
Unraveling the diversity within 
CAZy families related to 

hemicellulose degradation

Xinxin Li
2022.09



Xinxin Li

Unraveling the diversity within CAZy families related to hemicellulose degradation

PhD thesis, Utrecht University, Utrecht, the Netherlands (2022)
ISBN: 978-94-6423-969-0

Cover and invitation design: Xinxin Li

Lay-out design: Xinxin Li

Printing: ProefschriftMaken || www.proefschriftmaken.nl

Copyright ©2022 by Xinxin Li

All rights reserved. No part of this thesis may be reproduced, stored in a retrieval system or 
transmitted in any other means, without the permission of the author, or when appropriate 
of the publisher of the represented published articles.



Unraveling the diversity within 
CAZy families related to 

hemicellulose degradation

Het ontrafelen van de diversiteit binnen CAZy families 
met betrekking tot de afbraak van hemicellulose

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de 
Universiteit Utrecht 

op gezag van de 
rector magnificus, prof.dr. H.R.B.M. Kummeling, 

ingevolge het besluit van het college voor promoties 
in het openbaar te verdedigen op

woensdag 21 september 2022 des middags te 4.15 uur

door

Xinxin Li

geboren op 29 juni 1992 
te Henan, China



The research described in this thesis was performed at the Fungal Physiology 
Group, Westerdijk Fungal Biodiversity Institute (formerly CBS-KNAW), Utrecht, 
the Netherlands and supported by the China Scholarship Council (grant no. 
201803250066).



Promotor: 
Prof. dr. ir. R.P. de Vries

Copromotor:
Dr. M.A. Kabel



This book is dedicated to my beloved parents and brother

Thanks for always being there for me and supporting me every step of 
the way on this journey



contents

Chapter 1 General introduction 8

Chapter 2 Functional validation of two fungal subfamilies in Carbohydrate 
Esterase family 1 by biochemical characterization of esterases 
from uncharacterized branches

32

Chapter 3 Glycoside Hydrolase family 30 harbors fungal subfamilies with 
distinct polysaccharide specificities

52

Chapter 4 Comparative characterization of nine novel GH51, GH54 and 
GH62 α-L-arabinofuranosidases from Penicillium subrubescens

74

Chapter 5 GH10 and GH11 endoxylanases in Penicillium subrubescens: 
comparative characterization and synergy with GH51, GH54, 
GH62 α-L-arabinofuranosidases from the same fungus

88

Chapter 6 Fungal Glycoside Hydrolase family 44 xyloglucanases are 
restricted to the phylum Basidiomycota and show a distinct 
xyloglucan cleavage pattern

112

Chapter 7 Summary and general discussion 136

Appendix English summary 156
Nederlandse samenvatting 158
Curriculum Vitae 160
List of publications 161
Acknowledgements 162



章节一

综述



Chapter 1

General introduction
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General Introduction

Xylan forms a tightly bound structure around the crystalline cellulose together with lignin, which 
ensures the structural integrity of plants and provides resistance to pathogenic attack, pests and to 
enzymatic degradation. This complex and recalcitrant architecture of lignocellulose is the key factor 
that limits it’s large-scale use [10]. Targeting xylan degradation can to some extent overcome the 
recalcitrance of lignocellulose and is therefore significant for widespread utilization of lignocellulosic 
biomass in industry. Since the end of the 1980’s, enzymatic processes have been widely applied in 
the industrial processing of lignocellulose to replace the use of various toxic chemicals, as enzymes 
are more eco-friendly and have high specificity and efficiency [11-13]. The popularity of enzymes in 
industry has led to an increasing demand for enzyme cocktails in industry.

To improve the use of lignocellulose by efficient enzymatic degradation of xylan, in this general 
introduction, we provide an overview of the major enzymes involved in xylan degradation, and 
their substrate specificities. In addition, methodological advances in the discovery of new enzyme 
candidates for xylan degradation are discussed, with emphasis on the strategy of fungal genome 
mining. These discovery strategies of xylan-degrading enzymes are also applicable to discover other 

Introduction

Lignocellulosic biomass, including agricultural waste streams, forest residues, and short rotation 
coppices, is the most abundant resource on earth. This lignocellulose has become an important 
material of the production of alternative fuels (e.g., bioethanol, biomethanol) for most countries 
in the world, especially in developed countries [1-3]. In addition to the production of biofuels, 
lignocellulosic biomass is also a feedstock for animal feed, textiles and pulp & paper [4]. 
Polysaccharides (cellulose, hemicellulose, pectin) and the aromatic polymer lignin are the main 
components of the cell walls of lignocellulosic biomass [5] (Figure 1). Cellulose is a long linear 
polymer composed of D-glucosyl residues, while hemicellulose is a heteropolysaccharide made 
up of hexoses (D-glucosyl, D-mannosyl, and D-galactosyl residues) and pentoses (D-xylosyl and 
L-arabinosyl residues) [6, 7]. Xylan, xyloglucan and galactomannan are the main hemicellulose 
structures, with xylan being the most common abundant hemicellulose in a wide range of plants, 
e.g., wood, monocots, and dicots [8, 9].

FIgure 1 Structure of plant cell wall and schematic representation of polysaccharides. Polysaccharide 
structures were drawn based on [14] and [15].



11

Chapter 1

1
enzymes, such as those involved in the degradation of xyloglucan, arabinogalactan. Finally, we 
review the current applications of enzymes in industry.

Categories of xylan and their structures

Xylan generally consists of a β-(1→4)-linked D-xylosyl backbone, which is further decorated by 
different residues, i.e., α-L-arabinose, α-D-glucuronic acid, 4-O-methyl-glucuronic acid (MeGlcA), 
acetic acid [9]. In addition, linear β-(1→4)-homoxylan without decorations has been isolated 
successively from esparto grass [16], guar seed husk [17], and tobacco stalks [18]. Furthermore, 
xylan with mixed β-(1→3)(1→4)-linked D-xylosyl units as backbone has also been found in Plantago 
species [19]. Since β-(1→4)-homoxylan and β-(1→3)(1→4)-linked xylan are rarely found in plants, 
we mainly focus on β-(1→4) linked xylan with different decorations. Although xylan content, type 
and degree of xylan substituents vary amongst different botanical species and tissue types [20], 
generally two main types are recognized: glucuronoxylan (GX, O-acetyl-4-O-methylglucuroxylan), 
and glucuronoarabinoxylan (GAX, (O-acetyl-)arabino-4-O-methylglucuronoxylan) [20, 21] (Figure 
2). 

GX is mainly found in hardwoods, accounting for 10-35% of the total dry mass [20, 21]. Around 
10% of the D-xylosyl residues are O-2 substituted with MeGlcA residues, and about 35-70% are 
O-2 and/or O-3 linked with acetic acid [20]. Acetylation has been found to occur more frequent 
at the O-3 than at the O-2 positions of the D-xylosyl resides [22]. GAX is the representative xylan 
in softwoods (5-10% of dry weight) and grasses (or cereals) (20-35% of dry mass) [20, 21, 23]. 
GAX of softwoods has generally no acetylation [24], around 20% of the D-xylosyl residues are O-2 
substituted with (Me)GlcA residues, and about 13% are O-3 substituted with L-arabinosyl residues 
[25]. Whereas, GAX of grasses and cereals are lightly acetylated [26], the amount of L-arabinosyl 
residues is relatively high, and for example for corn pericarp GAX the L-arabinose can be further 
substituted via O-2 to one or more carbohydrate residues [25]. GAX in cereals usually contain 
less or no (Me)GlcA residues, and mainly found in cereal grain endosperm [20]. Up to a ratio 
of L-arabinosyl substitutions to D-xylosyl of 0.48 to 1.07 has been found for endospermic xylans 
from different cereal species [27]. L-Arabinosyl units in GAX can be further esterified at their O-5 

Figure 2 Schematic representation of xylans and corresponding xylanolytic enzymes. (A), glucuronoxylan; 
(B), glucuronoarabinoxylan. Enzyme abbreviations are presented in Table 1. Polysaccharide structures were 
drawn based on [21] and [24].
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position by ferulic acid and, although to a lower extent, by p-coumaric acid [20, 21].

Xylan-degrading enzymes and their substrate specificities

Enzymatic hydrolysis of xylan involves a multi-enzyme system (Table 1), named xylanolytic 
enzymes, including main- and side- chain degrading enzymes [28]. Xylanolytic enzymes can be 
produced by various microorganisms, e.g., fungi, bacteria, and actinomycetes, of which fungi, 
especially filamentous fungi, are most popular from an industrial point of view [29, 30]. These 
enzymes from fungi are nearly all included in the CAZy database, in which they are classified into 
different classes and further divided into different families based on their amino acid sequences, 
structures and molecular mechanisms [31]. Moreover, some families have been subdivided into 
different subfamilies (SFs).

CAZy Activity EC number Abbreviation Main CAZy familyb

GH Endoxylanase 3.2.1.8 XLN GH10, GH11

Xylosidase 3.2.1.37 BXL GH3, GH43

Xylobiohydrolase 3.2.1.- XBH GH30_7

Arabinofuranosidase 3.2.1.55 ABF GH43, GH51, GH54, GH62

Arabinoxylan arabinofuranohydrolase 3.2.1.55 AXH GH62

Glucuronidase 3.2.1.131 AGU GH67, GH115

CE Acetyl xylan esterase 3.1.1.72 AXE CE1

Feruloyl esterase 3.1.1.73 FAE CE1

Glucuronoyl esterase 3.1.1.B11 GE CE15

AA Lytic polysaccharide monooxygenase N.A.a LPMO AA9, AA14C

a, Not categorized by the International Union of Biochemistry and Molecular Biology (IUBMB).
b, Only main families of characterized enzymes from fungi based on the current CAZy annotation are shown.
c, To date, only two AA9 LPMO has been shown to cleave isolated xylan oxidatively (e.g., LsAA9A [32] and PMO9A_MALCI [33]). For 
various AA9 and AA14 LPMOs, oxidative xylan cleavage has been observed, but only when xylan was bound to cellulose, resulting in a 
simultaneous oxidative cellulose cleavage (reviewed in [34]).

Table 1 Overview of fungal xylanolytic enzymes for xylan degradation.

Xylan main chain degrading enzymes

β-D-Xylanase (XLN) and β-D-xylobiohydrolase (XBH) are glycoside hydrolases (GHs) able 
to cleave the xylan backbone, likewise, β-D-xylosidase (BXL) degrade the β-(1→4)-D-xylosyl 
backbone, but preferably of oligosaccharides. XLN is typical endo-active, hence, releasing mainly 
xylooligosaccharides, while XBH and BXL have been recognized as exo-active, releasing solely 
xylobiose and D-xylose, respectively [35-37]. Fungal XLNs are mainly classified in GH10 and 
GH11, XBHs in GH30_SF7, and BXLs in GH3 and GH43. XLNs and BXLs have been described in 
detail in several reviews [38-42], whereas XBH as a novel activity has only recently been discovered 
and reported [37, 43-46].

GH10 XLNs generally have a broader substrate specificity than GH11 XLNs, as GH10 XLNs tolerate 
the presence of decorations on the xylan backbone more than GH11 XLNs do [47]. As a result, 
GH10 XLNs can cleave the glycosidic linkage next to a D-xylosyl residue decorated with one or two 
residues (e.g., at the non-reducing side), whereas GH11 XLNs only cleave the xylan backbone that 
has at least three consecutive undecorated D-xylosyl residues, and cannot cleave at the glycosidic 
linkage next to a branch [38, 48]. BXL is characterized generally using an artificial substrate, i.e., 
p-nitrophenyl-β-D-xylopyranoside (pNPXyl). So far, almost all reported GH3 and GH43 BXLs are 
active against this substrate. Some BXLs were reported to exhibit multiple activities, shown by the 
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hydrolysis of different substrates in addition to pNPXyl, e.g., p-nitrophenyl-α-L-arabinofuranoside 
(pNPαAra) [49-52] and p-nitrophenyl-β-D-glucopyranoside (pNPGlc) [50]. GH43 BXLs generally 
do not have the ability to transglycosylate at high substrate concentrations [40, 53], whereas 
transglycosylation activity has been reported for several GH3 BXLs [50, 54, 55]. This suggests that 
candidates for typical BXL hydrolase-activity can better be selected from GH43 [40].

XBH, as novel enzyme, has only attracted the attention of researchers in recent years. The earliest 
XBH activity was suggested for Penicillium purpurogenum ‘arabinofuranosidase ABF3’ of GH43, 
since it released more xylobiose than D-xylose when X3 up to X5 were used as substrates. However 
ABF3 released different xylooligosaccharides when incubated with arabinoxylan (AX) [43]. 
However, the subsequently reported XBHs were all from SF7 of GH30, and almost all of them 
showed a preference for less decorated GX, compared to highly substituted GAX [37, 44-46]. As 
an exception, Acremonium alcalophilum XBH (AaXyn30A) exhibited the highest activity towards 
rhodymenan, which is a linear β-(1→3)(1→4)-xylan, followed by GX [37]. To date, only a limited 
number of fungal XBHs have been characterized, which to some extent hinders to understand the 
diversity of XBH in terms of substrate specificity.

Xylan side chain degrading enzymes

Xylan side chain degrading enzymes are able to remove side branches and decoration groups in the 
different types of xylan, mainly including α-L-arabinofuranosidase (ABF), α-glucuronidase (AGU), 
acetyl xylan esterase (AXE), feruloyl esterase (FAE), and glucuronoyl esterase (GE). They belong 
to different classes, i.e., GH and carbohydrate esterase (CE).

ABF is an exo-acting enzyme of the GH class, which hydrolyzes the linkages between L-arabinosyl 
residues and D-xylosyl units of the xylan backbone to release L-arabinose. Some ABFs also degrade 
pectin side chains and other L-arabinosyl-containing oligosaccharides [49, 56, 57]. In the CAZy 
database, the fungal ABFs mainly belong to GH43, GH51, GH54 and GH62 [31]. According to their 
mode of action towards substrates, ABFs are divided into two groups. ABFs in group A are able 
to remove L-arabinosyl residues decorated at O-2 or O-3 position of mono-substituted D-xylosyl 
residues, e.g., Myceliophthora thermophila C1 Abf3 in GH51 [58]. In contrast, ABFs in group B can 
selectively release O-3 L-arabinose from doubly arabinosylated D-xylosyl residues (O-2 and O-3), 
e.g., M. thermophila C1 Abn7 in GH43 [58]. In addition, based on substrate preference, ABFs have 
been classified into four types (1, 2, 3, 4) [59]: type 1, not active towards polymers; type 2, active 
towards polymers; type 3, specific for arabinoxylan; type 4, not active on the synthetic substrate 
pNPαAra. Previously, type 1 and 2 were assigned to GH51 and GH54 ABFs, respectively, and type 
3 corresponded to GH43 and GH62 ABFs [60]. However, as additional enzymes were characterized, 
the drawbacks of this classification based on substrate specificity became evident, because multiple 
types of ABF were present in the same family. For example, in GH51 corresponding to type 1, some 
ABFs, like Aureobasidium melanogenum ATCC 20524 AbfB [61] and P. chrysogenum 31B AFQ1 
[56], were also active on AX. ABFs have proven to degrade different substrates, e.g., pNPαAra, sugar 
beet arabinan and/or AX [49, 57, 62-64]. Enzymes that specifically hydrolyze linkages between 
L-arabinosyl and D-xylosyl residues in AX are also named arabinoxylan arabinofuranohydrolases 
(AXHs) and are mainly from GH62 [64-66].

AGU is another key xylan side chain degrading enzyme in the GH class, which catalyzes 
the breakdown of α-(1→2)-glycosidic linkages between (Me)GlcA and D-xylosyl residues in 
glucurono-xylooligosaccharides or GX. Fungal AGUs are classified into GH67 and GH115. Fungal 
GH115 AGUs release MeGlcA by the hydrolysis of α-(1→2)-glycosidic bond between MeGlcA 
and mono-substituted internal- and end D-xylosyl units, of polymeric GX and/or xylan oligomers 
[67-70]. However, fungal AGUs from GH67 reported cannot operate on polymeric substrates, and 
exclusively hydrolyze the α-(1→2)-glycosidic bond between MeGlcA and terminal, non-reducing 
end, D-xylosyl residues of xylooligosaccharides [69, 71-73]. As an exception, A. nidulans AguA 
was also active on larch wood xylan [49]. So far, only a limited number of fungal AGU has been 
characterized.
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AXE belongs to the CE class, which catalyzes the hydrolysis of ester linkages between the acetyl 
groups and the xylan backbone to release acetic acid. Common model substrates used for detection 
of AXE activity are including pNP-acetate, 4-methylumbelliferyl acetate (MUB-acetate), α-naphthyl 
acetate, and 2,3,4,5-tetra-O-acetyl-D-xylose, of which the first former three are commercially 
available. Apart from that, AXE is also active on natural substrates, e.g., acetylated xylan and 
xylooligosaccharides. The characterized AXEs from fungi are classified into CE1, CE2, CE3, CE4, 
CE5, CE6 and CE16. CE1 is the largest family which contains most characterized fungal AXEs, 
while CE4 and CE5 mainly contained chitin deacetylases and cutinases, respectively. Currently, 
there are only few characterized fungal enzymes from CE2, CE3 and CE16. The specificity of AXEs 
from different families varies significantly towards natural substrates. CE1 AXEs regioselectively 
cleave the substituents in the O-2 and O-3 position, and deacetylate the O-2 position faster than the 
O-3 position [74]. CE4 AXEs prefer to deacetylate oligosaccharides with longer chain, which cannot 
attack di-acetylated D-xylosyl residues [28, 75]. Altaner, Saake [74] reported that CE4 AXEs seem 
to interact only with acetyl groups at the O-3 position of D-xylosyl units, whereas CE5 AXEs attack 
solely the O-2 position. CE6 AXEs have a broad specificity, which are able to target O-2 mono-
acetylated D-xylosyl residues as well as O-2 and O-3 di-acetylated D-xylose [76]. AXEs from CE16 
showed various specificity of deacetylation. For example Myceliophthora thermophila MtAcE of 
CE16 preferred to release the acetyl group at the O-2 position, similar to CE1 AXEs [77], whereas 
Trichoderma reesei TrCE16 had a preference for removing the acetyl group of D-xylosyl units at the 
O-3 and O-4 positions in oligosaccharides of acetyl-glucuronoxylan [78]. A. niger AnCE16A tended 
to rapidly attack O-2 and O-3 di-acetylated D-xylose in polymeric xylans, followed by O-2 and 
O-3 mono-acetylated D-xylose, whereas, it poorly hydrolyzed acetyl groups of the O-2 D-xylosyl 
position in methyl β-D-xylopyranoside diacetates and triacetates [79]. The mode of action of CE2 
and CE3 AXEs still needs to be studied. 

FAE hydrolyzes the ester bonds between hydroxycinnamic acids (e.g., mostly (di-) ferulic acid and, 
to a minor extent, coumaric acid) and L-arabinosyl residues in xylan. Methyl ferulate (MFA), methyl 
sinapate (MSA), methyl caffeate (MCA), and methyl p-coumarate (MpCA) are most often used 
as model substrates to determine FAE activity. Based on activity towards these model substrates, 
FAEs were classified into four types (A, B, C and D) [80]. Type A and B are inactive towards 
MCA containing methyl 3,4-dihydroxycinnamate and MSA containing methyl 3,5-dimethoxy-
4-hydroxycinnamate, respectively, while type C and D can hydrolyze all four model substrates. 
Unlike type C FAEs, type D FAEs are also capable of releasing 5-5’-diferulic acid from natural 
substrate. However, the characterization of additional FAEs revealed that this classification system 
cannot classify all the known FAE consistently. Recently, Dilokpimol, Mäkelä [81] introduced a 
refined FAE classification based on phylogenetic analysis of available fungal genome. This refined 
classification separated FAEs into 13 subfamilies, which not only classifies different types of FAE, 
but also reflects the evolutionary relationship among different FAEs [81]. Only two SFs (SF5 and 
SF6) are classified as CE1 in the CAZy database, which are related to AXE. Other SFs are not in 
the CAZy database [31]. These FAEs are related to tannases (SF1-4 and SF9-11), lipases (SF7), and 
lipases and choline esterases (SF12 and SF13). This demonstrates that FAEs are evolved from highly 
diverse esterase families [81, 82].

GE belongs to CE15, which catalyzes the hydrolysis of ester bonds between aliphatic alcohols 
in lignin and the MeGlcA side chains of glucuronoxylan [83]. Benzyl D-glucuronate is the 
commercially available substrate for screening of GE activity, while others, e.g., benzyl methyl 
α-D-glucopyranosiduronate, benzyl methyl 4-O-methyl-α-D-glucopyranosiduronate and lignin–
carbohydrate complexes (LCCs) are prepared by specific methods. GEs not only synergistically act 
with xylanases, but also potentially with other lignocellulolytic enzymes [84, 85].

Lytic polysaccharide monooxygenases

In recent years, it has been reported that lytic polysaccharide monooxygenase (LPMO) in the 
class of auxiliary activity (AA) also contribute to xylan degradation (i.e., from AA9 and AA14) 
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[32, 33, 86-88]. AA9 is the largest (fungal) LPMO family, and these LPMOs have been shown 
to oxidatively degrade cellulose. A selection of AA9 LPMOs has been shown to also oxidatively 
cleave xyloglucan, while so far only limited LPMOs are described to be active towards xylan 
[89]. Lentinus similis LsAA9A [32] and Malbranchea cinnamomea rPMO9A_MALCI [33] were 
reported to oxidatively cleave isolated xylan substrates. Other xylan-active LPMOs in AA9, such 
as Malbranchea cinnamomea McAA9s (McAA9A, McAA9B, McAA9F, McAA9H) [86] and 
Myceliophthora thermophila C1 MtLPMO9A [87], oxidatively cleaved only cellulose-associated 
xylan. For AA14 LPMOs, Couturier, Ladeveze [88] characterized the first two xylan active LPMOs, 
i.e., PcAA14A and PcAA14B from Pycnoporus coccineus, which acted on xylan coated crystalline 
cellulose, whereas they were inactive towards pure xylan. Remarkably, the combination of LPMOs 
and GHs showed a strong synergistic effect on xylan degradation [90, 91]. Similar synergistic effects 
were also found between xylan main- and side chain degrading enzymes, and even between different 
side chain degrading enzymes [75, 91, 92]. Therefore, complete hydrolysis of xylan is achievable 
only through a rational combination of multiple enzyme activities.

Different strategies for the discovery of enzymes

Fungi are of interest because they are able to secrete a complete enzyme system required for their 
growth habitat [30, 93, 94]. Recently, the global fungal diversity is estimated to range between 2.2 
and 3.8 million species [95], indicating a rich resource of enzymes to be exploited. However, this 
requires efficient and sensitive screening strategies. Methodological advances in the discovery of 
new enzyme candidates from fungi are discussed in this section.

Strain screening

Strain screening is a traditional and powerful approach for discovery of new enzymes [96]. It is 
based on microbial diversity and versatility, using a well-considered screening system to examine 
as many microorganisms as possible, followed by culturing and subsequent screening of pure 
organisms to obtain the desired enzymes [96]. Currently, many research institutes and companies 
have established collections of microorganisms from a variety of environments, including “common 
environments” (e.g., soil or seawater) and “extreme environments” (e.g., hot springs, Antarctic 
ice, alkaline lakes, etc.) [97]. Some microbial arrays have been cultured and screened, from 
which excellent candidates have been selected based on their ability to provide enzymes with new 
properties [98-101]. For example, Pedersen, Lauritzen, Frisvad, et al. [98] evaluated the production 
and activity of enzymes from 20 Aspergillus strains, of which enzymes with high XLN activity 
were found from A. brasiliensis, A. niger and A. japonicus. In addition, in A. brasiliensis and A. 
niger strains, thermostable BXL with high temperature optimum (~ 75°C) were also found [98]. 
Similarly, Sridevi, Charya [102] cultivated 30 different fungi from various genera (e.g., Alternaria, 
Aspergillus, Curvularia, Drechslera, Fusarium, Penicillium, Rhizopus, Trichoderma). From the 
genus Aspergillus, some cellulase-free XLN with high production levels were reported [102]. In 
addition, enzymes with similarly promising industrial applications were also found in Fusarium 
CDC-8, combining high XLN activity with low cellulase production [102].

Although strain screening is a useful method to find new enzymes, more than 99% of microorganism 
in most environments are not suitable for culture, and little is known about their genomes, genes and 
encoded enzyme activities [103]. The organisms that can be cultured encompass only a tiny fraction 
of the existing genomic diversity in any given environment. Screening only these organisms would 
limit the potential spectrum of discovering new enzymes for the bioprocessing industry. In addition, 
fungal genome sequencing demonstrated that a large number of the genes from the genomes of 
culturable microorganisms have no assigned function, because of their low (or no) homology to 
enzymes and/or proteins that have been characterized [103, 104]. Thus, mining the resources of 
non-cultured microbes, and studying the diversity of proteins that have not yet been characterized in 
cultured microbes can also contribute to the discovery of new enzymes.
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Metagenomics

Metagenomics is an effective approach to obtain new enzymes by mining microbial diversity 
[105]. This approach does not require culturing of microorganisms, as DNA is directly isolated 
from environmental samples and cloned into suitable vectors to construct so-called “metagenomic” 
libraries [106, 107]. These metagenomic libraries can be used to identify new genes based on either 
function (activity) or sequence homology [108, 109]. Function-based screening is a straightforward 
approach to obtain genes with desired functions by screening and evaluating proteins produced in 
expression hosts. Sequence-based screening is the use of either hybridization or PCR procedures to 
obtain genes having homologies to the probe sequence. Both screening methods have accelerated 
the discovery process of new useful genes from microorganisms. As a result, various new enzymes 
with unique activities and/or sequences have been discovered [105, 108-116]. For example, in a 
soil-derived metagenomic library, Hu, Zhang, Li, et al. [116] identified a new gene encoding a 
GH10 XLN (XynH), and produced the protein using Escherichia coli as heterologous expression 
host. The functional characterization showed that XynH had a lower temperature optimum and a 
weakly alkaline pH optimum, which differs from most GH10 XLNs. In the metagenomes of natural 
microbial biomass decay communities, Li, Taghavi, McCorkle, et al. [115] characterized four new 
GHases. Two of them were highly active on pNPαAra, while the other two were highly active 
against pNPGlc and pNPXyl, respectively. Similarly, in a compost microbial metagenomic library, 
Matsuzawa, Kaneko, Yaoi [114] isolated a GH43 BXL/ABF(CoXyl43), which could enhance the 
saccharification of different xylan containing plant biomasses, such as rice straw and Erianthus. 

Compared to strain screening, the metagenomic strategy can avoid microbial isolation and culture 
processes, allowing exhaustive screening of microbial genomes in their natural environments. 

Genome mining

Genome mining is another approach to discover new enzymes based on microbial diversity, which 
has received increasing attention in recent years. Especially, since the improvements in sequencing 
technologies resulted in an increasing number of fungal genomes that have been published. These 
available genomes uncovered a large number of genes encoding CAZymes, which have greatly 
enhanced our understanding of the diversity of fungi in terms of plant cell wall degradation.

As an illustration, Table 2 shows a comparison of CAZymes involved in plant polysaccharides 
degradation of 28 fungal genomes from MycoCosm [117], focusing on the gene number encoding 
xylanolytic enzymes. This table shows that fungi from different phyla, i.e., Ascomycota and 
Basidiomycota, differ significantly in the number of genes encoding xylanolytic enzymes. On 
average, Ascomycota has higher gene copies in GH3, GH11, GH43, GH54, GH62 and GH67 
enzymes than Basidiomycota, while the number of AA14 genes in Ascomycota is less than in 
Basidiomycota. In addition, some genes encoding specific family present phyla specificity. For 
example, GH54 ABF and GH67 AGU encoded genes are only present in Ascomycota, which might 
indicate that these enzymes play an essential role in Ascomycota [70]. However, gene numbers 
are even variable within the same fungal genus. A comparison of gene numbers in Penicillium 
shows that P. subrubescens contains significantly more genes than P. chrysogenum in most of the 
CAZy families related to xylan degradation [118]. A similar phenomenon also occurs in some CAZy 
families (e.g., GH10, GH11 and GH115) of Aspergillus [119].

Genes encoding GH10 and GH11 enzymes, which mainly show XLN activity, are present in 
variable copies from 0 to 8 in the genomes of these selected fungi. The genomes of Podospora 
anserina, M. thermophila and Coprinopsis cinerea contain more copies of XLN than the other fungi, 
with especially high gene numbers of GH10 XLN in P. anserina (eight genes) and GH11 XLN in 
M. thermophila (eight genes). This shows strong expansion of specific families in fungi, probably 
pointing to diversification within the family in terms of substrate specificity and/or biochemical 
properties. In addition, genes encoding GH10 XLN are widely present in almost all selected fungi, 
while genes encoding GH11 XLN are absent in some fungi, e.g., C. lunatus, N. crassa. 
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Most of fungi harbor high copies of GH3 and GH43 coding genes, which might be due to the fact 
that GH3 and GH43 contain various catalytic activities in addition to BXL. e.g., BGL in GH3, ABF 
/ ABN / 1,3GAL (β-(1→3) galactanase) in GH43 [31]. In addition, species like P. subrubescens 
that have more copies of genes coding xylan side chain degrading enzymes, such as ABF, AXH and 
AGU than other fungi, showing strong expansions of CAZymes in specific CAZy families (e.g., 
GH43, GH51) [104]. This feature confirms that P. subrubescens is a promising new fungal cell 
factory for enzyme production, as has been reported previously [120, 121].

For the LPMOs that oxidatively degrade plant biomass, the selected fungal genomes contain highly 
variable gene numbers (0-34), most of which are from AA9 rather than AA14. AA9 harbors a 
considerable amount of lytic cellulose monooxygenase. As an exception, the L. bicolor genome 
contains four putative AA14-encoding genes, but no AA9-encoding gene, while no LPMO-encoding 
genes are present in the genome of Ustilago maydis. Furthermore, Basidiomycota genomes 
generally contain more AA14 genes than Ascomycota genomes, which may be related to the habitat 
of Basidiomycota. Basidiomycota is reported to live in higher organic-matter forest habitats, which 
are rich in xylan as the main hemicellulose.

Considering that most genes encoding CAZymes found in fungal genomes are not functionally 
characterized [104, 122]. Cloning of these unknown genes into a suitable vector, heterologous 
expression of the recombinant vector in a suitable surrogate host (usually Escherichia coli and 
Pichia pastoris), and characterization of the produced proteins using appropriate substrates will 
likely contribute to the discovery of new activities. Some studies have confirmed the feasibility 
of the genome mining approach to discover new enzymes. For example, Dilokpimol, Mäkelä 
[123] confirmed the ability of the genome mining approach to identify fungal GE encoding 
genes, by successfully obtaining 18 GEs from 21 selected candidates, which were active against 
benzyl D-glucuronate. Similarly, this author also successfully identified 20 out of 27 putative FAE 
candidates based on this approach, by testing their activity towards pNP-ferulate and/or methyl 
hydroxycinnamate substrates [124]. 

Protein engineering

Protein engineering is based on the crystal structure and mechanism of proteins to obtain variants 
with desired properties by changing potential amino acids. It involves three methods, i.e., rational 
design, directed evolution and semi-rational design [125, 126]. “Site-directed mutagenesis” is the 
most classical and effective approach of rational design, which improves enzyme catalytic properties 
by creating specific mutations in double stranded DNA. For example, the thermostability of A. 
niger BCC14405 XLN at 50°C was greatly improved (18-20-fold) by replacing several surface 
Ser/Thr residues with Arg in wild type enzyme [127]. Similarly, some XLN mutants from T. reesei 
were obtained by this way, which showed better stability and higher residual activity than wild 
type enzymes at alkali condition [128]. De novo enzyme design is an emerging rational design 
approach, which depends on different computational algorithms [129, 130]. New enzymes can 
be either designed by recreating known enzymatic functions in proteins with a different fold or 
by introduction of activities that have not been observed in natural enzymes before into a chosen 
protein scaffold [131, 132]. Fenel, Leisola, Jänis, et al. [133] successfully engineered a disulphide 
bridge into the N-terminal region of T. reesei xylanase II (XYNII) by replacing Thr2 and Thr28 with 
Cys, which increased enzyme thermostability (by about 15°C), as well as the half-life in thermal 
inactivation of enzyme at 65°C (from 40 s to 20 min) and 70°C (from less than 10 s to 6 min). 
Rational design is an effective approach but requires an in-depth knowledge of the structure/function 
relationship in enzymes, which limits the general application of rational design. 

Unlike rational design, directed evolution is a robust method based on the Darwinian theory of 
evolution and does not require an in-depth understanding of structure/function relationship. It 
has advanced into a standard industrial “tool” to tailor naturally occurring enzymes for various 
biotechnological applications [134-136]. A typical directed evolution experiment encompasses 
iterative rounds of gene mutagenesis (e.g., error-prone PCR, DNA shuffling) to construct mutant 
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libraries, from which desired mutants are obtained through high-throughput screening [135]. For 
example, to improve the thermostability of xylanase (afxynG1) from A. fumigatus, bin Abdul Wahab, 
bin Jonet, Illias [137] used error-prone PCR to create 5000 afxynG1 mutants and thermally screened 
them at 60°C for 30 min. Four mutants (T16A/T39I/L176Q, S68R, A60D and Q47P/S159R) with 
higher catalytic activity than that of wild type were obtained, of which the mutant with three-point 
mutations also had increased stability. It retained around 50% of its activity at 70°C for 1 h, while the 
wild type was fully inactive after 50 min incubation [137]. Although directed evolution has shown to 
be a good approach to obtain new enzymes, the libraries created by this random method are usually 
huge, which necessitates tedious and time-consuming screening. Creating a good mutant library 
and developing a suitable screening platform are the most critical parts of all directed evolution 
exercises, while they have proven to be challenging.

