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Abstract
As the main decomposers and recyclers in nature, fungi secrete complex mixtures of extracellular enzymes for degrada-
tion of plant biomass, which is essential for mobilization of the organic carbon fixed by the photosynthesis in vegetal cells. 
Biotechnology can emulate the closed natural biological cycles, using lignocellulosic biomass as a renewable resource and 
lignocellulolytic fungal enzymes as catalysts to sustainably produce consumer goods. Cellulose and hemicellulose are the 
major polysaccharides on Earth, and the main enzymes involved in their hydrolytic depolymerization are cellulases (endo-
glucanases, cellobiohydrolases, and β-glucosidases) and hemicellulases (mainly endoxylanases and β-xylosidases). This 
work will focus on the enzymes secreted by the filamentous ascomycete Talaromyces amestolkiae and on some of their 
biotechnological applications. Their excellent hydrolytic activity was demonstrated by the partial degradation of xylans to 
prebiotic oligosaccharides by the endoxylanase XynN, or by the saccharification of lignocellulosic wastes to monosaccha-
rides (fermentable to ethanol) either by the whole secretomes or by isolated enzymes used as supplements of commercial 
cocktails. However, apart from their expected hydrolytic activity, some of the β-glycosidases produced by this strain catalyze 
the transfer of a sugar molecule to specific aglycons by transglycosylation. As the synthesis of customized glycoconjugates 
is a major goal for biocatalysis, mutant variants of the β-xyloxidase BxTW1 and the ß-glucosidases BGL-1 and BGL-2 were 
obtained by directed mutagenesis, substantially improving the regioselective production yields of bioactive glycosides since 
they showed reduced or null hydrolytic activity.
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Human activity is unavoidably linked to the consumption of 
goods and services and, therefore, to the productive sector. 
Over several decades and driven by the seemingly endless 
number of materials and products derived from the petro-
chemical industry, the economy has been based on a linear 
production scheme, represented by the take-make-waste 
extractive industrial model (Geissdoerfer et al. 2017). How-
ever, the time has put on the table compelling reasons to 
change our productive mind-sets and consumption habits. 
Fossil resources used as raw materials are finite, forcing the 
development of new processes based on the transformation 

of renewable resources into current materials and products, 
or new ones that meet the same needs as existing ones, but 
without a doubt, the most negative effect derived from the 
existing production and consumption systems, established 
over the last century, has been its environmental impact. The 
multitude of non-biodegradable waste accumulated in soils 
and waters, air pollution, land impoverishment and the gen-
eration of harmful gases resulting from agricultural and live-
stock overexploitation are causing tremendous damage to all 
ecosystems and decisively affecting the climate. All this has 
stimulated collective awareness and driven a paradigm shift 
towards what has been called the circular economy. Accord-
ing to the European Environmental Agency, this involves the 
gradual use of renewable or recyclable resources, reducing 
the consumption of raw materials and energy, protecting 
the environment through cutting emissions and minimiz-
ing material losses and, thus, waste generation (European 
Commission, 2015). This scheme emulates what occurs in 
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biogeological cycles in the biosphere (European Environ-
mental Agency, 2018), in which recycling is essential to 
maintain the equilibrium that supports life.

In the scheme of circular economy, biomass appears as 
the most promising material for biotransformations (Ubando 
et al. 2020). Plant biomass is considered the main reservoir 
of organic carbon in terrestrial ecosystems (Bar-On et al. 
2018) and, as such, the search of efficient processes for its 
exploitation as a renewable source of energy and raw mate-
rials has been among the priority research areas for several 
decades. In fact, the need to develop new energy sources 
not based on fossil fuels within the transport sector trig-
gered extensive research in biomass-derived liquid biofuels 
(Aditiya et al. 2016). The so-called first-generation bioetha-
nol uses easily degradable carbohydrates (sucrose, starch) 
to obtain ethanol from microbial fermentation of glucose. 
Although this is the currently implemented technology, this 
process has proven not to be appropriate to maintain a sus-
tainable and non-polluting production of essential goods, 
which has promoted the exploitation of lignocellulosic sug-
ars (especially agricultural wastes) as feedstock to produce 
the denominated second-generation ethanol (Robak and Bal-
cerek 2018). Given the complex structure of lignocellulose, 

obtaining fermentable sugars from such material has been 
a major challenge.

In this context, biotechnological approaches have helped 
to develop cleaner and less energy-demanding industrial pro-
cesses than those based only on chemical methods. Enzymes 
and microorganisms are used within biorefineries, defined 
as facilities that integrate biomass conversion processes and 
equipment to produce fuels, power, and value-added chemi-
cals from biomass (Demirbas, 2010).

Composition of plant biomass and role 
of fungi in its degradation

As defined by the IUPAC, biomass is defined as “material 
produced by the growth of microorganisms, plants, or ani-
mals.” The organic carbon content of the total biomass in the 
biosphere has been estimated at about 550 gigatons of car-
bon and, as the dominant kingdom, the contribution of plants 
to this figure exceeds 80%, making plant biomass the main 
natural resource (Bar-On et al. 2018). In plants, the organic 
carbon is mostly contained in the three major components of 
plant cell walls: cellulose, hemicellulose, and lignin (Fig. 1).

Fig. 1  Graphical representation of the principal plant cell wall components (modified from Langan et al. 2014)
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The percentages of these compounds vary in different 
plants and even in different parts of the same plant. In addi-
tion to these three major polymers, plant material also con-
tains proteins, water-soluble compounds, lipids, minerals 
and, in many cases, reserve polysaccharides like starch.

Cellulose and hemicellulose are the two most abundant 
polysaccharides on Earth. Due to their natural abundance 
and renewable character, these polymers are target substrates 
for obtaining fuels and added-value products that replace 
those currently derived from fossil resources (Tuck et al. 
2012).

