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Chapter 1

Secretomics of Wood-Degrading Fungi
and Anaerobic Rumen Fungi Associated
with Biodegradation of Recalcitrant Plant
Biomass

Nasib Singh and Joginder Singh

1.1 Introduction

Lignocellulose is a widely available recalcitrant plant biopolymer composed of
polymeric polysaccharides cellulose, hemicellulose, and heteropolymeric lignin
(Lewis and Yamamoto 1990; Eastwood et al. 2011; Bugg et al. 2011; Janusz et al.
2017; dos Santos et al. 2018; Bissaro et al. 2018; Brink et al. 2019; Ralph et al.
2019). According to an estimate, 550 billion tons of carbon are present in vegetation
in terrestrial ecosystems including forest ecosystems where dead wood is the major
form of the plant biomass (Siegenthaler and Sarmiento 1993; Krah et al. 2018).
This recalcitrant plant biomass is recognized as the most abundant carbon source in
terrestrial ecosystem. In woody plants (angiosperms and gymnosperms), cellulose
generally constitutes 40-50% of the dry weight, whereas the amount of hemicellu-
loses and lignin ranges from 15% to 30% (Krah et al. 2018; Adesogan et al. 2019).
Cellulose is a macropolymer of numerous glucose units attached linearly by f-1,4-
glycosidic linkages. It is responsible for rigidity and crystalline form of plant cell
walls (Baldrian and Valaskova 2008; McFarlane et al. 2014; Bissaro et al. 2018).
Hemicelluloses, on the other hand, are complex and heterogeneous plant polysaccha-
rides consisting of xylose, mannose, arabinose, glucose, galactose, and sugar acids.
Xyloglucans, xylans, mannans, and glucomannans are the main examples of hemicel-
luloses (Scheller and Ulvskov 2010). These are known to strengthen the plant cell wall
by filling the voids around cellulose fibrils and interacting with lignin.
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Hemicelluloses are considered as the second most abundant polysaccharide in
the nature (Saha 2003). Lignin is complex, aromatic, heteropolymeric, and most
indigestible parts of the plant cell wall exhibiting almost complete resistance to
hydrolytic degradation (Lewis and Yamamoto 1990; Janusz et al. 2017; Brink et al.
2019; Ralph et al. 2019). It contributes 15-30% of dry weight of vascular plant cell
walls (Lewis and Yamamoto 1990; Gall et al. 2017). It is a phenolic polymer com-
posed mainly of p-coumaryl, coniferyl, and sinapyl alcohols (Janusz et al. 2017; dos
Santos et al. 2018; Brink et al. 2019; Ralph et al. 2019). Lignin confers rigidity to
the plant cell walls and inhibits hydrolytic attacks on adjacent cellulose and hemi-
cellulose (Lewis and Yamamoto 1990; Gall et al. 2017; Ralph et al. 2019).
Lignocellulose-rich forest waste, dead woods, agro-food industry wastes, and left-
over crop residues offer a sustainable, eco-friendly, and abundant resource for
industrial-scale production of green energy and biofuels.

1.2 Degradation and Depolymerization of Plant Biomass

The aromatic nature of lignin is a major obstacle for biodegradation and mineraliza-
tion of lignocellulose (Lewis and Yamamoto 1990; Janusz et al. 2017; Bissaro et al.
2018; Brink et al. 2019). Lignin and its phenolic derivatives are known to inhibit
lignocellulolytic enzymes by adsorption or deactivation. In the biological world,
fungi are considered to be the most prolific producers of lignocellulolytic enzymes
(Blanchette 1991; Conesa et al. 2001; Bouws et al. 2008; Eastwood et al. 2011;
Girard et al. 2013; Edwards et al. 2017; Kameshwar et al. 2019; Yadav et al. 2019a, b).
These eukaryotic organisms play indispensable role in plant matter decomposition,
carbon cycle, and overall nutrients recycling. Most fungi are aerobic and facultative
anaerobic with the exception of strict anaerobic species present in the rumen of
herbivorous animals (Sirohi et al. 2012; Edwards et al. 2017; Hooker et al. 2019).
Filamentous fungi, in particular, secrete abundant enzymes to break down plant
matter and complex materials in the environment which is in turn absorbed through
hypha walls and utilized further for their growth and maintenance (Bouws et al.
2008; Eastwood et al. 2011; Girard et al. 2013; Edwards et al. 2017). Their involve-
ment in plant matter decomposition, association with plant roots as mycorrhiza,
association with photobionts in lichens, and presence in rumen and intestine of
wood-decaying insects are well established, widely reported, and extensively
reviewed earlier by several investigators.