More recently, semi-rational design is an increasingly used method in protein engineering, which 
combines protein sequence and structural information with advanced computational and machine 
learning algorithms to design smaller and more focused libraries of protein variants to efficiently 
obtain the desired enzymes [126, 138]. For example, to improve the thermostability of XLNs, Song, 
Tsang, Sylvestre [139] used computational analysis to guide the design of a mutagenesis library 
containing identified thermal important residues in targeted regions, followed by several rounds of 
iterative saturation mutagenesis, resulting in an excellent mutant (Xyn10A_ASPNG). The thermal 
inactivation half-life of the obtained mutants was 30-fold longer at 60°C compared to the wild 
type enzyme [139]. For a similar purpose, Denisenko, Gusakov, Rozhkova, et al. [140] created 
some mutants of P. canescens XLN (PcXylA) based on the alignment of amino acids from PcXylA 
with that from a few GH10 XLNs having higher thermostability, and characterized the activity 
of these mutants [140]. Biochemical characterization showed that one mutant (L18F) displayed 
increased thermostability with a longer half-life time than wild type enzymes at 50–60°C. Among 
the different approaches of protein engineering, semi-rational design is regarded as one of the most 
effective ones, as it combines the benefits of rational design and directed evolution to engineer 
enzyme activity [126]. 

The above-mentioned strategies have proven to be useful for the discovery of new enzymes. 
However, this thesis mainly focusses on the strategy of genome mining.

Various applications of enzymes in industry

Apart from their ability to efficiently degrade xylan in lignocellulosic biomass, xylanolytic enzymes 
have been reported to play considerable roles in biotechnological processes for various industrial 
applications [35, 141, 142]. Here, we provide an overview of their application in the following 
fields: 1) food industry, 2) animal feed, 3) biofuel production, 4) pulp and paper industry, 5) medical 
and pharmacological industry.

Food industry

Enzymatic processing of food has distinct advantages over traditional chemical-based technology, 
in that there is less waste and by-products, less energy consumption, and decreased environmental 
impact. Fungal enzymes are utilized in food industry for modification of products, rather than their 
full degradation. The most widely used xylanolytic enzymes is XLNs, which have been employed 
as additive in different baking products, e.g., bread and biscuits. XLNs, as dough strengtheners, 
are alternatives to chemical dough conditioners, because of their excellent tolerance to the dough 
with respect to variations in processing parameters and in flour quality [143]. They can make the 
doughs soft and slack in rye baking, and improve the quality of whole wheat bread, by increasing 
the specific bread volume [144]. In biscuits, addition of XLNs can improve the texture and taste 
[145]. In addition, the product of enzymatic lignocellulose degradation can also be used as additives 
in food industry. Ferulic acid is a released product from AX by FAEs, which has been regarded as 
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precursor for the synthesis of flavor compounds, such as vanillin and guaiacol. These are aroma 
compounds used in foods, beverages and fragrance industries [146-148]. Similarly, D-xylose is the 
hydrolysis product of xylans by BXLs, which can be further used for xylitol production [149-151]. 
Xylitol is a polyalcohol, which can be employed as a natural food sweetener, dental caries reducer 
and a sugar substitute for diabetics [149, 151]. 

Animal feed

Feed ingredients used in monogastric diets (i.e., pigs and poultry) usually contain cellulose and 
hemicellulose, which are indigestible as these components or fractions have no match with the 
animals’ endogenous enzymes [152]. Some fractions, such as β-glucans, pentosans, and phytates 
are even considered antinutritive [153]. To ensure maximum uptake efficiency, the supplementation 
of exogenous enzymes in animal diets has been widely accepted [154]. Xylanolytic enzymes are 
commonly added to diets containing cereals such as wheat, barley, and rye. These diets contain 
large amount of water-insoluble AX, which is considered to be the major limiting factor for use 
of cereals in animal feed [155, 156]. XLNs can hydrolyze water-insoluble AX to its soluble form 
by breaking down the backbone of the polysaccharide, thereby reducing viscosity in the diet and 
improving digestibility by the animal [157]. The arabino-xylooligosaccharides as (by-)product 
from the hydrolysis of AX by XLNs, have been reported to exert positive effects and may act as 
prebiotics [158]. Apart from monogastric diets, xylanolytic enzymes are also commonly used in 
ruminant diets, to potentially improve fiber degradability and subsequently increase the intake of 
digestible energy [159]. For example, FAEs can hydrolyze the linkages between lignin and the cell 
wall polysaccharides of forages, and therefore increase the accessibility for other enzymes (i.e., 
cellulases, XLNs) to degrade and improve the nutritive value [160-162]. Recently, related FAE 
products for feed have become commercially available [163].

Biofuel production

Fossil fuels are the most widely used energy sources worldwide, which are also the principal carbon 
dioxide emission source [164]. Given fossil‐derived fuels are nonrenewable, their depletion has 
been identified as a future challenge. Thus, biofuels derived from plant biomass, as a sustainable and 
clean alternative to fossil fuels, are attracting growing attention [165]. Biofuels can be converted and 
produced from lignocellulosic biomass, while one of the major limitations for efficient conversion 
is the recalcitrant nature of the plant cell wall [166]. Plant cell wall mainly consists of cellulose, 
hemicellulose and lignin, of which cellulose and hemicellulose are expected to be significant substrates 
in the future for bioconversion to biomethanol, bioethanol, or other higher molecular weight alcohols 
[167]. Xylan represents the most abundant hemicellulose. Xylanolytic enzymes can hydrolyze 
xylan into its constituent sugars, mainly D-xylose and L-arabinose, for subsequently fermented by 
microorganisms to produce biofuels. Based on xylan structure, to efficiently depolymerize xylan 
to the component monosaccharides, a mixture of different enzymatic functionalities is required, 
including XLNs, BXLs, ABFs, AGUs, FAEs, and AXEs [168, 169]. Additionally, xylanolytic 
enzymes (especially XLNs) in combination with cellulases/laccases/amylases have been reported to 
be greatly benefit bioethanol production, which significantly increase the ethanol yield [170, 171].

Pulp and paper industry

Traditionally, the bleaching process used within the pulp and paper industry is divided into three stages, 
which involves the utilization of different chemicals in each step, such as chlorine dioxide in the first 
stage, sodium hydroxide and hydrogen peroxide in the second stage, and chlorine peroxides of the 
final stage. The obvious drawbacks associated with traditional process are the high chemical loads, 
harmful gas emission rates and the high economic costs. Xylanolytic enzymes as environmentally 
friendly alternatives have been employed in pulp and paper to minimize these problems [172]. For 
example, XLNs can partially interrupt the bonds of lignin-carbohydrate complexes by hydrolysis of 
xylan, and thereby increase the accessibility of the subsequent bleaching chemicals to the pulps, as 
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well as facilitate the removal of lignin. This action reduces the consumption of chlorine and chlorine 
dioxide, and significantly improves the final brightness value of pulp [172-175]. Additionally, 
other xylanolytic enzymes, like AGUs and FAEs, are also reported to be used for pulp and paper 
industry. Paper and pulp sectors are the traditional applications of softwood, which contain around 
5-10% GAX. AGU can remove (Me)GlcA residues of xylan, allowing XLNs to access the xylan 
backbone, thereby improving the efficiency of xylan degradation [176]. Annual plant fibers are also 
a cheap alternative source of raw materials for pulp and paper production, which contain up to 35% 
GAX. The combination of FAEs with other enzymes can promote xylan degradation, thus further 
improving pulp bleaching processes [177].

Medical and pharmacological industry

Some by-products of xylanolytic enzymes show pharmaceutical and health beneficial functions, 
such as ferulic acid and other hydroxycinnamic acids from the hydrolysis of xylan by FAEs. They 
show antimicrobial, anti-inflammatory, anti-diabetic, anti-thrombosis, anti-cancer, and cholesterol-
lowering agents, which are of interest for a wide range of applications in medical and pharmaceutical 
industries [81, 178, 179]. (Arabino)xylo-oligosaccharides are products of xylan degradation, released 
during XLN treatment, which possess prebiotic effects. They can stimulate the growth of beneficial 
bacteria in the human gut, such as Bifidobacteria, while restricting harmful bacteria [180]. 

Other applications

Apart from the above-mentioned applications, xylanolytic enzymes can also be used in other 
applications. For example, in detergents, an FAE-containing multi-enzyme system is used to improve 
the performance of liquid laundry detergents particularly at low temperature [181], while XLN-
containing detergents can effectively remove plant stains [182]. In the beverage industry, adding 
XLNs and ABFs in juice clarification and extraction can result in improved yield, stabilization of 
fruit pulp, reduction of viscosity, and clearing of the juice [94, 183]. The addition of ABFs also can 
prevent haze formation in fruit juice [183]. In seasonings and alcoholic beverages, FAEs have been 
used for both removing off-flavors/odors as well as enhancing the aroma [81]. Ferulic acid produced 
by FAEs is also used as additive in beer as it is one of the major antioxidant constituents [184].

Objective and outline of the thesis

With the development of the bio-based economy, industrial catalysis is increasingly dependent on 
enzymes. Although the industrial applications mentioned above already account for over 80% of the 
global market of enzymes, there is still scope for further development of the market as new enzymes 
and enzymatic processes emerge [185]. In the genome era, the explosive growth of fungal genomes 
has led to the discovery of an exponentially increasing number of CAZyme-encoding genes, yet most 
of them lack functional annotations [104, 122]. Additionally, fungal genome comparison pointed out 
that some fungi have clear expansions in specific CAZy families (Table 2). These expansions are 
expected to widen the range of substrates that can be degraded by the fungus or provide it with 
enzymes with different properties. Since biochemical characterization has not been able to keep up 
with this growth of new putative CAZymes, many CAZy families have characterized fungal enzymes 
accounting for less than 20% of the total enzyme count among the CAZy families associated with 
plant biomass degradation [104, 122]. This lack of insight into many CAZy families in turn prevents 
reliable functional annotation of fungal genomes. Therefore, selection of CAZyme-encoding genes 
with unknown function from fungal genomes, heterologous expression, and characterization of the 
corresponding proteins could not only discover new enzymes with industrially desired properties 
but also improve our understanding of the poorly characterized CAZy families. The aim of this 
thesis is to selectively characterize fungal enzymes with unknown functions from the expanded 
and poorly characterized CAZy families associated with hemicellulose (mainly xylan) degradation 
through a genome mining combined with functional characterization strategies. Results described in 
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this thesis will not only provide the CAZyme community with new enzymes and expand the toolbox 
of enzymes for bioprocessing, but will also improve the functional annotations of fungal genomes 
and deepen our understanding of certain aspects of fungal physiology. Below is a brief description 
of the content of the chapters in this thesis.

In Chapter 2, we used a genome-mining strategy to add 87 additional CE1 sequences from 18 
genome sequenced fungal species into the previously established CE1 phylogenetic tree, having 
five subfamilies (CE1_SF1–SF5). To explore the differences between SF1 and SF2, six ascomycete 
candidates from the unknown branches of SF1 and SF2 were selected and characterized. The 
results showed the enzymes from CE1_SF1 only exhibited AXE activity, whereas an enzyme from 
CE1_SF2 possessed dual FAE/AXE activity. This dual activity enzyme supports the evolutionary 
relationship of CE1_SF1 and SF2. Enzymes in this chapter can be used as an additional ingredient 
for enzyme cocktails to remove ester-linked decorations, which enables access for the backbone 
degrading enzymes.

A similar strategy was applied in Chapter 3. Using a genome-mining strategy through a BLAST 
search against 38 genome sequenced fungal species, we added over 100 amino acid sequences to the 
set of characterized GH30 enzymes in CAZy and uncharacterized bacterial and animal enzymes in 
NCBI database, and constructed a GH30 phylogenetic tree. Eleven candidates were selected from 
the various fungal branches for biochemical characterization. Our results confirmed the diverse 
activities in the GH30 fungal subfamilies (e.g., β-(1→6)-glucanase, β-(1→6)-galactobiohydrolase, 
β-(1→4)-xylobiohydrolase, endoxylanase). Additionally, combining characterization data and 
phylogenetic analysis, we proposed a new fungal subfamily in GH30, GH30_11, which displays 
β-(1→6)-galactobiohydrolase. This study demonstrated that fungal genome mining is not limited to 
the discovery of new enzymes, but can also establish new fungal subfamilies. Enzymes discovered 
in this Chapter could be used to produce different oligosaccharides (especially disaccharides) with 
high prebiotic potential.

The ability to discover new fungal enzymes from poorly characterized families by genome mining 
approach was well demonstrated in the studies of Chapter 2 and 3, while there is also interest in 
new enzymes from expanded families containing plant biomass degrading enzymes. Previously, 
a comparison of gene numbers in different fungal genomes of CAZymes related to plant biomass 
degradation revealed that P. subrubescens showed strong expansions in specific CAZy families and/
or certain activities [104]. To determine whether this expansion resulted in functional diversification 
of these enzymes or led to redundancy, in Chapter 4 and Chapter 5, we characterized multiple P. 
subrubescens ABFs and XLNs from different families, respectively.

In Chapter 4, we focused on the characterization of nine P. subrubescens ABFs from GH51, GH54 
and GH62. The results showed that P. subrubescens ABFs (PsABFs) had highly diverse specificity 
and activity levels, indicating that the expansion of PsABFs was accompanied by diversification 
of the enzymes. That the expansion of CAZymes in the P. subrubescens genome is accompanied 
by functional diversity was also verified in P. subrubescens XLNs from GH10 and GH11, which 
are presented in Chapter 5. P. subrubescens XLNs (PsXLNs) had distinct product profiles during 
wheat arabinoxylan (WAX) hydrolysis and diverse biochemical properties. In addition, it is worth 
mentioning that PsXLNs in Chapter 5 showed significant cooperative action with PsABFs from 
GH51 or GH54 in Chapter 4 for WAX degradation. This finding may reflect an evolutionary 
adaptation of this species that provides a wider enzymatic toolbox for synergistic degradation of 
hemicellulose in its natural habitat, which also gives insight into a more diverse XLN and ABF 
system for the efficient degradation of complex hemicelluloses.

The enzymes described in Chapter 2-5 are involved in the degradation of xylan. Xyloglucan is 
another important hemicellulose component in addition to xylan, and its degradation is essential 
for overall lignocellulosic biomass utilization. In Chapter 6, we described the discovery and 
characterization of new fungal xyloglucanases (XEGs) in GH44. So far, GH44 has been shown to 
contain bacterial XEGs only. Genome analysis revealed GH44 members in fungal species from the 
phylum Basidiomycota, but not in other fungi. To determine whether these members are XEGs, 
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two basidiomycete GH44 enzymes were selected and characterized. The results showed that these 
two enzymes exhibited XEG activity and displayed a hydrolytic cleavage pattern different from 
that observed in fungal XEGs from other GH families. Fungal GH44 XEGs provided in this study 
represent a new class of enzymes for plant biomass conversion and valorization. 

The results are summarized and discussed in Chapter 7.
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Abstract

The fungal members of Carbohydrate Esterase family 1 (CE1) from the CAZy database include both 
acetyl xylan esterases (AXEs) and feruloyl esterases (FAEs). AXEs and FAEs are essential auxiliary 
enzymes to unlock the full potential of feedstock. They are being used in many biotechnology 
applications including food and feed, pulp and paper, and biomass valorization. AXEs catalyze the 
hydrolysis of acetyl group from xylan, while FAEs release ferulic and other hydroxycinnamic acids 
from xylan and pectin. Previously, we reported a phylogenetic analysis for the fungal members of 
CE1, establishing five subfamilies (CE1_SF1-SF5). Currently, the characterized AXEs are in the 
subfamily CE1_SF1, whereas CE1_SF2 contains mainly characterized FAEs. These two subfamilies 
are more related to each other than the other subfamilies and are predicted to have evolved from 
a common ancestor, but target substrates with a different molecular structure. In this study, four 
ascomycete enzymes from CE_SF1 and SF2 were heterologously produced in Pichia pastoris and 
characterized with respect to their biochemical properties and substrate preference towards different 
model and plant biomass substrates. The selected enzymes from CE1_SF1 only exhibited AXE 
activity, whereas the one from CE1_SF2 possessed dual FAE/AXE activity. This dual activity 
enzyme also showed broad substrate specificity towards model substrates for FAE activity and 
efficiently released both acetic acid and ferulic acid (~50%) from wheat arabinoxylan and wheat 
bran which was pre-treated with a commercial xylanase. These fungal AXEs and FAEs also showed 
promising biochemical properties, e.g., high stability over a wide pH range and retaining more than 
80% of their residual activity at pH 6.0-9.0. These newly characterized fungal AXEs and FAEs from 
CE1 have high potential for biotechnological applications. In particular as an additional ingredient 
for enzyme cocktails to remove the ester-linked decorations which enables access for the backbone 
degrading enzymes. Among these novel enzymes, the dual FAE/AXE activity enzyme also supports 
the evolutionary relationship of CE1_SF1 and SF2.
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Introduction

Over 5000 million tons of agro-food industrial side streams, such as wheat straw, rice straw, corn 
stover, potato peelings, and sugarcane bagasse, are produced from the agro-industry annually [1]. 
This plant biomass contains mainly polysaccharides, i.e., cellulose, hemicellulose and pectin, and 
the aromatic polymer lignin, which form a network of the plant cell wall and, therefore, provide 
protection against pathogens and pests [2, 3]. Xylan is a major component of hemicellulose from 
agro-food industrial side streams, accounting for 20-30% in secondary cell wall of dicots and up to 
50% in commelinid monocots [4]. Xylan composes of a β-1,4-D-xylosyl backbone with different 
substituents, e.g., L-arabinose, D-galactose, D-(methyl)glucuronic acid, ferulic acid, and acetic acid. 
The acetyl groups are linked to the O-2 and/or O-3 position of the D-xylosyl units in commelinid 
monocots (cereals and grasses) [5-7], whereas feruloyl and to a lesser degree p-coumaryl groups 
are esterified mainly at the O-5 position on L-arabinosyl residues of xylan of commelinid monocots 
[8-11]. Feruloyl groups are also present in pectin, which esterified to the O-2 and/or O-5 positions 
of arabinan side chains and to the O-6 position of D-galactosyl residues in (arabino-)galactan of 
rhamnogalacturonan I [12-15]. Acetyl xylan esterases (AXEs, EC 3.1.1.72) catalyze the hydrolysis 
of ester linkages between acetyl groups and xylan, whereas feruloyl esterases (FAEs, EC 3.1.1.73) 
hydrolyze the ester linkages between hydroxycinnamic acids and plant cell-wall polysaccharides 
[16].

The Carbohydrate Active enZyme (CAZy) database classifies carbohydrate esterases into 17 
families (CE1-CE17) [17]. The characterized fungal AXEs belong to CE1-CE6 and CE16 families, 
with the majority of the characterized enzymes in CE1. Part of the characterized fungal FAEs are 
also assigned to CE1, whereas the other FAE subfamilies are not classified in this database [18]. 
Recently, a phylogenetic classification of the fungal members of CE1 was established, which divided 
the fungal CE1 members into five subfamilies (CE1_SF1-SF5) [19]. The characterized AXEs were 
grouped in CE1_SF1 and the characterized FAEs were in CE1_SF2 and SF5, whereas none of the 
members from CE1_SF3 and SF4 has been characterized so far. Among these subfamilies, CE1_SF1 
and SF2 are more related and originated from the same node, but target substrates with a different 
molecular structure. In this study, we aimed to explore the differences between CE1_SF1 and SF2 by 
selecting six ascomycete candidates from the uncharacterized brunches of the CE1_SF1 and SF2 for 
heterologous production in Pichia pastoris and biochemical characterization using different model 
and plant biomass substrates. 

Materials and methods 

Materials

Methyl p-coumarate, methyl caffeate, methyl ferulate, methyl sinapate, ethyl p-coumarate, 
ethyl ferulate and chlorogenic acid were purchased from Apin Chemicals Limited (Oxon, 
United Kingdom). Insoluble wheat arabinoxylan (WAX, P-WAXYI, from wheat flour), endo-α-
(1→5)-arabinanase (E-EARAB, GH43 from Aspergillus niger), and endo-β-(1→4)-galactanase 
(E-EGALN, GH53 from A. niger) were from Megazyme (Wicklow, Ireland). Corn oligosaccharides 
mix (COS) was provided by Wageningen University [7]. Wheat bran (WB) was from Wageningen 
Mill (Wageningen, The Netherlands). Corn xylooligosaccharides mix (CX) was from Carl Roth 
GmbH + Co. KG (Karlsruhe, Germany). Sugar beet pectin (SBP, Pectin Betapec RU301) was from 
Herbstreith & Fox KG (Neuenbürg, Germany). Xylanase (GH11 from Thermomyces lanuginosus), 
p-methyl umbelliferyl acetate (MUB-acetate) and other chemicals were purchased from Sigma-
Aldrich (Merck KGaA, Darmstadt, Germany).
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Bioinformatics 

All amino acid sequences in this study were obtained from JGI Mycocosm (https://genome.jgi.
doe.gov/mycocosm/home) [20] and the CAZy database (http://www.cazy.org/) [7]. The secretory 
signal peptides were detected using the SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/) 
[21]. The amino acid sequences without predicted signal peptides were aligned using Multiple 
Alignment using Fast Fourier Transform (MAFFT, https://mafft.cbrc.jp/alignment/server/) [22] and 
visualized using Easy Sequencing in Postscript (http://espript.ibcp.fr/ESPript/ESPript/) [23]. The 
phylogenetic analysis was performed using maximum likelihood (ML), neighbor-joining (NJ) and 
minimal evolution (ME) implemented in the Molecular Evolutionary Genetic Analysis software 
version 7 (MEGA7, https://www.megasoftware.net/) [24] with 95% partial deletion and the Poisson 
correction distance of substitution rates. Statistical support for phylogenetic grouping was estimated 
by 500 bootstrap re-samplings. The final phylogenetic tree was shown using the ML tree with above 
40% bootstrap next to the branches. N-glycosylation sites were predicted using NetNGlyc1.0 (http://
www.cbs.dtu.dk/services/NetNGlyc/) [25]. The theoretical molecular masses were calculated from 
the amino acid sequences without signal peptide using Sequence Manipulation Suite online tool 
(https://www.bioinformatics.org/sms2/protein_mw.html) [26]. 

Cloning and transformation to Pichia pastoris

The selected candidate genes (JGI accession numbers are provided in Table 1) without predicted 
signal peptide and introns were codon optimized and synthesized into pPicZαA plasmid for 
production in P. pastoris (Genscript Biotech, Leiden, The Netherlands). The pPicZαA containing 
synthetic genes were transformed into Escherichia coli DH5α for propagation and sequencing. 
Then, the plasmids were extracted, linearized by PmeI (Promega, Madison, WI), and transformed 
into P. pastoris strain X-33 (Invitrogen, Thermo Fisher Scientific‎, Carlsbad, CA) according to the 
manufacturer’s recommendation [27]. The positive colonies were selected for the highest protein 
production based on colony Western Blot using anti Histidine-tag antibody conjugated with 
alkaline phosphatase (Thermo Fisher Scientific). The transformants were grown on a nitrocellulose 
membrane (0.45 µm; Whatman, GE Healthcare Life Sciences, Buckinghamshire, United Kingdom) 
over minimal medium (MM, 1.34% yeast nitrogen base, 4×10-5% biotin, 1% v/v methanol and 1.5% 
agar) for 2-4 days at 30°C. Then the membrane was washed with milliQ water, blocked with 2-5% 
skim milk in phosphate-buffered saline, and blotted with anti-Histidine-tag antibody. The signal was 
detected using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium system. 

Production of recombinant proteins

The selected P. pastoris transformants were grown according to Knoch et al. [28] in a buffered 
complex glycerol medium (BMGY, 1% yeast extract, 2% peptone, 0.1 M potassium phosphate 
buffer pH 6.0, 1% w/v glycerol, 1.34% yeast nitrogen base, 4×10-5% biotin) overnight at 30°C, 250 
rpm. Induction was done in buffered complex methanol medium (BMMY, BMGY without glycerol) 
at 22°C, 250 rpm with methanol supplemented (1% v/v) every 24 h for 96 h. Culture supernatants 
were harvested (4000 x g, 4°C, 20 min), filtered (0.22 mm; Merck), aliquoted and stored at -20°C 
prior further analysis. The stability of the recombinant enzymes was assessed by their activity (see 
below) each time after thawing. The enzyme activity remained more than 95% of their original 
activity while performing the experiment (data not shown).

Biochemical properties of recombinant proteins

Molecular masses of the recombinant proteins were estimated by SDS-PAGE (12% w/v, sodium 
dodecyl sulfate-polyacrylamide gel) using Mini-PROTEAN® Tetra Cell (Bio-Rad, Hercules, 
CA). Deglycosylation was performed by incubating 20 µL of P. pastoris culture supernatant with 
endoglycosidase H (New England Biolabs, Ipswich, MA) as recommended by the manufacturer. 
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Protein concentration was assessed from SDS-PAGE gel by densitometric method using ImageJ 
program [29] and 0.5-2.0 µg Bovine Serum Albumin (Pierce, Thermo Scientific, Carlsbad, CA) as 
a standard. 

Enzyme Activity Assays

p-Methyl umbelliferyl substrate assay

Activity towards p-methylumbelliferyl acetate (MUB-acetate) was performed in 100 µL reaction 
mixtures containing 10 µM MUB- acetate (dissolved in acetone), 100 mM phosphate buffer (pH 6.0) 
and 10 µL culture supernatant. The reaction was performed at 30°C. The release of umbelliferone 
group was spectrophotometrically quantified by following the excitation/emission at 340/520 nm up 
to 30 min with a 2 min interval. The activity of the enzymes was determined by quantification of the 
umbelliferone group using a standard curve (0.5-100 μM). One unit (U) of AXE activity was defined 
as the amount of enzyme which released 1 μmol of umbelliferone group from MUB-acetate per 
min under the assay condition. Culture filtrate from P. pastoris harboring pPicZαA plasmid without 
insertion was used as negative control. All assays were performed in triplicate.

Hydroxycinnamate substrate assay

Activity of the CE1_SF1 and SF2 candidates towards hydroxycinnamate substrates (methyl 
p-coumarate, methyl caffeate, methyl ferulate, methyl sinapate, ethyl p-coumarate, ethyl ferulate 
and chlorogenic acid) was performed in 250 µL reaction mixtures containing 0.12 mM substrate 
(dissolved in dimethylformamide), 80 mM phosphate buffer (pH 6.0) and 50 µL culture supernatant. 
The decrease of substrate concentration was spectrophotometrically quantified by following the 
absorbance at 340 nm up to 30 min with a 2 min interval. The activity of the enzymes was determined 
by quantification of the substrate concentration using standard curves in a range between 0.005-0.25 
mM. One unit (U) of FAE activity was defined as the amount of enzyme which decreased 1 μmol 
of substrates per min under the assay condition. Culture filtrate from P. pastoris harboring pPicZαA 
plasmid without insertion was used as negative control. All assays were performed in triplicate.

pH and temperature profiles

MUB-acetate and methyl ferulate were used as substrates for AXE and FAE activity, respectively, 
based on the above assay. pH profiles of enzyme activity were determined at 30°C in 100 mM 
Britton-Robinson buffer [30] (pH 2.0-9.0). The temperature profiles of enzyme activity were 
measured in 100 mM phosphate buffer pH 6.0 at 22-80°C. The pH and thermal stability of the 
enzymes were determined by measuring the residual enzyme activities after 2 h or 16 h incubation 
at 30°C in 100 mM Britton-Robinson buffer pH 2.0-10.0, or after 2 h incubation at 22°C to 80°C in 
phosphate buffer pH 6.0 [31].

Hydrolytic activity towards (poly- /oligo-)saccharides

The activity towards plant biomass was determined using insoluble wheat arabinoxylan (WAX) 
and corn oligosaccharides mix (COS) for AXE activity, and WAX, wheat bran (WB), corn 
xylooligosaccharides mix (CX) and sugar beet pectin (SBP) for FAE activity. For pre-treatment, 
1% of WAX, COS, WB and CX was incubated with 0.1 mg xylanase, or 0.1 mg of arabinanase 
and galactanase for SBP, in a 50 mM sodium acetate buffer pH 4.5 and 0.02% sodium azide at 100 
rpm and 30°C for 72 h. The reaction was stopped by heat inactivation at 95°C for 10 min [27]. For 
hydrolytic activity assay, the reaction containing 500 µL 1% (pre-treated) substrate and 100 µL 
culture supernatant (containing 1 µg enzyme) was incubated at 30°C, 24 h, 100 rpm. Except for 
COS reactions that were stopped by the addition of 50 µL 2 M HCl, the others were inactivated by 
heating at 95°C, 10 min and centrifuged at 14,000 rpm, 4°C for 15 min. The supernatants were used 
for HPLC analysis.
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Acetic acid content analysis

The acetic acid release was measured by using HPLC (Dionex ICS-3000 chromatography system; 
Thermo Scientific, Sunnyvale, CA) equipped with an Aminex HPX 87H column with a guard-
column (300 x 7.8 mm; Bio-Rad) and a refractive index detector (Bio-Rad). An isocratic elution 
of 5.0 mM sulfuric acid, with a flow rate of 0.6 mL/min at 40°C was used according to Zeppa et al. 
[32]. The release of acetic acid was quantified using standards in a range between 0.01-2.0 mg/mL.

Hydroxycinnamic acid content analysis

The reaction supernatants were mixed with 100% acetonitrile (1:3, v/v), then incubated on ice 
for 10 min and centrifuged for 15 min at 4°C to remove precipitants prior to the analysis. The 
ferulic release was monitored by using HPLC (Dionex ICS-5000+ chromatography system; Thermo 
Scientific, Sunnyvale, CA) equipped with an Acclaim Mixed-Mode WAX-1 LC Column (3 x 150 
mm; Thermo Scientific) and a UV detector (310 nm; Thermo Scientific). The chromatographic 
separation was carried out according to Dilokpimol et al. [27] using an isocratic elution of 25 mM 
potassium phosphate buffer, 0.8 mM pyrophosphate, pH 6.0 in 50% (v/v) acetonitrile with a flow 
rate of 0.25 mL/min at 30°C. Ferulic and p-coumaric acids (0.25-50 µM) were used as standards for 

Figure 1 Reconstructed phylogenetic tree of fungal CE1 members (modified from Mäkelä et al. [19]). The 
phylogenetic analysis was performed by maximum likelihood (ML) implemented in MEGA7 [24] with 95% 
partial deletion of gaps and the Poisson correction distance of substitution rates. The main branches/subfamilies 
were collapsed. Statistical support for phylogenetic grouping was estimated by 500 bootstrap re-samplings, 
only the bootstrap above 40% were shown on the branches, also of a neighbor-joining (NJ) and minimal 
evolution (ME) tree using the same dataset (order: ML, NJ, ME). Eight FAEs from subfamily 7 [18] were used 
as an outgroup. Names in blue and bold indicates the selected candidates for this study. SF, subfamily. The full 
phylogenetic tree can be found in Suppl. Fig. 1.
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identification and quantification. 

Results

Production of four new fungal CE1 enzymes 

Previous phylogenetic tree for fungal CE1 was purposed which classified the members of CE1 into 
five subfamilies [19]. Using a genome-mining strategy by BLAST searching against 18 genome 
sequenced fungal species [33], we added 87 additional CE1 sequences to the previous CE1 tree [19], 
and reconstructed the phylogenetic tree (Figure 1, Suppl. Fig. 1, Suppl. Table 1). The reconstructed 
CE1 tree is agreed with the previous one. CE1_SF1 could be further separated into five branches 
(CE1_SF1.1-SF1.5), while CE1_SF2 was divided into two branches (CE1_SF2.1-SF2.2). Fungal 
CE1_SF1 contains nine biochemically characterized AXEs from CE1_SF1.1 and SF1.4, while 
fungal CE1_SF2 contains six biochemically characterized FAEs that were all from CE1_SF2.2 
(Figure 1, Table 1). It is possible that the uncharacterized branches contain enzymes with different 
activity. To systematically evaluate the subfamilies and compare the activities and biochemical 
properties, six fungal candidates from the uncharacterized brunches of these two subfamilies (three 
from CE1_SF1.2, two from CE1_SF1.3 and one from CE1_SF2.1) were selected for recombinant 
protein production in P. pastoris.

Of these six candidates, only four candidate enzymes, i.e., Podospora anserina AxeA, AxeB, 
Parastagonospora nodorum Axe1, and Po. anserina FaeD, were detected by SDS-PAGE (Suppl. 
Fig. 2). The apparent masses of Pa. nodorum Axe1, Po. anserina AxeB, and Po. anserina FaeD were 
40, 100, and 45 kDa, respectively, whereas Po. anserina AxeA showed smears. After deglycosylation 
using endoglycosidase H, the molecular masses of Po. anserina AxeA, Pa. nodorum Axe1, and 
Po. anserina FaeD decreased to 35, 35, and 35 kDa, respectively, which corresponded with their 
calculated masses based on the amino acid sequence. In contrast, the deglycosylation of Po. anserina 
AxeB still resulted in a molecular mass of about 70 kDa, which was still higher than the calculated 
molecular mass. It is possible that the glycosylation sites of Po. anserina AxeB were inaccessible 
for endoglycosidase H or that other post-translational modifications were present.