Cellulose is a structural homopolysaccharide, made of 
long linear chains of β-(1–4)-d-glucopyranose. The regu-
lar arrangement of the hydroxyl groups along the cellulose 
chain leads to the formation of H-bridges, and therefore 
to a fibrillary and recalcitrant structure with crystalline 
properties. However, some regions, known as amorphous 
cellulose, lack crystallinity within this extremely ordered 
structure (Meng and Ragauskas, 2014). Hemicellulose is 
the generic name of several plant cell wall heteropolysac-
charides that share their branched nature and the presence 
of β-(1,4) linkages in their main backbone (Méndez-Líter 
et al. 2021). Based on their monosaccharide composition, 
they are denominated xylans, mannans, xyloglucans, mixed-
linkage β-glucans, and their variants, which differ in their 
backbone and branches, and in the type and distribution of 
glycosidic bonds. The presence of one or another polysac-
charide depends on the type of plant, but the most abundant 
non-cellulosic polysaccharides are xylans. They have a main 
backbone of β-(1,4)-xylopyranose, substituted by residues of 
arabinose (arabinoxylans) or glucuronic acid (glucuronoxy-
lans) and, in many instances, they are acetylated. Thus, the 
complexity of these polymers is high, as well as the number 
of enzymes required for their full degradation. The third 
major component of lignocellulose is lignin, a heterogeneous 
polymer formed by random polymerization of monolignols 
(phenylpropane-type units) bound by C–C and β-1,4 link-
ages. These linkages are extremely resistant to degradation 
and therefore lignin acts as a natural barrier, responsible for 
conferring resistance and protection on plants.

Fungi play a pivotal role in the breakdown of organic 
matter and are responsible along with bacteria for recycling 
nitrogen, carbon, and other vital elements from plant bio-
mass. Their metabolic versatility mostly relies in their abil-
ity to produce and secrete an immense enzymatic arsenal 
in the presence of substrates, which induce the expression 
of the genes involved in their degradation. Live or decayed 
wood and vegetal debris in soils are among the multiplicity 
of habitats colonized by fungi, and for this reason, a good 
number of fungal species and/or their enzymes have been 
successfully applied for the biotransformation of vegetal 
residues in different ways. They have developed their action 
according to two general patterns. White-rot fungi have a 

versatile multienzyme system that allows simultaneous deg-
radation of cellulose and lignin or preferential degradation of 
the latter, while brown-rot fungi cause a preferential removal 
of cellulose leaving a brown-colored lignin residue, mostly 
linked to non-enzymatic oxidative mechanisms based on 
Fenton reaction to generate hydroxyl radicals, which attack 
plant cell walls via powerful oxidation reactions (Eastwood 
et al. 2011; Martínez et al. 2005). Thus, the knowledge 
on the mechanisms used by these fungi, which are able to 
degrade especific plant cell wall components, is determinant 
to design sustainable processes for valorization of both the 
sugar and aromatic units from lignocellulose.

Deconstruction of plant cell wall and removal of lignin 
are key steps for the biotechnological use of plant polysac-
charides, and at the industrial scale this is done by chemical 
or physicochemical methods (Brodeur et al. 2011). Bio-
degradation of lignin by fungi (Salvachúa et al. 2013) and 
enzymatic delignification of lignocellulose (Martínez et al. 
2009) are also possible approaches, but they are slow or 
expensive treatments. Once lignocellulose has lost its origi-
nal structure, the degradation of polysaccharides is mainly 
accomplished by a specific pool of microbial glycosyl hydro-
lases: cellulases and hemicellulases. In the last decade, it has 
been shown that some accessory enzymes are co-regulated 
or co-expressed by microbes together with these essential 
enzymes during growth on cellulosic substrates (Sørensen 
et al. 2013). These proteins are oxidoreductases, such as lytic 
polysaccharide monooxygenases or cellobiose dehydroge-
nases, that work synergistically with hydrolases expanding 
their catalytic potential, reducing crystallinity and/or poly-
saccharides length by oxidative cleavage (Glass et al. 2013; 
Martínez, 2016).

Glycoside hydrolases

As mentioned above, the microbial enzymes responsible 
for the hydrolysis of plant polysaccharides in nature are 
included within this broad group of proteins, also called 
glycosidases or glycosyl hydrolases, and commonly abbre-
viated as GH. They are defined as a widespread group of 
enzymes that hydrolyses the glycosidic bond between two 
or more carbohydrates or between a carbohydrate and a non-
carbohydrate moiety (Lombard et al. 2014). Specifically, the 
GHs active on polysaccharides are O-glycosidases, classified 
in the group EC 3.2.1 together with S-glycosidases, while 
N-glycosidases belong to EC 3.2.2. Since the enzymes act-
ing on the same carbohydrate may display very different 
structures, an alternative classification to that provided by 
the Enzyme Commission was proposed in the 1990s lead-
ing to creation of the Carbohydrate-Active Enzymes Data-
base (www. CAZy. org) that groups these proteins in families 
according to their sequence and, therefore, to their structure 

http://www.CAZy.org
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(Lombard et al. 2014). Hydrolysis occurs through a general 
acid catalysis mechanism and involves two amino acid resi-
dues, generally aspartic and/or glutamic acid, that act as a 
proton donor and a nucleophile/base, respectively (Davies 
and Henrissat, 1995). Depending on the spatial position of 
these catalytic residues, the hydrolysis can proceed in a sin-
gle step, releasing a sugar product whose anomeric configu-
ration is opposite to that of its precursor (inverting GHs), or 
happen in two phases to give a carbohydrate that maintains 
the same anomeric configuration (retaining GHs). Due to 
their diversity, the structural features of glycosyl hydrolases 
are hardly generalizable, excepting the topology of their 
active site that can group them as having the groove, tunnel 
or pocket shapes (Juturu and Wu, 2014; Lynd et al. 2002).

