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ABSTRACT Fungi and fungal enzymes play important roles
in the new bioeconomy. Enzymes from filamentous fungi
can unlock the potential of recalcitrant lignocellulose
structures of plant cell walls as a new resource, and fungi
such as yeast can produce bioethanol from the sugars
released after enzyme treatment. Such processes reflect
inherent characteristics of the fungal way of life, namely,
that fungi as heterotrophic organisms must break down
complex carbon structures of organic materials to satisfy their
need for carbon and nitrogen for growth and reproduction.
This chapter describes major steps in the conversion of plant
biomass to value-added products. These products provide
a basis for substituting fossil-derived fuels, chemicals,

and materials, as well as unlocking the biomass potential

of the agricultural harvest to yield more food and feed.

This article focuses on the mycological basis for the fungal
contribution to biorefinery processes, which are instrumental
for improved resource efficiency and central to the new
bioeconomy. Which types of processes, inherent to fungal
physiology and activities in nature, are exploited in the new
industrial processes? Which families of the fungal kingdom
and which types of fungal habitats and ecological
specializations are hot spots for fungal biomass conversion?
How can the best fungal enzymes be found and

optimized for industrial use? How can they be produced
most efficiently—in fungal expression hosts? How have
industrial biotechnology and biomass conversion research
contributed to mycology and environmental research?
Future perspectives and approaches are listed,

highlighting the importance of fungi in development of

the bioeconomy.

Center for Bioprocess Engineering, 2800 Kgs. Lyngby, Denmark

THE ROLE OF FUNGI IN CONVERSION
OF PLANT BIOMASS

The Increasing Importance of

Fungi in Biotechnology

Fungi are now widely used in industrial biotechnology,
for example, as production hosts for technical and food
and feed processing enzymes, as gene donors for such
enzymes, as production hosts for organic acids and
cholesterol-lowering drugs (the statins), and as starter
cultures and probiotics (1). Around half of the industrial
enzymes used globally are of fungal origin; the other half
are of bacterial origin. However, this balance is now
moving toward the use of more enzymes from a wider
spectrum of families of the fungal kingdom. There are
several reasons for this. Fungal enzymes are efficient,
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compatible, and suitable for industrial processing: they
have sufficient protein stability to give the enzyme prod-
ucts an acceptable shelf life; they provide customer
solutions, meet regulatory approval demands, and fulfill
end user needs.

The driver for this increased importance of fungi and
fungal enzymes is the development of the new bio-
economy, where crop residues, industrial by-products,
and organic waste streams are used as a basis for pro-
ducing more bio-based products, obtaining more from
biological resources, and wasting less (see Fig. 1). The
potential is huge. Currently, there is a global loss of 30 to
50% (2) of all agricultural production, when summing
up losses through the value chain from field to end user.
Because of this, it is predicted that fungal enzymes will
be vital for moving from a fossil-based to a renewables-
based world economy, where upgrade of lignocellulosic
biomass leads to production of not only biofuels, but
also bio-based materials and bio-based chemicals, as well
as new and healthier feed and food ingredients (3, 4).

Development toward a bioeconomy places fungi and
mycology in a central position in relation to mitigating

climate change; improving resource efficiency; replacing
fuels, chemicals, and materials based on fossil resources;
and contributing to feeding a growing global popula-
tion. The next generation of products from biomass
will utilize the intact structural complexity of the fresh
biomass for health-promoting food and feed ingredients.

Fungal Enzymes, the Choice for Biomass
Conversion: For Bioenergy and Beyond

Fungi have three roles in making value from plant bio-
mass:

® Asgene donors for large-scale production of enzymes

* Asindustrial production hosts for biomass-degrading
enzymes and metabolites

® As producers of biorefinery end products (e.g.,
bioethanol, organic acids, biochemicals, or single-
cell proteins) resulting from their growth on sugars
from the enzymatic conversion of plant biomass

One of the most significant lifestyle characteristics of
filamentous fungi is that they secrete enzymes. Secretion

FIGURE 1 A schematic overview of a biorefinery. The product portfolio from biorefineries
is not only fuels and chemicals but also includes higher-value products such as food and
feed ingredients, cosmetics, skin care, and new functional biomaterials; it is also expected
that many types of biorefineries will be developed for improved resource efficiency: the
yellow (straw, stover, and wood chips), the green (fresh grass, clover, leaves), the blue
(seaweed and fish bycatch and waste), the gray (agroindustrial side streams), and a
biorefinery for upgrade of household waste and sludge (the brown biorefinery). Adapted

from reference 16 with permission.
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occurs primarily from the tip cells of the growing hyphae
(5, 6). In nature, a large proportion of the secreted
enzymes break down the substrate (e.g., plant tissue)
that the fungus invades. In natural habitats, such enzy-
matic biocatalysis of the substrate results in a conver-
sion of the plant biomass into smaller building blocks
suitable for hyphae to absorb for further growth of the
fungus.

Through evolution, the growth of filamentous fungi
has been adapted for efficiency in substrate utilization.
The main adaptive traits are that (i) secreted fungal
enzymes have a complement of activities for breaking
down the substrate polymers, (ii) the enzymes are also
stable outside the fungal cell, and (iii) the enzymes are
available and are actively degrading the substrate at
the time when the fungal hyphae have reached the area
into which the enzymes have diffused. This allows the
fungus to take up nutrients quickly after the degradation
products have become available. Enzymatic breakdown
thus primarily benefits the growth of the fungus itself
rather than merely making substrate available for com-
petitors such as bacteria or other fungi.

Almost all commercialized enzymes for industrial
purposes (for example, in the detergent, textile, juice,
paper, or baking industries) are enzymes (with a signal
peptide for secretion) that in nature are secreted from
the fungal cell which produces them. The reason for this
is that secreted enzymes in general are more stable and
significantly cheaper to produce because they can be
recovered directly from large-scale fermentation broth
without the necessity of opening the fungal cells.

Secreted, stable proteins suitable for large-scale, cost-
efficient production can match the cost structure and
price window of the industrial processes in question.
Such proteins fulfill the primary industrial requirements,
namely, high enzyme yields, easy recovery from fermen-
tation broth, and good protein stability—all in all, giving
lasting performance and end user benefits.

Overview of Secreted Enzymes

from Filamentous Fungi

In the fungal kingdom a large spectrum of secreted
enzymes has evolved to predigest organic structures
into smaller molecules suitable for uptake by the fungal
cell. Through evolution, fungal enzymes have been de-
veloped to break down almost all organic substrates
available on earth (see the CAZy database [7]). The
greatest diversity of enzyme activities described is re-
lated to the breakdown of plant cell wall structures. The
CAZy database is described on its homepage as “a
specialist database, dedicated to the display and analysis
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of genomic, structural and biochemical information on
Carbohydrate-Active Enzymes (CAZymes).” The CAZy
database includes well-curated information about the
following types of enzymes derived from all parts of
the biological kingdoms: glycoside hydrolases (GHs)
(hydrolysis and/or rearrangement of glycoside bonds),
glycosyl transferases (formation of glycosidic bonds),
polysaccharide lyases (nonhydrolytic cleavage of glyco-
sidic bonds), carbohydrate esterases (hydrolysis of car-
bohydrate esters), and auxiliary activities (AAs) (redox
enzymes that act in conjunction with CAZymes) (www
.CAZy.org). In nature, fungal enzymes have been de-
scribed that belong to all of these five groupings (GHs,
glycosyl transferases, carbohydrate esterases, and AAs).
Efficient conversion of biomass involves enzymes of all
these major groups of carbohydrate active enzymes; GH
cellulases and hemicellulases play the biggest role.

