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Novel scientific findings

1. Novel screening method has been developed for ligati®n of various specific enzyme
activities in crude fermentation supernatants. Thethod combines classical screening
method together with different instrumental anaigtitools such as High Performance
Liquid Chromatography and Mass Spectrometry. (P&fer

2. This screening method is only effective when udimg correct substrate. The substrate
characteristics determine enzyme performance arebmsing results. Screening of xylan
degrading enzymes was performed on soluble xyldn substrates (wheat arabino-xylan,
eucalyptus xylan hydrolysate) and insoluble xylach rfractions (wheat straw water

unextractable solids and corn fiber alcohol inskdwgwlids). (Paper #1 and #2)

3. Screening of 78 shake flask fermentation supertgtan different xylan rich substrates
resulted inAspergillus Penicillium Trichodermaand other non-identified species have
high hemicellulolytic activity. These results coutdlicate further screening experiments

of more strains. (Paper #2)

4. Screening of 15 species belonging to ThiehodermasectionLongibrachiatunresulted in
equally good or better isolates than control sgetichoderma reeseRUT C30 and
QM®6a. They are genetically close To reeseisuch asl. reeseiCPK 155 T. parareesei
TUB F-2535 and T. gracile TUB F-2543isolates. They may represent a potential for

industrial applications. (Paper #3)

5. Novel Penicillium cellulases were efficient in specific cellulasetihaty similarly to
Trichoderma reeseiRUT C30 cellulases. Also, higheB-xylosidase activity was
investigated inPenicillium cellulase complex. The lignin inhibition of hydyat activity
of the Penicillium cellulases was almost absent in case of herbadepus being at a
lower temperature (35°C)P. pulvillorumTUB F-2220 andP. cf.simplicissimumrUB F-
2378 cellulases are competent in simultaneous aafichtion and fermentation (SSF) at a

lower temperature. (Paper #4)



Abstract

Filamentous fungi can be valuable sources of alal and hemicellulsic enzymes for
bioconversion of lignocellulosic biomass to biokieThe present research work describes a
new screening method using up-to-date methodolagy iastruments, by which specific
xylan degrading enzymes can be detected. A greabeuof fungi enzyme mixtures have
been produced in fermentation of different lignadekic carbon sources. Randomly selected
enzyme preparations were tested in the hydrolysisotuble xylan rich substrates and
insoluble xylan rich fractions. Hydrolysis produgtsre analyzed by high performance liquid
chromatography and mass spectrometry. This scrgenethod was also applied in study of
supernatans ofTrichoderma Longibrachiatumclade which are genetically close to
Trichoderma reesepne of the most promising cellulase and hemicedkifaroducers and the
results might even have possess scientific valbes& methods help to prove that sufficiency
of degradation is depends not only on the selefttadi enzyme preparation but also the

characteristics of xylan rich substrates.

Furthermore, cellulase enzyme systems of two nBeglicillium strains have been studied.
The secreted enzyme mixtures of the recently fapeties were tested in the hydrolysis of
different lignocellulose substrates and microciyis& cellulose (Avicel PH-101). The
sensitivity of these cellulase complexes was studie softwood (spruce) and grass (wheat
straw) lignins on different temperature and pH leWéesePenicillium cellulases could be
valuable in the simultaneous saccharification arthéntation (SSF) process performed at a
lower temperature (e.g., 35°C) for pretreated lgptloloses. Similar studies have been
performed in subject of cellulase of differ@ichodermaisolates. However, at this moment
they are under in-depth analysis for a possiblemai his means that | am unable to publish

the results until the end of the investigation.
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1. General Introduction

Diminishing resources of fossil-fuel energy and tletrimental effects of their usage on the
environment has generated the growth of the apgpmitaof plant biomass for fuel and
chemical production (Ragauskas et al., 2006; Hineheal, 2007). First generation bioethanol
plants (sugar cane and starch-based plant grai@shtensively studied, although their usage
may increase the price of food and feed of animalserefore, the developing second
generation biofuels produced from non-food biomass also significant for future
biorefineries (Sims et al., 2010; Xu et al, 2008)urce of second generation biofuel is raw
materials such as energy plants and agriculturgdrbgucts e.g. wheat straw, corn stover and
wood from agro- and forestry residues. Major congmigs of lignocelluloses are cellulose,
hemicelluloses and lignin. Natural carbon recyclimghe polymers is based on lignocellulose
degrading micro-organisms. These creatures produs@e range of glycosidic hydrolases,
which are also used in the industrial hydrolysislighocellulosic materials (Zhang et al.,
2006; Jovanovic et al., 2009).

The present PhD research is part of the 7th EU &nark project, with the logo 'DISCO’
(Targeted DISCOvery of novel cellulases and hefthit@ses and their reaction mechanisms

for hydrolysis of lignocellulosic biomassiww.disco-project.elu This project focuses on the

development of efficient and cost-effective enzytoels to degrade the lignocellulosic
biomass to fermentable sugars, convert it to basethand to investigate the performance of
these enzymes. Our laboratory focused on the gogeof novel cellulases and
hemicellulases produced by selected lignocellulolyilamentous fungi, enriched soll
samples and enzyme collections to find enzymesghetite to degrade selected materials. In
the cellulase subject we collaborated with TecHriResearch Centre of Finland (VTT), while
we also cooperated with Wageningen University (WW))studying the degradation of

hemicelluloses.

The present screening work was carried out appraveiy with 950 strains. Selected enzyme
supernatants have been tested in hydrolysis expetanin degradation of cellulose and
hemicellulose rich carbon sources. Furthermordppmances of enyme mixtures were tested
on different carbon sources in presence of diffetgnins. Sensitivity of enzymes was
analyzed on different temperature and pH levelgifiPation of enzyme preparation was

performed and purified proteins were investigated.
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1.1.Lignocellulosic Biomass

Lignocellulosic biomass represents a potential ewuof renewable raw materials for
bioethanol production. Agricultural and forestrysickies are a remarkable part of common
solid waste (e.g. waste paper), as lignocellulosaterials are used as potential resources of
biofuel production. The complex structure of biosyesmade up of three important fractions:
35%-50% cellulose, 20%—-35% hemicellulose and 12%-#Qnin. Furthermore, a minor
amount of other polymeric components: starch, pegtioteins, minerals, ash, etc (Gomez et
al., 2008; Lynd et al., 2008). Celluloses and hethitoses connected with lignins to the form

an insoluble, tridimensional network, is a constagtiavior.