All four new enzymes have high alkaline tolerance

Po. anserina AxeA, AxeB, Pa. nodorum Axe1 were active toward MUB-substrates, while Po. 
anserina FaeD showed a broad substrate range. It hydrolyzed all tested substrates and showed the 
highest activity toward methyl p-coumarate (141.5 ± 3.5 U/mg) (Table 2).

Based on MUB-acetate, Po. anserina AxeA, AxeB, Pa. nodorum Axe1 and Po. anserina FaeD 
showed the highest activity at pH 7.0, 6.0, 7.0, and 7.0, respectively, when incubated at 30°C 
(Figure 2A). They showed the highest activity at 40, 40, 50, and 30°C, respectively, when incubated 
at pH 6.0 (Figure 2B). The enzymes showed stability over a wide pH range, retaining more than 
80% residual activity after incubation at pH 6.0-9.0 for 2 h (Figure 2C). In addition, Pa. nodorum 
Axe1 and Po. anserina FaeD retained more than 85% residual activity between pH 3.0 and 10.0. 
The stability of Po. anserina AxeA and Pa. nodorum Axe1 was higher, since both enzymes retained 
55 and 90% of their residual activity at pH 2, compared to Po. anserina AxeB and Po. anserina 
FaeD, which did not show any residual activity after incubation for 16 h (Figure 2E). Most enzymes 
retained more than 80% residual activity after incubation at 40°C for 2 h except for Po. anserina 
AxeB that retained only 55% residual activity (Figure 2D). 

Furthermore, Po. anserina FaeD showed the highest activity towards methyl ferulate at pH 7.0 
and 50°C (Figure 3A, 3B). It retained more than 80% residual activity after incubation at pH 4.0-
10.0 for 2 h (Figure 3C). Po. anserina FaeD also retained more than 70% residual activity after 
incubation at 80°C for 2 h (Figure 3D).
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Po. anserina FaeD is a dual FAE/AXE activity enzyme

WAX and COS were used as substrates to determine the ability of the enzymes to release acetic acid 
from plant biomass (Figure 4). WAX and COS contain about 1 and 3.2 mg acetic acid per one g 
polysaccharide, respectively. Po. anserina AxeA, Pa. nodorum Axe1 and Po. anserina FaeD released 
acetic acid from both WAX and COS, whereas Po. anserina AxeB only released acetic acid from 
WAX. The highest acetic acid release was detected for Po. anserina AxeA and Pa. nodorum Axe1 
from WAX (78%) and COS (85%), respectively. A non-CE1 FAE from Penicillium subrubescens 
FaeA [18] was used for comparing the degrading ability of CE1 enzymes. P. subrubescens FaeA 
showed no release of acetic acid from either WAX or COS.

WAX, WB, CX and SBP were used as substrates to verify the ability of the enzymes to release 
ferulic acid from plant biomass (Figure 5), as these substrates contain about 3, 1, 40 and 1.9 mg 
total ferulic acid per one g polysaccharide, respectively [27]. Po. anserina FaeD released ferulic acid 
from all tested substrates, whereas none of the others showed any FAE activity. Po. anserina FaeD 
released the highest amount (64%) of ferulic acid from CX which was pre-treated with xylanase 
and no ferulic acid was detected when CX was not pre-treated with xylanase. Po. anserina FaeD 

Figure 2 pH and temperature profiles of the selected CE1 enzymes toward p-methylumbelliferyl acetate. 
(A) pH optimum; (B) Temperature optimum; (C) pH stability for 2 h incubation at 30°C; (D) Temperature 
stability for 2 h incubation at pH 6.0; (E) pH stability for 16 h incubation at 30°C. ● Po. anserina AxeA; ● 
Pa. nodorum Axe1; ● Po. anserina AxeB; ● Po. anserina FaeD. Each experiment was performed in triplicate. 
Standard deviations are shown as error bars.
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also released a higher amount of ferulic acid from pre-treated WAX and WB with xylanase (54% 
and 48%, respectively) than those without xylanase pre-treatment (2% and 8%). P. subrubescens 
FaeA released a higher amount of ferulic acid from WAX, WB and CX than Po. anserina FaeD, and 
released all ferulic acid from pre-treated WAX and WB. The incubation of SBP with arabinanase and 
galactanase did not improve the release of ferulic acid by Po. anserina FaeD and P. subrubescens 
FaeA, and both enzymes only released less than 10% ferulic acid from SBP. 

Discussion

The CE1 is a diverse family and the fungal CE1 members can be classified into five subfamilies 
(CE1_SF1-SF5) (Figure 1 and Suppl. Fig. 1). Multiple sequence alignment of members from CE1_
SF1 and SF2 showed that these enzymes share an amino acid sequence similarity above 70%, which 
indicated that both CE1_SF1 and SF2 are more related to each other than to the other subfamilies. 
The same catalytic triad (Ser/Asp/His), the signature motif (G-X-S-X-G) and the shared common 
node suggested that these two subfamilies are likely to evolve from the same ancestor [19, 34, 
35]. However, both subfamilies target substrates with a different molecular structure. So far, only a 
limited number of fungal CE1 enzymes have been characterized (Table 1), which hinders to explain 
the different activity and evolution relationship between CE1_SF1 and SF2.

In this study, we selected six ascomycete candidates from the uncharacterized branches in CE1_SF1 
and SF2 to further explore the differences between CE1_SF1 and SF2. Four of these (Po. anserina 
AxeA, Po. anserina AxeB, Pa. nodorum Axe1 and Po. anserina FaeD) could be successfully 
produced in P. pastoris and exhibited different properties. Both Pa. nodorum and Po. anserina 
belong to Phylum Ascomycota, Subphylum Pezizomycotina, which the first is classified in the 
Class Dothideomycetes, the latter is part of the Class Sordariomycetes. Based on the AXE activity 
assay, Po. anserina AxeA, Po. anserina AxeB and Pa. nodorum Axe1 from CE1_SF1 showed the 

Figure 3 pH and temperature profiles of Po. anserina FaeD toward methyl ferulate. (A) pH optimum; (B) 
Temperature optimum; (C) pH stability for 2 h incubation at 30°C; (D) Temperature stability for 2 h incubation 
at pH 6.0. Each experiment was performed in triplicate. Standard deviations are shown as error bars.
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highest activity toward MUB-acetate, while Po. anserina FaeD from CE1_SF2 showed around 10-
fold less activity on this substrate (Table 2). Even though all four enzymes showed activity toward 
AXE substrates, only Po. anserina FaeD also de-esterified the FAE substrates with broad substrate 
preference. Most characterized FAEs from this subfamily showed broad substrate specificity 
including FaeB, AsFae, MtFae1a and ClFaeB2, supporting that this is one of the unique features of 
the FAEs in CE1 [18, 33, 36-38]. 

All enzymes could release acetic acid from both WAX and COS, except for Po. anserina AxeB 
for which the release of acetic acid was only detected from WAX (Figure 4). This could result 
from the different position of the acetylation in the substrates. Acetylation in commelinid monocots 
including wheat generally occurs at the O-2 and/or O-3 position of the D-xylosyl residues of the 
xylan backbone [5, 6]. It has been shown earlier that AXEs from CE1 regioselectively cleave the 
substituents in the O-2 and O-3 position, and deacetylate the O-2 position faster than the O-3 position 
[39]. However, COS contains more than half of the acetyl group attached to the O-2 position of the 
D-xylosyl backbone, which the same D-xylose is also substituted with a monomeric α-L-arabinosyl 
residue at the O-3 position [7]. Because Po. anserina AxeA and Pa. nodorum Axe1 released over 
75% of total acetic acid, our results also indicated the potential ability of these enzymes to attack the 
dense acetyl substitution on the xylan backbone in COS. 

In contrast, only Po. anserina FaeD could release ferulic acid from the feruloylated substrates 
(Figure 5). As mentioned before, feruloylation in commelinid monocots mainly occurs at the O-5 
position on L-arabinosyl residues of xylan [8-11], while in pectin it mainly occurs at the O-2 and/or 
O-5 positions of arabinan side chains and at the O-6 position of D-galactosyl residues in (arabino-)
galactan of rhamnogalacturonan I [12-15]. Po. anserina FaeD was shown to release more ferulic 
acid from commercial xylanase-treated xylan substrates (WAX, WB and CX) than non-treated ones, 
from which it released only small amounts of ferulic acid. In contrast, pre-treatment of SBP with 
arabinanase and galactanase did not improve the release of ferulic acid by Po. anserina FaeD and 
less than 10% of ferulic acid was released from intact and pre-treated pectin. Analysis of ferulic acid 
release from xylan and SBP substrates indicated that pre-treatment had a larger effect on Po. anserina 
FaeD activity on xylan substrates than SBP. This difference indicated that Po. anserina FaeD is 
mainly active on O-5 feruloylated xylooligosaccharides and much less on other substitutions. Po. 
anserina FaeD from CE1_SF2 showed a high preference for xylan substrates, which resembles 
FAEB from Penicillium funiculosum [36] and FaeC from Aspergillus niger [27]. P. subrubescens 
FaeA, a non-CE1 FAE control, did not release acetic acid from WAX or COS, but could efficiently 
release ferulic acid from WAX, WB and CX. Earlier, an FAE from Aspergillus oryzae (AoFae) was 
shown to possess dual activity [40]. AoFae also belongs to CE1 based on sequence homology of the 

Figure 4 Acetic acid release from wheat arabinoxylan and corn oligosaccharides the selected CE1 
enzymes or P. subrubescens FaeA. (A) Wheat arabinoxylan; (B) corn oligosaccharides. Each experiment was 
performed in triplicate. Standard deviations are shown as error bars.
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N-terminal amino acid sequence [41]. However, based on the hydrolysis pattern toward different 
monoacetylated and monoferuloylated p-nitrophenyl glycosides, AoFae was later suggested to be a 
non-specific acetyl esterase [42]. In the same study, the authors also showed that some FAEs could 
also release acetyl residue from the same substrates with specific positional specificity, but with 
at least two orders of magnitude lower [42]. This aspect should be validated further for these new 
enzymes to monitor the de-esterified positions.

Based on the multiple sequence alignment (Suppl. Fig. 3) between CE1_SF1 and SF2, Trp160 
was highly conserved among CE1_SF1 members, whereas the corresponding amino acids in 
CE1_SF2 can be an Ala, Ser, Pro, Gln or Thr (Suppl. Table 1). Recently, a crystal structure of an 
Aspergillus luchuensis (formerly A. awamori) AlAXEA (PDB code 5X6S) showed Trp160 controls 
the substrate specificity of AXE in CE1 [35]. When replacing Trp160 to Ala, Ser, or Pro, the mutants 
showed significant FAE activity. Trp160 in AlAXEA is corresponding to an Ala in Po. anserina 
FaeD supporting that the expanded substrate specificity of an AXE to FAE and the dual activity is 
potentially influenced by this amino acid.

To investigate the pH and temperature profile of these recombinant enzymes, we used MUB-acetate 
as a substrate for AXE activity. All candidates showed optimum pH in a neutral range (pH 6.0 to 7.0) 
and an optimum temperature between 30 and 50°C, which are similar to most other characterized 
CE1_AXE enzymes [34, 43-46] (Table 1). Surprisingly, they all showed excellent pH stability over 

Figure 5 Ferulic acid release from plant biomass using the selected CE1 enzymes or P. subrubescens 
FaeA. (A) Wheat arabinoxylan; (B) wheat bran; (C) corn xylooligosaccharides; (D) sugar beet pectin. Empty 
bars indicate reactions with non-treated plant biomass, filled bars indicate reactions with pre-treated biomass 
(with xylanase for wheat arabinoxylan, wheat bran, corn xylooligosaccharides or arabianase and galactanase 
for sugar beet pectin) prior to incubation with CE1 enzymes or P. subrubescens FaeA. Each experiment was 
performed in triplicate. Standard deviations are shown as error bars.
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a broad pH range, retaining more than 80% residual activity after an incubation at pH 6.0-9.0 for 2 h, 
which showed a similar pH stability range to Aspergillus luchuensis AlAXEA [34, 35]. It should be 
noted that at pH more than 7.0, the ester-linkages are alkali labile and tend to degrade easily. Hence, 
to determine the pH stability of AXEs, we used culture filtrate from P. pastoris harboring pPicZαA 
plasmid without insertion as negative control, from which the residual activity was deduced. Using 
methyl ferulate as a substrate for FAE activity, Po. anserina FaeD also showed optimum pH at 7.0 
and optimum temperature at 50°C, these properties are within the range of other reported fungal 
FAEs, mainly with activity at pH 4-8 and temperature 30-65°C [37, 38, 47, 48] (Table 1). It also 
showed a high pH stability over a broad pH range from pH 3.0 to 10.0, which is more superior than 
most reported CE1 enzymes (Table 1). The CAZymes from Pa. nodorum (synonyms: Stagonospora/
Septoria/Phaeosphaeria nodorum) have not been characterized in much detail, mainly because 
it is a major pathogen of wheat and related cereals [49]. Several CAZymes from Po. anserina 
were previously reported, e.g., PaMan5A and PaMan26A mannanases, PaXyn11A xylanase, and 
PaAbf51A and PaAbf62A arabinofuranosidases were active in a range of pH 3-7 and 5-75°C [50], 
while PaCel6A-C were active in a range of pH 4-9 and 25-65°C [51]. The biochemical properties of 
different enzymes from the same strain can be vastly different also depending on the function of the 
enzyme, which most of the enzymes in this study are quite stable at high pH. The alkaline tolerance 
of the newly characterized enzymes is of interested for many bio-industrial applications particularly 
for the alkali pre-treated plant biomass.

Conclusion

CE1_SF1 and SF2 are related, even though the characterized enzymes from the first possess AXE 
activity and the ones from latter possess FAE activity. So far no additional activity was detected in 
these subfamilies except for the dual activity. A novel dual FAE/AXE activity enzyme was identified 
from CE1_SF2, which showed promising industrial applications because of its broad substrate 
specificity. To further understand the functional features and physiological role of individual enzymes, 
the positional specificity of these new enzymes should be further investigated. The phylogenetic 
analysis and multiple sequence alignment supported the evolutionary relationship between CE1_
SF1 and SF2, and identified possible amino acids that control the AXE or FAE activity between 
these two subfamilies. Moreover, these novel fungal AXE and FAE enzymes showed a great alkaline 
tolerance and can selectively release acetic acid and ferulic acid from different plant-based biomass 
making them attractive for various biotechnological applications. 
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Supplementary material

Suppl. Table 1. Amino acid sequences used for the CE1 phylogeny. The additional sequences are 
highlighted in green. The outgroup sequences are highlighted in yellow. The selected candidates are 
highlighted in pink and bold. Available upon request from author. 

Suppl. Fig. 1 The full phylogenetic tree using total 247 fungal CE1 sequences. The phylogenetic 
analysis was performed by maximum likelihood (ML) implemented in MEGA7 [24] with 95% 
partial deletion of gaps and the Poisson correction distance of substitution rates. The main branches/
subfamilies were collapsed. Statistical support for phylogenetic grouping was estimated by 500 
bootstrap re-samplings, only the bootstrap above 40% were shown on the branches, also of a 
neighbor-joining (NJ) and minimal evolution (ME) tree using the same dataset (order: ML, NJ, ME). 
Eight FAEs from subfamily 7 [52] were used as an outgroup. SF, subfamily. The purple highlighted 
eurotiomycetes, the orange highlighted dothidiomycetes, the red highlighted sordariomycetes, 
the blue highlighted leotiomycetes, the green highlighted agaricomycotina and the black one is 
pezizomycetes. Available upon request from author.

Suppl. Fig. 2 Recombinant protein production of the selected candidates with (+) and without (-) 
endoglycosidase H (Endo H) treatment. Black arrows indicate the target bands of candidates and 
black triangle indicates the endoglycosidase H band. Acc. No., Accession number of the selected 
candidates. N.P., no production. 

Suppl. Fig. 3 Amino acid sequences alignment among the characterized fungal CE1_SF1 and SF2 
and the selected candidates. Black triangles indicate (putative) catalytic triad (Ser/Asp/His). The line 
indicates the G-X-S-X-G motif. Green box indicates Trp160 in AlAXEA. Names in bold indicate the 
selected candidates for this study.
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Suppl. Fig. 2 Recombinant protein production of the selected candidates with (+) and without (-) 
endoglycosidase H (Endo H) treatment. Black arrows indicate the target bands of candidates and black 
triangle indicates the endoglycosidase H band. Acc. No., Accession number of the selected candidates. N.P., 
no production. 
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Suppl. Fig. 3 Amino acid sequences alignment among the characterized fungal CE1_SF1 and SF2 and 
the selected candidates. Black triangles indicate (putative) catalytic triad (Ser/Asp/His). The line indicates the 
G-X-S-X-G motif. Green box indicates Trp160 in AlAXEA. Names in bold indicate the selected candidates for 
this study.
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Abstract 

Efficient bioconversion of agro-industrial side streams requires a wide range of enzyme activities. 
Glycoside Hydrolase family 30 (GH30) is a diverse family that contains various catalytic functions and 
has so far been divided into ten subfamilies (GH30_1-10). In this study, a GH30 phylogenetic tree using 
over 150 amino acid sequences was contructed. The members of GH30 cluster into four subfamilies 
and eleven candidates from these subfamilies were selected for biochemical characterization. 
Novel enzyme activities were identified in GH30. GH30_3 enzymes possess β-(1→6)-glucanase 
activity. GH30_5 targets β-(1→6)-galactan with mainly β-(1→6)-galactobiohydrolase catalytic 
behavior. β-(1→4)-Xylanolytic enzymes belong to GH30_7 targeting β-(1→4)-xylan with several 
activities (e.g., xylobiohydrolase, endoxylanase). Additionally, a new fungal subfamily in GH30 
was proposed, i.e., GH30_11, which displays β-(1→6)-galactobiohydrolase. This study confirmed 
that GH30 fungal subfamilies harbor distinct polysaccharide specificity and have high potential for 
the production of short (non-digestible) di- and oligosaccharides. 
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Introduction

Glycoside hydrolases (GHs) are ubiquitously present in nature. They are critical for the efficient 
degradation of plant biomass in various industrial applications, such as in food and biofuel production, 
and the pulp and paper industries [1]. GHs are divided into different families based on their amino 
acid sequence similarities in the Carbohydrate-Active enZyme (CAZy) database [2]. Glycoside 
Hydrolase family 30 (GH30) is a diverse but understudied family, containing enzymes from bacteria, 
fungi and animals. Recently, GH30 has gained increased attention because of the discovery of fungal 
β-(1→4)-xylobiohydrolases [3, 4]. In addition to this new activity, the GH30 enzyme family also 
contains β-glucocerebrosidases, β‐glucosidases, reducing end β‐(1→4)-exoxylanases, β-(1→4)-
endoxylanases, β-(1→6)-galactanases, β‐(1→6)‐glucanases, and β-fucosidases (http://www.cazy.
org/GH30_characterized.html) [2, 5]. 

GH30 was previously divided into ten subfamilies (GH30_1-10) based on phylogenetic analysis 
[5-7] with fungal candidates in only GH30_3, 5 and 7 (Figure 1, Table 1). In GH30_3, four fungal 
enzymes have been previously characterized, all showing β-(1→6)-glucanase activity [8-12]. In 
GH30_5, only two fungal enzymes have been characterized. These β-(1→6)-galactanases hydrolyze 
between D-galactosyl moieties in type II arabinogalactan [13, 14]. In contrast to GH30_3 and 5, 
which showed similar activities within the subfamily, the nine characterized enzymes from GH30_7 
hydrolyze β-(1→4)-xylan with diverse activities (Table 1). These activities include β-(1→4)-
endoxylanases, β-(1→4)-xylobiohydrolases and reducing end β‐(1→4)-exoxylanases. 

Based on current knowledge, fungal GH30 enzymes could be used to depolymerize different 
polysaccharides and generate ‘short’ non-digestible di- and oligosaccharides, e.g., β-(1→6)-
glucobiose/glucooligosaccharides, β-(1→6)-galactobiose/galactooligosaccharides, and β-(1→4)-
xylobiose/xylooligosaccharides, which are of particularly interest in food and feed industries [15, 
16]. Non-digestible oligosaccharides (NDOs) have been reported to exhibit prebiotic potential by 
selectively stimulating the growth and activity of beneficial bacteria in the colon and promote the 
health of the host [17]. However, these enzymes can also be used in other biotechnology applications. 
For example, β-(1→6)-glucanases from GH30_3 could be included in antifungal products due to 
their fungal cell wall degrading capabilities [18, 19], while β-(1→4)-xylanolytic enzymes from 
GH30_7 enzymes can be applied for biomass saccharification for the production of biofuels and fine 
chemicals [20].

In this study, to verify the functional specificity of these identified fungal GH30 subfamilies and 
deepen understanding of the fungal members in GH30, a GH30 phylogenetic tree was constructed 
using 161 amino acid sequences from bacterial, fungal and animal species, from which eleven 
candidates covering different fungal subfamilies were selected for biochemical characterization 
using polysaccharides and crude plant biomass. This revealed a new fungal subfamily in GH30. 
After discussion with curators from the CAZy Database, this is now established as GH30_11, 
which displays β-(1→6)-galactobiohydrolase activity. In addition, biochemical characterization 
revealed that the enzymes from different GH30 subfamilies exhibited distinct substrate specificities. 
Furthermore, to investigate the catalytic mechanism of GH30 fungal enzymes, the potential residues 
involved in substrate-protein interactions were analyzed by homology modelling, from which 
some possible amino acid residues affecting substrate specificity were highlighted. In conclusion, 
this study facilitates the industrial use of fungal GH30 enzymes, as the knowledge of different 
fungal subfamilies will help to select optimal candidates for the desired application, be that for the 
production of specific short NDOs or for other biorefinery process.

Materials and methods
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Materials

β-(1→6)-Glucan (Pustulan) was from Carbosynth Ltd. (Berkshire, UK). Beech wood xylan 
(BeWX) was from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). Wheat bran (WB) was from 
Wageningen Mill (Wageningen, the Netherlands). β-(1→3),(1→4)-Glucan (from Barley), insoluble 
wheat arabinoxylan (WAX, P-WAXYI, from wheat flour), α-L-arabinofuranosidase (ABF, E-AFASE, 
GH51 from Aspergillus niger), α-glucuronosidase (AGU, E-AGUBS, GH67 from Geobacillus 
stearothermophilus) and oligosaccharides were from Megazyme (Bray, Ireland). β-(1→4)-Glucan 
(Avicel®PH-101), β-(1→3)-glucan (from Euglena gracilis), β-(1→3),(1→6)-glucan (Laminarin), 
Larch wood arabinogalactan II (LWAG-II), Gum Arabic arabinogalactan II (GAAG-II), pectin (from 
potato, apple and esterified citrus), 4-O-methyl-D-glucurono-D-xylan (MGX) and other chemicals 
were from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

Bioinformatics and homology modelling

The fungal sequences from JGI Mycocosm (https://mycocosm.jgi.doe.gov/mycocosm/home), 
the sequences from characterized GH30 enzymes in CAZy database (http://www.cazy.org/), the 
additional sequences of bacteria and animals obtained by BLASTP from the non-redundant sequence 
database (https://www.ncbi.nlm.nih.gov/) were used for phylogenetic analysis (a list of fungal 
species is shown in Suppl. Table 1). The secretory signal peptides were detected using SignalP 
4.1 (http://www.cbs.dtu.dk/services/SignalP/). The amino acid sequences without predicted signal 
peptides were aligned using MAFFT (https://www.ebi.ac.uk/Tools/msa/mafft/) and visualized using 
Easy Sequencing in Postscript 3.0 (http://espript.ibcp.fr/ESPript/ESPript/index.php) [21, 22]. The 
phylogenetic analysis was performed using maximum likelihood (ML) implemented in the Molecular 
Evolutionary Genetic Analysis software version 7 (MEGA7) as described previously [23] with 95% 
partial deletion and the Poisson correction distance of substitution rates [24]. Statistical support for 
phylogenetic grouping was estimated by 500 bootstrap re-samplings. Only bootstrap values above 
50% are shown in the tree. Homology models were generated using the Homology detection and 
structure prediction by HMM-HMM comparison (HHpred, https://toolkit.tuebingen.mpg.de/tools/
hhpred) [25]. The structure of TcXyn30B from Talaromyces cellulolyticus (PDB ID: 6KRN) [26] 
was used as a template. The quality of the models were validated as described previously [27]. To 
compare the putative catalytic residues, all models were superimposed on TcXyn30B complexed 
with glucuronyl-xylobiose (GlcA-X2) ligand (PDB ID: 6KRN) [26] and visualized by PyMOL 2.3.5 
(Schrödinger, Inc., New York, NY). In addition, the structure of Erwinia chrysanthemi EcXyn30A 
complexed with glucuronyl-xylotriose (GlcA-X3) ligand (PDB ID: 2Y24) [28] was also used to 
define the putative subsites (–1 to –3) in the catalytic domain.

Cloning, protein production and purification of the selected candidates

The selected genes (Figure 1, Table 1) without predicted signal peptides and introns were codon 
optimized and synthesized into pPicZαA plasmid (Genscript Biotech, Leiden, the Netherlands), 
which was then transformed into Escherichia coli DH5α (Invitrogen, Thermo Fisher Scientific, 
Carlsbad, CA) and subsequently transformed into Pichia pastoris strain X-33 (Invitrogen) according 
to the manufacturer’s recommendation. The positive colonies were selected as described earlier [23].

The selected P. pastoris transformants were grown and induced for the production of enzyme as 
described previously [29]. Culture supernatants were harvested (8000 × g, 4°C, 20 min). One 
portion was filtered (0.22 mm; Merck), aliquoted and stored at −20°C (as crude enzyme). The other 
part was purified by ÄKTA FPLC System (GE Life Sciences, Uppsala, Sweden). Crude enzymes 
were loaded onto a HisTrap FF 1 mL column (Cytiva, Marlborough, USA) equilibrated with 20 mM 
HEPES, 0.4 M NaCl, 20 mM imidazole, pH 7.5, and eluted using a linear gradient of 22-400 mM 
imidazole in buffer mentioned above at a flow rate of 1.0 mL/min. Fractions containing enzyme 
were collected, concentrated and buffer-exchanged to 20 mM HEPES (pH 7.0) using 10 kDa cut-off 
ultrafiltration units Amicon (Millipore, Bedford, MA). All purification steps were performed at 4 °C 
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[27]. The concentration of purified protein was evaluated as described earlier [23].

Enzyme activity assays

Activity screening using crude enzymes

The activity assays of crude enzymes were performed in 600 µL reaction mixtures containing 500 
µL 1% (w/v) of the substrates (Figure 2, Suppl. Table 2) in 50 mM NaOAc buffer (pH 5.5) and 100 
µL crude enzymes at 30°C, 110 rpm for 16 h. The culture supernatant from P. pastoris harboring 
pPicZαA plasmid without insertion was used as a negative control for crude enzymes. 

Activity assays using purified enzymes

The activity of the purified enzymes was assayed using 3 mg/mL of the selected polysaccharides 
in 50 mM NaOAc (pH 5.5) incubated with 6 μg/mL purified enzyme. HEPES buffer was used as a 
negative control for purified enzymes. The reaction was performed at 30°C, 110 rpm, for up to 16 h, 
and aliquots of 500 μL were removed from the mixtures at different time points (5 min, 15 min, 30 
min, 45min, 1 h, 2 h, 6 h and 16 h) for time course analysis.

To validate the activity of GH30_3 enzymes towards β-glucans with different linkages, 3 mg/
mL β-glucans in 50 mM NaOAc (pH 5.5) were incubated with 6 or 60 μg/mL purified enzyme, 
respectively, at 30°C for 16 h. 

To investigate the effect of xylan substitutions on GH30_7 enzyme activity, MGX and WAX 
were used as representative substrates for 4-O-methylglucuronic acid (MeGlcA) substituted and 
arabinofuranose substituted xylans, respectively [30]. 3 mg/mL MGX and WAX were incubated 
with 0.17 mg/mL AGU and ABF, respectively, in 50 mM NaOAc (pH 5.5) and 0.02% NaN3 at 30°C, 
110 rpm, for 72 h. The reaction was stopped by heating at 95°C for 10 min. These are referred to 
as pre-treated substrates. For the activity assay, the reaction mixtures containing 550 μL 3 mg/mL 
MGX, WAX or pre-treated substrates and 50 μL purified GH30_7 enzymes (equal to approximately 
3 μg protein) were incubated under the above-mentioned conditions.

Mono- and oligosaccharide analysis

All mentioned reactions were stopped by heat inactivation at 95°C for 10 min and used for HPAEC-
PAD analysis. The reaction mixtures were centrifuged (14,000 × g, 4°C, 15 min) and the supernatant 
was diluted 10-fold in Ultrapure water (18.2 MΩ cm; Elga PURELAB flex, Marlow, UK) prior to 
the analysis. The mono- and oligosaccharide release was quantified using HPAEC-PAD (Dionex 
ICS-5000+ system) (Thermo Fisher Scientific, Sunnyvale, CA) equipped with a CarboPac PA1 
(250 mm × 4 mm i.d.) column (Thermo Fisher Scientific) with different profiles according to [27] 
and [31], respectively. 5-250 µM different monosaccharides (D-glucose, D-galactose, L-arabinose, 
D-xylose) and disaccharides (cellobiose, β-(1→6)-glucobiose, β-(1→6)-galactobiose, β-(1→4)-
xylobiose) were used as standards for identification and quantification. Total sugar composition of 
the used substrates was determined according to [32].

The released glucuronic acid was quantified using HPAEC-PAD in the same way as for monitoring 
monosaccharide release. The chromatographic separation was performed with a multi-step gradient 
according to [27] using the following procedure: 0–20 min: 18 mM NaOH, 20–30 min: 0–40 mM 
NaOH and 0–400 mM sodium acetate, 30–35 min: 40–100 mM NaOH and 400 mM to 1 M sodium 
acetate, 35–40 min: 100 mM NaOH and 1 M to 0 M sodium acetate, 10 min: 18 mM NaOH (20 °C; 
flow rate: 0.30 mL/min).

Results and Discussion
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Fungal GH30 enzymes belong to four subfamilies

Phylogenetic analysis of GH30 updated the fungal subfamilies included in the CAZy database (Figure 
1A, Suppl. Fig. 1) (http://www.cazy.org/GH30_characterized.html). Fungal members clustered into 

Figure 1 Phylogenetic relationship among GH30 members from fungi, bacteria, and animals based on 
their amino acid sequences. The phylogenetic analysis was performed as previously reported [23]. The main 
subfamilies were collapsed. Statistical support for phylogenetic grouping was estimated by 500 bootstrap re-
samplings, only the bootstrap above 50% were shown on the clades. Five mannanases from GH5 were used as 
an outgroup. GH30_10 containing bacterial xylobiohydrolases was identified by Crooks, Bechle [6] which is 
not shown in the current GH30 tree. (A) Whole tree; (B) GH30_3; (C) GH30_11; (D) GH30_5; (E) GH30_7. 
Selected candidates are highlighted and the characterized enzymes are in boldface. The full phylogenetic tree 
can be found in Suppl. Fig. 1.
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the previously defined GH30_3, 5 and 7 and also into the newly classified GH30_11 subfamily (this 
work). In the GH30 phylogenetic tree (the order of description is based on the location of subfamilies 
in the tree), GH30_3 members were further divided into two main clades based on different 
kingdoms, i.e., fungi and bacteria. The fungal clade was predicted to possess β-(1→6)-glucanase 
(ENG) activity based on earlier characterization [8-11] (Figure 1A, B). The fungal GH30_11 shares 
the same node with the bacterial GH30_4, which suggests that they were more related to each other 
than to the other subfamilies. However, the sequence alignment showed low amino acid sequence 
identity (<28%) between members from GH30_11 and GH30_4, indicating that they might differ 
in catalytic function. GH30_11 contained only sequences from basidiomycetes (Figure 1C), but no 
characterized enzyme from this subfamily has been reported until now. A previous study found two 
β-D-fucosidases in GH30_4 [33]. Similar to GH30_3, members of GH30_5 were classified into two 
clades (fungi and bacteria). However, the fungal clade of GH30_5 only contained sequences from 
ascomycetes (Figure 1D). The fungal and bacterial GH30_5 showing similar activity (β-(1→6)-
galactanase) shared more than 50% amino acid sequence identity [13, 14, 34]. GH30_7 contained 
sequences from both ascomycetes and basidiomycetes (Figure 1E) and the characterized enzymes 
showed several xylanolytic activities (Table 1). 

To evaluate different fungal subfamilies systematically and compare their activities and substrate 
specificity, eleven candidates from these four subfamilies were selected for biochemical 
characterization: four from GH30_3, two from the newly established GH30_11, one from GH30_5, 
and four from GH30_7.

Different fungal subfamilies target different substrates

The activity of culture supernatants was first screened towards several substrates (Figure 2, Suppl. 
Table 2): β-glucans with different linkages, arabinogalactan II (AG-II), and xylan and pectin from 
different sources. The screening results showed that selected candidates exhibited different linkage 
specificities, with GH30_3 candidates acting on D-glucosyl linkages, GH30_11 and GH30_5 
candidates hydrolyzing D-galactosyl linkages, and GH30_7 candidates breaking D-xylosyl linkages. 
The corresponding mono- and di-saccharides released from hydrolyzing the tested substrates by 
different candidates are shown in Figure 2.

