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Gut anaerobic fungi: The extremophilic colonizers of plant fibres in the rumen
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ABSTRACT

Anaerobic rumen fungi are strict anaerobes that inhabit the rumen and hindgut of herbivores and play a
catalytic role in microbe-dependent fibre digestion in the gut. Among different gut microbes, anaerobic rumen
fungi possess the most potent varieties of complex plant cell-wall degrading enzymes having the unique ability
to break and penetrate the cuticle of fibrous feed particles through penetration of rhizoids. These are the very
first colonizers of fibrous feeds and act as a biological scissor to break fibre particles apart, which helps the
rumen bacteria to access the secondary cell-wall of feed particles. Though, the rumen fungi make up only 5 to
10% of total microbial biomass but their exclusion from the rumen causes nearly 30% reduction in digestion
of fibre that confirms their key role in the anaerobic digestion of fibre in the rumen. These can degrade non-
lignified plant cell-wall completely and preferably colonize on lignified areas of fibre and release the phenolic
monomers. Based on the ultra structural characteristics of zoospores, anaerobic rumen fungi were assigned to
the order of Spizellomycetales in the family Neocallimasticaceae. Similarly based on the type of thallus
development, anaerobic rumen fungi were classified into monocentric and polycentric groups. The life cycle of
monocentric fungi consist of an alteration between a motile zoosporic stage and a vegetative zoosporangial
stage. Polycentric fungi, on the other hand, have nucleated rhizoids with an indeterminate life cycle and are
not dependent upon the formation of zoospores for their continued survival. Six genera and about 20 species of
anaerobic rumen fungi have so far been isolated and described, but a few more have also been recently
discovered which will be reported soon. Based on the analysis of ITS sequences available in public databases
(including those from culture independent studies), the presence of many new genera and species have been
suggested. The gut fungi are difficult to maintain and even brief exposure to traces of oxygen (>10ppm) can kill
them making it tedious to work with them. These are also reported to have a resting oxygen resistant spore like
stage in natural condition that helps them survive in faeces for longer and thus transfer from one animal to
another. Developing such an oxygen resistant resting stage in vitro has not, however, been successful. Since
relatively little is known about the physiology of this novel group of anaerobes, further efforts are called for
increasing our understanding about their exact function, biology and genetic makeup, besides their ecological

interaction with other microbes in the gut.
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INTRODUCTION

The microbial ecosystems in the gut of herbivores are
quite complex both in terms of types of microbes and their
interactions with each other and/or with the host. Orpin
(1975) recognized that at least some of the flagellates
thought to be protozoa were, in fact, the motile zoospore
stages of a new class of microorganisms, the anaerobic
chytridiomycetous fungi. Although fungi are the primary
colonizers and degraders of plant fibres in terrestrial
environments, prior to the Orpin’s observations of fungi
in the rumen, members of this ubiquitous group had never
been reported in anaerobic environments. Anaerobic
rumen fungi inhabit the gastrointestinal tract of ruminant
and non-ruminant herbivores, where these constitute
nearly 20% of the total microbial biomass (Rezaeian et al.,
2004). These are regarded as the primary colonizers and
most active lignocellulose degraders in the biological
world (Wood and Wilson, 1995; Bauchop, 1979; 1989).
These contribute significantly to overall metabolism of
the host with their high cellulolytic activity and play a
greater role in the degradation of lignified plant tissues
(Akin and Borneman, 1990) with the help of a wide range

of hydrolytic enzymes (Thareja et al., 2006; Nagpal et al.,
2011; Shelke et al., 2009; Tripathi et al., 2007b) including
cellulases (Barichievich and Calza, 1990), hemicellulases
(Novotna et al., 2010; Mountfort and Asher, 1989),
proteases (Michel et al., 1993), amylases,
amyloglycosidases (Paul et al., 2004a;b), feruloyl and p-
coumaroylesterases (Borneman et al., 1990), various
disaccharidases (Chen et al., 1995) and pectinases
(Kopecny and Hodrov4, 1995). Their role is very critical in
the digestion of poor quality forages, especially in tropical
regions where forages are generally fibrous and of low
quality (Ho and Barr, 1995). Anaerobic rumen fungi have
unique features to penetrate the fibrous feeds and colonize
preferably on the highly lignified tissues of plants and
solubilize lignin from cell walls, and thus, weakening the
structure of plants and facilitating fermentation by other
group of microbes especially bacteria (Grenet et al., 1989).
These fungi can also cleave tannin-protein complex and
degrade the phenolic monomers, thus reducing toxic effects
(Gordon et al., 1995; Paul et al., 2003; 2006). The rumen
fungi also increase the digestibility of fibrous feeds
(Tripathi et al., 2007a; Saxena et al., 2010; Sehgal et al.,
2008; Paul et al., 2011) and voluntary dry matter intake to
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the extent of 35-40% by facilitating the physical disruption
of fibres in feed (Theodorou et al., 1990; Gordon and
Phillips, 1993). Extensive studies have shown that
increasing fungal population in the rumen by dosing
directly resulted in an increased fibre digestion (Paul e?
al., 2004 a; b; Tripathi et al., 2007a; Sirohi et al., 2012).
However, information is limited about the physiology of
this novel and economically important group of anaerobes.
Further studies are needed to increase understanding
about their function, biology, genetic makeup and
potential, besides their interaction with other microbes in
the gastro intestinal tract of the animals. An attempt has
been made to review the available literature on different
aspects of anaerobic rumen fungi.

GROWTH PHASES

The rumen fungi possess a simple life cycle consisting of
amotile flagellated zoospore stage alternating with a non-
motile vegetative and reproductive stage attached to the
digesta fragments. During the non-motile phase, fungi
colonize and degrade fibrous plant materials, thus playing
a role in the digestion of fibers in the rumen. The cycle
starts with the differentiation of zoospores in the sporangia
and their release into the rumen shortly after offering of
the feed to animal. The reproductive sporangia are
stimulated to differentiate and liberate zoospores in
response to soluble carbohydrates. Flagellate zoospores
may remain motile in the rumen fluid for hours before their
attachment and encystment over plant fragments (Lowe
et al., 1987a), but usually zoospores get attached within
30 min to feed particles after release from the sporangium
(Heath et al., 1986). The zoospores after attachment
increase in size, loose flagella and produce highly branched
rhizoids. After 14 to 20 h, new zoospore formation
commences (Lowe et al., 1987a). In monocentric fungal
group, one sporangium is formed per thallus. Nuclei are
present and multiply within the zoosporangium developed
endogenously. This causes the rhizoidal system to be
devoid of nucleus. In monocentric fungi, after
zoosporogenesis, the remaining thallus is autolyzed
without further development (Lowe et al., 1987a). In
polycentric fungal group, following encystment, the
zoospore forms rhizoids, where nucleus also gets migrated
(Barr et al., 1989). Newly formed rhizoid develops a new
multiple sporangia.