Notably, some retaining GHs can catalyze transglycosyla-
tion reactions, transferring one sugar unit to a nucleophilic 
acceptor different to water under specific conditions. Thus, 
the transglycosylation activity of these GHs leads to the for-
mation of a new glycosidic linkage (Nieto-Domínguez et al. 
2020) and makes them attractive synthetic tools, opening the 
possibility of creating novel glycoconjugates or synthetic 
oligosaccharides (Danby and Withers, 2016). A scheme of 
hydrolysis and transglycosylation catalyzed by retaining 
GHs is presented in Fig. 2.

Fungal cellulases and hemicellulases

Cellulases and hemicellulases are generally inducible pro-
teins (Lynd et al. 2002; Vaishnav et al. 2018) secreted to the 
medium in the presence of substrates of lignocellulosic ori-
gin (or their products) when the microorganism lacks simple 
sugars to metabolize. Despite the huge number of existing 
GH families in the CAZy database, those produced in fungal 

cellulolytic cocktails usually fit in to families 1, 3, 5, 6, 7, 
12, and 45 (Payne et al. 2015).

The main GHs involved in enzymatic degradation of cel-
lulose and xylan are represented in Fig. 3. The enzymatic 
hydrolysis of cellulose occurs mainly thanks to the concerted 
and synergistic action of three types of cellulases (Thapa 
et al. 2020): endo-β-1,4-glucanases (EG or endoglucanases), 
β-1,4-exoglucanases (CBH, cellobiohydrolases, exocello-
biohydrolases, or exocellullases), and β-1,4-glucosidases. 
As represented in Fig.  3A, endo-β-1,4-glucanases (EC 
3.2.1.4) are non-processive cellulases that randomly cleave 
internal β-1,4-O-glycosidic bonds in amorphous regions of 
the polysaccharide. The large cellulose chains are split in 
shorter fragments creating new ends, where reducing- and 
nonreducing-end cellobiohydrolases (EC 3.2.1.91), which 
are processive enzymes, develop their catalytic action. CBHs 
release soluble oligosaccharides (mostly cellobiose) that are 
finally converted into glucose molecules by β-glucosidases 
(EC 3.2.1.21).

As occurred with cellulose, hemicellulose depolymeri-
zation involves the join and synergistic action of a set of 
enzymes (Fig. 3B). In the case of xylan, the most abun-
dant hemicellulose in cereals and hardwoods (Polizeli 
et al. 2005), two enzymes are the main players: endo-β-
1,4-xylanases (EC 3.2.1.8) hydrolyzing β-1,4 linkages of 
the xylan backbone and β-xylosidases (EC 3.2.1.37) act in 
the non-reducing end of the oligosaccharides generated by 
endoxylanases, releasing monomeric xylose (Shallom and 
Shoham, 2003).

Trichoderma reesei (currently named Hypocrea jecorina) 
is the most used microorganism for industrial production of 
cellulases. This filamentous fungus and its enzymes have 
been the subject of numerous studies aimed at improving 
the production of cellulases and their catalytic properties. 

Fig. 2  Scheme of hydrolysis 
and transglycosylation catalyzed 
by retaining glycosyl hydrolases
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However, several reasons support that this species is not the 
best choice for producing cocktails for the degradation of 
plant biomass. On the one hand, T. reesei secretes low levels 
of β-glucosidases, which are essential enzymes to complete 
the degradation of cellulose to glucose, and in addition, 
they are easily inhibited by glucose. On the other hand, a 
study published in 2008 revealed that its genome encodes 
fewer cellulases and hemicellulases than any of the fungi 
sequenced at that time capable of hydrolyzing plant cell 
wall polysaccharides (Martinez et al. 2008). These issues 
fostered the research on alternative producers of robust 
enzyme cocktails to fulfill the industry demands. Although 
effective commercial preparations are available for cellu-
lose hydrolysis (Table 1), there is still need and opportunity 
to enhance the saccharification efficiency, and the research 
on alternative fungal producers of robust enzyme cocktails, 
especially those rich in ß-glucosidase activity, remain a 
focus of interest.

For example, some species of Penicillium and Talaromy-
ces are more efficient than T. reesei and give better yields 
of monosaccharides from biomass because they release a 
battery of hemicellulases along the whole cellulase pool 
(de Eugenio et al. 2017; Liu et al. 2013; Yang et al. 2018). 

Fig. 3  Composition and degrad-
ing enzymes of A— cellulose; 
B—, xylan. Arrows point at 
bonds hydrolysed by the cor-
responding enzymes

Table. 1  Some commercial preparations of fungal cellulases (Vaish-
nav et al. 2018)

Preparation Manufacturer Fungal source

N-50010 Novozymes (Denmark) A. niger
N-188 Novozymes A. niger
Celluclast 1.5L Novozymes T. reesei
Celtec2 Novozymes T. reesei
Celtec3 Novozymes T. reesei
Biocellulase A Ques Intl. (USA) A. niger
Biocellulase Tri Ques Intl A. niger
GC 220 Genencor (USA) T. longibrachiatum/T. 

reesei
GC 440 Genencor T. longibrachiatum/T. 

reesei
GC 880 Genencor T. longibrachiatum/T. 

reesei
Accelerase 1500 Genencor T. reesei
Rovabio Adisseo (France) P. funiculosum
Cellulase AP30K Amano enzyme (Japan) A. niger
Cellulase TAP106 Amano enzyme T. viride
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Therefore, the interest in microorganisms acting on the 
major plant polysaccharides and contributing to the integral 
use of sugars in plant biomass is still a hot spot.

Talaromyces amestolkiae and its enzymes 
as biotechnological tools for valorization 
of plant cell wall polysaccharides

Talaromyces is an holomorphic genus with a very close tax-
onomical relatedness with Penicillium, to which many of 
its asexual forms belonged in the past (Samson et al. 2011). 
Several of its species, like Talaromyces cellulolyticus (Fujii 
et al. 2015), Talaromyces pinophilus (Li et al. 2017), or Tal-
aromyces verruculosus (Goyari et al. 2015), have shown to 
be excellent degraders of plant polysaccharides.

