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Abstract

Ruminating animals, especially cattle lack the carbohydrate active enzyme encoding genes which are
required for the degradation of the glycosidic linkages of plant cell wall carbohydrates (such as
cellulose, hemicellulose, lignin and pectin). Thus, ruminating animals are completely dependent on
the microorganisms (anaerobic bacteria and fungi, methanogenic archaea and protozoa) residing in
their rumen (hindgut). In this study, we have retrieved and analyzed the complete genome wide
annotations of the Neocallimastigomycota division fungi such as Anaeromyces robustus, Neocallismatix
cdliforniae, Orpinomyces sp, Piromyces finnis, Piromyces sp E2. We have retrieved the InterPro, CAZy,
KOG, KEGG, SM Clusters and MEROPS genome level data of these anaerobic fungi from
JGI-MycoCosm database. Results obtained in our study reveals that, the genomes of anaerobic fungi
completely lack genes encoding for lignin degrading auxiliary activity enzymes. Contrastingly, these
fungi outnumbered other fungi by having highest number of CAZyme encoding genes. The genes
encoding for dockerins and carbohydrate binding modules exaggerated other CAZymes which are
involved in the structure and functioning of cellulosomes. Presence of cellulosomes and higher
number of carbohydrate transport and metabolism genes also endorses the plant cell wall
carbohydrate degrading abilities of these fungi. We also reported the tentative total cellulolytic,
hemicellulolytic and pectinolytic abilities. And we have explicitly reported the genes, enzymes and
the mechanisms involved in structure and functioning of the cellulosomes and hydrogenosomes.
Our present work reveals the genomic machinery underlying the extrinsic plant cell wall degrading
abilities of the anaerobic fungi. Results obtained in our study can be significantly applied in improving
the gut health of cattle and especially in the fields of biofuel, biorefining and bioremediation-based
industries.

Key words: Ruminating animals (cattle), Neocallimastigomycota (Anaerobic fungi), Cellulose, Plant biomass,
Cellulosomes, Hydrogenosomes

Introduction

Increasing global temperatures, over
dependence and depletion of fossil fuels to meet the
increasing fuel needs, have forced the mankind to
produce sustainable renewable energy systems. Plant
biomass which contains lignocellulose polymers
constitutes the most abundant component on the
earth’s surface. Separation and production of
renewable energy from the lignocellulosic biomass is

a complex procedure and requires application of
different chemical, physical and mechanical methods.
However, biological way of biofuel production from
lignocellulosic biomass is the most preferred and
researched due to its ecofriendly and cost-effective
nature. Naturally, enormous amounts of cellulose are
digested by the herbivorous ruminating animals
(having plant biomass containing diets e.g. cows,
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sheep, buffalo, sheep, deer, goats etc.) and this process
of digestion is solely supported by microorganisms
residing in its rumen. Gut of the ruminating animals
can be divided into four chambers they are rumen,
reticulum, omasum, abomasum (or stomach) (Figure
S1). The process of food digestion starts from the
rumen, saliva mixed food is mechanically broken
down to smaller pieces which is passed into the
reticulum where it separates the food into digestible
and non-digestible forms into cuds (partly degraded
food). The partially digested cuds are regurgitated,
which is further rechewed and swallowed by the
ruminating animals. Thus, from the partially digested
food, omasum absorbs water, nutrients, vitamins,
fatty acids etc. Major part of the cellulose fermentation
happens in the rumen due to the presence of
cellulolytic microorganisms. Studies have reported
that anaerobic bacteria such as Ruminococcus genus
(e.g. Ruminococcus albus, Ruminococcus flavefaciens)
Streptococcus, Escherichia, Megasphaera, Fibrobacter are
significantly involved in cellulose degradation [1-5].

In the year 1970, Colin Orpin has identified the
anaerobic fungi based on its zoospores and chitin
containing cell walls, which are now classified under
the division of Neocallimastigomycota. This peculiar
group of anaerobic fungi has raised considerable
curiosity among mycologists worldwide. Two major
reasons which brings Neocallimastigomycota fungi
under the lime light are its distinctive physiology and
potential applications in the fields of biomass
conversion and animal nutrition [6]. Naturally these
anaerobic fungi reside in the gastrointestinal tracts of
herbivores and significantly aids in digestion of
different plant biomass components. Anaerobic fungi
were observed among all the foregut fermenters
(where most of the digestion occurs before the gastric
digestion) e.g. ruminants, pseudo-ruminants and
foregut non-ruminants and also in most of the
hindgut fermenters (where the most of the
fermentation occurs after gastric digestion in the large
intestine and caecum) [7]. Significantly, the anaerobic
fungi residing in the gut of ruminating animals
performs two major functions plant biomass digestion
and forming a dedicated digestive chamber with
neutral pH conditions [7]. Herbivorous animals lack
the ability to digest plant biomass components as they
cannot secrete cellulolytic/hemicellulolytic enzymes,
in turn they depend on symbiotic gut microorganisms
such as anaerobic bacteria and fungi, methanogenic
archaea and  protozoa [7]. Among the
above-mentioned microorganisms, anaerobic fungi
were found to play a crucial role in degradation of
lignocellulosic components of plant biomass.