TAXONOMIC STATUSAND CHARACTERIZATION

Even though more than three decades have elapsed since
their discovery, and significant contribution has been
made in understanding their physiology, enzymology and
genetics, only limited information is available on their
ecology, distribution, survival and interactions within and
outside host (Griffith et al., 2009). As the cultivation of
anaerobic rumen fungi is very difficult and cumbersome,
the area is relatively unexplored and several recent reports
have even suggested the presence of many more
uncultivated genera (Liggenstoffer ez al., 2010). Because
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of motile zoospore and obligatory anaerobic nature of
these fungi, a separate family Neocallimasticaceae was
created (Heath et al.,, 1983). The current systematics of
anaerobic rumen fungi is: Division, Eumycota; Subdivision,
Mastigomycotina; Phylum, Neocallimastigomycota; Class,
Chytridiomycetes; Order, Spizellomycetales; Family,
Neocallimasticaceae; Genera, Neocallimastix, Piromyces,
Caecomyces, Anaeromyces, Orpinomyces and Cyllamyces
(Barr, 1988; Barr et al., 1989; Hibbett et al., 2007). Based on
the traditional classification system of using morphological
features like growth pattern (monocentric or polycentric),
thallus morphology (filamentous or bulbous) and number
of flagella per zoospore (monoflagellated or
polyflagellated), 20 species included in 6 genera have been
described (Griffith et al., 2009). These morphological
features are highly pleomorphic, varying with culture
conditions, particularly carbon source, and hence, do not
provide conspicuous resolution about their status
(Brookman et al., 2000). Many a time, the polycentric
groups fail to produce sporangia or zoospores, making
their identification and differentiation very difficult.
Similarly the shapes and sizes of sporangia in monocentric
isolates also tend to vary. Therefore, molecular approaches
have been employed for the accurate identification and
differentiation of various genera and species of anaerobic
rumen fungi. For species level identification,18S rDNA
(SSU) based identification appears to be obsolete because
of highly conserved and less variable regions (Fliegerova
et al., 2006; Brookman et al., 2000). The internal transcribed
spacer (ITS) region was successfully used to resolve the
taxonomy related problems and phylogenetic analyses
(Tuckwell et al., 2005; Fliegerova et al., 2004).The variability
of ITS region is sometimes not high enough to be able to
differentiate at species level, thus making it inappropriate
for diversity studies (Eckart et al., 2010). Moreover, the
abundance of intra-individual variations in ITS region also
prevents conspicuous resolution of the sequences
(Tuckwell et al., 2005; Dagar et al., 2011). Hence, there is
aneed to explore other regions as well for better taxonomic
identifications.

MORPHOLOGICAL FEATURES

All anaerobic rumen fungi that have been described are
classified in six genera (Ho and Barr, 1995; Ozkose et al.,
2001), but few have been more recently reported and will
be available soon with more details. The already reported
genera are Neocallimastix (Heath et al., 1983), Piromyces
(Barr et al., 1989), Caecomyces (Gold et al., 1988),
Orpinomyces (Barr et al., 1989), Anaeromyces (Breton et
al., 1990) and Cyllamyces (Ozkose et al., 2001). The
classification is mainly based on the morphological features
of zoospores and thallus development pattern of these
fungi. The fungal thallus is either mono- or poly-centric in
nature. In the monocentric, the thallus usually develops a
single sporangium, while in polycentric, the thallus
develops a number of sporangia (Ho and Barr, 1995).
Neocallimastix, Piromyces and Caecomyces are
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monocentric, whereas Anaeromyces, Orpinomyces and
Cyllamyces are polycentric. The main characteristic
features of different genera are presented in Table 1.
Neocallimastix and Anaeromyces are presented in Fig.
1a and Fig.1b.

Till date, only six genera and nearly 20 species of anaerobic
rumen fungi have been described. Based on analysis of
ITS sequences available in public databases, the
presences of many new genera and species have been
suggested (Liggenstoffer et al., 2010).Only few species
have been characterized morphologically based on culture
studies. Morphological characteristics of Neocallimastix
frontalis (Orpin, 1975) was: size of zoospore, 20.6 x 8.7 um;
shape, variable but usually ovoid; number of flagella, 14;
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flagella size, 36.6 x 2.5 wm; zoospore movement, erratic
and gyratory; size of sporangia, 21 x 9 um to 74 x 52 um;
number of zoospore produced per sporangium, 2-38;
rhizoid, branched; type of growth, monocentric i.e. only
one sporangium per rhizoid system. Due to some
anomalies, the isolate referred as N. frontalis by Orpin
was subsequently renamed as N. patricarium (Orpin and
Munn, 1986). Later, the isolates like PN1 (Bauchop and
Mountfort, 1981), L2 (Maruin- Sikkema ez al., 1993), CS36,
CL16,XY6,CS4, XS 26 (Sijtsma and Tan, 1993) were also
classified under the genus Neocallimastix.

Further, Orpin (1976) isolated another rumen fungus —
Sphaeromonas communis. Assuming the similarity
between the isolate and Liebetanz’s protozoans, Orpin

Fig.1.
Anaeromyces sp. BRF1(x40)

Vegetative stage of fungus (a) monocentric anaerobic fungus Neocallimastix sp. CF 17(X40), (b) anaerobic fungal isolate

Table 1. Key morphological features of anaerobic rumen fungi for identification.

Genus Growth pattern/  Type of rhizoid Type of Flagella per Colonial
Thallus development zoospore characterstic(s)
Caecomyces Monocentric Bulbous or sphaerical Endogenous Uniflagellate; 01 Slow growing; 3-5 mm;
rhizoid; old culture may (Occasionally bi- fluffy, dotted,
have few blunt radially or quadriflagellate)  compact, circular
developing rhizoid
Neocallimastix Monocentric Filamentous Endogenous/ Polytlagellate; 2-4 mm; dark centre
Exogenous >07 (up to 30) surrounded with radiating
rhizoids, circular
Piromyces Monocentric Filamentous Endogenous/ Usually 01 1-3 mm; dark and dense
Exogenous (Occasionally bi- colony, circular
or quadriflagellate)
Anaeromyces Polycentric Filamentous Exogenous Uniflagellate; 01 Radiating; yellow, dense,
irregular; 5-7 mm
Cyllamyces Polycentric A bulbous rhizoid Exogenous Uniflagellate; 01 Small; granular
having presence of as (Occasionally bi-
many as 12 sporangia or triflagellate)
per thallus on up to
5 sporangiophores
Orpinomyces Polycentric Filamentous Exogenous Polyflagellate; 8-12 mm; dark centred,
10 to 25 layered, matted, circular;

sometimes cottony, irregular
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retained the generic name used by Liebetanz (1910).
However, later on to give emphasis on its fungal status,
the genus Sphaeromonas was renamed as Caecomyces
(Gold et al., 1988). Type species were Caecomyces
communis (isolated from the sheep rumen) and C. equi
(isolated from horse caecum). The characteristics of
Caecomyces were: zoospores usually irregular immediately
after release, but most become sphaerical within 2-3 min
after release; monoflagellated; flagellum, 24.9 um long;
bulbus rhizoid; 114 zoospore per sporangium, etc.

Additionally, Piromonas communis, isolated and
characterized by Orpin (1977) was renamed as Piromyces.
The type species are P. 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., 1993 b).
The features of the Piromyces isolates were: monocentric;
flagellates irregular in shape immediately after release, but
became regular elongated after 2 to 3 min with average
axial dimension of 7.1 x 14.6 um (Orpin, 1977);
monoflagellated zoospores; non septate highly branched
rhizoid; 2 - 78 zoospores per sporangium.

Some polycentric fungi isolated and reported by Ho and
Bauchop (1991) viz., LL, LC2 and Ruminomyces elegans
(C2) from the rumen of cattle were renamed as Anaeromyces
(Trinci et al., 1994). The zoospores were polyflagellated in
case of LL and LC2, but monoflagellated in case of A.
elegans. Both LL and LC2 produced large rhizomycelia,
comprising of extensively branched hyphae, which could
be tubular and uniform in diameter. Other species was A.
mucronatus from the sheep rumen (Breton et al., 1990).
Later, the polycentric Neocallimastix joyonii was renamed
as Orpinomyces joyonii (Trinci et al., 1994). Ozkose et al.,
(2001), isolated a polycentric fungus, Cyllamyces
aberensis.

