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Abstract 17 
A wealth of fungal enzymes has been identified from nature, which continue to drive strain engineering 18 

and bioprocessing for a range of industries. However, while a number of clades have been investigated, 19 

the vast majority of the fungal kingdom remains unexplored for industrial applications. Here, we discuss 20 

selected classes of fungal enzymes that are currently in biotechnological use, and explore more basal, 21 

non-conventional fungi and their underexploited biomass-degrading mechanisms as promising agents in 22 

the transition towards a bio-based society. Of special interest are anaerobic fungi like the 23 

Necocallimasticomycota, which were recently found to harbor the largest diversity of biomass-degrading 24 

enzymes among the fungal kingdom. Enzymes sourced from these basal fungi have been used to 25 

metabolically engineer substrate utilization in yeast, and may offer new paths to lignin breakdown and 26 

tunneled biocatalysis. We also contrast classic enzymology approaches with emerging ‘omics’-based 27 

tools to decipher function within novel fungal isolates and identify new promising enzymes. Recent 28 

developments in genome editing are expected to accelerate discovery and metabolic engineering within 29 

these systems, yet are still limited by a lack of high-resolution genomes, gene regulatory regions, and 30 

even appropriate culture conditions. Finally, we present new opportunities to harness the biomass-31 

degrading potential of undercharacterized fungi via heterologous expression and engineered microbial 32 

consortia.   33 
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1. Introduction 38 
Modern biotechnology uses enzymes and engineered microbes to produce a wide variety of fuels, 39 

materials and chemicals from renewable feedstocks (Otero and Nielsen, 2010). In contrast, current 40 

commodity- and fine-chemical production relies on non-renewable petroleum feedstocks. Given the 41 

dwindling resources and the heavy carbon footprint of oil, the demand for environmentally friendly 42 

alternatives is urgent and ever increasing.  43 

The so-called first generation biofuels were derived from crops that are rich in starch and sugars, such as 44 

corn and sugarcane (Saini et al., 2015). As the world’s population is predicted to increase to ~10 billion 45 

by the year 2050, this approach is not sustainable because it competes with food resources and for 46 

agricultural land (Bothast and Schlicher, 2005; Rogers et al., 2017). Current efforts seek to convert 47 

lignocellulosic energy crops and residues from agriculture and forestry into hexose and pentose sugars 48 

(Sanderson, 2011; U.S. Department of Energy, 2017, 2016). Given the impetus of the European Union’s 49 

goal to develop a bio-economy by 2050, as well as the estimated €2 trillion bio-market size in 2012, there 50 

are significant political and financial drivers to pursue these endeavors (Scarlat et al., 2015). To fully 51 

realize the potential of sustainable bioproduction platforms, there is a great need to identify novel 52 

organisms, enzymes and molecules with activities that can be harnessed for a range of breakdown and 53 

conversion applications (Adrio and Demain, 2014; Curran and Alper, 2012; Monciardini et al., 2014; 54 

Rocha-Martin et al., 2014; Thies et al., 2016). In particular, we need to be able to cost-effectively convert 55 

diverse, underutilized plant biomass into tailor-made value-added compounds. 56 

Lignocellulosic biomass, available worldwide in plant cell walls, is arguably the most promising 57 

feedstock for the sustainable production of bio-based chemicals and value-added products (Himmel et al., 58 

2007; Rogers et al., 2017; U.S. Department of Energy, 2017). Underutilized lignocellulosic feedstock is 59 

abundant – it is estimated that 1.3 billion tons of agricultural waste is generated on an annual basis 60 

worldwide (Saini et al., 2015; Sarkar et al., 2012). It has been suggested that the US alone could 61 

sustainably produce as much biomass that could be funneled into bioprocessing applications on an annual 62 

basis (Himmel et al., 2007; Rogers et al., 2017). However, the inherent recalcitrance of plant cell walls 63 

presents a formidable challenge for biotechnological applications. Few organisms can fully degrade the 64 

highly heterogeneous and recalcitrant structures found in plant cell walls. Therefore, biomass-degrading 65 

organisms are highly sought after, as their enzymes can be directly harvested or produced for consolidated 66 

bioprocessing (Hess et al., 2011; Piao et al., 2014; Zhang et al., 2016).   67 

Fungi play a major role in nutrient cycling and biogeochemical cycles in both aquatic and terrestrial 68 

environments (Dighton, 2007; Gadd, 2007; Gessner et al., 2007). Already, most industrial enzymes for 69 

lignocellulosic bioprocessing are sourced from fungi but the fungal kingdom is vast, largely hidden, and 70 
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exhibits a wide range of interesting bioactivities that remain underexploited (Banerjee et al., 2010; Falade 71 

et al., 2017; Payne et al., 2015; Ramanjaneyulu and Rajasekhar Reddy, 2016). This review describes 72 

selected examples of fungal enzymes that are currently in commercial use, and those that could further 73 

transform biotechnology, sourced from under-characterized clades of fungi. We provide examples of how 74 

fungal enzymes and pathways have been used to enhance the performance of microbial production strains 75 

with particular focus on biomass degradation, and discuss challenges and future opportunities. 76 

2. Current approaches & challenges to biomass breakdown   77 

The industrial application of biomass-degrading enzymes is a multi-billion dollar market (Mathew et al., 78 

2008). While biomass-degrading enzymes can be found in both bacteria and fungi, nearly all industrial 79 

enzymes are sourced from fungi. This is likely because the fungal enzymes are often stabilized by 80 

glycosylation and they have been shown to be active in the presence of proteases and surfactants, and at 81 

high temperature (Beckham et al., 2012; Hong et al., 2001; Ilmberger, 2013). Fungi excel at biomass 82 

degradation in nature and possess a wide variety of enzymes that depolymerize plant biomass with high 83 

efficiency (Dighton, 2007). As shown in Table 1, fungal biomass-degrading enzymes are heavily used for 84 

the processing of paper and pulp; for the production of food, feed, pharmaceuticals and cosmetics; as well 85 

as for bioremediation. 86 
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Table 1: Industrial applications of fungal enzymes in current use 
Enzyme EC Number Key reaction(s) Main Applications References 
Hydrolases 
Cellulase  3.2.1.4 Hydrolysing the β-1,4-

glycosidic bonds in cellulose 
Food industry, textile manufacturing, detergent 
industry, paper and pulp industry, bioremediation, 
biofuel production 

(Kuhad et al., 2011; Payne et al., 
2015)   

Xylanase 
(Hemicellulase) 

3.2.1.8 Hydrolysing the β 1,4-
glycosidic bonds in xylan 

Food industry, biofuel production, paper and pulp 
industry, deinking, production of animal feed  

(Ramanjaneyulu and Rajasekhar 
Reddy, 2016)  

Alpha-amylase 3.2.1.1 Hydrolysing the α-1,4-
glycosidic bonds in starch 

Food industry, starch conversion, biofuel production, 
detergent industry, paper and pulp industry 

(Souza and Magalhães, 2010)  

Invertase 3.2.1.26 Hydrolysing sucrose into 
glucose and fructose 

Food industry, cosmetics, pharmaceutical industry, 
paper industry 

(Kotwal and Shankar, 2009)  

Beta-galactosidase; 
Lactase 

3.2.1.23 Hydrolysing lactose into 
glucose and galactose 

Food industry (Husain, 2010)  

Lipases  3.1.1.3 Total or partial hydrolysis of 
fats and oils 

Food industry, biofuel production, spills, detergent 
industry, paper and pulp industry, pharmaceutical 
industry 

(Gupta et al., 2015; Jaeger and 
Reetz, 1998; Takó et al., 2017)  

Phytase 3.1.3.8 Catalyzing phosphate 
monoester hydrolysis of 
phytic acid  

Food industry, agriculture, production of animal feed (Haefner et al., 2005)  

Oxidases 
Laccase 1.10.3.2 Catalyzing the one-electron 

oxidation of four reducing-
substrate molecules 
concomitant with the four-
electron reduction of 
molecular O2 to H2O 

Nanotechnology, synthetic chemistry, bioremediation, 
cosmetics 

(Rodríguez Couto and Toca 
Herrera, 2006; Singh Arora and 
Kumar Sharma, 2010)  

Peroxidases 
Lignin peroxidase  1.11.1.14 Catalyzing the oxidation of 

various organic and 
inorganic substrates in the 
presence of H2O2 as electron 
acceptor via long-range 
electron transfer (LRET) 

Paper and pulp industry, textile industry, 
pharmaceutical industry, bioremediation, biomass 
conversion, cosmetics 

(Falade et al., 2017; Hofrichter et 
al., 2010)   

Manganese 
peroxidase 

1.11.1.13 Catalyzing the oxidation of 
Mn (II) to Mn (III), as well 
as a variety of low redox 
potential organic substrates, 
in the presence of H2O2 as 
electron acceptor 

Paper and pulp industry, textile industry, 
pharmaceutical industry, bioremediation, biomass 
conversion 

(Hofrichter et al., 2010; 
Mendonça Maciel et al., 2010)  

Versatile 
peroxidase 

1.11.1.16 Catalyzing the oxidation of 
various high and low redox 

Paper and pulp industry, textile industry, 
pharmaceutical industry, bioremediation, biomass 

(Busse and Czermak, 2016; 
Hofrichter et al., 2010)   
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potential organic substrates 
in the presence of H2O2 as 
electron acceptor in either a 
manganese-mediated 
reaction or a manganese-
independent reaction via 
LRET 

conversion 
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2.1. Plant biomass vs. microbial enzymes 89 
Plant cell walls are complex and dynamic structures made mainly of cellulose (40-50%), hemicellulose 90 

(20-40%) and lignin (20-35%) (Houston et al., 2016; Liao et al., 2016), which together form a formidable 91 

barrier against chemical and enzymatic degradation (Figure 1). Cellulose is an unbranched polymer of D-92 

glucose moieties that are linked by b(1®4) bonds; the cellulose chains may contain thousands of glucose 93 

units and aggregate into crystalline microfibrils. In contrast, hemicelluloses are a heterogeneous group of 94 

branched polysaccharides composed of various 5- and 6-carbon sugars e.g. xylose, mannose, arabinose 95 

and galactose (Rubin, 2008). In plant cell walls, cellulose microfibrils are surrounded by a network of 96 

hemicelluloses (Figure 1). Further, the energy-rich cellulose and hemicellulose are encapsulated by lignin, 97 

which is a complex aromatic polymer resulting from the oxidative combinatorial coupling of p-coumaryl-, 98 

coniferlyl-, and sinapyl alcohols (Haghighi Mood et al., 2013). In addition to providing structural support 99 

to the plant, the chemically recalcitrant lignin protects the cellulose and hemicellulose polymers from 100 

enzymatic hydrolysis and most microbial invaders.  101 

Despite its recalcitrance, fungi have a natural advantage against crude biomass – they break it down both 102 

physically and enzymatically. For example, fungi may burrow into the biomass, increasing its surface 103 

area and making it more accessible to biomass-degrading enzymes from fungi as well as from other 104 

neighboring microbes (Figure 2). As fungi cannot take up all polymeric compounds from their 105 

environment, they secrete extracellular enzymes that degrade the polymers to short oligomers and 106 

monomers that are imported through targeted transporters and metabolized in the cells (Seppälä et al., 107 

2016). In order to accomplish this complex task, fungi harbor a variety of biomass degrading enzymes, 108 

where each enzyme excels in the biocatalysis of one (or more) specific compounds within the 109 

lignocellulosic structure (Dashtban et al., 2009). Cellulose is degraded by glycoside hydrolases (GHs) that 110 

are either endocellulases or exocellulases: endocellulases bind anywhere along the length of the cellulose 111 

molecule and hydrolyze the β-1,4 glycosidic linkage,  whereas exocellulases -cellodextrinases and 112 

cellobiohydrolases-  bind at the ends of the cellulose polymer and release glucose or unit-length 113 

oligosaccharide products (Li et al., 1997). β-glucosidases break down cellooligosaccharides and 114 

cellobiose into glucose monomers (Sørensen et al., 2013). Hemicellulose breakdown requires the added 115 

action of hemicellulases such as xylanases and mannanases  (Bhattacharya et al., 2015). Known 116 

mechanisms of fungal lignin degradation require laccases  that couple the oxidation of substrates to the 117 

reduction of oxygen (Singh Arora and Kumar Sharma, 2010) and peroxidases that couple the oxidation of 118 

substrates to the reduction of hydrogen peroxide (Hofrichter et al., 2010). The fungal biomass-degrading 119 

machinery typically consists of a cocktail of powerful cellulases, β-glucosidases, hemicellulases, and 120 

lignin-modifying enzymes that act synergistically. 121 
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Given the ubiquitous interwoven enzymatic activities required for lignocellulose hydrolysis, the CAZy 122 

(carbohydrate-active enzymes) database (www.cazy.org) serves as an excellent resource that classifies 123 

(and updates) all known enzyme families involved in cellulolysis, hemicellulolysis, and, by a recent 124 

addition, the degradation of lignin (Levasseur et al., 2013). Apart from fungi, various bacterial genera 125 

have been observed to metabolize lignin and shown to be competent to release C14-CO2 from labeled 126 

lignin (Brown and Chang, 2014; Chen et al., 2012; Kern and Kirk, 1987; Kerr et al., 1983). Although the 127 

bacterial catabolism of lignin is not as complete compared to fungal systems, it seems clear that bacteria 128 

can react with lignin and possibly produce smaller aromatics that can be imported into the cell for 129 

aromatic catabolism (Chakraborty and Coates, 2004; Kanaly and Harayama, 2000).    130 

2.2. Current fungal workhorses for biomass breakdown and their limitations 131 
Industrial biomass conversion typically requires physical and chemical pretreatment to separate individual 132 

biopolymer constituents followed by enzymatic processing (Galbe and Zacchi, 2012). Physical 133 

pretreatment is resource intensive, and generally involves milling, or the utilization of hot steam to 134 

increase the surface area of the lignocellulosic biomass (Chandra et al., 2007). Chemical pretreatment 135 

involves incubating the biomass with an acid or alkali (Davis et al., 2013; Sanderson, 2011). After 136 

pretreatment, the biomass is hydrolyzed either by cellulolytic microbes or purified enzyme cocktails. As it 137 

has been estimated that the cost of enzymes make up a significant part of the cost of bioethanol 138 

production there is great interest to identify enzymes with increased degradation activity that can be 139 

produced at high titers (Dashtban et al., 2009; Klein-Marcuschamer et al., 2012; Liu et al., 2016).  140 

Currently, a handful of fungi are directly utilized on an industrial level for biomass hydrolysis. Foremost 141 

in this regard is the filamentous fungus Trichoderma reesei; other notable species include the filamentous 142 

Aspergillus niger and the thermophilic Humicola insolens (Bischof et al., 2016; Paloheimo et al., 2016; 143 

Sukumaran et al., 2005). Typically, these organisms are employed because they are natural hypersecreters 144 

of cellulolytic enzymes, and the secretion system of T. reesei has been subject to extensive investigation 145 

for decades (for recent reviews, see e.g. (Bischof et al., 2016; Paloheimo et al., 2016)). A complication is 146 

that fungal enzyme production is typically subject to carbon catabolite repression and the molecular 147 

mechanisms behind these processes are complex and difficult to engineer (Amore et al., 2013). Current 148 

enzyme yields stand at around 100 g/L, and it has been suggested that further improvements are likely to 149 

be modest (Banerjee et al., 2010). An alternative to improving enzyme yields is to improve the 150 

performance of the saccharolytic enzymes directly though protein engineering. For example, through 151 

directed evolution, the cellulases of Hypocrea jecorina, a teleomorph of T. reesei, were evolved to 152 

function optimally at 70°C instead of 60°C (Wu and Arnold, 2013). Also, recently the AA9 (formerly 153 

GH61) family was shown to greatly increase the cellulolytic capabilities of the cellulases secreted by T. 154 
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reesei (Langston et al., 2011). Although the enzymes of T. reesei - and moreover its ability to secrete 155 

astonishing quantities of enzymes - remain useful for industrial applications, there are limits to what we 156 

can expect from this organism. Notably, it has become apparent that the genome of T. reesei encodes for 157 

the smallest diversity of cellulases and hemicellulases of any sequenced fungus capable of plant cell wall 158 

degradation (Martinez et al., 2008) (Figure 3). Further, these enzymes cannot act on lignin, which is 159 

generally separated from most industrial substrates and burned as an energy source (Kuhad et al., 2011). 160 

Therefore, bioprospecting in other fungal clades for novel proteins that can be utilized for biomass 161 

breakdown is an appealing path forward.  162 

2.3. The potential for biomass deconstruction within unexplored fungal branches  163 
Most fungi degrade cellulose and some, such as the white-rot fungus Phanerochaete chrysosporium, are 164 

able to efficiently depolymerize lignin (for a review, see (Chandel et al., 2015). Given the paucity of 165 

enzymes available, ligninolytic enzymes are an especially keen target for biotechnology and metabolic 166 

engineering (Floudas et al., 2012; Riley et al., 2014), as aromatic breakout products derived from lignin 167 

would open up a new class of bio-based commodity chemicals. The lignin degradation system of the 168 

aerobic fungi involves laccases: multicopper oxidases that couple the oxidation of substrates to the four-169 

electron reduction of O2 to H2O (Singh Arora and Kumar Sharma, 2010). In addition, there are high-170 

oxidation potential class II peroxidases that, on the basis of conserved catalytic sites, are classified mainly 171 

as lignin peroxidase, manganese peroxidase, and versatile peroxidase  (Floudas et al., 2012) (Table 1).  172 

Notably, many of the lignin degrading enzymes are nonspecific and enable the degradation of a large 173 

range of natural and anthropogenic compounds that have structural and chemical similarities to the lignin 174 

substructure (Knop et al., 2015). These include dyes, polycyclic aromatic hydrocarbons and various 175 

pharmaceuticals (Hadar and Cullen, 2013; Martinez et al., 2004). Attempts have been made to express 176 

ligninolytic genes both homologously (Salame et al., 2012) and heterologously (Zhang et al., 2012), in 177 

order to enhance natural and novel microbial biomass-degrading abilities. For example, the production of 178 

biomass-degrading enzymes by P. chrysosporium was recently enhanced by overexpression of 179 

endogeneous genes encoding a manganese peroxidase and a lignin peroxidase, and the heterologous 180 

expression of a versatile peroxidase-encoding gene from Pleurotus eryngii (Coconi-Linares et al., 2014). 181 

The yield and activity of the ligninolytic enzymes was up to four times higher, in comparison to 182 

previously published reports.   183 

In recent years the advent of new biotechnological tools related to next-generation sequencing and 'omics' 184 

techniques enabled the discovery of new biomass degradation enzymes in the more basal clades (Floudas 185 

et al., 2012; Haitjema et al., 2017; Riley et al., 2014; Youssef et al., 2013).  It has become apparent that 186 

anaerobic fungi, in the early diverging phylum Neocallimastigomycota, possess a largely untapped source 187 
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of biomass degrading enzymes (Haitjema et al., 2017; Solomon et al., 2016). A recent comprehensive 188 

look at transcriptomic data collected from three gut fungal strains suggested that the anaerobic fungi are 189 

prodigious producers of glycoside hydrolases (Solomon et al., 2016), and further may possess novel 190 

receptors and transporters for carbohydrates that hold biotechnological promise (Seppälä et al., 2016) 191 