For some years, our group has been working with the 
strain IJFM A795 of T. amestolkiae, isolated from cereal 
residues and selected from a fungal screening, for its abil-
ity to produce high levels of cellulases (de Eugenio et al. 
2017). When this species was cultured in Mandels medium 
with Avicel (microcrystalline cellulose) as carbon source, 
the total extracellular cellulase activity was comparable 
to those obtained in two isolates of T. reesei selected in 
the same screening (Fig. 4). Therefore, the genome of this 

fungus was sequenced in order to explore in depth the real 
potential of its cellulolytic system.

Genome analysis revealed that the number of genes 
encoding for putative enzymes implicated in plant cell-
wall degradation was much higher than those from T. ree-
sei and other cellulolytic fungi, confirming the capability 
of this fungus for saccharification of plant biomass (de 
Eugenio et al. 2017).

As the expression of most genes involved in ligno-
cellulose degradation is inducible, the response of T. 
amestolkiae to different carbon sources was evaluated 
by differential proteomics. The fungus was cultivated for 
7 days in the same basal medium, but containing glucose 
(control), Avicel, steam-exploded wheat straw slurry, or 
beechwood xylan. After monitoring the main lignocel-
lulolytic activities produced in each condition, the four 
7-day-old secretomes were subjected to differential shot-
gun proteomic analysis (de Eugenio et al. 2017). The pro-
teomics data revealed that the complexity of the different 
secretomes runs in parallel with that of the polymers used 
as inductors, with 184 proteins identified in the xylan cul-
tures, 144 in slurry, and 104 in Avicel. Further analysis 
revealed that 44 proteins were exclusively produced in 
xylan medium, 21 in Avicel and 15 in wheat straw slurry.

Fig. 4  Morphological identification of T. amestolkiae and comparison 
of the global cellulase activity (using Avicel as substrate) secreted 
by the three main producers found in the screening. A—From left to 
right, front, and back side view of the fungal colony in Czapek yeast 

agar, Malt extract agar, and Yeast extract sucrose agar. B—SEM 
image of conidiophores and conidia. C—Time course of total cellu-
lase production (adapted from Gil-Muñoz 2015)
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Many proteins were identified from this analysis by iden-
tity search against an in-house specific database of the T. 
amestolkiae genome (10,408 sequences, 5,662,098 residues). 
Some of them resulted to be specific or overexpressed in a 
given condition, and the three polymeric inducers caused the 
secretion of enzyme pools active on both cellulose and hemi-
cellulose. These data confirmed the huge potential of this 
isolate to produce enzyme cocktails with all the activities 
required for the integral treatment of plant polysaccharides.

Since then, several glycosyl hydrolases from this fun-
gus have been purified, characterized, and produced het-
erologously, to study and/or modulate their activity and to 
investigate feasible biotechnological applications. The more 
interesting enzymes characterized from this strain and their 
applications will be detailed in the next sections.

β‑glucosidases from T. amestolkiae: enzymes 
with unique characteristics

The initial work with T. amestolkiae focused on the isola-
tion and characterization of ß-glucosidases, because they 
have been repeatedly pointed out as the main bottleneck for 
saccharification of plant biomass (Sørensen et al. 2013). 
The high levels of this activity detected in all secretomes, 
regardless of the carbon source (de Eugenio et al. 2017), 
correlated perfectly with the 24 hypothetical encoding 
genes identified by homology search using other cellulo-
lytic species as reference: 5 ß-glucosidases from GH1, 18 
from GH3, and 1 from GH5. Analysis of the secretomes 
released in those media revealed that 6 different ß-glu-
cosidases were produced in Avicel and glucose media, 
8 in slurry and 10 in xylan cultures. Two GH3 proteins 

were the major β-glucosidases detected in these analyses, 
which resulted promising since this family is considered to 
include the ß-glucosidases with better catalytic efficiency, 
although their glucotolerance is typically low (Cao et al. 
2015). Protein identification disclosed that one of them 
was BGL-2 (Méndez-Líter et al. 2017), which was highly 
represented only in the medium with Avicel (70% of the 
total ß-glucosidases of the secretome), suggesting that its 
production was strongly induced by cellulose. The other 
GH3 protein was the most abundant in media contain-
ing slurry, glucose, or xylan (72, 55, and 45% of the total 
ß-glucosidases, respectively), and showed to be BGL-3. 
Since the secretion of β-glucosidases in a medium with 
glucose as carbon source is uncommon, the time course 
of recombinant BGL-3 production was studied, reveal-
ing that the enzyme was released after glucose depletion, 
under carbon starvation (Méndez-Líter et al. 2018). In 
addition, one β-glucosidase from family GH1, detected 
in low amounts in all conditions assayed, was identified 
as BGL-1. The native BGL-1 was not completely studied 
due to its poor production yield, but GH1 proteins are 
interesting from an industrial perspective because most 
characterized glucose-tolerant ß-glucosidases belong to 
this family (Singhania et al. 2013).

As the three β-glucosidases were interesting for one 
or another reason, the bgl1, bgl2, and bgl3 genes were 
expressed in the yeast Pichia pastoris with the aim of 
improving their production levels and to complete their 
characterization. The main physicochemical features of the 
recombinant proteins are summarized in Table 2 and their 
kinetic properties against synthetic (p-nitrophenyl- β-d-
glucopyranoside, pNPG) and natural substrates (cellooligo-
saccharides) are presented in Table 3.