Biomass Conversion Enzymes Found
Throughout the Fungal Kingdom

and in Many Habitats

Genes encoding secreted enzymes are found in all divi-
sions of the fungal kingdom. Based on the fungal enzymes
included in the CAZy database, the richest portfolio of
enzymes are in the Ascomycota, followed by the Basid-
iomycota, and lastly, the Zygomycota, whose members
primarily produce enzymes suitable for releasing sugar
molecules from already partially degraded products. Pre-
liminary studies of the Chytridiomycota and Neocallima-
stigomycota document that at least selected species of
these early-lineage fungi also have a wide portfolio of
lignocellulosic polymer-degrading enzymes (8).

The most complex organic structures in plants and
fungi are their cell walls. A huge number of different
types of enzymes are needed for total breakdown of the
plant cell walls of both monocots and dicots. Fungi
specializing in degrading plant biomass in nature thus
have a very broad portfolio of plant cell wall-degrading
enzymes. Analysis and clustering of a broad spectrum
of genome sequences of secretome enzymes from Asco-
mycetes, Basidiomycetes, and Zygomycetes gave a sur-
prising result (9, 10): the clustering into being a good
lignocellulose degrader or not was a more prominent trait
than the fungal phyla to which the enzyme-producing
fungi belonged. Thus, the phenotypic characteristic of
the enzyme secretome portfolio overruled the taxonomic
position.

Plant cell wall-degrading enzymes can be found in a
vast spectrum of fungal habitats and life forms (Table 1).
The most studied are white rot, brown rot, and soft rot
fungi, as well as saprophytic fungi on dead herbaceous
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Q13 TABLE 1 A selection of well-studied lignocellulose degraders across the fungal kingdom

Fungal phyla Fungal species Fungal order Physiology and habitat

Basidiomycota Phaenerochaete chrysosporium Polyporales White rot
Schizophyllum commune Agaricales Putative white rot
Postia placenta Polyporales Brown rot
Gloeophyllum trabeum Gloeophylales Brown rot
Ganoderma applanatum Polyporales Heart rot
Termitomyces spp. Agaricales Termite symbiont
Leucoagaricus gongylophorus Agaricales Leaf cutter ant symbiont
Ascomycota Thermoascus aurantiacus Eurotiales Saprotrophic
Penicillium chrysogenum Eurotiales Saprotrophic
Talaromyces leycettanus Eurotiales Saprotrophic
Aspergillus niger Eurotiales Saprotrophic
Myceliophthora thermophilae Sordariales Thermophilic, saprotrophic
Neurospora crassa Sordariales Saprotrophic
Melanocarpus albomyces Sordariales Saprotrophic
Trichoderma harzianum Hypocreales Saprotrophic
Fusarium oxysporum Hypocreales Necrotrophic
Podospora Coprophilic
Zygomycota Mucor circinelloides Mucorales Saprotrophic
Rhizopus stolonifera Mucorales
Chytridiomycota Rhizophlyctis rosea Spizellomycetales Saprotrophic, soil

Neocallimastigomycota Piromyces communis

Neocallimastigomycetales Saprotrophic, rumen symbiont

and wooden plant materials (11); interesting enzymes
are also found from extremophiles (fungi growing in
extreme environments) (12).

Plant cell wall-degrading enzymes are also produced
by plant pathogenic fungi (5) and by ectomyccorhizal
fungi (13). Another biomass conversion habitat is that
of coprophilic fungi, which grow on animal dung. Very
prolific cellulase producers include Podospora spp. (14,
15). Coprophilic cellulase producers also typically se-
crete a range of bioactive metabolites and are found to
be a better source of antimicrobial metabolites than
most other cellulose-producing fungi: for coprophiles,
substrate becomes available all at once, and the limit-
ing factor for gaining access to the substrate is to out-
compete other microbes present in the dung materials.
In contrast, competition for access to substrate is not
the primary parameter for plant pathogens. The infec-
tion process is very complex and depends primarily on
breaking host resistance barriers.

PLANT CELL WALL-DEGRADING
ENZYMES FROM FUNGI

The Recalcitrance of Lignocellulose

and How To Overcome It

Lignocellulose is a highly complex and varying poly-
meric structure. It is the basic structure and major
component of plant cell walls and has been developed
through evolution to resist both biotic and abiotic stress,
such as microbial pathogens and damage from wind and

weather (16). Lignocellulose is composed of four major
components: cellulose (20 to 50%), hemicellulose (15 to
35%), lignin (10 to 30%) (16), and pectin (often a rather
low percentage). The lignocellulosic structure is highly
recalcitrant to degradation, due to close packing of very
complex, interlinked components. The branched hemi-
cellulose coats the cellulose microfibers, the lignin en-
capsulates the polysaccharide components (cellulose,
hemicellulose, and pectin) like a matrix around all poly-
meric structures, and the crystalline cellulose fibers
themselves form a very recalcitrant structure, adding
to inaccessibility and robustness. Due to this structural
complexity and the interwoven, closely packed compo-
nents, enzymes cannot readily access the plant cell wall
components. Therefore, prior to industrial enzyme hy-
drolysis, a chemical/physical pretreatment is performed,
which breaks down the lignocellulose structure suffi-
ciently to allow enzymatic degradation.

Attempts have been made to develop more gentle pre-
treatment processes, for example, by using biocatalysis.
The cellobiohydrolase enzyme family GH7 and laccases
have been suggested for this purpose (17, 18) along with
the use of family GH4S5-like proteins named expansins
(19, 20), swollenins (21), and loosenins (16); lactic
acid bacteria fermentation can also be used (16). Such
gentler pretreatment could cut down energy costs and
result in a hydrolyzed biomass that is more suitable as a
base for upgrading, and it would not have the negative
consequences of harsh pretreatments (e.g., artifacts, re-
located lignin, and antinutritional factors).

ASMscience.org/MicrobiolSpectrum


http://www.ASMscience.org/MicrobiolSpectrum

Nature’s biomass conversion processes have inspired
research into the development of gentler pretreatment
procedures. For instance, several Ascomycetes and Ba-
sidiomycetes can grow directly on and in a beech tree
trunk; Hypoxylon fragiforme and Schizophyllum com-
mune attack freshly fallen branches and trunks of de-
ciduous trees, and Fomes fomentarius and Ganoderma
applanatum cause heart rot on deciduous trees such as
beech (22). Apparently, no pretreatment (physical or
chemical) takes place. The fungi establish and grow,
breaking down lignocellulose to fulfill their requirement
for carbon. Time is obviously a factor, and changes over
time in environmental conditions (humidity, tempera-
ture, light) play a role. However, molecules including the
expansins, swollenins, and loosenins (16, 19-21) most
likely also play a role. In addition, as yet undescribed
synergies between chemical (reactive oxygen, photons,
or metals) and biocatalytic reactions are probably in-
volved. Interestingly, pretreatment is not required when
aquatic biomass is used as biorefinery feedstock, because
aquatic biomass has no or very little lignin in the cell
walls.

Enzymatic Decomposition of Lignocellulose
Lignocellulose

Collective action among several enzymes is required to
break down the complicated lignocellulosic structure.
The most important group of enzymes for these activities
is glycohydrolases, GH enzymes which cleave glycoside
linkages (7). Such linkages are dominant in both cellu-
lose and hemicellulose. Furthermore, polysaccharide
esterases (carbohydrate esterases in the CAZy database
[7]) assist the hydrolysis of GH enzymes by removing the
methyl, acetyl, and phenolic esters. Polysaccharide lyases
may also play a role in depolymerization. Several types
of fungi, from a broad variety of habitats and taxonomic
groupings, have all the enzymes needed for complete

breakdown of lignocellulosic plant cell wall structures
(see Table 1, above, and Fig. 3, below) (5, 16, 23-29).