(Figure 3).  192 

3. Early diverging anaerobic fungi: an untapped source of biomass-193 

degrading enzymes 194 
An inviting alternative to current methods of biomass breakdown is to find superior biomass-degrading 195 

enzymes from natural sources where crude biomass degradation is abundant. Anaerobic gut fungi inhabit 196 

the intestines of a range of large herbivores, from cows, horses and sheep to elephants, camels and even 197 

iguanas (Hibbett et al., 2007; Liggenstoffer et al., 2010). In spite of their key role in conversion and 198 

recycling of photosynthetically fixed plant biomass, research on anaerobic gut fungi did not gain steam 199 

until the late 1970s, when Colin Orpin established that the ‘protozoan flagellates’ that were found in 200 

rumen fluid are in fact fungi (Orpin, 1977, 1975) (Figure 4). Even today, anaerobic gut fungi remain 201 

understudied, primarily owing to challenges in isolation and in maintaining the fungi in culture (Haitjema 202 

et al., 2014). However, powerful integrated ‘omics’ approaches are rapidly filling the knowledge gaps 203 

(Mondo et al., 2017; Youssef et al., 2013; Solomon et al., 2016; Haitjema et al., 2017). 204 

Recent advances in next generation sequencing have revolutionized the study of non-conventional fungi, 205 

and anaerobic gut fungi in particular. In the past four years, researchers have increased the inventory of 206 

known anaerobic fungal enzymes from a mere handful to thousands (Youssef et al., 2013; Solomon et al., 207 

2016). These enzymes have been validated with proteomics, and biochemical characterization has 208 

revealed that anaerobic fungal enzymes exhibit little substrate preference, in contrast to their later-209 

diverging fungal cousins that strongly favor cellulose-rich substrates (Solomon et al., 2016). This ability 210 

is a consequence of extensive horizontal gene transfer where the anaerobic fungi have complemented 211 

their cellulolytic capabilities with hemicellulases derived from bacteria (Haitjema et al., 2017). Thus, 212 

anaerobic fungi possess the largest and most diverse inventory of biomass-degrading enzymes among 213 

fungi sequenced to date (Figure 3), and their enzyme setup is seemingly regulated by growth substrate so 214 

that the optimal enzyme cocktail is produced at all times (Solomon et al., 2016). Similarly, sequencing-215 

enabled discovery recently revealed the elusive fungal cellulosomal complex that synergistically 216 

combines diverse biomass-degrading enzymes for efficient biomass degradation (Haitjema et al., 2017). 217 

With these rich and growing databases of characterized anaerobic fungal enzymes, we are now poised to 218 

enter a new phase of innovation where anaerobic fungal enzymes may be harnessed for bioengineering 219 

applications. 220 
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3.1. Heterologous production of gut fungal enzymes in model systems 221 
While large-scale cultivation of anaerobic organisms remains challenging, and while most of them are 222 

still genetically intractable, it has been shown that gut fungal enzymes can be successfully produced in 223 

engineered microbes. Early studies on the enzymatic activities of gut fungal culture fractions revealed that 224 

these organisms greatly contribute to biomass degradation in the animal host, and possess powerful 225 

enzymes that efficiently degrade α- and β-glucans, β-galatans, galactomannans, and arabinoxylans (Lowe 226 

et al., 1987; Mountfort and Asher, 1985; Pearce and Bauchop, 1985; Williams and Orpin, 1987; Wood et 227 

al., 1986) (Figure 4). It was soon discovered that the majority of the gut fungal enzymatic activities are 228 

extracellular or confined to the membrane fraction (Pearce and Bauchop, 1985), and a number of enzymes 229 

have been purified and characterized from gut fungal cultures since (see e.g. (Borneman et al., 1991; 230 

Garcia-Campayo and Wood, 1993; Hebraud and Fevre, 1990a, 1990b; Li and Calza, 1991; Teunissen et 231 

al., 1992; Vardakou et al., 2008; Wang et al., 2014)).  232 

The advent of molecular tools opened up new possibilities for enzyme discovery and production, and in 233 

the early 1990s, gut fungal cDNA libraries expressed in Escherichia coli were successfully used to screen 234 

for and identify novel cellulolytic enzymes (Reymond et al., 1992, 1991; Xue et al., 1992b) (Figure 4). 235 

Today, a handful of gut fungal proteins have been successfully produced in a number of heterologous 236 

hosts, firmly establishing that these enzymes can be transferred to a wide variety of biotechnologically 237 

interesting organisms for downstream applications, including bacteria (E. coli, Butyrivibrio fibrisolvens, 238 

Bacillus subtilis, Lactobacillus reuteri, Clostridium beijerinckii) (Elliott et al., 1999; Gilbert et al., 1992; 239 

Lee et al., 1993; Liu et al., 2005a; Smidt et al., 2001; Xue et al., 1997, 1992a); yeasts (Saccharomyces 240 

cerevisiae, Pichia pastoris, Kluveromyces lactis, Hansenula polymorpha) (Durand et al., 1999; Harhangi 241 

et al., 2002; Li et al., 2004; O’Malley et al., 2012; van der Giezen et al., 1998); filamentous fungi 242 

(Penicillium roqueforti, Trichoderma reesei, Hypocrea japonica) (Durand et al., 1999; Li et al., 2007; 243 

Poidevin et al., 2009); and plants (Brassica napus, Nicotiana tabacum) (Liu et al., 1997; Obembe et al., 244 

2007).  245 

Several gut fungal cellulases and β-glucosidases have been produced heterologously in metabolically 246 

engineered hosts (Denman et al., 1996; Hung et al., 2012; Li et al., 2004; Morrison et al., 2016a; Qiu et 247 

al., 2000; Tseng et al., 2011; G.-P. Xue et al., 1992b; Zhou et al., 1994). These enzymes often exhibit 248 

numerous activities, sometimes catalyzed from the same site. It has been shown that the gut fungi 249 

acquired many of these proteins through horizontal gene transfer from bacteria, and that the genes have 250 

undergone subsequent duplications and evolution in gut fungi (Garcia-Campayo and Wood, 1993; Gilbert 251 

et al., 1992; Haitjema et al., 2017; Wood et al., 1986). Further, several gut fungal xylanases, mannanases, 252 

and esterases have been cloned for heterologous expression (Blum et al., 1999; Cybinski et al., 1999; 253 
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Dalrymple et al., 1997; Fanutti et al., 1995; Lee et al., 1993; Millward-Sadler et al., 1996; Pai et al., 2010; 254 

Xue et al., 1995). In several cases, fungal esterases work in concert with xylanases and some enzymes 255 

carry both activities on different domains (Blum et al., 1999; Cybinski et al., 1999; Pai et al., 2010). 256 

Among hemicellulases, glycoside hydrolase family 11 (GH11) xylanases are particularly interesting, as 257 

they have been shown to be exceptionally active. Engineering of Xylanase C from N. patriciarum has 258 

generated an alkalophilic and thermostable version of the protein, coined XynCDBFV (Chen et al., 2001; 259 

You et al., 2010). The stability of XynCDBFV at 60°C and pH 10 makes the protein a suitable candidate 260 

for e.g. paper pulp biobleaching. Moreover, it has been shown that an oleosin-tagged XynCDBFV that is 261 

immobilized on artificial oil bodies retains its activity, showing promise for the numerous 262 

biotechnological applications that utilize immobilized enzymes (Hung et al., 2008). Finally, XynCDBFV 263 

has been used to generate a L. reuteri strain that is capable of breaking down carboxymethyl cellulose, β-264 

glucan and xylan, by co-expression with a β-glucanase from Fibrobacter sp.(Liu et al., 2007, 2005b). 265 

Recently, XynCDBFV was crystallized at high resolution, which facilitates further protein engineering 266 

(Cheng et al., 2015, 2014).  267 

Although S. cerevisiae is a popular bioethanol producer, owing to its high ethanol tolerance and high 268 

resistance to inhibitors that are present during the hydrolysis of lignocellulosic biomass, it cannot natively 269 

ferment pentose sugars that comprise a substantial portion of the substrate (Matsushika et al., 2009; 270 

Young et al., 2010). In theory, this could be remedied by the heterologous production of the bacterial 271 

xylose isomerase pathway, but many attempts have failed because of the low activity of the bacterial 272 

isomerases in yeast (Matsushika et al., 2009). The discovery that anaerobic gut fungi possess a xylose 273 

isomerase that can be functionally produced in S. cerevisiae, thereby allowing the yeast to anaerobically 274 

ferment xylose, was a biotechnological breakthrough (Harhangi et al., 2003; Kuyper et al., 2004, 2003). 275 

Since then, the xylose utilizing yeast strain has been enhanced by the overexpression of endogenenous 276 

xylulokinase; by engineering of the endogeneous oxidative pentose phosphate pathway; and by the 277 

addition of heterologous xylose transporters (Bamba et al., 2016; Kuyper et al., 2005a; Madhavan et al., 278 

2009b; van Maris et al., 2007; Zhou et al., 2012). Adaptive evolution has proven an effective tool to 279 

improve on these strains further (Diao et al., 2013; Kuyper et al., 2005b; Madhavan et al., 2009a; Shen et 280 

al., 2012). Currently, efforts are underway to identify novel xylose isomerases from natural sources, and 281 

to elucidate how yeast should best be engineered into an optimal xylose converter (Hou et al., 2016; 282 

Parachin and Gorwa-Grauslund, 2011; Usher et al., 2011). Directed evolution of proteins is a promising 283 

approach for tailoring proteins that require refined functions, such as higher stability, tolerance, substrate 284 

specificity, and product selectivity of the protein. For example, in 2012, the performance of xylose 285 

isomerase from Piromyces sp. was improved by 77% by three rounds of mutagenesis and selection (Lee 286 

et al., 2012). Gut fungal xylose isomerases have also been successfully produced in other industrially 287 
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important fungi, such as Kluveromyces sp. (R. Wang et al., 2013), Candida sp. (Koivuranta et al., 2014), 288 

and Pichia sp. (Li et al., 2015). In conclusion, fungal enzymes hold great promise for the engineering of 289 

fast growing yeast strains that efficiently convert lignocellulosic biomass into biofuels and other valuable 290 

compounds (Alper and Stephanopoulos, 2009). 291 

3.2. The fungal cellulosome: a eukaryotic biomass-degrading supermachine with 292 
borrowed bacterial parts 293 
Cellulosomes are multi-enzyme complexes, first described in the anaerobic bacterium Clostridium 294 

thermocellum (Lamed et al., 1985), that tether plant biomass-degrading enzymes together for improved 295 

hydrolysis. While aerobic fungi release their biomass degrading enzymes to the external milieu, it was 296 

recently discovered that anaerobic gut fungi secrete fungal cellulosomes that bear some architectural 297 

resemblance to the bacterial cellulosomes (Guerriero et al., 2015; Haitjema et al., 2017). The power of the 298 

cellulosomal system lies in its modular ability to host a variety of enzymes that can break down 299 

unpretreated lignocellulosic plant biomass synergistically (Resch et al., 2013).  300 

Although both fungal and bacterial cellulosomes digest plant cell wall material, there are significant 301 

differences between the kingdom-specific complexes. In addition to both the structural differences 302 

between the so-called dockerin and cohesin units, as well as their relative position on the cellulosome 303 

(Haitjema et al., 2017), the two cellulosome types differ in the diversity of glycoside hydrolase (GH) 304 

families present as catalytic components (Artzi et al., 2017; Haitjema et al., 2017). In contrast to the 305 

bacterial cellulosomes, the fungal scaffoldin system is broadly conserved across the anaerobic fungal 306 

clade, allowing interspecies cross-linking binding activity. The most profound biochemical difference 307 

between the bacterial and fungal cellulosomes is the end products produced during the hydrolysis of 308 

crystalline cellulose. Degradation of cellulose by Clostridial cellulosomes results in the production of 309 

cellobiose, which is taken up by the cell, hydrolyzed to glucose and metabolized (Schwarz, 2001). 310 

However, fungal cellulosomes produce glucose during cellulose degradation (Gilmore et al., 2015). Taken 311 

together, these differences may make fungal cellulosomes a superior candidate for metabolic engineering. 312 

Hence, we foresee that anaerobic fungal cellulosomes will provide important inspiration for the design of 313 

industrially feasible biomass-degrading bioplatforms. In an encouraging study along these lines, gut 314 

fungal cellulases were heterologously expressed and fused with bacterial dockerin-domains that allowed 315 

them to bind to the cellulosome of Clostridium cellulolyticum (Mingardon et al., 2007) through 316 

cohesin/dockerin interactions.  317 

Recently, a comprehensive set of proteins that is critical to the assembly of fungal cellulosomes was 318 

described for the first time (Haitjema et al., 2017). This advancement is bound to lead to improvements in 319 

the “designer cellulosome” field (Gilmore et al., 2015), especially since the “parts” of the fungal 320 
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cellulosome (i.e. cohesin, dockerin, scaffoldin) are markedly different from their bacterial counterparts. 321 

For example, fungal cohesion/dockerin units, which tend to be promiscuous by nature, could be used to 322 

engineer an extracellular production platform. By making use of a consortium of engineered organisms, 323 

each producing different enzymes required for a specific function, it is possible to assemble a complex 324 

bona fide cell factory line for almost limitless applications. 325 

While the immediate application of designer cellulosomes is the rational design of more efficient 326 

cellulose degrading machinery (Gunnoo et al., 2016), cellulosomes could also be used as scaffolds to 327 

localize other enzymes for efficient substrate channeling. Indeed, synthetic metabolons, inspired by 328 

nature, have been applied to a host of metabolic engineering applications, see (Wheeldon et al., 2016) for 329 

a recent review. Recently a group co-localized three glycolytic enzymes, using bacterial cohesin/dockerin 330 

components, to improve the initial reaction rate of the system by 27% (You et al., 2012; You and Zhang, 331 

2014, 2013). Thus, fungal cohesion/dockerin components expand the parts list available for such 332 

approaches. This is important for developing modular non-interacting metabolon systems within the same 333 

organism that could be directly exploited in metabolic engineering applications.      334 

4. Discovery of novel enzymes from fungi 335 
Fungi have played an important role in human activities for millennia, and continue to lend themselves 336 

well to diverse applications. Great effort has been made to identify and characterize novel fungal species 337 

and enzymatic activities. However, although ~1,200 new fungal species are described each year, it has 338 

been estimated that the ~100,000 described species represent a mere 2-10% of the total number 339 

(Blackwell, 2011; Tedersoo et al., 2014), and so it seems that we have barely begun to unlock the hidden 340 

biotechnological potential of this extensive kingdom. 341 

4.1. Hunting for interesting enzyme activities in nature 342 
The discovery of fungal enzymes can be traced back to the origins of enzymology itself. Living systems 343 

were long believed to possess a ‘vital’ spark responsible for its ‘magical’ ability to chemically transform 344 

organic compounds. However, Eduard Büchner demonstrated the presence of a biochemical catalyst in 345 

yeast extracts that was able to ferment sugars into alcohol, which he called ‘zymase’ from ‘zym’ for yeast 346 

(‘leaven’) and ‘ase’ the now generic suffix for enzyme (Buchner, 1897; Buchner and Rapp, 1899). This 347 

breakthrough sparked a revolution for which Büchner was awarded the Nobel Prize in Chemistry in 1907 348 

(Buchner, 1907). Work quickly progressed to the screening of fungal secretions and lysates for desired 349 

activities, which lead to the discovery of many enzymes that were soon harnessed for industrial 350 

applications. Among early discoveries were pectinases from saprophytic fungi such as Aspergillus sp., 351 

Penicillium sp., and Rhizopus sp. that clarify fruit juices (Mantovani et al., 2005; Zoltan and John, 1933), 352 
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rennet from Aspergillus sp. and Mucor sp. that clot milk for cheese production (Arima et al., 1967), 353 

manganese peroxidases from Phanerochaete sp. that decolor paper pulp effluents and degrade xenobiotics 354 

(Bajpai et al., 1993; Field et al., 1993; Glenn and Gold, 1983), and cellulases from Trichoderma sp. 355 

(Allen et al., 2009) and anaerobic fungi (Orpin, 1975; Solomon et al., 2016; Youssef et al., 2013) that 356 

degrade plant biomass. Once a target enzyme system is identified, enzymes may be purified to 357 

homogeneity before they are characterized in detail (Kester and Visser, 1990; Tien and Kirk, 1984; Wood 358 

and McCrae, 1978). While screening, biochemical purification, and activity evaluation are central 359 

components of fungal enzyme discovery, they can be slow to identify specific fungal enzymes responsible 360 

for a chemical transformation and restrict discovery to easily assayed enzymatic activities.  361 

4.2. Classic molecular approaches to identify fungal enzymes and pathways 362 
Molecular biology, and recombinant DNA methods in particular, have greatly expanded fungal enzyme 363 

discovery through a number of approaches. A common technique is to clone a cDNA library from fungi 364 

grown under conditions hypothesized or proven to produce a desired enzyme activity into a vector for 365 

heterologous expression. The library is then expressed and the resulting proteins screened for activity. 366 

This approach has successfully identified more than a 100 cellulases from N. patriciarum (Xue et al., 367 

1992b) and H. insolens (Dalbøge, 1997). Despite the utility of this method, it can easily generate 368 

hundreds of clones that do not contain the desired enzyme. More sophisticated methods employ 369 

techniques such as complementation to enrich the function of the resulting library through the use of hosts 370 

with deleterious phenotypes that must be ‘complemented’ with targeted cDNA for survival (Saloheimo et 371 

al., 1997). Similarly, techniques such as differential hybridization (Reymond et al., 1991) and suppression 372 

subtractive hybridization (SSH) (Diatchenko et al., 1996) have been used to enrich cDNA unique to 373 

conditions that produce a given enzyme. In these methods, mRNA from cells grown under inducing and 374 

non-inducing conditions are converted to cDNA and uniquely labelled. These libraries are then hybridized 375 

against mRNA from the opposite condition leaving unique transcripts with a single label, which may then 376 

be selectively amplified (SSH) or purified (differential hybridization) before cloning. For example, SSH 377 

was used to identify an elusive polyketide synthase from A. ochraceus responsible for the production of a 378 

mycotoxin (O’Callaghan et al., 2003), while differential hybridization revealed a new exo-379 

cellobiohydralase from N. frontalis (Reymond et al., 1991). Molecular library cloning approaches have 380 

also been used to discover fungal metabolic pathway genes. While eukaryotic genomes do not contain 381 

operons, fungal systems regularly cluster genes for biosynthetic pathways related to secondary metabolite 382 

production (Brakhage, 1998; Kämper et al., 2006; Keller et al., 2005; Nierman et al., 2005). Exploiting 383 

this fact, researchers have created genomic libraries consisting of 30-80 kb DNA fragments in fosmids 384 

and artificial chromosomes for expression in bacteria and other fungal systems. These powerful 385 
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approaches have reconstituted pathways containing several fungal enzymes that synthesize a wide array 386 

of pharmaceutical backbones (Bok et al., 2015; So et al., 2012). 387 

4.3. Fungal enzyme discovery in a post-genomic era 388 
The past decade has seen extraordinary advances in sequencing technology that have rapidly sequenced 389 

the genomes of many previously uncharacterized fungal systems, including elusive anaerobic fungi (Dean 390 

et al., 2005; Haitjema et al., 2017; Kämper et al., 2006; Martinez et al., 2008; Nierman et al., 2005; 391 