1.1.1. Cdlulose

The most abundant component in the plant cell isadellulose. It is composed BFglucose
units that are linked witl#-1,4-glycosidic bonds to each other. Cellulose tvas general
forms in biomass: crystalline and amorphous. Chyséacellulose creates the main segment
of cellulose, while a low amount of cellulose isarganized amorphous form. Cellulose is
more competent to enzymatic degradation in its ammus form (Lynd et al.,, 2002,
Laureano-Perez et al., 2005). Cellobiose is theaepnit created through this linkage and it
composes cellulose chains. The long cellulose shaig stabilized by strong hydrogen and
van der Walls bonds to create microfibrils in plaml walls. Figure 1 represents the
secondary structure of cellulose.

Cellulose microfibrils have a high part of crysta#l regions and a lower amount of
amorphous regions . Strong hydrogen bonds holdbtige cellulose chains tightly together in
a crystalline structure, resisting to the degramhatf plant (Himmel et al., 2010; Guo et al.,
2008).

12



Figure 1. The secondary structure of cellulose

*http://www.doitpoms.ac.uk/tlplib/wood/structure_aa ptl.php

Numerous organisms are able to digest cellulosausilizke as a source of food such as fungi,
bacteria, plants and protists along with a widdetgrof invertebrate animals, for example

insects, crustaceans, annelids, molluscs and ndewm{Watanabe et al., 2001; Davison et al.,
2005).
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1.1.2. Hemicdlulose

Hemicellulose is the second abundant material enpilant cell walls of both species (dicots
and monocot). The structure of hemicellulose isenag of an amorphous chain that contains
a mass of saccharides.The most frequently preseuigals in hemicellulose:-D-galactose,
B—D-glucose,p—D-mannosef—D-xylose ando-L-arabinose. Besides, a smaller amount of
other compounds are present in the structure oide#ioriose, such as acetic acid and uronic
acids @-D-glucuronic acid and-4-O-methyl-D-glucuronic acid). And further lower amdun
of saccharides is attended in the structure of bellniose as well, for exampteL-rhamnose
anda-L-fucose (Scheller et al., 2010).

Hemicellulose can be classified into four groupglams (-1,4-linked D-xylose units),
mannans f{-1,4-linked D-mannose units), arabinansl(5-linked L-arabinose units), and
galactans [{-1,3-linked D-galactose units) (da Silva et al.120 Figure 2 represents the

complex structure of xylan.

-00C
H,CO O
HO H.C. O
OH “p
O 0
VT N S
0 0 0
OH © n
0
0 OH
H,CO
=70 OH
HO

Figure 2. The main components of the hemicellulose

* http://upload.wikimedia.org/wikipedia/commons/4/4@lan.svg

The hemicellulose backbone has either the struaftil@mopolymer or heteropolymer with

short junctions linked by-(1,4)-glycosidic bonds and in some casespHit,3)-glycosidic
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bonds In contrast to cellulose, the polymers in hemideBe are easily digestable. These
polymers do not aggregate, even when they are cteuhé¢o cellulose chains (Kumar et al.,
2009).

1.121. Xylan asa Complex Hemicellulose

Xylan is the most common polymer from the hemideBe group range, its polysaccharides
include linear chains of-(1,4)-D-xylanopyranosyl residues—d¢an also be substituted by
acetyl groups at the position GF2 or O-3. Xylans of higher plants are also substitutediby
O-methylglucuronosyl residues. Constitution of O4methylglucuronic acid and
glucuronoxylan is included in the secondary celllwadicotsbut does not usually appear in
the primary walls of dicots and the walls of monisc{Caffall et al., 2009). Numerous
agricultural plants consist of xylans such as stisavghum, sugar cane, corn stalks and cobs,
hulls and husks, as well as forest and pulping evpsdducts from hardwoods and softwoods
(Ebringerova and Hromadkova, 1999).

Recently, the following xylan groups have beeningstished according to their structure (da
Silva et al., 2012):

Arabinoxylans: Xylan backbone substituted w#{1,4)-D-xylopyranosén position 2 or 3
with a-(1,3)-L-arabinofuranosyl can be esterified pastlith phenolic acids.
Arabinoxylans are presented in the starchy endosperd the outer layers of

cereal grains.

Glucuronoxylans: These can be partly acetylatedcamdhave units substituted with(1,2)-
4-O-methyl-D-glucopyranosyl uronic acids. They areserged in hardwood,

depending on the treatment.

Glucuronoarabinoxylans: These have a substitutidim av(1,3)-L-arabinofuranosyl next o
(1,2)-4-0-methyl-D-glucopyranosyl uronic acids. They are sprged in

softwoods.

Unsubstituted homoxylans: They are linear polysaddes, presented in some kind of

seaweed.
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Heteroxylans: They are substituted with various eaand/or oligosaccharides. They can be

found in cereal bran, seed, and gum exudates.

Structure of xylans from different plants are estealy studied and characterized. More
xylan extraction method have been developed, whiokide a wide range of applying xylan

extracts in further researches (da Silva et all220

1.1.3. Lignin

Lignin is hydrophobic in nature and bonds covaletdl hemicellulose and cellulose to make
the structure of lignocellulose more complex. Ligis the roughest component of the plant
cell wall as it has an important function in theypical characteristics of wood, and besides, it
protects lignocellulosic plants against biologicd¢gradation (e.g. cellulose degrading
microorganisms). Lignin has not a sugar-based oactgdn however, it is made up of
heterogeneous independent aromatic polymers of okydinnamyl alcohols.lts major
monocomponents are namghcoumaryl, coniferyl and sinapyl alcohdigure 3) (Caffall et

al., 2009).

Lignocellulosic biomass contains 5-25% of lignirheTquantity and conformation of lignin
are different in plant species, diverse cell typed cell wall layers (Lin et al., 1992). Lignin
enhances the rigidness of the cell walls and dshes water permeability. Lignin
concentration is more considerable in the softwobdoniferous trees (25-33%) than in the
hardwood of broad leaved trees (20-25%). Ligninsaftwood is mostly constructed of
guaiacyl units originated from coniferyl alcoholhie lignins in hardwood are polymers of

coniferyl and sinapyl alcohols.