GH30_3 candidates were active towards various substrates, but showed a preference for β-(1→6)-
glucan (Figure 2A). Their major disaccharide product was β-(1→6)-glucobiose, whereas minor 
products, e.g., β-(1→4)-glucobiose, were released from other substrates. The release of these 
saccharides from xylans and pectins were presumably due to the presence of small amounts of 
glucan or cellulose in those samples.

GH30_11 and GH30_5 candidates were mainly active against AG-II, especially Larch wood 
arabinogalactan II (LWAG-II), and released more β-(1→6)-galactobiose than monomeric D-galactose 
(Figure 2B, 2C). AG-II consists of a β-(1→3)-galactan backbone substituted with β-(1→6)-
galactooligosaccharides, whereas the galactans in pectin consist mainly of β-(1→4)-linkages [42-
44]. The results suggested that GH30_11 and GH30_5 enzymes target β-(1→6)-galactan, which 
agreed with the previous reports of GH30_5 [13, 14]. In addition, PsGbhA also released a small 
amount of D-galactose from wheat bran (WB, Suppl. Table 2), which might be due to the presence 
of AG-II in WB [45]. 

GH30_7 were only active on xylan substrates, i.e., Beech wood xylan (BeWX) and WB, and showed 
a high preference for BeWX (Figure 2D). The candidates from GH30_7 all released xylobiose as 
the major product from BeWX, while the production of other xylooligosaccharides (XOS) was 
enzyme dependent. This is discussed in more detail below.

Based on the initial screening results of the crude enzymes, β-(1→6)-glucan, LWAG-II and BeWX 
were selected as the main polysaccharides for more detailed characterization of candidate enzymes 
from GH30_3, GH30_11 & GH30_5, and GH30_7, respectively. 
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Purified GH30_3 enzymes possess β-(1→6)-glucanase activity

The purified GH30_3 enzymes were not only tested on β-(1→6)-glucan as a substrate, but also 
on four other β-glucans with different linkages to further explore their linkage specificity. Unlike 
the crude GH30_3 candidates, which could hydrolyze β-glucans with different linkages, the 
purified GH30_3 candidates were solely active towards β-(1→6)-glucan. The main product was 
β-(1→6)-glucobiose followed by D-glucose and β-(1→6)-glucooligosaccharides (Figure 3A). The 
release of β-(1→6)-glucobiose and D-glucose was also detected from β-(1→3),(1→6)-glucan after 
increasing the enzyme concentration 10-fold (data not shown). This showed that GH30_3 enzymes 
only have trace or unspecific activity towards other linkages. These results agreed with previous 
studies showing that T. harzianum BGN16.3 from ascomycete clade [9] and L. edodes LePus30A 
from basidiomycete clade [11] were mainly active towards β-(1→6)-glucan and had much lower 
activity towards β-(1→3),(1→6)-glucan. TeEngA was the most active GH30_3 enzyme tested here, 
and considerable release of β-(1→6)-glucobiose was observed within 1 h, which was then further 
hydrolyzed to D-glucose (Figure 3B, 3C).

Figure 2 Mono- and di-saccharides released from different substrates by crude GH30 enzymes. Hydrolysis 
was performed at 30°C for 16 h. Saccharide release was detected by HPAEC-PAD. AG-II, arabinogalactan type 
II. (A)-(D) the type and amount of specific products released from different substrates by crude enzymes of each 
subfamily. The amount of glucobiose, galactobiose and xylobiose released was calculated based on cellobiose, 
β-(1→6)-galactobiose, and β-(1→4)-xylobiose standard curves, respectively. All assays were performed in 
duplicate.
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Purified GH30_11 and GH30_5 enzymes possess β-(1→6)-galactobiohydrolase activity

LWAG-II was selected as the main substrate for the purified GH30_11 and GH30_5 enzymes, 
which released only β-(1→6)-galactobiose from LWAG-II (Figure 4A). Note that low amounts 
of D-galactose and L-arabinose were already present in LWAG-II (Figure 4B), and no increased 
levels of these monosaccharides were detected after 16 h incubation. Hence, a specific β-(1→6)-
galactobiohydrolase activity was concluded for these enzymes. For GH30_5, two fungal enzymes, 
i.e., T. viride Tv6GAL [35] and N. crassa Nc6GAL [14] have been previously characterized. Both 
of these enzymes showed endo β-(1→6)-galactanase activity, of which Tv6Gal released β-(1→6)-
galactobiose as the major product from pre-treated arabinogalactan-protein from radish, while 
Nc6GAL specifically targeted β-(1→6)-galactooligosaccharides and released mainly β-(1→6)-
galactobiose. No fungal GH30_11 enzyme has been previously characterized. Based on these results, 
β-(1→6)-galactobiohydrolase activity should be considered in the evaluation of fungal GH30_11 
and GH30_5.

Figure 3 Mono- and oligo-saccharides released from β-(1→6)-glucan by purified GH30_3 enzymes. (A) 
HPAEC-PAD profile of saccharide released in 16 h; (B) the amount of glucose released from β-(1→6)-glucan; 
(C) the amount of β-(1→6)-glucobiose released from β-(1→6)-glucan. Hydrolysis was performed in NaOAc 
(pH 5.5) at 30°C for up to 16 h. All assays were performed in duplicate.
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Figure 4 Mono- and oligo-saccharides released from Larch wood arabinogalactan II (LWAG-II) by 
purified GH30_11 and GH30_5 enzymes. (A) HPAEC-PAD profile of galactooligosaccharides released from 
the hydrolysis of LWAG-II. Hydrolysis was performed at 30°C for 16 h. (B) Monosaccharides released from 
the hydrolysis of LWAG-II; (C) the amount of β-(1→6)-galactobiose released. Hydrolysis was performed in 
NaOAc (pH 5.5) at 30°C for up to 16 h. All assays were performed in duplicate. SF, subfamily.
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Of the GH30_11 and GH30_5 enzymes tested, ShGbhA was the most active and released 2- and 
4-fold higher amounts of β-(1→6)-galactobiose than TvGbhI and PsGbhA, respectively (Figure 
4C). In addition, ShGbhA continuously released β-(1→6)-galactobiose over a period of 16 h, 
whereas PsGbhA and TvGbhI reached a saturation level after 1 h. This suggests different substrate 
specificity or stability among these enzymes. GH30_11 and GH30_5 enzymes (Figure 4C) showed 
a limited ability to hydrolyze LWAG-II. This might be related to the structure of LWAG-II, which 
consists of a β-(1→3)-galactan backbone with β-(1→6)-galactooligosaccharide side chains. The 
side chains are highly variable in length and some are further substituted by arabinofuranose, which 
could affect the enzyme activity [44].

Purified GH30_7 enzymes possess xylanolytic activity with different product profiles

BeWX degradation revealed various activities of GH30_7 enzymes

BeWX was selected as the substrate for purified GH30_7 enzymes. TtXbhA and TeXbhA released 
almost exclusively xylobiose from BeWX, while PsExlA released different MeGlcA substituted 
XOS (Figure 5A), indicating that they possess xylobiohydrolase and endoxylanase activities, 
respectively. The product pattern of TtXbhA and TeXbhA in this study differed slightly from the 
previously reported xylobiohydrolases (e.g., TtXyn30A, TcXyn30B, AaXyn30A), although they all 
released xylobiose as the major product from BeWX after a long time incubation. TtXbhA and 
TeXbhA could release high-purity xylobiose from BeWX, whereas other oligosaccharides (e.g., X4, 
X5) and a set of MeGlcA substituted XOS were also detected from the BeWX hydrolysis with 
TtXyn30A, TcXyn30B, and AaXyn30A [3, 4, 41]. TtXyn30A and TcXyn30B were reported to 
be bifunctional MeGlcA appendage-dependent xylobiohydrolases / endoxylanases [3, 41], while 
AaXyn30A is a more strict fungal xylobiohydrolase [4]. AaXyn30A also shows slight endoxylanase 
activity, which was likely to be the result of excessive enzyme loading in the experimental setup [4, 
6].

PsExlA showed a similar hydrolytic product pattern to T. reesei XYN VI [38], both of which 
resembled the bacterial endoxylanases from GH30_8 [28, 46-48]. TtExlA predominantly released 
xylobiose, but also different (MeGlcA substituted) XOS (Figure 5A), similar to the earlier report 
[4], which shows that it is an endoxylanase with xylobiohydrolase activity. Among the four tested 
enzymes, TtXbhA was the most suitable for xylobiose production as it released the highest amount 
of xylobiose (Figure 5B).

Considering the different product profiles from BeWX (glucuronoxylan) hydrolysis, the effect 
of MeGlcA substitution on GH30_7 activity was investigated. Given the low level of MeGlcA 
substitutions in BeWX (mole ratio MeGlcA:Xyl = 1:15, [49]), 4-O-methyl-D-glucurono-D-
xylan (MGX; mole ratio MeGlcA:Xyl = 1:5 [50]) was used instead of BeWX in this experiment. 
GH67 α-glucuronosidase (AGU) from Geobacillus stearothermophilus could partially hydrolyze 
the α-1,2-glycosidic bond between MeGlcA and terminal non-reducing D-xylosyl residues of 
xylooligosaccharides and xylan [51]. MGX contains approximately 0.1 mg total uronic acid per 
mg polysaccharide. Only around 8% MeGlcA (of the total uronic acid) was released from MGX by 
GH67 AGU. The comparison of the amount of xylobiose released from AGU-treated and untreated 
MGX revealed that the activity of TeXbhA was most affected. For this GH30_7 enzyme, a decrease 
in the yield of xylobiose was observed with the AGU-treated MGX, while the activity of the other 
enzymes was only slightly or not affected (Figure 5D). It is not understood how such a minor 
decrease in the MeGlcA substitution could decrease the yield of xylobiose for TeXbhA. Further 
studies are required to address the fungal GH30_7 functional requirements for the MeGlcA and the 
yield of xylobiose.

WAX degradation confirmed the BeWX preference of GH30_7 enzymes

To validate the activity of GH30_7 enzymes towards different types of xylan, they were also 
analyzed using wheat arabinoxylan (WAX) as a substrate. TtXbhA released around 10-fold less 
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Figure 5 Mono- and oligo-saccharides released from Beech wood xylan (BeWX) and wheat arabinoxylan 
(WAX) by purified GH30_7 enzymes. (A) HPAEC-PAD profile from the hydrolysis of BeWX (top) and WAX 
(bottom). Hydrolysis was performed at 30°C for 16 h. (B) The amount of β-1→4-xylobiose released from 
BeWX; (C) the amount of β-(1→4)-xylobiose released from WAX. Hydrolysis was performed in NaOAc (pH 
5.5) at 30°C for up to 16 h. (D) The amount of β-(1→4)-xylobiose released from 4-O-methyl-D-glucurono-
D-xylan treated with or without α-glucuronidase (MGX+/−AGU); (E) the amount of β-(1→4)-xylobiose 
released from WAX treated with or without arabinofuranosidase (WAX+/−ABF). All assays were performed in 
duplicate. The annotation was based on standards and previous research [52].
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xylobiose from WAX than from BeWX, while the other enzymes showed only trace amounts or no 
xylobiose release from WAX (Figure 5B, C). This agreed with most of the previously characterized 
enzymes from GH30_7, which also showed much lower activity against WAX than BeWX [3, 4, 38, 
41]. This could be due to the high L-arabinosyl substitution of WAX, which might hinder the binding 
of these enzymes to WAX.

To confirm the effect of L-arabinosyl substitution towards GH30_7 activity, WAX was treated with 
GH51 α-arabinofuranosidase (ABF) from A. niger, which partially hydrolyzes mono- L-arabinosyl 
substitutions at O-3 and di- L-arabinosyl substitutions at O-2 and O-3 from WAX [53]. WAX contains 
about 0.38 mg L-arabinose per mg polysaccharide, of which around 30% L-arabinose was released 
after incubation with GH51 ABF. The removal of L-arabinosyl substitution in WAX improved the 
release of xylobiose by all enzymes (Figure 5E). TtXbhA released 3-fold more xylobiose from ABF-
treated WAX, and the other GH30_7 enzymes could also release detectable amount of xylobiose. 
These results indicate that the high degree of L-arabinosyl substitution hinders the accessibility of 
the enzyme to the xylan backbone. 

Differences in the catalytic region of GH30_7 affect their substrate specificities

To investigate the catalytic mechanism of GH30 fungal enzymes, homology modelling analysis 
of selected candidates was used in this study. Currently, there is no structure available with >35% 
amino acid sequence similarity to be used as a reliable template for the homology modeling of 
GH30_3, GH30_11 and GH30_5 enzymes (Suppl. Table 3). Hence, only the homology models of 
the enzymes from GH30_7 were created (Suppl. Table 3, Suppl. Fig. 3). T. cellulolyticus TcXyn30B 
(Suppl. Fig. 3A, PDB ID: 6KRN) [26] was used as a template for homology models of GH30_7 
enzymes (Suppl. Fig. 3B-3E). The putative subsites –1 to –3 are predicted based on the structure of 
TcXyn30B as well as the E. chrysanthemi EcXyn30A (Suppl. Fig. 3F; PDB ID: 2Y24) [28].

A comparison of the putative catalytic amino acids of GH30_7 enzymes showed that the residues 
in subsite –1 are highly conserved, while those in subsites –2 and –3 are less conserved (Table 2). 
Instead of the -3 subsite of PsExlA, a short loop was observed with TtXbhA, TeXbhA and TtExlA 
(Suppl. Fig. 2, Suppl. Fig. 3B-3E). This loop forms a steric barrier close to the catalytic site to 
accommodate two D-xylosyl residues, at subsites –1 and –2, explaining the xylobiose release [3, 41]. 
Within the loop, two amino acids were reported to possibly contribute to xylobiohydrolase activity, 
i.e., N93 in TcXyn30B (corresponding to D88 of TtXbhA, D78 of TeXbhA, and D78 of TtExlA) 
and W101 in AaXyn30A (corresponding to F89 of TtXbhA, F79 of TeXbhA, and H79 of TtExlA) 
(Suppl. Fig. 2, Suppl. Fig. 3) [3, 26]. 

Conclusions

A combination of phylogenetic analysis and biochemical characterization of enzymes have 
led to the discovery of a new fungal subfamily in GH30, GH30_11, which displays β-(1→6)-
galactobiohydrolase activity. The combined approach also helped to identify novel enzyme 
activities and confirmed that different fungal subfamilies harbored enzymes with distinct substrate 
specificities. However, while the different subfamilies act on different polysaccharides, they all 
mainly release ‘short’ non-digestible di- and oligosaccharides, which could be of interest in the 
food and feed industries. These findings contribute to understanding the fungal GH30 subfamily and 
facilitate industrial applications of fungal GH30 enzymes. 
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Phylum Clade Fungi Homotypic synonym
Basidiomycete Agaricomycotina Trametes versicolor v1.0

Basidiomycete Agaricomycotina Pycnoporus cinnabarinus BRFM 137

Basidiomycete Agaricomycotina Dichomitus squalens CBS464.89 v1.0

Basidiomycete Agaricomycotina Dichomitus squalens LYAD-421 SS1 v1.0

Basidiomycete Agaricomycotina Phlebiopsis gigantea v1.0

Basidiomycete Agaricomycotina Phanerochaete chrysosporium RP-78 v2.2

Basidiomycete Agaricomycotina Phanerochaete chrysosporium v2.0

Basidiomycete Agaricomycotina Pleurotus ostreatus PC15 v2.0

Basidiomycete Agaricomycotina Coprinopsis cinerea

Basidiomycete Agaricomycotina Gymnopus luxurians v1.0

Basidiomycete Agaricomycotina Laccaria bicolor v2.0

Basidiomycete Agaricomycotina Postia placenta MAD-698-R-SB12 v1.0

Basidiomycete Agaricomycotina Stereum hirsutum FP-91666 SS1 v1.0

Basidiomycete Agaricomycotina Lentinula edodes

Ascomycete Dothideomycetes Mycosphaerella graminicola v2.0

Ascomycete Dothideomycetes Zymoseptoria pseudotritici STIR04_2.2.1

Ascomycete Dothideomycetes Stagonospora nodorum SN15 v2.0

Ascomycete Sordariomycetes Fusarium oxysporum f. sp. lycopersici 4287 v2

Ascomycete Sordariomycetes Thermothelomyces thermophila v2.0 Myceliophthora thermophila 

Ascomycete Sordariomycetes Podospora anserina S mat+

Ascomycete Sordariomycetes Magnaporthe grisea v1.0

Ascomycete Sordariomycetes Trichoderma reesei v2.0

Ascomycete Sordariomycetes Trichoderma reesei RUT C-30

Ascomycete Sordariomycetes Neurospora crassa IFO6068

Ascomycete Sordariomycetes Neurospora crassa OR74A

Ascomycete Sordariomycetes Trichoderma lixii 

Ascomycete Sordariomycetes Trichoderma viride

Ascomycete Sordariomycetes Acremonium alcalophilum v2.0

Ascomycete Eurotiomycetes Aspergillus fumigatus Af293 from AspGD

Ascomycete Eurotiomycetes Aspergillus niger NRRL3

Ascomycete Eurotiomycetes Aspergillus japonicus CBS 114.51 v1.0

Ascomycete Eurotiomycetes Penicillium subrubescens FBCC1632 / CBS132785

Ascomycete Eurotiomycetes Penicillium rubens Wisconsin 54-1255

Ascomycete Eurotiomycetes Penicillium purpureogenus Talaromyces purpureogenus

Ascomycete Eurotiomycetes Talaromyces atroroseus

Ascomycete Eurotiomycetes Talaromyces cellulolyticus

Ascomycete Eurotiomycetes Talaromyces emersonii Rasamsonia emersonii

Ascomycete Bispora Bispora sp. MEY-1

Suppl. Table 1 Fungal species included in the phylogenetic analysis. Related to Figure 1 and 
Suppl. Fig. 1.
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Suppl. Fig. 3 Structural models representing the catalytic site region of the crystal structure of 
Talaromyces cellulolyticus (TcXyn30B), Erwinia chrysanthemi (EcXyn30A) and homology models of 
GH30_7 enzymes. Homology models of GH30_7 enzymes were created using TcXyn30B as a template (PDB 
ID: 6KRN) and superimposed with glucuronyl-xylobiose (GlcA-X2, shown as white sticks). The putative 
subsites (–1 to –3) in the catalytic domain were defined based on EcXyn30A complexed with glucuronyl-
xylotriose (GlcA-X3, shown as white sticks). The possible hydrogen bonds are indicated by dashed lines. 
The amino acids which could affect the substrate specificity are highlighted in lime and pink boxes at –2 and 
–3 subsites, respectively. The catalytic amino acids are highlighted in green boxes and indicated with green 
triangles.
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Abstract

α-L-Arabinofuranosidases (ABFs) are important enzymes in plant biomass degradation with a 
wide range of applications. The ascomycete fungus Penicillium subrubescens has more α-L-
arabinofuranosidase-encoding genes in its genome compared to other Penicillia. We characterized 
nine ABFs from Glycoside Hydrolase (GH) families GH51, GH54 and GH62 from this fungus 
and demonstrated that they have highly diverse specificity and activity levels, indicating that 
the expansion was accompanied by diversification of the enzymes. Comparison of the substrate 
preference of the enzymes to the expression of the corresponding genes when the fungus was grown 
on either of two plant biomass substrates did not show a clear correlation, suggesting a more complex 
regulatory system governing L-arabinose release from plant biomass by P. subrubescens.
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Introduction

L-Arabinose is a major constituent of plant biomass and is present in the side chains of pectin, 
xylan and xyloglucan [1]. α-L-Arabinofuranosidases (ABFs) are exo-acting enzymes, which release 
α-arabinofuranosyl residues from xylan, pectin and xyloglucan, and are therefore an important 
class of enzymes involved in degradation of plant biomass [1]. They are commonly produced by 
fungi during growth on plant biomass substrates. ABFs have many applications in plant biomass-
based industrial processes, such as increasing digestibility of animal feeds [2], enhancing bread 
quality and texture [3], clarification of fruit juice [4], increasing aroma in wine [5], promoting pulp 
delignification [6], improving saccharification for biofuel production [7], and prebiotics production 
[8]. 

Based on their amino acid sequence signatures, fungal ABFs have been assigned to four Glycoside 
Hydrolase (GH) families of the Carbohydrate-Active enZyme database (www.cazy.org) [9]: GH43, 
GH51, GH54 and GH62. GH43 is a more diverse family that contains various enzyme activities, 
including enzymes with ABF and/or β-xylosidase activity, while the other families in fungi only 
contain ABFs. Many studies have reported the differences between ABFs of the different GH 
families and revealed significant differences also within the specific GH families (see [10] and [11] 
for a review of these studies). 

Genome sequencing has provided an unprecedented insight into the diversity of fungi with respect 
to their enzymatic potential and revealed significant differences in the number of genes for specific 
CAZy families [12]. While the evolutionary drivers for this diversity remain to be elucidated, it has 
been shown that expansion or reduction of enzymes related to a certain polysaccharide correlates 
with improved or reduced growth of the fungus on that polysaccharide [13-15]. 

Penicillium subrubescens stands apart from most other Penicillia, by an expanded set of genes 
encoding plant biomass degrading enzymes, in particular with respect to hemicellulase- and 
pectinase-encoding genes [16]. It was previously shown to be a promising industrial species [17] and 
has established genome editing methodology [18]. In a previous study, we compared six GH27 and 
GH36 α-galactosidases, revealing clear differences in substrate specificity and physical properties of 
the enzymes [19]. Among the expanded gene set of P. subrubescens are also genes encoding putative 
ABFs, five, four and four members of GH51, GH54 and GH62, respectively. While the number 
of GH51 genes is not unusual, most fungi analyzed so far only have 0-2 GH54 and GH62 genes 
(unpublished data), suggesting a specific increase in the ability to release L-arabinose from plant 
biomass by P. subrubescens. To determine whether this expansion resulted in an increased set of 
functional enzymes and whether this led to redundancy or diversification, we compared nine ABFs 
from P. subrubescens in this study by heterologous production and biochemical characterization 
of the corresponding enzymes. The results demonstrate large variability between the enzymes and 
demonstrate that the expansion cannot be simply considered to be enzyme redundancy, but appears 
to have been accompanied with a functional diversification.

Materials and methods

Bioinformatic analysis

Amino acid sequences of all characterized fungal ABFs from GH51, GH54 and GH62 were obtained 
from the CAZy database (http://www.cazy.org/) [9] and combined with the P. subrubescens amino 
acid sequences of candidate secreted ABFs in a multiple sequence alignment using MAFFT v7.0 
(https://www.ebi.ac.uk/Tools/msa/mafft/). Phylogenetic analysis was computed using the maximum 
likelihood (ML) method with the Poisson correction distance of substitution rates of the Molecular 
Evolutionary Genetics Analysis (MEGA v7.0) program [20]. Neighbor joining (NJ) and minimum 
evolution (ME) trees were conducted both using the Poisson model with uniform rates and complete 
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deletion. Bootstrap values were generated based on the 500 resampled data sets, using a 50% value 
as cut-off. All positions containing gaps and missing data were eliminated. The optimal tree from 
ML method was used as support for the other displayed NJ and ME trees, indicating their bootstrap 
values in the branches of the ML trees. 

Theoretical isoelectric point (pI) and molecular weights (Mw) were calculated by ExPASy–
ProtParam tool (https://web.expasy.org/compute_pi/).

cDNA cloning of P. subrubescens ABF encoding genes and production in Pichia pastoris

Specific total RNA was extracted using TRIzol reagent (Invitrogen, Thermo Fischer Scientific, 
Carlsbad, CA, USA) and purified by NucleoSpin RNA (Macherey-Nagel, Düren, Germany). Full-
length cDNA was obtained using ThermoScript Reverse Transcriptase (Invitrogen). Mature ABF 
encoding cDNAs, without the native signal peptide, were amplified by PCR from RNA obtained 
from P. subrubescens grown on sugar beet pulp as described previously [19]. All PCR products were 
assembled in pPICZαA cloning vector using NEBuilder HiFi DNA Assembly Mix (New England 
Biolabs, Ipswich, MA, USA) according to the manufacturer’s protocol. The resulting plasmids were 
transformed, propagated into Escherichia coli DH5α competent cells (Invitrogen, Thermo Scientific) 
and confirmed by sequence analysis (Macrogen, Amsterdam, the Netherlands). After linearization 
of the plasmids with PmeI or SacI (Promega, Madison, WI, USA), the DNA was transformed into 
Pichia pastoris X-33 cells using electroporation.

P. pastoris transformants were selected and cultured, and the proteins subsequently purified as 
described previously [19]. Fractions containing enzyme were pooled, concentrated, and buffer-
exchanged to 20 mM HEPES, pH 7.0, using 10 kDa cut-off ultrafiltration units Amicon (Merck, 
Damstradt, Germany). All purification steps were performed at 4ºC. 

Physical properties of ABFs

The molecular mass of the purified enzymes was estimated by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (12% w/v, SDS-PAGE) using Mini-PROTEAN Tetra Cell (Bio-Rad, Hercules, 
CA, USA) and the standard marker, PageRulerTM Plus Prestained Protein ladder (Thermo Fisher 
Scientific) with Coomassie Brilliant Blue staining (Bio-Rad). Deglycosylation was performed by 
treating the native enzymes with endoglycosidase H (New England Biolabs, MA, USA) according 
to the manufacturer instructions. The protein concentration was determined by a Bradford assay 
with bovine serum albumin (Pierce, Thermo Scientific, Waltham, MA, USA) as standard.

Enzyme activity assays and enzyme stability

For assessment of α-L-arabinofuranosidase activity, p-nitrophenyl-α-L-arabinofuranoside (pNPα 
Ara) (Sigma-Aldrich, Zwijndrecht, The Netherlands) was used as a substrate. The activities were 
assayed in a total volume of 100 μL reaction mixtures containing 10 μL of 2 mM pNPαAra in 
50 mM sodium acetate buffer, pH 5.0, and 0.2–0.3 nM purified enzymes at 30°C. The release of 
p-nitrophenol was spectrophotometrically quantified by following the absorbance at 405 nm in a 
FLUOstar OPTIMA microtiter plate reader (BMG LabTech, Ortenberg, Germany) up to 30 min with 
a 2 min interval. The linear range was use for calculation of enzyme activity. One unit of enzymatic 
activity was defined as the amount of protein required to release 1 μmol of the corresponding product 
per minute, under the assay condition used.

The effect of pH on the recombinant α-L-arabinofuranosidases was determined over different pH 
range of 2.0-12.0 using 40 mM Britton-Robinson buffer (adjusted to the required pH) at 30ºC, 
under the conditions described above, except that the reaction was stopped after 30 min with 100 
μL 0.25 M Na2CO3. The pH stability was analyzed by incubating the enzymes in the same buffer 
system in the range from pH 2.0 to pH 12.0 for 1 h and then determining their residual activities 
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by the standard assay in 50 mM sodium acetate, pH 5.0, at 30ºC. The effect of temperature on the 
recombinant α-L-arabinofuranosidases was determined over the temperature range of 20-90 ºC at 
their optimum pH values, essentially as above. Thermostability was investigated by measuring the 
enzyme activity remaining after incubation for 1 h at 20-90ºC.

Enzyme kinetics

Kinetic parameters of the Michaelis–Menten constant (Km), maximum enzyme velocity (Vmax), 
turnover number (kcat), and the catalytic efficiency (kcat/Km) were measured by determining the 
enzyme initial activities over a defined concentration range (0.25-7.0 mM) of pNPαAra. The 
pNPαAra enzyme initial activities were determined during 30 min using the same experimental and 
assay conditions described above for each enzyme. 

Activity towards plant biomass substrates

Hydrolysis of arabinan was measured using 3 μg/mL of recombinant enzyme and 1% of wheat 
arabinoxylan, (sugar beet) arabinan or debranched arabinan (Megazyme), or sugar beet pectin 
(Pectin Betapec RU301 Herbstreith & Fox KG, Neuenbürg, Germany) in 50 mM sodium acetate 
buffer (pH 4.0). The samples were incubated for 24 h at 30°C and 100 rpm. Saccharification reactions 
were stopped by incubation at 95ºC for 15 min after which the samples were centrifuged (10 min, 
4ºC, 13 500 g), and the supernatant was diluted 10-fold in milli-Q water prior the analysis. The 
released L-arabinose was quantified using HPAEC-PAD (Dionex ISC-5000+ system; Thermo Fisher 
Scientific, Sunnyvale, CA, USA), equipped with a CarboPac PA1 (250 mm × 4 mm i.d.) column 
(Thermo Fisher Scientific). The column was pre-equilibrated with 18 mM NaOH followed by a 
multi-step gradient: 0-20 min: 18 mM NaOH, 20-30 min: 0-40 mM NaOH and 0-400 mM sodium 
acetate, 30-35 min: 40-100 mM NaOH and 400 mM to 1 M sodium acetate, 35-40 min: 100 mM 
NaOH and 1 M to 0 M sodium acetate followed by re-equilibration of 18 mM NaOH for 10 min 
(20°C; flow rate: 0.30 mL/min). 5-250 μM L-arabinose (Sigma-Aldrich) was used as standards for 
quantification. The data obtained are the results of two independent biological replicates, and for 
each replicate, three technical replicates were assayed. The L-arabinose released was calculated as a 
percentage of the highest hydrolysis reached for each treatment, which was set to 100%.

Results and discussion

Phylogenetic diversity of fungal ABFs

Annotation of the P. subrubescens genome predicted five, four and four members of GH51, GH54 
and GH62, respectively [16]. However, two of the GH51 members (8514 and 8515) are in fact two 
parts of a single gene surrounding a gap in the genome sequence, and 4850 (GH54) appears to be an 
incomplete gene model. These genes were therefore excluded from the study. Naming of the other 
genes was done in such a way that the genes that were most similar to the well-characterized AbfA, 
AbfB and AxhA from Aspergillus niger [21-23] were given the corresponding name, while the other 
genes were named consecutively. 

To evaluate the diversity of these ABFs from P. subrubescens in more detail, phylogenetic trees 
were constructed for each of the families (Figure 1) in which all characterized fungal members of 
the families from the CAZy database (www.cazy.org) were included as well as all the members of a 
selection of fungal genomes from Mycocosm (https://mycocosm.jgi.doe.gov/). 

The four GH51 members from P. subrubescens separated clearly in the phylogenetic tree (Figure 1), 
with 1-2 members being present in each major branch of ascomycete enzymes. AbfC and AbfH were 
both present in the same branch, but while AbfH clustered with other Eurotiomycete sequences. AbfC 
was most similar to an enzyme from the Sordariomycete fungus Thermothelomyces thermophilus, 
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suggesting that P. subrubescens may have obtained this gene through horizontal gene transfer. AbfA 
and AbfD are present in separate branches of the tree, but each within a group of Eurotiomycetes 
enzymes, indicating that they are evolutionary conserved. The significant distance from each other 
in the tree indicates a high likelihood for functional differences among the GH51 enzymes of P. 
subrubescens. AbfD appears to be an intracellular enzyme as it lacks a secretory signal sequence. 
In contrast, the GH54 members from P. subrubescens were positioned more closely in their 
phylogenetic tree, with AbfE and AbfF located in the same branch (Figure 1). They are similar to 
other Eurotiomycete enzymes, although AbfE also had similarity to enzymes from Trichoderma. In 
GH62, three of the four P. subrubescens members are clustered very closely which is likely due to 
recent gene duplications (Figure 1). The fourth member (AxhD) is in a branch with enzymes from 
Sordariomycetes, suggesting that this could also have originated from horizontal gene transfer.

Figure 1 Analysis of phylogenetic relationships among the (putative) fungal α-L-arabinofuranosidases 
from Penicillium subrubescens and selected fungal species (selected based on the presence of characterized 
enzymes and taxonomic distance to P. subrubescens) from GH51, GH54 and GH62. The phylogram was 
inferred using the Maximum likelihood (ML) method and the optimal tree is shown. Values over 50% bootstrap 
support (500 replicates) are shown next to the branch nodes from ML (first position), neighbour-joining (NJ, 
second position) and minimal evolution (ME, third position) tree values from the same data set. All enzymes 
with biochemical characterization are in boldface. The putative P. subrubescens α-arabinofuranosidases that 
we did not manage to produce and were therefore not biochemically characterized are indicated with an 
asterisk.The purple highlighted Eurotiomycetes, the green highlighted Sordariomycetes, the red highlighted 
Dothideomycetes, the pink highlighted Agaricomycetes. 
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Enzyme 
Name

Protein Id 
(JGI)

CAZy 
Family pI

Molecular Mass
Specific Activity 

(U/mga)Calculated Before 
EndoH

After 
EndoH

AbfA 7770 GH51 4.77 67.6 90 68 3.3 ± 0.7

AbfC 1664 GH51 5.18 68.7 90 69 448.5 ± 101.6

AbfB 1940 GH54 5.17 49.4 55 55 507.9 ± 64.1

AbfE 3364 GH54 4.97 50.0 55 55 43.9 ± 7.4

AbfF 6724 GH54 5.84 50.1 55 55 61.2 ± 8.8

AxhA 12472 GH62 4.63 32.8 33 33 4.1 ± 0.5

AxhB 12883 GH62 4.62 33.1 33 33 14.6 ± 2.1

AxhC 3399 GH62 6.39 32.7 33 33 3.8 ± 0.6

AxhD 6027 GH62 5.33 38.8 50 49 10.9 ± 2.8

a, One unit of ABF activity is defined as the amount of protein required to release one µmol of p-nitrophenol per minute.