Solomon et al., 2016; Youssef et al., 2013). These sequences are annotated and curated in fungal 392 

databases such as the Saccharomyces Genome Database (Cherry et al., 2012), the Aspergillus Genome 393 

Database (Arnaud et al., 2010), and the JGI Mycocosm, which is a repository for the 1000 fungal genome 394 

project covering all branches of fungi (Grigoriev et al., 2014). The pace of sequencing has greatly 395 

overtaken discovery efforts, resulting in a growing catalog of unexplored fungal enzymes. However, 396 

bioinformatic tools and approaches readily analyze these growing datasets to provide new insight. 397 

Classical bioinformatics approaches include homology and Hidden Markov Model (HMM) searches that 398 

analyze new sequences for conserved signatures found in well-documented proteins (Karplus et al., 1998; 399 

McGinnis and Madden, 2004). These approaches were recently applied to both genomic and 400 

transcriptomic sequences to discover hundreds of new cell wall degrading enzymes in gut fungi P. finnis 401 

and Orpinomyces sp. C1A (Solomon et al., 2016; Youssef et al., 2013). Like its molecular analog, the 402 

sample space of genes to be examined may be reduced by gene set enrichment analysis (Clark and 403 

Ma’ayan, 2011; Subramanian et al., 2005) and differential expression analysis (Anders and Huber, 2010) 404 

of the transcriptome to identify enzymes whose production is enhanced under specific conditions 405 

(Solomon et al., 2016). These genomics approaches are increasingly complemented with proteomics 406 

methods that map individual proteins back to the genes that produce them to identify new enzymes from 407 

fungal secretions and lysates (Doyle, 2011; Solomon et al., 2016). 408 

A particularly interesting recent study shows the power of combining transcriptomic and proteomic based 409 

approaches to identify novel biomass degrading enzymes in gut fungi (Wang et al., 2011). Here, 410 

transcriptomic and secretomic analyses were used to identify 219 putative glycoside hydrolase contigs in 411 

N. patriciarum W5 that were subsequently classified into 25 different glycoside hydrolase families. 412 

Subsequently, 19 of the genes were expressed and screened for activity in yeast. One β-glucosidase and 413 

one exocellulase showed particularly strong activities and may lend themselves to commercialization. 414 

Another study that highlights how ‘omics’ based approaches are a powerful tool in enzyme discovery is 415 

the transcriptomics-guided construction of an enzyme cocktail composed of various biomass-degrading 416 

enzymes from Orpinomyces sp. C1A (Morrison et al., 2016b). The enzymes were produced and purified 417 
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from E. coli, mixed in different ratios, and the activity of the cocktail on various substrates was assayed, 418 

resulting in the identification of several promising enzyme candidates for lignocellulosic bioprocessing. 419 

5. Challenges and potential solutions 420 
Two of the greatest challenges facing the further development of anaerobic, and other non-conventional, 421 

fungi for metabolic engineering applications are their unique growth requirements and their genetic 422 

intractability. Furthermore, owing to the difficulty in maintaining cultures of isolates (Haitjema et al., 423 

2014) it is not surprising that so few basal clades (like the anaerobic fungi) have been characterized. 424 

Similar to “unculturable” prokaryotes (Cowan et al., 2005), the construction of viable culture collections 425 

is limited by the lack of information on the nutritional requirements of non-conventional fungi, e.g. 426 

dependence on another species to provide a key resource. Furthermore, the slow pace of discovery and 427 

biotech translation from these fungal clades is likely the result of the relatively small number of 428 

researchers dedicated to studying non-model fungi. 429 

5.1. Challenges to exploiting novel isolates 430 
Apart from difficulties in isolating and maintaining cultures of slow-growing non-conventional fungi in a 431 

laboratory setting, the fungal isolates may be remarkably resistant to further genetic manipulations. 432 

Currently, only one report describes the transformation of anaerobic fungi with a plasmid that encodes a 433 

heterologous gene (Durand et al., 1997). In the 1997 study, N. frontalis was biolistically transformed with 434 

a plasmid containing the bacterial β-glucuronidase gene, downstream of a promoter sequence that was 435 

previously derived from the fungus (Fischer et al., 1995). While activity of the reporter protein was 436 

detected, gene expression was transient and lost after only a few generations, possibly due to the lack of a 437 

selection marker on the plasmid. The authors suggest that for improved stability, the reporter gene should 438 

be coupled to a selection marker such as a gene encoding resistance to an antibiotic, which would 439 

minimize the risk of plasmid loss over time (Durand et al., 1997). However, there are additional 440 

considerations, such as the mechanisms by which a plasmid is maintained in the host organism. A 441 

prerequisite for stability of the transformed strain is that the host is able to replicate and distribute the 442 

plasmid to progeny, and currently the gut fungal mechanisms for plasmid replication and maintenance 443 

remain unknown. Further, given the complicated life cycle of gut fungi that involves both a single-celled 444 

motile zoospore-stage and a stage where a maturing sessile sporangium encapsulates hundreds of novel 445 

zoospores (Orpin, 1975), it is difficult to predict when, and how, the fungi should be transformed for 446 

optimal stability. These challenges may be overcome by more permanent genome engineering, which 447 

necessitates high-resolution genomic information and suggested regions of integration.  448 

Recently, several versatile genome-editing tools have been developed, based on zinc finger nucleases 449 

(ZFN) (Porteus and Carroll, 2005), transcription activator-like effector nucleases (TALENs) (Arazoe et 450 
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al., 2015; Boch et al., 2009; Christian et al., 2010), recombination-mediated multiplex automated genomic 451 

engineering (MAGE) (Wang et al., 2009), and the increasingly popular clustered regularly interspaced 452 

short palindromic repeats/CRISPR associated protein (CRISPR/Cas) system (Cong et al., 2013; Deltcheva 453 

et al., 2011; Fuller et al., 2015; Gasiunas et al., 2012; Jinek et al., 2012; Liu et al., 2017, 2015; Mali et al., 454 

2013; Nødvig et al., 2015). Nonetheless, lagging development of a well-defined genetic toolkit for non-455 

conventional fungi, such as promoters, transcriptional terminators and ribosomal binding sites, limits 456 

direct manipulation efforts. Also, in order to edit genomes using these methods, it is necessary to get 457 

DNA across the gut fungal cell wall without compromising viability, and again the intricate and largely 458 

anaerobic life cycle of gut fungi serve as an example of the complications that should be taken into 459 

consideration. Moreover, compared to most model organisms, the gut fungal genomes are remarkably 460 

AT-rich (Haitjema et al., 2017; Nicholson et al., 2005; Youssef et al., 2013), and that may affect how the 461 

organism handles DNA that does not adhere to the apparent codon preference (Komar, 2016). Last, 462 

virtually nothing is known about the post-translational modifications or folding behavior of gut fungal 463 

proteins, and that should be taken into account when one wants to use a heterologous selection/reporter 464 

protein. 465 

In contrast, the plummeting cost of DNA-sequencing and -synthesis, and the development of 466 

sophisticated molecular tools have greatly facilitated the discovery of enzymes and the transfer of these 467 

enzymes into amenable microorganisms such as bacteria and yeasts. In a way, this abolishes the need to 468 

cultivate the original host organism at all: as long as we have the sequence, from e.g. a metagenomic 469 

library, we can transfer the gene to a workhorse microbe to detect expression and activity. In other words, 470 

researchers can  select enzymes and biosynthetic pathways from various sources and put them together in 471 

a cell factory host of choice. Within the context of directly converting lignocellulose to bioproducts 472 

within one organism, this approach is termed consolidated bioprocessing. Unfortunately the “superbug” 473 

approach has its own associated drawbacks, such as the high metabolic strain associated with the 474 

overexpression of multiple heterologous genes and potential inhibitory or toxic effects of products (Peng 475 

et al., 2016). 476 

5.2. Potential for partnering non-model fungi with other organisms 477 
The use of microbial communities for bioprocessing is desirable because it alleviates the metabolic strain 478 

associated with expressing an abundance of heterologous pathways in a single organism (see (Wu et al., 479 

2016) for a review of this problem). Although significant progress has been made in this area, heavily 480 

modified organisms, a.k.a. “superbugs”, typically suffer from very low yields and titers. It has been 481 

argued that by splitting pathways into modular subunits across co-operating organisms it is possible to 482 

alleviate this problem (Zhang and Wang, 2016). This so-called consortium approach is especially 483 
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attractive for the development of biological systems that convert raw plant biomass into sugars, while 484 

simultaneously producing some target commodity chemical.  485 

An application of this idea is to design a consortium of different specialist species for an application like 486 

biomass deconstruction. For example, recently the model fungus T. reesei was co-cultured with E. coli to 487 

produce isobutanol from pretreated corn stover (Minty et al., 2013). In this example, the use of pretreated 488 

biomass is a significant practical limitation inherent to the nature of the cellulolytic specialist. If a 489 

cellulolytic species that specializes in the breakdown of raw lignocellulosic plant biomass, such as a non-490 

model anaerobic fungus, were used, it could plausibly reduce the costs associated with biomass 491 

pretreatment. This approach also may not require genetic engineering of the non-model host, which can 492 

save time to application and potentially open up more rapid avenues to commercialization in the field. 493 

The challenge with this proposition is that the conditions necessary to form a stable consortia are not well 494 

understood, even for model microbes (Shong et al., 2012). Furthermore, understanding the metabolic 495 

links which would lead to stability within high (more than 2) dimensional consortia is likewise 496 

challenging (Ponomarova and Patil, 2015). These limitations need to be overcome to leverage the natural 497 

traits of non-conventional fungi for consortia-based bioprocessing. Despite these challenges, the 498 

successes achieved by conventional organisms within the consortia paradigm indicate that further 499 

research is warranted, see (Kalyani et al., 2013; Zhang et al., 2015; Zhou et al., 2015; Zuroff et al., 2013; 500 

Zuroff and Curtis, 2012) for prominent examples. Fortunately, with the plummeting cost and wide spread 501 

use of omics-based technologies, it has become feasible to construct genome scale models for non-model 502 

organisms that can facilitate the choice of microbial pairings (Song et al., 2014). This could allow 503 

researchers to rapidly generate hypotheses concerning metabolic linkages, which could be used to 504 

promote stable consortia between non-model biomass-degrading fungi and more conventional microbial 505 

cell factory organisms.  506 

6. Conclusions 507 
Fungi are a particularly important and useful class of organisms with significant potential to transform the 508 

landscape of a bio-based economy. To fully realize the sustainable potential of bioprocessing and cell 509 

factories, there is a compelling need to identify novel enzymes that can be exploited for various 510 

biotechnological applications. Although much effort has been spent on characterizing and optimizing a 511 

handful of fungi, the vast majority of fungi are significantly under-exploited and we have yet to decipher 512 

the hidden potential within their genomes. One motivation for spending engineering resources on non-513 

model species like anaerobic fungi is their remarkable ability to decompose unpretreated lignocellulosic 514 

plant biomass. Given that the current industrial titan, T. reesei, has likely been engineered to the boundary 515 
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of its capabilities, development of organisms like these would be timely. Although this is a daunting task 516 

given the scope of the problem, modern ‘omics’ based tools make discovery and characterization less art 517 

and more science. The high throughput revolution and easy access to big biological data invites metabolic 518 

engineers to tackle this problem. Whether through heterologous expression of handpicked genes in model 519 

organisms, exploiting their natural ability to form mutualistic consortia, or via direct genetic engineering 520 

– these strategies can, and should, be leveraged to reclaim the energy trapped in lignocellulosic biomass 521 

waste for sustainable bioproduction.  522 

 523 

 524 

525 
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Figure 1: Qualitative diagram of lignocellulose composition. Cellulose is polymer of D-glucose linked by β-1,4-
glucosidic bonds with a degree of polymerization of up to 10,000 or higher. Cellulose chains typically aggregate into 
crystalline fibrils of up to 36 chains. Hemicellulose is much more heterogenous and is composed of a variety of 
monomers (typically D-xylose or D-mannose). The degree of polymerization is usually significantly less than that of 
cellulose, around 200 or lower. Lignin is a complex polymer composed of phenyl propane units; it is the most abundant 
non-polysaccharide in lignocellulosic plant biomass (Jorgensen et al., 2007). 
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Figure 2: Micrograph showing invasive anaerobic fungal growth on lignocellulosic plant biomass. During the 
fungal growth cycle a root-like rhizoidal network is formed, which disrupts the biomass structure. The hyphae 
secrete the cellulolytic enzymes in close proximity to the substrate, greatly enhancing biomass degradation 
compared to the free diffusing enzyme system of aerobic fungi (Gilmore et al., 2015).  

 548 
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 552 

Figure 3: Plant biomass-degrading enzyme content & diversity in the fungal kingdom. Genomes of 553 
27 fungi presenting different divisions of fungal tree of life revealed that the genomes of gut fungi 554 
contain the largest number of biomass-degrading enzymes, mainly cellulases (orange), 555 
hemicellulases (yellow) and pectin degrading/lignin modifying enzymes (purple) (Arnaud et al., 556 
2010; Chang et al., 2015; Corradi et al., 2010; Crous et al., 2012; Dean et al., 2005; Duplessis et 557 
al., 2011; Galagan et al., 2003; Gazis et al., 2016; Gianoulis et al., 2012; Goffeau et al., 1996; 558 
Grigoriev et al., 2014; Haitjema et al., 2017; James et al., 2013; Kämper et al., 2006; Martinez et 559 
al., 2008; Meerupati et al., 2013; Ohm et al., 2014, 2012; Rhind et al., 2011; Solomon et al., 2016; 560 
Tisserant et al., 2013; Traeger et al., 2013; Uehling et al., 2017; D. Wang et al., 2013; Youssef et 561 
al., 2013). The tree was modified from Mycocosm (Grigoriev et al., 2014).  562 
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First	high-resolu7on	gut	fungal	genomes	are	published,	enabled	by	PacBio	sequencing	(Haitjema	

et	al.,	2017)	

	

A	parts	list	of	gut	fungal	cellulosomes	is	published	(Haitjema	et	al.,	2017)	

	

Omics-based	analyses	guide	the	manufacturing	of	a	gut	fungal	enzyme	cocktail	for	the	efficient	

degrada7on	of	plant	biomass	(Morrison	et	al.,	2016)	

	

Transcriptomic	analyses	suggests	that	gut	fungi	possess	novel	sugar	receptors	and	transporters	

(Seppälä	et	al.,	2016)	

	

Transcriptomic	analysis	across	gut	fungal	species	reveals	that	anaerobic	fungi	contain	the	

highest	number	and	diversity	of	biomass-degrading	enzymes	(Solomon	et	al.,	2016)	

	

First	gut	fungal	genome	is	sequenced	(Youssef	et	al.,	2013)	

	

Directed	evolu7on	of	gut	fungal	xylose	isomerase	improves	its	performance		(Lee	et	al.,	2012)	

	

Iden7fica7on	of	novel	gut	fungal	cellulases	through	secretomic	and	transcriptomic	analyses	

(Wang	et	al.,	2011)	

	

Further	engineering	of	gut	fungal	xylanases	(You	et	al.,	2010;	Cheng	et	al.,	2015	)	

	

Immobiliza7on	of	a	thermostable	gut	fungal	xylanase	on	ar7ficial	oil	bodies	(Hung	et	al.,	2008)	

	

Incorpora7on	of	gut	fungal	cellulases	in	bacterial	mini-cellulosomes	(Mingardon	et	al.,	2007)		

	

Co-expression	of	rumen	microbial	β-glucanase,	cellulase	and	xylanase	allow	L.	reuteri	to	break	
down	beta-glucan	and	xylan	(Liu	et	al.,	2005b)	

	

Gut	fungal	xylose	isomerase	allows	S.	cerevisiae	to	ferment	xylose	anaerobically	(Harhangi	et	al.,	

2003;	Kuyper	et	al.,	2004,	2003)	

	

Heterologous	gut	fungal	glycoside	hydrolases	enhances	the	lichenan	u7liza7on	and	solvent	

produc7on	of	C.	bijerinckii	(Lopez-Conteras	et	al.,	2001)	
	

An	alkalophilic	and	thermostable	gut	fungal	xylanase	produced	by	protein	engineering	(Chen	et	

al.,	2001)	

	

Heterologous	produc7on	of	gut	fungal	esterases	(Dalrymple	et	al.,	1997)	

	

Heterologous	produc7on	of	gut	fungal	cellulases	and	xylanases	in	model	microbes	(Xue	et	al.,	

1992;	Gilbert	et	al.	1992)		

	

cDNA	libraries	are	used	to	iden7fy	novel	celluloly7c	enzymes	(Reymond	et	al.,	1991;	G.	Xue	et	

al.,	1992)	

	

Gut	fungi	are	discovered	and	their	powerful	biomass	degrading	capabili7es	are	recognized	

(Orpin,	1975,	1977;	Mouneort	and	Asher,	1985;	Pearce	and	Bauchop,	1985)	
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Figure 4: Timeline of the discovery and utilization of selected enzymes sourced from anaerobic 564 
fungi.  565 

  566 



27 
 

References 567 
Adrio, J.L., Demain, A.L., 2014. Microbial enzymes: tools for biotechnological processes. Biomolecules 568 

4, 117–139. doi:10.3390/biom4010117 569 

Allen, F., Andreotti, R., Eveleigh, D.E., Nystrom, J., 2009. Mary Elizabeth Hickox Mandels, 90, 570 
bioenergy leader. Biotechnol. Biofuels 2, 22. doi:10.1186/1754-6834-2-22 571 

Almén, M.S., Nordström, K.J. V, Fredriksson, R., Schiöth, H.B., 2009. Mapping the human membrane 572 
proteome: a majority of the human membrane proteins can be classified according to function and 573 
evolutionary origin. BMC Biol. 7, 50. doi:10.1186/1741-7007-7-50 574 

Alper, H., Stephanopoulos, G., 2009. Engineering for biofuels: Exploiting innate microbial capacity or 575 
importing biosynthetic potential? Nat. Rev. Microbiol. 7, 715–723. doi:10.1038/nrmicro2186 576 

Amore, A., Giacobbe, S., Faraco, V., 2013. Regulation of cellulase and hemicellulase gene expression in 577 
fungi. Curr. Genomics 14, 230–49. doi:10.2174/1389202911314040002 578 

Anders, S., Huber, W., 2010. Differential expression analysis for sequence count data. Genome Biol. 11, 579 
1–12. doi:10.1186/gb-2010-11-10-r106 580 

Arazoe, T., Ogawa, T., Miyoshi, K., Yamato, T., Ohsato, S., Sakuma, T., Yamamoto, T., Arie, T., 581 
Kuwata, S., 2015. Tailor-made TALEN system for highly efficient targeted gene replacement in the 582 
rice blast fungus. Biotechnol. Bioeng. 112, 1335–1342. doi:10.1002/bit.25559 583 

Arima, K., Iwasaki, S., Tamura, G., 1967. Milk Clotting Enzyme from Microorganisms. Agric. Biol. 584 
Chem. 31, 540–551. doi:10.1080/00021369.1967.10858849 585 