Studies conducted by Heath et al (1986), has
revealed that reproduction in anaerobic fungi

commences through asexual reproduction by
releasing flagellated zoospores from sporangia[8].
Previous reports reveal that ingestion of food by the
ruminating animals induces the anaerobic fungi to
release its zoospores from the sporangia and it was
also reported that within 30-60 minutes the density of
zoospore peaks in the rumen [7, 9-12]. According to
Orpin & Greenwood (1986), haem and other related
porphyrin compounds released from the ingested
plant materials trigger the sporangia of anaerobic
fungi which induces the process of differentiation and
maturation of zoospore in the rumen [13] (Figure S2).
The flagellated zoospores of anaerobic fungi are
motile and they colonize on the plant material based
on the chemotactic responses from the surrounding
sugars and phenolic compounds [14]. Flagellated
zoospores transform to a cyst by shedding its flagella,
once it attaches to the plant material. Formation and
germination of cyst is involved by thickening of the
cell wall and production of germ tube from the polar
end and further development of cyst varies from
monocentric to polycentric based on the organism.
Endogenous cyst germination is observed in
monocentric taxa as the nucleus is situated in the cyst
forming a zoosporangium, by leaving rhizoids
anucleate. Contrastingly, exogenous cyst germination
is observed in polycentric taxa where the nucleus
migrates to the rhizoids thus leading to the formation
of multiple sporangia [7, 15]. The rhizomycelium
(bulbous or filamentous) of the anaerobic fungi
performs two major and important functions, it

provides support to the growing sporangium
(monocentric) or sporangia (polycentric) and
performs the enzymatic digestion through

penetrating into the plant material. Penetration of
developing rhizoids into the rigid plant material,
opens the internal plant tissues, making them
susceptible to the enzymatic hydrolysis, which
supports the developing sporangia with the nutrients
for the development and maturation of the sporangia.
Mature sporangia will produce zoospores ranging
between 1 (less) to 80 (high), under suitable conditions
(inducers),  mature sporangium  undergoes
differentiation and further releases zoospores by
dissolving the sporangial cell wall (Figure S2).
Previous studies report that it is tough to free host
animals from anaerobic fungi, as they exhibit efficient
dispersal of anaerobic fungi among the host animals
through forming aerotolerant cellular structures with
extreme survival abilities (e.g. 2-4 chambered spores
of Anaeromyces sp) [16, 17]. Studies have also
confirmed that, anaerobic fungi can be cultured from
the faecal material of host animals followed by air
drying, freezing and from the long-settled cow dung
[7, 18-20].
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Studies conducted in the past have reported that
axenic cultures of the anaerobic fungi produce a wide
range of cellular end products of metabolism such as
acetate, formate, lactate, hydrogen, carbondioxide and
ethanol.[21, 22]. However, due to the process of
hydrogen transfer associated with methanogens, thus
presence of interspecies microbes alters the metabolic
profile in the rumen [7, 23]. Recent genomic studies
have successfully revealed the complete genomic
sequences of anaerobic fungi Anaeromyces robustus,
Neocallimastix californiae, Orpinomyces sp., Piromyces
finnis and Piromyces sp E2 [24-27]. Genomic studies
have concluded that due to the evolutionary loss of
mitochondria these fungi have developed an efficient
double membraned hydrogenosomes,  which
substitute mitochondria by generating ATP via
substrate level phosphorylation and hydrogen [28-30].
Anaerobic fungi were also found to contain large
multi-protein complexes called cellulosomes, which
are involved in enzymatic hydrolysis of plant
biomass. Understanding the genomic and proteomic
abilities of these organisms encoding for the plant cell
wall degrading enzymes will significantly help the
biofuel and biorefining industries.

Industrially, anaerobic fungi exhibit various
biotechnological applications especially applied as
microbial probiotic supplement to improve the
process of digestion and thus utilizing the low-quality
forages. Several studies were already being conducted
on improving the feed intake, efficiency,
development-growth rate of animals and especially in
milk production [31-34]. Previous findings suggest
that, dietary supplementation of anaerobic fungal
enzymes (e.g. glycoside hydrolases) in cattle resulted
to be more effective than the viable cultures (e.g.
swine and poultry). According to Azain et al., (2002),
dietary supplementation of glycoside hydrolases (to
support in depolymerization of plant biomass
components) obtained from anaerobic fungi
improved the growth and development of broiler
chicken by 25% [7, 35]. Anaerobic fungi were of high
interest in brewing, food, paper, textile and biofuel
industries, due to its ability to secrete polysaccharide
degrading enzymes. Studies were also being
conducted for developing anaerobic fungi based and
fermentative production of cellulosic ethanol and
renewable fuels from the agricultural residues.
Youssef et al., (2013) has reported the lignocellulose
degradation study using Orpinomyces sp strain C1A
by simultaneously producing cellulosic ethanol,
Orpinomyces sp was found to degrade 61.3% of corn
stover (dry weight) resulting in 0.045 to 0.096 mg of
ethanol per mg of biomass [26]. In this study we have
specifically analyzed the genome wide architecture of
five completely sequenced genomes of anaerobic

fungi classified under Neocallimastigomycota division.
We have compared the genome wide lignocellulolytic
abilities of these fungi specifically by comparing
genome wide annotations such as CAZy, InterPro,
MEROPS and SM (secondary metabolite) Clusters
databases. Our study will reveal lignocellulolytic,
detoxifying and degrading abilities of the anaerobic
fungi.