During the industrial utilization of lignocellulosg lignin is affected negatively by the
limitation of access to glycosyl hydrolases (GHs}he cellulose and hemicellulose and also
by irreversible adsorption to GHs enzymes (Sewadl.e1997; Berlin et al., 2006; Nakagame
et al, 2010; Rahikainen et al, 2011). This adsorptf proteins to lignin surfaces is typically
operated by hydrogen bonding, electrostatic foeses hydrophobic interactions. The impact
of lignin inhibiton depends on the compositionighin as well as on the lignin origin (Pan et
al., 2008; Tejirian et al., 2011).
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Biological degradation of lignin is based on pemiance of soft- white- and brown- rot fungi.
Lignin treatment of these fungi may be an efficiemtthod of delignification in order to

provide easier access to components of celluloddamicellulose (Gupta et al., 2011).
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Figure 3. The complex structure of lignin

*http://hu.wikipedia.org/w/index.php?title=F%C3%Aljignin_structure.svg&page=1&filetimestamp=2007042
4122513

1.1.3.1.  Lignin Inhibition of Lignocellulose Hydrolysis

During the enzymatic hydrolysis of lignocellulosellalose and hemicellulose degrading
enzymes performance can be reduced by lignin ictieres. Two possible inhibition ways are
described: steric hindrance of the cellulose bynifigand the reversible or irreversible

adsorptions of cellulases on lignin. This adsorptietween lignin and cellulases can happen via

17



hydrophobic interactions, ionic interactions or lggen-bonding interactions (Eriksson et al.,
2002; Berlin et al., 2006; Pan et al., 2008).

In order to improve lignocellulose hydrolysis rated recovery of degrading enzymes after
the process the affinity of lignin binding to enzgsmeeds to be reduced in order to make the
hydrolysis process more economical (Berlin et 2006). Further options have been
developed to enhance the hydrolysis yield. For ganthe application of weak lignin-
binding enzymes, which are mainly produced by fui@grlin et al., 2005). Another way is
intensively increasing the temperature that redutes cellulase-lignin interactions and
decreases the release of cellulases from the ligoirface (Rahikainen et al., 2011).
Delignification processes can also significantlyprove the digestibility of lignocellulose by
removing the lignin. This highlights the importanakpretreatment steps before hydrolysis
(Pan et al., 2008).

1.2. Pretreatment of Lignocellulosic Materials

The impact of pretreatment of lignocellulosic bi@adas been identified and written for a
long time (McMillan et al., 1994). The intention thfe pretreatment is to digest the plant cell
wall and to remove lignin from cellulose and hertiidese and besides to decrease cellulose
crystallinity, as well as to increase the porosifythe lignocellulosic materiald={gure 4)
(Merino et al., 2007).

Hemicellulose Pretreatment .
Hemicellulose

Cellulose
Cellulose

Figure 4. Scematical illustration about the effetpretreatment of lignocellulose (adapted

from Kumar et al., 2009)
18



The pretreatment has to suit some important reongngs. First of all, it has to improve the
formation of sugars or the ability to subsequemdlym sugars by enzymatic hydrolysis. It
should prevent the degradation or loss of carbdatgdiand prevent the formation of
byproducts inhibitory to the subsequent hydrolysisl fermentation processes. Last but not

least, it has to be economical (Galbe et al., 2007)

Numerous pretreatment technologies have been giissined from extremely acidic to quite
alkaline (e.g. acid-catalyzed steam explosion, amandfiber explosion and solvent
extraction), breaking the composition of the biosmnasd developing it to be more accessible
and digestable for degrading enzymes. For exarapldic pretreatment hydrolyzes the most
amount of the hemicellulose but leaves a great amoficellulose and lignin (Bura et al.,
2002; Pan et al., 2005; Wyman et al., 2005; Aghhal.e2011).

The hydrothermal- and steam pretreatment methods cammonly used technologies
nowadays. These are supplemented with chemicaktibgeto improve the accessibility of
carbohydrates by degradation of the tissue stracind modifing the spatial distribution of

polymers (Merino et al., 2007).

Pretreatments may extremely improve enzymatic distmbllity of plant biomassowever,
the pretreated lignocellulosic materials can stdhtain a considerable amount of lignin,
which restricts enzymatic hydrolysis by irreversibtonjuction of lignin to GHs. This
negative factor enhances the cost of the processdmgasing the dosage of enzymes and
inhibiting the recycling of these enzymes. It hasibinvestigated that lignins originated from
softwood are more disadvantageous to the perforenasfc enzyme than lignins from

hardwood or grasses (Nakagame et al., 2010).

1.3. Microbial Degradation of Lignocelluloses

Efficient degradation of lignocellulosic biomassdiigo- and monosaccharides requires the
cooperation of different microbial enzymes in syiem. Structurally two different enzymes
are involved in the degradation of the plant ceallliwnnamely,endo-enzymes and exo-enymes.

Endo-enzymes cut the bonds inside the chain ofnpeiy. The action of endo-enzymes
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results in the reduction of substrate molecula mBsgs-enzymes digest the endings of the
polymer chain and hydrolyse oligomers to monoménglo-enzymes may provide additional

substrates for the exo-enzymes (Henrissat et39.7)1

Numerous protist and polycellular creature can peedlignocellulolytic enzymes although

the most utilized lignocellulose digesting enzynaes originated from bacterias and fungi.
The most deeply investigated enzyme systems incbetlalases, hemicellulases and some
connecting glycoside hydrolases (Himmel et al.,®01

Up until now there has been not enough efficieatyem cocktails for total degradation of the
plant cell walls and the quantity of these enzyaresnot known exactly. However, the usage
of cellulase and hemicellulase enzyme mixtures draye for a better and better degradation

of the lignocellulosic biomass (Himmel et al., 208Tistensen et al., 2008).

1.3.1. Cdlulase

Recently used cellulase enzyme preparations areegif in the hyrolization of cellulose
However, they are comparatively expensive, theeefovould be important to reduce the
cost of their commercial usage in biorefineriese Tellulase enzyme complex contains three
different kinds of enzyme that perform well in @dbration in degradation of cellulose
(Figure 5). According to the region of substrate and hydsisly products they are
exoglucanases, endoglucanasesfaghtlicosidases (Wilson et al., 1999; Kubicek et2009).
They perform successantly in a good cooperatiobreakdown break down the cellulose
complex and produce a fermantable energy souragcqgé) for bioethanol production
(Beguin et al., 1994).