Table. 2  Physicochemical 
properties of the recombinant 
β-glucosidases of T. amestolkiae 
produced in P. pastoris (data 
from Méndez-Líter et al. 2017, 
2018, 2020)

Enzyme Mw (kDa)
MALDI-TOF

Quaternary structure Glyco-protein Opt
pH

Opt
T (°C)

Family

BGL-1 88.1 Monomer Yes 4.0 60 GH1
BGL-2 102.1 Monomer Yes 4.0 60 GH3
BGL-3 107.0 Dimer Yes 4.0 70 GH3

Table. 3  Kinetic constants of 
the recombinant β-glucosidases 
of T. amestolkiae produced in 
P. pastoris (data from Méndez-
Líter et al. 2017, 2018, 2020)

BGL1 BGL2 BGL3

Substrate Km kcat kcat/Km Km kcat kcat/Km Km kcat kcat/Km

(mM) (s−1) (mM−1·s−1) (mM) (s−1) (mM−1·s−1) (mM) (s−1) (mM−1·s−1)
pNPG 3.36 898 267 0.19 444 2337 0.14 1359 9707
Cellobiose 20.36 138 7 1.11 630 568 0.48 1594 3322
Cellotriose 19.39 196 10 1.87 617 330 0.80 983 1228
Cellotetraose 17.62 277 16 0.92 580 630 0.35 1330 3800
Cellopentaose 12.41 260 21 0.71 671 945 0.32 1457 4453
Cellohexaose 9.18 218 24 0.51 405 794 0.57 1334 2340
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The three purified enzymes from the culture supernatants 
of P. pastoris were glycoproteins containing around 20% 
of carbohydrates. In all cases, the recombinant enzymes 
showed higher glycosylation degree that native proteins but 
it does not affect significantly their physicochemical and 
kinetic properties. BGL-1 is a monomeric protein, with the 
lowest molecular mass among the three BGLs studied. The 
extracellular activity secreted in P. pastoris was outstand-
ing (75 U/mL), indicating the overexpression of bgl1 in this 
system (Méndez-Líter et al. 2020). The monomeric units 
of BGL-2 and 3 have similar molecular mass, but BGL-3 
showed to be a dimer when analyzed under non-denaturing 
conditions (Méndez-Líter et al. 2017, 2018). Their optimum 
pH of 4.0 and their stability between pH 4.0 and 7.0 are 
similar to those described for most fungal β-glucosidases 
(Bhiri et al. 2008; Chávez et al. 2006; Ramani et al. 2012).

On the other hand, few studies describe high 
β-glucosidase activities on natural substrates as cellobiose or 
cellooligosaccharides, despite these are their typical sacchar-
ification substrates (Singhania et al. 2013). The assessment 
of the activity of the three BGLs on cellooligosacharides 
from 2 to 6 glucose units confirmed that they all acted on 
cellobiose and their efficiency varied with the chain length 
(Table 3). Despite the low hydrolytic efficiency of BGL-1 
on the substrates assayed (Table 3), this enzyme showed 
an outstanding glucotolerance, and its inhibition constant 
against glucose (Ki = 3.78 M) is among the highest described 
to date (Méndez-Líter et al. 2020). This work also revealed 
that BGL-1 is a versatile enzyme, since it had higher hydro-
lytic activity on sophorose (β-1,2 disaccharide of glucose) 
than on cellobiose (β-1,4 disaccharide of glucose). The 
versatility of other GH1 proteins has already been reported 
(Heins et al. 2014).

Regarding BGL-2, its most interesting structural feature 
is that it has a Cellulose Binding Domain (CBD) (Méndez-
Líter et al. 2017). This is a frequent trait in enzymes that act 
on the cellulose polymer but not in β-glucosidases, where the 
biological meaning of such structure is less evident at first 
glance. The functionality of the BGL-2 CBD was investi-
gated, after expressing the complete protein and its truncated 
form (without CBD) in P. pastoris, evaluating the capacity 
of both isoforms to bind to different polysaccharides. The 
results from this test confirmed that only the entire protein 
binds to cellulose, which indicates that the CBD could play 
an important role in attaching to natural cellulosic substrates 
(Méndez-Líter et al. 2017). The recombinant BGL-2 was 
much more efficient than BGL-1 hydrolyzing cellobiose and 
other short oligosaccharides (Table 3).

Finally, the enzyme BGL-3 produced in T. amestolkiae 
cultures when glucose was exhausted (Méndez-Líter et al. 
2018), was purified, characterized, and recombinantly 
obtained in P. pastoris. It was the most active of the T. 
amestolkiae enzymes hydrolyzing cellooligosaccharides, 

with catalytic efficiencies one or two magnitude orders 
higher than BGL-2 and BGL-1, respectively (Table 3). In 
fact, the efficiency of BGL-3 on cellobiose hydrolysis was 
only surpassed by that of the rBgl4 produced by Penicillium 
funiculosum (kcat/Km = 3610.4  mM−1·s−1) (Ramani et al. 
2015), both exceeding by tenfold those described for most 
of the known fungal β-glucosidases. Another characteris-
tic of BGL-3 is its wide substrate specificity, acting also 
on disaccharides different to cellobiose as laminaribiose 
(β-1,3-linked glucose) and gentiobiose (β-1,6- linked glu-
cose), and on laminarin, a β-1,3-glucan from marine algae 
of the genus Laminaria. This polysaccharide is specifically 
depolymerized by strict laminarinases, and the activity of 
BGL-3 enzymes on this substrate may be due to the strong 
similarity of the amino acids involved in substrate binding 
in these enzymes.

Hemicellulases produced by T. amestolkiae

The studies of the secretomes released by T. amestolkiae 
growing with Avicel, slurry, or xylan as carbon sources dem-
onstrated that hemicellulases are produced as a response to 
the inducers, but not in the control medium with glucose (de 
Eugenio et al. 2017), probably because this monosaccha-
ride is a strong repressor of the hemicellulolytic metabolism 
(Chávez et al. 2006). However, the maximal levels of xylano-
lytic enzymes were obtained in the medium with beechwood 
xylan, where these biocatalysts constituted about 16% of the 
total secreted proteins. GH10 and/or GH11 endoxylanases 
were among the 10 most abundant proteins detected with 
the three polymeric inducers, while a GH3 β-xylosidase was 
identified only in cultures containing xylan, which agrees 
with previous reports (Hori et al. 2011; Nieto-Domínguez 
et al. 2015).