Cellulose and cellulases

Depolymerization of cellulose fibers requires the fol-
lowing enzymatic activities: an endoglucanase acting
on cellulose (EC 3.2.1.4), two types of cellobiohydrolase
(exoglucanases), one of which acts on the reducing end
of the polymer (EC 3.2.1.177) and the other on the
nonreducing end (EC 3.2.1.96), one B-glucosidase which
cleaves the dimeric cellobiose to monomer C6 sugar/
glucose (EC 3.2.1.21 B-glucosidase), plus the action of
the lytic polysaccharide monooxygenases (LPMOs) (see

Fig. 2A).

Fungal Enzymes and Yeasts for Conversion of Plant Biomass

The occurrence of several B-1,4 endoglucanase-active
enzymes (EC 3.2.1.4, of GH5, GH9, GHA45) in a fungus
is interpreted as reflecting a robust degrader whose en-
zymes contribute to improved fitness. This is because
as a result, the fungus has built-in flexibility and can
produce the enzymes most suitable for several types of
environmental conditions (humidity, temperature, pH,
etc.) (9).

Cellulases are divided into processive and nonpro-
cessive; endoglucanases (EC 3.2.1.4) belong to the latter,
and the cellobiohydrolases, GH6 and GH7, to the for-
mer. Furthermore, the hydrolytic activity can belong to
the inverting (one-step) or the retaining (two-step) pro-
cess (16). Among the active enzymes of the EC 3.2.1.4
class, GH4S5 is the only one of the inverting type.

Another prominent feature of cellulases in both na-
ture and under industrial conditions relates to whether
they are closely associated with the substrate, not just
through interaction at the active site but also with a
carbohydrate binding domain (CBM). The CBM can be
located at either the N- or the C-terminal end (or in rare
cases both) (30). CBMs can affect the efficacy and speed
of enzyme activity; fungal CBMs primarily belong to the
CBM1 family. Furthermore, whether the linker region
that spans the catalytic domain and CBM is short or
long also affects the behavior of the enzyme (27). CBM
and linker modifications are such powerful tools for the
design of enzymes and enzyme processes that they have
been the basis of several patents and research and de-
velopment (R&D) business strategies.

Hemicellulose and hemicellulases

The depolymerization of heavily branched and substi-
tuted hemicellulose structures also requires an entire
complement of enzymes. At least one kind of endoxy-
lanase (e.g., GH10 or GH11) is needed (7, 31) to break
the xylan backbone. The endoxylanase activity (EC
3.2.1.8) is assisted by a range of other hemicellulases,
usually by synergistic activity among the following types
of enzymes: acetyl xylan esterase, arabinofuranosidase,
and ferulic acid esterase (32-37) (Fig. 2B).

The reason why many of the hemicellulase enzymes
have not been included in commercialized enzyme
blends for lignocellulose decomposition is that many of
the linkages cleaved by such enzymes are already broken
during the pretreatment processing.

Lignin

Lignin is a very different type of polymeric substance
compared to cellulose and hemicellulose, because it is
a heterogeneous alkyl-aromatic polymer. Lignin degra-
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FIGURE 2 (A) Enzymatic breakdown of cellulose polymer includes several glycohydro-
lases (at least one endoglucanase, at least two cellobiohydrolases, reducing end and
non-reducing-end active, and at least one B-glucosidase). Further, the activity of a lytic
polysaccharide monooxygenase acts in synergy with the endoglucanase in breaking down

the crystallinity of the cellulose polymer.

Adapted from reference 24 with permission.

(B) Hemicellulose is a very complex, highly branched and substituted polymer. The figure
shows seven types of sugar components and lists the seven types of enzymes needed to

break the linkages to such sugar moieties.

However, enzyme hydrolysis of lignocellulose

may not need the presence of all these seven hemicellulases because most of the stan-
dard pretreatment procedures will lead to the breakdown of several of the hemicellulose
bonds. Adapted from reference 37 with permission.

dation by white rot basidiomycetous fungi has been
more studied than any other type of fungi (38). The most
prominent types of enzymes active in lignin degradation
are laccases and peroxidases (both types are oxidative
enzymes) (17, 39-41). However, such enzymes do not
react independently, and mediators are needed. Brown
rot fungi such as Coniophora puteana and Serpula
lacrymans do not have prominent lignin-degrading en-
zymes, but such fungi do modify (through the action
of specialized reactive metabolites) the lignin surface
structure, thus freeing the cellulosic components from
the lignin. The modified lignin structure remains for
years in nature without much further degradation. Re-
search on lignin degradation has led to many new efforts
in studying not only the classical brown rot and white
rot fungi, but also many other fungal species in many
habitats. From such new studies it appears that through-
out the range of lignin-degrading fungi, there exists a

continuum of biomass degradation regimes, with vary-
ing degrees of similarity to white rot and brown rot fungi
(38).

A recent development in understanding the fungal
decomposition of lignocellulosic structures is the dis-
covery of a new type of enzymatic activity, which has a
function significantly different from all of the biomass
conversion enzymes mentioned above. The new kind of
enzyme activity was revealed by applying enzyme dis-
covery approaches that are independent of sequence or
function similarity to known enzymes. Two approaches
were used: (i) use of culture broth fractionation followed
by estimation of lignocellulose decomposition poten-
tial of the various fractions and (ii) use of transposon-
assisted signal trapping (TAST) screening, a technique
discussed later in this article (42). Both techniques
demonstrated that a significant and novel type of en-
zyme, hitherto not associated with cellulose breakdown,
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FIGURE 3 “Fungal Hall of Fame” illustrating the five most important players in industrial
lignocellulose biorefinery processing and in research. (A) Aspergillus oryzae, along with
(B) Aspergillus niger and Aspergillus nidulans, are the most widely used monocomponent
enzyme production organisms. (C) Trichoderma reesei is included due to its exceptional
secretion capacity; it is the preferred production host for enzyme blends specifically
designed for efficient biomass conversion. (D) Saccharomyces cerevisiae is the organism
of choice for production of ethanol from the biomass conversion-derived sugar platform.
Pichia pastoris is the expression host most often used for producing laboratory-scale
volumes of newly discovered enzymes to facilitate characterization and evaluation of
the new enzymes for industrial potentials. (E) Myceliophthora thermophilae, along with
another thermophilic fungus, Thermoascus aurantiacus, represents alternatives to pro-
duction of enzymes by species of Aspergillus. Credits: (A) Courtesy of Reinhard Wilting,
Novozymes A/S; (B) from Read ND, in Electron Microscopy of Plant Pathogens (Mendgen
K, Lesemann D-E, ed), Springer-Verlag, Berlin, Germany, 1991, with permission; (C) U.S.
Department of Energy Office of Science (http://www.jgi.doe.gov/sequencing/why/Treesei
.html); (D) Sciencephoto.com; (E) courtesy of Ronald de Vries, CBS-KNAW, Fungal Bio-
diversity Centre, The Netherlands.

i, e &

was present in the most active fractions and was highly
expressed and secreted in all fungi that degraded ligno-
cellulose (43).