Arnaud, M.B., Chibucos, M.C., Costanzo, M.C., Crabtree, J., Inglis, D.O., Lotia, A., Orvis, J., Shah, P., 586 
Skrzypek, M.S., Binkley, G., Miyasato, S.R., Wortman, J.R., Sherlock, G., 2010. The Aspergillus 587 
Genome Database, a curated comparative genomics resource for gene, protein and sequence 588 
information for the Aspergillus research community. Nucleic Acids Res. 38, D420–D427. 589 
doi:10.1093/nar/gkp751 590 

Artzi, L., Bayer, E.A., Moraïs, S., 2017. Cellulosomes: bacterial nanomachines for dismantling plant 591 
polysaccharides. Nat. Rev. Microbiol. 15, 83–95. doi:10.1038/nrmicro.2016.164 592 

Bajpai, P., Mehna, A., Bajpai, P.K., 1993. Decolorization of kraft bleach plant effluent with the white rot 593 
fungus Trametes versicolor. Process Biochem. 28, 377–384. doi:10.1016/0032-9592(93)80024-B 594 

Bamba, T., Hasunuma, T., Kondo, A., 2016. Disruption of PHO13 improves ethanol production via the 595 
xylose isomerase pathway. AMB Express 6, 4. doi:10.1186/s13568-015-0175-7 596 

Banerjee, G., Scott-Craig, J.S., Walton, J.D., 2010. Improving enzymes for biomass conversion: A basic 597 
research perspective. Bioenergy Res. 3, 82–92. doi:10.1007/s12155-009-9067-5 598 

Beckham, G.T., Dai, Z., Matthews, J.F., Momany, M., Payne, C.M., Adney, W.S., Baker, S.E., Himmel, 599 
M.E., 2012. Harnessing glycosylation to improve cellulase activity. Curr. Opin. Biotechnol. 23, 600 
338–345. doi:10.1016/j.copbio.2011.11.030 601 

Bhattacharya, A.S., Bhattacharya, A., Pletschke, B.I., 2015. Synergism of fungal and bacterial cellulases 602 
and hemicellulases: A novel perspective for enhanced bio-ethanol production. Biotechnol. Lett. 37, 603 
1117–1129. doi:10.1007/s10529-015-1779-3 604 

Bischof, R.H., Ramoni, J., Seiboth, B., 2016. Cellulases and beyond: the first 70 years of the enzyme 605 
producer Trichoderma reesei. Microb. Cell Fact. 15, 106. doi:10.1186/s12934-016-0507-6 606 



28 
 

Blackwell, M., 2011. The Fungi: 1, 2, 3 ... 5.1 million species? Am. J. Bot. 98, 426–438. 607 
doi:10.3732/ajb.1000298 608 

Blum, D.L., Li, X.L., Chen, H., Ljungdahl, L.G., 1999. Characterization of an acetyl xylan esterase from 609 
the anaerobic fungus Orpinomyces sp. strain PC-2. Appl. Environ. Microbiol. 65, 3990–3995. 610 

Boch, J., Scholze, H., Schornack, S., Landgraf, A., Hahn, S., Kay, S., Lahaye, T., Nickstadt, A., Bonas, 611 
U., 2009. Breaking the code of DNA binding specificity of TAL-type III effectors. Science 326, 612 
1509–1512. doi:10.1126/science.1178811 613 

Bok, J.W., Ye, R., Clevenger, K.D., Mead, D., Wagner, M., Krerowicz, A., Albright, J.C., Goering, A.W., 614 
Thomas, P.M., Kelleher, N.L., Keller, N.P., Wu, C.C., 2015. Fungal artificial chromosomes for 615 
mining of the fungal secondary metabolome. BMC Genomics 16. doi:10.1186/s12864-015-1561-x 616 

Borneman, W.S., Ljungdahl, L.G., Hartley, R.D., Akin, D.E., 1991. Isolation and characterization of p-617 
coumaroyl esterase from the anaerobic fungus Neocallimastix strain MC-2. Appl. Environ. 618 
Microbiol. 57, 2337–2344. 619 

Bothast, R.J., Schlicher, M.A., 2005. Biotechnological processes for conversion of corn into ethanol. 620 
Appl. Microbiol. Biotechnol. 67, 19–25. doi:10.1007/s00253-004-1819-8 621 

Brakhage, A.A., 1998. Molecular regulation of β-Lactam biosynthesis in filamentous fungi. Microbiol. 622 
Mol. Biol. Rev. 62, 547–585. 623 

Brown, M.E., Chang, M.C., 2014. Exploring bacterial lignin degradation. Curr. Opin. Chem. Biol. 19, 1–624 
7. doi:10.1016/j.cbpa.2013.11.015 625 

Buchner, E., 1907. Nobel Lecture: Cell-free fermentation. 626 

Buchner, E., 1897. Alkoholische Gährung ohne Hefezellen. Berichte der Dtsch. Chem. Gesellschaft 30, 627 
117–124. doi:10.1002/cber.18970300121 628 

Buchner, E., Rapp, R., 1899. Alkoholische Gährung ohne Hefezellen. Berichte der Dtsch. Chem. 629 
Gesellschaft 32, 2086–2094. doi:10.1002/cber.189903202123 630 

Busse, N., Czermak, P., 2016. Role and application of versatile peroxidase (VP) for utilizing 631 
lignocellulose in biorefineries. Springer International Publishing, pp. 271–300. doi:10.1007/978-3-632 
319-43679-1_11 633 

Chakraborty, R., Coates, J.D., 2004. Anaerobic degradation of monoaromatic hydrocarbons. Appl. 634 
Microbiol. Biotechnol. 64, 437–446. doi:10.1007/s00253-003-1526-x 635 

Chandel, A.K., Gonçalves, B.C.M., Strap, J.L., da Silva, S.S., 2015. Biodelignification of lignocellulose 636 
substrates: An intrinsic and sustainable pretreatment strategy for clean energy production. Crit. Rev. 637 
Biotechnol. 35, 281–293. doi:10.3109/07388551.2013.841638 638 

Chandra, R.P., Bura, R., Mabee, W.E., Berlin, A., Pan, X., Saddler, J.N., 2007. Substrate pretreatment: 639 
The key to effective enzymatic hydrolysis of lignocellulosics? Adv. Biochem. Eng. Biotechnol. 108, 640 
67–93. doi:10.1007/10_2007_064 641 

Chang, Y., Wang, S., Sekimoto, S., Aerts, A.L., Choi, C., Clum, A., LaButti, K.M., Lindquist, E.A., Yee 642 
Ngan, C., Ohm, R.A., Salamov, A.A., Grigoriev, I. V, Spatafora, J.W., Berbee, M.L., 2015. 643 
Phylogenomic analyses indicate that early fungi evolved digesting cell walls of algal ancestors of 644 
land plants. Genome Biol. Evol. 7, 1590–601. doi:10.1093/gbe/evv090 645 

Chen, Y., Chai, L., Tang, C., Yang, Z., Zheng, Y., Shi, Y., Zhang, H., 2012. Kraft lignin biodegradation 646 
by Novosphingobium sp. B-7 and analysis of the degradation process. Bioresour. Technol. 123, 647 



29 
 

682–685. doi:10.1016/j.biortech.2012.07.028 648 

Chen, Y.L., Tang, T.Y., Cheng, K.J., 2001. Directed evolution to produce an alkalophilic variant from a 649 
Neocallimastix patriciarum xylanase. Can. J. Microbiol. 47, 1088–1094. 650 

Cheng, Y.-S., Chen, C.-C., Huang, C.-H., Ko, T.-P., Luo, W., Huang, J.-W., Liu, J.-R., Guo, R.-T., 2014. 651 
Structural analysis of a glycoside hydrolase family 11 xylanase from Neocallimastix patriciarum: 652 
insights into the molecular basis of a thermophilic enzyme. J. Biol. Chem. 289, 11020–11028. 653 
doi:10.1074/jbc.M114.550905 654 

Cheng, Y.-S., Chen, C.-C., Huang, J.-W., Ko, T.-P., Huang, Z., Guo, R.-T., 2015. Improving the catalytic 655 
performance of a GH11 xylanase by rational protein engineering. Appl. Microbiol. Biotechnol. 99, 656 
9503–9510. doi:10.1007/s00253-015-6712-0 657 

Cherry, J.M., Hong, E.L., Amundsen, C., Balakrishnan, R., Binkley, G., Chan, E.T., Christie, K.R., 658 
Costanzo, M.C., Dwight, S.S., Engel, S.R., Fisk, D.G., Hirschman, J.E., Hitz, B.C., Karra, K., 659 
Krieger, C.J., Miyasato, S.R., Nash, R.S., Park, J., Skrzypek, M.S., Simison, M., Weng, S., Wong, 660 
E.D., 2012. Saccharomyces Genome Database: the genomics resource of budding yeast. Nucleic 661 
Acids Res. 40, D700–705. doi:10.1093/nar/gkr1029 662 

Christian, M., Cermak, T., Doyle, E.L., Schmidt, C., Zhang, F., Hummel, A., Bogdanove, A.J., Voytas, 663 
D.F., 2010. Targeting DNA double-strand breaks with TAL effector nucleases. Genetics 186, 757–664 
761. doi:10.1534/genetics.110.120717 665 

Clark, N.R., Ma’ayan, A., 2011. Introduction to statistical methods for analyzing large data sets: Gene-set 666 
enrichment analysis. Sci. Signal. 4, tr4. doi:10.1126/scisignal.2001966 667 

Coconi-Linares, N., Magaña-Ortíz, D., Guzmán-Ortiz, D.A., Fernández, F., Loske, A.M., Gómez-Lim, 668 
M.A., 2014. High-yield production of manganese peroxidase, lignin peroxidase, and versatile 669 
peroxidase in Phanerochaete chrysosporium. Appl. Microbiol. Biotechnol. 98, 9283–94. 670 
doi:10.1007/s00253-014-6105-9 671 

Cong, L., Ran, F.A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P.D., Wu, X., Jiang, W., Marraffini, 672 
L.A., Zhang, F., 2013. Multiplex genome engineering using CRISPR/Cas systems. Science 339, 673 
819–823. doi:10.1126/science.1231143 674 

Corradi, N., Pombert, J.-F., Farinelli, L., Didier, E.S., Keeling, P.J., 2010. The complete sequence of the 675 
smallest known nuclear genome from the microsporidian Encephalitozoon intestinalis. Nat. 676 
Commun. 1, 77. doi:10.1038/ncomms1082 677 

Cowan, D., Meyer, Q., Stafford, W., Muyanga, S., Cameron, R., Wittwer, P., 2005. Metagenomic gene 678 
discovery: Past, present and future. Trends Biotechnol. 23, 321–329. 679 
doi:10.1016/j.tibtech.2005.04.001 680 

Crous, P.W., Summerell, B.A., Shivas, R.G., Burgess, T.I., Decock, C.A., Dreyer, L.L., Granke, L.L., 681 
Guest, D.I., Hardy, G.E.S.J., Hausbeck, M.K., Hüberli, D., Jung, T., Koukol, O., Lennox, C.L., 682 
Liew, E.C.Y., Lombard, L., McTaggart, A.R., Pryke, J.S., Roets, F., Saude, C., Shuttleworth, L.A., 683 
Stukely, M.J.C., Vánky, K., Webster, B.J., Windstam, S.T., Groenewald, J.Z., 2012. Fungal Planet 684 
description sheets: 107–127. Persoonia  Mol. Phylogeny Evol. Fungi 28, 138–182. 685 
doi:10.3767/003158512X652633 686 

Curran, K.A., Alper, H.S., 2012. Expanding the chemical palate of cells by combining systems biology 687 
and metabolic engineering. Metab. Eng. 14, 289–297. doi:10.1016/j.ymben.2012.04.006 688 

Cybinski, D.H., Layton, I., Lowry, J.B., Dalrymple, B.P., 1999. An acetylxylan esterase and a xylanase 689 
expressed from genes cloned from the ruminal fungus Neocallimastix patriciarum act synergistically 690 



30 
 

to degrade acetylated xylans. Appl. Microbiol. Biotechnol. 52, 221–225. 691 

Dalbøge, H., 1997. Expression cloning of fungal enzyme genes; a novel approach for efficient isolation of 692 
enzyme genes of industrial relevance. FEMS Microbiol. Rev. 21, 29–42. doi:10.1111/j.1574-693 
6976.1997.tb00343.x 694 

Dalrymple, B.P., Cybinski, D.H., Layton, I., McSweeney, C.S., Xue, G.P., Swadling, Y.J., Lowry, J.B., 695 
1997. Three Neocallimastix patriciarum esterases associated with the degradation of complex 696 
polysaccharides are members of a new family of hydrolases. Microbiology 2605–2614. 697 
doi:10.1099/00221287-143-8-2605 698 

Dashtban, M., Schraft, H., Qin, W., 2009. Fungal bioconversion of lignocellulosic residues: Opportunities 699 
& perspectives. Int. J. Biol. Sci. 5, 578–595. doi:10.7150/ijbs.5.578 700 

Davis, R., Tao, L., Tan, E.C.D., Biddy, M.J., Beckham, G.T., Scarlata, C., Jacobson, J., Cafferty, K., 701 
Ross, J., Lukas, J., Knorr, D., Schoen, P., 2013. Process design and economics for the conversion of 702 
lignocellulosic biomass to hydrocarbons: Dilute-acid and enzymatic deconstruction of biomass to 703 
sugars and biological conversion of sugars to hydrocarbons. Natl. Renew. Energy Lab. NREL/TP-704 
5100-60223. 705 

Dean, R.A., Talbot, N.J., Ebbole, D.J., Farman, M.L., Mitchell, T.K., Orbach, M.J., Thon, M., Kulkarni, 706 
R., Xu, J.-R., Pan, H., Read, N.D., Lee, Y.-H., Carbone, I., Brown, D., Oh, Y.Y., Donofrio, N., 707 
Jeong, J.S., Soanes, D.M., Djonovic, S., Kolomiets, E., Rehmeyer, C., Li, W., Harding, M., Kim, S., 708 
Lebrun, M.-H., Bohnert, H., Coughlan, S., Butler, J., Calvo, S., Ma, L.-J., Nicol, R., Purcell, S., 709 
Nusbaum, C., Galagan, J.E., Birren, B.W., 2005. The genome sequence of the rice blast fungus 710 
Magnaporthe grisea. Nature 434, 980–986. doi:10.1038/nature03449 711 

Deltcheva, E., Chylinski, K., Sharma, C.M., Gonzales, K., Chao, Y., Pirzada, Z.A., Eckert, M.R., Vogel, 712 
J., Charpentier, E., 2011. CRISPR RNA maturation by trans-encoded small RNA and host factor 713 
RNase III. Nature 471, 602–607. doi:10.1038/nature09886 714 

Denman, S., Xue, G.P., Patel, B., 1996. Characterization of a Neocallimastix patriciarum cellulase cDNA 715 
(celA) homologous to Trichoderma reesei cellobiohydrolase II. Appl. Environ. Microbiol. 62, 1889–716 
1896. 717 

Diao, L., Liu, Y., Qian, F., Yang, J., Jiang, Y., Yang, S., 2013. Construction of fast xylose-fermenting 718 
yeast based on industrial ethanol-producing diploid Saccharomyces cerevisiae by rational design and 719 
adaptive evolution. BMC Biotechnol. 13, 110. doi:10.1186/1472-6750-13-110 720 

Diatchenko, L., Lau, Y.F., Campbell, A.P., Chenchik, A., Moqadam, F., Huang, B., Lukyanov, S., 721 
Lukyanov, K., Gurskaya, N., Sverdlov, E.D., Siebert, P.D., 1996. Suppression subtractive 722 
hybridization: a method for generating differentially regulated or tissue-specific cDNA probes and 723 
libraries. Proc. Natl. Acad. Sci. U. S. A. 93, 6025–6030. 724 

Dighton, J., 2007. Nutrient cycling by saprotrophic fungi in terrestrial habitats. Environ. Microb. 725 
Relationships 287–300. doi:10.1007/978-3-540-71840-6_16 726 

Doyle, S., 2011. Fungal proteomics: from identification to function. FEMS Microbiol. Lett. 321, 1–9. 727 
doi:10.1111/j.1574-6968.2011.02292.x 728 

Duplessis, S., Cuomo, C.A., Lin, Y.-C., Aerts, A., Tisserant, E., Veneault-Fourrey, C., Joly, D.L., 729 
Hacquard, S., Amselem, J., Cantarel, B.L., Chiu, R., Coutinho, P.M., Feau, N., Field, M., Frey, P., 730 
Gelhaye, E., Goldberg, J., Grabherr, M.G., Kodira, C.D., Kohler, A., Kües, U., Lindquist, E.A., 731 
Lucas, S.M., Mago, R., Mauceli, E., Morin, E., Murat, C., Pangilinan, J.L., Park, R., Pearson, M., 732 
Quesneville, H., Rouhier, N., Sakthikumar, S., Salamov, A.A., Schmutz, J., Selles, B., Shapiro, H., 733 



31 
 

Tanguay, P., Tuskan, G.A., Henrissat, B., Peer, Y. Van de, Rouzé, P., Ellis, J.G., Dodds, P.N., 734 
Schein, J.E., Zhong, S., Hamelin, R.C., Grigoriev, I. V., Szabo, L.J., Martin, F., 2011. Obligate 735 
biotrophy features unraveled by the genomic analysis of rust fungi. Proc. Natl. Acad. Sci. 108, 736 
9166–9171. doi:10.1073/pnas.1019315108 737 

Durand, R., Rascle, C., Fèvre, M., 1999. Expression of a catalytic domain of a Neocallimastix frontalis 738 
endoxylanase gene (xyn3) in Kluyveromyces lactis and Penicillium roqueforti. Appl. Microbiol. 739 
Biotechnol. 52, 208–214. 740 

Durand, R., Rascle, C., Fischer, M., Fèvre, M., 1997. Transient expression of the beta-glucuronidase gene 741 
after biolistic transformation of the anaerobic fungus Neocallimastix frontalis. Curr. Genet. 31, 158–742 
61. 743 

Elliott, A.R., Silvert, P.-Y., Xue, G.-P., Simpson, G.D., Tekaia-Elhsissen, K., Aylward, J.H., 1999. 744 
Transformation of Bacillus subtilis using the particle inflow gun and submicrometer particles 745 
obtained by the polyol process. Anal. Biochem. 269, 418–420. doi:10.1006/abio.1999.4036 746 

Falade, A.O., Nwodo, U.U., Iweriebor, B.C., Green, E., Mabinya, L. V, Okoh, A.I., 2017. Lignin 747 
peroxidase functionalities and prospective applications. Microbiologyopen 6. doi:10.1002/mbo3.394 748 

Fanutti, C., Ponyi, T., Black, G.W., Hazlewood, G.P., Gilbert, H.J., 1995. The conserved noncatalytic 40-749 
residue sequence in cellulases and hemicellulases from anaerobic fungi functions as a protein 750 
docking domain. J. Biol. Chem. 270, 29314–29322. 751 

Field, J.A., de Jong, E., Feijoo-Costa, G., de Bont, J.A.M., 1993. Screening for ligninolytic fungi 752 
applicable to the biodegradation of xenobiotics. Trends Biotechnol. 11, 44–49. doi:10.1016/0167-753 
7799(93)90121-O 754 

Fischer, M., Durand, R., Fèvre, M., 1995. Characterization of the promoter region of the enolase-755 
encoding gene enol from the anaerobic fungus Neocallimastix frontalis: Sequence and promoter 756 
analysis. Curr. Genet. 28, 80–6. 757 