Fungi and bacteria are indispensably involved in degradation of recalcitrant plant
biomass, thus contributing massively to carbon cycle in various ecosystems (Cragg
et al. 2015; Janusz et al. 2017). Surprisingly, animals such as ruminants, termites,
millipedes, and terrestrial isopods are dependent on their respective microbiomes
for lignocellulose degradation as none of them encode the entire enzymatic reper-
toire required for lignocellulose degradation (Sirohi et al. 2012; Edwards et al.
2017; Kameshwar et al. 2019). In this chapter, we will emphasize the roles and
secretomes of wood-degrading fungi and anaerobic rumen fungi associated with
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plant biomass degradation. Fungi are among the most diversified and widely studied
Natural Biomass Utilization Systems (NBUS; Eastwood et al. 2011; Girard et al.
2013). Several fungi are equipped with enzymes which empower them to harvest
energy and nutrition from plant biomass, which otherwise indigestible for other liv-
ing organisms (Girard et al. 2013; Edwards et al. 2017; Janusz et al. 2017). Several
fungal species from class Agaricomycetes (Basidiomycota) are closely associated
with wood decay in different ecological niches (Krah et al. 2018). The saprotrophic
members of this class cause decay of dead woods as either white rot or brown rot.
The white rot fungi (WRF) and brown rot fungi (BRF) are the prominent colonizers
which degrade lignocellulose cell wall components of compact wood logs, branches,
and stumps (Martinez et al. 2004, 2009; Girard et al. 2013; Edwards et al. 2017,
Janusz et al. 2017; SistaKameshwar and Qin 2018; Reina et al. 2019) (Fig. 1.1). In
addition to white and brown rot, other wood-decaying manifestations, viz., soft rot
and gray rot, are also exhibited by some members of Basidiomycota and Ascomycota
(Riley et al. 2014).

Anaerobic rumen fungi (ARF) account for 8-20% of total microbial biomass of
rumen and alimentary tract of herbivorous mammals (Sirohi et al. 2012; Edwards
et al. 2017; Kameshwar et al. 2019; Hooker et al. 2019). First described in 1975 by
Colin Orpin (Youssef et al. 2013), these obligate anaerobic, filamentous, and motile
zoospore-forming fungi are assigned to phylum Neocallimastigomycota. Despite
their low numbers (10° per ml of rumen fluid), ARF are key players in lignocellulose
degradation in the rumen as these physically penetrate and disrupt the plant cell walls
and thus facilitate rapid growth of fibrolytic bacteria leading to optimal degradation
and utilization of lignocellulosic biomass (Sirohi et al. 2012; Youssef et al. 2013;
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Solomon et al. 2016; Haitjema et al. 2017; Edwards et al. 2017; Hooker et al. 2019).
At present, only 11 genera have been cultured from rumen ecosystem of various
herbivorous animals. These genera are Neocallimastix, Anaeromyces, Caecomyces,
Cyllamyces, Orpinomyces, Piromyces, Buwchfawromyces, Feramyces, Oontomyces,
Pecoramyces, and Liebetanzomyces (Sirohi et al. 2012; Edwards et al. 2017; Hooker
et al. 2019; Li et al. 2019). In the next section, we have discussed the metabolic
capabilities of wood-degrading fungi and ARF involved in plant biomass degradation
and mineralization.

1.3 Secretomics and Mechanism of Lignocellulose
Biodegradation

Secretome, a term coined by Tjalsma et al. (2000), represents all the proteins and
cellular machineries which are secreted outside the plasma membrane into the
environment or extracellular matrix by a cell (McCotter et al. 2016). Plants, bacte-
ria, and fungi exhibit their unique and substrate-specific secretome under different
environmental conditions. Fungal secretome, therefore, essentially comprises
extracellular enzymes which are released exterior to the cell wall, usually in the
presence of lignocellulosic plant matter (Bouws et al. 2008; Eastwood et al. 2011;
Girard et al. 2013; Kameshwar et al. 2019). In the past decade, advances in protein
identification techniques and genome sequencing have enabled detailed investiga-
tion of the secretomes of many saprophytic, pathogenic, and symbiotic fungal
species revealing rich, diverse, and highly specific enzymatic profiles. The decon-
struction and mineralization of recalcitrant and indigestible plant biomass require
the synergistic and cooperative action of several hydrolytic, oxidative, and non-
hydrolytic enzymes (Blanchette 1991; Girard et al. 2013; Cragg et al. 2015;
Edwards et al. 2017; Janusz et al. 2017; Bissaro et al. 2018). An extensive knowl-
edge of fungal secretomes involved in recalcitrant plant biomass degradation is of
immense significance in the present scenario where increasing emphasis is devoted
toward sustainable bioeconomy. In the coming sections, we describe different
carbohydrate-active enzymes (CAZymes) involved in lignocellulose degradation
(Table 1.1 and Fig. 1.2). According to CAZy database, there are six types of
CAZymes, i.e., glycoside hydrolase (GH), carbohydrate esterase (CE), glycosyl-
transferase (GT), polysaccharide lyases (PL), auxiliary activity (AA), and carbohy-
drate-binding domains (Lombard et al. 2014). It is estimated that the proportion of
secreted proteins in fungal species ranges from 4 to 14% (Lowe and Howlett 2012).
Degradation of recalcitrant plant biomass, viz., dead wood, wheat straw, fodder,
etc., is accomplished by highly coordinated and synergistic actions of multiple
CAZymes exhibiting a combination of oxidative, hydrolytic, and non-hydrolytic
activities (Buggetal.2011; Lombard et al. 2014; Janusz et al. 2017; SistaKameshwar
and Qin 2018; Bissaro et al. 2018). The most difficult part of plant cell wall is
lignin and it needs to be degraded before enzyme can access cellulose and
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Table 1.1 The enzymatic repertoire of wood-degrading fungi and anaerobic rumen fungi
associated with degradation of recalcitrant lignocellulosic plant biomass