Table 1 Comparison of physical properties and specific activity towards p-nitrophenyl-α-L-
arabinofuranoside of nine recombinant Penicillium subrubescens α-L-arabinofuranosidases. The specific 
activity was based on the determined molecular mass.

Functional diversity of P. subrubescens ABFs

Using PCR and a cDNA pool of P. subrubescens as a template, sequences encoding the mature 
polypeptide of nine ABFs (AbfA, AbfB, AbfC, AbfE, AbfF, AxhA, AxhB, AxhC, AxhD) were 
obtained and cloned in-frame with a C-terminal His-tag in P. pastoris expression vectors. Despite 
several attempts, we did not succeed in obtaining a cDNA fragment for AbfH, so this enzyme was 
not included in the further comparison. The recombinant enzymes were produced in P. pastoris 
and purified (Suppl. Fig. 1), and their physical properties and specific activity towards pNPαAra 
were compared (Table 1). The molecular mass of the enzymes (after deglycosylation) matched the 
calculated values. Only for AxhD, a larger molecular mass was observed on gel (Suppl. Fig. 1).

All ABFs had slightly acidic pIs, varying from 4.62 to 6.39 (Table 1) as well as an acidic pH optimum, 
varying between pH 4 and 5, with the GH62 enzymes having a slightly higher pH optimum (Figure 
2A). In contrast, most GH51 and GH54 ABFs have a higher temperature optimum (50°C) than 
the GH62 ABFs (40°C; Figure 2B). Most enzymes are stable between pH 3 and pH 7, but AxhA 
and AxhB maintain a high stability at pH 8, while AxhD and AbfF retain more than 50% of their 
activity at pH 2 (Figure 2C). AbfA and AbfE have the highest temperature stability and maintain 
100% of their activity up to 50°C, while the other enzymes maintain this until 40°C (Figure 2D). 
The similar physical properties are likely related to the natural habitat of P. subrubescens, which 
is a mesophilic species commonly found in soil [24]. Similar values have also been observed for 
ABFs from other mesophilic species (Suppl. Table 1), such as Penicillium purperogenum [25], 
Penicillium chrysogenum [26-28], A. niger [21, 29] and Aureobasidium pullulans [30]. 

Differences were observed between the P. subrubescens ABFs in their activity on the model 
substrate pNPαAra, for which AbfB and AbfC had the highest activity, while very low activity was 
determined for AbfA, AxhA and AxhC (Table 1). Previously it was shown that GH62 ABFs have 
very low or no activity on this substrate [23], supporting our results. The large differences within 
GH51 and GH54 are noteworthy as this may provide insight into the efficiency of different enzymes 
of these families. When compared to other characterized ABFs, the P. subrubescens enzymes have 
similar physical properties. 

Although all enzymes have affinities around or below 1 mM, based on their Km-values, the enzymes 
display significant differences in their kinetics (Table 2). AbfB has the highest and AbfA the lowest 
affinity for pNPαAra. AbfB also has the highest catalytic efficiency for this substrate and AxhC the 
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lowest. The values for AbfB are in the same range as those observed for its ortholog from Penicillium 
purpurogenum [31]. In general, GH62 ABFs had a lower catalytic efficiency for pNPαAra than most 
of the GH51 and GH54 ABFs (Table 2), which confirms earlier reports regarding GH62 ABFs. This 
confirms previous reports that demonstrated that GH62 ABFs belong to type B, which are more 
active on polymeric arabinoxylan than on unbranched arabinan and pNPαAra [27, 32].

P. subrubescens ABFs display highly diverse activities on natural substrates

The activity of the ABFs was also tested on four polymeric plant biomass substrates that have been 
previously used to characterize other fungal ABFs (Suppl. Table 1): wheat arabinoxylan, sugar 
beet pectin, arabinan and debranched arabinan. All enzymes, except AbfA, released the highest 
amount of L-arabinose from arabinan and this reduced strongly from debranched arabinan (Figure 
3). AbfB showed the highest activity on all substrates. Compared to AbfB, AbfA had the lowest 
activity on all substrates, which matches its low activity on pNPαAra (Table 1). It was unusual in 
that it had a higher L-arabinose release from debranched arabinan than from (branched) arabinan. 
AbfC had similar activity to AbfB on arabinan and debranched arabinan, but lower activity on wheat 
arabinoxylan and sugar beet pectin (Figure 3), indicating a higher specificity for arabinan, which 
matches previous reports on GH51 and GH54 ABFs [33]. AbfE and AbfF are members of the same 
branch of the phylogenetic tree and have highly similar activities on the polysaccharide substrates, 
with a clear preference for pectin-related substrates. The four GH62 enzymes can be divided into 
two group with respect to their activity on wheat arabinoxylan and sugar beet pectin. While AxhA 
and AxhC are clearly more active on wheat arabinoxylan, AxhB and AxhD have similar activity on 
wheat arabinoxylan and sugar beet pectin (Figure 3). Activity on pectin-related arabinan has also 
been reported for related enzymes, such as Abf62A from Penicillium oxalicum [34] and Abf62A and 

Figure 2 pH and temperature profiles of the recombinant α-L-arabinofuranosidases produced in 
Pichia pastoris. Effect of pH (A) and temperature (B) on the activity and stability of recombinant α-L-
arabinofuranosidases using p-nitrophenyl-α-L-arabinofuranoside (pNPαAra) as substrate. The pH and 
temperature-dependence for activity was evaluated at 30ºC in 40 mM Britton-Robinson buffer, pH 2.0-12.0, 
or in 50 mM sodium acetate, pH 5.0, at 20-90ºC, respectively. The pH and temperature stability (C, D) was 
deduced from the residual activity after 1 h incubation. All assays were carried out in triplicate.
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Enzyme 
Name

Protein Id 
(JGI)

CAZy 
Family

pNPαAra

Km (mM) Kcat (s-1) Kcat/Km (mM-1s-1)
AbfA 7770 GH51 1.469 692.3 471.3

AbfC 1664 GH51 0.099 925.3 9348.1

AbfB 1940 GH54 0.080 1169.1 14599.6

AbfE 3364 GH54 0.681 506.4 744.1

AbfF 6724 GH54 0.620 600.0 968.1

AxhA 12472 GH62 0.930 426.1 458.2

AxhB 12883 GH62 0.662 271.4 410.3

AxhC 3399 GH62 1.088 339.7 312.2

AxhD 6027 GH62 0.720 490.8 681.7

Table 2 Kinetic parameters for hydrolysis of p-nitrophenyl-α-L-arabinofuranoside (pNPαAra) catalyzed 
by recombinant α-L-arabinofuranosidases from Penicillium subrubescens. Parameters were calculated 
from the initial velocities of p-nitrophenol released from pNPαAra at different substrate concentrations.

Abf62C from Mycothermus thermophilus [35]. It has been suggested that this activity is particularly 
related to the α-1,3-L-arabinosyl decorations of the α-1,5-L-arabinosyl backbone or arabinan [32]. 
However, as all tested GH62 ABFs in our study also hydrolyzed unbranched arabinan, they also 
have activity on α-1,5-linked L-arabinose.

A previous study described the transcriptome response of P. subrubescens to two plant biomass 

Figure 3 Arabinose-containing lignocellulosic substrate hydrolysis by recombinant α-L-
arabinofuranosidases. Blue bar, wheat arabinoxylan; green bar, sugar beet pectin; red bar, arabinan; yellow 
bar, debranched arabinan. Substrates (1% w/v) were incubated with 3 μg/mL of recombinant enzyme at 30ºC 
for 24 h. The relative arabinose released was calculated as a percentage of the highest hydrolysis reached for 
each treatment, which was set to 100%. Values are represented as mean values ± SD (n = 2).
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substrates: wheat bran (rich in arabinoxylan) and sugar beet pulp (rich in pectin that contains arabinan) 
[36]. We therefore analyzed the expression of the ABF-encoding genes from P. subrubescens this 
data set (Suppl. Fig. 2). This revealed that the highest expressed genes were abfB and axhD (Suppl. 
Fig. 2), while no expression was observed for abfG, and very low expression for axhA and axhB. For 
most genes, expression was higher on sugar beet pulp than on wheat bran. In contrast, highly similar 
expression levels on both substrates were observed for axhD. This reveals that the substrate profile 
of the enzymes and expression profile of the corresponding genes do not clearly correlate. AbfB and 
AbfC are the most active enzymes (Table 1, Figure 3), but while abfB is the highest expressed gene 
on sugar beet pulp, abfC is only lowly expressed on both biomass substrates (Suppl. Fig. 2). The 
four GH62 ABFs are all very active on wheat arabinoxylan (Figure 3), but no preferred expression 
on wheat bran could be observed (Suppl. Fig. 2). Only axhD had similar expression levels on both 
substrates, while axhC was higher expressed on sugar beet pulp, and axhA and axhB had very low 
expression on both substrates. A possible explanation for this could be that these substrates are 
still less complex and diverse, and our results therefore do not reflect the natural response of P. 
subrubescens. Regulation of the expression of genes encoding plant biomass degrading enzymes is 
highly complex in filamentous fungi. Previous studies in A. niger [37] and P. oxalicum [38] revealed 
the complex interplay between several regulators, while it has also been shown that orthologous 
regulators can have significantly different effects in different species [39]. A better understanding 
of the regulatory network governing plant biomass conversion in P. subrubescens will be needed to 
shed more light on these expression and activity profiles.

Conclusion

In this study, we demonstrated that nine ABF-encoding genes from P. subrubescens encode 
functional enzymes with diverse expression patterns and substrate specificity. In contrast, their 
physical properties are highly similar, likely driven by the native habitat of P. subrubescens. We 
have now analyzed two expanded enzyme classes (ABFs and AGLs [19]) in this fungus, both of 
which demonstrate to consist of active proteins with diverse functionalities, suggesting that the 
expansion in gene numbers is accompanies by a diversification of enzyme function. This indicates 
that the expansion of these and other enzyme classes in the P. subrubescens genome reflects an 
evolutionary adaptation towards a more diverse and flexible enzymatic toolbox for the degradation 
of hemicellulose and pectin. This makes this species and others with similar expansions highly 
interesting candidates for biotechnological applications.
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Abstract

Penicillium subrubescens has an expanded set of genes encoding putative endoxylanases (PsXLNs) 
compared to most other Penicillia and other fungi. In this study, all GH10 and GH11 PsXLNs 
were produced heterologously in Pichia pastoris and characterized. They were active towards beech 
wood xylan (BeWX) and wheat flour arabinoxylan (WAX), and showed stability over a wide pH 
range. Additionally, PsXLNs released distinct oligosaccharides from WAX, and showed significant 
cooperative action with P. subrubescens α-L-arabinofuranosidases (PsABFs) from GH51 or GH54 
for WAX degradation, giving insight into a more diverse XLN and ABF system for the efficient 
degradation of complex hemicelluloses. Homology modelling analysis pointed out differences in the 
catalytic center of PsXLNs, which are discussed in view of the different modes of action observed. 
These findings facilitate understanding of structural requirements for substrate recognition to 
contribute to recombinant XLN engineering for biotechnological applications.
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Introduction

Xylan is the most abundant hemicellulose present in many types of lignocellulosic plant biomass, 
forming a complex matrix with lignin within a cellulose fibril [1]. This network is essential for 
the structural integrity of plants and provides resistance to pathogenic attack, pests and from 
enzymatic degradation [2]. Degrading xylan to overcome lignocellulose recalcitrance is essential 
for the efficient utilization of lignocellulose in industry. Endoxylanases (XLNs) are the most crucial 
enzymes for cleavage of the xylan backbone resulting in a release of xylooligosaccharides (XOS) 
[3]. Based on amino acid sequence similarity, fungal XLNs have been mainly classified as members 
of the Glycoside Hydrolase (GH) families GH10 and GH11 in the Carbohydrate-Active enZyme 
(CAZy) database (http://www.cazy.org/) [4]. They differ in their structure and substrate specificity 
[5-8].

In general, GH10 XLNs have a molecular mass of over 40 kDa and display a salad bowl-like (β/α)8 
barrel catalytic domain, with a shallow groove active site located at the larger radius on the bowl top 
[7, 9, 10]. GH11 XLNs are less than 30 kDa in size and show a hand-like β-jelly roll structure, with 
a palm active site situated between the fingers and the thumb [7, 11]. In the catalytic domain, GH10 
XLNs have between four and seven substrate-binding subsites, with L-arabinosyl substitutions 
primarily accommodated at the -3, -2 and +1 subsites and sometimes at the +2 subsite [9, 10]. 
GH11 XLNs mostly contain five or six subsites, with the -3, +2 and +3 subsites having the ability 
to tolerate L-arabinosyl substitution [7, 11]. The different tolerance of GH10 and GH11 XLNs to 
L-arabinosyl substitution explains their distinct substrate specificities and product profiles. GH10 
XLNs can tolerate a higher degree of substitution on the xylan chain than GH11 XLNs, and typically 
result in a greater yield of shorter oligosaccharide products [6, 12]. However, both GH10 and GH11 
XLNs have applications in various industries, e.g., food and feed, biofuel production, pulp and 
paper, and medical and pharmacological industries [13-16].

Regardless of these known differences for GH10 and GH11 XLNs, it is intriguing that some 
filamentous fungi possess an expanded set of XLNs of both families encoded in their genome. One 
of such fungi with an expanded set of XLNs is Penicillium subrubescens FBCC1632/CBS132785. 
This fungus has 10 XLN-encoding genes, a number significantly higher than that found in related 
fungi, e.g., Aspergillus niger (gene number: 5), Trichoderma reesei (4), P. chrysogenum Wisconsin 
(4), and P. oxalicum (8) [16-19]. Previously in P. subrubescens, it was shown that the expansion of 
the set of α-galactosidases [20] and α-L-arabinofuranosidases (ABFs) [21] resulted in functional 
diversity. While those studies both addressed exo-acting enzymes, in this study the aim was to reveal 
whether such functional diversification also occurred for the expanded set of XLNs, or whether this 
largely resulted in enzymatic redundancy. 

For this, the genes encoding three GH10 and seven GH11 XLNs in P. subrubescens were 
heterogeneously expressed in Pichia pastoris. The recombinant proteins were characterized, and 
the product profiles towards wheat flour arabinoxylan (WAX) hydrolysis, followed by homology 
modelling analysis, were used to understand enzyme interactions with decorated heteroxylan. 
Moreover, the cooperative action of P. subrubescens XLNs (PsXLNs) with P. subrubescens ABFs 
(PsABF) was assessed to find leads to improve existing enzyme cocktails degrading dietary fiber 
rich in WAX.

Materials and methods

Phylogenetic analysis of fungal GH10 and GH11 XLNs

All fungal amino acid sequences in this study were obtained from JGI Mycocosm (https://mycocosm.
jgi.doe.gov/mycocosm/home) [22] and the CAZy database (http://www.cazy.org/) [4] (Suppl. 
Table 1). Their signal peptides were predicted using SignalP v5.0 (http://www.cbs.dtu.dk/services/



92

Penicillium subrubescens XLNs

SignalP/) and removed manually [23]. Sequences without signal peptides were aligned with the 
MAFFT sever (https://www.ebi.ac.uk/Tools/msa/mafft/) [24] and further analyzed in the Molecular 
Evolutionary Genetic Analysis software version 7 (MEGA7) [25]. Maximum likelihood (ML) was 
run in MEGA, using 500 bootstrap re-samplings with 95% partial deletion of gap under the Poisson 
correction distance of substitution rates. Three characterized plant GH10 XLNs were used as an 
outgroup of the GH10 tree [26-28], whereas three characterized bacterial GH11 XLNs were used as 
an outgroup of the GH11 tree [29-31]. 

Cloning of P. subrubescens XLN-encoding genes and transformation to Pichia pastoris

Total RNA of P. subrubescens was extracted and purified as described previously [20]. Full-length 
cDNA was obtained with ThermoScript Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) 
using total RNA as a template. The mature XLN-encoding genes without the native signal peptide-
coding sequence were amplified from full-length cDNA using the specific primers (Suppl. Table 2). 
The PCR products were purified and digested with the appropriate restriction enzymes (Promega, 
Madison, WI, USA). The digested products were ligated into pPICZαA vector and transformed into 
Escherichia coli DH5α competent cells for propagation and sequencing. The recombinant plasmids 
were subsequently extracted from strains containing DNA of the correct sequence, linearized with 
PmeI (Promega), and then transformed by electroporation using a BioRad GenePulser (BioRad, 
Hercules, CA, USA) into P. pastoris strain X-33.

Production and purification of recombinant XLNs

The P. pastoris transformants with the highest production level were selected using colony Western 
Blot as described previously [32], and further cultured in YPD (yeast peptone dextrose medium) and 
BMGY (buffered glycerol complex medium) sequentially. Induction was done in BMMY (buffered 
methanol complex medium) medium at 22°C, 280 rpm with methanol being supplemented to 1% 
(v/v) every 24 h for 96 h. Culture supernatants were harvested (8000 g, 4°C, 20 min), concentrated 
by Vivaflow 200 membrane of 10 kDa molecular weight cutoff (Sartorius AG, Goettingen, 
Germany), and purified using an ÄKTA FPLC device (GE Life Sciences, Uppsala, Sweden) at 
4°C. Crude enzymes were loaded onto a HisTrap FF 1 mL column (Cytiva, Marlborough, MA, 
USA) equilibrated with 20 mM HEPES, 0.4 M NaCl, 20 mM imidazole, pH 7.5, and eluted using 
a linear gradient of 22-400 mM imidazole in buffer mentioned above at a flow rate of 1.0 mL/min 
[20]. Fractions containing enzyme were collected, concentrated and buffer-exchanged to 20 mM 
HEPES (pH 7.0) using 10 kDa cut-off ultrafiltration units Amicon (Merck Millipore, Bedford, MA, 
USA) [20]. The concentration of purified enzymes were determined using the Bradford method with 
bovine serum albumin (Pierce, Thermo Fisher Scientific, Loughborough, UK) as a standard (5-1000 
μg/mL). These purified enzymes were filtered through 0.22 μm filters and stored at 4°C prior to 
further analysis biochemical properties and hydrolysis patterns. 

XLN activity assays and the effects of temperature and pH

XLN activity was determined by using the DNS (3,5-dinitrosalicylic acid) method [33]. Xylan from 
beech wood (BeWX, Carl Roth GmbH, Karlsruhe, Germany) and wheat flour (medium) (WAX, 
Megazyme, P-WAXYM, Wicklow, Ireland) were used as substrates. The standard reaction was 
performed with 20 μL of diluted purified enzyme and 60 μL of 0.5% (w/v) xylan in 100 mM NaOAc 
buffer (pH 5.0) at 40°C, 110 rpm, for 10 min. The reaction was then stopped by adding 120 μL DNS 
reagent, and incubated at 95°C for 10 min. After cooling to room temperature, the absorbance at 540 
nm was measured in a 96 well microplate. The reaction systems without enzymes were treated as 
the control. All experiments were carried out in triplicate. One unit (U) of XLN activity was defined 
as the amount of enzyme releasing 1 μmol of D-xylose per min under the standard assay condition.

Temperature and pH optima of XLNs were determined at 30‒90°C in 100 mM NaOAc buffer, 
pH 5.0, or at 40°C in 100 mM citric acid-Na2HPO4 buffer, pH 3.0‒8.0, respectively. Thermal and 
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pH stability of XLNs were estimated by measuring the residual enzyme activities under standard 
condition after 1 h pre-incubation without substrate. For assay of thermal stability, the 1 h pre-
incubation was performed at 30‒90°C in 100 mM NaOAc buffer (pH 5.0). For assay of pH stability, 
the 1 h pre-treatment was carried out at 30°C in 100 mM citric acid-Na2HPO4 buffer (pH 2.0‒8.0), 
Tris-NaCl buffer (pH 8.0–9.0), and glycine-NaOH buffer (pH 9.0‒11.0).

Hydrolysis of WAX by each independent XLN and analysis of product profile

To investigate the product profile of WAX hydrolysis by each individual PsXLN, 5 μg/mL XLN was 
incubated with 0.5% (w/v) WAX in 50 mM NaOAc buffer (pH 5.0) at 40°C, 16 h, under continuous 
agitation. The reaction without the addition of enzymes was treated as control. All reactions 
were ended by incubating at 99°C for 15 min, and centrifuged for 10 min (20,000 g, 15°C). The 
supernatants were diluted twice and 20 times prior to their HPSEC-RI (High Performance Size-
Exclusion Chromatography with Refractive Index detection) and HPAEC-PAD (High-Performance 
Anion Exchange Chromatography with Pulsed Amperometric Detection) analysis, respectively. 

Molecular weight distribution determination by HPSEC-RI

The molecular weight distribution of XLN-treated and untreated WAX was determined by HPSEC-
RI, according to [34]. Analysis was performed with an Ultimate 3000 HPLC System (Dionex Corp., 
Sunnyvale, CA, USA) equipped 4000AW, 3000AW, and 2500AW TSK-Gel Super columns (6 mm 
ID ×150 mm per column, 6 μm), and a TSK Super AW-L guard column (4.6 mm ID ×35 mm, 7 
μm) (Tosoh Bioscience, Tokyo, Japan). The HPLC system was coupled to an ERC Refractomax 520 
detector (Biotech AB, Onsala, Sweden). The system was calibrated using a pullulan series of known 
MW (Sigma Aldrich, St. Louis, MO, USA). 

Product profiling by HPAEC-PAD

Mono- and oligosaccharides were profiled by HPAEC-PAD. Analysis was performed with an 
ICS7000 HPLC system (Dionex), coupled with an ISC7000 ED PAD detector (Dionex) and equipped 
with a CarboPac™ PA1 IC column (250 mm x 2 mm i.d.) and a CarboPac™ PA guard column (50 
mm x 2 mm i.d.). 0.1 M sodium hydroxide (NaOH) (A) and 1 M sodium acetate in 0.1 M NaOH (B) 
were used as mobile phases. Analysis was performed by injecting 10 μL, at 0.3 mL/min (20ºC) using 
the following elution profile: 0−32 min from 0% to 38% B (linear gradient), 32−37 min from 32% 
to 100% B, 37−42 min at 100% B (isocratic), 42−42.1 min to 100% A (linear gradient) and 42.1−55 
min 100% A (isocratic). 

For comparison and annotation of peaks, product profiles of WAX digested by commercially 
available and well characterized TmGH10 (Thermotoga maritima, E-XYLATM) and NpGH11 
(Neocallimastix patriciarum, E-XYLNP, [35]), as well as standards (10−20 μg/mL, XOS, A2XX, 
XA3XX, XA2XX, A2+3XX, Megazyme) are included in this study. Additional peaks were putatively 
annotated based on the HPAEC elution pattern of AXOS, previously reported by [36].

Synergy with ABF for soluble sugar production

To investigate the cooperative action between each individual PsXLN and different PsABFs, 0.6 μM 
of each PsXLN was simultaneously incubated with 6 μM PsABF for the hydrolysis of 0.5% (w/v) 
WAX in 100 mM NaOAc buffer (pH 5.0) at 40°C, 110 rpm, 24 h. The reaction systems without 
enzymes or with only a single PsXLN were treated as controls. The amount of reducing sugars 
released was determined by the DNS method as mentioned above. All the above hydrolysis assays 
were carried out in triplicate.
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Homology modeling and structure analysis

Multiple sequence alignments of putative PsXLNs with characterized XLNs were visualized 
using the Easy Sequencing in Postscript (http://espript.ibcp.fr/ESPript/ESPript/) [37]. Homology 
models were generated and evaluated according to the methods described elsewhere [38, 39]. To 
obtain the enzyme-ligand complex and further explore how enzymes bind to WAX, models were 
superpositioned with known experimental 3D structures determined with ligands and visualized 
by PyMOL 2.3.5 (Schrödinger, Inc., New York, NY, USA) [39]. The models of GH10 XLNs were 
superpositioned with XA3X (subsite −1 to −3) from Streptomyces olivaceoviridis E-86 SoXyn10A 
(PDB ID: 1V6V) and X4 (subsite +1 to +4) from Caldicellulosiruptor bescii CbXyn10C (PDB 
ID: 5OFK) [9, 40]. The models of GH11 XLNs were superpositioned with XA3XX (subsite −1 
to −4) from S. olivaceoviridis E-86 SoXyn11A (PDB ID: 7DFN) and X3 (subsite +1 to +3) from 
Trichoderma reesei TrXyn11A (PDB ID: 4HK8) [11, 41].

Results and discussion

P. subrubescens harbors a high diversity of XLNs from GH10 and GH11  

P. subrubescens stands out from most other Penicillia, as it contains an expanded set of genes 
encoding plant biomass-degrading enzymes, including genes encoding putative XLNs [14, 19, 42]. 
The JGI annotation for fungal genomes suggested that P. subrubescens contains three and seven 

Figure 1 Analysis of phylogenetic relationships among the (putative) fungal XLNs from Penicillium 
subrubescens and selected fungal species from GH10 (A) and GH11 (B). The phylogenetic tree shown was 
based on the ML method. Only bootstrap values above 50% are shown next to the branches to support nodes. 
The putative P. subrubescens XLNs are highlighted in bold. The previously characterized XLNs are indicated 
by black stars.
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members from GH10 and GH11, respectively, of which one of GH10 and two of GH11 contain 
a carbohydrate-binding module (CBM) domain in their sequence. To assess the diversity of these 
putative XLNs in P. subrubescens and their evolutionary relationship, PsXLNs from GH10 and 
GH11 were subjected to phylogenetic analysis with other fungal sequences from the corresponding 
family, including characterized enzymes (Figure 1).

The three GH10 members in P. subrubescens showed clear evolutionary distances from each other 
in the phylogenetic tree, but each was located within a group of Eurotiomycete proteins, particularly 
from Penicillia, indicating that they are evolutionary conserved (Figure 1A). PsXlnB with a 
C-terminal CBM domain clustered together with other Eurotiomycete sequences that contain a 
CBM domain, and showed very close relationship with Talaromyces purpureogenus XynD [43]. 
The close evolutionary distance between those enzymes may reflect similar properties. The presence 
of a CBM in XynD was speculated to be possibly involved in the binding of this enzyme to natural 
lignocellulosic substrates [43]. A similar consideration may be applied to the role of the CBM in 
PsXlnB. 

Similar to GH10, GH11 members in P. subrubescens clearly separated in the phylogenetic tree, 
indicating their phylogenetic diversity, with 3-4 members being present in each main branch of 
Eurotiomycete sequences (Figure 1B). PsXlnG, PsXlnD, and PsXlnE were closer to each other 
than to any of the other enzymes. PsXlnE possesses a C-terminal CBM and clustered with other 
sequences from Penicillium species. Similarly, PsXlnF and PsXlnH were positioned more closely 
to each other than to other PsXLNs, and shared a same node with a small number of proteins 
from Dothideomycetes and Basidiomycetes in addition to those from Eurotiomycetes. The sequence 
feature of PsXlnI, similar to PsXlnE, harbored a CBM domain. But PsXlnI was located in a 
separate branch, which clustered very closely with a characterized T. cellulolyticus enzyme and with 
uncharacterized Penicillium proteins [44]. PsXlnJ was related to PsXlnF and PsXlnH, which split 
from the same node. Interestingly, the proteins clustered with PsXlnJ were mainly uncharacterized 
proteins from Aspergillus and other Penicillium species.

PsXLNs have diverse biochemical properties

The cDNA fragments encoding XLNs in P. subrubescens were overexpressed in P. pastoris. 
Recombinant proteins were produced and purified (Suppl. Fig. 1). The functional characterization 
showed pH optima for PsXLNs ranged from acidic to neutral (pH 4‒7), with most PsXLNs having 
temperature optima of 40°C (Table 1). They are similar to the properties of characterized enzymes 
clustered with PsXLNs in the phylogenetic tree [45-50] (Figure 1A). Surprisingly, four PsXLNs 
(PsXlnB and PsXlnC of GH10, and PsXlnI and PsXlnF of GH11) displayed the highest activity at 
70°C (Table 1). 

All PsXLNs remained stable through the acidic to basic pH range, of which PsXlnB from GH10, 
and PsXlnH and PsXlnE from GH11 exhibited a significantly wider pH stability than others, as 
these enzymes retained >60% of their residual activity after 1 h of incubation at pH 11.0 (Table 
1). This high alkaline tolerance makes PsXLNs attractive for various higher pH biotechnological 
applications [51, 52]. GH10 PsXLNs retained more than 60% residual activity after incubation at 
40°C for 1 h, while most GH11 PsXLNs retained similar activity after 1 h at 30°C, with only PsXlnJ 
and PsXlnE being similar to GH10 XLNs (Table 1).

PsXLNs displayed higher specific activity on BeWX than WAX, which is in line with commercially 
available XLNs [53] (Table 1). As an exception, PsXlnI from GH11 was more active on WAX than 
on BeWX (Table 1). Additionally, among these different PsXLNs, PsXlnJ and PsXlnG showed the 
lowest specific activity against xylan substrates. 

A previous study described the transcriptome response of P. subrubescens to arabinoxylan-rich wheat 
bran and pectin-rich sugar beet pulp [42]. In this data set, the expression of the XLN-encoding genes 
from P. subrubescens grown on wheat bran was analyzed (Suppl. Table 3). The results revealed that 
all XLN-encoding genes were induced on wheat bran, with the highest induced expression being 
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xlnA of GH10 and the lowest being xlnJ and xlnG in GH11. The low specific activity of PsXlnJ 
and PsXlnG against WAX may be related to the low expression of xlnJ and xlnG on wheat bran. 
However, it cannot be automatically concluded that the activity level of the enzymes and expression 
level of the corresponding genes correlate. PsXlnA and PsXlnE, as the most active enzymes towards 
WAX, showed similar activity levels, but the expression level of xlnE was about 4-fold higher than 
that of xlnA. Similar expression levels were observed in xlnE and xlnF, but the specific activity of 
PsXlnE towards WAX was 10-fold higher than that of PsXlnF. One possible reason for this could be 
that the media and culture conditions used do not reflect the heterogeneity and complexity of natural 
biotopes, and therefore may not reflect the natural response of P. subrubescens. 

PsXLNs have diverse product profiles

To obtain an insight into the mode of action of XLNs, the product profiles of each independent XLN 
incubated with WAX for 16 h (end-point incubations) were analyzed by HPSEC-RI and HPAEC-
PAD. PsXlnJ and PsXlnG were excluded from the study of product profile due to their low activity 
against WAX. HPSEC-RI analysis showed the disappearance of soluble polymers (WAX around 300 
kDa) and the shift of molecular weight distribution below 1 kDa after 16 h incubation (Suppl. Fig. 
2), indicating that all tested PsXLNs could extensively degrade WAX. To complement HPSEC-RI, 
HPAEC-PAD analysis demonstrated the presence of both linear XOS and substituted AXOS as a 
consequence of WAX degradation by XLNs (Figure 2).

X2, XA3A3X, XA3A2+3XX, and some unknown AXOS were clearly detected in all XLN-WAX digests, 
while the release of other annotated oligosaccharides (e.g., X3, XA2+3XX) was enzyme dependent 
(Figure 2). A clear amount of D-xylose was also observed in XLN-WAX digests, except for the 
PsXlnI-WAX digest (Figure 2B). The comparison of product profiles is discussed in detail below.

In addition to the common products observed in all XLN-WAX digests, all GH10 XLNs could 
release A2+3XX, A3A3X, and a trace amount of A2XX from WAX. XA2+3XX was also detected in the 
PsXlnA- and TmGH10-WAX digests, which showed a more similar product profile to each other 
than to the others (Figure 2A). The annotated ‘peak 1’ refers to a double peak due to the co-elution of 
XA3X, XA2XX, A3X. The double peak of ‘peak 1’ was clearly observed in PsXlnA- and TmGH10-
WAX digests, whereas PsXlnB- and PsXlnC-WAX digests showed only a single peak. This suggests 

Figure 2 HPAEC elution patterns of wheat arabinoxylan (WAX) digested with XLNs from GH10 (A) and 
GH11 (B) for 16 h. Arabinose (A), xylose (X), X2, X3, A

2XX, XA2XX, XA3XX and A2+3XX were annotated 
based on analytical standards (bottom, A-B); other AXOS were annotated according to [36]; 1 = double peak due 
to co-elution of XA3X, XA2XX, A3X (elution order); 2 = XA2+3XX; 3 = XA3A3X; 4 = A3A3X; 5 = XA3A2+3XX; 
*XA2XX eluted before XA3XX.
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that PsXlnA- and TmGH10-WAX digests contain more diverse components in ‘peak 1’. Notably, 
X3 was present in PsXlnA-, PsXlnB- and TmGH10-WAX, expected to be an intermediate product, 
which is further hydrolyzed to X2 and D-xylose upon depletion of longer substrates. 

Unlike GH10-WAX digests, X3 and XA2+3XX were observed in all tested GH11-WAX digests. 
XA3XX was also found in GH11-WAX except in the PsXlnH-WAX digest (Figure 2B). Notably, 
some products were only present in specific XLN-WAX digests, such as A2XX and A2+3XX in 
PsXlnH- and PsXlnI-WAX digests, and longer XOS (degree of polymerization, DP >3) in the 
PsXlnI-WAX digest. In addition, PsXlnH- and PsXlnI-WAX digests contain a larger amount of 
product in ‘peak 1’. Surprisingly, albeit only in trace amounts, A3A3X was present in the PsXlnH-
WAX digest. In general, the product profiles of the PsXlnE-, PsXlnD- and PsXlnF-digests were 
similar to NpGH11 [35], while those of the PsXlnI- and PsXlnH-digests were more diverse. 