Floudas, D., Binder, M., Riley, R., Barry, K., Blanchette, R.A., Henrissat, B., Martínez, A.T., Otillar, R., 758 
Spatafora, J.W., Yadav, J.S., Aerts, A., Benoit, I., Boyd, A., Carlson, A., Copeland, A., Coutinho, 759 
P.M., de Vries, R.P., Ferreira, P., Findley, K., Foster, B., Gaskell, J., Glotzer, D., Górecki, P., 760 
Heitman, J., Hesse, C., Hori, C., Igarashi, K., Jurgens, J.A., Kallen, N., Kersten, P., Kohler, A., 761 
Kües, U., Kumar, T.K.A., Kuo, A., LaButti, K., Larrondo, L.F., Lindquist, E., Ling, A., Lombard, 762 
V., Lucas, S., Lundell, T., Martin, R., McLaughlin, D.J., Morgenstern, I., Morin, E., Murat, C., 763 
Nagy, L.G., Nolan, M., Ohm, R.A., Patyshakuliyeva, A., Rokas, A., Ruiz-Dueñas, F.J., Sabat, G., 764 
Salamov, A., Samejima, M., Schmutz, J., Slot, J.C., St John, F., Stenlid, J., Sun, H., Sun, S., Syed, 765 
K., Tsang, A., Wiebenga, A., Young, D., Pisabarro, A., Eastwood, D.C., Martin, F., Cullen, D., 766 
Grigoriev, I. V, Hibbett, D.S., 2012. The Paleozoic origin of enzymatic lignin decomposition 767 
reconstructed from 31 fungal genomes. Science 336, 1715–9. doi:10.1126/science.1221748 768 

Fuller, K.K., Chen, S., Loros, J.J., Dunlap, J.C., 2015. Development of the CRISPR/Cas9 system for 769 
targeted gene disruption in Aspergillus fumigatus. Eukaryot. Cell 14, 1073–1080. 770 
doi:10.1128/EC.00107-15 771 

Gadd, G.M., 2007. Geomycology: biogeochemical transformations of rocks, minerals, metals and 772 
radionuclides by fungi, bioweathering and bioremediation. Mycol. Res. 111, 3–49. 773 
doi:10.1016/j.mycres.2006.12.001 774 

Galagan, J.E., Calvo, S.E., Borkovich, K.A., Selker, E.U., Read, N.D., Jaffe, D., FitzHugh, W., Ma, L.-J., 775 
Smirnov, S., Purcell, S., Rehman, B., Elkins, T., Engels, R., Wang, S., Nielsen, C.B., Butler, J., 776 
Endrizzi, M., Qui, D., Ianakiev, P., Bell-Pedersen, D., Nelson, M.A., Werner-Washburne, M., 777 



32 
 

Selitrennikoff, C.P., Kinsey, J.A., Braun, E.L., Zelter, A., Schulte, U., Kothe, G.O., Jedd, G., 778 
Mewes, W., Staben, C., Marcotte, E., Greenberg, D., Roy, A., Foley, K., Naylor, J., Stange-779 
Thomann, N., Barrett, R., Gnerre, S., Kamal, M., Kamvysselis, M., Mauceli, E., Bielke, C., Rudd, 780 
S., Frishman, D., Krystofova, S., Rasmussen, C., Metzenberg, R.L., Perkins, D.D., Kroken, S., 781 
Cogoni, C., Macino, G., Catcheside, D., Li, W., Pratt, R.J., Osmani, S.A., DeSouza, C.P.C., Glass, 782 
L., Orbach, M.J., Berglund, J.A., Voelker, R., Yarden, O., Plamann, M., Seiler, S., Dunlap, J., 783 
Radford, A., Aramayo, R., Natvig, D.O., Alex, L.A., Mannhaupt, G., Ebbole, D.J., Freitag, M., 784 
Paulsen, I., Sachs, M.S., Lander, E.S., Nusbaum, C., Birren, B., 2003. The genome sequence of the 785 
filamentous fungus Neurospora crassa. Nature 422, 859–868. doi:10.1038/nature01554 786 

Galbe, M., Zacchi, G., 2012. Pretreatment: The key to efficient utilization of lignocellulosic materials. 787 
Biomass and Bioenergy 46, 70–78. doi:10.1016/j.biombioe.2012.03.026 788 

Garcia-Campayo, V., Wood, T.M., 1993. Purification and characterisation of a beta-D-xylosidase from 789 
the anaerobic rumen fungus Neocallimastix frontalis. Carbohydr. Res. 242, 229–245. 790 

Gasiunas, G., Barrangou, R., Horvath, P., Siksnys, V., 2012. Cas9-crRNA ribonucleoprotein complex 791 
mediates specific DNA cleavage for adaptive immunity in bacteria. Proc. Natl. Acad. Sci. U. S. A. 792 
109, E2579–86. doi:10.1073/pnas.1208507109 793 

Gazis, R., Kuo, A., Riley, R., LaButti, K., Lipzen, A., Lin, J., Amirebrahimi, M., Hesse, C.N., Spatafora, 794 
J.W., Henrissat, B., Hainaut, M., Grigoriev, I. V, Hibbett, D.S., 2016. The genome of Xylona heveae 795 
provides a window into fungal endophytism. Fungal Biol. 120, 26–42. 796 
doi:10.1016/j.funbio.2015.10.002 797 

Gessner, M.O., Gulis, V., Kuehn, K.A., Chauvet, E., Suberkropp, K., 2007. Fungal decomposers of plant 798 
litter in aquatic ecosystems. Environ. Microb. Relationships 301–324. doi:10.1007/978-3-540-799 
71840-6_17 800 

Gianoulis, T.A., Griffin, M.A., Spakowicz, D.J., Dunican, B.F., Alpha, C.J., Sboner, A., Sismour, A.M., 801 
Kodira, C., Egholm, M., Church, G.M., Gerstein, M.B., Strobel, S.A., 2012. Genomic analysis of the 802 
hydrocarbon-producing, cellulolytic, endophytic fungus Ascocoryne sarcoides. PLoS Genet 8, 803 
e1002558. doi:10.1371/journal.pgen.1002558 804 

Gilbert, H.J., Hazlewood, G.P., Laurie, J.I., Orpin, C.G., Xue, G.P., 1992. Homologous catalytic domains 805 
in a rumen fungal xylanase: evidence for gene duplication and prokaryotic origin. Mol. Microbiol. 6, 806 
2065–2072. 807 

Gilmore, S.P., Henske, J.K., O’Malley, M.A., 2015. Driving biomass breakdown through engineered 808 
cellulosomes. Bioengineered 6, 204–208. doi:10.1080/21655979.2015.1060379 809 

Glenn, J.K., Gold, M.H., 1983. Decolorization of several polymeric dyes by the lignin-degrading 810 
basidiomycete Phanerochaete chrysosporium. Appl. Environ. Microbiol. 45, 1741–1747. 811 

Goffeau, A., Barrell, B.G., Bussey, H., Davis, R.W., Dujon, B., Feldmann, H., Galibert, F., Hoheisel, 812 
J.D., Jacq, C., Johnston, M., Louis, E.J., Mewes, H.W., Murakami, Y., Philippsen, P., Tettelin, H., 813 
Oliver, S.G., 1996. Life with 6000 genes. Science (80-. ). 274, 546, 563–567. 814 

Grigoriev, I. V, Nikitin, R., Haridas, S., Kuo, A., Ohm, R., Otillar, R., Riley, R., Salamov, A., Zhao, X., 815 
Korzeniewski, F., Smirnova, T., Nordberg, H., Dubchak, I., Shabalov, I., 2014. MycoCosm portal: 816 
gearing up for 1000 fungal genomes. Nucleic Acids Res. 42, D699-704. doi:10.1093/nar/gkt1183 817 

Guerriero, G., Hausman, J.F., Strauss, J., Ertan, H., Siddiqui, K.S., 2015. Destructuring plant biomass: 818 
Focus on fungal and extremophilic cell wall hydrolases. Plant Sci. 234, 180–193. 819 
doi:10.1016/j.plantsci.2015.02.010 820 



33 
 

Gunnoo, M., Cazade, P.A., Galera-Prat, A., Nash, M.A., Czjzek, M., Cieplak, M., Alvarez, B., Aguilar, 821 
M., Karpol, A., Gaub, H., Carrion-Vazquez, M., Bayer, E.A., Thompson, D., 2016. Nanoscale 822 
engineering of designer cellulosomes. Adv. Mater. 5619–5647. doi:10.1002/adma.201503948 823 

Gupta, R., Kumari, A., Syal, P., Singh, Y., 2015. Molecular and functional diversity of yeast and fungal 824 
lipases: Their role in biotechnology and cellular physiology. Prog. Lipid Res. 57, 40–54. 825 
doi:10.1016/j.plipres.2014.12.001 826 

Hadar, Y., Cullen, D., 2013. Organopollutant degradation by wood decay basidiomycetes, in: Kempken, 827 
F. (Ed.), Agricultural Applications. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 115–141. 828 

Haefner, S., Knietsch, A., Scholten, E., Braun, J., Lohscheidt, M., Zelder, O., 2005. Biotechnological 829 
production and applications of phytases. Appl. Microbiol. Biotechnol. 68, 588–597. 830 
doi:10.1007/s00253-005-0005-y 831 

Haghighi Mood, S., Hossein Golfeshan, A., Tabatabaei, M., Salehi Jouzani, G., Najafi, G.H., Gholami, 832 
M., Ardjmand, M., 2013. Lignocellulosic biomass to bioethanol, a comprehensive review with a 833 
focus on pretreatment. Renew. Sustain. Energy Rev. 27, 77–93. doi:10.1016/j.rser.2013.06.033 834 

Haitjema, C.H., Gilmore, S.P., Henske, J.K., Solomon, K. V, de Groot, R., Kuo, A., Mondo, S.J., 835 
Salamov, A.A., LaButti, K., Zhao, Z., Chiniquy, J., Barry, K., Brewer, H.M., Purvine, S.O., Wright, 836 
A.T., Hainaut, M., Boxma, B., van Alen, T., Hackstein, J.H.P., Henrissat, B., Baker, S.E., Grigoriev, 837 
I. V, O’Malley, M.A., 2017. A parts list for fungal cellulosomes revealed by comparative genomics. 838 
Nat. Microbiol. 2, 17087. doi:10.1038/nmicrobiol.2017.87 839 

Haitjema, C.H., Solomon, K. V, Henske, J.K., Theodorou, M.K., O’Malley, M.A., 2014. Anaerobic gut 840 
fungi: Advances in isolation, culture, and cellulolytic enzyme discovery for biofuel production. 841 
Biotechnol. Bioeng. 111, 1471–82. doi:10.1002/bit.25264 842 

Harhangi, H.R., Akhmanova, A.S., Emmens, R., van der Drift, C., de Laat, W.T.A.M., van Dijken, J.P., 843 
Jetten, M.S.M., Pronk, J.T., Op den Camp, H.J.M., 2003. Xylose metabolism in the anaerobic 844 
fungus Piromyces sp. strain E2 follows the bacterial pathway. Arch. Microbiol. 180, 134–41. 845 
doi:10.1007/s00203-003-0565-0 846 

Harhangi, H.R., Steenbakkers, P.J.M., Akhmanova, A., Jetten, M.S.M., van der Drift, C., Op den Camp, 847 
H.J.M., 2002. A highly expressed family 1 beta-glucosidase with transglycosylation capacity from 848 
the anaerobic fungus Piromyces sp. E2. Biochim. Biophys. Acta 1574, 293–303. 849 

Hebraud, M., Fevre, M., 1990a. Purification and characterization of an aspecific glycoside hydrolase from 850 
the anaerobic ruminal fungus Neocallimastix frontalis. Appl. Environ. Microbiol. 56, 3164–3169. 851 

Hebraud, M., Fevre, M., 1990b. Purification and characterization of an extracellular beta-xylosidase from 852 
the rumen anaerobic fungus Neocallimastix frontalis. FEMS Microbiol. Lett. 60, 11–16. 853 

Hess, M., Sczyrba, A., Egan, R., Kim, T.-W., Chokhawala, H., Schroth, G., Luo, S., Clark, D.S., Chen, 854 
F., Zhang, T., Mackie, R.I., Pennacchio, L.A., Tringe, S.G., Visel, A., Woyke, T., Wang, Z., Rubin, 855 
E.M., 2011. Metagenomic discovery of biomass-degrading genes and genomes from cow rumen. 856 
Science (80-. ). 331. 857 

Hibbett, D.S., Binder, M., Bischoff, J.F., Blackwell, M., Cannon, P.F., Eriksson, O.E., Huhndorf, S., 858 
James, T., Kirk, P.M., Lücking, R., Thorsten Lumbsch, H., Lutzoni, F., Matheny, P.B., McLaughlin, 859 
D.J., Powell, M.J., Redhead, S., Schoch, C.L., Spatafora, J.W., Stalpers, J.A., Vilgalys, R., Aime, 860 
M.C., Aptroot, A., Bauer, R., Begerow, D., Benny, G.L., Castlebury, L.A., Crous, P.W., Dai, Y.-C., 861 
Gams, W., Geiser, D.M., Griffith, G.W., Gueidan, C., Hawksworth, D.L., Hestmark, G., Hosaka, K., 862 
Humber, R.A., Hyde, K.D., Ironside, J.E., K\~{o}ljalg, U., Kurtzman, C.P., Larsson, K.-H., 863 



34 
 

Lichtwardt, R., Longcore, J., Miądlikowska, J., Miller, A., Moncalvo, J.-M., Mozley-Standridge, S., 864 
Oberwinkler, F., Parmasto, E., Reeb, V., Rogers, J.D., Roux, C., Ryvarden, L., Sampaio, J.P., 865 
Schüßler, A., Sugiyama, J., Thorn, R.G., Tibell, L., Untereiner, W.A., Walker, C., Wang, Z., Weir, 866 
A., Weiss, M., White, M.M., Winka, K., Yao, Y.-J., Zhang, N., 2007. A higher-level phylogenetic 867 
classification of the Fungi. Mycol. Res. 111, 509–547. doi:10.1016/j.mycres.2007.03.004 868 

Himmel, M.E., Ding, S., Johnson, D.K., Adney, W.S., Nimlos, Mark, R., Brady, J.W., Foust, T.D., 2007. 869 
Biomass recalcitrance: Engineering plants and enzymes for biofuels production. Science (80-. ). 870 
454, 804–807. doi:10.1126/science.1137016 871 

Hofrichter, M., Ullrich, R., Pecyna, M.J., Liers, C., Lundell, T., 2010. New and classic families of 872 
secreted fungal heme peroxidases. Appl. Microbiol. Biotechnol. 87, 871–897. doi:10.1007/s00253-873 
010-2633-0 874 

Hong, J., Tamaki, H., Akiba, S., Yamamoto, K., Kumagai, H., 2001. Cloning of a gene encoding a highly 875 
stable endo-beta-1,4-glucanase from Aspergillus niger and its expression in yeast. J. Biosci. Bioeng. 876 
92, 434–441. 877 

Hou, J., Shen, Y., Jiao, C., Ge, R., Zhang, X., Bao, X., 2016. Characterization and evolution of xylose 878 
isomerase screened from the bovine rumen metagenome in Saccharomyces cerevisiae. J. Biosci. 879 
Bioeng. 121, 160–165. doi:10.1016/j.jbiosc.2015.05.014 880 

Houston, K., Tucker, M.R., Chowdhury, J., Shirley, N., Little, A., 2016. The Plant Cell Wall: A Complex 881 
and Dynamic Structure As Revealed by the Responses of Genes under Stress Conditions. Front. 882 
Plant Sci. 7, 984. doi:10.3389/fpls.2016.00984 883 

Hung, Y.-J., Peng, C.-C., Tzen, J.T.C., Chen, M.-J., Liu, J.-R., 2008. Immobilization of Neocallimastix 884 
patriciarum xylanase on artificial oil bodies and statistical optimization of enzyme activity. 885 
Bioresour. Technol. 99, 8662–8666. doi:10.1016/j.biortech.2008.04.017 886 

Hung, Y.-L., Chen, H.-J., Liu, J.-C., Chen, Y.-C., 2012. Catalytic efficiency diversification of duplicate β-887 
1,3-1,4-glucanases from Neocallimastix patriciarum J11. Appl. Environ. Microbiol. 78, 4294–4300. 888 
doi:10.1128/AEM.07473-11 889 

Husain, Q., 2010. β Galactosidases and their potential applications: a review. Crit. Rev. Biotechnol. 30, 890 
41–62. doi:10.3109/07388550903330497 891 

Ilmberger, N., 2013. Cellulases in ionic liquids-the long term stability of Aspergillus sp. cellulase. 892 
Catalysts 3, 584–587. 893 

Jaeger, K.E., Reetz, M.T., 1998. Microbial lipases form versatile tools for biotechnology. Trends 894 
Biotechnol. 16, 396–403. 895 

James, T.Y., Pelin, A., Bonen, L., Ahrendt, S., Sain, D., Corradi, N., Stajich, J.E., 2013. Shared signatures 896 
of parasitism and phylogenomics unite Cryptomycota and Microsporidia. Curr. Biol. 23, 1548–897 
1553. doi:10.1016/j.cub.2013.06.057 898 

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A., Charpentier, E., 2012. A programmable 899 
dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 337, 816–821. 900 
doi:10.1126/science.1225829 901 

Jorgensen, H., Kristensen, J.B., Felby, C., 2007. Enzymatic conversion of lignocellulose into fermentable 902 
sugars: challenges and opportunities. Biofuels, Bioprod. Biorefining 1, 119–134. doi:10.1002/bbb 903 

Kalyani, D., Lee, K.M., Kim, T.S., Li, J., Dhiman, S.S., Kang, Y.C., Lee, J.K., 2013. Microbial consortia 904 
for saccharification of woody biomass and ethanol fermentation. Fuel 107, 815–822. 905 



35 
 

doi:10.1016/j.fuel.2013.01.037 906 

Kämper, J., Kahmann, R., Bölker, M., Ma, L.-J., Brefort, T., Saville, B.J., Banuett, F., Kronstad, J.W., 907 
Gold, S.E., Müller, O., Perlin, M.H., Wösten, H.A.B., de Vries, R., Ruiz-Herrera, J., Reynaga-Peña, 908 
C.G., Snetselaar, K., McCann, M., Pérez-Martín, J., Feldbrügge, M., Basse, C.W., Steinberg, G., 909 
Ibeas, J.I., Holloman, W., Guzman, P., Farman, M., Stajich, J.E., Sentandreu, R., González-Prieto, 910 
J.M., Kennell, J.C., Molina, L., Schirawski, J., Mendoza-Mendoza, A., Greilinger, D., Münch, K., 911 
Rössel, N., Scherer, M., Vraneš, M., Ladendorf, O., Vincon, V., Fuchs, U., Sandrock, B., Meng, S., 912 
Ho, E.C.H., Cahill, M.J., Boyce, K.J., Klose, J., Klosterman, S.J., Deelstra, H.J., Ortiz-Castellanos, 913 
L., Li, W., Sanchez-Alonso, P., Schreier, P.H., Häuser-Hahn, I., Vaupel, M., Koopmann, E., 914 
Friedrich, G., Voss, H., Schlüter, T., Margolis, J., Platt, D., Swimmer, C., Gnirke, A., Chen, F., 915 
Vysotskaia, V., Mannhaupt, G., Güldener, U., Münsterkötter, M., Haase, D., Oesterheld, M., 916 
Mewes, H.-W., Mauceli, E.W., DeCaprio, D., Wade, C.M., Butler, J., Young, S., Jaffe, D.B., Calvo, 917 
S., Nusbaum, C., Galagan, J., Birren, B.W., 2006. Insights from the genome of the biotrophic fungal 918 
plant pathogen Ustilago maydis. Nature 444, 97–101. doi:10.1038/nature05248 919 