Plant cell wall

component Enzymes involved CAZy families

Cellulose Endo-1,4-p-D-glucanase (EC 3.2.1.4) GHI1, GH3, GH5_5, GH5_7,
Exo-1,4-B-D-glucanase (EC 3.2.1.91) GH5_9, GH5_12, GH5_45,
Cellobiohydrolase (EC 3.2.1.91) GHS5_48 GH5_74, GH5_131,
B-Glucosidase (EC 3.2.1.21) GHS5_148, GH6, GH7, AA3_2,
Cellobiose dehydrogenase AA3_4,AA7, AAS-AA3_1-
Glucose 1-oxidase (CBM1), AA8-AA12-CBM1,
Pyranose 2-oxidase AA9, AA10, AA11, AA13, AAL4,
Gluco-oligosaccharide oxidases AA1S5
PQQ-dependent pyranose dehydrogenase
Lytic polysaccharide monooxygenases
(LPMOs)

Hemicellulose | Endo-fp-1,4-xylanases (EC 3.2.1.8) GH2, GH5_7, GH5_26, GH27,
B-D-xylosidase (EC 3.2.1.37) GH36, GH35, GH3, GH39, GH43,
1,4-p-D-endo-mannanases (EC 3.2.1.78) | GH52, GH10, GH11, GH62,
1,4-B-D-mannosidases (EC 3.2.1.25) GHS51, GH54, GH67, GH115,
-1,4-Galactosidase GH12, GH16, GH74, GH31,
Galactomannan acetyl esterase AAS5_2,AA14, CEL, CE1-CE7,
Arabinoxylan arabinofuranohydrolase CE12, CEl6, GE/GCE, CE15
a-L-Arabinofuranosidases
a-Glucuronidases
Feruloyl esterases
Acetyl esterases
4-0O-Methyl glucuronoyl methylesterases
Xyloglucan transferase/hydrolases
a-Xylosidases
Galactose 6-oxidase
Lytic xylan oxidase

Lignin Laccases (EC 1.10.3.2) AA1,AA2, AA3, AAS, AA6

Lignin peroxidases (EC 1.11.1.14)
Manganese peroxidases (EC 1.11.1.13)
Versatile peroxidases (EC 1.11.1.16)
Dye-decolorizing peroxidase (EC
1.11.1.19)

Glyoxal oxidase (EC 1.2.3.5)

Aryl alcohol oxidases (EC 1.1.3.7)
Pyranose 2-oxidase (EC 1.1.3.10)
Cellobiose dehydrogenase (EC 1.1.99.18)
Glucose oxidase (EC 1.1.3.4)
Chloroperoxidases (EC 1.11.1.10)
Glucose dehydrogenase (EC 1.1.99.10)
Aromatic peroxygenases (EC 1.11.2.1)

CAZy carbohydrate-active enzymes, CBM cellulose-binding domains, GHs glycoside hydrolases,
CE carbohydrate esterases, AA auxiliary activities, LPMOs lytic polysaccharide monooxygenases
Sources: Lewis and Yamamoto (1990), Eastwood et al. (2011), Bugg et al. (2011), Lombard et al.
(2014), Hori et al. (2014), Janusz et al. (2017), dos Santos et al. (2018), Bissaro et al. (2018), Brink
et al. (2019), Ralph et al. (2019)
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Fig. 1.2 The carbohydrate-active enzymes involved in degradation and depolymerization of recal-
citrant plant biomass consisting primarily of lignin, cellulose, and hemicellulose. White rot fungi,
brown rot fungi, and anaerobic rumen fungi secrete an array either all or some of essentially
involved lignocellulolytic enzymes on variable substrates under in situ and in vitro conditions.
Lignocellulose degradation is achieved by concerted and simultaneous action of several hydrolytic
enzymes, oxidoreductases, peroxidases, free radicals, and other reaction mediators

