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ARTICLE INFO ABSTRACT

Keywords: A wealth of fungal enzymes has been identified from nature, which continue to drive strain engineering and
Fungi bioprocessing for a range of industries. However, while a number of clades have been investigated, the vast

Lignocellulose majority of the fungal kingdom remains unexplored for industrial applications. Here, we discuss selected classes

Enlzlyrlne of fungal enzymes that are currently in biotechnological use, and explore more basal, non-conventional fungi

genulase and their underexploited biomass-degrading mechanisms as promising agents in the transition towards a bio-
ellulosome

based society. Of special interest are anaerobic fungi like the Neocallimastigomycota, which were recently found
to harbor the largest diversity of biomass-degrading enzymes among the fungal kingdom. Enzymes sourced from
these basal fungi have been used to metabolically engineer substrate utilization in yeast, and may offer new
paths to lignin breakdown and tunneled biocatalysis. We also contrast classic enzymology approaches with
emerging ‘omics’-based tools to decipher function within novel fungal isolates and identify new promising en-
zymes. Recent developments in genome editing are expected to accelerate discovery and metabolic engineering
within these systems, yet are still limited by a lack of high-resolution genomes, gene regulatory regions, and even
appropriate culture conditions. Finally, we present new opportunities to harness the biomass-degrading potential

Anaerobic fungi

of undercharacterized fungi via heterologous expression and engineered microbial consortia.

1. Introduction

Modern biotechnology uses enzymes and engineered microbes to
produce a wide variety of fuels, materials and chemicals from renew-
able feedstocks (Otero and Nielsen, 2010). In contrast, current com-
modity- and fine-chemical production relies on non-renewable petro-
leum feedstocks. Given the dwindling resources and the heavy carbon
footprint of oil, the demand for environmentally friendly alternatives is
urgent and ever increasing.

The so-called first generation biofuels were derived from crops that
are rich in starch and sugars, such as corn and sugarcane (Saini et al.,
2015). As the world's population is predicted to increase to ~ 10 billion
by the year 2050, this approach is not sustainable because it competes
with food resources and for agricultural land (Bothast and Schlicher,
2005; Rogers et al., 2017). Current efforts seek to convert lig-
nocellulosic energy crops and residues from agriculture and forestry
into hexose and pentose sugars (Sanderson, 2011; U.S. Department of
Energy, 2017, 2016). Given the impetus of the European Union's goal to
develop a bio-economy by 2050, as well as the estimated €2 trillion bio-
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market size in 2012, there are significant political and financial drivers
to pursue these endeavors (Scarlat et al., 2015). To fully realize the
potential of sustainable bioproduction platforms, there is a great need
to identify novel organisms, enzymes and molecules with activities that
can be harnessed for a range of breakdown and conversion applications
(Adrio and Demain, 2014; Curran and Alper, 2012; Monciardini et al.,
2014; Rocha-Martin et al., 2014; Thies et al., 2016). In particular, we
need to be able to cost-effectively convert diverse, underutilized plant
biomass into tailor-made value-added compounds.