The presence of XOS with mono- L-arabinosyl substitution at the O-2 position (e.g., A2XX, XA2XX) 
in XLN-WAX digests was unexpected, as this substitution in WAX has been reported only associated 
together with O-3 substitutions to form doubly substituted D-xylosyl residual [35, 54]. The reason 
for the appearance of such products remains unclear. Further validation of the composition of the 
WAX used is needed.

The addition of PsABFs to PsXLNs-WAX reaction enhanced reducing sugar release

A previous study confirmed that multiple GH51, GH54 and GH62 ABFs from P. subrubescens 
have the ability to degrade WAX and release L-arabinose, to varying degrees [21]. To effectively 
degrade WAX present in dietary fiber, the cooperative effect of PsXLNs with different PsABFs was 
evaluated here. 

The addition of PsABFs improved the hydrolysis of WAX by PsXLNs to some extent, as indicated 
by the higher reducing sugar levels released from WAX by the combination of enzymes than by 
a single enzyme, especially in pairs of GH51 or GH54 PsABFs with PsXLNs (Figure 3, Suppl. 
Table 4). Previous studies found that the simultaneous addition of XLNs with GH51 or GH54 ABFs 
enhanced polysaccharide hydrolysis, achieving the highest sugar release compared to any enzyme 
alone or sequential addition of the enzymes [55-57]. Relative to GH51 or GH54 PsABFs, the 
overall cooperation of GH62 PsABFs with PsXLNs was weaker and some of the combinations, e.g., 
XlnA+AxhC, XlnC+AxhC, XlnI+AxhA, XlnA+AxhD, XlnI+AxhD, showed no or even a negative 
contribution in the reducing sugar release (Figure 3, Suppl. Table 4). This could be explained by the 
high preference of GH62 PsABFs towards WAX rather than AXOS [58]. The cooperation effect for 
GH62 PsABFs and PsXLNs may be improved by sequential addition of the enzymes.

Differences in the catalytic center of PsXLNs affect their hydrolysis behavior

The differences observed in the product profiles of different PsXLNs in hydrolysis of WAX may be 
due to differences in their catalytic domain. Superposition models of PsXLNs on available crystal 
structures complexed with XOS/AXOS indicates interesting features in the catalytic domain of 
models, which help to understand how the substrate binding cleft of PsXLNs is able to interact with 
WAX.

The superposition of structures of GH10 models and SoXyn10A (PDB: 1V6V) revealed that all 
GH10 PsXLNs can accommodate an L-arabinosyl side chain linked to O-3/O-2 at subsite -3 and +1, 
and O-3 at subsite -2, which support certain products (e.g., A2+3XX, A3A3X, A2XX) released from 
the non-reducing end of WAX by GH10 PsXLNs [9, 10] (Figure 4A-D). Additionally, the loop 
in the “N209-N217” region (based on SoXyn10A) is far from the catalytic center of the models, 
which allows for more space in the catalytic domain, indicating that longer XOS (e.g., X3, X4) can 
be tolerated at the (+) subsite in catalytic cleft of GH10 PsXLNs [9] (Figure 4B-D). A previous 
study has reported that some XLNs lacking a +3 subsite can tolerate L-arabinosyl substituents at 
subsite +2, whereas XLNs with a +3 subsite cannot [10]. This inference may apply to GH10 models 
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Figure 3 Heatmap of reducing sugar released from 24 h incubation of wheat arabinoxylan by PsXLN 
with/without the addition of PsABF from GH51, GH54 and GH62. PsAbfA (JGI: 7770) and PsAbfC (JGI: 
1664) belong to GH51; PsAbfB (JGI: 1940), PsAbfE (JGI: 3364), and PsAbfF (JGI: 6724) belong to GH54; 
PsAxhA (JGI: 12472), PsAxhB (JGI: 12883), PsAxhC (JGI: 3399), and PsAxhD (JGI: 6027) belong to GH62.

other than PsXlnA which displays a wider cleft at subsite +2 due to a shorter loop in “N209-N217” 
region (Figure 4B, 4E, Suppl. Fig. 3). This structural feature might allow PsXlnA to accommodate 
substituted D-xylose at subsite +2 (Figure 4B), which could be an explanation for the presence of 
XA2+3XX in the PsXlnA-WAX digest (Figure 2A). Moreover, the high tolerance of the active site 
of PsXlnA to L-arabinosyl decorations leads to the production of more diverse AXOS than the other 
GH10 PsXLNs upon WAX hydrolysis (Figures 2A, 4B).

The comparison of structures between GH11 models and SoXyn11A (PDB: 7DFN) highlighted 
significant differences in the architecture of the catalytic center (termed “finger-thumb” regions) 
among the models, which is related to the different amino acids in the “G14-G23” and “R121-T132” 
regions and their arrangements in the catalytic domain [11] (Figure 5, Suppl. Fig. 4). These 
differences were expected to be a major factor to explain their diverse product profiles (Figure 2B). 
Generally, a partially closed conformation of “finger-thumb” regions is characteristic of the crystal 
structures of GH11 XLNs [59]. However, the corresponding region in several GH11 XLNs, i.e., 
PsXlnI and PsXlnJ, displays a fully open conformation, which makes the catalytic pocket more 
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accessible (Figure 5B). This may contribute to direct interactions with the substrate and the unique 
degradation pattern of WAX by these enzymes. 

Conclusions 

Overall, the expansion of XLNs in the P. subrubescens genome was accompanied by functional 
diversity. Moreover, each independent XLN exhibited cooperative effects with P. subrubescens 
ABFs. These findings may reflect an evolutionary adaptation of this species that provides a wider 
enzymatic toolbox for synergistic degradation of hemicellulose in its natural habitat. Notably, the 

Figure 4 Substrate-binding cleft of GH10 PsXLNs. (A) SoXyn10A (PDB: 1V6V); (B) PsXlnA, (C) PsXlnB; 
(D) PsXlnC. Crystal structure and homology models superpositioned with XA3X (subsite −1 to −3, shown as 
white sticks) and X4 (subsite +1 to +4, shown as black sticks); (E) alignment of GH10 PsXLNs (PsXlnA-C) with 
Streptomyces olivaceoviridis SoXyn10A. Catalytic residues and the region of main difference (’N209-N217’ 
region based on SoXyn10A) in the catalytic domain were highlighted using red triangles and blue box in (E), 
respectively, and  in red and blue in (A)-(D).
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diverse product patterns of WAX hydrolysis by P. subrubescens XLNs results from the different 
features in their catalytic domain. This finding contributes to the understanding of the interaction 
between enzyme and decorated xylan, and provides leads for enzyme engineering towards tailor-
made XLNs.
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Suppl. Fig. 4 Alignment of GH11 PsXLNs (PsXlnD-J) with Streptomyces olivaceoviridis 
SoXyn11A. Catalytic residues and “finger-thumb” (“G14-G23” and “R121-T132” regions based 
on SoXyn11A) in catalytic domain were pointed out using red triangle and blue box, respectively.
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CAZy family JGI protein ID Enzyme name Expression level (FPKM) SD
GH10 13445 PsXlnB 2107.0 204.9

12441 PsXlnC 172.5 80.0

13043 PsXlnA 38888.3 2080.0

GH11 5870 PsXlnD 2634.3 276.8

9034 PsXlnE 8963.1 58.4

3794 PsXlnH 580.5 5.3

3721 PsXlnI 608.5 26.7

1444 PsXlnF 9957.0 878.5

7375 PsXlnJ 7.4 2.6

2115 PsXlnG 2.4 2.1

Suppl. Table 3 Expression of PsXLN-encoding genes on wheat bran (data based on previous study 
[42]).
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Enzyme name Reducing sugar 
release (μmol)

Enzyme name Reducing sugar 
release (μmol)

Enzyme name Reducing sugar 
release (μmol)

PsXlnA 0.666 PsXlnE 0.421 PsXlnH 0.527

PsXlnB 0.548 PsXlnF 0.387 PsXlnI 0.304

PsXlnC 0.664 PsXlnG 0.357 PsXlnJ 0.072

PsXlnD 0.475 PsAbfE (JGI: 3364) 0.679 PsAxhB (JGI: 12883) 0.153

PsAbfA (JGI: 7770) 0.017 PsXlnA+PsAbfE 0.967 PsXlnA+PsAxhB 0.768

PsXlnA+PsAbfA 1.602 PsXlnB+PsAbfE 1.178 PsXlnB+PsAxhB 0.945

PsXlnB+PsAbfA 1.559 PsXlnC+PsAbfE 1.128 PsXlnC+PsAxhB 0.807

PsXlnC+PsAbfA 1.581 PsXlnD+PsAbfE 0.958 PsXlnD+PsAxhB 0.661

PsXlnD+PsAbfA 1.251 PsXlnE+PsAbfE 1.006 PsXlnE+PsAxhB 0.788

PsXlnE+PsAbfA 1.275 PsXlnF+PsAbfE 0.860 PsXlnF+PsAxhB 0.587

PsXlnF+PsAbfA 0.898 PsXlnG+PsAbfE 0.859 PsXlnG+PsAxhB 0.505

PsXlnG+PsAbfA 0.781 PsXlnH+PsAbfE 0.883 PsXlnH+PsAxhB 0.626

PsXlnH+PsAbfA 1.087 PsXlnI+PsAbfE 0.873 PsXlnI+PsAxhB 0.292

PsXlnI+PsAbfA 1.039 PsXlnJ+PsAbfE 0.719 PsXlnJ+PsAxhB 0.226

PsXlnJ+PsAbfA 0.030 PsAbfF (JGI: 6724) 0.307 PsAxhC (JGI: 3399) 0.056

PsAbfB (JGI: 1940) 0.976 PsXlnA+PsAbfF 1.147 PsXlnA+PsAxhC 0.468

PsXlnA+PsAbfB 1.246 PsXlnB+PsAbfF 1.232 PsXlnB+PsAxhC 0.728

PsXlnB+PsAbfB 1.234 PsXlnC+PsAbfF 1.220 PsXlnC+PsAxhC 0.637

PsXlnC+PsAbfB 1.238 PsXlnD+PsAbfF 1.006 PsXlnD+PsAxhC 0.524

PsXlnD+PsAbfB 1.218 PsXlnE+PsAbfF 0.944 PsXlnE+PsAxhC 0.522

PsXlnE+PsAbfB 1.246 PsXlnF+PsAbfF 0.766 PsXlnF+PsAxhC 0.618

PsXlnF+PsAbfB 1.084 PsXlnG+PsAbfF 0.984 PsXlnG+PsAxhC 0.279

PsXlnG+PsAbfB 1.003 PsXlnH+PsAbfF 0.695 PsXlnH+PsAxhC 0.602

PsXlnH+PsAbfB 1.099 PsXlnI+PsAbfF 0.587 PsXlnI+PsAxhC 0.386

PsXlnI+PsAbfB 1.205 PsXlnJ+PsAbfF 0.363 PsXlnJ+PsAxhC 0.160

PsXlnJ+PsAbfB 0.686 PsAxhA (JGI: 12472) 0.198 PsAxhD (JGI: 6027) 0.217

PsAbfC (JGI: 1664) 0.731 PsXlnA+PsAxhA 0.971 PsXlnA+PsAxhD 0.679

PsXlnA+PsAbfC 1.344 PsXlnB+PsAxhA 0.915 PsXlnB+PsAxhD 0.755

PsXlnB+PsAbfC 1.352 PsXlnC+PsAxhA 0.969 PsXlnC+PsAxhD 0.696

PsXlnC+PsAbfC 1.485 PsXlnD+PsAxhA 0.861 PsXlnD+PsAxhD 0.567

PsXlnD+PsAbfC 1.146 PsXlnE+PsAxhA 0.914 PsXlnE+PsAxhD 0.644

PsXlnE+PsAbfC 1.092 PsXlnF+PsAxhA 0.542 PsXlnF+PsAxhD 0.576

PsXlnF+PsAbfC 0.932 PsXlnG+PsAxhA 0.614 PsXlnG+PsAxhD 0.410

PsXlnG+PsAbfC 0.586 PsXlnH+PsAxhA 0.518 PsXlnH+PsAxhD 0.532

PsXlnH+PsAbfC 1.122 PsXlnI+PsAxhA 0.198 PsXlnI+PsAxhD 0.301

PsXlnI+PsAbfC 0.784 PsXlnJ+PsAxhA 0.256 PsXlnJ+PsAxhD 0.161

PsXlnJ+PsAbfC 0.569

Suppl. Table 4 Reducing sugar released from 24 h incubation of wheat arabinoxylan by PsXLN with/
without the addition of PsABFs from GH51, GH54 and GH62. PsAbfA (JGI: 7770) and PsAbfC (JGI: 
1664) belong to GH51; PsAbfB (JGI: 1940), PsAbfE (JGI: 3364), and PsAbfF (JGI: 6724) belong to GH54; 
PsAxhA (JGI: 12472), PsAxhB (JGI: 12883), PsAxhC (JGI: 3399), and PsAxhD (JGI: 6027) belong to 
GH62.
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Suppl. Fig. 2 Molecular weight distributions of wheat arabinoxylan (WAX) digested by 16 h incubation 
with XLNs from GH10 (A) and GH11 (B) and analyzed by HPSEC-RI.

Suppl. Fig. 1 Analysis of purified recombinant PsXLNs with 12% (w/v) tris–glycine SDS-PAGE.
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Suppl. Fig. 3 Alignment of GH10 PsXLNs (PsXlnA-C) with Streptomyces olivaceoviridis SoXyn10A. 
Catalytic residues and the region of main difference (“N209-N217” region based on SoXyn10A) in catalytic 
domain were pointed out using red triangle and blue box, respectively.
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Suppl. Fig. 4 Alignment of GH11 PsXLNs (PsXlnD-J) with Streptomyces olivaceoviridis SoXyn11A. 
Catalytic residues and “finger-thumb” (“G14-G23” and “R121-T132” regions based on SoXyn11A) in catalytic 
domain were pointed out using red triangle and blue box, respectively.
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Abstract

Xyloglucan is a prominent matrix heteropolysaccharide binding to cellulose microfibrils in primary 
plant cell walls. Hence, the hydrolysis of xyloglucan facilitates the overall lignocellulosic biomass 
degradation. Xyloglucanases (XEGs) are key enzymes classified in several Glycoside Hydrolase 
(GH) families. So far, family GH44 has been shown to contain bacterial XEGs only. Detailed genome 
analysis revealed GH44 members in fungal species from the phylum Basidiomycota, but not in other 
fungi, which we hypothesized to also be XEGs. Two GH44 enzymes from Dichomitus squalens 
and Pleurotus ostreatus were heterologously produced and characterized. They exhibited XEG 
activity and displayed a hydrolytic cleavage pattern different from that observed in fungal XEGs 
from other GH families. Specifically, the fungal GH44 XEGs were not hindered by substitution of 
neighboring D-glucosyl units and generated various “XXXG-type”, “GXXX(G)-type” and “XXX-
type” oligosaccharides. Overall, these fungal GH44 XEGs represent a novel class of enzymes for 
plant biomass conversion and valorization.
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Introduction

Xyloglucan is present in all vascular plants, in particular within the primary cell walls, and is a 
major component of dicots (up to 25% of total dry weight) and non-commelinid monocots including 
conifers (10%) [1]. The rigidity of plant cell walls is largely driven by loosening and tightening of 
cellulose microfibrils, in which xyloglucan plays a key role owing to its binding ability to cellulose 
by surface adsorption and chain intercalation [2, 3]. In addition, xyloglucan is found as a major 
seed-storage polysaccharide in a number of terrestrial plants including tamarind and nasturtium [4]. 
Enzymatic hydrolysis of xyloglucan not only facilitates the access of cellulases to cellulose but also 
contributes to complete saccharification of agro-industrial side streams to drive the production of 
biofuels and biochemicals [5, 6]. Furthermore, soluble xyloglucan and its hydrolysis products can 
serve as relevant food and feed additives, for example, to reduce calorie content, to increase the 
texture of food products, or due to their prebiotic behavior [7-9].

Xyloglucan has a substituted β-(1→4)-D-glucan backbone, of which the exact type and degree 
of substitution varies for different plant sources and tissues [1]. Still, most xyloglucan structures 
have been shown as the “XXGG-type” and “XXXG-type” [10], in which G stands for a D-glucosyl 
residue and X for a D-glucosyl residue substituted with an α-(1→6)-D-xylosyl unit [11]. In addition, 
D-xylosyl residues can be further substituted by β-(1→2)-D-galactosyl units (coded L) or, to a lesser 
extent, with α-(1→2)-l-arabinosyl units (coded S). The D-galactosyl residues can be fucosylated at 
the O-2 position (coded F). Other less common substitutions are denoted with other designations 
described elsewhere in detail [4, 11]. 

To date, characterized xyloglucanases (XEGs) have been found in glycoside hydrolase (GH) families 
GH5, GH9, GH12, GH16, GH44 and GH74 in Carbohydrate-Active enZYme (CAZy) database 
(http://www.cazy.org) [12]. Fungal XEGs are, however, only found in families GH5 [13], GH12, 
and GH74 [14]. The so-far only characterized fungal GH5 XEG has been shown to be an endo-
processive-type of XEG [13]. Fungal GH12 XEGs have been shown to catalyze the hydrolysis of 
the xyloglucan backbone in an endo-mode, cleaving the glycosidic linkages at the reducing end side 
of unsubstituted D-glucosyl units, releasing “XXXG-type” oligosaccharides [15-17]. Fungal GH5 
and GH74 XEGs have also been shown to display an endo-type of hydrolysis of the xyloglucan 
backbone, cleaving at the “reducing end” side of unsubstituted D-glucosyl units like the GH12 XEGs 
[16, 17]. However, in contrast to the GH12 XEGs, the GH5 and GH74 XEGs display a processive 
mode of action [18-21]. As a result, from the early stage of hydrolysis, XXXG- and XXLG-building 
blocks are released by GH74 XEGs, which can even be further degraded into XX, XG and LG [19-
22]. GH5 XEG generated XXXG-type oligosaccharides, in addition to several non-XXXG-type 
oligosaccharides such as X, XG, XX, LG, XL/LX, XXG and XXX [13]. Detailed genome analysis 
revealed the presence of basidiomycete proteins in enzyme family GH44 of the CAZy database, for 
which only bacterial endoglucanases and XEGs have been reported so far [23]. Interestingly, no 
members from other fungal phyla were present in GH44. In this study, we evaluated whether the 
basidiomycete members of GH44 are also XEGs and compared their product profile with that of 
XEGs of families GH12 and GH74. 

Materials and methods 

Microbial strains and growth conditions 

E. coli DH5α competent cells (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) were 
employed to propagate pPicZαA-xegADs and pPicZαA-xegAPo plasmids and the transformed cells 
were grown in low-salt Luria Bertani medium supplemented with 25 μg/mL Zeocin at 37°C. P. 
pastoris strain X-33 (Invitrogen) was transformed with pPicZαA-xegADs and pPicZαA-xegAPo 
plasmids and the positive transformants were selected on agar plates containing 1% yeast extract, 2% 
peptone, 2% glucose, 1 M sorbitol, 2% agar, and 100 μg/mL Zeocin. For production of recombinant 
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proteins, the selected P. pastoris transformants were grown in Buffered Glycerol Complex medium 
and induced in Buffered Methanol Complex medium at 30°C [24]. 

Bioinformatics 

The amino acid sequences of 190 GH44 candidates were retrieved from the JGI MycoCosm portal 
(https://mycocosm.jgi.doe.gov/mycocosm/home). After removing sequences from unpublished 
genomes and keeping only one strain per species, the sequences were aligned using Multiple 
Alignment using Fast Fourier Transform (MAFFT) [25]. After manually filtering and correcting 
the sequences for gene model errors, 57 sequences from 42 basidiomycete species were included in 
phylogenetic analysis (Suppl. Table 1). Because characterized bacterial GH44 enzymes appeared to 
be too distant to be used as an outgroup, unrooted Maximum Likelihood, Minimum Evolution (ME) 
and Neighbor Joining (NJ) trees were computed using 500 bootstraps in MEGA7 [26] to reveal the 
evolutionary relationship between the fungal GH44 sequences.

Cloning, protein production and purification of the selected candidates

The selected candidate genes (Table 1) without predicted signal peptides and introns were codon 
optimized and synthesized into pPicZαA plasmid (Genscript Biotech, Leiden, The Netherlands), 
which were then chemically transformed into E. coli DH5α and propagated. The plasmids pPicZαA-
xegADs and pPicZαA-xegAPo were extracted and linearized with PmeI (New England Biolabs, 
Ipswich, MA) and subsequently transformed into P. pastoris strain X-33 by electroporation. The 
positive colonies were selected by colony Western Blot using 6x-His Tag Monoclonal Antibody 
conjugated to alkaline phosphatase (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) and 
detected with a chromogenic substrate 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium 
(BCIP/NBT) [27].

The selected P. pastoris transformants were cultivated for the protein production according to [24]. 
After four days of induction, culture supernatants were harvested (8000 g, 4°C, 20 min) and purified 
using ÄKTA FPLC device (GE Healthcare Life Sciences, Uppsala, Sweden) as described earlier 
[24]. The purified proteins were stored at 4°C prior to further analysis.

Molecular mass and concentration of the purified enzymes were evaluated by SDS-PAGE and 
ImageJ program, respectively [27]. Deglycosylation was performed using endoglycosidase H (Endo 
H; New England Biolabs, Ipswich, MA) following the manufacturer’s recommendation.

Enzyme substrate screening

Different substrates including TXG, Avicel®PH-101, galactomannan and beechwood xylan were 
suspended in 50 mM sodium acetate buffer (pH 5.0) to a final concentration of 2 mg/mL. DsXegA 
and PoXegA were added to a final protein concentration of 100 µg/mL. The digestion (reaction 
volume of 300 µL) was incubated at 40°C with shaking (Multitron shaking incubators, Infors HT, 
Bottmingen, Switzerland) at 110 rpm for 24 h. Control reactions were performed without the addition 
of enzymes. All digestions were performed in duplicate. The reactions were stopped by heating at 
97°C for 10 min. Afterwards, the digests were centrifuged at 22000 g for 20 min, and the clear 
supernatants were collected and analyzed by high-performance anion exchange chromatography 
with HPAEC-PAD after diluting ten times. 

Temperature and pH profiles

The temperature and pH optima of GH44 enzymes were determined at 20‒80°C in 100 mM 
phosphate buffer, pH 5.0, or at 40°C in 100 mM Britton-Robinson buffer from pH 2.0 to pH 10.0 
[28], respectively. The thermal and pH stability were determined by measuring the residual enzyme 
activity at 37°C after 1 h incubation at 20‒70°C in 100 mM phosphate buffer (pH 5.0 for DsXegA 
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and pH 6.0 for PoXegA), or at 40°C in 100 mM Britton-Robinson buffer from pH 2.0 to pH 10.0. 
All digestions were performed in duplicate using TXG as a substrate.

Enzymatic digestion of xyloglucan substrates

Xyloglucan substrates (TXG or BCXG) were dissolved in 50 mM ammonium acetate buffer (pH 
5.0) to a final concentration of 2 mg/mL. DsXegA, PoXegA, AnXegA and AnXegB were dosed 
in a final protein concentration of 100 µg/mL. The digestion (reaction volume of 300 µL) was 
incubated in an Eppendorf ThermoMixer® Comfort at 40°C with shaking at 800 rpm for 24 h. 
Control reactions were performed without the addition of enzymes. All digestions were performed 
in duplicate. The reactions were stopped by incubating at 97°C for 10 min. Afterwards, the digests 
were centrifuged at 22000 g for 20 min, and the clear supernatants were collected and stored at -20°C 
until further usage. Previous well characterized NcLPMO9C- and GH5-TXG digests were used as 
reference mixtures [29]. The TXG oligosaccharides released by bacterial GH5 are further referred 
as the “reference TXG oligosaccharides”. DsXegA-, PoXegA-, AnXegA- and AnXegB-TXG digests 
were analyzed by HPAEC-PAD after diluting 20 times, and by HILIC-ESI-CID-MS/MS2. The TXG 
oligosaccharide standards were also analyzed by HPAEC-PAD (50 µg/mL) and HILIC-ESI-CID-
MS/MS2 (100 µg/mL). The NcLPMO9C-TXG digest and reference TXG oligosaccharides were 
analyzed by HPAEC-PAD after diluting five and ten times, respectively. 

HPAEC-PAD analysis for substrate screening and for xyloglucan oligosaccharide 
profiling

For the substrate screening and the xyloglucan oligosaccharide profiling, TXG and other carbohydrates 
corresponding digests were analyzed by HPAEC-PAD on an ICS5000 (Thermo Scientific, Waltham, 
MA, USA) system. Instrument settings, column, mobile phases and elution program have been 
described previously [29].

HILIC-ESI-CID-MS/MS2 for structural elucidation of xyloglucan oligosaccharides

The TXG and BCXG digests were analyzed by HILIC-ESI-CID-MS/MS2 on a Vanquish UHPLC 
system (Thermo Scientific, San Jose, CA, USA) coupled to an LTQ Velos Pro mass spectrometer 
(Thermo Scientific). The UHPLC settings, column, mobile phases and elution program [29], and the 
MS (negative ion mode) settings [30] have been described previously. MS2 was performed under 
dependent scan mode.

Quantification and statistical analysis

All enzymatic digestions were performed in technical duplicates and standard deviations were 
calculated for temperature and pH profiles.

Results and discussion

Discovery of new fungal GH44 enzymes through genome mining 

A large set of fungal genomes (>400) were analyzed for their diversity with respect to the set of 
genes assigned to CAZy families in the CAZy database, including both genomes present in the 
public CAZy database and genomes only available at JGI MycoCosm [31]. This revealed that part of 
the basidiomycete genomes contained genes that were already assigned to GH44, a family for which, 
so far, only bacterial enzymes have been characterized [23]. Interestingly, our genome analyses 
also revealed that fungal GH44 sequences could only be identified in the phylum Basidiomycota. 
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Figure 1 Phylogenetic analysis of GH44 candidates from selected basidiomycete fungi. The figure is a 
representative Maximum Likelihood tree (500 bootstraps) of a MAFFT alignment of the amino acid sequences 
of the selected genes. JGI protein IDs are indicated behind the species. Lifestyles of the species are color coded: 
blue = white rot, grey = grey rot, green = litter decomposer, orange = mycorrhizae, purple = coprophilous, 
red = endophyte, black = unknown/not clear. Bootstrap values are indicated at the nodes based on Maximum 
Likelihood, Minimal Evolution and Neighbor Joining algorithms, respectively. Only bootstrap values that are 
50 or higher are displayed. The scale bar corresponds to 0.10 amino acid substitutions per site.

GH44 sequences were found in only about 28% of the basidiomycete genomes according to 
JGI MycoCosm (situation January 22, 2021) (Suppl. Table 1). This narrow distribution among 
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basidiomycetes suggests that the GH44 enzymes are ancient, possibly of bacterial origin, and that 
they were lost during evolution for most of the fungal species, including ascomycetes. Alternatively, 
a basidiomycete ancestor may have acquired this enzyme by horizontal gene transfer from bacteria 
after the split from ascomycetes. 

Labelling the phylogenetic tree of GH44 candidates with the fungal lifestyles (e.g., white rot, grey 
rot, litter decomposer, mycorrhizae, coprophilous, and endophyte) demonstrated that GH44 enzymes 
do not appear associated with a particular lifestyle (Figure 1). Some species contain multiple GH44 
-encoding genes resulting from recent gene duplications, suggesting a more important role for these 
enzymes in their habitat. One of these fungi is the mycorrhizal fungus Sebacina vermifera whose 
genome encodes five GH44 candidates. It is tempting to speculate that the putative GH44 enzymes 
may be involved in partial degradation of plant root cell walls that are enriched in xyloglucan, to 
enable the establishment of symbiosis between fungus and plant roots. Xyloglucan is also released 
from plant roots [32] and could therefore be a carbon source for fungi that live in close association 
with roots (e.g., mycorrhizae) or inhabit soil, such as litter-decomposing basidiomycetes, explaining 
the presence of GH44 enzymes in these fungi (Figure 1). 

Furthermore, our analysis of the evolutionary relationships between the GH44 candidates showed 
that those from the two wood degrading white rot fungi, Dichomitus squalens XegA and Pleurotus 
ostreatus XegA, were present in distant clades in the phylogenetic tree (Figure 1). In situ expression 
and production of the D. squalens and P. ostreatus GH44 genes and proteins have been shown 
in previously published transcriptome and exoproteome datasets [33-35]. In short, D. squalens 
CBS464.89 expressed xegA and produced the corresponding protein during growth on spruce and 
birch wood [33, 36], whereas P. ostreatus PC9 expressed the XegA encoding gene on rice straw 
[35], and in the Δpex1 and Δgat1 mutants on beechwood sawdust [34], again supporting a role for 
these genes in plant biomass degradation. Therefore, these two candidates were selected for further 
characterization to demonstrate the function of basidiomycete GH44 enzymes.

The selected basidiomycete GH44 candidates are xyloglucan-specific XEGs

D. squalens xegA and P. ostreatus xegA were heterologously expressed in Pichia pastoris, and 
their recombinant enzymes were produced as C-terminal His-tag fusion proteins and purified 
from the culture supernatants using immobilized metal affinity chromatography via hexahistidine-
tag. The apparent mass of purified enzymes was assessed by sodium dodecyl sulphate-
polyacrylamide  gel  electrophoresis (SDS-PAGE) and summarized in Table 1. The hydrolytic 
activity of the purified GH44 enzymes toward four types of polysaccharides, including tamarind 
xyloglucan (TXG), Avicel®PH-101, galactomannan and beechwood xylan, was validated by high-
performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-
PAD). Both enzymes were only active toward xyloglucan and not on other tested substrates, which 
suggested that these enzymes were specific XEGs (further referred to as DsXegA and PoXegA). 
The xyloglucan-specific activity of these fungal GH44 XEGs was also observed for fungal XEGs 
from GH5, GH12 and GH74 [16, 20, 37-41]. In contrast, bacterial GH44 XEGs have been reported 
to exhibit a broad substrate specificity and, in addition to xyloglucan, other polysaccharides can be 
hydrolyzed, including barley β-glucan, birchwood xylan, wheat arabinoxylan, carob galactomannan, 
and synthetic soluble cellulose derivatives [23]. 

DsXegA and PoXegA showed optimum temperature at 50°C (Figure 2A), which was slightly lower 
than that of the reported fungal XEGs of families GH12 and GH74, which typically have optimal 
activity in a range of 55‒65°C [15, 20, 39, 41, 42], but higher than the optimum temperature of A. 
oryzae GH5 XEG, i.e., 45°C [13]. Both XEGs were stable up to 40°C, of which PoXegA showed 
better stability than DsXegA at lower temperature (20°C). For pH optimum, DsXegA and PoXegA 
showed the highest activity toward TXG at pH 5.0 and 6.0, respectively (Figure 2B, 2C). These 
values are comparable with those of the reported fungal GH5, GH12 and GH74 XEGs that generally 
have optimal activity in an acidic pH range (3.5‒6.0) [16, 20, 37, 39, 40, 42]. When examined for pH 
stability, DsXegA retained more than 75% residual activity after 1 hour of incubation at pH 5.0‒7.0, 
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Figure 2 The biochemical properties of DsXegA and PoXegA. (A) Temperature optimum was measured at 
20–80°C in 100 mM phosphate buffer, pH 5.0; (B) pH optimum was measured at 40°C in 100 mM Britton-
Robinson buffer, pH 2.0–10.0; (C) Temperature stability was measured at 37°C after pretreatment of enzymes in 
100 mM phosphate buffer, pH 5.0, at 20–70°C for 1 h; (D) pH stability was measured at 37°C after pretreatment 
of enzymes in 100 mM Britton-Robinson buffer, pH 2.0–10.0, at 40°C for 1 h. Error bars depict standard 
deviation of technical duplicate reactions.

whereas PoXegA was stable at the pH range from 5.0 to 8.0 and was more stable than DsXegA 
between pH 6.0 and 8.0 (Figure 2D). 

GH44 XEGs generate unique xyloglucan oligosaccharide profiles

To characterize the xyloglucan cleavage patterns by the two GH44 XEGs, the TXG oligosaccharides 
released by DsXegA and PoXegA were profiled by HPAEC-PAD (Figure 3A, 3B). For comparison 
and annotation of peaks, HPAEC profiles of TXG digests generated by AnXegA (GH12), by 
AnXegB (GH74), by the previously well characterized NcLPMO9C [29] and of the reference TXG 
oligosaccharides [29] and TXG oligosaccharide standards are added in Figure 3C‒3F. AnXegB has 
previously been studied by Bauer, Vasu [43] and AnXegA has not been extensively characterized so 
far [37]. In general, the HPAEC profiles of the DsXegA and PoXegA digests were similar and only 
the intensity of several peaks was different. It should be noted that the profiles of the AnXegA- and 
the AnXegB-TXG digests were very different, indicating distinct cleavage patterns of TXG by three 
types of fungal GH44, GH12 and GH74 XEGs used in this study.