hemicellulose components. This activity is achieved in white rot fungi by extracel-
lular enzymes, viz., oxidoreductases (AA2), lignin peroxidases, laccases, manga-
nese peroxidases, versatile peroxidases, copper radical oxidases (AAS),
dye-decolorizing peroxidases, and phenol-oxidizing multicopper oxidases (AA1),
and a number of mediators, e.g., reactive oxygen species, free radicals, and aro-
matic intermediates (Martinez et al. 2004; Kuuskeri et al. 2016; Janusz et al. 2017;
Bissaro et al. 2018; dos Santos et al. 2018). A detailed list of these enzymes is
provided in Table 1.1. Both lignin-modifying enzymes and lignin-degrading auxil-
iary enzymes are involved in lignin degradation process (Bugg et al. 2011; Janusz
et al. 2017; Bissaro et al. 2018). On the other hand, cellulose and hemicellulose
degradation into disaccharides and monosaccharides is accomplished with the help
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of cellobiohydrolases (GH families GH6 and GH7), p-glucosidases (GH1 and
GH3), endoglucanases (GHS5, GH9, GH12, GH44, and GH45), lytic polysaccha-
ride monooxygenases (AAY), polysaccharide lyases, and carbohydrate esterases
(Kuuskeri et al. 2016; Janusz et al. 2017; Bissaro et al. 2018). Exoglucanases from
GH family, GH6, GH7, and GH48, attack cellulose fibrils at the ends of the chain.
In case of hemicelluloses, it is endo-hemicellulases, exo-hemicellulases, and acces-
sory enzymes which cleave chains at various positions and locations (Table 1.1).
Compositional details of lignocellulosic plant biomass, microorganisms involved
in its biodegradation, and associated enzymatic repertoire have also been exten-
sively reviewed earlier by Blanchette (1991), Eastwood et al. (2011), Girard et al.
(2013), Lombard et al. (2014), Guerriero et al. (2015), Cragg et al. (2015), Janusz
et al. (2017), Gall et al. (2017), Edwards et al. (2017), Bissaro et al. (2018), dos
Santos et al. (2018), and Hooker et al. (2019). Fungal secretome studies are increas-
ingly facilitated by accelerated genome sequencing availability of advanced soft-
ware, databases, algorithms, analytical tools, prediction models, and improved
proteomic approaches (Table 1.2).

As depicted in Fig. 1.2, lignin is acted upon by oxidative enzymes (laccase, lig-
nin peroxidase, versatile peroxidase, manganese peroxidase) and auxillary activity
redox enzymes (glyoxal oxidase, pyranose oxidase, aryl alcohol oxidase, methanol
oxidase; Hori et al. 2014; Adesogan et al. 2019; Brink et al. 2019; Ralph et al. 2019).
During lignin depolymerization by fungi, laccases and manganese peroxidases
mainly act on phenols, and the nonphenolic lignin components are attacked by lig-
nin peroxidase, whereas versatile peroxidases act on both (Bugg et al. 2011; Janusz
et al. 2017; Brink et al. 2019; Ralph et al. 2019). In addition to numerous well-
characterized hydrolytic enzymes, lignocellulolytic fungi exhibit simultaneous
secretion of an array of lytic polysaccharide monooxygenases (LPMOs) and several
other oxidoreductases (Bissaro et al. 2018). LPMOs are a class of copper-dependent
enzymes classified as auxiliary activities (AA) and belong to families AA9, AA10,
AATll, AA13, AA14, and AA15 of CAZy (Bissaro et al. 2018). LPMOs are
known to hydroxylate carbons at scissile glycosidic bonds. Interestingly, H,O,
plays a crucial role in catalytic activity of LPMOs (Bugg et al. 2011; Janusz et al.
2017; Bissaro et al. 2018).

1.4 Wood-Degrading Fungi

The number of species of potent wood-degrading fungi is more than 1000; however,
the actual numbers are expected to be much higher. These fungi mainly exhibit
saprotrophic mode of nutrition but sometimes may be showing parasitic attributes
in forest ecosystems (Janusz et al. 2017). Ongoing research based on transcriptome
and secretome has offered considerable insights on enzymatic machinery, and
lignocellulose-degrading capabilities of several fungal species adapted to sapro-
phytic, plant pathogenic, symbiotic, anaerobic, and endosymbiotic life styles
(SistaKameshwar and Qin 2018). Secretomic studies offer deeper insights into
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Table 1.2 List of some important fungal genome sequences, secretomes, transcriptome databases,

and software packages

Database/authority/Genome | Description Weblink

CAZy database Carbohydrate-active http://www.cazy.org/
enzymes database

MycoCosm 1000 Fungal Genomes | https://genome.jgi.doe.gov/mycocosm/
Project home

Ohm et al. (2014)

Genome sequence of
Phanerochaete
chrysosporium, a white rot
fungus

First-ever genome
sequence of wood-
decaying fungi

https://genome.jgi.doe.gov/mycocosm/
home, http://genome.jgi-psf.org/
Pchrysosporium?2_2,