Kanaly, R.A., Harayama, S., 2000. Biodegradation of high-molecular-weight polycyclic aromatic 920 
hydrocarbons by bacteria. J. Bacteriol. 182, 2059–2067. doi:10.1128/JB.182.8.2059-2067.2000 921 

Karplus, K., Barrett, C., Hughey, R., 1998. Hidden Markov models for detecting remote protein 922 
homologies. Bioinformatics 14, 846–856. doi:10.1093/bioinformatics/14.10.846 923 

Keller, N.P., Turner, G., Bennett, J.W., 2005. Fungal secondary metabolism — from biochemistry to 924 
genomics. Nat. Rev. Microbiol. 3, 937–947. doi:10.1038/nrmicro1286 925 

Kern, H.W., Kirk, T.K., 1987. Influence of molecular size and ligninase pretreatment on degradation of 926 
lignins by Xanthomonas sp. strain 99. Appl. Environ. Microbiol. 53, 2242–2246. 927 

Kerr, T.J., Kerr, R.D., Benner, R., 1983. Isolation of a bacterium capable of degrading peanut hull lignin. 928 
Appl. Environ. Microbiol. 46, 1201–1206. 929 

Kester, H., Visser, J., 1990. Purification and characterization of polygalacturonases produced by the 930 
hyphal fungus Aspergillus niger. Biotechnol. Appl. Biochem. 12, 150–160. doi:10.1111/j.1470-931 
8744.1990.tb00088.x 932 

Klein-Marcuschamer, D., Oleskowicz-Popiel, P., Simmons, B.A., Blanch, H.W., 2012. The challenge of 933 
enzyme cost in the production of lignocellulosic biofuels. Biotechnol. Bioeng. 109, 1083–1087. 934 
doi:10.1002/bit.24370 935 

Knop, D., Yarden, O., Hadar, Y., 2015. The ligninolytic peroxidases in the genus Pleurotus: Divergence 936 
in activities, expression, and potential applications. Appl. Microbiol. Biotechnol. 99, 1025–1038. 937 
doi:10.1007/s00253-014-6256-8 938 

Koivuranta, K.T., Ilmén, M., Wiebe, M.G., Ruohonen, L., Suominen, P., Penttilä, M., 2014. L-lactic acid 939 
production from D-xylose with Candida sonorensis expressing a heterologous lactate dehydrogenase 940 
encoding gene. Microb. Cell Fact. 13, 107. doi:10.1186/s12934-014-0107-2 941 

Komar, A.A., 2016. The Yin and Yang of codon usage. Hum. Mol. Genet. 25, R77–R85. 942 
doi:10.1093/hmg/ddw207 943 

Kotwal, S.M., Shankar, V., 2009. Immobilized invertase. Biotechnol. Adv. 27, 311–22. 944 

Kuhad, R.C., Gupta, R., Singh, A., 2011. Microbial cellulases and their industrial applications. Enzyme 945 
Res. 2011, 280696. doi:10.4061/2011/280696 946 

Kuyper, M., Harhangi, H.R., Stave, A.K., Winkler, A.A., Jetten, M.S.M., de Laat, W.T.A.M., den Ridder, 947 



36 
 

J.J.J., Op den Camp, H.J.M., van Dijken, J.P., Pronk, J.T., 2003. High-level functional expression of 948 
a fungal xylose isomerase: the key to efficient ethanolic fermentation of xylose by Saccharomyces 949 
cerevisiae? FEMS Yeast Res. 4, 69–78. 950 

Kuyper, M., Hartog, M.M.P., Toirkens, M.J., Almering, M.J.H., Winkler, A.A., van Dijken, J.P., Pronk, 951 
J.T., 2005a. Metabolic engineering of a xylose-isomerase-expressing Saccharomyces cerevisiae 952 
strain for rapid anaerobic xylose fermentation. FEMS Yeast Res. 5, 399–409. 953 
doi:10.1016/j.femsyr.2004.09.010 954 

Kuyper, M., Toirkens, M.J., Diderich, J.A., Winkler, A.A., van Dijken, J.P., Pronk, J.T., 2005b. 955 
Evolutionary engineering of mixed-sugar utilization by a xylose-fermenting Saccharomyces 956 
cerevisiae strain. FEMS Yeast Res. 5, 925–34. doi:10.1016/j.femsyr.2005.04.004 957 

Kuyper, M., Winkler, A., Vandijken, J., Pronk, J., 2004. Minimal metabolic engineering of for efficient 958 
anaerobic xylose fermentation: a proof of principle. FEMS Yeast Res. 4, 655–664. 959 
doi:10.1016/j.femsyr.2004.01.003 960 

Lamed, R., Kenig, R., Setter, E., Bayer, E.A., 1985. Major characteristics of the cellulolytic system of 961 
Clostridium thermocellum coincide with those of the purified cellulosome. Enzyme Microb. 962 
Technol. 7, 37–41. doi:10.1016/0141-0229(85)90008-0 963 

Langston, J.A., Shaghasi, T., Abbate, E., Xu, F., Vlasenko, E., Sweeney, M.D., 2011. Oxidoreductive 964 
cellulose depolymerization by the enzymes cellobiose dehydrogenase and glycoside hydrolase 61. 965 
Appl. Environ. Microbiol. 77, 7007–7015. doi:10.1128/AEM.05815-11 966 

Lee, J.M., Hu, Y., Zhu, H., Cheng, K.J., Krell, P.J., Forsberg, C.W., 1993. Cloning of a xylanase gene 967 
from the ruminal fungus Neocallimastix patriciarum 27 and its expression in Escherichia coli. Can. 968 
J. Microbiol. 39, 134–139. 969 

Lee, S.-M., Jellison, T., Alper, H.S., 2012. Directed Evolution of Xylose Isomerase for Improved Xylose 970 
Catabolism and Fermentation in the Yeast Saccharomyces cerevisiae. Appl. Environ. Microbiol. 78, 971 
5708–5716. doi:10.1128/AEM.01419-12 972 

Levasseur, A., Drula, E., Lombard, V., Coutinho, P.M., Henrissat, B., 2013. Expansion of the enzymatic 973 
repertoire of the CAZy database to integrate auxiliary redox enzymes. Biotechnol. Biofuels 6, 41. 974 
doi:10.1186/1754-6834-6-41 975 

Li, P., Sun, H., Chen, Z., Li, Y., Zhu, T., 2015. Construction of efficient xylose utilizing Pichia pastoris 976 
for industrial enzyme production. Microb. Cell Fact. 14, 22. doi:10.1186/s12934-015-0206-8 977 

Li, X.-L., Ljungdahl, L.G., Ximenes, E.A., Chen, H., Felix, C.R., Cotta, M.A., Dien, B.S., 2004. 978 
Properties of a recombinant beta-glucosidase from polycentric anaerobic fungus Orpinomyces PC-2 979 
and its application for cellulose hydrolysis. Appl. Biochem. Biotechnol. 113–116, 233–250. 980 

Li, X.-L., Skory, C.D., Ximenes, E.A., Jordan, D.B., Dien, B.S., Hughes, S.R., Cotta, M.A., 2007. 981 
Expression of an AT-rich xylanase gene from the anaerobic fungus Orpinomyces sp. strain PC-2 in 982 
and secretion of the heterologous enzyme by Hypocrea jecorina. Appl. Microbiol. Biotechnol. 74, 983 
1264–1275. doi:10.1007/s00253-006-0787-6 984 

Li, X., Calza, R.E., 1991. Purification and characterization of an extracellular β-glucosidase from the 985 
rumen fungus Neocallimastix frontalis EB188. Enzyme Microb. Technol. 13, 622–628. 986 
doi:10.1016/0141-0229(91)90075-L 987 

Li, X.L., Chen, H., Ljungdahl, L.G., 1997. Two cellulases, CelA and CelC, from the polycentric 988 
anaerobic fungus Orpinomyces strain PC-2 contain N-terminal docking domains for a cellulase-989 
hemicellulase complex. Appl. Environ. Microbiol. 63, 4721–4728. 990 



37 
 

Liao, J.C., Mi, L., Pontrelli, S., Luo, S., 2016. Fuelling the future: Microbial engineering for the 991 
production of sustainable biofuels. Nat. Rev. Microbiol. 14, 288–304. doi:10.1038/nrmicro.2016.32 992 

Liggenstoffer, A.S., Youssef, N.H., Couger, M.B., Elshahed, M.S., 2010. Phylogenetic diversity and 993 
community structure of anaerobic gut fungi (phylum Neocallimastigomycota) in ruminant and non-994 
ruminant herbivores. ISME J. 4, 1225–35. doi:10.1038/ismej.2010.49 995 

Liu, G., Zhang, J., Bao, J., 2016. Cost evaluation of cellulase enzyme for industrial-scale cellulosic 996 
ethanol production based on rigorous Aspen Plus modeling. Bioprocess Biosyst. Eng. 39, 133–140. 997 
doi:10.1007/s00449-015-1497-1 998 

Liu, J.-H., Selinger, L.B., Cheng, K.-J., Beauchemin, K.A., Moloney, M.M., 1997. Plant seed oil-bodies 999 
as an immobilization matrix for a recombinant xylanase from the rumen fungus Neocallimastix 1000 
patriciarum. Mol. Breed. 3, 463–470. doi:10.1023/A:1009604119618 1001 

Liu, J.-R., Yu, B., Lin, S.-H., Cheng, K.-J., Chen, Y.-C., 2005a. Direct cloning of a xylanase gene from 1002 
the mixed genomic DNA of rumen fungi and its expression in intestinal Lactobacillus reuteri. FEMS 1003 
Microbiol. Lett. 251, 233–241. doi:10.1016/j.femsle.2005.08.008 1004 

Liu, J.-R., Yu, B., Liu, F.-H., Cheng, K.-J., Zhao, X., 2005b. Expression of rumen microbial fibrolytic 1005 
enzyme genes in probiotic Lactobacillus reuteri. Appl. Environ. Microbiol. 71, 6769–6775. 1006 
doi:10.1128/AEM.71.11.6769-6775.2005 1007 

Liu, J.-R., Yu, B., Zhao, X., Cheng, K.-J., 2007. Coexpression of rumen microbial beta-glucanase and 1008 
xylanase genes in Lactobacillus reuteri. Appl. Microbiol. Biotechnol. 77, 117–124. 1009 
doi:10.1007/s00253-007-1123-5 1010 

Liu, Q., Gao, R., Li, J., Lin, L., Zhao, J., Sun, W., Tian, C., 2017. Development of a genome-editing 1011 
CRISPR/Cas9 system in thermophilic fungal Myceliophthora species and its application to hyper-1012 
cellulase production strain engineering. Biotechnol. Biofuels 10, 1. doi:10.1186/s13068-016-0693-9 1013 

Liu, R., Chen, L., Jiang, Y., Zhou, Z., Zou, G., 2015. Efficient genome editing in filamentous fungus 1014 
Trichoderma reesei using the CRISPR/Cas9 system. Cell Discov. 1, 15007. 1015 
doi:10.1038/celldisc.2015.7 1016 

Lowe, S.E., Theodorou, M.K., Trinci, A.P., 1987. Cellulases and xylanase of an anaerobic rumen fungus 1017 
grown on wheat straw, wheat straw holocellulose, cellulose, and xylan. Appl. Environ. Microbiol. 1018 
53, 1216–1223. 1019 

Madhavan, A., Tamalampudi, S., Srivastava, A., Fukuda, H., Bisaria, V.S., Kondo, A., 2009a. Alcoholic 1020 
fermentation of xylose and mixed sugars using recombinant Saccharomyces cerevisiae engineered 1021 
for xylose utilization. Appl. Microbiol. Biotechnol. 82, 1037–47. doi:10.1007/s00253-008-1818-2 1022 

Madhavan, A., Tamalampudi, S., Ushida, K., Kanai, D., Katahira, S., Srivastava, A., Fukuda, H., Bisaria, 1023 
V.S., Kondo, A., 2009b. Xylose isomerase from polycentric fungus Orpinomyces: gene sequencing, 1024 
cloning, and expression in Saccharomyces cerevisiae for bioconversion of xylose to ethanol. Appl. 1025 
Microbiol. Biotechnol. 82, 1067–78. doi:10.1007/s00253-008-1794-6 1026 

Mali, P., Yang, L., Esvelt, K.M., Aach, J., Guell, M., DiCarlo, J.E., Norville, J.E., Church, G.M., 2013. 1027 
RNA-guided human genome engineering via Cas9. Science 339, 823–826. 1028 
doi:10.1126/science.1232033 1029 

Mantovani, C.F., Geimba, M.P., Brandelli, A., 2005. Enzymatic clarification of fruit juices by fungal 1030 
pectin lyase. Food Biotechnol. 19, 173–181. doi:10.1080/08905430500316284 1031 

Martinez, D., Berka, R.M., Henrissat, B., Saloheimo, M., Arvas, M., Baker, S.E., Chapman, J., Chertkov, 1032 



38 
 

O., Coutinho, P.M., Cullen, D., Danchin, E.G.J., Grigoriev, I. V, Harris, P., Jackson, M., Kubicek, 1033 
C.P., Han, C.S., Ho, I., Larrondo, L.F., de Leon, A.L., Magnuson, J.K., Merino, S., Misra, M., 1034 
Nelson, B., Putnam, N., Robbertse, B., Salamov, A.A., Schmoll, M., Terry, A., Thayer, N., 1035 
Westerholm-Parvinen, A., Schoch, C.L., Yao, J., Barabote, R., Nelson, M.A., Detter, C., Bruce, D., 1036 
Kuske, C.R., Xie, G., Richardson, P., Rokhsar, D.S., Lucas, S.M., Rubin, E.M., Dunn-Coleman, N., 1037 
Ward, M., Brettin, T.S., 2008. Genome sequencing and analysis of the biomass-degrading fungus 1038 
Trichoderma reesei (syn. Hypocrea jecorina). Nat. Biotechnol. 26, 553–560. doi:10.1038/nbt1403 1039 

Martinez, D., Larrondo, L.F., Putnam, N., Gelpke, M.D.S., Huang, K., Chapman, J., Helfenbein, K.G., 1040 
Ramaiya, P., Detter, J.C., Larimer, F., Coutinho, P.M., Henrissat, B., Berka, R., Cullen, D., Rokhsar, 1041 
D., 2004. Genome sequence of the lignocellulose degrading fungus Phanerochaete chrysosporium 1042 
strain RP78. Nat. Biotechnol. 22, 695–700. doi:10.1038/nbt967 1043 

Mathew, G.M., Sukumaran, R.K., Singhania, R.R., Pandey, A., 2008. Progress in research on fungal 1044 
cellulases for lignocellulose degradation. J. Sci. Ind. Res. (India). 67, 898–907. 1045 

Matsushika, A., Inoue, H., Kodaki, T., Sawayama, S., 2009. Ethanol production from xylose in 1046 
engineered Saccharomyces cerevisiae strains: current state and perspectives. Appl. Microbiol. 1047 
Biotechnol. 84, 37–53. doi:10.1007/s00253-009-2101-x 1048 

McGinnis, S., Madden, T.L., 2004. BLAST: at the core of a powerful and diverse set of sequence analysis 1049 
tools. Nucleic Acids Res. 32, W20–W25. doi:10.1093/nar/gkh435 1050 

Meerupati, T., Andersson, K.-M., Friman, E., Kumar, D., Tunlid, A., Ahrén, D., 2013. Genomic 1051 
mechanisms accounting for the adaptation to parasitism in nematode-trapping fungi. PLoS Genet 9, 1052 
e1003909. doi:10.1371/journal.pgen.1003909 1053 

Mendonça Maciel, M.J., Castro e Silva, A., Telles Ribeiro, H.C., 2010. Industrial and biotechnological 1054 
applications of ligninolytic enzymes of the basidiomycota: A review. Electron. J. Biotechnol. 13, 0–1055 
0. doi:10.2225/vol13-issue6-fulltext-2 1056 

Millward-Sadler, S.J., Hall, J., Black, G.W., Hazlewood, G.P., Gilbert, H.J., 1996. Evidence that the 1057 
Piromyces gene family encoding endo-1,4-mannanases arose through gene duplication. FEMS 1058 
Microbiol. Lett. 141, 183–188. 1059 

Mingardon, F., Chanal, A., L??pez-Contreras, A.M., Dray, C., Bayer, E.A., Fierobe, H.P., 2007. 1060 
Incorporation of fungal cellulases in bacterial minicellulosomes yields viable, synergistically acting 1061 
cellulolytic complexes. Appl. Environ. Microbiol. 73, 3822–3832. doi:10.1128/AEM.00398-07 1062 

Minty, J.J., Singer, M.E., Scholz, S.A., Bae, C.-H., Ahn, J.-H., Foster, C.E., Liao, J.C., Lin, X.N., 2013. 1063 
Design and characterization of synthetic fungal-bacterial consortia for direct production of 1064 
isobutanol from cellulosic biomass. Proc. Natl. Acad. Sci. U. S. A. 110, 14592–7. 1065 
doi:10.1073/pnas.1218447110 1066 

Monciardini, P., Iorio, M., Maffioli, S., Sosio, M., Donadio, S., 2014. Discovering new bioactive 1067 
molecules from microbial sources. Microb. Biotechnol. 7, 209–220. doi:10.1111/1751-7915.12123 1068 

Mondo, S.J., Dannebaum, R.O., Kuo, R.C., Louie, K.B., Bewick, A.J., LaButti, K., Haridas, S., Kuo, A., 1069 
Salamov, A., Ahrendt, S.R., Lau, R., Bowen, B.P., Lipzen, A., Sullivan, W., Andreopoulos, B.B., 1070 
Clum, A., Lindquist, E., Daum, C., Northen, T.R., Kunde-Ramamoorthy, G., Schmitz, R.J., 1071 
Gryganskyi, A., Culley, D., Magnuson, J., James, T.Y., O’Malley, M.A., Stajich, J.E., Spatafora, 1072 
J.W., Visel, A., Grigoriev, I. V., 2017. Widespread adenine N6-methylation of active genes in fungi. 1073 
Nat. Genet. advance on. doi:10.1038/ng.3859 1074 

Morrison, J.M., Elshahed, M.S., Youssef, N., 2016a. A multifunctional GH39 glycoside hydrolase from 1075 



39 
 

the anaerobic gut fungus Orpinomyces sp. strain C1A. PeerJ 4, e2289. doi:10.7717/peerj.2289 1076 

Morrison, J.M., Elshahed, M.S., Youssef, N.H., 2016b. Defined enzyme cocktail from the anaerobic 1077 
fungus Orpinomyces sp. strain C1A effectively releases sugars from pretreated corn stover and 1078 
switchgrass. Sci. Rep. 6, 29217. doi:10.1038/srep29217 1079 

Mountfort, D.O., Asher, R.A., 1985. Production and regulation of cellulase by two strains of the rumen 1080 
anaerobic fungus Neocallimastix frontalis. Appl. Environ. Microbiol. 49, 1314–1322. 1081 