Cellulase enzyme complexes are distinguished asolagks which can break dowd-
glycosidic bonds between glucose units. They haeenbclassified by the Enzyme
Commission with the number 3.2.1.x, where x sidres different cellulolytic enzyme type.
(Lynd et al., 2002).
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Figure 5. Efficiency in cooperation of membersafutase enzyme system (adapted from
Mussatto and Teixeria, 2010)

The following three classes of cellulase enzymésnagynergism during cellulose hydrolysis:

Endoglucanases: This cluster is represented bypth@-endoglucanase (E.C. 3.2.1.4). It
randomly digests the inner glycosid-linkages of@an@rphous cellulose part, liberating
polysaccharides with lower polymerization degre®)[@nd soluble oligosaccharides
(DP<T).

Exoglucanases: The most important enzymes of thngpgare cellobiohydrolases (CBH, E.C.
3.2.1.91) and glucanohydrolases (E.C. 3.2.1.74)lloklehydrolase indigests the
cellobiose from the reducing (CBH 1) and non-redgcfCBH Il) terminals of cellulose
chain. Glucanohydrolase liberates glucose units filoe ends of the cellulose chain. It
has been investigated in the past that both celiylirolases (CBH, E.C. 3.2.1.91) and
glucanohydrolases can be inhibited by their hydislproducts, the glucose (de Castro
et al., 2010; Lynd et al., 2002).
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B-glucosidases: The third cluster from cellulase pl@xincludes thg-1,4-glucosidase (E.C.
3.2.1.21), which induces the degradation of cetlebiand digests oligosaccharides to
glucose, hydrolyzes th& 1,4 bonds in the cellulose chain randomly. Thizyeme also
can be inhibited by glucose (de Castro et al., 20¢0d et al., 2002).

The most prevalent commercial enzyme products égratlation of lignocellulosic biomass
are produced by saprophytic mesophilic funglischoderma reeseiin submerged
fermentation (Nydetzky et al., 1994). This micraamgm was isolated for the first time over
60 years ago from decaying cotton tents during WoNar 1l ( et al., 1976) This
Trichoderma reesestrain was a plentous producer of cellulase engyraeer since the first
isolation, several mutants have been investigdtatincrease the productivity of the strain by
over 20-fold (Mandels et al., 1971; Montenecoulet1979; Mirsha et al., 1984).

1.3.2. Hemicdlulases

The enzymatic hydrolysis of hemicellulose requitles cooperation of a great number of
enzymes. These hemicellulose degrading enzymebecatassified according to their actions
in three main groups: endo-acting enzymes, exawgcénzymes and further accessory
enzymes. The endo-acting group has low efficiencyshort oligomers, while exo-acting
hemicellulases are induced by both short and Idrgncsubstrates as well. The accessory
enzymes are responsible for the digestion of lidimked glycoside bonds liberating different
substitutions from hemicellulose backbone (Himnelle 2010).

One of the most commonly known hemicelluloses & xglan. The total degradation of a
complex xylan is required first to release the stlents from the xylan backbone and
afterwards the depolymerization of the xylan chaime adequate hydrolysis of hemicellulose
needs a simultaneous action of all these enzymesk@ et al., 2009). Debranching of the
side chains requires the performance of numerotesaory enzyme activities, including_-
arabinofuranosidases;glucuronidases (E.C. 3.2.1.139), ferulic acid este (EC 3.1.1.73),
and acetyl xylan esterases (EC 3.1.1.72) (Sahal.et2803; Biely et al., 1997).
Depolymerization of the backbone requires endonadas (E.C. 3.2.1.8) that produces
unbranched xylooligosaccharides, such as xylotraosk xylobiose, an@l-xylosidases (E.C.
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3.2.1.37) that split xylobiose and digests the ramhicing terminals of short chain

xylooligosaccharides to release xylose (Saha g2@0D3).

Figure 6 presents a schematical view about complete depadaf xylan by co-operation of

many enzymes:

Endo-xylanaseshydrolyse the glycosidic bonds of tHgl,4- or B-1,3- linked,

unsubstituted xylan backbone to prod@ee-xylopyranosyl oligomers.

S-D-xylosidasesleave xylooligosaccharides such as xylobiose ftimennon-reducing

terminus liberating-D-xylopyranosyl residues.

Acetyl xylan esteradéerates thé-acetyl groups fronf-D-xylopyranosyl remains of
acetylated xylan. This enzyme is important in tlegrddation of xylan, because the
acetyl groups can inhibit with the approach of ewrglanases that digest the

backbone.

a-L-arabinofuranosidaseor arabinoxylan hydrolases releasearabinofuranosyl

residues from thf-D-xylopyranose part.

a-Glucuronidaseenzyme degrade thel,2-bonds betweefi-D-xylopyranosyl units

and the glucuronic acid (and also th@imethyl ethers).

Ferulic acid esteraseand p-coumaric acid esteraséberate ferulic acid andg-

coumaric acid linked to arabinose units (Bielylet2003; .Polizeli et al., 2005).

Degradation of xyloglucan and xylomannan requirgibglucanases (E.C. 3.2.1.151;

glucosidases, endo-mannases (E.C. 3.2.1.78) [anadannosidases (E.C. 3.2.1.25) as
polymerizing enzymes, but alse—xylosidases (E.C. 3.2.1.177)-galactosidases (E.C.
3.2.1.22), a-arabinofuranosidases (E.C. 3.2.1.55) and acetigrases (E.C. 3.2.1.6) as

debranching enzymes.
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Figure 6. The structure of xylan and performancethe xylan degrading enzymes. 1: endo-
xylanases; 2ua-L-arabinofuranosidases; 3i-glucuronidases; 4: feruloyl and coumaroyl
esterases; 5: acetyl xylan esterases (Chavez,&2G06)

Hemicellulase enzymes are produced by many micevosgs, especially fungi and bacteria
as well as by some plaftowever, the commonly used xylanolytic fungi are stho
ascomycetes (Polizeli et al., 2005; Sizova et2011; de Vries et al., 2011). Filamentous
fungi have a crucial role in the industrial prodact of Xxylanase. They excrete
hemicellulolytic enzymes in a much higher amounanthyeasts or bacterand their
enzymatic complexes are more complete. Commergidnase formulations have been
produced, at an industrial scale, mainly from fuafjthe generarichoderma, Aspergillys
and alsdPenicillia (Michelin et al., 2010; Lafond et al., 2011).