Martinez et al. (2004)

Genome sequence of Postia
placenta, a brown rot
fungus

First genome sequence
of brown rot fungi

Martinez et al. (2009)

Genome sequence of
Orpinomyces C1A

Genome sequence of
anaerobic rumen fungus

Youssef et al. (2013)

FunSecKB Fungal Secretome http://bioinformatics.ysu.edu/
Knowledge Base secretomes/fungi.php

FunSecKB2 The Fungal Secretome | http://bioinformatics.ysu.edu/
and Subcellular secretomes/fungi2/index.php
Proteome Knowledge
Base 2.1

SRA NCBI Sequence Read https://submit.ncbi.nlm.nih.gov/subs/sra
Archive

FungiDB - http://fungidb.org/fungidb/

eLignin eLignin Microbial www.elignindatabase.com
Database Brink et al. (2019)

FSD The Fungal Secretome | http://fsd.snu.ac.kr/index.php?a=view

Database

Software packages used in transcriptome and secretome data analysis and prediction

1. SignalP v4.1

2. SecretomeP v1.027

3. TargetP v1.1

4. TMHMM v2.0

5. ProtComp v9.0

mechanistic details of lignocellulose degradation by various species of bacteria and
fungi in their respective natural habitats or under symbiotic associations with higher
organisms. These studies have the potential to elucidate the life style adaptation and
survival mechanisms of wood-degrading fungi on highly recalcitrant plant biomass
as sole carbon source. In addition, secretomic analyses can facilitate our search for
novel enzymes and exploitable secretary pathways essentially needed to establish
industrial-scale and sustainable biofuels production. Here, we specifically focus on
wood-decaying fungi and anaerobic rumen fungi well recognized for their excep-
tional lignocellulolytic potential. The challenging task of plant biomass depolymer-
ization in natural environments is primarily accomplished by filamentous fungi.


http://www.cazy.org/
https://genome.jgi.doe.gov/mycocosm/home
https://genome.jgi.doe.gov/mycocosm/home
https://genome.jgi.doe.gov/mycocosm/home
https://genome.jgi.doe.gov/mycocosm/home
http://genome.jgi-psf.org/Pchrysosporium2_2
http://genome.jgi-psf.org/Pchrysosporium2_2
http://bioinformatics.ysu.edu/secretomes/fungi.php
http://bioinformatics.ysu.edu/secretomes/fungi.php
http://bioinformatics.ysu.edu/secretomes/fungi2/index.php
http://bioinformatics.ysu.edu/secretomes/fungi2/index.php
https://submit.ncbi.nlm.nih.gov/subs/sra
http://fungidb.org/fungidb/
http://www.elignindatabase.com
http://fsd.snu.ac.kr/index.php?a=view

1 Secretomics of Wood-Degrading Fungi and Anaerobic Rumen Fungi Associated... 9

Wood-degrading fungi mostly belong to the class Agaricomycetes of phylum
Basidiomycota, although some members of Ascomycota are also of considerable
significance. Lignocellulolytic activity of wood-degrading fungi is manifested
through concerted action of oxidoreductases, peroxidases, glycoside hydrolases,
exoglucanases, endoglucanases, xylanases, and a number of other CAZymes (Gaskell
et al. 2016; Bissaro et al. 2018). In addition, the role of H,0O, and reactive oxygen
species is also crucial. The most extensively studied (in terms of transcriptome and
secretome) wood-degrading fungi are Phanerochaete chrysosporium, Phanerochaete
carnosa, Phlebia tremellosa, Trametes versicolor, Phlebia radiata, Bjerkandera
adusta, Irpex lacteus, Gloeophyllum trabeum, Agaricus bisporus, Stropharia coro-
nilla, Agrocybe praecox, Chondrostereum purpureum, Heterobasidium annosum,
Ceriporiopsis subvermispora, Phellinus pini, Lentinula edodes, Hericium clathroi-
des, Pleurotus ostreatus, Obba rivulosa, Postia placenta, Piptoporus betulinus,
Serpula lacrimans, Fomitopsis lilacinogilva, Ganoderma lucidum, Laetiporus por-
tentosus, Fomitiporia mediterranea, Pycnoporus cinnabarinus, Dichomitus squa-
lens, Punctularia strigosozonata, Botrytis cinerea, Stereum hirsutum, Pleurotus
eryngii, Fibroporia radiculosa, Wolfiporia cocos, Dacryopinax primogenitus,
Daedalea quercina, Laetiporus sulphurous, Neolentinus lepideus, Calocera cornea,
Fistulina hepatica, Hydnomerulius pinastri, and Coniophora puteana (Riley et al.
2014; Presley and Schilling 2017; SistaKameshwar and Qin 2018).