TRANSMISSION AMONG ANIMALS

The fungal transfer among animals can occur in two
phases; the initial acquisition followed by the addition
(Saxena et al., 2010)/ replacement of this population.
Anaerobic rumen fungi have been consistently isolated
from both fresh and dried faeces (Lowe et al., 1987b; Trinci
et al., 1994). Saliva contains viable fungi (Lowe et al.,
1987b) and aerosols have been indicated as possible means
of dissemination between animals (Orpin, 1989).

Fonty et al. (1987) reported that the rumen of lambs were
colonized by anaerobic rumen fungi within the first two
weeks of life, even when these were separated from other
sheep soon after birth suggesting that initial transfer of
fungi occur between juveniles and their dam. Saliva can
be a mean for transfer through close mouth-to-mouth
contact. Ingestion of faecal matter from pasture could be
another important mean of transfer within and between
flocks and herds.

Faeces contained substantial number of anaerobic rumen
fungi, which declined slowly after drying and organisms
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could be cultured up to 10 months (Theodorou et al., 1990).
Motile zoospores were not detected in faeces, although
fungal sporangium was observed. Theodorou et al. (1996)
proposed that anaerobic rumen fungi consisted of three
different stages: motile zoospore, vegetative thallus and
aerotolerant survival stage. Orpin (1981) reported an
appearance of thick walled resistant sporangia in caecal
content of horse. Additionally, Milne ez al. (1989) showed
that anaerobic rumen fungi can be isolated from sheep
saliva stored in air at 39 °C for up to 8 h and from sheep
faeces dried in air at 20 °C or 39 °C for up to 128 days.
They also observed that zoospores of Neocallimastix R1
on exposure to air remain motile for at least 3.5 h and the
same fungus could be isolated from stationary phase
cultures 14 h after they had been aerated for 1 min and
then subsequently stored in air at 39 °C. Trinci et al.
(1988) observed that when faecal pellets were allowed to
dry out anaerobic rumen fungi survived longer than stored
under moist condition in a polythene bag. They
hypothesised that drying of faecal pellets stimulated
resistant body formation, which protected the fungi.
Secondly, continual microbial activity in moist faecal
pellets caused loss of fungal viability. Wubah et al. (1991)
described the development, pigmentation and nuclear
condition of thalli of resting stage or resistant body of
Neocallimastix sp. in aged cultures. A survival stage in
anaerobic rumen fungi would thus explain their transfer
through the entire gastrointestinal tract.

ISOLATION TECHNIQUES

To isolate anaerobic rumen fungi the sampling of the rumen
liquor (usually from fistulated animals) is done in tightly
capped, O, free CO, flushed and pre-autoclaved reagent
bottles. Samples are immediately processed within 30 min
of collection and flushed with O, free CO, for 1 min to
separate fungal zoospores from the surface of feed particles
followed by isolation. The first dilution is used for isolation
by transferring 10 mL of sample into 90 mL of anaerobic
diluent containing antibiotics (McSweeney et al., 1994).
Roll tubes are prepared by injecting 0.5 mL of inoculum
from 10! dilution of the rumen liquor samples or enriched
faecal into 50 mL serum bottles containing 5.0 mL
cellobiose agar medium with antibiotics (Miller and Wolin,
1974). Care is taken to add the antibiotics and inoculums
only after cooling of media to =45 °C. Inoculated bottles
were incubated at 39+1 °C for 2-3 days for the development
of colonies. The process of roll tube preparation and
colony picking was repeated twice to get the axenic
cultures (Dagar et al., 2011). Since, it is difficult to maintain
these fungi, Nagpal et al. (2012) reported the survival of
anaerobic fungus Caecomyces sp. in various preservation
methods.

Orpin (1975) isolated Neocallimastix frontalis from the
sheep rumen by overlaying the sloppy agar medium
containing antibiotics with particulate fraction of the rumen
fluid, followed by gassing with oxygen free carbon dioxide
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and incubating at 39 °C. Within 2 days of incubation, fungal
growth was observed. The top 5 cm medium was then
removed by aspiration and drops of the underlying sloppy
agar containing the fungus were overlayed on fresh
cultures. Successive subcultures eliminated bacteria from
fungal isolate.

The method suggested by Joblin (1981) involved straining
the rumen fluid through muslin cloth, mixing the filtrate
with molten agar medium containing antibiotics and
preparing roll tubes. Bauchop and Mountfort (1981) used
the strained rumen fluid to make enrichment cultures in
sloppy agar medium containing antibiotics. After three
successive subculturing, the culture was transferred to
liquid medium and single colony was picked up with a
syringe and washed in buffer. In another method, Lowe et
al. (1985) isolated anaerobic rumen fungi using a plate
culture technique. Fungal enrichment was achieved by
incubating 1 ml rumen digesta with 0.1 g milled barley
straw and 10 ml of synthetic medium containing, minerals,
vitamins and volatile fatty acids, antibiotics and lysozyme
but no rumen fluid. Fungal colonies appeared after few
days of incubation of plates at 39 °C. Sijtsma and Tan
(1993) isolated fungi from the rumen of sheep using M1
medium containing cellobiose (0.5%) in presence of
penicillin G (100 mg/ml), chloramphenicol (50 mg per ml)
and streptomycin sulphate (200 mg per ml). After 8 days
of incubation at 39 °C the growth was visible.

RUMEN FERMENTATION
a) Fibre degradation

Anaerobic rumen fungi have the unique ability to penetrate
fibrous feeds and colonize preferably on highly lignified
tissues of tropical roughages and solubilize part of lignin
of plant cell walls (Akin et al., 1983; Grenet et al., 1989),
thus weakening the integrity of forage tissues and
facilitating colonization and fermentation by other group
of microbes especially bacteria. Compared to the rumen
bacteria, anaerobic rumen fungi are able to degrade
sclerenchyma walls (most recalcitrant parts of cell wall),
to a greater extent because of penetration of rhizoids. The
rumen bacteria which are attached to the wall surface could
only degrade the peripheral areas, resulting in only slight
to moderate digestion of cell walls (Akin, 1994). Large
population of fungi occur in animals fed stalky, hard stem
herbage diets but these occur in low numbers or are absent,
when animals are fed soft leafy diets (Grenet et al., 1989).
Elimination of fungi from the sheep rumen decreased straw
digestion from 53.8 to 44.6% (Calderon-Cortes et al., 1989),
which was reversed, when fungi were re-introduced. The
in vivo digestibility increased/decreased by 3-8% in
presence or absence of anaerobic rumen fungi (Elliot et
al., 1987; Gordon and Phillips, 1993; Manikumar et al.,
2004; Tripathi et al., 2007a; Dayanand et al., 2007). Ina
continuous culturing, addition of Neocallimastix to the
mixed rumen bacteria increased degradation rate of wheat
straw by 15% (Hillaire and Jouany, 1989).
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Neocallimastix sp. and Piromonas sp. were better than
Sphaeromonas sp. in degrading fragments of plant tissues
possibly because filamentous rhizoids are more effective
than bulbous rhizoids at penetrating harder tissues (Orpin,
1989). In addition to the greater degradation of lignified
tissues by anaerobic rumen fungi compared to bacteria,
another unique attribute of fungi is their ability to penetrate
the cuticle of grass leaf blades, which allow greater
penetration and access to leaf substrates to the rumen
microbes and not be limited to damaged sites (Akin and
Rigsby, 1987).