Methods

Data retrieval

In our present study, we have selected and
retrieved the genome level data of 5 anaerobic fungi
classified under the Neocallimastigomycota division
(Anaeromyces  robustus ~ v1.0  (Anaspl)  [24],
Neocallimastix californine G1 v1.0 (Neospl) [24],
Orpinomyces sp. (Orpspl_1) [26], Piromyces finnis v3.0
(Pirfi3) [24], Piromyces sp. E2 v1.0 (PirE2_1) [24]). The
genome level data of all the above selected fungi were
retrieved from the JGI-MycoCosm repository
(https:/ / genome.jgi.doe.gov/ programs/fungi/index
jsf).

Data Analysis

From JGI-MycoCosm database we have
specifically selected and retrieved the genome wide
annotations such as InterPro (a database for the
protein families, domains and functional sites), CAZy
(database for carbohydrate active enzymes), KOG
(eukaryotic orthologous group) and SM Clusters
(database for secondary metabolite gene clusters) of
the above listed fungi. To understand and reveal the
distribution of plant cell wall degrading enzymes and
their evolutionary gene losses among the selected
fungi. We have segregated and compared the total
number of genome wide InterPro annotations of the
selected fungi into protein domains occurring in a)
multiple copies and b) single copies. Similarly, we
have segregated and compared the total number of
genes encoding for the glycoside hydrolases (GH),
glycosyl transferases (GT), carbohydrate binding
modules  (CBM), auxiliary activity  (AA),
polysaccharide lyases (PL), dockerin (DOC) and
expansin (EXPN) classes and total number of genome
wide carbohydrate active enzymes among the
selected fungi. We have also retrieved and compared
the KOG (eukaryotic orthologous) groups a) cellular
signaling and processing (CSP) b) information storage
and processing (ISP) c¢) metabolism and d) poorly
characterized. Finally, we have retrieved and
compared the SM (secondary metabolite) clusters
such as DMAT (Di Methyl Allyl Tryptophan
Synthase), ~HYBRID  (hybrid genes), NRPS
(Non-Ribosomal Peptide Synthetases), Poly Ketide
Synthases (PKS) and MEROPS (database for the
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Figure 1: Workflow pipeline implemented for analyzing and comparing the genomes of Neocallimastigomycota division fungi

peptidases) for comparing the distribution of
proteases among the selected fungal genomes We
have used Microsoft excel program for comparing
and representing the genomes of the selected fungi.
The analysis pipeline implemented in our present
study is extensively represented in the Figure 1.

Results and Discussion

Genomic studies of Neocallimastigomycota fungi
has revealed various interesting facts about its plant
cell wall decaying abilities and about the evolutionary
loss of several other genes involved in various
metabolic processes. Neocallimastigomycota fungi were
found to be closely related to the phylum
Chytridiomycota. Though Neocallimastigomycota fungi
share some of the key morphological characters as
Chytridiomycota fungi, they exhibit some of the unique
features such as their cellular physiology suitable for
its anaerobic living and peculiar flagellar movement
[7]. Later conducted genomic studies have endorsed
the separation of Neocallimastigomycota into a separate
clade basal to Chytridiomycota fungi [36-38].
Neocallimastigomycota fungi comprises of six different
genera which can be separated based on its
distinguishable morphological properties such as
rhizoidal and bulbous morphologies of thallus and
zoospore flagellation (mono vs polyflagellate) [7, 39,

40].  Currently,  Neocallimastigomycota  division
comprises of nine genera Amnaeromyces, Buwchfawro-
myces, Caecomyces, Cyllamyces, Neocallimastix,
Oontomyces, Orpinomyces, Pecoramyces and Piromyces,
where each genus possesses some unique and
distinguishable morphological characteristics.
Phylogenetic studies conducted in the past, based on
the conserved DNA sequences such as 185 RNA and
ITS (Inter transcribed spacer regions) sequences have
reported the close relationship among Neocallimastix,
Orpinomyces and Caecomyces, Cyllamyces genera
respectively [7, 41, 42]. Recent whole genome
sequencing studies of anaerobic fungi have reported
the complete assembled and annotated genomes, with
total number of assembled gene models raging
between 10,992-Piromyces finnis, 12,832-Anaeromyces
robustus, 14,648-Piromyces E2 18,936-Orpinomyces and
20,219-Neocallimastix californiae respectively [24, 26]
(Figure 2).

Genomes of  Neocallimastigomycota  fungi
exhibited nearly about 3221 (Anaspl-Anaeromyces
robustus v1.0 [24]), 3313 (Neospl-Neocallimastix
californiae G1 v1.0 [24]), 2598 (Orspl-Orpinomyces sp.
[26]), 3190 (Pirfi3-Piromyces finnis v3.0 [24]) and 2795
(Piromyces sp. E2 v1.0 [24]) unique InterPro annotated
domains respectively (Figure S3A). Majority of these
protein domains were found to occur in multiple
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copies in the genomes, making the genome wide
distribution of InterPro protein domains to 30969
(Anaspl), 46794 (Neospl), 35585 (Orspl), 27050 (Pirf3)
and 28577 (PirE2) respectively (Figure S3 B). Results
obtained in our study reveals that genes encoding for
ankyrin, WD-40 repeat, chitin-binding type-I, Src
homology-3, cellulose binding region, protein kinases,
leucine rich repeats, ABC transporters, dockerin
(cellulose binding family 5), RNA recognition motif
(RNP-1), calcium binding EF, Armadillo-type fold,
serine/threonine protein kinase, zinc finger (RING,
C2H2-type), tyrosine protein kinase, glycoside
hydrolase, heat shock protein (DnaJ), tetratrico-
peptide region, AAA+ ATPase, spore coat protein and
kinesin protein domain were observed in high
numbers among the genomes of anaerobic fungi
(Figure S3 B). To understand the genomic distribution
of proteins we have analyzed the genome wide KOG
annotations of the selected anaerobic fungi. We have
retrieved the total number of gene models classified
under cellular signaling and processing, information