The enzyme responsible for such activity was first
described as a glycohydrolase and was assigned to the
protein family GH61 (10, 44). Further studies showed
that this new GHé61 type was widespread in the fungal
kingdom, typically present in high numbers in the ge-
nome, and was not a GH enzyme but a monooxygenase
(45, 46). As a consequence, such members of GH61
were recategorized as AA enzymes, were categorized

as AA9, and were named LPMOs. Since the first arti-
cle describing AA9 was published, knowledge of the
LPMOs has grown explosively (47-49). Now several
types of LPMOs are described under the following
classifications: AA9 (45), AA10 (50) (bacterial, primar-
ily chitin degrading), AA11 (51, 52), and AA13 (53).
Furthermore, LPMO activity has been described on
substrates including starch (53), hemicellulose (54), and
keratin (55). An interesting feature of genes encoding
fungal LPMOs is that they are often found in very high
numbers in the fungal genome (51).
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How Can Nature’s Effective Fungal
Lignocellulose Degraders Be Recognized?
Fungal genome sequencing has shown that genes en-
coding cellulose- and hemicellulose-degrading enzymes
are found in a very broad spectrum of fungi. However,
many of such fungi may not necessarily functionally
be effective biomass degraders, even though they have
the spectrum of genes of relevance for lignocellulose
decomposition.

The most efficient fungal lignocellulose degraders can
often be recognized up-front by knowing their physiol-
ogy and ecology: Does the species in nature always grow
in habitats where biomass decomposition takes place?
Is it a strong competitor on such substrates? Classical
mycological expertise, such as knowledge about fungal
habitats and substrate associations, can provide answers
to such questions and is particularly relevant and valu-
able for developing more efficient biomass conversion
processes. At the DNA level, genome sequencing gives
information about whether the species in question has
the full complement of cellulase and hemicellulase genes.
However, to predict the potential of a fungal species, we
need to know not just which families of enzyme genes
are present on the genome but also for which enzyme
function the genes code. Assigning genes to a given en-
zyme family is not enough to identify its function because
most enzyme protein families include several types of
function (7). Since gene sequences which are very dis-
tantly related may share the same function, blast searches
and alignment are not sufficient to predict the function.
Based on this analysis and reasoning, efforts were made
to develop a new sequence analysis method which could
more accurately predict function from sequence.

As a result, a new non-alignment-based sequence
analysis method was invented (56); it was later devel-
oped into a versatile and fast peptide pattern recogni-
tion (PPR) technology platform (9, 10, 51, 57). PPR
can identify short peptides which are conserved among
enzymes with shared function. Based on this, groups of
proteins with the same enzyme function can be identi-
fied. With this approach, enzyme discoveries can be
made, mining sequence databases efficiently and pre-
dicting enzyme function directly from sequence.

Different Mechanisms in the

Fungal Breakdown of Cellulose

The enzymatic breakdown of cellulose in nature follows
three or four models (16, 58-61): (i) fungal enzymatic
breakdown where enzymes with different functionalities
(endoglucanase, CBHs, betaglucosidase, and LPMO)
are produced by separate genes, which results in indi-

vidual enzymes acting in synergy; (ii) cellulose break-
down, such as by brown rot fungi, where redox-acting
enzymes give rise to ions needed for Fenton chemistry
reactions to occur, which are capable even of breaking
down the crystalline cellulose; and (iii) the bacterial
model, where the genes needed for cellulose breakdown
are placed sequentially in one reading frame and the
proteins are placed in one huge molecular structure, the
cellulosome, which processes the entire cascade of en-
zymatic reactions needed for breaking down cellulose;
(iv) recently, a new category has been recognized, where
enzyme hydrolysis is achieved by multimodular enzymes
(viz., enzymes with multicatalytic domains [59, 62]).
Such multimodular enzymes have been described and
are expected to be found in more fungi degrading plant
biomass. Recent studies also suggest that in some habi-
tats, such as anaerobic environments, most of the se-
creted xylanolitic and cellulolytic enzymes are found as
free enzymes and are not organized in cellulosomes; they
are, however, to a large extent encoded by multimodular
genes (Wilkens C, Busk P, Pilgaard B, Kirkegaard R,
Albertsen M, Zhang W-J, Nielsen P, Lange L, in press).

Interestingly, fungal enzymatic breakdown of cellu-
lose (category [i], above) follows very closely the bacte-
rial enzymatic breakdown of chitin (viz., endo-acting
chitinase plus reducing- and nonreducing-end, exo-
acting chitinases (50). Moreover, bacterial decomposi-
tion of chitin also involves LPMO activity—the bacterial
AA10 family (45). The resemblance of cellulose de-
composition by fungi to chitin decomposition by bac-
teria is remarkable in evolutionary terms.

Recently, a new mode of action of fungal enzymatic
degradation of the proteinaceous polymer keratin has
been described (64). Fungal breakdown of alpha keratin
can involve three types of proteases: endo-acting, exo-
acting, and oligopeptide-acting (65); this pattern is thus
also similar to fungal cellulose decomposition. Further-
more, keratin-degrading fungi (including the dermato-
phytes) also have LPMO genes (of type AA11) in their
genomes (51). Such new knowledge could be applied to
develop new technology for degrading chicken feathers
and pig bristles, which so far are almost totally unex-
ploited protein-rich waste.

YEAST FERMENTATION: FROM SUGAR
PLATFORM TO BIOETHANOL

Fungal Yeasts: The System of

Choice for Producing Bioethanol

Yeast cultures have been used to produce ethanol since
ancient times. Even after centuries of industrial and ac-
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ademic practice, development, and research, Saccharo-
myces cerevisiae is still the biological production system
of choice. This yeast is easy to control in industrial
settings, and the robustness of wild-type S. cerevisiae
against the cell toxicity of ethanol is acceptable. Increased
ethanol tolerance can also be achieved through strain
development, by mutation, or by genetic modification.

The primary focus of most of the research to improve
the efficiency of ethanol fermentation from the sugar
platform has been on using a larger range of the sugars
of the biomass or, more precisely, to improve yeast
fermentation to exploit not only Cé sugars (cellulose-
derived glucose) but also C5 sugars (hemicellulose-
derived xylose). Some progress has been achieved (see
below). Further progress may be achieved by following
one of three approaches: (i) make bioethanol only from
the cellulose C6 sugars and reserve the hemicellulose
C5 monomer and oligo sugar for making higher-value
products such as food or feed ingredients; (ii) improve
the efficiency of ethanol-fermenting yeast strains for fer-
menting both C5 and Cé sugars to ethanol; or (iii) de-
velop new fermentation systems that produce a new
generation of biofuels (66).

Higher-value products from hemicellulose (CS5)
sugars can be achieved, for example, by producing food
and feed ingredients, based on the complexity (branch-
ing and substitutions) of the native hemicellulose poly-
mers. These products can be refined to even higher value
by making food and feed ingredients that have health-
promoting effects such as prebiotic stimulation of the
healthy gut flora of humans and nonruminant animals
(67, 68). The resulting yeast biomass can also be up-
graded to health-promoting ingredients, beta-glucans,
nutraceuticals, or even drugs, based on the specialized
fungal cell wall structure properties.

Development of Improved Yeast
Fermentation Strains
In nature, yeast is primarily specialized to ferment C6
sugars. Until now, no wild-type microbe (yeast or bac-
teria) has been found which readily fulfills industrial
demands such as efficient fermentation (high yields,
rapid processing) of C5 sugars to ethanol and high tol-
erance to ethanol content in the fermentation broth.
Interesting attempts have been made to develop the
bacterium Thermoanaerobacter mathranii (typical hab-
itat is hot springs in North Atlantic areas) into an effi-
cient ethanol production strain using both C5 and Cé6
sugars. High temperature tolerance makes recovery of
the ethanol possible by skimming from the top of the
fermentation culture, so the critical ethanol concen-
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tration detrimental to the production strain is never
reached (69). So far, a similar approach for a thermo-
phile yeast has not been developed.