b) Fermentation

Anaerobic rumen fungi gain energy from the fermentation
of carbohydrates (Orpin, 1994). The common plant
monosaccharides, fructose, glucose, xylose, cellobiose
and gentiobiose were used by all the isolates (Phillips and
Gordon, 1988; Stewart et al., 1995; Dijkerman et al., 1997),
while galactose and mannose were utilized by some and
L-arabinose was not used. When glucose was used, the
major fermentation end products were acetate, ethanol,
formate, lactate, succinate, CO, and H, (Lowe et al., 1987¢),
though there was variation in the amounts among different
genera. Generally, polycentric anaerobic rumen fungi
produced less lactate than monocentric fungi (Borneman
et al., 1989; Phillips and Gordon, 1995), although
Piromyces from the rumen did not produce any lactate
(Ho et al., 1996). Anaerobic rumen fungi use only the
glycolysis (Embden-Meyerhof-Parnas) pathway for the
catabolism of glucose to pyruvate or
phosphoenolpyruvate (O’Fallon et al., 1991; Maruin-
Sikkema et al., 1993).

¢) Protein digestion

Anaerobic rumen fungi contribute to the protein supply
to the host animal, both through the production of
proteolytic enzymes in the rumen and a portion of the
microbial protein synthesized in the rumen that pass to
abomasum and intestines for digestion and absorption.
Unlike cellulolytic bacteria, fungi are protease positive,
and are therefore, able to penetrate the proteinaceous layer
of the feed particles through rhizoids, which help in
accessing cell wall of plants. Fungi play an important role
in degrading fibre associated protein or tannin-protein
complex (Wallace and Munro, 1986; Gordon et al., 1995).
The extent of possible fungal contribution to proteolysis
in the rumen still remains to be determined, since the only
study to examine ruminal proteolysis both in the presence
and absence of anaerobic rumen fungi used seven strains
of anaerobic rumen fungi, of which only one was weakly
proteolytic (Bonnemoy et al., 1993).

d Protein supply to ruminants

Gulati ez al. (1989a) showed that fungal cells are composed
of proteins with a well balanced combination of amino
acids that will be available to the ruminant host. A high
proportion of protein component of three monocentric



106

anaerobic rumen fungi (Neocallimastix sp., LMI,
Piromyces sp. SMI and Caecomyces sp. NMI) was
digested and absorbed in the intestine of sheep, with
digestibility factors of 0.91-0.98 (Gulati et al., 1988; 1989b).
The contribution of anaerobic rumen fungi in supplying
microbial protein to host is minor, as this comprised only
1.6% of the microbial nitrogen in digesta flowing to the
duodenum. This microbial protein has been found to be
of high quality and readily available to the animal (Faichney
et al., 1991). With possible manipulation of fungal
populations in the rumen, either by inoculating the efficient
strains or stimulating the existing biomass through dietary
supplementation, it is likely that the supply of high quality
microbial protein to the host ruminant can be enhanced.

e) Rolein voluntary feed intake

The removal of anaerobic fungi from the rumen has
permitted quantification of the contribution of fungi to
feed intake. The removal of fungi from the sheep rumen
reduced voluntary feed intake by about 70% (Gordon and
Phillips, 1998) with little effect on bacteria and protozoa.
Forage intake by early weaned calves was increased by
35% with dosing of anaerobic rumen fungi (Theodorou et
al., 1990), and dosing of fungus free sheep with fungi
produced 40% increase in intake of straw based diets
(Gordon and Phillips, 1998).

FERMENTATION END PRODUCTS

Fermentation of anaerobic rumen fungi was governed by
the nature of substrate, and type of the fungus and the
presence of other microbes (Theodorou et al., 1996; Sirohi
etal., 2012). On glucose and xylose media, Neocallimastix
sp. produced formate, acetate, lactate and ethanol (Lowe
et al., 1987c). Borneman et al. (1989) reported that the
accumulation of fermentation products was concomitant
with substrate utilization. The major fermentation products
were formate, acetate, D (-) lactate, ethanol, carbon-dioxide
and hydrogen. Propionate, butyrate, valerate or any
branched chain volatile fatty acids were not produced.
Monocentric isolates produced a high ratio (1.5 vs. 0.94-
1.02) of oxidised (acetate) to reduced products (formate),
when grown on glucose or coastal Bermuda grasses
compared to polycentric ones, which produced a nearly
equal ratio of these products. All fungal strains irrespective
of their origin produce lactate except Piromyces citron,
isolated from the caecum of donkey, which did not produce
lactate (Julliand ef al., 1998).

When grown in the presence of methanogens, the
fermentation profile of anaerobic fungus was shifted from
electron sink products such as ethanol and lactate and
towards more reduced products such as acetate and
formate (Theodorou et al., 1996). In methanogenic co-
culture of anaerobic rumen fungi, acetate was the major
product and CO, production increased, whereas lactate
and ethanol decreased (Bauchop and Mountfort, 1981).
In addition to changes in fermentation, methanogenic co-
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culture showed significant increase in fungal biomass
because of the removal of fermentation inhibitory
intermediates (ethanol, formate and lactate).

ENZYME ACTIVITIES

Lignocellulose, consisting of lignin, hemicellulose and
cellulose, is the major structural component of plants and
represents a major source of organic matter (Lynd et al.,
2002). The chemical properties of its constituents make it
a substrate of huge biotechnological value. Of the three
components, lignin is the most resistant to degradation
whereas cellulose, because of its highly ordered crystalline
structure, is more resistant to hydrolysis than
hemicellulose. Unfortunately, most lignocellulosics are
considered as wastes, and therefore, are disposed of by
burning that causes environmental pollution. The enzymes
degrading lignocellulosics can play a significant role in
exploiting lignocellulosics for generating products that
find applications in various industries. Anaerobic rumen
fungi produce numerous lignocellulolytic enzymes that
can play central role in unleashing the hidden potential of
lignocellulosic residues. Most of the fungal enzymes have
been found to be extracellular and/or cell-associated
(Breton et al., 1995; Williams and Orpin, 1987).

All the strains of anaerobic rumen fungi isolated from the
rumen or caecum of herbivorous animals, are capable of
hydrolyzing lingnocellulosics. The enzymes responsible
for the hydrolysis of polysaccharides like starch,
hemicellulose, cellulose, lignocellulose or ligno-
hemicellulose are reported in anaerobic fungal isolates.
The enzymes produced by anaerobic rumen fungi are:
carboxymethylcellulase or endoglucanase (Lowe et al.,
1987d; Tripathi et al., 2007a; Paul et al., 2010a;b), avicelase
or exoglucanase (Pearce and Bauchop, 1985), B-1,4
glucosidase (Li and Calza, 1991), hemicellulases (xylanase
and xylosidase) [ Hebraud and Fevre, 1988, 1990], pectin
lyase (Gordon and Phillips, 1992), feruloyl esterase, p-
coumaroyl esterase, amylase and protease (Borneman et
al., 1990; 1991 and 1992). Crystalline cellulose is the most
recalcitrant and resistant form of cellulose for microbial
attack in the rumen. The extracellular cellulase of N.
frontalis has been shown to be very active on crystalline
cellulose like cotton fibre (Wood et al., 1986).

