyces sp. 
strain E2. Arch. Microbiol. 158:276-281.

Theodorou, M. K., M. Gill, C. King-Spooner and D. E. Beever. 
1990. Enumeration of anaerobic chytridiomycetes as thallus- 
forming units: Novel method for quantification of fibrolytic 
fungal populations from the digestive tract ecosystem. Appl. 
Environ. Microbiol. 56:1073-1078.

Ushida, K. 1993. Recent Advances in the Studies on Rumen 
Anaerobic Fungi in Japanese. Anim. Sci. Technol. (Jpn.)

64:74-87.
Ushida, K., J. P. Jouany and D. I. Demeyer. 1991. Effects of 

presence or absence of rumen protozoa on the efficiency of 
utilization of concentrate and fibrous feeds. In: 
Physiological Aspects of Digestion and Metabolism in 
Ruminants (Tsuda T, Sasaki Y, Kawashima R, eds.). pp. 625 
-654. Academic Press, San Diego, USA.

Ushida, K., A. Okutani and Y. Kojima. 1993. Effect of sodium 
propionate on the population size and generic distribution 
of phycomycete fungi in the rumen. Anim. Sci. Technol 
(Jpn.), 64:250-253.

Ushida, K, H. Tanaka and Y. Kojima. 1989a. A simple in situ 
method for estimating fungal population size in the rumen. 
Lett. Appl. Microbiol. 9:109-111.

Ushida K, K. Takag, H. Tanaka, T. Kaneko and Y. Kojima. 
1989b. Muralytic activities of fungal and bacterial fractions 
of defaunated rumen fluid against intact or neutral detergnet 
-treated roughages. AJAS 2:439-440.

Ushida, K., Y. 아lashi and A. Fukuhara. 1995. Methanogenesis 
and sulfate reduction in the digestive tract of mamals (In 
Japanese). Proc. Jpn. Soc. Anim. Nutr. Physiol., 39:19-28.

Vavra, J. and L. Joyon. 1966. Etude sur la morphologi, le cycle 
evolutif a la position systematique de Callimastix cyclopin 
Weissenberg 1912. Protistologica 2:5-15.

Wallace, R. J. and K. N. Joblin, 1986. Proteolytic activity of a 
rumen anaerobic fungus. FEMS Microbiol. Lett. 29:19-25.

Webb, J. and M. K. Theodorou. 1991. Neocallimastix huley- 
ensis sp. nov., an anaerobic fungus from the ovine rumen. 
Can. J. Bot. 69:1220-1224.

Williams, A. G. and S. E. Withers. 1981. Hemicellulose­
degrading enzymes synthesized by rumen bacteria. J. Appl. 
BacterioL 51:375-385.

Williams, A. G. and S. E. Withers. 1982. The production of 
plant cell wall polysaccharide-degrading enzymes by 
hemicell니olytic rumen bacterial isolates grown on a range 
of carbohydrate substrates. J. Appl. Bacteriol. 52:377-387.

Williams, A. G. and C. G. Orpin. 1987a. Polysaccharide- 
degrading enzymes formed by three species of anaerobic 
rumen fungi grown on a range of carbohydrate substrates. 
Can. J. Microbiol. 33:418-426.

Williams, A. G. and C. G. Orpin. 1987b. Glycoside hydrolase 
enzymes present in the zoospore and vegetative growth 
stages of the rumen fungi Neocallimastix patriciarum, 
Piromonas communis, and an unidentified isolate, grown 
on a range of carbohydrates. Can. J. Microbiol. 33:427-434.

Williams, A. G., K. N. Joblin and G. Fonty. 1994. Interactions 
between the rumen chytrid fungi and other microorganisms. 
In: Anaerobic fungi (Mountfort, D. G. and C. G. Orpin, 
eds.). pp. 191-227. Marcel Dekker, Inc., New York.

Wilson, C. A. and T. M. Wood. 1992. Studies on the cellulase 
of the rumen anaerobic fungus Neocallimastix frontalis, 
with special reference to the capacity of the enzyme to 
degrade crystalline cellulose. Enz. Microb. Technol. 14:258- 
264.

Windham, W. R. and D. E. Akin. 1984. Rumen fungi and 
forage fiber degradation. Appl. Environ. Microbiol. 48:473- 
476.

Wolin, M. J. and T. L. Miller. 1983. Interaction of microbial 



550 USHIDA ET AL.

populations in cellulose fermentation. Federation Proc. 
42:109-113.

Wood, T. M., C. A. Wilson. S. I. McCrae S. 1. and K. N. Joblin. 
1986. A highly active extracellular cellulase from the 
anaerobic rumen fungus Neocallimastix ffvntalis. FEMS 
Microbiol. Lett. 34:37-40.

Wood. T. M.. S. I. McCrae, C. A. Wilson. K. M. Bhat and L. A. 
Gow. 1988. Aerobic and anaerobic fungal cellulase with 
special reference to their mode of attack on crystralline 
cellulose. In: Biochemistry and genetics of cellulose 
degradation (Aubert JP. P. Beguin, J. Millet, eds.). pp. 31- 
52. Academic Press. London.

Xue. G-P. C. G. Orpin, K. S. Gobius, J. H. Aylward and G. D. 
Simpson. 1992. Cloning and expresion of multiple cellulase 

cDNAs from the anaerobic nimen fungus Neocallimastix 
patriciarum in Escherichia colt. J. Gen. Microbiol. 
138:1413 니 420.

Yarlett. N. C., N. Yarlett, C. G. Orpin and D. Lloyd. 1986a. 
Cryopreservation of the anaerobic rumen fungus Neoca 
llimastix patriciarum. Lett. Appl. Microbiol. 3:1-3.

Yarlett, N., C. G. Orpin, E. A. Munn, N. C. Yarlett and C. A. 
Greenwood. 1986b. Hydrogenosome in the rumen fungus 
Neocallimastix patriciarum. Biochem. J. 236:729-739.

Zhou. L., G. -P. Xue. C. G. Orpin, G. W. Black, H. J. Gilbert 
and G. P. Hazlewood. 1994. Intro기ess celB from the 
anaerobic fungus Neocallimastix patriciarum encodes a 
modular family A endoglucanase. Biochem. J. 297:359-364.