storage and processing, metabolism and poorly
characterized KOG categories. The total KOG
classified gene models where further analyzed to
understand the proteins occurring in unique and
multiple copies among the genomes of anaerobic
fungi. Genes encoding for chitinases, leucine rich
repeat, serine/threonine protein kinases, RNA-
binding protein, lipid exporter, ankyrin have
outnumbered all other protein encoding genes (Figure
3A). We have observed that Neospl genome harbors
higher number of gene models compared to other
anaerobic  fungal = genomes, followed by
Orsplgenomes respectively (Figure 3A). The
ascending order of the anaerobic fungi based on their
total KOG classified gene models Pirfi3-8462 <
Anaspl-9556 < PirE2-9810 < Orspl-12559 <
Neosp1-14,449 respectively (Figure 3B). Later, we
have analyzed and classified total KOG proteins into
a) unique protein coding genes and b) proteins with
>2 gene copies (Figure 3C & 3D) respectively.

[ Well studied fungi )
_Genera
_ Anaeromyces robustus

Anaeromyces

Assembly: 71,685,009

~[ Buwchfawromyces }

Gene models: 12,832

[ Kingdom: Fungi J

(Anaerobic fungi)
Division: Neocallimastigomycota
Class: Neocallimastigomycetes
Order: Neocallimastigales
Family: Neocallimastigaceae

Caecomyces

Cyllamyces
Neocallimastix

Oontomyces

Neocallimastix californiae
Assembly: 193,032,486
L Gene models: 20,219

Orpinomyces
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L Orpinomyces }——
[ piromyces ]

Piromyces

Assembly: 100,954,185
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Polyflagellate
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Figure 2: (A) Hierarchical delineation of Neocallimastigomycota division and well-studied fungi with available annotated genomes, (B) phylogenetic relationship of the
Neocallimastigomycota fungi based on the conserved ITS (Inter Transcribed Spacer regions) and other morphological characteristics, where the legend shows the

phylogenetic relatedness among the selected fungi.
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A Protein Description Neospl [ Anaspl | Orspl | Pirfi3 | Pirk2
Chitinase 372 393 461
377 | 396 | 362
FOG: Leucine rich repeat 233 185 168
Serine/threonine protein kinase 224 201
RNA-binding protein (RRM, Pumilio-like repeats) 201 276 188
196 112 182
Ankyrin 189 173 263
FOG: Ankyrin repeat 175 176
ER-Golgi vesicle-tethering protein p115 133 | 147
Nucleolar GTPase/ATPase p130 111 | 84 | 147
C-type lectin 126 132 114
beta-1,6-N-acetylglucosaminyltransferase 130 122
Predicted transporter (major facilitator supe rfamily) 48 49 45
RNA-binding Ran Zn-finger protein, related proteins 82 97 i
Uncharacterized conserved coiled-coil protein 84 87
von Willebrand factor related coagulation proteins 116 112 122
Extracellular protein SEL-1, related proteins 78 60
FOG: Zn-finger 73 68 68
CSP Gluconate transport-inducing protein 94 64 82
M Ca2+-modulated nonselective cation channel polycystin 68 56 64
ISP Predicted chitinase 84 71 48
Signaling protein SWIFT and BRCT domain proteins 64 60
PC FOG: RRM domain 34 38 36
Carboxylesterase and related proteins 33 50 42
38 35
Molecular chaperone (DnaJ superfamily) 36 34 32
WD40 repeat-containing protein 30 38 31
Predicted E3 ubiquitin ligase 34 35 33
Myosin class II heavy chain 28 30
Subtilisin-related protease/Vacuolar protease B 45 97 71
Kinesin-like protein 39 35

C

KOG classified
Proteins

Anaspl
9,556

Unique Genes

> 2 Gene

Al copies

1319

Figure 3: A) Genome wide distribution of KOG classified proteins under CSP (cellular signaling and processing), ISP (Information storage and processing), M
(metabolism) and PC (poorly characterized) B) total number of KOG classified proteins C) unique genes D) proteins with multiple gene copies (>2 gene copies).

Results obtained from the classification of
carbohydrate active enzymes (CAZymes) among
Neocallimastigomycota (anaerobic) fungi, reveal that
these fungi have suffered a severe evolutionary loss of
genes encoding for lignin degrading enzymes. The
total number of genes encoding for the auxiliary
activity class enzymes such as lignin oxidizing
enzymes (laccase, lignin peroxidase, manganese
peroxidase, versatile peroxidase and cellobiose
dehydrogenase) and lignin degrading auxiliary

enzymes (aryl alcohol oxidase, vanillyl alcohol
oxidases, glyoxal oxidases, pyranose oxidases,
galactose  oxidases, glucose oxidases and
benzoquinone reductases) were completely reduced
to zero. Importantly, genes encoding for GMC
(glucose methanol choline) oxidoreductases, lytic
polysaccharide monoxygenases (LPMO), cellobiose
dehydrogenase (CDH) and iron reductase enzymes
were completely reduced among the selected
Neocallimastigomycota division fungi. Genes encoding
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for glycoside hydrolases, glycosyl transferases were
found to range between 262-Anaspl(low) and
548-Neospl (high),104-Pirfi3(low) and 196-Neospl
(high) respectively. While genes encoding for
carbohydrate esterases, expansin and polysaccharide
lyases ranges between 92-Pirfi3 (low) and 213-
Neospl(high), 9-Pirfi3 (low) and 29-Neospl(high),
11-Anaspl(low) and 82-Neospl(high) respectively
(Figure 4A).