The sequencing of the genome of Orpinomyces sp. strain
C1A revealed that this anaerobic fungus has a large genome
(100.95 Mb) with 16,347 genes (Youssef et al., 2013) and
extremely low G+C content (17%). The genome has large
noncoding intergenic regions (73.1%), proliferation of
microsatellite repeats (4.9%) and multiple gene duplications.
Multiple genes and pathways have been identified by
comparative genomic analysis. The genes are encoded for
posttranslational fucosylation, the production of specific
intramembrane proteases and extracellular protease
inhibitors, the formation of a complete axoneme and
intraflagellar trafficking machinery, and near-complete focal
adhesion machinery. The analysis of the lignocellulolytic



Shyam Sundar Paul, Anil Kumar Puniyaand Gareth Wyn Griffith

machinery in the genome revealed an extremely rich
repertoire with the evidence of horizontal gene acquisition
from multiple bacterial lineages. The strain C1A is a
remarkable biomass degrader, capable of simultaneous
saccharification and fermentation of the cellulosic and
hemicellulosic fractions in grasses and crop residues.

APPLICATIONS

Anaerobic rumen fungi have been extensively studied in
the past few decades for their potential biotechnological
applications (Nagpal ez al., 2009). In their natural habitat,
these act as most potent fibre degraders among all microbial
groups because of their abilities to degrade lignified
tissues extensively to partially degrade and weaken the
more resistant tissues and to penetrate the cuticle barrier
in forages (Akin and Borneman, 1990; Akin et al., 1988).
These fungi possess extensively branched rhizoidal
system, and thus, are better than the rumen bacteria to
degrade the structural barriers in plants. Their ability to
produce a wide array of hydrolytic enzymes makes them
the microbes of choice. In addition to enzymes, some of
their other metabolites can also find various applications.

CONCLUSIONS

Anaerobic rumen fungi are an under explored group of
the rumen microbes which have very potent fibre
degrading abilities. The rumen is a natural ecosystem,
where microbes especially anaerobic rumen fungi,
effectively digest lignocellulosic biomass, and the
fermented products can be further converted to a variety
of products with numerous applications. In comparison
with other microbial inoculums, the rumen fungi show a
better hydrolytic activity when high fibrous
lignocellulosics are the substrates. Further studies are
called for understanding the diversity, ecology, physiology,
metabolic pathways and underlying genetic makeup of
such an important group of fungi, so that they can be
utilized more effectively for improving ruminal fibre
digestion and/or industrial enzyme production.

ACKNOWLEDGEMENTS

We gratefully acknowledge DBT-CREST fellowships to
Anil K Puniya and Shyam S Paul while writing this review.
We also acknowledge the financial support provided under
the Network Project of ICAR on VTCC to carry out research
further in this direction.

REFERENCES

Akin, D.E. and Borneman, W.S. 1990. Role of rumen fungi
in fiber degradation. J. Dairy Sci. 73: 3023-3032.

Akin, D.E., Borneman, W.S. and Windham, W.R. 1988.
Rumen fungi: morphological types from Georgia cattle
and the attack on forage cell walls. Biosystems 21 (3-
4):385-391.

Akin, D.E. and Rigsby, L.L. 1987. Mixed fungal populations
and lignocellulosic tissue degradation in the bovine
rumen.Appl. Environ. Microbiol. 53(9): 1987-1995

107

Akin, D.E. 1994. Ultrastructure of plant cell walls degraded
by anaerobic fungi. In: Anaerobic Fungi: Biology,
Ecology and Function (Eds.: Mountfort, D. and Orpin,
C.G)). Marcel Dekker, New York, pp 169-190.

Akin. D.E., Gordon, GL. and Hogan, J.P. 1983. Rumen
bacterial and fungal degradation of Digitariapentzii
grown with or without sulfer. Appl.Environ.
Microbiol. 46: 738-748.

Barichievich, E'M. and Calza, R.E. 1990. Supernatant
protein and cellulase activities of the anaerobic
ruminal fungus Neocallimastix frontalis EB188. Appl.
Environ. Microbiol. 56(1): 43-48.

Barr, D.J.S., Kudo, H., Jakober, K.D. and Cheng, K.J. 1989.
Morphology and development of rumen fungi:
Neocallimastix sp., Piromyces communis, and

Orpinomyces bovis gen.nov., sp.nov. Can. J. Bot.
67(9): 2815-2824.

Barr, D.J. S. 1988. How modern systematics relates to the
rumen fungi. Biosystems 21: 351-356.

Bauchop, T. 1979. The rumen anaerobic fungi: colonizers
of plant fibre. Annals of Vet.Res. 10(2-3): 246-248.

Bauchop, T. 1989. Biology of gut anaerobic fungi.
Biosystems 23: 53-64.

Bauchop, 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.

Bonnemoy, F., Fonty, G., Michel, V. and Gouet, P. 1993.
Effect of anaerobic fungi on the ruminal proteolysis in
gnotobiotic lambs. Reprod. Nutr. Dev. 33(6): 551-555.

Borneman, W.S., Akin, D.E. and Ljungdahl, L.G. 1989.
Fermentation products and plant cell wall-degrading
enzymes produced by monocentric and polycentric

anaerobic ruminal fungi. Appl. Environ. Microbiol.
55(5): 1066-1073.

Borneman, W.S., Hartley, R.D., Morrison, W.H., Akin, D.E.
and Ljungdahl, L.G. 1990. Feruloyl and p-coumaroyl
esterase from anaerobic fungi in relation to plant cell
wall degradation. Appl.Microbiol. Biotechnol. 33(3):
345-351.

Borneman, W.S., Ljungdahl, L.G., Hartley, R.D. and Akin
DE. 1991. Isolation and characterization of p-
coumaroyl esterase from the anaerobic fungus

Neocallimastix strain MC-2. Appl. Environ.
Microbiol. 57(8): 2337-2344.

Borneman, W.S., Ljungdahl, L.G,, Hartley, R. D. and Akin,
D. E. 1992. Purification and partial characterization of
two feruloylesterases from the anaerobic fungus

Neocallimastix strain MC-2. Appl. Environ.
Microbiol. 58: 3762-3766.

Breton, A., Bernalier, A., Dusser, M., Fonty, G., Gaillard-
Martinie, B. and Guillot J. 1990. Anaeromyces
mucronatus nov. gen., nov. sp. A new strictly



108

anaerobic rumen fungus with polycentric thallus.
FEMS Microbiol. Lett. 70(2): 177-182.

Breton, A., Gaillard-Martinie, B., Gerbi, C., Gomez de Segura,
B., Durand, R. and Kherratia, B. 1995. Location by
fluorescence microscopy of glycosidases and a
xylanase in the anaerobic gut fungi Caecomyces
communis, Neocallimastix frontalis, and Piromyces
rhizinflata. Current Microbiol. 31(4): 224-227.

Brookman, J.L., Mennim, G,, Trinci, A.P., Theodorou, M.K.
and Tuckwell, D.S. 2000. Identification and
characterization of anaerobic gut fungi using
molecular methodologies based on ribosomal ITS1
and 185 rRNA. Microbiol. 146(2): 393-403.

Calderon-Cortes, J.F., Elliott, R. and Ford, C.W. 1989.
Influence of rumen fungi on the nutrition of sheep
fed forage diets. In: The Roles of Protozoa and Fungi
in Ruminant Digestion (Eds.: Nolan J.V., Leng R.A.
and Demeyer, D.I.). Penumbul Books, Armidale,
Australia, pp. 181-187.

Chen, H., Li, X.L. and Ljungdahl, L.G. 1995. Biomass
degrading enzymes from anaerobic rumen fungi. SAAS
Bulletin, Biochem. Biotechnol. 8: 1-6.