Improved yeast strains have been developed by
several small companies, for example, Terranol. An
S. cerevisiae strain that efficiently ferments CS5 sugars
and yeast strains that also grow on and utilize glycerol
were developed (70, 71). For such progress, the key
genes to control were Gut1p (glycerol kinase) and Gut2p
(mitochondrial glycerol-3-phosphate dehydrogenase)
originating from S. cerevisiae (72, 73). The next goal is
to develop yeast strains capable of producing advanced
biofuel (see below), as well as relevant chemical building
blocks. The latter pave the way for renewable produc-
tion of plant biomass-based chemicals, substituting for
the current production of fossil-based chemicals. In
the years to come the fuel- and chemical-producing
organisms will be fungal, probably refined strains of
S. cerevisiae (and in certain cases also strains of fila-
mentous fungi), in versatile roles producing increased
value from biomass. The core technology for this is
enzymatic hydrolysis of the plant cell wall biomass,
releasing free sugars from the plant polymers; this is
followed by fermentation of fungi on the plant biomass-
derived sugar platform.

BIOREFINERIES

Advanced Biofuels, Integrated Biorefineries,
and On-Site Production of Enzymes

The terminology around different types of biofuels is
very confusing. There are not only first- and second-
generation biofuel, but also third- and fourth-generation,
and a clearly defined term is needed. The European
Biofuel Technology Platform (http:/biofuelstp.eu/) has
suggested and defined “advanced biofuels” as the term
of choice. Advanced biofuels are defined as (i) being
produced from lignocellulosic feedstock (not directly
from starch, lipid, or sugar), (ii) having low CO, emis-
sion or high greenhouse gas reduction, and (iii) achieving
zero or low indirect land use change impact.

Most of the advanced biofuels involve fungal enzy-
matic breakdown of biomass and fungal production of
the advanced biofuel, but alternative systems are also
being developed which do not involve fungi or fungal
enzymes. These include advanced biofuels from algae
or the use of physical and chemical processes, e.g., bio-
dimethyl ether, biosynthetic natural gas, and bio-oil (75).

Integrated biorefineries (76) are not yet sufficiently
cost-effective to be commercially viable. However, im-
proved consolidated efficiency may be achieved by de-
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veloping fungal strains which can produce the enzymes
needed for biomass conversion and also produce etha-
nol. Alternatively, fermentation conditions may be cre-
ated which allow two types of fungi to work in parallel
under conditions controlled by changes in pH or another
flexible parameter.

Enzymes may be produced on-site (77) directly in the
production plant. The required enzymes are, for exam-
ple, produced on a side stream of the feedstock, and
the entire content of the enzyme-producing seed tank is
then added to the main tank to start the enzymatic
biomass hydrolysis. Intellectual property and technology
protection issues, restrictions on the use of genetically
modified organism (GMO) strains in industrial-scale
biorefineries, or suboptimized on-site enzyme blends for
efficient biomass conversion have so far blocked such
development. However, when biorefineries are devel-
oped in which several higher-value products are pro-
duced from the feedstock, efficiency may be measured in
terms different from the current emphasis on quantifi-
cation of free sugars.

DISCOVERY AND PRODUCTION OF FUNGAL
ENZYMES FOR BIOMASS CONVERSION

Production of Fungal Enzymes by
Heterologous Expression in

Fungal Production Hosts

The most classic and impressive example of develop-
ment of an enzyme production strain is the early in-
dustrial use of cellulases. The history of the development
of Trichoderma into a production host for cellulases (16)
highlights the application of mycological knowledge to
solve an industrial problem and to contribute to more
sustainable agroindustrial processing.

In general, the fungi chosen as expression and pro-
duction hosts have primarily been filamentous asco-
mycetous species such as Trichoderma reesei (78),
Aspergillus oryzae (79, 80), Aspergillus nidulans (81),
and Aspergillus niger (82, 83). Efficient production
strains of Fusarium venenatum have also been developed
(84). Further, attempts have been made to develop
Thermoascus aurantiacus into a production host for
heterologously expressed genes of thermotolerant en-
zyme proteins (85). Yeasts have also been developed
as production hosts, e.g., S. cerevisiae (86) and Pichia
spp- (87), but in yeast the yield is in general signifi-
cantly lower than what can be achieved with filamen-
tous fungi. Yeasts are inferior with regard to protein
secretion capabilities compared to filamentous fungi.
This is an inherent characteristic of the yeast unicellular

life form, with budding propagation and growth, be-
cause yeasts would not benefit from secreted enzymes
that diffuse into the surrounding substrate. Figure 3
displays the five most prominent fungal species used in
biomass conversion.

The company Dyadic has taken an interesting ap-
proach to the design of production hosts. Production
strains of Myceliophthora thermophilum were devel-
oped in which the background of its native enzymes
provided added value to the enzyme product; for in-
stance, the native M. thermophilum cellulases boost the
effect of the cellulases of a GMO construct (M. thermo-
philum with inserted cellulase genes, derived from other
organisms) (88).

The latest significantly new type of application of
GMO constructs of T. reesei is that it is used as a pro-
duction strain for producing not just one enzyme
but blends of recombinantly produced plant biomass-
converting enzymes (e.g., Novozymes CellicCTec3: http:/
www.bioenergy.novozymes.com/en/cellulosic-ethanol
[CellicCTec3/Pages/default.aspx) (90-92). Several genes
are inserted into the genome, and the fermentation is
developed to give an optimized blend, designed for effi-
cient biomass conversion. It is noteworthy that for blends,
most of the cellulase genes of Trichoderma have been
replaced with superior cell wall-degrading enzymes from
other fungi. Thus, the unique capability of Trichoderma
to produce and secrete enzymes, and not the qualities
of the Trichoderma enzymes, make this fungus the system
of choice for biomass blend production.

Yeast production of industrial enzymes in bulk is still
only barely commercially viable at a large scale, even
though fermentation technologies leading to high yeast
cell density (93) have to a certain degree compensated
for the lower yield. However, at the laboratory scale,
heterologous expression systems based on Pichia spp.
and S. cerevisiae are commonly used as the system
of choice for production and characterization of novel
eukaryote proteins. The low level of glycosylation that
takes place in these expression host systems can, how-
ever, be a drawback (87).

Interestingly, Ascomycetes spp., for instance, Tricho-
derma spp. and Aspergillus spp., also function well as
production hosts for a broad spectrum of enzyme genes
derived from other parts of the fungal kingdom (from
species of Basidiomycota, Zygomycota, and even Chy-
tridiomycota). However, production, for example, of
basidiomycete genes in ascomycetous hosts may still re-
sult in lower yields compared to ascomyceteous genes
(94). Codon-optimized synthetic genes may solve or at
least minimize this problem.

10

ASMscience.org/MicrobiolSpectrum


http://www.bioenergy.novozymes.com/en/cellulosic-ethanol/CellicCTec3/Pages/default.aspx
http://www.bioenergy.novozymes.com/en/cellulosic-ethanol/CellicCTec3/Pages/default.aspx
http://www.bioenergy.novozymes.com/en/cellulosic-ethanol/CellicCTec3/Pages/default.aspx
http://www.ASMscience.org/MicrobiolSpectrum

Plant enzymes that also are of importance for biomass
conversion have proven difficult to produce in filamen-
tous fungi. Interestingly, the only effective expression
of plant enzymes in fungi has been in yeasts and not
in filamentous species (95, 96). Studies have been con-
ducted to understand why successful expression of plant
enzymes in filamentous fungi is blocked. Hamann and
Lange found that filamentous fungal expression strains
of A. oryzae misread the sequence of the plant enzyme
gene as splicing sites, leading to production of fraction-
ated mRNA and therefore to the lack of production of
functional plant proteins (97).