Contrastingly, the genomes of Neocallimasti-
gomycota division fungi harbors higher number of
genes encoding for carbohydrate binding domains
(CBM) and dockerin proteins, which are found to be
involved in the formation of cellulosomes (a complex
structure involved in degradation of plant cell wall
polysaccharides especially cellulose). The number of
gene models encoding for CBM and dockerin proteins
ranges between 494-Pirfi3 (low) and 857-
Neospl(high), 469-Pirfi3 (low) and 838-Neospl(high)

respectively. Totally, the number of CAZymes
encoding genes ranges between Neospl-2763 (high)
and Pirfi3-1468 (low) respectively (Figure 4A). Studies
have reported that anaerobic fungi residing in the
animal guts are majorly involved in digestion of plant
biomass components (cellulose, hemicellulose, pectin
and lignin). Previous studies have classified the
CAZyme classes coding for cellulases, hemicellulases,
ligninases and pectinolytic enzymes [43, 44]. The
glycoside hydrolase enzyme classes GH-1, GH-2,
GH-3, GH-5, GH-6, GH-8, GH-9, GH-38, GH-45,
GH-48 and GH-74 code for cellulases respectively.
Based on the total number of cellulase encoding genes
Anaspl exhibits lower and Neospl exhibits higher
cellulolytic  activity — comparatively.  Glycoside
hydrolase classes GH-10, GH-11, GH-30, GH-31,
GH-38, GH-39, GH-43, GH-45, GH-47, GH-53,
GH-115, and carbohydrate esterase class enzymes
CE-1, CE-2, CE-3, CE-4, CE-6 and CE-16 codes for

Cellulases

Class |Anaspl| Neospl|Orpspl| PirE2| Pirfi3

A Organisms

Hemicellulases

Class |Anaspl|Neospl Orpspl| PirE2 | Pirfi3
GH-10 32 29 21
GH-11 52 41
GH-30 2 3 3
5
5
31
20 15
3 2
2 1
4 3
37
10
43
n
12

Cellulolytic
Hemicellulolytic| 211
Pectinolytic

PirE2 | Pirfi3

Figure 4: Genome wide distributions of A) CAZymes, B) cellulolytic, hemicellulolytic and pectinolytic activities (GH- Glycoside hydrolases, CE- Carbohydrate
esterases and PL-polysaccharide lyases) where Anaspl (Anaeromyces robustus), Neospl (Neocallimastix californiae), Orpsp1 (Orpinomyces sp), PirE2 (Piromyces sp. E2)

and Pirfi3 (Piromyces finnis) respectively.
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hemicellulases respectively. Based on the total
number of hemicellulase encoding genes Pirfi3
exhibits lower and Neospl exhibits higher
hemicellulolytic activity. Similarly, polysaccharide
lyase class enzymes PL-1, PL-3, PL4, PL-9, PL-11
glycoside hydrolase class enzymes GH-28, GH-78,
GH-95, GH-105, GH-115 and carbohydrate esterase
class enzymes CE-8, CE-12 and CE-16 are involved in
degradation of pectin respectively. We have
theoretically  predicted the total cellulolytic,
hemicellulolytic and pectinolytic enzyme activities by
calculating the total number of cellulases,
hemicellulases and pectinolytic enzymes. Anaspl and
Pirfi3 exhibits lower total cellulolytic, hemicellulolytic
and pectinolytic activities. Neospl exhibits higher
total cellulolytic, hemicellulolytic and pectinolytic

activities, whereas Orspl and PirE2_1 exhibits total
activities similarly (Figure 4B) (Figure S8 and S9).

The cluster of orthologous groups (COG) is a
prokaryotic database used for the identification of
ortholog and paralog proteins. Similarly, KOG the
eukaryotic version for cluster of orthologous groups
detects the ortholog and paralog proteins in the given
eukaryotic genome. The total number of genes
classified under each KOG category of the selected
fungi were reported elaborately in supplementary
information (Figure S5). The descending order of
fungi based on their total number of KOG classified
gene models are Neospl>Orspl>PirE2>Anaspl>
Pirfi3 respectively (Figure 5A) The SM cluster
database identifies the secondary metabolites of
fungal genomes into three major classes as a)

A | KOG PirE2
CSP 3435
ISP 1764
M 2103
PC 2504
B NRPS-Like PKS-Like

4

C KEGG Classes Anaspl | Neospl [Orpspl| PirE2 | Pirfi3
Amino Acid Metabolism 270 | 266 |
Biosynthesis of Polyketides and Nonribosomal Peptides 43
Biosynthesis of Secondary Metabolites 126
Carbohydrate Metabolism 440
Energy Metabolism 90 m
Glycan Biosynthesis and Metabolism 217
Lipid Metabolism 201
Metabolism of Cofactors and Vitamins 250 -
Metabolism of Other Amino Acids 57 m
Nucleotide Metabolism 562 573
Overview 202 193
Xenobiotics Biodegradation and Metabolism 106