1.3.3. Industrial Application of Cellulase and Hemicellulase

A great number of the industrial sector appliesutate and hemicellulase enzyme mixtures,
such as the food- and feed industry, pulp- and mpeyistry, textile- and laundry industry,
baking industry, waste treatment or alcohol producfrom biomass. Against the chemical

treatments mild temperature is required in thesegsses in order to avoid the inactivation of
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enzymes (de Castro et al., 2010; Saha et al., 2008se enzymes have been commercialized
for more than 30 years (Kudah et al., 2011).

Pulp and Paper Industry: biotreatment pulping apglycellulases resulted in considerable
energy savings (around 20-40%) during refining androvements in handsheet strength
properties. Besides, cellulases are used for dyeval from waste paper (Bhat et al., 2000).
B-xylanases related from filamentous fungi are beaisgd in the biobleaching of cellulose
pulp. They have investigated that the usage of belfulase enzymes can materially influence
the increase the brightness of kraft pulp. Thiscess can replace the application of active
chlorine, which makes it more environmentally fdgn Furthermore, these enzymes can be
used in the biobleaching of sulfite pulps (Beg let 2001; Bhat et al., 2000; Viikari et al.,
1994).

Textile Industry: Cellulases have been applieditier biostoning of jeans and biopolishing of
cotton and other cellulosic textures. During thesboning process, cellulases digest the small
fiber ends from cellulose fabric on the yarn swuefadye release from textile therefore, it is
easily removed by mechanical washing. Cellulasdicgn benefits are the followings:
increased productivity, less work-intensive and feeodly. Mainly monocomponent
cellulases (selected endoglucanases) are applidgteitextile industry (Kudah et al., 2011).
Also the application of xylanases is outstandinghia textile industry in the process of plant
fibres, such as linen. For this purpose, cellufase-xylanases are more favourable in the

textile industry (Csiszar et al., 2001).

Wine and Beer Industry: Glucanases from microosgasi are successfully used in
fermentation industry to produce alcoholic bevesafiers and wines). These enzymes may
increase both quality and yields of the fermenteddpcts. Glucanases are dosaged to
hydrolyze glucan, to decrease the viscosity of wamtl to increase filterability (Bamforth et
al., 2009).

Food Industry: Cellulase enzymes also play an itapbrrole in the application in food

processing. The production of fruit and vegetahlegs need increased treatments for
extraction, clarification, stabilization and thegncenhance the yield of juices as well. The
benefits of digesting enzymes usage are improviath lyield and process performance
without further substantial investment (de Carvaktoal., 2008). Furthermore, usage of

xylanases together with amylases, glucose oxidask proteases is prevalent in baking
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industry. Xylanases degrade hemicellulose in wiieat; promoting the rearrangement of
water and leaving the dough softer and much e#&siknead. With the dosing of xylanases
the volume of bread will increase, absorption oftewawill enhance and resistance to
fermentation will improve. Furthermore, the higlvde of arabinoxylooligosaccharides in
bread has positive effect on health. The productbriruit and vegetable juices needs
treatments of extraction, clearing and stabilizatichere xylanases play an important role in
these processes (Harbak et al., 2002; Camachq 20aB).

Animal Feed Industry: Pretreatment of agricultusdhge and grain feed by cellulases or
hemicellulases can increase the quantity of nairstj hereby decreasing the price of the flesh.
Application of cellulase and xylanase enzymes ie fieed industry (especially for
monogastric animals and broiler chicken) is algmificant. Supplement of animal feed by
xylanases and other enzymes (e.g. glucanasesng®es, proteases, amylases, phytase,
galactosidases and lipases) are more essentiaenliny monogastric animals (e.g., pigs,
broiler chickens) than in feeding ruminants (Ststaaa et al., 2011). In addition, xylanases
degrade arabinoxylans in the hemicellulose patheffeed, decreasing the viscosity of the
raw material (Twomey et al., 2003).

Agricultural Industry: Different enzyme preparatsoifvarious combinations of cellulases,
hemicellulases, and pectinases) have extensivécapphs in agriculture in order to enhance
the yield of crops and to decrease plant dised&agrophitic fungi cellulases are able to
degrade the cell wall of plant pathogens herebytrobimg the plant diseases. Numerous
cellulolytic fungi such aslrichodermaspecies,Gliocladium species,Chaetomiumspecies,
and Penicillium species are known as an outstanding performegricudture by promoting
seed germination, plant growth and flowering, emiranthe root system and improving crop
yields (Bailey et al., 1998; Harman et al., 1998).

Detergent Industry: Application of cellulase enzgntegether with protease and lipase in the
detergents is an improvement in this field of indusCellulase enzyme coctails play an

important role in the modification of cellulose éifs increasing the color brightness, feel, de-
pilling and dirt removal from the cotton. Mainly diarial cellulases are used in detergents

with slightly alkaline pH optima (Kudah et al., 201

Recycling of Waste: Waste produced from forestsicajural sectionsand agroindustries

comprise a large number of unappropriated cellulssaerces, generating environmental

26



pollution. Currentlythese unutilized wastes are considerately usecatemaluable materials
such as enzymes, saccharides, biofuels (e.g. bioeiflh biochemicals, carbon sources for
fermentation, enriched animal feeds and nutriedisdéh et al., 2011; Zhang et al., 2006;
Sukumaran et al., 2005; Milala et al., 2005).

Production of biofuels: Another potential usageh# cellulases and hemicellulases is in the
saccharification of lignocelluloses in the process bioconversion of lignocellulose to
biofuels and biochemicals (Saha et al., 2068jure 7 represents the main steps of biofuel
production from lignocellulosic materials. Cellldasnd hemicellulase enzymes play an
important role in the hydrolysis of biomass to fentable mono- and oligosaccharides
(Kumar et al., 2009).