Lignocellulosic biomass, available worldwide in plant cell walls, is
arguably the most promising feedstock for the sustainable production of
bio-based chemicals and value-added products (Himmel et al., 2007;
Rogers et al., 2017; U.S. Department of Energy, 2017). Underutilized
lignocellulosic feedstock is abundant — it is estimated that 1.3 billion
tons of agricultural waste is generated on an annual basis worldwide
(Saini et al., 2015; Sarkar et al., 2012). It has been suggested that the US
alone could sustainably produce as much biomass that could be fun-
neled into bioprocessing applications on an annual basis (Himmel et al.,
2007; Rogers et al., 2017). However, the inherent recalcitrance of plant
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cell walls presents a formidable challenge for biotechnological appli- o o
cations. Few organisms can fully degrade the highly heterogeneous and g £ & g = =
recalcitrant structures found in plant cell walls. Therefore, biomass- 5 = 3 § s & § @
degrading organisms are highly sought after, as their enzymes can be g ;Cé % g3 4 2 2
directly harvested or produced for consolidated bioprocessing (Hess < 5 = % g O % %
et al., 2011; Piao et al., 2014; Zhang et al., 2016). 5 £ 5 4 g = E : % =
Fungi play a major role in nutrient cycling and biogeochemical g i ] 8 go 8 % & § 2
cycles in both aquatic and terrestrial environments (Dighton, 2007; S = § g S 3 E g = g :
Gadd, 2007; Gessner et al., 2007). Already, most industrial enzymes for E fv f% E g IS § ; i E S B
lignocellulosic bioprocessing are sourced from fungi but the fungal :’ é < & Ehl g é ! j g éj
kingdom is vast, largely hidden, and exhibits a wide range of interesting g qL: £z E 8T =3 3 g ;) g =
bioactivities that remain underexploited (Banerjee et al., 2010; Falade g v g E E g ; B g §° T3 T;j ~ ; -
et al., 2017; Payne et al., 2015; Ramanjaneyulu and Rajasekhar Reddy, 9 c 5 g2 5 258£% %2 3 sZi:g
2016). This review describes selected examples of fungal enzymes that = s s T s o =Ens =r= mae
are currently in commercial use, and those that could further transform 5 B 5 4 -
biotechnology, sourced from under-characterized clades of fungi. We g‘g 2 & 2 . g £ g §
provide examples of how fungal enzymes and pathways have been used =5 2 £ 5 = é E 5 5E8 8
to enhance the performance of microbial production strains with par- ZTERE g ‘5 % g e % é S g é
ticular focus on biomass degradation, and discuss challenges and future %’E % ; % > g § % £ 5 _g é % é % §
opportunities. SeySg 2 455 £ Eepops
2. Current approaches & challenges to biomass breakdown = ?é g8 =l é g 3 é % :5) 2 5 g E g
2ifEezs  GEE 2 fiiii
The industrial application of biomass-degrading enzymes is a multi- % 573 e ° 5 3 FE: g 8 < ': L 'Z L 'Z
billion dollar market (Mathew et al., 2008). While biomass-degrading 8 Iy = E %% = =y %‘ —é ESEsEs
enzymes can be found in both bacteria and fungi, nearly all industrial 2 T '§ “:§’ § S 5 “=§’ ‘§ §° & § % ‘: % ?2 %
enzymes are sourced from fungi. This is likely because the fungal en- '% = aftE%g° = e Es = 5 = § = E
zymes are often stabilized by glycosylation and they have been shown % ‘g E ‘g % g % ‘% ‘g ‘§ 5 ‘g E " _§* 2 E‘ 2 E‘ 2
to be active in the presence of proteases and surfactants, and at high & EEEEEEERERRE E £ SpEp&Ep
temperature (Beckham et al., 2012; Hong et al., 2001; Ilmberger, 2013). £ 2E8gERER 288 £ g E g 2 Z 2 g e
Fungi excel at biomass degradation in nature and possess a wide variety = CEZSESEESEAE 28 SE&£ELS
of enzymes that depolymerize plant biomass with high efficiency B o
(Dighton, 2007). As shown in Table 1, fungal biomass-degrading en- P v E i - g
zymes are heavily used for the processing of paper and pulp; for the e g % _E 2 é %"
production of food, feed, pharmaceuticals and cosmetics; as well as for é g« 8 ‘% 5 8 %° 5
bioremediation. P g g ‘E‘ g =R [g:-l
2.1. Plant biomass vs. microbial enzymes 2 ﬁ ij = ;‘3 Z v 5-‘5 =
s P8 Fgziiis
Plant cell walls are complex and dynamic structures made mainly of g = 23 E g g Z % s g ¢
cellulose (40-50%), hemicellulose (20-40%) and lignin (20-35%) = _§ E g 8 g E c E %0,:4“5:‘3 gé
(Houston et al., 2016; Liao et al., 2016), which together form a for- ; ; e *§ g @ 2, 8 % Be T % g § g
midable barrier against chemical and enzymatic degradation (Fig. 1). g 8 3 i ?o_g E E 3 &= E g% v 5}
Cellulose is an unbranched polymer of p-glucose moieties that are E _§ _§ 8 E g E» % g ; %5 3; % ;
linked by B(1—4) bonds; the cellulose chains may contain thousands of % f"§’ % % g & g b= § '% gz g 'g % £
glucose units and aggregate into crystalline microfibrils. In contrast, & 8§ ¢ =2 ;i “i § E ki % g ?5 3€ B %“
hemicelluloses are a heterogeneous group of branched polysaccharides %5 %8 %5 g2 g 2 g £ & & E g § g g E
composed of various 5- and 6-carbon sugars e.g. xylose, mannose, : 5 : ‘9 E £ 2 v £ E ZE‘;E % ]
arabinose and galactose (Rubin, 2008). In plant cell walls, cellulose - o = 5 g é E s g 5 BSE B K _«:é
microfibrils are surrounded by a network of hemicelluloses (Fig. 1). H s = = i - - ; 2 f £5E% 3
Further, the energy-rich cellulose and hemicellulose are encapsulated g § i é i é i § E’ %0 % §° ; EOTZ E’ 3] %
by lignin, which is a complex aromatic polymer resulting from the ; 9-; g g g :g g T; 7; T; g TE; E=t =2 g é
oxidative combinatorial coupling of p-coumaryl-, coniferlyl-, and si- Ee 2 2 2 &2 28 8 85§ SisSgszg
napyl alcohols (Haghighi Mood et al., 2013). In addition to providing E .
structural support to the plant, the chemically recalcitrant lignin pro- ‘s é o o o T o o
tects the cellulose and hemicellulose polymers from enzymatic hydro- E, E p f = :‘ 2 2 2 2 s R
lysis and most microbial invaders. 5|8 S 3§ 3 S8 & C -2z
Despite its recalcitrance, fungi have a natural advantage against E:o .
crude biomass — they break it down both physically and enzymatically. & o) §
For example, fungi may burrow into the biomass, increasing its surface o = 3 g .
area and making it more accessible to biomass-degrading enzymes from § g % 9 % é
fungi as well as from other neighboring microbes (Fig. 2). As fungi g £ g > - é g8 B
cannot take up all polymeric compounds from their environment, they § 2 o % E ° § " 2 g 2 %
secrete extracellular enzymes that degrade the polymers to short oli- - g é e LE g _;;,’ § Tt?o ] % % 8 % ; §° g
gomers and monomers that are imported through targeted transporters = _% E E’E é Z E § 5& E‘g E 3 gc g §
and metabolized in the cells (Seppdld et al., 2016). In order to G
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