With this preliminary information, the native GH3 
β-xylosidase BxTW1 and the GH11 endoxylanase XynM 
were produced in media containing 1–3% xylan (w/v), 
selecting 2% as the best concentration of the inducer, and 
both enzymes were purified before further analysis (Nieto-
Domínguez et al. 2015; 2017a). Their main characteristics 
are detailed in Table 4.

The endoxylanase XynM is a monomeric protein of low 
molecular mass and very selective towards xylan (Nieto-
Domínguez et al. 2017b), which are characteristics com-
mon to GH11 xylanases (Polizeli et al. 2005). The catalytic 
constants of the enzyme, as well as its optimal pH and tem-
perature, are comparable to those reported in endoxylanases 
from Penicillium and Talaromyces (Chávez et al. 2006), and 
it maintained over 60% stability across pH values between 
2.2 and 9 after 72 h.

On the other hand, the β-xylosidase BxTW1 (Nieto-
Domínguez et al. 2015) is a GH3 retaining enzyme with a 
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monomeric unit of molecular mass 102,275 Da that dimer-
izes in aqueous solution. The protein is extremely resist-
ant to pH, maintaining over 80% activity between pH 2.2 
and 9, and has a T50 value of 59.9 °C after 72 h. Its opti-
mum pH value is 3.0, which is quite unusual among fungal 
β-xylosidases, as it generally ranges between 4.0 and 6.0 
(Knob et al. 2010). The remarkably low optimum pH of 
BxTW1 might be explained by the presence of three basic 
residues in the surroundings of the catalytic region that 
may decrease the pKa of the catalytic residues by stabilizing 
their anionic states through the formation of salt bridges 
(Nieto-Domínguez et al. 2020). BxTW1 acts on xylooligo-
saccharides from 2 to 6 xylose units and releases oligosac-
charides from xylan. Its catalytic efficiency against these 
xylooligosaccharides, as well as against the model substrate 
p-nitrophenyl-β-d xylopyranoside (pNPX) (1000  mM−1·s−1), 
was among the highest reported in the literature (Nieto-
Domínguez et al. 2015), but it was inactive against non-
xylose disaccharides.

Transglycosylation catalyzed by wild‑type 
variants of T. amestolkiae glycosidases

We have already mentioned that, under kinetically controlled 
conditions, some glycosidases can attach a sugar unit to 
certain acceptors with high selectivity and sensible yields 
(Hermida et al. 2007). This is the case of some of the retain-
ing glycosidases described above which, in addition to their 
excellent hydrolytic properties, have demonstrated their abil-
ity to synthetize tailored glycoconjugates by transglycosyla-
tion, which is among the leading targets of biocatalysis. Just 
to remember, retaining glycosidases break glycosidic bonds 
in two-steps and, in transglycosylation, an acceptor different 
to water is involved in the second step and a new glycoside 
is formed (Fig. 1).

The first enzyme from T. amestolkiae tested in transgly-
cosylation reactions was the native β-xylosidase BxTW1 
(Nieto-Domínguez et al. 2015). A preliminary screening 
of potential sugar acceptors, among a pool of alkyl and 
sugar alcohols, monosaccharides, and disaccharides, dem-
onstrated the broad acceptor specificity of this enzyme, but 
besides its promiscuity, further experiments revealed that 
the reactions catalyzed by this enzyme were regioselec-
tive (Nieto-Domínguez et al. 2015). This feature, which is 
not common among glycosidases, is highly desirable as it 

makes synthesis reactions reproducible because it yields a 
single (or major) reaction product. Once the recombinant 
variant of the wild-type enzyme produced in P. pastoris 
was obtained, the preliminary screening of transxylosyla-
tion acceptors was widened to 87 compounds (flavonoids, 
polyols, aryl glucosides, and aminoacids), confirming that 
most of the substances evaluated were positive hits. This 
experiment indicated that the versatility of the recombi-
nant BxTW1 was much broader than those reported for 
other GHs and allowed identifying several remarkable 
bioactive compounds whose beneficial properties may be 
enhanced by addition of a sugar unit (Nieto-Domínguez 
et al. 2016).

In view of these interesting findings, we analyzed 
the transglycosylation activity of the recombinant 
β-glucosidases from the fungus using the same type of pre-
liminary screening as for BxTW1. In this occasion, the test 
included 70 potential acceptors that covered a wide variety 
of alcohols (sugars, sterols, phenolic compounds, or amino 
acids), finding that around half of the compounds tested 
were potentially glycosylable with BGL-2 and BGL-3, 
which represents an unusually high number of positive 
hits reactions (Méndez-Líter et al. 2019). However, for 
BGL-1, the transglycosylation capacity was restricted to 
p-nitrophenol sugar derivatives of glucose (pNPG), galac-
tose (pNPGal), and xylose (pNPX) (Méndez-Líter et al. 
2020).

Although promising for being a highly specific and 
green methodology, the synthesis of oligosaccharides and 
glycoconjugates using glycosidases has a main drawback. 
From the outset of the reaction, an equilibrium is estab-
lished between transglycosylation and hydrolysis. This 
equilibrium gradually shifts towards hydrolysis as the con-
centration of the initial donor falls and that of the product 
increases. Thus, the process is economically unfeasible at 
a large-scale, since this balance between hydrolysis and 
synthesis is usually linked to low glycosylation yields 
(Danby and Withers, 2016). However, the development 
of engineered glycosidases with activities fully or mostly 
deviated to synthesis has been a major advance, increasing 
these yields.