Lignocellulosic

biomass
0 )
Pratre=atmant,
Hydlr olysis
Mono-and

oligosaccharides

\ /

l Fermentation

Ethanol, higher
alcohols,
hydrogen, acids,
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separation,
Purification

Biofuels

Figure 7. Schematically view of production biofufetsn lignocellulose
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1.4.Plant Cell Wall Degrading Fungi

Fungi play a crucial role in the degradation of ghant cell wall. Degrading enzymes are
produced by many other creatures as well (bactge@st, marine algae, snails, insects, etc.).
They excrete extracellular enzymes, which togethiéect the plant cell wall materials
releasing mono-, oligosaccharides and other cell e@nponents (Kulkarni et al., 1999;
Polizeli et al., 2005). Three classes of decayumpgf are distinguished according to which
part of the lignocelluloses decay: white-rot, bressh and soft-rot fungi. White-rot fungi can
degrade the lignin part of the plant matter, wholewn-rot fungi are able to release the
cellulose and hemicellulose part though not thenitig Soft-rot fungi produce both

polysaccharide- and lignin-degrading enzymes (i€irkl., 1983).

Classes of Basidiomycetes and Ascomycetes are kramvefficient producers of wood
decaying enzymesTrichoderma Aspergilli and Penicillia species are the most crucial
microorganisms for cellulase/hemicellulase productnd create the source of these enzymes
for industrial applications, including the productiof biofuels from plant biomass (Esposito
et al., 2008; de Vries et al., 2001; Aro et al.020Jorgensen et al., 2005; Chavez et al.,
2006).

Filamentous fungi have been isolated and were iftlohias efficient lignocellulose degrading
enzyme producers. Development of cost-effectivedagllulolytic enzymes for degradation
of plant biomass needs continuous screening ahélaous fungi. Until now powerful and
efficient enzyme coctail has not been discoveredfgetotal hydrolysis of lignocellulosic

biomass (Martinez et al., 2004).

1.4.1. The Genus Trichoderma

Trichodermaspecies are some of the most abundant filameritowg in nature. They are
well characterized and classified members of theoAs/cete brown-rot fungi group, which
can be found in soils, on decaying wood and vedetalaterials. All of these strains maintain
the anamorph form oHypocreahowever, theHypocreateleomorph form exists only on

wood or on other fungi, while strains ®fichodermacause diseases of living plants as well
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and also mushroom. (Bailey et al., 1998; Harmanlgt1998; Seaby et al., 1998). Several
studies provide an extensive review of the biolagyyme production and biological control
of Trichodermaspecies. More than one hundfBdchodermaspecies have been isolated and

documented in the last few years (Druzhinina e2@06; Samuels et al., 2012).

Commercial application of enzymes ®fichodermaspecies is widely accomplished. The
Trichoderma reesditeleomorprHypocrea jercoringis used extensively in industry due to its
facility to excrete high levels of cellulase, heglialases and other useful enzymes (Martinez
et al., 2008).

1.4.1.1. TrichodermalLongibrachiatum Cluster

Members of the genu3richodermaare present in soils and decaying plant materials.
Recently the range of Longibrachiatumi has become one of the most compelling parts of
genusTrichodermadue to the industrial production of lignocellula$sgrading enzymes. The
number of species belonging to thErichoderma longibrachiatuntlade™ is continuously

increasing (Samuels et al., 2012).

The most essential species in th@ngibrachiatumgroup isTrichoderma reesefHypocrea
jecoring due to the efficient production of lignocellulosgegrading enzymes and
recombinant proteins (Mantyla et al., 1998; Nal&atala et al., 2009; Peterson et al., 2012).
All genetically developed mutants df. reeseihave been related from a single wild-type
isolate named'. reeselQM6a. Originally a rotting canvas fabric sample was collected & th
Solomon Islands during World War 1l and a cellutayfungus was isolated later from this
army tent (Mandels et al., 1957). Originally, theas QM6a was incorrectly identified ds
viride. Its cellulolytic enzymes have been extensivelydgd from the 60’s at Natick
Laboratories (Mandels et al., 1969). Later on, QM&as recognized not asTa viride but a

new species namelly. reesein honour of Elwyn T. .

The significance ofl. reeseigenome was investigated previously, analysis fggnome
indicated that despite its production efficiendy, reeseipossesses the lowest amount of
cellulolytic and hemicellulolytic enzymes amoBgrdariomycetest its disposal. Therefare

the search for additional isolates Trrichoderma section Longibrachiatumseems to be
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significant and may conclude in new and efficiaghdcellulose degraders (Martinez et al.,
2008; Schuster et al., 2012).

Application of Trichodermastrains in biotechnology has been available fory8ars now.
Primarily, they used their cellulases in the foondustry to clarify the juices and it was also
used extensively in the animal feed industry (Herle al., 2002). Afterwards, they
recognized their positive affects in the textilalgand paper industry as well (Mantyla et al.,
2007). Production of cellulases and hemicellulabgsTrichoderma strains allows for
biodegradation of waste materials and bioconversiblignocellulosic agricultural wastes

(e.g. wheat straw, corn cob, wood junk) to biof &sirtinez et al., 2008).

In addition to the cellulases and hemicellulasexlpction they also excrete other enzymes,
especially chitinases, glucanases and antifungatgo Several plant diseases have been
controlled by antifungal enzymes related Teichoderma strains. Consequently, these
organisms have considerable potential for a rafigemmercial applications (Mandels et al.,
1969).

1.4.2. Penicillium Species

Various lignocellulolytic enzyme systems of tRenicilliumspecies have been investigated in
the last 30 years (Liu et al., 2013). They prodhiggh-effective cellulose degrading enzyme
complexes, therefore they have improved the abibtydegrade plant biomass. Numerous
Penicillium cellulase complexes act more efficiently thBmchoderma reesecellulases in
digestion of different lignocellulosics materialBhfyfgesen et al., 2003; Krogh et al., 2004;
Adney et al., 2008; Martins et al., 2008).

Penicillium strains are extensively applied in biotechnolagyt only for biodegradation of
agricultural waste materialsut their other enzymes (e.g. amylases, lipasesspitatases)
have been studied as well (Petruccioli et al., 1988 addition to their usage of enzyme
production they are commonly used in medical sactar producing different antibiotics.
Their antibiotics are able to degrade the cell svafl bacteria, making it unable to grow and
multiply (Fawcett et al., 1973).
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1.5. The Aim of This Thesis

This research work is based on the DISCO projeattdims to discover and develop enzymes
that break down lignocellosic biomass more effitieand more cost-effectively, making the

bioethanol production process commercially viahléhis respect.

The aim of the current PhD research work is to stigate novel hemicellulolytic fungal
enzyme systems by a new screening method using-dpté instruments, by which specific
xylan degrading enzymes can be detected. The doatreening selected lignocellulose
degrading enzyme systems was to develope an imghréwyelrolysis of lignocellulosic

biomass to fermentable sugars.