Dagar, S.S., Kumar, S., Mudgil, P., Singh, R. and Puniya,
A.K.2011. D1/D2 domain of large subunit rDNA for

differentiation of Orpinomyces spp. Appl. Environ.
Microbiol. T7: 6722-6725.

Dayanand, T.L., Nagpal, R., Puniya, A.K., Sehgal, J.P. and
Singh, K. 2007 In-vitro degradation of urea-NH3
treated wheat straw using anaerobic ruminal fungi. J.
Anim. Feed Sci. 16: 484-489.

Dijkerman, R., Leoleboer, J., Op den Camp, H.J.M., Prins,
R.A. and Van der Drift, C. 1997. The anaerobic fungi
Neocallimastix sp. strain L2-growth and production
of (hemi) cellulolytic enzymes on a range of carbohydrate
substrates. Current Microbiol. 34: 91-96.

Eckart, M., Fliegerov4, K., Hoffmann, K. and Voigt, K. 2010.
Molecular identification of anaerobic rumen fungi. In:
Molecular Identification of Fungi (Eds.: Gherbawy
Y and Voigt K). Springer Berlin Heidelberg, 297-313.

Elliott, R., Ash, A.J., Calderon-Cortes, F., Norton, B.W.
and Bauchop, T. 1987. The influence of anaerobic
fungi on rumen volatile fatty acid concentrations in
vivo. J. Agr. Sci. 109(1): 13-17.

Faichney, G.J., Brownlee, A. G,, Gordon, G. L. R., Phillips,
M. W. and Weilch, R. J. 1991. Contribution of protozoa
and anaerobic fungi to digesta N in sheep given a
pelleted hay/grain diet. Proc. Nutr. Soc. Austr. 16:
209.

Fliegerova, K., Hodrova, B. and Voigt K. 2004. Classical
and molecular approaches as a powerful tool for the
characterization of rumen polycentric fungi. Folia
Microbiol. (Praha) 49(2): 157-164.

Fliegerova, K., Mrazek, J. and Voigt, K. 2006. Differentiation
of anaerobic polycentric fungi by rDNA PCR-RFLP.
Folia Microbiol. 51(4): 273-2717.

Gut anaerobic fungi: The extremophilic colonizers of plant fibres in the rumen

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

Gold, J.J., Heath, I.B. and Bauchop, T. 1988. Ultrastructural
description of a new chytrid genus of caecum
anaerobe, Caecomycesequi gen. nov. sp. nov.

assigned to the Neocallimastcaceae. Biosystems 21:
403-415.

Gordon, GL. and Phillips, M.W. 1998. The role of anaerobic
gut fungi in ruminants. Nutr. Res. Rev. 11(1): 133-168.

Gordon, GL.R. and Phillips, M.W. 1993. Removal of
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(5):
220-223.

Gordon, GL.R. and Phillips, M.W. 1992. Extracellular pectin
lyase produced by Neocallimastix sp. LM1: a rumen
anaerobic fungus. Lett. Appl. Microbiol. 15: 113-115.

Gordon, G.L.R., Wong, H.K. and Phillips, M.W. 1995. In
vitro degradation of [14C] lignocelulose by
polycentric and monocentricruminal anaerobic fungi
is inhibited differently by phenolic monomers.
Annales de Zootechnie 44: 152-160.

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

Griffith, GW., Ozkose, E., Theodorou, M.K. and Davies,
D.R. 2009. Diversity of anaerobic fungal populations
in cattle revealed by selective enrichment culture
using different carbon sources. Fungal Ecol. 2(2):
87-97.

Gulati, S.K., Ashes, J.R., Gordon, G.L.R., Connell, P.J. and
Rogers, P.L. 1989b. Nutritional availability of amino
acids from the rumen anaerobic fungus Neocallimastix
sp. LM1 in sheep. J. Agric. Sci. 113(3): 383-387.

Gulati, S.K., Ashes, J.R. and Gordon, G.L.R. 1988.
Digestibility of sulphur amino acids in rumen fungal
species. Proc. Nutr. Soc. Austr. 13:133.

Gulati, S.K., Ashes, J.R., Connell, P.J. and Gordon, GL.R.
1989a. Amino acid profiles of anaerobic rumen fungi.
Proceedings of the Nutrition Society of Australia.
14: 134.

Heath, I.B., Bauchop, T. and Skipp, R.A. 1983. Assignment
of the rumen anaerobe Neocallimastix frontalis to
the Spizellomycetales (Chytridiomycetes) on the

basis of its polyflagellate zoospore ultrastructure.
Can. J. Bot. 61(1): 295-307.

Heath, I.B., Kaminskyj, S.G. and Bauchop, T. 1986. Basal
body loss during fungal zoospore encystment:
evidence against centriole autonomy. J. Cell Sci. 83:
135-140.

Hebraud, M. and Fevre, M. 1988. Characterization of
glycoside and polysaccharide hydrolases secreted



Shyam Sundar Paul, Anil Kumar Puniyaand Gareth Wyn Griffith

by the rumen anaerobic fungi Neocallimastix
frontalis, Sphaeromonas communis and Piromonas
communis. J. Gen. Microbiol. 134(5): 1123-1129.

Hebraud, M. and Fevre, M. 1990. Purification and
characterization of a specific glycoside hydrolase from
the anaerobic fungus Neocallimastixfrontalis. Appl.
Environ. Microbiol. 56: 3164-3169.

Hibbett, D.S., Binder, M., Bischoff, J.F., Blackwell, M.,
Cannon, P.F.,, Eriksson, O.E., Huhndorf, S., James, T.,
Kirk, P.M. and Lucking, R. 2007. A higher-level
phylogenetic classification of the Fungi. Mycol.Res.
111(5): 509-547.

Hillaire, M.C. and Jouany, J.P. 1989. Effects of rumen
anaerobic fungi on the digestion of wheat straw and
the end products of microbial metabolism, studies in
a semi-continuous in in vitro system. In: The Role of
Protozoa and Fungi in Ruminant Digestion (Eds.:
Nolan J.V., Leng R. A and Demeyer, D.I.), Penumbul
Books, Armidale, Australia, pp. 269-271

Ho, Y.W. and Barr, D. 1995. Classification of anaerobic gut
fungi from herbivores with emphasis on rumen fungi
from Malaysia. Mycologia 87(5): 655-677.

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. Microbiol.
137(1): 213-217.

Ho, Y.W., Wong, M.V.L., Abdullan, N., Hiroshi, K. and
Jalaludin, S. 1996. Fermentation activities of some new

species of anaerobic rumen fungi from Malaysia. J.
Gen. Appl.-Microbiol. 42: 51-59.

Ho, Y.W., Barr, D.J.S., Abdullah, N., Jallaludin, S. and Kudo,
H. 1993a. A new species of Piromycesfrom the rumen
of deer in Malayasia. Mycotaxon 47: 285-293.

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

Joblin, K.N. 1981. Isolation, enumeration, and maintenance
of rumen anaerobic fungi in roll tubes. Appl. Environ.
Microbiol. 42(6): 1119-1122.

Julliand, V., Riondet, C., Vaux, A., Alcaraz, G. and Fonty, G.
1998. Comparison of metabolic activities between
Piromycescitronii, an equine fungal species, and
Piromycescommunis, a ruminal species. Anim. Feed

Sci. Technol.70: 161-168.

Kopecny, J. and Hodrova, B. 1995. Pectinolytic enzymes of
anaerobic fungi. Lett. Appl. Microbiol. 20: 312-316.