Table. 4  Physicochemical 
properties of the main xylanases 
produced by T. amestolkiae 
(Nieto-Domínguez et al. 2015; 
2017a)

Enzyme Mw (kDa)
MALDI-TOF

Quaternary structure Glyco-protein pI Opt
pH

Opt
T (°C)

Family

Endoxylanase XynM 19.8 Monomer Yes 5.5 3.0 50 GH11
β-xylosidase BxTw1 102.3 Dimer Yes 7.6 3.0 70 GH3
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Transformation of T. amestolkiae 
glycosidases in efficient transglycosylation 
tools

The substitution of one of the two catalytic residues of 
retaining GHs by an inert amino acid leads to two types of 
mutant enzymes with reduced or null hydrolytic potential 
and high glycosylation activity. When the mutation affects 
the acid/base residue, they are denominated thioglycoli-
gases, whereas in glycosynthase mutants, the change is 
introduced in the nucleophile amino acid. Thioglycoli-
gases have a strong catalytic balance towards glycosyla-
tion, but they usually need an activated glycosyl donor 
and a strong nucleophile as acceptor, reducing the scope 
of their biotechnological applicability (Danby and With-
ers, 2016). On the other hand, glycosynthases use glyco-
syl fluoride donors as surrogates of the glycosyl enzyme 
intermediate and cannot degrade the formed glycosides, 
producing high reaction yields (Danby and Withers, 2016). 
They have already been applied to synthetize oligosac-
charides of nitrophenyl and methylumbellyferyl sugars 
(Perugino et al. 2004) and oligosaccharides (Hayes and 
Varki, 1993; Saumonneau et al. 2016).

Very recently, the first GH3 thioglycoligase has been 
obtained by directed mutagenesis of the recombinant 
β-xylosidase BxTW1 of T. amestolkiae (Nieto-Domínguez 
et al. 2019b, 2020). Among the mutations tested, the vari-
ant BxTW1-E495A was selected primarily based on its 
kinetic constants, evaluating its acceptor range. The prom-
iscuity of this mutant was surprisingly high, much higher 
to that of the wild-type recombinant enzyme, producing 
O-, N-, S-, and Se- glycosides, sugar esters, and phospho-
esters. The reasons behind this extraordinarily high accep-
tor range are suggested to be a combination of two main 
factors: (i) the subsite + 1 gets wider and shallower after 
mutation, making the acceptors approach to the catalytic 
center easier, and (ii) the presence in GH3 enzymes of a 
conserved additional acid residue in the active site. The 
last observation may explain why, unlike other thioglyco-
ligases, acidic acceptors enter the active site of BxTW1-
E495A, and served also to justify the good activity of GH3 
enzymes at considerably low pH values. These properties 
of GH3 enzyme were corroborated in the thioglycoligase 
variant BGL-2-E446A of the recombinant BGL-2 of T. 
amestolkiae, which was also able to produce N- S- and O- 
glycosides (Nieto-Domínguez et al. 2019b, 2020).

The study from Nieto-Domínguez et al. (2020) with 
BxTW1-E495A also disclosed that the pKa of the acceptor 
is the main determinant of the feasibility of glycosyla-
tion. With the data from a large screening of acceptors, the 
authors hypothesized that this thioglycoligase can transfer 
a xylose unit to any functional group whose pKa value 

ranges between 2 and 9. If true, the potential glycosylation 
acceptors for this and other GH3 thioglycoligases would 
be virtually unlimited which has led to propose the name 
of “multiligases” for this new type of enzymes.

In parallel with that revealing work, glycosynthase 
mutants of the recombinant β-glucosidase BGL-1 of T. 
amestolkiae were also developed and tested (Méndez-Líter 
et al. 2020) and, in this case, the variant BGL-1-E521G was 
selected. The mutant showed to have a wider acceptor range 
than the wild-type recombinant BGL-1, catalyzing the regi-
oselective β-1,2 transglycosylation of several pNP-sugars 
and phenolic compounds of industrial interest.

Biotechnological applications 
of the wild‑type and mutant enzymes from T. 
amestolkiae

From the information presented so far, it can be deduced 
that both the native and recombinant wild-type enzymes 
of T. amestolkiae and the mutants generated in the labora-
tory from some of them are extraordinary tools for the bio-
transformation of plant biomass polysaccharides. We have 
explored some applications for these biocatalysts, that are 
outlined below.

Saccharification of lignocellulosic residues 
to produce bioethanol

When induced by different lignocellulosic-derived materi-
als, the culture supernatants of T. amestolkiae are power-
ful enzymatic cocktails for depolymerization of pretreated 
agricultural and/or agroindustrial wastes. Depending on 
the inducer, the cocktails are enriched in specific activities, 
but they always have high β-glucosidase levels (De Euge-
nio et al. 2017). Thus, the whole secretomes were tested in 
saccharification of pretreated wheat straw, one of the most 
common wastes used at the industrial level, as supplement 
of a commercial basal cellulase preparation (Celluclast 1.5 
L FG, from Novozymes). Comparison with other commer-
cial β-glucosidase supplements (N50010, Novozymes) indi-
cated that the saccharification of cellulose to glucose in this 
feedstock was superior with the cocktail of T. amestolkiae 
induced by cellulose. This experiment was also done using 
the recombinant BGL-3 as additional source of this activ-
ity, confirming to have better saccharification efficiency than 
the cocktail N-50010 (Méndez-Líter et al. 2018). Besides, 
the outstanding BGL-3 activity on the β-1,3 polysaccharide 
laminarin opens the possibility of its use for saccharification 
of alternative glucans from algae.

Similarly, the pure recombinant BGL-2 was assayed in 
saccharification of a different substrate, brewers’ spent grain, 
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being comparable to commercial β-glucosidase cocktails 
(Méndez-Líter et al. 2017).

Production of prebiotic xylooligosaccharides

After purification from the supernatants of T. amestolkiae 
cultures induced by xylan, the native endoxylanase XynM 
was used to generate xylooligosaccharides (XOS) from 
birchwood xylan (Nieto-Domínguez et  al. 2017b). The 
prebiotic properties of the mixture produced by enzymatic 
hydrolysis, whose main components were xylobiose, xylo-
triose, and xylotetraose, were demonstrated based on their 
bifidogenic capacity and from the profile of organic acids, 
determined by adding XOS to the fermentation medium of 
breast-fed children’s feces.