Furthermore, this screening method was applied fmaller subgroup of strains belonging to
the TrichodermasectionLongibrachiatumby diverse chromatography methods and a mass

spectrometry method as well.

The hydrolytic potential of novdPenicillium cellulases and new fast growiigichoderma
cellulases was performed. The strains were cudt/abn several lignocellulosic carbon
sources and microcrystalline cellulose in ordeprtoduce efficient lignocellulose degrading

enzyme supernatants.

The secreted enzyme mixtures were tested in diffehgdrolysis experiments. Cellulase
enzyme mixture optimas were analysed on differemiperature and pH levels. Sensitivity of
cellulases has been studied during hydrolysis @sgmce of softwood and herbaceous lignins.
Lignin inhibition of enzyme cocktails has been istigated on both lower and higher
hydrolysis temperature.
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2. Materials and Methods

2.1.Microorganisms

Microorganisms were stored as freeze-dried cultireggass ampoules for long term storage
in the TUB (Technical University of Budapest) cuéiucollection ywww.tub-collection.hit

Out of them, mesophilic lignocellulolytic fungi havbeen screened to produce cellulose
and/or xylan degrading enzymes. These fungi hawn bsolated from soil samples and
decaying plant materials have also been collecdidwide. A few taxonomically identified
fungi were introduced into the study as well. Thegre obtained from known culture
collections such as ATCC, NRRL, CBS, IFO, etc.

Revitalization of freeze-dried fungi from ampoulgas performed on Potato-Dextrose-Agar
(PDA) medium in Petri dishes at 30°C and the spdedl cultures were used for inoculation

of shake flask fermentation.

Fungal strains belonging to tAgichodermasectionLongibrachiatumare listed inTable 1.
Identifications were performed by classical taxogd®amuels et al., 2012) and by molecular
tools (G.J. Samuels, and C.P. Kubicek, separatelysir facilities) (see corresponding papers
in Table 1).T. reeseiQM 6a was purchased from the QM collection (PE0z. Simmons).
Strain RUT C30 has been kindly donated by Prof..E¥#eleigh (Rutgers University, New
Brunswick, N.J., USA).

Two promising nonFrichodermafungi were also found as efficient cellulase prels and
subjected to detailed studies. They were identiis@enicillium pulvillorumTUB F-2220
andPenicillium cf simplicissimumUB F-2378 at the Centraalbureau voor Schimmalce#t
(CBS), Utrecht, The Netherlands. Strains F-222042878 were isolated from soil, in close
proximity to river Danube, Vac, Hungary and fromilsander Parrotia persica(Persian
ironwood), Botanical Garden, Szarvas, Hungary, eesyely. Both lignocellulolytic

Penicilliumstrains are deposited in the TUB culture collettio
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Table 1 Strains of Trichoderma section Longibratinma used in this study

Species Strain No. Identity in Origin References
other culture
collection
T.citrinoviride TUB F-1299 GJS 10-270 Maldives 8
TUB F-1345 GJS 10-272 Brazil 8§
T.effusum TUB F-354 DAOM 230007 India Bissett et al.,
ATCC MYA- 2003
4837
T.ghanense CPK 72 CBS 489.78 Colombia 8
T .konilangbra CPK 132 CBS 100808 Uganda §
T.longibrachiatum TUB F-1417 GJS 10-198 Zimbabwe 8
TUB F-2531 GJS 10-242 Brazil 8
T.parareesei TUB F-2535 GJS 10-243 Malaysia 8§
T. reesel CPK 155 GJS 86-404 French Guyana Kubicek et al.,
1996
QM 6a ATCC 13631 Solomon Islands Mandels and
Weber, 1969
RUT C30 ATCC 56765 Mutant of QM Montenecourt
6a and Eveleigh,
1979
T.saturnisporum  ATCC 18903 Georgia, USA Turner et al.,
1997
T.gracile TUB F-2543 GJS 10-263 Malaysia Samuels et al.,
2012
T.sinense TUB F-1047 DAOM 230003 Taiwan Bissett et al.,
2003
TUB F-1058 DAOM 230004 Taiwan Bissett et al.,
ATCC MYA- 2003
4850

ATCC: American Type Culture Collection, ManassasgMia;
CBS: Centraalbureau voor Schimmelcultures, Utrethe Netherlands;

CPK: collection of Christian P. Kubicek, Technitativersity of Vienna, Austria;
DAOM: Plant Research Institute, Department of Agftiere, Mycology, Ottawa, Canada;
GJS: collection of Gary J. Samuels, USDA, ARS, 8élie, MD, USA,
TUB: Technical University of Budapest culture cotien
§ These isolates have been identified by G.J. Slsmue
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2.2.Isolation of lignocellulolytic fungi

Apparently, two types of agar media were used tdais the cellulase and hemicellulase
producing fungi. The medium contained either 30 ¢gllulose powder (Sigmacell Type 20,
Sigma Aldrich) or 30 g/L finely milled wheat straw0.3 mm) as carbon source. The other
components were similar for both media (in g/L);N@, 3; (NH;).SOy, 1; KH,PO,, 1;
(NHg4)HPQO,, 0.5; MgSQ.7H,0, 0.5; KCI, 0.5; Difco yeast extract, 0.3; Bactgag 20; and
(in mg/L) FeSQ.7H,0, 5; MnSQ, 1.6; CoC).6H,0, 2; ZnSQ.7H,0O, 3.45. The pH (before
sterilization) was set to 6.5 use sulfuric acid.didewere autoclaved routinely (30 min,
121°C). The isolation agar media were supplement#id 100 pg/mL doxycycline hyclate
(Sigma Aldrich) to suppress bacterial growth. Relly incubation at 30°C primary fungal
colonies were inoculated in Petri plates by stregkiwice on potato-dextrose agar (PDA)
supplemented with 1 g/L Triton X-100 in order taah single colonies. The fungal isolates

were freeze-dried for long term storage.

Approximately 950 mesophilic lignocellulolytic filaentous fungi were isolated from soil
samples and decaying plant materials (worldwidenpglwith being tested in shake flask
fermentations. Most of these strains wénmgchoderma species. Howeverseveral other
identified and non-identified strains (eRenicillium, Aspergilluswere tested, too. After the
screeningwork a few promising strains were selefaeturther in-depth analysis.