Nicholson, M.J., Theodorou, M.K., Brookman, J.L., 2005. Molecular analysis of the anaerobic rumen 1082 
fungus Orpinomyces - insights into an AT-rich genome. Microbiology 151, 121–33. 1083 
doi:10.1099/mic.0.27353-0 1084 

Nierman, W.C., Pain, A., Anderson, M.J., Wortman, J.R., Kim, H.S., Arroyo, J., Berriman, M., Abe, K., 1085 
Archer, D.B., Bermejo, C., Bennett, J., Bowyer, P., Chen, D., Collins, M., Coulsen, R., Davies, R., 1086 
Dyer, P.S., Farman, M., Fedorova, N., Fedorova, N., Feldblyum, T. V, Fischer, R., Fosker, N., 1087 
Fraser, A., García, J.L., García, M.J., Goble, A., Goldman, G.H., Gomi, K., Griffith-Jones, S., 1088 
Gwilliam, R., Haas, B., Haas, H., Harris, D., Horiuchi, H., Huang, J., Humphray, S., Jiménez, J., 1089 
Keller, N., Khouri, H., Kitamoto, K., Kobayashi, T., Konzack, S., Kulkarni, R., Kumagai, T., 1090 
Lafton, A., Latgé, J.-P., Li, W., Lord, A., Lu, C., Majoros, W.H., May, G.S., Miller, B.L., 1091 
Mohamoud, Y., Molina, M., Monod, M., Mouyna, I., Mulligan, S., Murphy, L., O’Neil, S., Paulsen, 1092 
I., Peñalva, M.A., Pertea, M., Price, C., Pritchard, B.L., Quail, M.A., Rabbinowitsch, E., Rawlins, 1093 
N., Rajandream, M.-A., Reichard, U., Renauld, H., Robson, G.D., de Córdoba, S.R., Rodríguez-1094 
Peña, J.M., Ronning, C.M., Rutter, S., Salzberg, S.L., Sanchez, M., Sánchez-Ferrero, J.C., Saunders, 1095 
D., Seeger, K., Squares, R., Squares, S., Takeuchi, M., Tekaia, F., Turner, G., de Aldana, C.R.V., 1096 
Weidman, J., White, O., Woodward, J., Yu, J.-H., Fraser, C., Galagan, J.E., Asai, K., Machida, M., 1097 
Hall, N., Barrell, B., Denning, D.W., 2005. Genomic sequence of the pathogenic and allergenic 1098 
filamentous fungus Aspergillus fumigatus. Nature 438, 1151–1156. doi:10.1038/nature04332 1099 

Nødvig, C.S., Nielsen, J.B., Kogle, M.E., Mortensen, U.H., 2015. A CRISPR-Cas9 system for genetic 1100 
engineering of filamentous fungi. PLoS One 10, e0133085. doi:10.1371/journal.pone.0133085 1101 

O’Callaghan, J., Caddick, M.X., Dobson, A.D.W., 2003. A polyketide synthase gene required for 1102 
ochratoxin A biosynthesis in Aspergillus ochraceus. Microbiology 149, 3485–3491. 1103 
doi:10.1099/mic.0.26619-0 1104 

O’Malley, M.A., Theodorou, M.K., Kaiser, C.A., 2012. Evaluating expression and catalytic activity of 1105 
anaerobic fungal fibrolytic enzymes cative to Piromyces sp E2 in Saccharomyces cerevisiae. 1106 
Environ. Prog. Sustain. Energy 31, 37–46. doi:10.1002/ep 1107 

Obembe, O.O., Jacobsen, E., Timmers, J., Gilbert, H., Blake, A.W., Knox, J.P., Visser, R.G.F., Vincken, 1108 
J.-P., 2007. Promiscuous, non-catalytic, tandem carbohydrate-binding modules modulate the cell-1109 
wall structure and development of transgenic tobacco (Nicotiana tabacum) plants. J. Plant Res. 120, 1110 
605–617. doi:10.1007/s10265-007-0099-7 1111 

Ohm, R.A., Feau, N., Henrissat, B., Schoch, C.L., Horwitz, B.A., Barry, K.W., Condon, B.J., Copeland, 1112 
A.C., Dhillon, B., Glaser, F., Hesse, C.N., Kosti, I., LaButti, K., Lindquist, E.A., Lucas, S., 1113 
Salamov, A.A., Bradshaw, R.E., Ciuffetti, L., Hamelin, R.C., Kema, G.H.J., Lawrence, C., Scott, 1114 
J.A., Spatafora, J.W., Turgeon, B.G., de Wit, P.J.G.M., Zhong, S., Goodwin, S.B., Grigoriev, I. V., 1115 
2012. Diverse lifestyles and strategies of plant pathogenesis encoded in the genomes of eighteen 1116 
Dothideomycetes fungi. PLoS Pathog 8, e1003037. doi:10.1371/journal.ppat.1003037 1117 

Ohm, R.A., Riley, R., Salamov, A., Min, B., Choi, I.-G., Grigoriev, I. V., 2014. Genomics of wood-1118 
degrading fungi. Fungal Genet. Biol. 72, 82–90. doi:10.1016/j.fgb.2014.05.001 1119 



40 
 

Orpin, C.G., 1977. The occurrence of chitin in the cell walls of the rumen organisms Neocallimastix 1120 
frontalis, Piromonas communis and Sphaeromonas communis. J. Gen. Microbiol. 99, 215–218. 1121 
doi:10.1099/00221287-99-1-215 1122 

Orpin, C.G., 1975. Studies on the rumen flagellate Neocallimastix frontalis. J. Gen. Microbiol. 91, 249–1123 
262. doi:10.1099/00221287-91-2-249 1124 

Otero, J.M., Nielsen, J., 2010. Industrial systems biology. Biotechnol. Bioeng. 105, 439–460. 1125 
doi:10.1002/bit.22592 1126 

Pai, C.-K., Wu, Z.-Y., Chen, M.-J., Zeng, Y.-F., Chen, J.-W., Duan, C.-H., Li, M.-L., Liu, J.-R., 2010. 1127 
Molecular cloning and characterization of a bifunctional xylanolytic enzyme from Neocallimastix 1128 
patriciarum. Appl. Microbiol. Biotechnol. 85, 1451–1462. doi:10.1007/s00253-009-2175-5 1129 

Paloheimo, M., Haarmann, T., Mäkinen, S., Vehmaanperä, J., 2016. Production of industrial enzymes in 1130 
Trichoderma reesei. Springer International Publishing, pp. 23–57. doi:10.1007/978-3-319-27951-1131 
0_2 1132 

Parachin, N.S., Gorwa-Grauslund, M.F., 2011. Isolation of xylose isomerases by sequence- and function-1133 
based screening from a soil metagenomic library. Biotechnol. Biofuels 4, 9. doi:10.1186/1754-6834-1134 
4-9 1135 

Payne, C.M., Knott, B.C., Mayes, H.B., Hansson, H., Himmel, M.E., Sandgren, M., Ståhlberg, J., 1136 
Beckham, G.T., 2015. Fungal cellulases. Chem. Rev. 115, 1308–1448. doi:10.1021/cr500351c 1137 

Pearce, P.D., Bauchop, T., 1985. Glycosidases of the rumen anaerobic fungus Neocallimastix frontalis 1138 
grown on cellulosic substrates. Appl. Environ. Microbiol. 49, 1265–1269. 1139 

Peng, X.N., Gilmore, S.P., O’Malley, M.A., 2016. Microbial communities for bioprocessing: lessons 1140 
learned from nature. Curr. Opin. Chem. Eng. 14, 103–109. doi:10.1016/j.coche.2016.09.003 1141 

Piao, H., Froula, J., Du, C., Kim, T.-W., Hawley, E.R., Bauer, S., Wang, Z., Ivanova, N., Clark, D.S., 1142 
Klenk, H.-P., Hess, M., 2014. Identification of novel biomass-degrading enzymes from genomic 1143 
dark matter: Populating genomic sequence space with functional annotation. Biotechnol. Bioeng. 1144 
111, 1550–1565. doi:10.1002/bit.25250 1145 

Poidevin, L., Levasseur, A., Paës, G., Navarro, D., Heiss-Blanquet, S., Asther, M., Record, E., 2009. 1146 
Heterologous production of the Piromyces equi cinnamoyl esterase in Trichoderma reesei for 1147 
biotechnological applications. Lett. Appl. Microbiol. 49, 673–678. doi:10.1111/j.1472-1148 
765X.2009.02734.x 1149 

Ponomarova, O., Patil, K.R., 2015. Metabolic interactions in microbial communities: Untangling the 1150 
Gordian knot. Curr. Opin. Microbiol. 27, 37–44. doi:10.1016/j.mib.2015.06.014 1151 

Porteus, M.H., Carroll, D., 2005. Gene targeting using zinc finger nucleases. Nat. Biotechnol. 23, 967–1152 
973. doi:10.1038/nbt1125 1153 

Qiu, X., Selinger, B., Yanke, L., Cheng, K., 2000. Isolation and analysis of two cellulase cDNAs from 1154 
Orpinomyces joyonii. Gene 245, 119–126. 1155 

Ramanjaneyulu, G., Rajasekhar Reddy, B., 2016. Optimization of xylanase production through response 1156 
surface methodology by Fusarium sp. BVKT R2 isolated from forest soil and its application in 1157 
saccharification. Front. Microbiol. 7, 1450. doi:10.3389/fmicb.2016.01450 1158 

Resch, M.G., Donohoe, B.S., Baker, J.O., Decker, S.R., Bayer, E. a, Beckham, G.T., Himmel, M.E., 1159 
2013. Fungal cellulases and complexed cellulosomal enzymes exhibit synergistic mechanisms in 1160 



41 
 

cellulose deconstruction. Energy Environ. Sci. 6, 1858–1867. doi:10.1039/c3ee00019b 1161 

Reymond, P., Durand, R., Hebraud, M., Fevre, M., 1991. Molecular cloning of genes from the rumen 1162 
anaerobic fungus Neocallimastix frontalis: expression during hydrolase induction. FEMS Microbiol. 1163 
Lett. 77, 107–112. doi:10.1111/j.1574-6968.1991.tb04330.x 1164 

Reymond, P., Geourjon, C., Roux, B., Durand, R., Fevre, M., 1992. Sequence of the 1165 
phosphoenolpyruvate carboxykinase-encoding cDNA from the rumen anaerobic fungus 1166 
Neocallimastix frontalis: Comparison of the amino acid sequence with animals and yeast. Gene 110, 1167 
57–63. doi:10.1016/0378-1119(92)90444-T 1168 

Rhind, N., Chen, Z., Yassour, M., Thompson, D.A., Haas, B.J., Habib, N., Wapinski, I., Roy, S., Lin, 1169 
M.F., Heiman, D.I., Young, S.K., Furuya, K., Guo, Y., Pidoux, A., Chen, H.M., Robbertse, B., 1170 
Goldberg, J.M., Aoki, K., Bayne, E.H., Berlin, A.M., Desjardins, C.A., Dobbs, E., Dukaj, L., Fan, 1171 
L., FitzGerald, M.G., French, C., Gujja, S., Hansen, K., Keifenheim, D., Levin, J.Z., Mosher, R.A., 1172 
Müller, C.A., Pfiffner, J., Priest, M., Russ, C., Smialowska, A., Swoboda, P., Sykes, S.M., Vaughn, 1173 
M., Vengrova, S., Yoder, R., Zeng, Q., Allshire, R., Baulcombe, D., Birren, B.W., Brown, W., 1174 
Ekwall, K., Kellis, M., Leatherwood, J., Levin, H., Margalit, H., Martienssen, R., Nieduszynski, 1175 
C.A., Spatafora, J.W., Friedman, N., Dalgaard, J.Z., Baumann, P., Niki, H., Regev, A., Nusbaum, 1176 
C., 2011. Comparative functional genomics of the fission yeasts. Science (80-. ). 332, 930–936. 1177 
doi:10.1126/science.1203357 1178 

Riley, R., Salamov, A.A., Brown, D.W., Nagy, L.G., Floudas, D., Held, B.W., Levasseur, A., Lombard, 1179 
V., Morin, E., Otillar, R., Lindquist, E.A., Sun, H., LaButti, K.M., Schmutz, J., Jabbour, D., Luo, H., 1180 
Baker, S.E., Pisabarro, A.G., Walton, J.D., Blanchette, R.A., Henrissat, B., Martin, F., Cullen, D., 1181 
Hibbett, D.S., Grigoriev, I. V, 2014. Extensive sampling of basidiomycete genomes demonstrates 1182 
inadequacy of the white-rot/brown-rot paradigm for wood decay fungi. Proc. Natl. Acad. Sci. U. S. 1183 
A. 111, 9923–8. doi:10.1073/pnas.1400592111 1184 

Rocha-Martin, J., Harrington, C., Dobson, A.D.W., O’Gara, F., 2014. Emerging strategies and integrated 1185 
systems microbiology technologies for biodiscovery of marine bioactive compounds. Mar. Drugs 1186 
12, 3516–3559. doi:10.3390/md12063516 1187 

Rodríguez Couto, S., Toca Herrera, J.L., 2006. Industrial and biotechnological applications of laccases: A 1188 
review. Biotechnol. Adv. 24, 500–513. doi:10.1016/j.biotechadv.2006.04.003 1189 

Rogers, J.N., Stokes, B., Dunn, J., Cai, H., Wu, M., Haq, Z., Baumes, H., 2017. An assessment of the 1190 
potential products and economic and environmental impacts resulting from a billion ton 1191 
bioeconomy. Biofuels, Bioprod. Biorefining 11, 110–128. doi:10.1002/bbb.1728 1192 

Rubin, E.M., 2008. Genomics of cellulosic biofuels. Nature 454, 841–845. doi:10.1038/nature07190 1193 

Saini, J.K., Saini, R., Tewari, L., 2015. Lignocellulosic agriculture wastes as biomass feedstocks for 1194 
second-generation bioethanol production: concepts and recent developments. 3 Biotech 5, 337–353. 1195 
doi:10.1007/s13205-014-0246-5 1196 

Salame, T.M., Knop, D., Levinson, D., Mabjeesh, S.J., Yarden, O., Hadar, Y., 2012. Release of Pleurotus 1197 
ostreatus versatile-peroxidase from Mn2+ repression enhances anthropogenic and natural substrate 1198 
degradation. PLoS One 7, e52446. doi:10.1371/journal.pone.0052446 1199 

Saloheimo, M., Nakari-Setälä, T., Tenkanen, M., Penttilä, M., 1997. cDNA cloning of a Trichoderma 1200 
reesei cellulase and demonstration of endoglucanase activity by expression in yeast. Eur. J. 1201 
Biochem. 249, 584–591. 1202 

Sanderson, K., 2011. Lignocellulose: A chewy problem. Nature 474, S12–S14. doi:10.1038/474S012a 1203 



42 
 

Sarkar, N., Ghosh, S.K., Bannerjee, S., Aikat, K., 2012. Bioethanol production from agricultural wastes: 1204 
An overview. Renew. Energy 37, 19–27. doi:10.1016/j.renene.2011.06.045 1205 

Scarlat, N., Dallemand, J.F., Monforti-Ferrario, F., Nita, V., 2015. The role of biomass and bioenergy in a 1206 
future bioeconomy: Policies and facts. Environ. Dev. 15, 3–34. doi:10.1016/j.envdev.2015.03.006 1207 

Schwarz, W.H., 2001. The cellulosome and cellulose degradation by anaerobic bacteria. Appl. Microbiol. 1208 
Biotechnol. 56, 634–649. 1209 

Seppälä, S., Solomon, K. V., Gilmore, S.P., Henske, J.K., O’Malley, M.A., 2016. Mapping the membrane 1210 
proteome of anaerobic gut fungi identifies a wealth of carbohydrate binding proteins and 1211 
transporters. Microb. Cell Fact. 15, 212. doi:10.1186/s12934-016-0611-7 1212 

Shen, Y., Chen, X., Peng, B., Chen, L., Hou, J., Bao, X., 2012. An efficient xylose-fermenting 1213 
recombinant Saccharomyces cerevisiae strain obtained through adaptive evolution and its global 1214 
transcription profile. Appl. Microbiol. Biotechnol. 96, 1079–91. doi:10.1007/s00253-012-4418-0 1215 

Shong, J., Jimenez Diaz, M.R., Collins, C.H., 2012. Towards synthetic microbial consortia for 1216 
bioprocessing. Curr. Opin. Biotechnol. 23, 798–802. doi:10.1016/j.copbio.2012.02.001 1217 

Singh Arora, D., Kumar Sharma, R., 2010. Ligninolytic fungal laccases and their biotechnological 1218 
applications. Appl. Biochem. Biotechnol. 160, 1760–1788. doi:10.1007/s12010-009-8676-y 1219 

Smidt, H., Oost, J.V.A.N.D.E.R., Claassen, P.A.M., Mooibroek, H., Lopez-Contreras, A.M., Smidt, H., 1220 
van der Oost, J., Claassen, P.A.M., Mooibroek, H., de Vos, W.M., López-contreras, A.M., Smidt, 1221 
H., Oost, J.V.A.N.D.E.R., Claassen, P.A.M., Mooibroek, H., De, W.M., Oost, J.V.A.N.D.E.R., 1222 
2001. Clostridium beijerinckii cells expressing Neocallimastix patriciarum glycoside hydrolases 1223 
show enhanced lichenan utilization and solvent production. Appl. Environ. Microbiol. 67, 5127–1224 
5133. doi:10.1128/AEM.67.11.5127 1225 

So, K.-K., Kim, J.-M., Nguyen, N.-L., Park, J.-A., Kim, B.-T., Park, S.-M., Hwang, K.-J., Kim, D.-H., 1226 
2012. Rapid screening of an ordered fosmid library to clone multiple polyketide synthase genes of 1227 
the phytopathogenic fungus Cladosporium phlei. J. Microbiol. Methods 91, 412–419. 1228 
doi:10.1016/j.mimet.2012.09.014 1229 

Solomon, K. V, Haitjema, C.H., Henske, J.K., Gilmore, S.P., Borges-Rivera, D., Lipzen, A., Brewer, 1230 
H.M., Purvine, S.O., Wright, A.T., Theodorou, M.K., Grigoriev, I. V, Regev, A., Thompson, D.A., 1231 
O’Malley, M.A., 2016. Early-branching gut fungi possess a large, comprehensive array of biomass-1232 
degrading enzymes. Science (80-. ). 351, 1192–1195. doi:10.1126/science.aad1431 1233 

Song, H., Ding, M.-Z., Jia, X.-Q., Ma, Q., Yuan, Y.-J., Forest, C.R., Church, G.M., Montague, M.G., Ma, 1234 
L., Moodie, M.M., Merryman, C., Vashee, S., Krishnakumar, R., Assad-Garcia, N., Andrews-1235 
Pfannkoch, C., Denisova, E.A., Young, L., Qi, Z.Q., Segall-Shapiro, T.H., Calvey, C.H., Parmar, 1236 
P.P., C. A. Hutchison, 3rd, Smith, H.O., Venter, J.C., 2014. Synthetic microbial consortia: from 1237 
systematic analysis to construction and applications. Chem. Soc. Rev. 43, 6954–6981. 1238 
doi:10.1039/C4CS00114A 1239 