Li, J. and Calza, R.E. 1991. Cellulases from
Neocallimastixfrontalis EB 188 synthesised in the
presence of glycosylation inhibitors: measurement of
pH and temperature optima, protease and ion
sensitivities. Appl. Microbiol. Biotechnol. 35: 741-747.

109

Li, J. Heath, I.B. and Bauchop, T. 1990. Piromycesmae and
Piromycesdumbonica, two new species of
uniflagellated anaerobic chytridiomycetes fungi from
the hind gut of the horse and elephant. Can. J. Bot.
68:1021-1033.

Liebetanz, E. 1910. Die Parasitischen protozoan des
wiederkauermagens. Arch. Protistenk 19: 19-80.

Liggenstoffer, A.S., Youssef, N.H., Couger, M.B. and
Elshahed, M.S. 2010. Phylogenetic diversity and
community structure of anaerobic gut fungi (Phylum

Neocallimastigomycota) in ruminant and non-
ruminant herbivores. ISMEJ 4(10): 1225-1235.

Lowe, S.E., Griffith, G.G., Milne, A., Theodorou, M.K. and
Trinci, A.P.J. 1987a. The life cycle and growth kinetics
of an anaerobic rumen fungus. J. Gen. Microbiol.,
133(7): 1815-1827.

Lowe, S.E., Theodorou, M.K. and Trinci, A.P.J. 1987d.
Cellulases and xylanase of an anaerobic rumen fungus
grown on wheat straw, wheat straw holocellulose,
cellulose, and xylan. Appl. Environ. Microbiol. 53(6):
1216-1223.

Lowe, S.E., Theodorou, M.K., Trinci, A.P.J. 1987b. Isolation
of anaerobic fungi from saliva and faeces of sheep. J.
Gen. Microbiol. 133(7): 1829-1834.

Lowe, S.E., Theodorou, M.K. and Trinci, A.P.J. 1987c.
Growth and fermentation of an anaerobic rumen
fungus on various carbon sources and effect of
temperature on development. Appl. Environ.
Microbiol. 53: 1216-1223.

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

Lynd, L.R., Weimer, PJ., Zyl, W.H. and Pretorius, I.S. 2002.
Microbial cellulose utilization: fundamentals and
biotechnology. Microbiol. Mol. Biol. Rev. 66(3):506-
577.

Manikumar, B., Puniya, A.K., Singh, K. and Sehgal, J.P.
2004 In-vitro degradation of cell-wall and digestibility
of cereal straws treated with ruminal anaerobic fungi.
Indian J. Exp. Biol. 42: 636-638.

Maruin-Sikkema, F.D., Gomes, T.M.P., Grivet, J.P.,
Gottschal, J.C. and Prins, R.A. 1993. Characterization
of hydrogenosomes and their role in glucose

metabolism of Neocallimastixsp. L2 Arch. Microbiol.
160: 388-396.

McSweeney, C.S., Dulieu, A., Katayama, Y. and Lowry,
J.B. 1994. Solubilization of lignin by the ruminal
anaerobic fungus Neocallimastix patriciarum. Appl.
Environ. Microbiol. 60(8): 2985-2989.

Michel, V., Fonty, G, Millet, L., Bonnemoy, F. and Gouet, P.
1993. In vitro study of the proteolytic activity of rumen
anaerobic fungi. FEMS Microbiol. Lett. 110(1): 5-9.



110

Miller, T.L. and Wolin, M.J. 1974. A serum bottle
modification of the hungate technique for cultivating
obligate anaerobes. Appl. Environ. Microbiol. 27(5):
985-987.

Milne, A., Theodorou, M.K., Jordan, M.G.C., King-Spooner,
C. and Trinci, A.PJ. 1989. Survival of anaerobic fungi
in faeces, in saliva, and in pure culture. Exp. Mycology
13(1): 27-37.

Mountfort, D.O. and Asher, R.A. 1989. Production of
xylanase by the ruminal anaerobic fungus

Neocallimastix frontalis. Appl. Environ. Microbiol.
55(4): 1016-1022.

Nagpal, R, Puniya, A, Sehgal, J. and Singh, K. 2011. In
vitro fibrolytic potential of anaerobic rumen fungi from
ruminants and non-ruminant herbivores. Mycosci.
52(1):31-38.

Nagpal, R., Puniya, A.K. and Singh, K. 2009. In-vitro
activities of immobilized anaerobic rumen fungus
Caecomycessp for its use as direct-fed microbials. J.
Anim. Feed Sci. 18:758-768.

Nagpal, R., Puniya, A.K., Sehgal, J.P. and Singh, K. 2012.
Survival of anaerobic fungus Caecomyces sp. in
various preservation methods: a comparative study.
Mycosci. 53(6): 427-432.

Novotna, Z., Prochazka, J., Simunek, J. and Fliegerova, K.
2010. Xylanases of anaerobic fungus Anaeromyces
mucronatus. Folia Microbiol. (Praha) 55(4): 363-
367.

O’Fallon, J.V., Wright, R.W. and Calza, R.E. 1991. Glucose
metabolic pathways in the anaerobic rumen fungi
Neocallimastix frontalis EB188. Biochemical J. 274:
595-599.

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

Orpin, C.G. 1976. Studies on the rumen flagellate
Sphaeromonascommunis. J. Gen, Microbiol. 94: 270-280.

Orpin, C.G. 1977. The rumen flagellate
Piromonascommunis: its life history and invasion of
plant material in the rumen. J. Gen. Microbiol. 99:
107-117.

Orpin, C.G. 1981. Isolation of cellulolytic phycomycete
fungi in the rumen digestion of plant cell walls. 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: The
Roles of Protozoa and Fungi in Ruminant Digestion,
(Eds.: Nolan, J.V., Leng R.A. and Demeyer, D.I.),
Penambul Press, Armidale, Australia, pp. 29-37.

Orpin, C.G. 1994. Anaerobic fungi-taxonomy, biology and
distribution in nature. In: Anaerobic Fungi, (Eds.:
Mountfort, D.O. and Orpin, C.G.), Marcel Dekker, New
York, pp. 1-45.

Orpin, C.G. and Munn, E.A. 1986. Neocallimastix
patricarium sp. nov., a new member of the

Gut anaerobic fungi: The extremophilic colonizers of plant fibres in the rumen

Neocallimasticae inhabiting the rumen of sheep.
Trans. Br. Mycol. Soc. 86: 178-181.

Ozkose, E., Thomas, B.J., Davies, D.R., Griffith, GW. and
Theodorou, M.K. 2001. Cyllamyces aberensis
gen.nov. sp.nov., a new anaerobic gut fungus with
branched sporangiophores isolated from cattle. Can.
J. Bot. 79(6): 666-673.

Paul, S.S., Deb, S.M., Punia, B.S., Das, K.S., Singh, G, Ashar,
M.N. and Kumar R. 2011. Effect of feeding isolates of
anaerobic fungus Neocallimastix sp. CF 17 on
growth rate and fibre digestion in buffalo calves. Arch.
Anim. Nutr. 65(3):215-228.

Paul, S.S., Deb, S.M., Punia, B.S., Singh, D. and Kumar, R.
2010a. Fibrolytic potential of anaerobic fungi
(Piromyces sp.) isolated from wild cattle and blue bulls
in pure culture and effect of their addition on in vitro
fermentation of wheat straw and methane emission
by rumen fluid of buffaloes. J. Sci. Food Agric. 90(7):
1218-1226.