1.4.1 Secretomes of White Rot Fungi (WRF)

WREF have the unique distinction of being the only microorganism in the biological
world to completely degrade lignin, cellulose, and hemicellulose simultaneously
(Manavalan et al. 2015; Xie et al. 2016). WRF are members of Basidiomycota, the
largest phylum of kingdom Fungi (Blanchette 1991; Martinez et al. 2004; Krah
et al. 2018). During lignin degradation by WRE, the crystalline cellulose with a
bleached appearance is left behind which appears as white rot. This is why these are
called white rot fungi. WRF initiate lignin depolymerization by producing large
amount of free radicals mediated by oxidases and peroxidases (Martinez et al.
2004). With the help of a consortium of enzymes, WRF carry out mineralization of
lignocellulose plant matter to carbon dioxide and thereby ensure continuity of car-
bon cycle in the habitats characterized by forest litter, fallen trees, wooden stumps,
wood logs, etc. In return, WRF fulfil their energy and nutrition requirements from
the same substrate (Blanchette 1991; Martinez et al. 2004; Baldrian and Valaskova
2008; Eastwood et al. 2011; Krah et al. 2018; Bissaro et al. 2018).

WREF from phylum Basidiomycota are reported to efficiently degrade lignin,
cellulose, and hemicellulose present in the plant cell wall manifested through co-
secretory and synergistic action of hydrolytic, oxidative, and non-hydrolytic
enzymes, thus leaving a bleached fibrous residue (Krah et al. (2018). WRF can
uniquely attack lignin barrier first before gaining access to cellulose and hemi-
celluloses of plant cell wall. WRF also produce extracellular reactive oxygen
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species mediated by peroxidases which facilitate physical disruption of crystalline
lignocellulose biomass leading to greater access for degradative enzymes (Martinez
et al. 2004; Bissaro et al. 2018). P. chrysosporium is a model organism for studying
lignin degradation. Its genome sequence is published and offers greater insights on
lignin-degradative enzymatic machinery and corresponding genomic organization
(Martinez et al. 2004; Ohm et al. 2014). It is considered as the most prolific pro-
ducer of CAZy, especially laccases, lignin peroxidases, manganese peroxidases,
and LPMOs among various WRF species (Singh and Chen 2008). P. chrysosporium
RP78 genome encodes >240 putative CAZymes belonging to 69 distinct families.
Among these, 166 were glycoside hydrolases, 57 glycosyltransferases, 40 putative
endoglucanases (GH5, GH9, GH12, GH61, and GH74), 14 carbohydrate esterases,
at least 9 p-glucosidases, and 7 exocellobiohydrolases (Martinez et al. 2004).
Further, ten lignin peroxidases, five manganese peroxidases, and several other
lignocellulolytic enzymes were encoded by its genome (Martinez et al. 2004).
P. chrysosporium is an excellent decomposer of soft- and hardwood, branches, logs,
leaves, etc. in forests.

The secretomes of a number of other WRF growing in situ or on various sub-
strates under in vitro conditions are now available in the literature. As compared
to P. chrysosporium, which carry out simultaneous degradation of cellulose,
hemicellulose, and lignin, Ceriporiopsis subvermispora exhibit unique and selec-
tive characteristic of lignin removal before initiating the cellulose degradation
(Hori et al. 2014). Chondrostereum purpureum, a basidiomycetous fungus, pro-
duces an extensive repertoire of lignocellulolytic enzymes (Reina et al. 2019).
Almost 50% of CAZy encoded by its genome belongs to GHs (GHS, GH6, GH7,
GH10,GHI11,GH12, GH16, GH30), CEs, and cellulose-binding domains (CBMs)
which specifically target cellulose and hemicelluloses. In addition, 153 oxidore-
ductases, lignin-modifying enzymes, and auxillary activity (AA1, AA3) enzymes
are encoded by its genome under variable culture conditions (Reina et al. 2019).
Similarly, several families of CBMs and CEs were found to be encoded by C.
purpureum genome. Further, expression of 81 oxidoreductases was recorded
under substrate-specific culture conditions (Reina et al. 2019). Secretome analysis
of Pleurotus eryngii, an edible mushroom and white rot fungi, revealed the pro-
duction of seven glucanases, cellobiohydrolase, cellulose 1,4-beta-cellobiosidase,
glucosidases, 22 glycoside hydrolase (GH families GH1, GH6, GH12, GH16,
GH17, GH24, GH31, GH32, GH35, GH43, GH44, GH51, GH61, GH74, GH76,
GH78, GH79, GH88, GH92, GH95), and CBM of family 21. These findings con-
clusively established the rich cellulolytic enzymes repertoire in P. eryngii under
different substrate conditions (Xie et al. 2016). In another study, Kuuskeri et al.
(2016) studied the secretory enzyme profile of Phlebia radiata cultured in solid
state on spruce wood. The transcriptomic and secretomic analyses indicated
expression and secretion of oxidoreductase, glyoxal oxidases, alcohol oxidases,
cellobiohydrolases (GH6 and GH7), LPMO (AA9), lignin peroxidases, and acetyl
xylan esterase. Prominent upregulation of genes whose products are involved in
wood decay was observed at different growth periods.
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1.4.2 Secretome of Brown Rot Fungi (BRF)