Based on the comparison in elution from the standards and reference digests (Figure 3G, 3F), 
typical XXXG-type oligosaccharides, such as XXXG, XLXG, XXLG and XLLG, were present in 
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Figure 3 HPAEC elution patterns of tamarind xyloglucan (TXG) oligosaccharides released by end-point 
(24 h) incubation. TXG oligosaccharides generated by (A) DsXegA; (B) PoXegA; (C) AnXegA; (D) AnXegB; 
(E) NcLPMO9C (in the presence of 1 mM ascorbic acid). (F) Reference TXG oligosaccharides; (G) TXG 
oligosaccharide standards are also shown for annotation of peaks.

all GH44-, GH12- and GH74-TXG digests (Figure 3A‒3D), although the relative abundance of 
these compounds differed for each of the digests. In contrast, XXX, XLX, XXL and XLL were only 
found in the two GH44-digests (Figure 3C, 3D). Notably, an unknown peak, eluting between XXXG 
and XLXG, was identified in both GH44-TXG digests. We propose that this unknown oligomer 
corresponds to GXXX, based on elution behavior and hydrophilic interaction chromatography 
coupled with electrospray ionization-collision induced dissociation-mass spectrometry (HILIC-ESI-
CID-MS/MS2) analysis described in the next section. Further unique for the GH44-TXG digests was 
an additional set of yet unknown compounds, eluting after XLLG. Again, taking into account their 
elution together with the HILIC-ESI-CID-MS/MS2 data described in the next section, it could be 
speculated that these unknown compounds corresponded to GXXXG, GXLX(G), GXXL(G) and 
GXLL(G).  

Furthermore, in the AnXegB-TXG digest, XG and XX were identified based on comparison with 
the reference TXG oligosaccharides (Figure 3), suggesting that AnXegB was able to cleave XXXG 
into XX+XG. By analogy with this observation, it could be concluded that XXLG was cleaved into 
XX and LG, substantiated by the relative low abundance of XXLG. The compound eluting at around 
14.5 min was therefore annotated as LG. 
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Structural elucidation of xyloglucan oligosaccharide released by GH44 XEGs

To further elucidate the structures of xyloglucan oligosaccharides generated by the two GH44 XEGs, 
DsXegA- and PoXegA-TXG digests were analyzed by negative ion mode HILIC-ESI-CID-MS/
MS2. The TXG oligosaccharide standards were also analyzed (Suppl. Fig. 1) for the identification 
and annotation of (unknown) structures. Similar to the HPAEC results, DsXegA- and PoXegA-TXG 
digests showed comparable profiles in their base-peak ion chromatograms and only the relative 
abundance of each product varied (Suppl. Fig. 1). Owing to separation of α/β-anomers of TXG 
oligosaccharides in HILIC, each TXG oligosaccharide split into two distinct peaks. Nevertheless, 
this α/β-anomer separation did not influence the MS/MS2 elucidation of the TXG oligosaccharide 
structures. MS2 fragments of TXG oligosaccharides were annotated following the principle that 
C-/Z-type, D-type (derived from a double C-/Z-type cleavage of three linked sugar residues), and 
A-type fragments were generated predominately in negative collision-induced dissociation (CID) 
ion mode [29, 30, 44, 45]. 

In both GH44-TXG digests, regular XXXG-type oligosaccharides were analyzed, including XXXG 
(m/z 1061.6), XLXG (m/z 1223.6), XXLG (m/z 1223.6) and XLLG (m/z 1385.6). Next, “XXX-
type” oligosaccharides (XXX, m/z 899.5; XLX and XXL, m/z 1061.6 and XLL m/z 1223.6) and 
the above suggested “GXXX-type” oligosaccharides (GXXX, m/z 1061.6, GXLX, m/z 1223.6, 
GXXL, m/z 1223.6 and GXLL, m/z 1385.6) were unambiguously characterized (Suppl. Fig. 1). In 
addition, several “GXXXG-type” oligosaccharides were found in the two GH44-TXG digests, but 
to a lesser extent. As an example, Figure 4A and 4B show the annotation of the MS2 fragmentation 
of XXL and GXXX, respectively. Identification of these two structures was based on the elution 
time and considering the TXG structure composed of XXXG-type blocks. As shown in Suppl. 
Fig. 1, m/z 1061.6 can represent multiple isomeric structures, not only XXL and GXXX but also 
XXXG and XLX. Based on the elution time of TXG oligosaccharide standards (31.5‒32.1 min), 
XXXG was first identified (peak number 2 in Suppl. Fig. 1) in DsXegA- and PoXegA-TXG digests, 
which was also confirmed by the MS2 fragments. However, extra MS2 fragments m/z 689, 707 
and 767 were present in peak number 2 (Suppl. Fig. 1), which are slightly different from the MS2 
fragments of the XXXG standard and indicated the co-elution of other isomers with XXXG. These 
three fragments represent a C-type glycosidic bond and 0,2A-type cross-ring cleavage to generate a 
GXX, an XL or an LX fragment (three hexaosyl and two pentaosyl residues) from the non-reducing 
end. Therefore, these two structures can only be released from XLX or GXXX, while GXXX was 
identified in the following peak number 4 as described later. To summarize this information, the 
other isomer in peak number 2 (Suppl. Fig. 1) was XLX. Next, we investigated the peak number 
3 and 4 also showing oligosaccharides with m/z 1061.6. Interestingly, the oligosaccharide in peak 
number 3 generated comparable fragments as XXXG standards, but with a more abundant m/z 353 
and a lack of ions m/z 899, 839 and 821 (Figure 4A). The abundant former fragment indicated the 
presence of xylosyl-galactosyl residues, and the lack of latter ions often represented the terminal 
unsubsubstituted D-glucosyl units at the reducing end side [46, 47]. Taking this information into 
account, peak number 3 is annotated as XXL structure. Regarding peak number 4 (XLX or GXXX), 
we detected the diagnostic fragment m/z 413, which resulted from a 0,2A-type cross-ring cleavage 
on a D-glucosyl residue from either a GX or an L unit at the non-reducing end. As a non-reducing 
end terminal L unit with parent m/z 1061.6 cannot be present in XLX and GXXX (not even in TXG 
strcture), this diganostic fragment m/z 413 can only represented a terminal GX structure at the non-
reducing end, and therefore, peak number 4 was annotated as GXXX (Figure 4B).

This distinct presence of identified XXXG-type, XXX-type and GXXX(G)-type oligosaccharides 
suggests that the two GH44 XEGs cleaved at both sides of unsubstituted D-glucosyl units in TXG. 
To further investigate whether the two GH44 XEGs also cleaved next to unsubstituted D-glucosyl 
units neighbored by more heavily branched F units, we searched for the m/z of 1369.6‒1369.8 in 
the black currant xyloglucan (BCXG) digests. The m/z 1369 represents oligosaccharides having five 
hexaosyl, three pentaosyl, and one fucosyl residues, which can be XXFG, XFGX, FGXX, GXXF, 
and XLF. XXFG was first identified based on the diagnostic fragments C3 (m/z 605) and 0,2A3 (‒H2O) 
(m/z 1147 and 1129), which represented a XX fragment at the non-reducing end side (Suppl. Fig. 
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Figure 4 Negative ion mode HILIC-ESI-CID-MS/MS2 fragmentation patterns of diagnostic TXG 
oligosaccharides. (A) Diagnostic XXL (m/z 1061.6); (B) GXXX (m/z 1061.6); (C) XLF (m/z 1369.7); (D) 
GXXF (m/z 1369.7) both from the end-point DsXegA- and PoXegA-TXG digests. The fragments are annotated 
according to the nomenclature proposed by Domon and Costello [43].

2). The non-reducing end side XX fragment can only result from an XXFG unit. Other fragments 
such as C4 (m/z 1207), 0,2A4 (‒H2O) (m/z 1147 and 1129), D2-4 (m/z 601), 0,4A4 (m/z 499) and C3α (m/z 
457) further confirmed the XXFG structure. In addition to XXFG, XXX-type XLF and GXXX-type 
GXXF units were released (Figure 4C, 4D). In these MS2 spectra (Figure 4C, 4D), fragments 2,4A4 
(m/z 809), C3 (m/z 767) and 0,2A3 (‒H2O) (m/z 707 and 689) represented fragments composed of 
three hexaosyl and two pentaosyl residues at the non-reducing end side, which can only be XL and 
GXX structures in BCXG, and thus XLF and GXXF are the only two possibilities. As shown in the 
MS2 spectrum in Figure 4C, the diagnostic ion m/z 455 can only result from an internal L residue 
(regarding XLF and GXXF), and thus XLF was identified as such, whereas Figure 4D represented 
a GXXF unit.

For comparison, AnXegA- and AnXegB-TXG digests were also analyzed by negative ion mode 
HILIC-ESI-CID-MS/MS2. In brief, AnXegA (GH12) only released XXXG-type building blocks 
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Figure 5 Schematic representation of xyloglucan cleavage patterns by two GH44s (DsXegA and 
PoXegA), one GH12 (AnXegA), and one GH74 (AnXegB). (A) GH44 XEGs cleaved xyloglucan at both sides 
of unsubstituted D-glucosyl units to release “XXXG-type”, “GXXX(G)-type” and “XXX-type” blocks. The 
cleavage by GH44 XEGs was not hindered by the substitution of neighboring units. (B) GH12 XEG cleaved 
in xyloglucan at the “reducing end” side of unsubstituted glucosyl units to release “XXXG-type” blocks. (C) 
GH74 XEG cleaved xyloglucan at the reducing end side of unsubstituted glucosyl units to release “XXXG-
type” blocks and also cleaved within XXXG and XXLG building blocks to release XX+XG and XX+LG. 
However, GH74 XEG did not cleave at the reducing end side of L units in XLXG and XLLG.

(Suppl. Fig. 3). AnXegB (GH74) not only generated XXXG-type building blocks but also released 
XG (m/z 473.4), XX (m/z 605.4) and LG (m/z 635.4) units explained by the cleavage of XXXG and 
XXLG (Suppl. Fig. 4).

Distinct xyloglucan cleavage patterns of GH44 XEGs

Based on all identified products in the GH44-TXG and -BCXG digests (series of XXXG-type, XXX-
type and GXXX(G)-type oligosaccharides), it was concluded that the GH44 XEGs cleave xyloglucan 
at both sides of unsubstituted D-glucosyl units and that they are not hindered by substitution of 
neighboring units (Figure 5A). Different from the GH44 XEGs, the GH12 XEG used in this study 
(AnXegA) only cleaved within xyloglucan at the reducing end side of unsubstituted D-glucosyl 
units (Figure 5B), which is comparable with other fungal GH12 XEGs [15-17]. The GH74 enzyme 
(AnXegB) cleaved xyloglucan similar to the GH12 enzyme, but with additional cleavages within 
XXXG and XXLG building blocks to release XX, XG and LG. However, GH74 did not cleave at the 
reducing end side of L units in XLXG and XLLG (Figure 5C). Similar xyloglucan cleavage patterns 
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have also been found for other fungal GH74 XEGs [19, 20]. Slightly different from GH74 XEGs, 
although not studied in this work, the one characterized fungal GH5 XEG can also cleave next to 
L units to release even G, X, XG, LG, XL/LX, XXG, XXX and LLG units suggested by authors 
[13]. So far, no fungal GH44 XEG has been reported. For a limited number of bacterial GH44, 
XEG degrading activity has been reported, but the extent of product profile identification differs 
and does not match the detail reached in our research. For example, for one bacterial GH44 XEG 
(PpXG44), it has been shown that the compound XXXGXXXG could be hydrolyzed into XXX 
and GXXXG [23]. Similarly, for the bacterial Cel44O, identified as an endocellulase, xyloglucan 
degrading activity and cleavage between XXX and GXXX have been suggested [48].

In conclusion, detailed genome analysis led to the discovery of fungal XEGs in family GH44. Our 
study provided a comprehensive characterization of two of these fungal XEGs and compared their 
xyloglucan cleavage patterns with that of fungal XEGs from other GH families. These basidiomycete 
XEGs are xyloglucan-specific but exhibited distinct xyloglucan cleavage patterns compared with 
fungal XEGs from families GH12 and GH74. Our study also gave insights on phylogenetic diversity 
of fungal GH44 and understanding of their roles in biomass (xyloglucan) conversion and valorization. 
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Supplementary material

Suppl. Table 1 Fungal species included in the phylogenetic analysis, related to Figure 1. 

Suppl. Fig. 1 HILIC-ESI-MS (negative ion mode) analysis of tamarind xyloglucan (TXG) 
oligosaccharide standards, DsXegA-TXG and PoXegA-TXG digests. Related to Figure 4. (A) 
HILIC-ESI-MS (negative ion mode) base-peak ion chromatogram of TXG oligosaccharide 
standards (XXXG, XXLG, XLXG and XLLG). (B) HILIC-ESI-MS (negative ion mode) base peak 
ion chromatogram of DsXegA-TXG digest. (C) HILIC-ESI-MS base-peak ion chromatogram of 
PoXegA-TXG digest. (D) Table of identification and annotation of numbered peaks based on the 
MS2 fragmentation patterns.

Suppl. Fig. 2 Negative ion mode HILIC-ESI-MS extracted ion chromatograms (m/z 1369.6‒ 
1369.8) of end-point black currant xyloglucan (BCXG) digests of DsXegA (A) and PoXegA (B). 
Related to Figure 4. Negative ion mode HILIC-ESI-CID-MS/MS2 fragmentation pattern of XXFG 
(m/z 1369.7) (C). 
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Suppl. Fig. 3 HILIC-ESI-MS (negative ion mode) analysis of AnXegA-tamarind xyloglucan (TXG) 
digest. Related to Figure 4. (A) HILIC-ESI-MS (negative ion mode) base-peak ion chromatogram of 
AnXegA-tamarind xyloglucan (TXG) digest. (B) Table of identification and annotation of numbered 
peaks based on the MS2 fragmentation patterns.

Suppl. Fig. 4 HILIC-ESI-MS (negative ion mode) analysis of AnXegB-tamarind xyloglucan (TXG) 
digest. Related to Figure 4. (A) HILIC-ESI-MS (negative ion mode) base-peak ion chromatogram of 
AnXegB-tamarind xyloglucan (TXG) digest. (B) Table of identification and annotation of numbered 
peaks based on the MS2 fragmentation patterns.
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Suppl. Fig. 1 HILIC-ESI-MS (negative ion mode) analysis of tamarind xyloglucan (TXG) oligosaccharide 
standards, DsXegA-TXG and PoXegA-TXG digests. Related to Figure 4. (A) HILIC-ESI-MS (negative ion 
mode) base-peak ion chromatogram of TXG oligosaccharide standards (XXXG, XXLG, XLXG and XLLG). 
(B) HILIC-ESI-MS (negative ion mode) base peak ion chromatogram of DsXegA-TXG digest. (C) HILIC-
ESI-MS base-peak ion chromatogram of PoXegA-TXG digest. (D) Table of identification and annotation of 
numbered peaks based on the MS2 fragmentation patterns.
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Suppl. Fig. 2 Negative ion mode HILIC-ESI-MS extracted ion chromatograms (m/z 1369.6‒ 1369.8) of 
end-point black currant xyloglucan (BCXG) digests of DsXegA (A) and PoXegA (B). Related to Figure 4. 
Negative ion mode HILIC-ESI-CID-MS/MS2 fragmentation pattern of XXFG (m/z 1369.7) (C). 
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Suppl. Fig. 3 HILIC-ESI-MS (negative ion mode) analysis of AnXegA-tamarind xyloglucan (TXG) 
digest. Related to Figure 4. (A) HILIC-ESI-MS (negative ion mode) base-peak ion chromatogram of AnXegA-
tamarind xyloglucan (TXG) digest. (B) Table of identification and annotation of numbered peaks based on the 
MS2 fragmentation patterns.
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Suppl. Fig. 4 HILIC-ESI-MS (negative ion mode) analysis of AnXegB-tamarind xyloglucan (TXG) 
digest. Related to Figure 4. (A) HILIC-ESI-MS (negative ion mode) base-peak ion chromatogram of AnXegB-
tamarind xyloglucan (TXG) digest. (B) Table of identification and annotation of numbered peaks based on the 
MS2 fragmentation patterns.
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Enzymes are biological catalysts facilitating a wide range of chemical transformations, often with 
high specificity under very mild reaction conditions [1]. The addition of enzymes in modern industrial 
processes can significantly reduce energy consumption and waste generation, which has led to an 
increased use of enzymes as ‘green’ catalysts, especially in the utilization of lignocellulosic biomass 
[1]. More specific, by means of an ideal enzyme cocktail, polysaccharides in lignocellulosic biomass 
can be fully converted into soluble monosaccharides, which can be further used for the manufacture 
of chemical building blocks or different high-value chemicals [2, 3]. This specific aim has forced the 
continuous development of novel carbohydrate degrading enzymes with unique properties and the 
renewal or expansion of existing enzyme cocktails.

Industrial enzyme producers prefer enzymes which are straightforward to produce, hence of 
microbial origin, especially from fungi and bacteria, while those of plant, animal, and insect origin 
are less favorable. In particular, fungi are considered to be very good enzyme producers, and fungal 
based enzymes comprise more than 50% of the total enzyme market [4]. This huge market share 
is mainly attributed to a few species of Aspergillus and Trichoderma with desirable industrial 
characteristics, such as Aspergillus niger, Trichoderma reesei [5, 6]. These two fungi, in contrast to 
many others, stand out with respect to a high enzyme protein production level, no toxin production, 
and a fast growth behavior under standard conditions. To further benefit from the potential of 
fungi and enzymes present throughout the full fungal kingdom, in recent years, both heterologous 
expression of functional genes in high-yielding strains using recombinant DNA technology and 
strain engineering using CRISP/Cas 9 technology has become popular [7-9].

With the high increase in sequenced fungal genomes, the number of genes encoding putative 
CAZymes has increased exponentially [10, 11]. Only a limited number of the corresponding 
CAZymes have, however, been biochemically characterized, and to date their functions are assumed 
and annotated based on the functions of the CAZy (sub)family they belong to or on homology to a 
characterized enzymes. This approach may lead to misinterpretations, since it cannot be excluded 
that even within established CAZy families, activities will be found that have so far not been listed.

Pichia pastoris is a popular host for heterologous protein production, as it can secrete high titers 
of properly folded, post-translationally processed and active recombinant fungal proteins into the 
culture media [12]. Empirically, proteins secreted by their native fungal host, are usually secreted 
by P. pastoris as well [12]. However, in order to keep a good percentage of characterized reference 
enzymes versus only annotated ones with putative functions, expression of unknown CAZyme-
encoding genes from fungal genomes in P. pastoris and comparative characterization of the 
produced enzymes needs to be extended in the future. This will likely also provide novel enzymes 
with desirable characteristics for industrial applications.

Xylan is the most abundant representative of plant based hemicellulose, and its complete degradation 
plays a key role in the overall utilization of hemicellulosic biomass. The main focus of this thesis 
is to characterize CAZymes encoded by unknown genes involved in xylan degradation in fungal 
genomes. Using genome mining combined with phylogenetic analysis, we have successfully 
discovered several novel xylanolytic enzymes including xylan-backbone degrading enzymes (i.e., 
endoxylanase (XLN), xylobiohydrolase (XBH)), and xylan-side chain degrading enzymes (e.g., 
acetyl xylan esterase (AXE), feruloyl esterase (FAE), α-L-arabinofuranosidase (ABF)). This strategy 
of expanding the enzyme toolbox was also demonstrated in the discovery of other novel activities, 
such as endoxyloglucanase (XEG). The enzymes characterized in this project have unique properties 
and can be used as new tools for biotechnology. This PhD thesis provides insights in the CAZyme 
expansion in fungal genomes and deepens our understanding of the diversity of CAZy family 
activities.

In the following sections, the strategy of enzyme discovery and the diversity within CAZy families 
are discussed separately. The discussion in context of enzyme discovery focusses on encountered 
considerations important for the discovery strategy of novel enzymes. The new enzymes described 
in this thesis illustrate the functional diversity within and between CAZy families. However, there is 
still huge room for better understanding CAZy families, and therefore the discussion of the diversity 
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of CAZyme families in this section focuses on possible future expansion of research aspects based 
on existing studies. The eventual rationale of discovering (novel) enzymes with various specific 
functionalities is to renew or make enzyme cocktails to apply for efficient degradation of plant 
biomass. In this thesis, I focused on the enzyme discovery and biochemical characterization by using 
model substrates and purified plant polysaccharides. The actual synergistic degradation of total plant 
biomass was considered out-of-scope of this thesis, although at the end of this discussion section, I 
briefly provide some ideas on how to set up experiments to evaluate degradation of plant biomass 
using the enzymes found in this study.

Considerations for enzyme discovery

In Chapter 1 of this thesis, we described different strategies for enzyme discovery, amongst which 
the genome mining strategy has become increasingly popular with the explosion of available fungal 
genome sequences. The genome mining approach can quickly and easily target candidate enzymes 
with a putative function from fungal genome data, but characterization of these predicted enzymes 
still requires extensive laboratory work, including the expression of the genes encoding the predicted 
enzymes in a suitable host, production and purification of the enzymes, and determination of their 
biochemical properties. Therefore, it is particularly important to select representative sequences 
from the huge set of sequences that are available. The use of genome mining in combination with 
amino acid sequence-based phylogeny provides a perfect starting point for the selection of reference 
enzymes [13-15]. We validated the feasibility of this approach in the discovery of novel enzymes 
in several chapters of this thesis (Chapter 2, 3, 6). Overall, the discovery of novel enzymes in our 
study includes mainly the following steps, i.e., the selection of fungal genomes, the collection of 
selected sequences, the analysis of sequence phylogeny, the choice of potential candidates, and the 
characterization of target candidates (see Figure 1). The characterization of selected candidates 
will further contribute to the correct annotation of fungal genomes. As a reference for researchers 
working in related areas, here I discuss several challenges that need to be overcome in order to 
accelerate the genome mining process and ultimately support the discovery of novel enzymes (see 
Figure 1).

Firstly, the selection of fungal genomes to be included is important (see Figure 1). The explosion 
of high-throughput sequencing approaches and analytical tools has made sequencing of organisms 
easier and cheaper [16]. Currently, more than 3700 fungal genomes are available in GenBank 
(https://www.ncbi.nlm.nih.gov/genome/?term=fungi). However, the quality of genome sequences 
has been a concern due to challenges in assembling repeat-rich regions and variable or insufficient 
sequencing coverage [17]. The use of different methods, e.g., BUSCO [18] with the Fungi OrthoDB 
v9 database [19] to assess genome quality, and thus select high-quality fungal genomes to mine for 
predicted CAZyme-encoding genes, is crucial for the successful discovery of novel enzymes. In 
addition, another consideration is the taxonomic diversity of fungi. For fungi that depend in some 
way on living or dead plants for their energy supply, their diversity is often closely related to the 
decomposition process of the carbon-containing plant polymers [20, 21]. In detail, fungi secrete 
a series of enzymes to degrade the corresponding carbon-containing polymers, releasing the low 
molecular weight compounds that are able to enter fungal cells as C-source and can be converted 
into energy and cellular building blocks through specific metabolic pathways. Therefore, the variety 
and content of CAZymes secreted by fungi are a factor in our assessment of fungal diversity. Overall, 
this thesis focusses on fungal species that cover a wide part of the fungal kingdom (dikarya), have 
good genome quality, and are rich in CAZymes.

Secondly, correction of gene models encoding the predicted enzymes mined from fungal genomes is a 
major requirement (see Figure 1). Sequences obtained from different fungal genomes (e.g., from the 
JGI MycoCosm database, https://mycocosm.jgi.doe.gov/mycocosm/home) are used together with 
characterized enzymes (from the CAZy database, http://www.cazy.org/) to construct phylogenetic 
trees to gain insight into the classification status of sequences without functional description [22, 
23]. Thus, reliable phylogenies should be based on correct amino acid sequences [15]. However, 
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unfortunately, incorrect gene models are commonly present in fungal genomes even if fungal 
genomes with good quality are selected. These errors are particularly common in the prediction of 
the start codon (ATG), stop codon (TAG, TAA, and TGA), or in the intron-exon boundaries [15]. 
Erroneous gene models result in longer or shorter amino acid sequences thus affecting the overall 
distribution of sequences in the tree, leading to incorrect analysis in the phylogeny. Therefore, 
manual curation of gene models is crucial to achieve a correct prediction, which helps to select 
optimal candidates from phylogenetic tree. As we mentioned above, the errors generally result from 
the automatic gene calling that follows relatively strict rules about start/stop codon and intron/exon 
boundaries. There are however many genes that don’t strictly follow the consensus. This results in 
manual curation work ranging from minutes to hours or even days for each gene. Because this is so 
time consuming, it is often omitted in enzyme mining studies. 

Thirdly, characterization of the selected reference enzymes using multiple approaches is necessary 
(see Figure 1). The selected candidates are produced and characterized in P. pastoris. Generally, 
enzymes with AXE and FAE activity (Chapter 2) can be firstly assayed using methyl umbelliferyl 
or methyl hydroxycinnamate as substrate. Enzymes with exo-activity (e.g., ABF, Chapter 4) and 
endo-activity (e.g., XLN, Chapter 5) can be measured using methods of para-nitrophenol (pNP) 
assay (e.g., pNP-α-L-arabinofuranoside as substrate in Chapter 4) and 3,5-dinitrosalicylic acid 
(DNS) reducing sugar assay (e.g., beechwood xylan as substrate in Chapter 5), respectively. 
These assays can all be performed in microplate reader using 96-well plates. The most obvious 
advantage of these methods is that they do not require laborious samples treatment, and they can be 
performed within minutes rather than hours. Also, multiple samples can be measured simultaneously 
when combined in the same 96-well plate by a microplate reader. However, the main disadvantage 
of such assays to consider is that all depend on model substrates or model reactions rather than 
degradation of true plant polysaccharides. In addition, side reactions, for example due to impurities, 
are hard to pick up with standard assays as side products are usually undetected or even interfering. 
Nevertheless, when assaying enzymes with purified plant polysaccharides, their (oligosaccharide) 
product profiles can be complex. To overcome this drawback, additional analytical approaches have 

Figure 1 Overall concept of enzyme discovery through the genome mining strategy. Challenging steps are 
in boldface and discussed in the “Considerations for enzyme discovery process” section.
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been developed to characterize enzyme products in more detail, such as high performance anion 
exchange chromatography with pulsed amperometric detection (HPAEC-PAD) (used in Chapter 
2, 3, 5, 6), and hydrophilic interaction chromatography electrospray ionization negative ion mode 
collision-induced dissociation mass spectrometry (HILIC-ESI-CID-MS/MS2) (used in Chapter 6). 
HPAEC-PAD is a powerful technique to separate and detect complex mixtures of oligosaccharides, 
and thus can be used to monitor and compare hydrolysis product profiles. However, the eluents 
used for this technique are not compatible with mass spectrometric (MS) detection, and therefore, 
the identification of the oligosaccharide structures is hampered. HILIC-ESI-CID-MS/MS2, although 
resulting in a lower chromatographic resolution compared to HPAEC, is compatible with MS(n) 
detection, and used to determine the structures of generated products in detail. Detailed product 
characterization data give insight into the polysaccharides cleavage pathways by the (characterized) 
enzymes, which is highly valuable information for future applications. At the same time, these 
characterized enzymes facilitate reliable annotation of the genomes of other fungi and further help 
to rapidly predict the plant biomass degrading capacity of the corresponding species [15].

New insights into the diversity within CAZy families 

The characterization of unknown enzymes has provided some insight into the diversity of activities 
and subfamilies within CAZy families. In short, for CE1 five subfamilies have been listed, amongst 
which novel enzymes with dual FAE/AXE activity were found in CE1_2 (Chapter 2), while GH30 
has 11 subfamilies, among which novel enzymes with disaccharide hydrolase activity were found 
in GH30_5, GH30_7, and GH30_11. Additionally, GH30_11 was proposed as new subfamily 
in GH30 (Chapter 3). Penicillium subrubescens contains multiple ABFs and XLNs within the 
same or different GH families. Functional characterization of these enzymes showed that, again, 
enzymes from the same GH family had a different substrate specificity (e.g., GH62 arabinoxylan 
arabinofuranohydrolases from Chapter 4) and different detailed product profiles (e.g., GH10 XLNs 
from Chapter 5). Moreover, GH44 has previously been reported to only contain bacterial XEGs, 
but fungal genome mining combined with experimental characterization showed that this family 
also contained fungal XEGs (Chapter 6). In the remainder part of this section, each studied CAZy 
family in this thesis will be further discussed in addition to aspects of interest for future research. 

As mentioned above, in the CE1 family in Chapter 2, we characterized one enzyme with dual FAE/
AXE activity (FaeD, Table 1) in CE1_2, a subfamily that previously contained only characterized 
enzymes with FAE activity. Recently, it was found that enzymes with dual FAE/AXE (named FXE) 
activity were also present in CE1_5 [24]. Similar to CE1_2, CE1_5 was previously predicted to 
be a subfamily with only FAE activity. Up to this point, it is clear that these two subfamilies are 
functionally close. However, in the CE1 phylogenetic tree, CE1_2 and CE1_5 are clearly separated 
(Fig. 2), which may reflect some differences in their substrate specificity regarding to the type of the 
hydroxycinnamic acid (e.g., ferulic, di-ferulic or p-coumaric acid) or the type of monosaccharide to 
which the hydroxycinnamic acid is esterified to. 

The presence of hydroxycinnamic acids, including ferulic acid (4-hydroxy-3-methoxy-cinnamic 
acid), p-coumaric acid (4-hydroxy-cinnamic acid), caffeic acid, and sinapic acid, in the cell walls of 
different plant species has long been known, with ferulic acid and p-coumaric acid being common 
constituents of the cell walls of several plant families [25]. These hydroxycinnamic acids are 
introduced into plant cell wall polysaccharides through ester linkages between their carboxylic acid 
group and the primary alcohol on the C-5 of L-arabinosyl substitution of the arabinoxylan backbone, 
of which ferulic acid can be further covalently linked to the C-9 position of lignin monomers through 
ether bonds [26-28]. FAE can hydrolyze the ester linkages between hydroxycinnamic acids and 
plant cell-wall polysaccharides, however, the hydrolysis preference of FAEs or FXEs from CE1_2 
and CE1_5 for ferulic acid and p-coumaric acid are currently uncertain. In addition, it is noteworthy 
that ferulic acid was reported to be esterified with different monosaccharides at diverse positions, in 
addition to the one mentioned above (position C-5 to L-arabinose) [29, 30]. For example, ferulic acid 
could be linked at position C-2 to L-arabinosyl residues in arabinans, position C-6 to D-galactosyl 
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Enzyme activity Enzyme 
name CAZy family Polysaccharides Product Chapter

Main-chain-
degrading enzymes

Endoxylanase 
(XLN)

PsXlnA

GH10

Xylan Xylo-oligosaccha-
rides; D-xylobiose

5

PsXlnB

PsXlnC

PsXlnD

GH11

PsXlnE

PsXlnF

PsXlnG

PsXlnH

PsXlnI

PsXlnJ

PsExlA

GH30_7 3

Endoxylanase 
/ Xylobiohy-

drolase (XLN / 
XBH)

TtExlA

Xylobiohydro-
lase (XBH)

TeXbhA

TtXbhA

Endoxylogluca-
nases (XEG) 

DsXegA
GH44 Xyloglucan Xyloglucan-oligo-

saccharides 6
PoXegA

Endoglucanase 
(ENG)

PsEngA

GH30_3 β-(1→6)-glucan Glucooligosaccha-
rides 3

AnEngA

TaEngA

TeEngA

Side-chain-
degrading enzymes

Acetyl xylan 
esterase (AXE)

AxeA

CE1_1 Xylan Acetic acid

2

AxeB

Axe1

Feruloyl es-
terase / Acetyl 
xylan esterase 
(FAE / AXE)

FaeD CE1_2 Xylan; Pectin Acetic acid; feru-
lic acid

α-L-Arabino-
furanosidase 

(ABF)

PsAbfA
GH51

Xylan; Pectin; 
Xyloglucan; Type 
II arabinogalactan

L-Arabinose 4

PsAbfC

PsAbfB

GH54PsAbfE

PsAbfF

Arabinoxylan 
α-L-arabinofu-
ranohydrolase 

(AXH)

PsAxhA

GH62
PsAxhB

PsAxhC

PsAxhD

Galactobiohy-
drolase (GBH)

PsGbhA GH30_5
Type II arabinoga-

lactan Galactobiose 3TvGbhI
GH30_11

ShGbhA

Table 1 Overview of the enzymes that have been characterized in this study.
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residues in galactans and position C-4 to D-xylosyl side chains in xyloglucans [29, 30]. The present 
study in Chapter 2 does not clarify the specificity of the enzymes from CE1_2 and CE1_5 regarding 
the position of monosaccharide esterification. In addition, subfamilies with unknown activity, e.g., 
CE1_3 and CE1_4, would require characterization in order to gain a comprehensive understanding of 
the CE1 family. Therefore, a larger number of enzymes from CE1 and their specificity for substrates 
differing in the esterified position of L-arabinose or other sugars need to be investigated in the future. 
A full understanding of each subfamily in CE1 will help to select optimal candidates for the desired 
application, such as the bioproduction of high-purity ferulic acid for biosynthesis of vanillin in the 
flavor market, high-purity p-coumaric acid as skin-lightening active ingredient in cosmetics [31].