D | Type of Peptidase
Aspartic Proteases

Cysteine Proteases
Metallo Proteases
Mixed Proteases
Serine Proteases

Zincin
Ntn-hydrolase
alpha/beta hydrolase
Unassigned

Figure 5: Genome wide distributions of A) KOG (Eukaryotic orthologous groups), B) SM (secondary metabolite) clusters C) distribution of proteins among KEGG

classified pathway groups and D) clan-based classification of proteolytic enzymes
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non-ribosomal peptide synthetases (NRPS) b) polyke-
tide synthetases (PKS) and c) terpene synthetases (TS)
respectively [45]. These key enzymes are involved in
the production of the important fungal secondary
metabolites a) non-ribosomal peptides and amino
acid-derived compounds, (b) polyketides and fatty
acid-derived compounds and (c) terpenes [45]. Using
a set of modules (single ATC module or multimodule
model with ATC repeating units) NRPS catalyzes the
biosynthesis of small peptides (a ribosome
independent mechanism) [46]. According to Finking
and Marahiel (2004), three core domains (adenylation
(A), thiolation (T) and a condensation domain (C))
containing module catalyzes the peptide bond
formation on the megasynthase complex [47].
Polyketide synthetase (PKS) fungal modules
containing three domains a) ketoacyl synthase (KS), b)
acyl transferase and c) phosphopantetheine site [48]
(Figure 5C).

To broadly understand the genome wide
distribution of genes involved in various cellular
mechanisms, we have retrieved and compared the
KEGG (Kyoto Encyclopedia of Genes and Genomes)
annotations of the selected fungi. We have totally
selected genes classified under 12 pathway classes
(Figure 5B), out of these higher number of genes were
classified under the carbohydrate and nucleotide
metabolism pathways among all the selected
anaerobic fungi. The descending order of the fungi
based on the number of gene models classified among
the 12 pathway classes were Neosp1>Orspl>Anaspl>
Pirfi3>PirE2_1 respectively (Figure 5B and Figure S7).
The proteases (proteolytic enzymes or peptidases)
play a crucial role in various molecular and biological
processes. We have also analyzed the genome wide
occurrence of proteolytic enzymes among the selected
anaerobic fungi. MEROPS is public database for the
proteolytic enzymes and their corresponding
substrates and inhibitors respectively [49]. In
MEROPS the proteolytic enzymes are classified based
on its similitude of the protein structure at the tertiary
and primary levels by specifically comparing the
active and reactive sites of the proteases. The
proteases are classified into families and clans
respectively. Results obtained in our analysis shows
that aspartic, mixed and zincin class proteases were
high in Orspl, cysteine, mixed, metallo,
Ntn-hydrolase, alpha-beta hydrolase class proteases
were high in Neospl, serine proteases are high in
Anaspl and alpha/beta hydrolase protases were high
in PirE2 genomes respectively (Figure 5D and Figure
S6).

Our analysis explicitly reports that the selected
anaerobic fungi harbors large number of genes
encoding for the carbohydrate transport and

metabolism. Thus, we have specifically focused on the
total number of genes involved in carbohydrate
transport and metabolism (Figure S4). Interestingly,
we have observed that genomes of the selected
anaerobic fungi harbor higher number of chitinase
encoding gene models ranging between 293 (Pirfi3) to
639 (Neospl). Previous studies have already reported
that amino acid tryptophan was found to conserved in
the chitin binding domain in bacteria, these domains
were also found to be involved during binding of
cellulase with cellulose [50]. For our present analysis
we have only considered only the enzymes with
multiple gene copies (<2). We have observed that 20
protein encoding gene models involved in
carbohydrate transport and metabolism were found
to be occur in multiple copies in the genomes of the
selected anaerobic fungi genomes (Figure S3). Genes
encoding for {-1,6-N-acetylglucosaminyltransferase,
gluconate transport-inducing protein, p-glucosidase,
Golgi mannosyltransferase, maltase glucoamylase
(GH-31) were found to occur more than five copies in
the genomes of anaerobic fungi respectively (Figure
52). Occurrence of higher number of gene models
encoding for the carbohydrate transport metabolism
proteins the ascending order based on the genomes
were 492 (Pirfi3) > 578 (Anaspl) > 676 (Orspl) > 693
(PirE2_1) > 1037 (Neospl) respectively. These
genomic evidences suggest that anaerobic fungi
classified under Neocallimastigomycota has developed
sophisticated organelles such as cellulosomes and
hydrogenosomes for the degradation of plant cell wall
components [24, 51].

To understand the carbohydrate breakdown and
metabolism by the Neocallimastigomycota division
fungi, we have analyzed and compared the genomes
of the selected anaerobic fungi to reveal the
carbohydrate binding modules (CBM) and the
corresponding carbohydrate interacting residues
(Figure 6A). Our results report that genes encoding
for carbohydrate binding modules (CBM18)
interacting with chitin residues were found to be high
in PirE2_1-640 and low in Pirfi3-288 respectively. We
have analyzed and compared the total number of
genes encoding for the carbohydrate binding module
classes interacting with cellulose residues such as
CBM-1, CBM-6 CBM-10, CBM-63. Similarly, we have
analyzed and compared the CBM’s interacting with
xylan (CBM6, CBM13, CBM22 and CBM35) plant cell
walls (CBM6, CBM13, CBM22, CBM29, CBMB32,
CBM35, CBM50, CBM52 and CBM61), alpha-glucans
(CBM21, CBM25, CBM26 and CBM48) and chitin
(CBM1, CBM12, CBM18 and CBMS50) residues
respectively. We have tentatively calculated the total
number of genes encoding for CBM interacting with
cellulose, xylan, chitin, alpha-glucans, plant cell wall

http://www.jgenomics.com



Journal of Genomics 2018, Vol. 6

83

and bacterial cell wall sugars. These results suggest
that Neospl harbors higher number of cellulose,
xylan, plant cell wall sugar binding CBM, whereas
Orspl contains higher number of alpha glucan
binding CBM and PirE2 contains higher number of
chitin binding CBMs respectively (Figure 6B). Thus,
anaerobic fungal resides higher number of genes
encoding for the carbohydrate binding modules,
dockerin proteins involved in maintenance of the
structure and functioning of cellulosomes.