Details about how to construct the most efficient
fungal production hosts and which level of yield is
achievable are primarily found in patent literature
(giving a basis for the patent claims) or are more com-
monly kept as company-confidential. To be competitive
in the industrial biotech industry, it is essential to have
a very cost-efficient and cost-competitive enzyme pro-
duction and enzyme recovery system, and the relevant
details are considered strictly confidential.

An important part of developing a production host
system is to modify the production strain by deletion
of genes. Modifications may include abolishing end
product inhibition and knocking out protease genes,
which may break down the enzyme protein produced,
and finally also to knock out the background of secreted
enzymes which may interfere with the final enzyme
product.

Another important issue is to have the fungal pro-
duction strain approved by regulatory authorities,
preferentially as a GRAS (generally recognized as safe)
organism (98). This is needed for approval of the pro-
duction plant and production process and is of special
importance if food-grade enzymes are to be produced.

Fungi as Gene Donors: Discovery of New
Industrially Relevant Fungal Enzymes

The technologies used for the discovery of new and im-
proved fungal (and bacterial) enzymes have undergone
significant development since the start of large-scale
commercialization of microbial enzymes. The knowl-
edge and experience gained during the different stages
of industrial biotech are also relevant to future devel-
opment of the bioeconomy. Several chapters of the new
segment of industrial biotech (the circular bioeconomy,
where local bioresources such as crop residues and
agroindustrial side streams are upgraded to higher value
in nearby biorefineries) lie ahead: big biorefineries will
be supplemented by smaller, decentralized and special-
ized use of bioprocessing; the need for new blends of
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enzymes for conversion of new types of complex bio-
mass will grow. The use of microbial consortia may, in
special instances, supplement the current pure culture
fermentations, and new types of enzymes will be needed
and new mechanisms of biocatalysis synergy may be
discovered. This development will involve the increased
use of a diversity of fungal (and bacterial) enzymes.

The inspiration for such development will be through
a technology push, where new methods pave the way for
new solutions. Likewise, studies of nature’s own bio-
mass conversion will also inspire and drive discoveries.
Combining the two could prove to be a powerful strat-
egy. Such developments inherently imply that discovery
technologies should also be modified and developed
to function efficiently at the metagenomics and meta-
transcriptomics level, including the unculturable part of
the microbiomes (99).

Enzyme Discovery from Nature

From the start of the industrial use of enzymes, the goal
of discovery of fungal enzymes has been to find fungal
isolates with a high level of activity on relevant defined
or complex substrates. The enzyme protein should be
stable and have pH and temperature profiles that match
industrial process conditions. By this approach the dis-
covery is based on experimental laboratory evaluation
of the fungal strain and its enzymes, handling as one
sample the entire multienzyme culture broth, with en-
zyme concentrations given by the fermentation physi-
ology. Such screening and evaluation conditions favor
the discovery of enzymes produced in high concentra-
tions by their wild-type fungus and preferentially detect
enzymes with good stability and high specific activity.
However, with this approach it is easy to overlook
enzymes for which no assays have been developed or
cases in which several enzymes are needed from more
than one organism (100).

A large spectrum of enzyme products relevant for
industrial biotechnology was developed in the 1960s,
1970s, and first half of the 1980s based on such an en-
zyme discovery strategy. The strategy tapped into the
microbial diversity available from culture collections
and from the pool of naturally occurring microorga-
nisms. Two examples are amylases for the detergent in-
dustry (bacterial, e.g., from Bacillus spp.) and cellulases
for the textile industry (fungal, e.g., from Trichoderma
spp. [101]). These examples relate to two very different
industrial processes: (i) high pH and specific temperature
stability and activity requirements and (ii) low pH and
a broad spectrum of acceptable temperature activity
profiles.
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Exploitation of the early cellulase enzyme discoveries
depended on more than the activity of the enzyme. The
native fungal producer needed to grow well under sub-
merged, aerated, fermentation conditions and to pro-
duce a good vyield of the enzyme protein under such
conditions. Basically, developing enzyme manufacturing
systems with low production and recovery costs laid
the foundation for industrial biotechnology. A realistic
value proposition could be presented, which could con-
vince industrial decision makers that biological process-
ing could compete with chemical processing in cost, as
well as in robustness and performance. The new bio-
logical processing also meant changing to a sustainable
process technology, with less polluting chemicals in the
wastewater and less energy use for high pressure and
high temperature used in chemical processing. The
emerging development of such competitive biological
processing that was able to replace chemical processing
(102) opened the way for setting environmental re-
quirements to obtain regulatory approval of production
facilities. This in turn meant that new environmental
standards could be set, drawing up limits for acceptable
negative impacts on the environment. The third type of
driver for the development of gentle and competitive
biological processing was to make improved use of
the raw material, i.e., to obtain more product from the
same raw material. Fungal cellulases were developed for
treatment of, for example, fruit pulp after initial juice
processing. A cellulase treatment could result in signifi-
cantly higher yield of juice (and wine) simply by break-
ing down more of the plant cell walls to allow more juice
to be extracted (103).

Next, the textile industry needed an enzyme for stone
washing of jeans (104) and enzymes for the detergent
industry for more gentle, color-protecting washing
powder (105). Both of these commercial targets facili-
tated investments in significant R&D efforts to find new
and interesting fungal cellulases. An important discovery
was the GH4S5 protein, produced by the thermophilic
fungus Humicola insolens (Ascomycota, Sordariales)
(106). The enzymes of H. insolens are active at rather
high pH (pH 8) and stable at elevated temperatures, with
the maximum at ca. 45°C (104, 105).

During this period the foundation was laid for de-
veloping biocatalysis to replace many of the previously
chemistry-based processes. But in the following period,
the 1980s and 1990s, huge steps were taken to build
the basis for understanding the complexity of plant cell
wall-degrading enzymes. This knowledge was later used
to develop the blend of cellulases needed for converting
lignocellulosic biomass into biofuel (89, 106).

Monocomponent Enzymes Produced

by Fungal GMO Production Strains

Analysis of the efficiency of enzyme production, e.g.,
productivity per tank year or enzyme yield per liter of
fungal culture broth produced, revealed that much of the
production capacity of the fungus and of the fermenta-
tion tanks was used to produce enzymes which did not
add direct value for the customers (107).

Around the same time, in the 1980s, GMO technol-
ogy was in its infancy, primarily focusing on making
GMO constructs of plant cultivars (108) and in Esche-
richia coli (109, 110). From this research it became ap-
parent that both prokaryote and eukaryote cells were
able to produce much higher yields of single proteins
than had been observed in wild-type strains. The use
of a range of different promoters and of methods for
selection of the highest-yielding transformants also
inspired further development of microbial industrial
biotechnology.