In the GH30 family, GH30_5 previously contained only characterized enzymes with endogalactanase 
activity from ascomycetes. The additional characterizations of GH30_5 in Chapter 3 showed 
that GH30_5 also included ascomycete enzymes with galactobiohydrolase (GBH) activity, which 
is similar to the found activity of GH30_11 (Table 1). However, GH30 phylogenetic analysis 
suggested that the fungal GH30_11 were more related to the bacterial GH30_4 than to GH30_5 
(Figure 3). Intriguingly, β-D-fucosidase activity was previously found in GH30_4. These analyses 
raised some questions that will need to be clarified in the future. For example, whether GH30_4 
and GH30_11 contain other activities we have not yet found, and whether enzymes with the same 
activity in GH30_5 and GH30_11 behave differently during the hydrolysis of substrates. Therefore, 
additional candidates need to be selected and characterized in GH30_4 and GH30_11 to explore 
functional diversity in GH30_4 and GH30_11, while more detailed analyses with regard to substrate 
specificity and homology modelling need to be done for characterized enzymes in GH30_5 and 
GH30_11 to understand their potential differences. For the latter, due to the lack of reliable crystal 

Figure 2 Phylogenetic relationships among the fungal CE1 members (Based on [24]). The evolutionary 
history was inferred using the Neighbor-Joining method with a bootstrap value of 500. Eight non-CE1 FAEs 
from SF7 [32] were used as an outgroup.
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Figure 3 Phylogenetic relationship of GH30 members from fungi, bacteria, and animals based on 
their amino acid sequences. (Based on [33]). The main subfamilies were collapsed. Statistical support for 
phylogenetic grouping was estimated by 500 bootstrap re-samplings, only the bootstrap above 50% were 
shown on the clades. Five mannanases from GH5 were used as an outgroup.
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Figure 4 Amino acid sequence alignment of fungal members from GH30_5 and GH30_11 (Sequences 
from [33]). The putative catalytic residues and conserved amino acids in the catalytic domains are marked 
by black and orange triangles, respectively (based on [34]). The difference between conserved amino acids of 
GH30_5 and GH30_11 are highlighted with blue boxes. The different insertions in GH30_5 and GH30_11 are 
highlighted with green boxes.
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structures in both subfamilies, homology modelling analysis has not been feasible so far. However, 
the sequence alignment revealed some differences among GH30_5 and GH30_11 members (Figure 
4). For example, the conserved residues near to the N/C-terminal domains (blue box in Figure 4) 
are different between GH30_5 and GH30_11, although both subfamilies have the same conserved 
glutamic acid (E) residues involved in the nucleophile and acid/base catalytic mechanism. In 
addition, clearly different insertions were observed near some conserved residues in the sequences 
of GH30_5 and GH30_11 (green box in Figure 4), which may affect the catalytic pocket structure 
of enzymes and further lead to their different properties.

The strategies used in the GH30 study (Chapter 3), combining phylogenetic analysis with functional 
characterization, allowed us to discover not only novel enzymes but also novel subfamilies. The 
distinction of different subfamilies helps in the future to select candidates from CH30 with specific 
and defined functionalities. So far, out of 173 GH families in the CAZy database, only 5 families 
(i.e., GH5, GH13, GH16, GH30, and GH43) have been further divided into different subfamilies. 
Some families, such as GH1, GH2, GH3, GH31, GH32, and GH92, also have quite diverse activities, 
however, these activities are not further arranged in different subfamilies. New (sub)families are 
usually created based on amino acid sequence similarities. Inspired by the GH30 study, future work 
may be to create different subfamilies for other large CAZy families containing diverse activities by 
detailed phylogenetic analysis.

In Chapter 4 and 5, we performed a comparative characterization of multiple P. subrubescens 
enzymes from different families (GH10, GH11, GH51, GH54, and GH62). The results showed 
that the expansion of multiple enzymes within one family in P. subrubescens was accompanied 
by functional diversification of these enzymes. In addition, a previous study demonstrated that the 
expansion of α-galactosidases in GH27 and GH36 is accompanied by functional diversification 
of the enzymes [35]. Next, genome comparison of P. subrubescens with common industrial fungi 
showed that CAZyme expansion in P. subrubescens also occurred for several other CAZy families 
than those mentioned above, such as GH1, GH5, GH12, GH29, GH32, GH78, and GH93 (Figure 
5A) [15, 36]. Such an expansion within one GH family based on one fungal genome, might hint at 
a diversification of functions within this family. The activities in these expanded CAZy families are 
mainly related to the degradation of hemicellulose, pectin and inulin. The fact that the expansion 
of P. subrubescens does not occur across all CAZy families may be driven by the native habitat 
of P. subrubescens, where P. subrubescens secretes an extensive but specific set of carbohydrate-
active enzymes to degrade polysaccharides that appear in its habitat. However, whether functional 
diversification of enzymes is the norm in all expanded CAZy families of P. subrubescens is not 
clear. Studying additional CAZy families containing the expanded CAZyme-encoding genes in P. 
subrubescens will shed more light on this. Similarly, it is not clear whether this is a common feature 
among fungal species that have expansions in specific CAZy families. 

The diverse CAZyme sets make P. subrubescens a highly interesting candidate for biotechnological 
applications. So far, only a handful of species (e.g., A. niger, T. reesei) have been used in industry, 
as mentioned at the beginning of this chapter. But besides general aspects, such as high protein 
production levels, low or no toxin production and fast growth behavior, another reason that makes 
fungi attractive for industrial applications is their ability to produce mixtures of plant biomass 
degrading enzymes. A previous study has demonstrated that P. subrubescens shows comparable 
potential to A. niger for enzymatic plant biomass saccharification [37]. Generally, the number of 
CAZyme-encoding genes in fungal genomes reflects, to some extent, their ability to degrade plant 
biomass [38-40]. Here I compared the completely sequenced genomes of ascomycete fungi in the 
MycoCosm database. Fungi containing a comparable number of CAZyme genes as P. subrubescens 
were listed, and these were from the Aspergilli genus (Figure 5B). Similar to P. subrubescens, these 
selected fungi harbored genes encoding a complex set of CAZymes that are probably involved in the 
degradation of major polysaccharides (cellulose, hemicellulose, and pectin) (Figure 6). In addition, 
multiple gene copies were observed in specific CAZy families in these selected fungi, such as in 
the families of GH5, GH11, GH12, GH27, GH36, GH51, GH78, and GH93, although the number 
of gene encoding CAZymes in these CAZy families was slightly lower than that of P. subrubescens 
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Figure 5 The number of CAZyme-encoding genes in ascomycete fungal genomes. (A) The number of genes 
in selected GH families related to plant biomass degradation in the genomes of common industrial fungi (data 
based on [15]). (B) CAZyme content of selected completely sequenced genomes of ascomycete fungi (data 
based on [22] and [36]).

(Figure 6). These selected fungi are expected to have excellent plant biomass degrading ability as 
they contain a rich set of genes encoding different CAZymes, and could be promising candidates 
for industrial applications. However, these predictions of their ability remain to be determined 
experimentally.

In contrast to the expansion of CAZyme-encoding genes in the fungi mentioned above, deletions of 
CAZyme-encoding genes are also observed in fungi. There are some notable examples, of which the 
ascomycete T. reesei is the most noteworthy one. T. reesei is a commonly used industrial cellulase 
producer but contains a relatively small number of cellulase-encoding genes in its genome [15, 
41]. Additionally, Rhizopus oryzae is worth mentioning, because this fungus known for its high 
capability of plant cell wall degradation, but contains only a small number of CAZyme encoding 
genes in its genome [42]. Their strategy for plant biomass degradation seems to be focused on 
high production or high activity levels of a limited set of enzymes rather than on expanding their 
enzyme repertoire [43]. To discuss further, the expansion or deletion of CAZyme-encoding genes 
in fungal genomes may reflect their adaptive evolution in nature (ecological adaptation). Adaptive 
evolution due to the gain or loss of genes has been described previously in pathogens of plants [44, 
45]. In plants, the immune system triggers defense responses after detection of specific pathogen 
proteins [46]. For pathogens, on the one hand, the deletions of genes encoding such detected proteins 
enhance adaptation to hosts to some extent. One the other hand, the expansion of gene encoding 
specific protein families can promote virulence on hosts. In brief, pathogens selectively secret 
proteins by expanding or deleting certain genes (families) in the genome to manipulate host (plant) 
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defense system and achieve colonization [47]. The mechanisms responsible for gene expansions and 
deletions have been investigated in phytopathogenic fungi, however, those in non-pathogenic fungal 
species remain unclear and need to be illuminated in future. 

In the GH44 family (see Chapter 6), we characterized two fungal XEGs (Table 1) that exhibited 
distinct product profiles compared to fungal XEG from other CAZy families (e.g., GH12 and 
GH74). These two XEGs were clearly separated in the GH44 phylogenetic tree, however, our first 
characterization data suggested that they showed similar properties in terms of pH, temperature 
effects on activity. The analysis of xyloglucan product profiles pointed out that GH44 XEGs released 
similar product types from TXG, but in different ratios (Figure 7), which may reflect their cleavage 
efficiency for different substrate sites. This suggests that in general, all fungal members of this 
family act on the same linkages, but with different efficiencies per linkage.

Figure 6 The number of CAZyme-encoding genes of specific GH families in selected sequenced genomes 
of ascomycete fungi, which related to action on the degradation of major polysaccharides cellulose, 
hemicellulose (xylan, galactomannan, xyloglucan), and pectin.
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Figure 7 HPAEC elution patterns (A) of tamarind xyloglucan (TXG) oligosaccharides released from 
TXG by purified GH44 DsXegA and PoXegA, and schematic representation of the major released TXG 
oligosaccharides (B). Data is based on [48] (Chapter 6).

To be specific, as shown in Figure 7, a considerable amount of released xyloglucan oligosaccharides 
with an unsubstituted reducing terminal D-glucosyl residue (e.g., “XXXG”, “XXLG” and “XLLG”) 
can be observed in the GH44 PoXegA-TXG digest. Although these oligomers were also present 
in the GH44 DsXegA-TXG digest, xyloglucan oligosaccharides decorated with substitution at the 
reducing end, e.g., “XXL” and “GXXX” were more pronounced. Only a small amount of “XLLG” 
could be detected in the DsXegA-TXG digest. These results indicate that DsXegA may prefer 
to cleave glycosidic bonds next to branched glucopyranosyl residues in the main chain of TXG 
compared to PoXegA. This further reflects the difference in the key amino acids of their catalytic 
domain, especially in the -1 subsite. Additional TXG oligosaccharides with long main-chain and 
different side-chains need to be used as substrates to compare the difference of their hydrolysis 
efficiency. Furthermore, the effort to homology modeling analysis needs to be done in the future, 
which will help to understand catalytic mechanisms of GH44 fungal XEGs. 

Compared to the other families (e.g., GH10, GH11) in this thesis, GH44 is a typically low-
characterized plant biomass degrading family. The GH44 XEG activity we found in fungi has been 
previously reported in several bacterial species, suggesting a possible horizontal transfer of GH44 
XEGs between fungi and bacteria [49-53]. In addition to GH44, other poorly characterized families 
related to plant biomass degradation, such as GH115, GH105, GH95, GH29, GH16, and GH7, 
which contain less than 5% of characterized fungal enzymes of the total number of enzymes, are 
also of interest [15]. Additional characterizations in low-characterized families, especially in terms 
of substrate specificity and biochemical properties, will not only help to improve the understanding 
of these families and thus to provide accurate functional annotation of genes from the corresponding 
families in fungal genomes, but also to develop better enzyme cocktails for biomass hydrolysis [15, 
54].

Enzyme synergy for plant biomass degradation

A variety of enzymes with different activities have been discovered in this thesis, most of which can 
directly use polysaccharides as substrates and show high potential for the degradation of complex 
plant biomass. Previous studies have confirmed that synergy of different enzymes is essential 



150

Summary & General discussion

for the efficient conversion of plant biomass, which is the main strategy to improve the overall 
conversion of plant biomass in biotechnological applications. The actual synergistic degradation of 
total plant biomass was considered out-of-scope of this thesis. Nevertheless, based on the activities 
of enzymes found in this thesis (Table 1), I propose some ideas to study their synergism in future. 
Synergism between plant biomass-degrading enzymes is recognized as two different modes, 
namely homeosynergy and heterosynergy [55]. For polysaccharides that contains substituents on 
their backbone, it is expected that the enzymes degrading them exhibit both types of synergisms 
during their hydrolysis. Based on the final aims, I will mainly discuss the synergistic degradation of 
substituted polysaccharides. 

Synergism to steer towards dimeric products for best prebiotic effect

In case different backbone-degrading enzymes are used for the production of different types of 
(substituted) oligosaccharides, their synergy might result in for example a more tailored range of DP 
(degree of polymerization), a larger variety of substitutions and/or in a lower enzyme dose needed. 
For example, for xylooligosaccharides (XOS), including xylobiose, production using synergistic 
combinations of (1) XLNs from different GH families and (2) XLN with XBH, the DP range obtained 
might be narrowed down in case of option 2 compared to 1. As previously mentioned, XLNs from 
different GH families exhibit different substrate specificities [56-58]. In Chapter 5, HPAEC-PAD 
results showed that P. subrubescens XLNs, even from the same family, showed diverse hydrolysis 
patterns. Therefore, combining XLNs with different hydrolysis behaviors usually leads to diversity 
and high production of shorter XOS. Among the XOS, the dimer xylobiose has been reported to have 
the highest prebiotic activity in Bifidobacterium proliferation and is most suitable for application in 
food industries [59-61]. The synergy between XLN and XBH may facilitate xylobiose production 
(enzymes from Chapter 3, 5). 

Synergism to remove different side-chains more completely for higher recovery of 
substituent products and/or further subsequent backbone degradation

Different side chain-degrading enzymes are designed in part for the better recovery of substituent 
products, their cooperation would lead to a known and relatively simple product composition, 
and/or to a low separation cost. A previous study De Vries, Kester [62] provided insight into the 
synergistic effect of different side-chain degrading enzymes. Depending on the desired product, 
accessory enzymes are selectively added to the reaction. Synergistic combinations of (1) FAE and 
ABF or arabinoxylan arabinofuranohydrolase (AXH), and (2) α-glucuronidase (AGU) and ABF or 
AXH have been investigated [62]. These two pairs resulted in the higher production of ferulic acid 
and glucuronic acid, respectively, from insoluble pentosan, where the synergistic effect of the first 
combination was also manifested from the utilization of sugar beet pectin. This knowledge provides 
us with insights for setting up future synergy experiments using side-chain degrading enzymes from 
this thesis (Chapter 2, 3, 4, Table 1). For example, in Chapter 2, we characterized several enzymes 
in CE1 family, and it is worth mentioning the dual-active enzyme (FaeD) in CE1_2.1 (Table 1). 
This enzyme has been demonstrated to release acetic and ferulic acid from natural substrates 
(e.g., WAX). Future evaluation of the synergy of this dual enzyme with other accessory enzymes 
(e.g., ABF, AXH, AGU) towards glucuronoxylan (GX, O-acetyl-4-O-methylglucuroxylan), and 
glucuronoarabinoxylan (GAX, (O-acetyl-)arabino-4-O-methylglucuronoxylan) would be highly 
relevant (Chapter 2, 4, Table 1). It is worth mentioning that the synergy between different side 
chain-degrading enzymes can lower the substitution percentage of polysaccharides, which probably 
improve the hydrolysis efficiency of backbone-degrading enzymes (e.g., XLNs) [63-65]. This 
resulted synergy is named heterosynergy, which is different from homeosynergy mentioned above, 
i.e., synergy from different backbone-cleaving enzymes or from different side-chain cleaving 
enzymes.



151

7

Chapter 7

Synergism to facilitate side-chain removal of substituted oligosaccharides for higher 
recovery of (substituent) products

To complement the mentioned homeosynergy (i.e., side-chain-cleaving enzyme remove substituents 
on polysaccharides that would hinder the liberation of oligosaccharides by backbone-cleaving 
enzymes), synergism also occurs when the main-chain-cleaving enzyme liberates substituted-
oligosaccharides from polysaccharides for side-chain-cleaving enzymes [66]. This type of synergism 
might lead to a better efficiency of side-chain degrading enzyme (or a lower side-chain enzyme 
dose required), and a higher release of side-chain products. In Chapter 2, the synergistic action of 
FAE and XLN during the degradation of xylan substrates (i.e., WAX, wheat bran (WB) and corn 
xylooligosaccharides (CX) ) was observed. Our results in Chapter 2 showed that more ferulic acid 
was released from commercial XLN-treated xylan substrates than from untreated ones, which is 
consistent with previous studies that FAEs seems to prefer short substituted XOS generated by XLNs 
as substrates for cleavage of ester bonds to release ferulic acid. Using different P. subrubescens 
XLNs in Chapter 5 instead of a commercial XLN may give unexpected results.

Last but not least, the study of the synergistic mechanisms between different enzymes in this thesis 
(Table 1) and the further incorporation of multiple enzyme activities in the reaction depending on 
the structure of the substrate is important to explore more efficient enzyme cocktails, which is one 
of the future implications of this thesis.
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English Summary

Unraveling the diversity within CAZy families related to 
hemicellulose degradation

Hemicellulose is the most abundant polysaccharide in nature after cellulose, according for 20-40% 
of agricultural waste streams, e.g., corn fiber, wheat straw, rice straw, and sugarcane bagasse. Its 
utilization is crucial for recycle and reuse of agricultural waste, with great environmental benefits, 
while also supporting the circular bio-economy that is currently being advocated. When it comes to 
the utilization of hemicellulose, much of our current attention is shifting to supplementing specific 
enzyme cocktails for effective bioconversion of hemicellulose into market-demanded products, 
rather than pursuing complete hydrolysis of hemicellulose with an army of enzymes. Custom-
designed enzyme cocktails are receiving widespread attention, mainly because they can greatly 
reduce the costs of enzymatic hemicellulose deconstruction and subsequent product purification. 

Fungi are highly efficient degraders of plant biomass. Most of them possess a rich set of genes in their 
genomes encoding hemicellulose-degrading enzymes that are likely to cooperate in hemicellulose 
deconstruction. Analysis of the differences of these enzyme sets in fungal genomes could provide 
clues for making efficient hemicellulose-degrading enzyme cocktails. However, most of genes in 
fungal genomes lack functional annotation. Predictions of such Carbohydrate Active enZymes 
(CAZymes) encoded by unknown genes based on the function of characterized fungal enzymes 
in CAZy database are not always reliable. This is largely caused by a low percentage (<15%) of 
characterized fungal enzymes compared to the total enzyme number in many CAZy families, e.g., 
CE1, GH35, GH43, GH115. This implies that the functional diversity within these CAZy families 
may be much higher than currently assumed. Therefore, experimental characterization of a wider 
set of CAZymes is crucial, not only to help refine fungal genome annotation and understand the 
hemicellulose-degrading ability of fungus, but also to reveal the diversity of CAZy families. An 
in-depth understanding of the diversity within a CAZy family can aid in the selection of optimal 
enzymes for different purposes and further upgrade existing enzyme mixtures. 

Chapter 1 of this thesis describes the background and aim of my PhD project. For general 
background, I focused on xylan, the main component of hemicellulose. I first summarized the types, 
family classification, and substrate specificity of enzymes used for xylan degradation. Subsequently, 
the major approaches used to discover new xylanolytic enzymes were discussed, in particular the 
use of genome mining method was introduced. Furthermore, considering that the composition of 
hemicellulose is not limited to xylan, the applicability of genome mining for the discovery of other 
hemicellulases was briefly mentioned. Lastly, I overviewed the industrial applications of xylanolytic 
enzymes. 

In Chapter 2 and 3, we mainly characterized enzymes from poorly characterized CAZy families 
to deepen our understanding of them. In Chapter 2, we selected six ascomycete candidates from 
poorly studies clades of CE1_SF1 and CE1_SF2 in the CE1 phylogenetic tree, and successfully 
characterized four of them. We found that a CE1_SF2 enzyme was active towards all tested model 
substrates (e.g., MUB-acetate, methyl p-coumarate, methyl caffeate, methyl ferulate, methyl 
sinapate, ethyl p-coumarate, ethyl ferulate and chlorogenic acid), while three CE1_SF1 enzymes 
showed activity only towards MUB-substrates. Additionally, an enzyme from CE1_SF2 was able 
to release acetic acid and ferulic acid from plant biomass (e.g. wheat arabinoxylan (WAX), wheat 
bran, sugar beet pectin), whereas enzymes from CE1_SF1 could only release acetic acid from WAX 
or/and corn oligosaccharides. These results suggests that CE1_SF1 contains acetyl xylan esterases 
(AXEs), while CE1_SF2 also contains feruloyl esterases (FAEs). The enzyme with dual activities 
(FAE/AXE) from CE1_SF2 partially reflects the evolutionary relationship between CE1_SF1 and 
CE1_SF2. 

In Chapter 3, we evaluated the diversity within GH30 family by characterization of eleven 
enzymes from different fungal subfamilies. Our results confirm these subfamilies possess enzymes 
with distinct substrate specificities. In addition to the reported endohydrolase activities of each 
subfamily, e.g., β-(1→6)-endoglucanases of GH30_SF3, β-(1→6)-endogalactanases of GH30_SF5, 
and endoxylanases of GH30_SF7, fungal GH30 subfamilies contain novel disaccharides hydrolase 
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activities, e.g., β-(1→6)-galactobiohydrolases in GH30_SF5 and xylobiohydrolases in GH30_SF7. 
Furthermore, our study led to the discovery of GH30_11, a new fungal GH30 subfamily containing 
β-(1→6)-galactobiohydrolases. Taken together, our findings suggests that fungal GH30 enzymes 
have huge potential for releasing ‘short’ non-digestible di- and oligosaccharides. 

In Chapter 4 and 5, we aimed to understand the added value of CAZyme expansions in Penicillium 
subrubescens by characterization of enzymes from expanded CAZy families related to the degradation 
of hemicellulose. In this thesis, we comparatively analyzed nine α-L-arabinofuranosidases (ABFs) 
from GH51, GH54, and GH62 in Chapter 4. We found that these ABFs had similar physical 
characteristics, but exhibited diverse properties in terms of pH, temperature, substrate specificity, 
and activity levels, especially their activities on natural substrates (wheat arabinoxylan, sugar beet 
pectin, arabinan and debranched arabinan). In Chapter 5, we describe ten endoxylanases (XLNs) 
from GH10 and GH11 using beechwood xylan and WAX as substrates. Clear differences in specific 
activity and hydrolysis pattern were observed among different P. subrubescens XLNs. Based on 
the homology modelling, we inferred that the diverse product patterns of WAX hydrolysis by P. 
subrubescens XLNs results from the different features in their catalytic domain. Taken together, our 
results in Chapter 4 and 5 suggest that the expansion of ABFs and XLNs in the P. subrubescens 
genome is accompanied by functional diversity. These findings likely reflect an evolutionary 
adaptation of P. subrubescens that provides a diverse and flexible enzymatic toolbox for synergistic 
degradation of hemicellulose in its natural habitat. This makes P. subrubescens and others with 
similar expansions highly interesting candidates for biotechnological applications.

In Chapter 6, we characterized two fungal endoglucanases (XEGs) in GH44, a family that previously 
contained only bacterial XEGs, and compared their xyloglucan cleavage patterns with fungal XEGs 
from other CAZy families. Our results indicated that these two fungal GH44 XEGs showed highly 
similar biochemical properties, however, they had distinct xyloglucan cleavage patterns compared 
to fungal XEGs from GH12 and GH74. They were not hindered by substitution of neighboring 
D-glucosyl units and generated unique xyloglucan oligosaccharide products (e.g., “XXXG-type”, 
“XXX-type”, “GXXXG-type”).

Taken together, the results described in this thesis not only demonstrate the feasibility of the genome 
mining strategy for the discovery of novel enzymes, but also unravel the functional diversity within 
and between CAZy families. In the final Chapter 7, I discuss considerations for using genome 
mining strategy by researchers working in related areas. In addition, I provide some ideas for 
possible future extended research aspects based on results in this thesis. Lastly, to update or make 
enzyme cocktails that efficiently degrade plant biomass, I present some ideas on how to use the 
enzymes found in this study to set up synergistic experiment.
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Het ontrafelen van de diversiteit binnen CAZy families met 
betrekking tot de afbraak van hemicellulose

Hemicellulose is het meest voorkomende polysacharide in de natuur na cellulose, en omvat 20-40% 
van de landbouwafvalstromen, bijvoorbeeld maïsvezel, tarwestro, rijststro en suikerrietbagasse. Het 
gebruik ervan is cruciaal voor recycling en hergebruik van landbouwafval, met grote voordelen voor 
het milieu, terwijl het ook de circulaire bio-economie ondersteunt die momenteel wordt bepleit. 
Als het gaat om het gebruik van hemicellulose, verschuift veel van onze huidige aandacht naar 
het aanvullen van specifieke enzymcocktails voor effectieve bioconversie van hemicellulose in 
producten die op de markt worden gevraagd, in plaats van het nastreven van volledige hydrolyse van 
hemicellulose met een brede set enzymen. Op maat ontworpen enzymcocktails krijgen veel aandacht, 
vooral omdat ze de kosten van enzymatische deconstructie van hemicellulose en daaropvolgende 
opzuivering van de producten aanzienlijk kunnen verlagen.

Schimmels zijn zeer efficiënte afbrekers van plantaardige biomassa. De meeste van hen bezitten 
een grote set genen in hun genomen die coderen voor hemicellulose afbrekende enzymen die 
waarschijnlijk samenwerken bij de deconstructie van hemicellulose. Het analyseren van verschillend 
in deze sets van enzymen in schimmelgenomen zou aanwijzingen kunnen geven voor het maken 
van efficiënte hemicellulose afbrekende enzymcocktails. De meeste genen in het genoom van 
schimmels missen echter functionele annotatie. Voorspellingen van dergelijke koolhydraat-actieve 
enzymen (CAZymes) die worden gecodeerd door onbekende genen op basis van de functie van 
gekarakteriseerde schimmelenzymen in de CAZy database zijn niet altijd betrouwbaar. Dit wordt 
grotendeels veroorzaakt door een laag percentage (<15%) gekarakteriseerde schimmelenzymen 
in vergelijking met het totale aantal enzymen in veel CAZy families, zoals CE1, GH35, GH43, 
GH115. Dit impliceert dat de functionele diversiteit binnen deze CAZy families veel hoger kan 
zijn dan momenteel wordt aangenomen. Daarom is experimentele karakterisering van een bredere 
reeks CAZymes cruciaal, niet alleen om de annotatie van schimmelgenomen te verbeteren en het 
hemicellulose afbrekende vermogen van schimmels te begrijpen, maar ook om de diversiteit van 
CAZy families te onthullen. Een diepgaand begrip van de diversiteit binnen een CAZy familie 
kan helpen bij de selectie van optimale enzymen voor verschillende toepassingen en het verder 
verbeteren van bestaande enzymmengsels.

Hoofdstuk 1 van dit proefschrift beschrijft de achtergrond en het doel van mijn promotieonderzoek. 
Voor de algemene achtergrond heb ik me vooral gericht op xylan, het hoofdbestanddeel van 
hemicellulose. Ik heb eerst de typen, familieclassificatie, en substraatspecificiteit van enzymen 
samengevat die worden gebruikt voor xylan afbraak. Vervolgens werden de belangrijkste 
benaderingen besproken die zijn gebruikt om nieuwe xylanolytische enzymen te ontdekken, met 
name het gebruik van de genoom mining methode. Aangezien de samenstelling van hemicellulose 
niet beperkt is tot xylan, werd ook de toepasbaarheid van genoom mining voor de ontdekking van 
andere hemicellulasen kort genoemd. Ten slotte heb ik een overzicht gegeven van de industriële 
toepassingen van xylanolytische enzymen.

In Hoofdstuk 2 en 3 hebben we voornamelijk enzymen gekarakteriseerd uit slecht gekarakteriseerde 
CAZy families om ons begrip ervan te verdiepen. In Hoofdstuk 2 selecteerden we zes ascomycete 
kandidaten uit slecht bestudeerde takken van CE1_SF1 en CE1_SF2 in de CE1 fylogenetische boom, 
en we karakteriseerden vier daarvan. We ontdekten dat een CE1_SF2 enzym actief was op alle 
geteste modelsubstraten (bijv. MUB-acetaat, methyl-p-coumaraat, methylcaffeaat, methylferulaat, 
methylsinaapaat, ethyl-p-coumaraat, ethylferulaat en chlorogeenzuur), terwijl drie CE1_SF1 
enzymen alleen activiteit vertoonden tegen MUB-substraten. Bovendien was een enzym van CE1_
SF2 in staat om zowel acetaat als ferulazuur vrij te maken uit plantaardige biomassa (bijvoorbeeld 
tarwe arabinoxylan (WAX), tarwe zemelen, suikerbiet pectine), terwijl enzymen uit CE1_SF1 alleen 
acetaat uit WAX en/of mais oligosacchariden konden vrijmaken . Deze resultaten suggereren dat 
CE1_SF1 acetyl xylan esterasen (AXEs) bevat, terwijl CE1_SF2 ook feruloyl esterases (FAEs) 
bevat. Het enzym met dubbele activiteit (FAE/AXE) van CE1_SF2 weerspiegelt gedeeltelijk de 
evolutionaire relatie tussen CE1_SF1 en CE1_SF2.
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In Hoofdstuk 3 hebben we de diversiteit binnen de GH30 familie geëvalueerd door elf enzymen 
uit verschillende subfamilies van schimmels te karakteriseren. Onze resultaten bevestigen dat deze 
subfamilies enzymen bezitten met verschillende substraat specificiteiten. Naast de gerapporteerde 
endohydrolase activiteiten van elke subfamilie, bijv. β-(1→6)-endoglucanase van GH30_SF3, 
β-(1→6)-endogalactanase van GH30_SF5 en endoxylanase van GH30_SF7, bevatten schimmel GH30 
subfamilies nieuwe disacharide hydrolase activiteiten, bijvoorbeeld β-(1→6)-galactobiohydrolase 
in GH30_SF5 en xylobiohydrolase in GH30_SF7. Bovendien leidde onze studie tot de ontdekking 
van GH30_11, een nieuwe schimmel GH30 subfamilie die β-(1→6)-galactobiohydrolase bevat. 
Al met al suggereren onze bevindingen dat GH30 enzymen van schimmels een enorm potentieel 
hebben voor het vrijmaken van ‘korte’ niet-verteerbare di- en oligosachariden.

In Hoofdstuk 4 en 5 wilden we de toegevoegde waarde van CAZyme expansies in Penicillium 
subrubescens begrijpen door enzymen uit uitgebreide CAZy families te karakteriseren die 
verband houden met de afbraak van hemicellulose. In dit proefschrift hebben we negen α-L-
arabinofuranosidasen (ABFs) van GH51, GH54 en GH62 vergeleken in Hoofdstuk 4. We ontdekten 
dat deze ABFs vergelijkbare fysieke kenmerken hadden, maar verschillende eigenschappen 
vertoonden in pH, temperatuur, substraat specificiteit, en activiteitsniveaus, vooral met betrekking tot 
hun activiteit op natuurlijke substraten (tarwe arabinoxylan, suikerbiet pectine, arabinan en vertakt 
arabinan). In Hoofdstuk 5 beschrijven we tien endoxylanasen (XLNs) van GH10 en GH11 met 
beukenhout, xylan en WAX als substraten. Er werden duidelijke verschillen in specifieke activiteit 
en hydrolyse patroon waargenomen tussen verschillende P. subrubescens XLNs. Op basis van 
homologie modellering concludeerden we dat de diverse productprofielen van WAX hydrolyse door 
P. subrubescens XLNs het gevolg zijn van de verschillen in hun katalytische domein. Samengevat 
suggereren onze resultaten in Hoofdstuk 4 en 5 dat de uitbreiding van ABFs en XLNs in het P. 
subrubescens genoom gepaard gaat met functionele diversiteit. Deze bevindingen weerspiegelen 
waarschijnlijk een evolutionaire aanpassing van P. subrubescens die een diverse en flexibele 
enzymatische gereedschap set biedt voor synergetische afbraak van hemicellulose in zijn natuurlijke 
habitat. Dit maakt P. subrubescens en anderen met vergelijkbare uitbreidingen zeer interessante 
kandidaten voor biotechnologische toepassingen.

In Hoofdstuk 6 hebben we twee schimmel endoglucanasen (XEGs) in GH44 gekarakteriseerd, 
een familie die voorheen alleen bacteriële XEGs bevatte, en hun xyloglucan splitsingspatronen 
vergeleken met schimmel XEGs van andere CAZy families. Onze resultaten gaven aan dat deze 
twee schimmel GH44 XEGs zeer vergelijkbare biochemische eigenschappen vertoonden, maar hun 
xyloglucan splitsingspatronen verschilden van schimmel XEGs van GH12 en GH74. Ze werden 
niet gehinderd door substitutie van aangrenzende D-glucosyl eenheden en genereerden unieke 
xyloglucan-oligosacharide producten (bijv. “XXXG-type”, “XXX-type”, “GXXXG-type”).

Alles bij elkaar genomen demonstreren de resultaten beschreven in dit proefschrift niet alleen 
de haalbaarheid van de genoom mining strategie voor de ontdekking van nieuwe enzymen, maar 
ontrafelen ze ook de functionele diversiteit binnen en tussen CAZy families. In het laatste hoofdstuk 
7 bespreek ik overwegingen voor het gebruik van genoom mining strategie door onderzoekers die 
in verwante gebieden werken. Daarnaast geef ik enkele ideeën voor mogelijke toekomstig verder 
onderzoek op basis van de resultaten in dit proefschrift. Ten slotte, om enzymcocktails te verbeteren 
of te maken die de biomassa van planten efficiënt afbreken, presenteer ik enkele ideeën over hoe de 
enzymen die in deze studie zijn gevonden kunnen worden gebruikt om een synergetisch experiment 
op te zetten.
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品质：自信和勇敢。不吝于向他人表达自己的赞美与喜爱，也不畏于对事物发表自己的看
法与观点！

The End!

“When we reach the end of what we should know, we will be at the beginning of what we should sense.”

― Kahlil Gibrán, Sand and Foam