Recent genomic studies of the anaerobic fungi
conducted by Haitjema, C.H et al (2017), have clearly
proved the occurrence of 1600 dockerin domain
proteins (DDP). About 20% of these dockerin domain
proteins can be classified under CotH spore coat
protein, these proteins were expected to be involved
in binding with the plant cell wall components

however, the exact function of it is not known till
today [24]. Studies have also reported that majority of
the lignocellulolytic enzymes contain non-catalytic
dockerin domains (NCDDs) which facilitate the
assembly of multiprotein cellulosome complexes and
further required for the binding of carbohydrates and
degradation of plant biomass [24]. It was reported that
anaerobic fungal cellulosomes exhibits 13% higher
GH activity due to the presence of glycoside
hydrolase classes GH-3, GH-6 and GH-45 compared
to bacterial cellulosomes. Especially the supplemen-
tary GH-3 class enzyme (Beta glucosidase) activity
empowers fungal cellulosomes in converting cellulose
to single fermentable sugars (monosaccharides) when
compared to low molecular weight oligosaccharides
generating bacterial cellulosomes (eg: Clostridium sp)
[24]. Thus, the complete genome sequencing studies

Interacting residues CBM | Anaspl | Neospl| Orpspl
Cellulose /Chitin CBM1
Cellulose /Xylan /Plant cell wall CBM6
Cellulose CBM10
Chitin CBM12
Xylan /Plant cell wall CBM13
Chitin CBM18
Alpha-glucans CBM21
Xylan /Plant cell wall CBM22
Alpha-glucans CBM25
Alpha-glucans CBM26
Plant cell wall CBM29
Plant cell wall CBM32
Xylan / Plant /Bacterial cell wall CBM35
Alpha-glucans CBM48
Chitin / Plant cell wall CBMb50
Plant cell wall/Bacterial cell wall CBM52
Plant cell wall CBMo61
Cellulose CBM63
Bacterial cell wall sugars CBMo66
u Chitin B Cellulose B Xylan
Pirfi3 402 Pirfi3 133 Pirfi3 E 29
PirE2 1 749 || PirE2 1 120 PirE2 1 32
Orpspl_1 610 || Orpspl 1 143 Orpspl 1 32
Neospl 672 Neospl 200 Neospl 72
Anaspl 547 Anaspl 118 Anaspl 32
B Alpha-ghicans EPlant cell walls m Bacterial cell wall
Pirfi3 fm 16 Pirfi3 jmm 58 S 5
e S e oA E
e 28 Orpspl 1 10
Neospl 39 Neospl 110 Neospl 19
Anaspl 43 Anmnaspl 45 Anaspl 12

Figure 6: A) Carbohydrate binding modules (CBM) and the corresponding carbohydrate interacting residues, B) total tentative number of genes encoding for

cellulose, xylan, alpha-glucans, plant cell walls and chitin binding CBM.
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of Anaeromyces robustus (Anaspl), Neocallimastix
californiae (Neospl) and Piromyces finnis (Pirf3) by
Haitjema, C.H et al (2017) and Orpinomyces sp Strain
C1A (Orspl) by Youssef, N. H et al (2013), have clearly
reported that genomic sequences of fungal dockerin
and scaffoldin proteins are not like that of bacterial
cellulosome components. Which explains that the gut
residing anaerobic fungi have exclusively evolved
(bacterial independent) in developing the cellulosome
based degradation of plant cell wall components [24,
26].

The anaerobic fungi of Neocallimastigomycota
division were also found to possess an efficient
enzyme system involved in structural and functional
maintenance of hydrogenosomes respectively.
Hydrogenosomes were observed in distantly related
unicellular microorganisms, it is possible that
hydrogenosomes have progressively evolved under
various evolutionary conditions from the already
existing mitochondria [27]. According to Boxma et al
(2004), anaerobic fungal hydrogenosomes are
significantly evolved from its counterparts (other
anaerobic microorganisms) in various aspects
including the underlying mechanisms required to
catabolize pyruvate and final products generated
from fermentation [52]. In general, anaerobic
microorganisms contain hydrogenosomes (intracell-
ular membrane bound organelles) in replacement of
mitochondria of aerobic microorganisms [27]. In
anaerobic microorganisms hydrogenosomes are also
involved in  conversion of  fermentable
monosaccharides released from cellulose breakdown
to hydrogen gas through glycolysis. Hydrogenosomes
in general metabolize malate, pyruvate to formate,
acetate, hydrogen, carbondioxide and ATP (energy)
[53] (Figure 7A). Giezen et al (1997) have reported
that, hydrogenosomes of anaerobic fungi have
originated from the mitochondria due to presence of
targeting signal on the malic enzyme characterized
from the hydrogenosome of Neocallimastix frontalis
[27, 54].