Paul, S.S., Kamra, D.N., Sastry, V.R., Sahu, N.P. and Agarwal,
N. 2004a. Effect of anaerobic fungi on in vitro feed
digestion by mixed rumen microflora of buffalo.
Reprod. Nutr. Dev. 44(4): 313-319.

Paul, S.S., Kamra, D.N. and Sastry, V.R. 2010b. Fermentative
characteristics and fibrolytic activities of anaerobic
gut fungi isolated from wild and domestic ruminants.
Arch. Anim. Nutr. 64(4): 279-292.

Paul, S.S., Kamra, D.N., Sastry, V.R.B., Sahu, N.P. and
Agarwal, N. 2004b. Effect of administration of an
anaerobic gut fungus isolated from wild blue bull
(Boselaphus tragocamelus) to buffaloes (Bubalus
bubalis) on in vivo ruminal fermentation and digestion
of nutrients. Anim. Feed Sci. Technol. 115(1-2): 143-157.

Paul, S.S., Kamra, D.N., Sastry, V.R.B. and Sahu, N.P. 2006.
Effect of adding an anaerobic fungal culture isolated
from a wild blue bull (Boselophus tragocamelus) to
rumen fluid from buffaloes on in vitro fibrolytic
enzyme activity, fermentation and degradation of
tannins and tannin-containing Kachnar tree

(Bauhinia variegata) leaves and wheat straw. J. Sci.
Food Agric. 86(2): 258-270.

Paul, S.S., Kamra, D.N., Sastry, V.R.B. and Sahu, N.P. and
Kumar, A. 2003. Effect of phenolic monomers on
biomass and hydrolytic enzyme activities of an
anaerobic fungus isolated from wild nil gai
(Boselaphus tragocamelus). Lett. Appl. Microbiol.
36:377-381.

Pearce, P.D. and Bauchop, T. 1985. Glycosidases of the
rumen anaerobic fungus Neocallimastix frontalis

grown on cellulosic substrates. Appl. Environ.
Microbiol. 49(5): 1265-12609.

Phillips, M.W., Gordon, G.L. 1988. Sugar and
polysaccharide fermentation by rumen anaerobic

fungi from Australia, Britain and New Zealand.
Biosystems 21(3-4): 377-383.



Shyam Sundar Paul, Anil Kumar Puniyaand Gareth Wyn Griffith

Phillips, M.W. and Gordon, GL.R. 1995. Carbohydrate
fermentation by three species of polycentric ruminal
fungi of cattle and water buffalo in tropical Australia.
Anaerobe. 1: 41-47.

Rezaeian, M., Beakes, G.W. and Parker, D.S. 2004.
Distribution and estimation of anaerobic zoosporic
fungi along the digestive tracts of sheep. Mycol. Res.
108(10): 1227-1233.

Saxena, S., Sehgal, J., Puniya, A. and Singh, K. 2010. Effect
of administration of rumen fungi on production
performance of lactating buffaloes. Beneficial
Microbes 1(2): 183-188.

Sehgal, J.P,, Jit, D., Puniya, A.K. and Singh, K. 2008.
Influence of anaerobic fungal administration on
growth, rumen fermentation and nutrient digestion in
female buffalo calves. J. Anim. Feed Sci. 17: 510-518.

Shelke, S., Chhabra, A., Puniya, A. and Sehgal, J. 2009. In
vitro degradation of sugarcane bagasse based
ruminant rations using anaerobic fungi. Annals
Microbiol. 59(3): 415-418.

Sijtsma, L. and Tan, B. 1993. Degradation and utilization of
grass cell walls by anaerobic fungi isolated from yak,
ITama and sheep. Anim. Feed Sci. Technol. 44: 221-236.

Sirohi, S. K., Choudhury, P. K., Dagar, S. S., Puniya, A. K.
and Singh, D. 2012. Isolation, characterization and
fibre degradation potential of anaerobic rumen fungi
from cattle, Annals Microbiol.: DOI 10.1007/s13213-
012-0577-6.

Stewart, C.S., Duncan, S.H., Richardson, A.J., Calder, A.G.
and Dewey, PJ.S. 1995. The effect of the presence
glucose on the fermentation of mannose by the
anaerobic fungus Neocallimastixfrontalis strain RE1.
FEMS Microbiol. Lett. 127: 57-63.

Thareja, A., Puniya, A.K., Goel, G, Nagpal, R., Sehgal, J.P,
Singh, PK. and Singh, K. 2006 In-vitro degradation
of wheat straw by anaerobic fungi from small
ruminants. Arch. Anim. Nutr. 60: 412-417.

Theodorou, M.K., Beever, D.E., Haines, M.J. and Brooks,
A. 1990. The effect of a fungal probiotic on intake
and performance of early weaned calves. Anim. Prod.
50:577

Theodorou, M.K., Mennim, G., Davies, D.R., Zhu, W,Y.,
Trinci, A,P. and Brookman, J.L.. 1996. Anaerobic fungi
in the digestive tract of mammalian herbivores and
their potential for exploitation. Proc. Nutr. Soc. 55:
913-926.

Trinci, A.PJ., Davies, D.R., Gull, K., Lawrence, M.1., Bonde,
Nielsen B., Rickers, A. and Theodorou, M.K. 1994.

Anaerobic fungi in herbivorous animals. Mycol. Res.
98(2): 129-152.

111

Trinci, A.P.J., Lowe, S.E., Milne, A. and Theodorou, M.K.
1988. Growth and survival of rumen fungi. Biosystems.
21:357-363.

Tripathi, V.K., Sehgal, J.P., Puniya, A.K. and Singh, K.
2007a. Hydrolytic activities of anaerobic fungi from
wild blue bull (Boselaphus tragocamelus). Anaerobe
13(1): 36-39.

Tripathi, V.K., Sehgal, J.P., Puniya, A.K. and Singh, K.
2007b. Effect of administration of anaerobic fungi
isolated from cattle and wild blue bull (Boselaphus
tragocamelus) on growth rate and fibre utilization in
buffalo calves. Arch. Anim. Nutr. 61(5): 416-423.

Tuckwell, D.S., Nicholson, M.J., McSweeney, C.S.,
Theodorou, M.K. and Brookman, J.L. 2005. The rapid
assignment of ruminal fungi to presumptive genera
using ITS1 and ITS2 RNA secondary structures to
produce group-specific fingerprints. Microbiol.
151(5): 1557-1567.

Wallace, R.J. and Munro, C.A. 1986. Influence of the rumen
anaerobic fungus Neocallimastix frontalis on the
proteolytic activity of a defined mixture of rumen
bacteria growing on a solid substrate. Letters Appl.
Microbiol. 3(2): 23-26.

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

Wood, T.M. and Wilson, C.A. 1995. Studies on the capacity
of the cellulase of the anaerobic rumen fungus
Piromonas communis P to degrade hydrogen bond-
ordered cellulose. Appl. Microbiol. Biotechnol. 43:
572-578.

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

Wubah, D.A., Fuller, M.S. and Akin, D.E. 1991. Resistant
body formation in Neocallimastix sp., an anaerobic
fungus from the rumen of a cow. Mycologia 83(1):
40-417.

Youssef, N.H., Couger, M.B., Struchtemeyer, C.G.,
Liggenstoffer, A.S. Prade, R.A., Najar, F.Z., Atiyeh,
H.K., Wilkins, M.R. and Elshahed, M.S. 2013. The
genome of the anaerobic fungus Orpinomyces sp.
strain C1A reveals the unique evolutionary history of
a remarkable plant biomass degrader. Appl. Env.
Microbiol.79: 4020-4634.



	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34