In 1988 the first GMO strain of an industrial enzyme
was produced. It was a recombinant, monocomponent
lipase enzyme for the detergent industry, expressed in
A. oryzae (111). It was produced in Novo’s facility in
Japan because Danish legislation for industrial handling
of GMO strains was not yet developed (112). This suc-
cess inspired a new strategy among the leading indus-
trial biotechnology companies (Novo and Danisco in
Denmark, DSM in The Netherlands, and Genencore
in the United States). Dialogue with, e.g., the Danish
Environmental Protection Agency authorities (http:/
eng.mst.dk/) was very constructive, and both industry
and authorities wanted strict regulation. Many years
later, this proved to be a very wise decision. The strict
requirements and regulatory conditions for approval of
GMO strains and GMO production facilities, processes,
and products laid the foundation for public acceptance
of this new technology. The production vehicle was
GMO-based but biologically confined to the fermenta-
tion plant, with no living GMO present in the end
product and therefore no GMO organism reaching the
end user. A new era of industrial biotechnology had
begun.

Discovery and Optimization of Genes for

Production of Monocomponent Enzymes

The initial step was finding a fungus with enzyme ac-
tivities of interest and the necessary protein stability
under industrially relevant pH and temperature condi-
tions. This step was the same as for discovery of the
classical non-GMO enzymes. But after this initial step,
the entire discovery process was radically different. The
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first attempts to separate the wanted enzyme out of the
complexity of the culture broth were tedious, costly, and
slow; even if successful, discovery of the specific gene
which could be inserted in the production host was
far from easy. After a promising fungal isolate with in-
teresting enzyme characteristics had been identified,
the obvious next step was to focus on the genes, not
the protein, and a strategy was developed as follows:
(i) isolate the mRNA (which as a pool represents all ex-
pressed proteins), (ii) use this pool of mRNA to identify
the cDNA of interest, and then (iii) insert this cDNA into
the (heterologue expression) production host. By using
cDNA, the uncertainty about whether the heterologue
expression host could cope with the splicing of a foreign
gene was circumvented, because cDNA has no introns.
Only the coding part of the reading frame is transformed
into the production host (100).

The next step was to efficiently develop (and screen)
high-quality cDNA libraries to identify specific enzyme
activities of interest. This process was developed to
perfection in industry. During this period cDNA library
screening became the single most used molecular tech-
nology in enzyme discovery, and it has resulted in the
vast majority of new fungal enzyme discoveries com-
mercialized over a period of 10 to 20 years. To date, a
major proportion of commercially available fungal in-
dustrial enzymes have been found by cDNA screening
technology (100).

The principles of high-throughput fungal ¢cDNA
technology screening (114) are as follows. (i) Prepare
fungal biomass which has been exposed to the substrate
components of relevance for the enzymes of interest.
This is usually done by growing the selected fungal strain
on its native substrate or on a well-defined medium con-
taining the substrate of relevance for the enzyme activity
of interest. (ii) Prepare total RNA followed by a polyA
(tail) column separation of the mRNA fraction of the
total RNA. (iii) Make the cDNA on the basis of the
mRNA. (iv) Insert the cDNA in an E. coli library for
propagation of the cDNA. (v) Insert the cDNA in a yeast
expression host. For this, an S. cerevisiae strain was
chosen with very limited background enzyme activity,
and a substrate-induced promoter was included which
only opened for gene expression if galactose was present
in the growth media. The resulting yeast cDNA library
was then screened for activity on multiple substrates by
replica plating. Stock cultures and plates were main-
tained without promoter-inducing galactose to avoid
fatigue of the selected transformants with promoter
turned on all time. Such series of transformants were
screened by measuring the activity obtained in small-
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scale fermentation, leading to selection of the trans-
formants with the highest yield. The result of such cDNA
screening (100) was a yeast clone harboring the gene of
interest that was known to be expressed and secreted;
the gene found was full length and gave rise to a secreted,
functional protein with the relevant activity.

The patent strategy for enzyme discovery and for
product and process technology protection improved
dramatically, along with development of monocompo-
nent enzymes, GMO production strains and production
processes, and value-added, end-product uses. It was
of particular interest to extend the product patent cov-
erage, which provided a basis for and resulted in pro-
tection significantly broader than just for the enzyme
found. As a consequence, with patent protection as
a driver, a series of new technologies were developed.
These included approaches for the identification of
conserved areas of the genes of interest to construct
primers for PCR screening, thereby allowing for the
discovery of nature’s variants of the same gene (115).
Patent examples based on such discoveries were a basis
for broader claims of variation in sequence identity and
for patent claims covering immunological recognition.
One of the largest such efforts is Novozyme’s GH45
patent claiming nature’s variants of the GH45 gene
across all fungal kingdom phyla (116).

Protein Engineering to Improve Enzymes

for Conversion of Plant Materials

Three significant activities led to the development of
molecular biotechnology R&D as a prominent field in its
own right: (i) discovery of monocomponent protein
backbones, (ii) sequencing of the enzyme proteins dis-
covered becoming accessible and affordable, and (iii)
elucidation of three-dimensional enzyme protein struc-
tures. Protein engineering (PE) became a scientific dis-
cipline and an important part of industrial biotech
R&D. Both random mutagenesis and targeted muta-
genesis were applied with a high level of success. The
efficiency of particular enzymes with robust activity
could be significantly improved through random or
targeted mutation schemes to modify the optimum pH
and temperature to match industrial needs. Another
target of protein engineering was to change enzyme
stability and robustness toward chemical and biochem-
ical process agents. Generally, PE developed into a
complex operation in which many rounds of different
technologies eventually were merged together in one
process, named artificial evolution. Along with such
methodological progress, the use of high-throughput,
automated laboratory screening by robotics was devel-
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oped to build on not just smartness in thinking but also
number-crunching power as a basis for selection of the
superior enzyme activity (117-119).

A dedicated nonevolutionary technology—shuffling
technology (viz., cutting the gene to pieces, shuffling the
gene parts, and reassembling them into new sequences)
—was also developed as part of the artificial evolution.
This was the basis for improving function to a level
hitherto not achievable through mutations and selection
(120, 121).

Protein engineering R&D efforts became so successful
that for a period it appeared that discovery of new wild-
type enzymes from nature’s diversity might not be
needed in the future. The diversity needed to satisfy in-
dustrial needs and end user demands was predicted to
be met by engineering already known protein DNA
backbones. However, it became apparent that finding
activities radically different from known enzymes was
most efficiently achieved by screening wild-type micro-
organisms and then using PE to optimize on such a

backbone.

Next-Generation Sequencing

Revolutionized Enzyme Discovery

The next-generation sequencing technologies paved the
way for a new generation of microbial discovery strat-
egies (63, 122). Initially, the technology was a shortcut
to the integrated use of sequencing of, e.g., PCR bands
identified in PCR screening searching for more variants
of a lead enzyme gene, and for dynamic and fast se-
quencing of the new genes discovered by, e.g., cDNA
screening to allow fast and efficient priority patenting.
In short, the new-generation sequencing technology be-
came a game changer: sequencing was much faster,
prices dropped, and sequencing capacity, availability,
and accessibility increased. Whole-genome sequencing
became part of a standard enzyme protein discovery
procedure which generated new sequences and mined
sequences which had been placed in the public domain
by other scientists with insufficient knowledge of the
enzymes coded for by such deposited genes. Efficient
enzyme discovery was now de facto tripartite: (i) dis-
covery of new wild-type enzyme backbones from na-
ture’s diversity, (ii) discovery from man-made diversity
(PE variant and mutagenesis libraries), and (iii) discov-
ery by in silico mining of deposited sequences. The three
approaches could strategically be placed sequentially:
identifying interesting organisms by determining inter-
esting habitats and by activity profiling such organisms,
sequencing the genome of the selected organisms, and
mining the new genomes along with other related ge-

nomes and genes and selecting the most promising genes
for expression for further characterization of the enzyme
protein. If gene expression was successful and the pro-
tein had promising activities, automated screening of
variant libraries would generate fast and improved
versions of the new enzyme.