Synthesis of bioactive glycoconjugates

The wild-type recombinant BGL-2, BGL-3, and BxTW1 
have been successfully used as catalysts of the transgly-
cosylation of several acceptors. For these reactions, some 
compounds with already known biological activities were 
selected to carry out full experiments. First, the selective 
synthesis of non-natural glycosides from different phenolic 
antioxidants was carried out using the recombinant BxTw1 
to evaluate changes in their bioactivities. Xylosides from 
hydroxytyrosol (the main antioxidant from olive oil), hyd-
roquinone, and catechol were successfully produced, using 
xylobiose as donor (Nieto-Domínguez et al. 2017a). Using 
macrophage and SH-SY5Y neuroblastoma cultures, the neu-
roprotective and oxidative stress-reducing effect of the xylo-
side of hydroxytyrosol was compared with those of its agly-
con (hydroxytyrosol) and resveratrol, which are compounds 
with recognized antioxidant and neuroprotective activity. 
The results confirmed that this new glycoside is non-toxic, is 
more effective than hydroxytyrosol in decreasing the levels 
of intracellular reactive oxygen species, and its neuroprotec-
tive effect is considerably greater. On the other hand, the 
antitumor 2-(6-hydroxynaphthyl) β-d-xylopyranoside was 
enzymatically synthetized for the first time in a reaction cat-
alyzed by the recombinant BxTw1 (Nieto-Domínguez et al. 
2016) that used xylobiose as sugar donor. This approach 
constitutes an important step forward in the production of 
this drug, because it avoids the complex experimental design 
and the use of toxic reagents characteristic of its chemical 
synthesis, but xylobiose is quite expensive for industrial pur-
poses. Thus, in a later work, we devised an enzyme cascade 
to produce this compound from beechwood or birchwood 
xylan, two cost-effective polysaccharides easily available 
from biomass. The first step in the cascade consisted in the 
breakage of xylan to xylooligosaccharides, catalyzed by the 
endoxylanase XynM and these oligosaccharides acted as 

sugar donors in a further transglycosylation step, catalyzed 
by BxTw1 (Nieto-Domínguez et al. 2019a, b).

The recombinant BxTw1 was later immobilized as mag-
netic crosslinked enzyme aggregates (mCLEAs) by Murgui-
ondo et al. (2021). The activity of BxTw1-mCLEAs and the 
soluble enzyme were compared in the transfer of a xylose 
unit from p-nitrophenyl xylopiranoside (pNPX), an acti-
vated sugar donor, to the antioxidants hydroxytyrosol and 
vanillyl alcohol. Both biocatalysts showed similar profiles 
of transglycosylation and hydrolysis. However, the magnetic 
biocatalyst was easily recovered with a magnet and reused 
in four successive reaction cycles.

Besides xylosides, the glucosides of the phenolic anti-
oxidants hydroxytyrosol and vanillin alcohol were synthe-
tized in reactions catalyzed by the β-glucosidase BGL-2 
(Méndez-Líter et al. 2019). The antiproliferative activity of 
both phenols and of their glucosides was evaluated in breast 
cancer cell models, confirming that the glycoconjugates 
were more effective and/or had safer profiles than their non-
glycosylated precursors.

Nevertheless, the free or immobilized mutant enzymes 
showed to be the best biocatalysts to produce glycoconju-
gates. β-1,2-glucosylated derivatives of epigallocatechin 
gallate (EGCG), the most abundant catechin in green tea, 
known for its biological activity, as well as of several 
pNP-sugars, have been synthesized using the glycosynthase 
variant BGL-1-E521G, derived from of β-glucosidase 
BGL-1 (Méndez-Líter et al. 2020). Similarly, the free thio-
glycoligase BxTW1-E495A and the mCLEAs obtained 
after its immobilization were assayed in the synthesis of 
the O-xylosides of vanillin and EGCG (Murguiondo et al. 
2021). The two enzyme preparations succeeded in producing 
the corresponding glycoconjugates, but the mCLEAs were 
recovered and used four times in the same reaction, without 
apparent decrease of their catalytic activity.

Moreover, both the soluble BxTW1-E495A and the 
BxTW1-E495A-mCLEAs synthetized N-and S-xylosides, 
although the immobilized thioglycoligase showed to have 
similar or better activity, depending on the reaction. The 
excellent performance and recyclability of the immobilized 
biocatalyst, summed to the simplified purification of the 
products from a reaction mixture free of enzyme, opens new 
and promising expectations to the enzymatic synthesis of 
industrially relevant glycoconjugates.

Concluding remarks

Plant biomass is the main renewable feedstock for biotrans-
formations, and the microbial enzymes that catalyze its natu-
ral degradation provide an essential biotechnological arse-
nal to sustainably produce fuels, chemicals, and consumer 
goods. The enzymatic pool secreted by fungi in the presence 
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of cellulose and hemicellulose, the major polysaccharides on 
Earth, act synergistically to degrade these polymers to sim-
pler sugars that are themselves value-added compounds or 
serve as substrates or building blocks for further bioconver-
sions. T. amestolkiae is a good model of such fungi, releas-
ing powerful enzyme cocktails in response to lignocellulosic 
inducers for their breakdown. Several biocatalysts have been 
purified, produced in P. pastoris, and thoroughly character-
ized to evaluate their main physicochemical and catalytic 
traits. Special emphasis should be put on the β-glycosidases 
purified from this species, three β-glucosidases and one 
β-xylosidase, and on the mutants designed for some of them, 
whose hydrolytic activity has been abolished or extremely 
reduced by directed mutagenesis. All of them have shown 
their efficiency in biotechnological processes like saccharifi-
cation, production of prebiotics, or synthesis of glycoconju-
gates, contributing to the development of green alternatives 
for sustainable exploitation of biomass.
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