BRF are basidiomycetous fungi which occur as common pests of plants in conifer-
dominated woodlands (Presley and Schilling 2017). BRF decompose wood via
glycoside hydrolase-mediated saccharification and free radical oxidation (Baldrian
and Valaskova 2008). However, compared to WRF, BRF preferentially degrade cel-
lulose and hemicellulose whereas lignin is not depolymerized significantly thus
leaving behind a brownish residue with fragmented appearance (Krah et al. 2018).
Genomic analysis revealed evolution of BRF from WRF by gradual loss of genes
which encode for ligninolytic peroxidases (Januszet al. 2017). Absence of class II
peroxidases and cellobiohydrolases was reported in Wolfiporia cocos (Gaskell et al.
(2016). The important species of BRF are Gloeophyllum trabeum, Postia placenta,
Piptoporus betulinus, Serpula lacrimans, Fomitopsis lilacinogilva, Laetiporus por-
tentosus, Wolfiporia cocos, Fibroporia radiculosa, Dacryopinax primogenitus,
Daedalea quercina, Laetiporus sulphurous, Neolentinus lepideus, Calocera cornea,
Fistulina hepatica, Hydnomerulius pinastri, and Coniophora puteana (Krah et al.
2018; SistaKameshwar and Qin 2018).

Most of BRF are aerobic in nature and contribute a little inside digestive tracts of
herbivorous mammals. WRF vary significantly in terms of substrate specificity and
mechanisms of action. The genomic, phenotypic, and phylogenetic basis of these
variations is yet to be fully understood. Presley and Schilling (2017) studied in vitro
degradation of spruce wafers by two BRF, namely, Serpula lacrymans and
Gloeophyllum trabeum, using a proteomic approach. Upon initial colonization, oxi-
doreductase diversity was observed first followed by higher glycoside hydrolase
activity at later stages. Their findings suggest significant variations in their oxidore-
ductase profiles as indicated by presence of putative copper radical oxidase in S.
lacrymans but absence in G. trabeum. On the other hand, GMC oxidoreductase and
a xyloglucan-specific AA9 family protein were produced by G. trabeum but not by
S. lacrymans. S. lacrymans exhibited higher mannanase activity compared to G.
trabeum which showed elevated xylanase production. Interestingly, GH6 and cel-
lobiohydrolases (CBHs) were not detected in case of S. lacrymans. As compared to
93 proteins identified in S. lacrymans, the protein counts were 209 in G. trabeum.
Overall analysis of their secretomes indicates a two-step brown rot decay mecha-
nism manifested through entirely different biochemical routes. In another BRF spe-
cies Postia placenta from phylum Basidiomycota, 242 putative CAZY-encoding
genes were reported (Martinez et al. 2009). Among these, the number of GHs, CEs,
glycosyltransferases, and polysaccharide lyases were 144, 10, 75, and 6, respec-
tively. In addition, expansin-like proteins, laminarinases, chitinases, endoxylanases,
B-xylosidases, and L-a-arabinofuranosidases were identified. However, the
enzymes/proteins involved in lignin degradation, viz., lignin peroxidase, manga-
nese peroxidase, exocellobiohydrolases, versatile peroxidase, cellulose-binding
domains, and cellulose-binding endoglucanases, were entirely absent. This unique
secretome profile substantiated the non-action of P. placenta against lignin compo-
nents of plant biomass. Gaskell et al. (2016) determined 64 glycoside hydrolases



12 N. Singh and J. Singh

from Wolfiporia cocos growing on different media containing glucose, purified
crystalline cellulose, lodgepole pine, and aspen. More than fourfold upregulation of
hemicellulase-, endoxylanase-, and chitinase-encoding genes was observed.
Additionally, there was upregulation of genes involved in oxidative depolymeriza-
tion of cellulose.