The limiting factor and pitfall for such new, sequence-
based enzyme discovery is 2-fold. There may be a rather
high risk of unsuccessful expression of the selected gene,
and the limited number of available enzyme activity
assays fails to precisely detect the desired novel type of
activity.

Two new types of technologies, TAST and PPR, were
developed to optimize exploitation of the overwhelming
amount of sequence data available from new-generation
sequencing of both eukaryote and prokaryote organ-
isms (42, 74). Both technologies aimed at optimizing
the possibilities of finding novel and improved types of
enzyme activities from enzymes which are also expressed
as functional proteins in nature, therefore with opti-
mized perspectives for good expression in industrial
production hosts.

The basic principle of TAST (42) is reflected in the
construction of the transposon: a pB-lactamase gene
without its signal peptide is inserted (together with other
marker genes) into the transposon. When a new gene
is inserted in the E. coli screening host along with the
transposon, the transformant cell, when screened on
ampicillin-holding plates, will survive only if the gene
has a signal peptide. This is because the B-lactamase
protein is transported across the cell membrane and
therefore correctly folded only if the B-lactamase gene on
the transposon is fused with a signal peptide (from the
new enzyme gene), making the B-lactamase active and
thus protecting the transformant cell against ampicillin.
Surprisingly, TAST screening could be used for discov-
ery of novel genes and proteins from all groups of
prokaryotes and eukaryotes even though the determin-
ing screening criterion is transportation over the E. coli
cytoplasmic membrane. Enzymes with totally novel en-
zyme sequences and enzymes for which we did not have
any assays available could now be found by TAST (42,
97).

A convincing example of the significance of the new
TAST technology was the discovery of a new type of
enzyme (GH61), which was found as being expressed in
high numbers in almost all TAST screening projects
performed with cellulose- and lignocellulose-degrading
fungi (43). GH61 (now known as LPMO, AA9) is now a
standard component of commercialized plant biomass-
degrading enzyme blends.
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TAST, however, was not an easy technology to ex-
ploit. Most laboratories which tried it did not succeed.
New and improved methods were needed for finding
secreted enzymes. Further, a need arose for making it
possible to find also the sequence commonality among
even distantly related proteins sharing the same func-
tion. Based on this, a new protein discovery technology,
PPR, was invented.

PPR is a non-alignment-based, sequence analysis
method which identifies conserved n-mer peptides and
enables the assembling of a group of proteins sharing
more than a set number of conserved peptides from a
given list (56). Such PPR groupings have been validated
to correlate to the enzyme function (10) and can be used
(through application of additional PPR technology plat-
form software programs) to predict function directly
from sequence (9). PPR is faster and more efficient than
other methods in mining even very large data sets. PPR
can also be used to efficiently mine huge databases of
metagenomic as well as metatranscriptomic sequences.

PPR enables discoveries of functions where screening
assays have not been developed and facilitates the dis-
covery of sequences of very distantly related genes with
low shared sequence identity but the same function. It is
currently superior to other sequencing analysis meth-
odologies because it predicts the function directly from
the sequence, which is especially valuable if discoveries
are sought from microorganisms or habitats where an-
notated genome sequencing is not available. PPR can
also be used efficiently to find new discoveries from
poorly annotated sequence databases and to find more
members of described families than have been found
before (leading to iz silico expansion of protein families).
PPR brings order out of chaos.

The low cost of synthetic genes—codon optimized to
the expression system of choice (for fungal genes, e.g.,
Pichia pastoris)—has made in silico discoveries (com-
bined with PPR sequence analysis) a shortcut to the
discovery of novel enzymes, e.g., for efficient conversion
of new types of feedstocks.

FUTURE PERSPECTIVES: UPGRADING MORE
ORGANIC FEEDSTOCKS TO EVEN HIGHER
VALUE AND NEW BUSINESS MODELS

Exploitation of enzymes for the bioeconomy upgrade of
complex organic residues, by-products, and waste streams
has ushered in a new era of biological production. Earlier,
monocomponent enzymes produced in GMO produc-
tion hosts were commercialized following the business
model of one gene, one enzyme, one product. However,

Fungal Enzymes and Yeasts for Conversion of Plant Biomass

the new production technology and business model for
biomass conversion enzymes builds on several different
genes transformed into one and the same production
strain (for example, T. reesei), leading to production of a
designed composite blend of enzymes (89, 90).

The next steps are to design enzyme blends for pro-
cessing of more types of biomass, such as new types
of plant feedstocks and agroindustrial by-products, bio-
mass of fungi (e.g., vinasse, the spent microbial biomass
from biorefineries), and of macroalgae (primarily brown
and red), as well as to develop upscaled methods for
valorization of organic fractions of household waste and
sludge. The focus will broaden from being confined to
the breakdown to monomer sugars to include recovery of
selected structural components of the biomass for higher-
value products (e.g., health-promoting prebiotics).

Systems for “on-site production” of enzymes may
also be developed, for example, by growing fungi that
produce blends of enzymes directly on the organic frac-
tion of household waste and using this enzyme blend
for hydrolysis and liquefaction of the organic part of
the mixed waste stream. Development of hydrolysis and
liquefaction processing of organic household waste has
already been accomplished (see http://www.renescience
.com/en). Similarly, fungal starter cultures could be de-
veloped for direct “on-farm” upgrade of crop residues
(e.g., from vegetable production) to a protein-rich and
bioaccessible animal feed.

Another future approach is to promote the use of
fungal enzymes and fungal starter cultures in developing
countries at the village level for upgrading organic waste
to fuel, feed, and fertilizer. Such decentralized use of
enzymatic biomass conversion could be promoted fur-
ther if local scientists, mycologists, agronomists, and
plant pathologists could more readily access the cultures
and the knowledge of biomass conversion. A vision
has been formulated for an open access biology (1) ad-
ministered by international culture collections, where
the essential strains and knowledge could be accessed.
Strains earmarked for open access biology should be
safe, efficient production hosts, gene donors, or starter
cultures that are available in the public domain with
freedom to operate royalty free.

MYCOLOGICAL PERSPECTIVES: FUNGAL
SECRETOME, EVOLUTION, AND DYNAMICS

The enzyme composition of the secretome of fila-
mentous fungi provides a basis for efficient biomass
conversion and valorization. More research into the
evolution and dynamics of the fungal secretome, put in
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evolutionary perspective, is essential for understanding
biomass conversion in nature and for developing bio-
mass conversion even further. In nature, evolutionary
pressure is on the secretome and on the enzyme func-
tions, proteins, and genes, because increased fitness is
achieved through efficient enzymatic breakdown of
available organic materials (89, 113). The mechanisms
for adaptation of fungal secretome composition and
enzyme functions are gene copying, followed by gene
loss or gene retention, similar to the process of specia-
tion, but faster. Evidence is growing of the prevalence
of an additional mechanism: horizontal gene transfer.
This occurs in special habitats such as cow rumen and
gut channels but is expected to be found more widely
among fungal habitats, including other biomass con-
version hot spots. Studies of such habitats can pave the
way for interesting, new conceptual understandings of
relevance for both mycology and applied use.

The fungal gardens of termites and leaf cutter ants
can be seen as nature’s prototype for the yellow and the
green biorefineries (28). In the garden, fungal biomass is
used to feed entire colonies. Similarly, new higher-value
products derived from fungal biomass could be the next
important new step in the bioeconomy for improving the
health of both humans and livestock (68).
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