Studies have also reported that hydrogenosomes
also provides anaerobic fungi with various other
advantages a) it was reported that hydrogenosomes of
Neocallimastix sp. L2 supports in survival of this fungi
by scavenging the oxygen [55]. It was also reported
that microorganisms reduce the hydrogen produced
from the hydrogenosomes to more feasible methane
gas. Thus, hydrogen transfer system between the
species helps in maintaining the thermodynamic
equilibrium of the gut flora and also in the cellulose
breakdown by anaerobic fungi. While the
methanogen co-culturing experiment conducted by
Marvin-Sikkema et al (1990), have resulted in
enhanced anaerobic fungi’s cellulolytic activity, by

resulting in metabolic shift of decreased hydrogen,
lactate, succinate and ethanol production followed by
increased methane and acetate productions [56].
Earlier studies have clearly classified the metabolic
mechanisms involved in functioning of the
hydrogenosomes majorly into a) ATP production b)
Fe-S cluster biosynthesis and c¢) oxygen stress
response [53, 57-60]. We have observed that the
selected genomes exhibited the InterPro domains
encoding for malic enzyme, pyruvate ferredoxin
oxidoreductase, ferredoxin  2Fe-2S, succinate
thiokinase, adenylate kinase, hydrogenase, succinate
coA transferase respectively. Similarly, protein
domains encoding for Fe-S cluster mechanisms such
as iron-sulfur cluster (ISC) proteins IscU, IscA, IscS,
ferredoxin, chaperons (heat shock proteins) Hsp70,
Hsp60, Hspl0. Protein domains encoding for iron
dependent superoxide dismutase, thioredoxin,
NADH dehydrogenase, rubrerythrin, serine hydroxy-
methyl transferase and peptidase such as hydrogeno-
some  processing peptidases, hydrogenosome
membrane proteins were also observed. Apart from
these protein domains there are certain number of
membrane proteins called translocases which helps in
movement of the proteins across the membranes such
as translocases of outer (TOM), translocases of inner
membranes, motor complex proteins and putative
members of translocation machinery respectively [61].
We have compared the genomes of the five selected
anaerobic fungi to list the enzymes involved in the
metabolic mechanisms of the hydrogenosomes
structure and functioning (Figure 7B) (Figure S10).

Conclusion

Genetically cattle lack the ability to encode for
the lignocellulolytic enzymes, thus they are solely
dependent on their rumen microbiota for the
degradation of plant cell wall components. Improving
the feeding efficiency and digestibility of the
low-quality  plant biomass components by
manipulating the rumen microbiota and rumen
fermentation is gaining its prominence in the recent
times. Studies were being conducted to increase the
number of lignocellulolytic microorganisms in rumen
and their overall catalytic efficiency respectively [62].
Several = microorganisms  including  bacteria
(Ruminococcus ~ genus,  Megasphaera,  Fibrobacter,
Streptococcus, Escherichia), archaea (methanogens),
fungi (Chytridiomycetes and Neocallimastigomycetes)
were observed among the rumen. However, earlier
studies have predicted that about 70% of the rumen
microbiota is still unknown till today [63]. Anaerobic
fungi potentially secrete higher number of
lignocellulolytic =~ enzymes such as cellulase
(microcrystalline cellulose), xylanase, pectinase and
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proteases respectively. Anaerobic fungi degrade the the secondary cell wall components, thus playing a
plant biomass by breaking the fibrous plant crucial role in degradation of the poor quality plant
components through penetrating its rhizoids and  cell wall components.[64-66].

facilitate the access for the rumen microorganisms to
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Figure 7: A) Schematic tentative representation of genes involved in carbohydrate metabolism and hydrogenosomes reaction mechanisms employed by anaerobic
fungi, B) Heatmap showing the tentative list of genes involved in hydrogenosomes and its related mechanisms
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In this study we have analyzed and compared
the genomic properties of the recently sequenced five
anaerobic fungi. The genome level data and the
corresponding annotations were retrieved from the
JGI-MycoCosm database. Genome level annotations
of the selected anaerobic fungi were compared among
the Neocallimastigomycota division fungi. We have
observed that several genes and protein domains
occurred in multiple copies among the genomes of the
selected anaerobic fungi. Genome of Neocallimastix
californiae outnumbered other anaerobic fungi based
on the total number of genes categorized under
CAZy, SM Clusters, KOG and thus the KEGG
pathways. Anaerobic fungi encode for all the genetic
material necessary for the structure and functioning of
hydrogenosomes, as these fungi lack mitochondria
making them solely dependent on the
hydrogenosomes. Similarly, these fungi also encode
for higher number of genes involved in carbohydrate
transport and metabolism with most of the genes
(carbohydrate binding modules and dockerins)
involved in formation of complex multienzyme
organelles employed for efficient degradation of plant
cell wall carbohydrates. Using the results obtained we
have tentatively calculated the degradation potentials
of these fungi, which suggests that Neospl possess
highest cellulolytic, hemicellulolytic and pectinolytic
abilities than other anaerobic fungi. We have also
tentatively reported the mechanism involved during
the carbohydrate metabolism by these fungal
organelles respectively. In this study we have
specifically emphasized on the genomic properties of
the anaerobic fungi by analyzing the genome wide
annotations of these fungi. Understanding the
genomic complexities of anaerobic fungi will
significantly enhance the gut health of the cattle
(increases the total enzyme activity) and also supports
the biofuel and biorefining industries in making
eccentric enzyme mix with efficient catalytic
properties.
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