1.5 Secretome of Anaerobic Rumen Fungi (ARF)

AREF have indispensable role in digestion of recalcitrant lignocellulosic feed materi-
als in digestive system of herbivorous animals. CAZymes in ARF exist either as free
enzymes or as cellulosome, a multiprotein complex (Haitjema et al. 2017). The
genome sequencing of four species of Neocallimastigomycota suggests that many of
these CAZymes have been acquired by horizontal gene transfer from rumen bacteria
(Youssef et al. 2013; Haitjema et al. 2017). The extensive CAZyme repertoire, cel-
lulosome, and extracellular proteases produced by Neocallimastigomycetes may
help these microbes compete with other rumen inhabitants for limited nutrients
(Youssef et al. 2013; Haitjema et al. 2017). As described earlier in Sect. 1.3, only 11
genera have been cultured and exhaustively investigated for secretome analyses.
Due to their strict anaerobic lifestyles, in vitro studies are limited on these fungi.
Still, a number of studies have offered insights in secretome profiles of ARF. Wang
et al. (2011) identified 25 families of glycosyl hydrolases (GHs) from anaerobic
rumen fungus Neocallimastix patriciarum W5 culture anaerobically on substrate
mixture comprising rice straw, napier grass, and sugarcane bagasse. Transcriptome
and secretome analysis revealed 25 putative GH families dominated by GH6 (15%),
GHI10 (9.5%), GHS5 (9.1%), and GH43 (9.1%). The main CAZymes were cello-
biohydrolase (EC 3.2.1.91), endoglucanase (EC 3.2.1.4), and xylanases. The num-
ber of cellulases and hemicellulases was found to be higher in N. patriciarum W5 as
compared to other plant matter-degrading fungi. The genome sequencing of
Orpinomyces sp. strain C1A by Youssef et al. (2013) revealed an efficient lignocel-
lulolytic enzymes repertoire comprising 357 glycoside hydrolase genes, 92 carbohy-
drate esterases genes, and 24 polysaccharide lyases genes. Interestingly, 220 genes
with fungal dockerin domain and 103 genes harboring carbohydrate-binding module
domains were also identified. Further, expansion of cellulolytic and hemicellulolytic
families, viz., GH6, GH9, Gh10, GH11, Gh43, GH45, and GH48, and reduction or
complete loss of families GH7, GH16, GH18, GH28, and GH61 were also observed
(Youssef et al. 2013). The genes attributing for an efficient and extensive glycoside
hydrolase machinery of this rumen fungus are believed to be acquired through hori-
zontal gene transfer from multiple ruminal bacteria present in rumen. A previous
study also reported presence of cellulase (GH family 48) containing two C-terminal
fungal dockerin domains from Piromyces equi (Steenbakkers et al. 2002).
Kameshwar and Qin (2018) compared the genome-wide annotations of five
AREF, namely, Neocallismatix californiae, Anaeromyces robustus, Orpinomyces sp.,
Piromyces sp. E2, and Piromyces finnis. Findings of this comprehensive analysis
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revealed that ARF have the highest number of CAZyme-encoding genes compared
to other fungi. Moreover, the presence of genes for cellulosomes and carbohydrate
transport and metabolism strongly supported their remarkable polysaccharide-
degrading abilities. Surprisingly, the genes encoding for lignin-degrading auxiliary
activity enzymes, such as lignin peroxidase, laccase, manganese peroxidase, versa-
tile peroxidase, aryl alcohol oxidase, glyoxal oxidases, and glucose oxidases, were
completely lacking in their genomes. Among these five ARF species, Neocallimastix
californiae was found to possess the highest number of genes coding for CAZymes
involved in cellulolytic, hemicellulolytic, and pectinolytic activities (Kameshwar
and Qin 2018). A comparative analysis of transcriptome of four ARF, i.e.,
Anaeromyces mucronatus YES505, Neocallimastix frontalis 277, Orpinomyces joyonii
SG4, and Piromyces rhizinflata YM600 revealed that 8.1-11.2% of the entire tran-
scriptome were predicted CAZymes with highest in O. joyonii. About 40-44% of
the CAZymes-encoding contigs had one or more carbohydrate-binding modules
(Gruninger et al. 2018).

1.6 Conclusion

In spite of the availability of enormous amount of plant matter, woody substances,
crop residues, and agro-food industry by-products as an attractive renewable
resource, its industrial-scale utilization remains limited due to inherent structural
complexity and recalcitrance. The controlled decomposition of biomass in general
and of lignocellulose in particular involves a wide diversity of enzymatic activities
and chemical reactions, which are far from fully elucidated. Moreover, our knowl-
edge of the fungal secretion pathway is still at an early stage. Wood-degrading fungi
and anaerobic rumen fungi can accomplish this daunting task with remarkable effi-
ciency in natural environments using their specialized and sophisticated biomolecu-
lar machinery. The fungal secretomes have been explored to find enzymes and
enzyme combinations for paper, textile, and food manufacturing industries.
Similarly, low cost and sustainable processes for plant biomass conversion to biofu-
els can revolutionize industrial and environmental microbiology. The study of sec-
retomes of novel fungal genera/species is interestingly poised to elucidate novel
enzymes suitable for efficient plant cell wall degradation which can be exploited for
commercial biotechnological applications. White rot fungi in particular have tre-
mendous potential for biotechnological applications, bioremediation, pulp and
paper industries, and effluents treatment in different industrial settings. These fungi
possess remarkable potential for implementing eco-friendly, sustainable, and con-
solidated biological processing of lignocellulosic biomass for biofuel and biorefining
industries and bioremediation processes.
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