Sørensen, A., Lübeck, M., Lübeck, P.S., Ahring, B.K., 2013. Fungal beta-glucosidases: A bottleneck in 1240 
industrial use of lignocellulosic materials. Biomolecules 3, 612–631. doi:10.3390/biom3030612 1241 

Souza, P.M. de, Magalhães, P. de O. e, 2010. Application of microbial α-amylase in industry - A review. 1242 
Brazilian J. Microbiol. 41, 850–861. doi:10.1590/S1517-83822010000400004 1243 

Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A., Paulovich, A., 1244 
Pomeroy, S.L., Golub, T.R., Lander, E.S., Mesirov, J.P., 2005. Gene set enrichment analysis: A 1245 
knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. 1246 



43 
 

U. S. A. 102, 15545–15550. doi:10.1073/pnas.0506580102 1247 

Sukumaran, R.K., Singhania, R.R., Pandey, A., 2005. Microbial cellulases - Production, applications and 1248 
challenges. J. Sci. Ind. Res. (India). 64, 832–844. 1249 

Takó, M., Kotogan, A., Papp, T., Kadaikunnan, S., Alharbi, N.S., Vagvölgyi, C., 2017. Purification and 1250 
properties of extracellular lipases with transesterification activity and 1,3-regioselectivity from 1251 
Rhizomucor miehei and Rhizopus oryzae. J. Microbiol. Biotechnol. 27, 277–288. 1252 
doi:10.4014/jmb.1608.08005 1253 

Tedersoo, L., Bahram, M., P\~{o}lme, S., K\~{o}ljalg, U., Yorou, N.S., Wijesundera, R., Ruiz, L.V., 1254 
Vasco-Palacios, A.M., Thu, P.Q., Suija, A., Smith, M.E., Sharp, C., Saluveer, E., Saitta, A., Rosas, 1255 
M., Riit, T., Ratkowsky, D., Pritsch, K., P\~{o}ldmaa, K., Piepenbring, M., Phosri, C., Peterson, M., 1256 
Parts, K., Pärtel, K., Otsing, E., Nouhra, E., Njouonkou, A.L., Nilsson, R.H., Morgado, L.N., Mayor, 1257 
J., May, T.W., Majuakim, L., Lodge, D.J., Lee, S.S., Larsson, K.-H., Kohout, P., Hosaka, K., 1258 
Hiiesalu, I., Henkel, T.W., Harend, H., Guo, L., Greslebin, A., Grelet, G., Geml, J., Gates, G., 1259 
Dunstan, W., Dunk, C., Drenkhan, R., Dearnaley, J., De Kesel, A., Dang, T., Chen, X., Buegger, F., 1260 
Brearley, F.Q., Bonito, G., Anslan, S., Abell, S., Abarenkov, K., 2014. Global diversity and 1261 
geography of soil fungi. Science (80-. ). 346. 1262 

Teunissen, M.J., Lahaye, D.H.T.P., Huis in ’t Veld, J.H.J., Vogels, G.D., 1992. Purification and 1263 
characterization of an extracellular beta-glucosidase from the anaerobic fungus Piromyces sp. strain 1264 
E2. Arch. Microbiol. 158, 276–281. doi:10.1007/BF00245245 1265 

Thies, S., Rausch, S.C., Kovacic, F., Schmidt-Thaler, A., Wilhelm, S., Rosenau, F., Daniel, R., Streit, W., 1266 
Pietruszka, J., Jaeger, K.-E., 2016. Metagenomic discovery of novel enzymes and biosurfactants in a 1267 
slaughterhouse biofilm microbial community. Sci. Rep. 6, 27035. doi:10.1038/srep27035 1268 

Tien, M., Kirk, T.K., 1984. Lignin-degrading enzyme from Phanerochaete chrysosporium: Purification, 1269 
characterization, and catalytic properties of a unique H2O2-requiring oxygenase. Proc. Natl. Acad. 1270 
Sci. 81, 2280–2284. 1271 

Tisserant, E., Malbreil, M., Kuo, A., Kohler, A., Symeonidi, A., Balestrini, R., Charron, P., Duensing, N., 1272 
Frey, N.F. dit, Gianinazzi-Pearson, V., Gilbert, L.B., Handa, Y., Herr, J.R., Hijri, M., Koul, R., 1273 
Kawaguchi, M., Krajinski, F., Lammers, P.J., Masclaux, F.G., Murat, C., Morin, E., Ndikumana, S., 1274 
Pagni, M., Petitpierre, D., Requena, N., Rosikiewicz, P., Riley, R., Saito, K., Clemente, H.S., 1275 
Shapiro, H., Tuinen, D. van, Bécard, G., Bonfante, P., Paszkowski, U., Shachar-Hill, Y.Y., Tuskan, 1276 
G.A., Young, J.P.W., Sanders, I.R., Henrissat, B., Rensing, S.A., Grigoriev, I. V., Corradi, N., Roux, 1277 
C., Martin, F., 2013. Genome of an arbuscular mycorrhizal fungus provides insight into the oldest 1278 
plant symbiosis. Proc. Natl. Acad. Sci. 110, 20117–20122. doi:10.1073/pnas.1313452110 1279 

Traeger, S., Altegoer, F., Freitag, M., Gabaldon, T., Kempken, F., Kumar, A., Marcet-Houben, M., 1280 
Pöggeler, S., Stajich, J.E., Nowrousian, M., 2013. The genome and development-dependent 1281 
transcriptomes of Pyronema confluens: A window into fungal evolution. PLoS Genet 9, e1003820. 1282 
doi:10.1371/journal.pgen.1003820 1283 

Tseng, C.W., Ko, T.P., Guo, R.T., Huang, J.W., Wang, H.C., Huang, C.H., Cheng, Y.S., Wang, A.H.J., 1284 
Liu, J.R., 2011. Substrate binding of a GH5 endoglucanase from the ruminal fungus Piromyces 1285 
rhizinflata. Acta Crystallogr. Sect. F. Struct. Biol. Cryst. Commun. 67, 1189–1194. 1286 
doi:10.1107/S1744309111032428 1287 

U.S. Department of Energy, 2017. 2016 Billion-ton report: Advancing domestic resources for a thriving 1288 
bioeconomy, volume 2: Environmental sustainability effects of select scenarios from volume 1. R. 1289 
A. Efroymson, M. H. Langholtz, K.E. Johnson, and B. J. Stokes (Eds.), ORNL/TM-2016/727. Oak 1290 



44 
 

Ridge National Laboratory, Oak Ridge, TN. 1291 

U.S. Department of Energy, 2016. 2016 Billion-ton report: Advancing domestic resources for a thriving 1292 
bioeconomy, volume 1: Economic availability of feedstocks. M. H. Langholtz, L. M. Eaton (Eds.), 1293 
ORNL/TM-2016/160. Oak Ridge National Laboratory, Oak Ridge, TN. 1294 

Uehling, J., Gryganskyi, A., Hameed, K., Tschaplinski, T., Misztal, P.K., Wu, S., Desirò, A., Vande Pol, 1295 
N., Du, Z., Zienkiewicz, A., Zienkiewicz, K., Morin, E., Tisserant, E., Splivallo, R., Hainaut, M., 1296 
Henrissat, B., Ohm, R., Kuo, A., Yan, J., Lipzen, A., Nolan, M., LaButti, K., Barry, K., Goldstein, 1297 
A.H., Labbé, J., Schadt, C., Tuskan, G., Grigoriev, I., Martin, F., Vilgalys, R., Bonito, G., 2017. 1298 
Comparative genomics of Mortierella elongata and its bacterial endosymbiont Mycoavidus 1299 
cysteinexigens. Environ. Microbiol. doi:10.1111/1462-2920.13669 1300 

Usher, J., Balderas-Hernandez, V., Quon, P., Gold, N.D., Martin, V.J.J., Mahadevan, R., Baetz, K., 2011. 1301 
Chemical and synthetic genetic array analysis identifies genes that suppress xylose utilization and 1302 
fermentation in Saccharomyces cerevisiae. G3 (Bethesda). 1, 247–58. doi:10.1534/g3.111.000695 1303 

van der Giezen, M., Kiel, J.A., Sjollema, K.A., Prins, R.A., 1998. The hydrogenosomal malic enzyme 1304 
from the anaerobic fungus neocallimastix frontalis is targeted to mitochondria of the methylotrophic 1305 
yeast Hansenula polymorpha. Curr. Genet. 33, 131–135. 1306 

van Maris, A.J.A., Winkler, A.A., Kuyper, M., de Laat, W.T.A.M., van Dijken, J.P., Pronk, J.T., 2007. 1307 
Development of efficient xylose fermentation in Saccharomyces cerevisiae: xylose isomerase as a 1308 
key component. Adv. Biochem. Eng. Biotechnol. 108, 179–204. doi:10.1007/10_2007_057 1309 

Vardakou, M., Dumon, C., Murray, J.W., Christakopoulos, P., Weiner, D.P., Juge, N., Lewis, R.J., 1310 
Gilbert, H.J., Flint, J.E., 2008. Understanding the structural basis for substrate and inhibitor 1311 
recognition in eukaryotic GH11 xylanases. J. Mol. Biol. 375, 1293–1305. 1312 
doi:10.1016/j.jmb.2007.11.007 1313 

Wang, D., Wu, R., Xu, Y., Li, M., 2013. Draft genome sequence of Rhizopus chinensis 1314 
CCTCCM201021, used for brewing traditional Chinese alcoholic beverages. Genome Announc. 1, 1315 
e00195-12. doi:10.1128/genomeA.00195-12 1316 

Wang, H.-C., Chen, Y.-C., Hseu, R.-S., 2014. Purification and characterization of a cellulolytic 1317 
multienzyme complex produced by Neocallimastix patriciarum J11. Biochem. Biophys. Res. 1318 
Commun. 451, 190–195. doi:10.1016/j.bbrc.2014.07.088 1319 

Wang, H.H., Isaacs, F.J., Carr, P.A., Sun, Z.Z., Xu, G., Forest, C.R., Church, G.M., 2009. Programming 1320 
cells by multiplex genome engineering and accelerated evolution. Nature 460, 894–898. 1321 
doi:10.1038/nature08187 1322 

Wang, R., Li, L., Zhang, B., Gao, X., Wang, D., Hong, J., 2013. Improved xylose fermentation of 1323 
Kluyveromyces marxianus at elevated temperature through construction of a xylose isomerase 1324 
pathway. J. Ind. Microbiol. Biotechnol. 40, 841–54. doi:10.1007/s10295-013-1282-6 1325 

Wang, T.-Y., Chen, H.-L., Lu, M.-Y.J., Chen, Y.-C., Sung, H.-M., Mao, C.-T., Cho, H.-Y., Ke, H.-M., 1326 
Hwa, T.-Y., Ruan, S.-K., Hung, K.-Y., Chen, C.-K., Li, J.-Y., Wu, Y.-C., Chen, Y.-H., Chou, S.-P., 1327 
Tsai, Y.-W., Chu, T.-C., Shih, C.-C.A., Li, W.-H., Shih, M.-C., 2011. Functional characterization of 1328 
cellulases identified from the cow rumen fungus Neocallimastix patriciarum W5 by transcriptomic 1329 
and secretomic analyses. Biotechnol. Biofuels 4, 24. doi:10.1186/1754-6834-4-24 1330 

Wheeldon, I., Minteer, S.D., Banta, S., Barton, S.C., Atanassov, P., Sigman, M., 2016. Substrate 1331 
channelling as an approach to cascade reactions. Nat. Chem. 8, 299–309. doi:10.1038/nchem.2459 1332 

Williams, A.G., Orpin, C.G., 1987. Polysaccharide-degrading enzymes formed by three species of 1333 



45 
 

anaerobic rumen fungi grown on a range of carbohydrate substrates. Can. J. Microbiol. 33, 418–426. 1334 

Wood, T.M., McCrae, S.I., 1978. The cellulase of Trichoderma koningii. Purification and properties of 1335 
some endoglucanase components with special reference to their action on cellulose when acting 1336 
alone and in synergism with the cellobiohydrolase. Biochem. J. 171, 61–72. 1337 

Wood, T.M., Wilson, C.A., McCrae, S.I., Joblin, K.N., 1986. A highly active extracellular cellulase from 1338 
the anaerobic rumen fungus Neocallimastix frontalis. FEMS Microbiol. Lett. 34, 37–40. 1339 

Wu, G., Yan, Q., Jones, J.A., Tang, Y.J., Fong, S.S., Koffas, M.A.G., 2016. Metabolic burden: 1340 
Cornerstones in synthetic biology and metabolic engineering applications. Trends Biotechnol. 34, 1341 
652–664. doi:10.1016/j.tibtech.2016.02.010 1342 

Wu, I., Arnold, F.H., 2013. Engineered thermostable fungal Cel6A and Cel7A cellobiohydrolases 1343 
hydrolyze cellulose efficiently at elevated temperatures. Biotechnol. Bioeng. 110, 1874–1883. 1344 
doi:10.1002/bit.24864 1345 

Xue, G.P., Denman, S.E., Glassop, D., Johnson, J.S., Dierens, L.M., Gobius, K.S., Aylward, J.H., 1995. 1346 
Modification of a xylanase cDNA isolated from an anaerobic fungus Neocallimastix patriciarum for 1347 
high-level expression in Escherichia coli. J. Biotechnol. 38, 269–277. 1348 

Xue, G.P., Gobius, K.S., Orpin, C.G., 1992a. A novel polysaccharide hydrolase cDNA (celD) from 1349 
Neocallimastix patriciarum encoding three multi-functional catalytic domains with high 1350 
endoglucanase, cellobiohydrolase and xylanase activities. J. Gen. Microbiol. 138, 2397–2403. 1351 

Xue, G.P., Johnson, J.S., Bransgrove, K.L., Gregg, K., Beard, C.E., Dalrymple, B.P., Gobius, K.S., 1352 
Aylward, J.H., 1997. Improvement of expression and secretion of a fungal xylanase in the rumen 1353 
bacterium Butyrivibrio fibrisolvens OB156 by manipulation of promoter and signal sequences. J. 1354 
Biotechnol. 54, 139–148. 1355 

Xue, G.P., Orpin, C.G., Gobius, K.S., Aylward, J.H., Simpson, G.D., 1992b. Cloning and expression of 1356 
multiple cellulase cDNAs from the anaerobic rumen fungus Neocallimastix patriciarum in 1357 
Escherichia coli. J Gen Microbiol. 138, 1413–1420. 1358 

You, C., Huang, Q., Xue, H., Xu, Y., Lu, H., 2010. Potential hydrophobic interaction between two 1359 
cysteines in interior hydrophobic region improves thermostability of a family 11 xylanase from 1360 
Neocallimastix patriciarum. Biotechnol. Bioeng. 105, 861–870. doi:10.1002/bit.22623 1361 

You, C., Myung, S., Zhang, Y.H.P., 2012. Facilitated substrate channeling in a self-assembled 1362 
trifunctional enzyme complex. Angew. Chemie - Int. Ed. 51, 8787–8790. 1363 
doi:10.1002/anie.201202441 1364 

You, C., Zhang, Y.H.P., 2014. Annexation of a high-activity enzyme in a synthetic three-enzyme 1365 
complex greatly decreases the degree of substrate channeling. ACS Synth. Biol. 3, 380–386. 1366 
doi:10.1021/sb4000993 1367 

You, C., Zhang, Y.H.P., 2013. Self-assembly of synthetic metabolons through synthetic protein scaffolds: 1368 
One-step purification, co-immobilization, and substrate channeling. ACS Synth. Biol. 2, 102–110. 1369 
doi:10.1021/sb300068g 1370 

Young, E., Lee, S.-M., Alper, H., 2010. Optimizing pentose utilization in yeast: the need for novel tools 1371 
and approaches. Biotechnol. Biofuels 3, 24. doi:10.1186/1754-6834-3-24 1372 

Youssef, N.H., Couger, M.B., Struchtemeyer, C.G., Liggenstoffer, A.S., Prade, R.A., Najar, F.Z., Atiyeh, 1373 
H.K., Wilkins, M.R., Elshahed, M.S., 2013. The genome of the anaerobic fungus Orpinomyces sp. 1374 
strain C1A reveals the unique evolutionary history of a remarkable plant biomass degrader. Appl. 1375 



46 
 

Environ. Microbiol. 79, 4620–4634. doi:10.1128/AEM.00821-13 1376 

Zhang, G., Liu, P., Zhang, L., Wei, W., Wang, X., Wei, D., Wang, W., 2016. Bioprospecting 1377 
metagenomics of a microbial community on cotton degradation: Mining for new glycoside 1378 
hydrolases. J. Biotechnol. 234, 35–42. doi:10.1016/j.jbiotec.2016.07.017 1379 

Zhang, H., Pereira, B., Li, Z., Stephanopoulos, G., 2015. Engineering Escherichia coli coculture systems 1380 
for the production of biochemical products. Proc. Natl. Acad. Sci. U. S. A. 112, 8266–71. 1381 
doi:10.1073/pnas.1506781112 1382 

Zhang, H., Wang, X., 2016. Modular co-culture engineering, a new approach for metabolic engineering. 1383 
Metab. Eng. 37, 114–121. doi:10.1016/j.ymben.2016.05.007 1384 

Zhang, J., Qu, Y., Xiao, P., Wang, X., Wang, T., He, F., 2012. Improved biomass saccharification by 1385 
Trichoderma reesei through heterologous expression of lacA gene from Trametes sp. AH28-2. J. 1386 
Biosci. Bioeng. 113, 697–703. doi:10.1016/j.jbiosc.2012.01.016 1387 

Zhou, H., Cheng, J.-S., Wang, B.L., Fink, G.R., Stephanopoulos, G., 2012. Xylose isomerase 1388 
overexpression along with engineering of the pentose phosphate pathway and evolutionary 1389 
engineering enable rapid xylose utilization and ethanol production by Saccharomyces cerevisiae. 1390 
Metab. Eng. 14, 611–22. doi:10.1016/j.ymben.2012.07.011 1391 

Zhou, K., Qiao, K., Edgar, S., Stephanopolous, G., 2015. Distributing a metabolic pathway among a 1392 
microbial consortium enhances production of natural products. Nat. Biotechnol. 33, 377–383. 1393 
doi:10.1016/j.bbamem.2015.02.010.Cationic 1394 

Zhou, L., Xue, G.P., Orpin, C.G., Black, G.W., Gilbert, H.J., Hazlewood, G.P., 1994. Intronless celB 1395 
from the anaerobic fungus Neocallimastix patriciarum encodes a modular family A endoglucanase. 1396 
Biochem. J. 359–364. 1397 

Zoltan, I.K., John, J.W., 1933. Process of treating plant juices and extracts (Patent US 1932833 A). 1398 

Zuroff, T.R., Curtis, W.R., 2012. Developing symbiotic consortia for lignocellulosic biofuel production. 1399 
Appl. Microbiol. Biotechnol. 93, 1423–1435. doi:10.1007/s00253-011-3762-9 1400 

Zuroff, T.R., Xiques, S.B., Curtis, W.R., 2013. Consortia-mediated bioprocessing of cellulose to ethanol 1401 
with a symbiotic Clostridium phytofermentans/yeast co-culture. Biotechnol. Biofuels 6, 59. 1402 
doi:10.1186/1754-6834-6-59. 1403 

 1404 

 1405 