2.3. Enzyme Production

Two types of shake flask cultivation media (LC-31drC-4) were usedlfable 2 and 3. The
properly sporulated Petri plate cultures were usednoculation. Of all media 150 mL was
sterilized in 750 mL cotton-plugged Erlenmeyer KasThey were inoculated with 3 loopful
of spores per flask. Shake flask fermentation wasied out at 30°C for 5 days on a rotary
shaker at 220. The pH value was adjusted to 5@rdeaterilization. Crude supernatants (after

centrifugation of fermentation broths) were stoaedl18°C for further analysis.
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Table 2. Composition of shake flask fermentatiodiane

Macrocomponents (g/L)

LC-3 LC4
Carbon source 20 20
KH PO, 15 1
(NH4),HPO, 2 1
soybean meal, defatted 1 1
corn steep liquor, 50% 1 1
NacCl 0.5 0.5
CaCOg3 1 0.5
urea 0.3 -
MgSO,.7H,0O 0.3 -
CacCl; 0.3 -
(NH4)2S0Oy - 1
Microcomponents (mg/L)
FeSQ,.7H,0 5 5
MnSO4 1.6 1.6
COC|2.6H20 2 2
ZnS0,.7H,0 3.45 3.45

" Quantity of Avicel PH-101 (microcrytalline cellide) was 13 g/L.

Table 3 describes the carbon sources in the featient media. All carbon sources of
lignocellulose origin were milled in a coffee grerdnto powder (<0.3 mm) before use. LC-8,
LC-10 and LC-12 media were similar to LC-3 while ©9Cand LC-11 were similar to LC-4

media except carbon sources.

Table 3. Carbon sources during the enzyme produictio

Media Carbon source

LC-3 wheat straw (Hungarian origin)
LC-4 wheat straw (Hungarian origin)
LC-8 Avicel PH-101 (Fluka)

LC-9 Avicel PH-101 (Fluka)

LC-10 Eucalyptus wood (Spanish origin)
LC-11 corn fiber (Hungarian origin)

LC-12 pre-treated spruce (Swedish origin)
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2.4.Enzyme Assays

Cellulase activity (FPA) was determined as desdribg Ghose et al. (1987). The reaction
mixture contained 1x6 cm Whatman No.1 filter papki0 mL 50 mM citrate buffer (pH=4.8)
and 0.5 mL appropriately diluted supernatant. Steshcturve was prepared with glucose
(Reanal, Budapest, Hungary). Overall cellulaseviagtvas expressed as Filter Paper Unit
(FPU) per ml of supernatant.

B-glucosidase activity was determined using 1.0 mimM6 4-nitrophenylp-D-
glucopyranoside (Sigma Aldrich, USA) dissolved i iaM citrate buffer (pH=4.8) and 0.1
mL appropriately diluted supernatant. Standard ewvas made with 4-nitrophenol at 400 nm
(Hagerdal et al., 1979).

Endo-xylanase activity was assayed using 1.8 ml%1lrchwood glucuronoxylan Art
7500.1 (Carl Roth GmbH, Karlsruhe, Germany) in 9@ oitrate buffer (pH=5.0) and 0.2 mL
appropriately diluted supernatant according to @aét al. Standard curve was prepared with
xylose (Reanal, Hungary) (Bailey et al., 1992).

B-xylosidase activity was determined using 1.0 mL\Vb@-nitrophenylf-D-xylopyranoside
(Sigma Aldrich, USA) dissolved in 50 mM citrate farf(pH=4.8) and 0.1 mL appropriately
diluted supernatant. Standard curve was made witkirdphenol at 400 nm (Herr et al.,
1978).

a-L-arabinofuranosidase activity was assayed using L 2mM 4-nitrophenyb-L-
arabinofuranoside (Sigma Aldrich, USA) dissolvecobhmM citrate buffer (pH=4.8) and 0.1
mL properly diluted supernatant according to Poemaet al. (1987). 4-Nitrophenol was used
for the standard curve at 400 nm.

Protein precipitation was performed with acetoneoeting to Wessel et al. (1984). Protein
concentrations were measured with a commercigDKt Protein Assay) based on the Lowry
method (1951), using bovine serum albumin (BSAp{Rad Laboratories Inc., Hercules CA,
USA) as standard protein.

Fermentation experiments and enzyme assays weferrped in Laboratory of Industrial

Microbiology, Budapest University of Technology aadonomics, Hungary.
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2.5. Materials and Methods Applied in Xylanase Experimeis
25.1. Substrates

Altogether four xylan-rich substrates (two watelubte and two water insoluble materials)
have been used in the hydrolysis experiments (Kminet al., 1993a; Christov et al., 2000).
The water-soluble materials were wheat arabinoxyl@VAX), medium viscosity

(Megazyme, Wicklow, lIreland) and eucalyptus xylapdiolysate (EXH) produced by
hydrothermal treatment (Garrote et al., 1999), ged by Prof. Dr. Parajo of the University

of Vigo-Ourense, Spain.

One of the insoluble substrates in the hydrolysas wheat straw water unextractable solids
(WS WUS). It was produced by mixing of 60 + 0.1fguneat straw (ParnuJaagupi, Estonia —
harvested in winter 2009, kindly provided by Andkgisper, Biogold Estonia) with an excess
of Millipore water (70 °C) in a shaker for one hdong incubation at 60 °C and 150 rpm.
After this, the material was filtered (110 mm @hecher & Schuell, Dassel, Germany), The
residue was collected, again mixed with water at’COunder the same conditions. After
filtration the residues were collected and freedeet The corn fiber alcohol insoluble solids
(CF AIS) were produced as described by Kabel e(2802). In the first step starch was
removed using-amylase and amyloglucosidase then all low molecu&aght materials were
removed by washing with 70% ethanol. The final h@dansoluble solids were washed with
acetone and dried in the air. The corn fiber oaged from a wet milling process (Archer
Daniels Midland, Decatur, IL, USA). These two sabés were prepared previously and

kindly provided by Dr. Martine Van Gool of the Wanjegen University, the Netherlands.

2.5.2. Sugar Composition of Substrates

Analysis of sugar composition of substrates begith & total hydrolysis first using 72%
(w/w) sulfuric acid at 30 °C for one hour and trerother hydrolysis with 1 M sulfuric acid at
100 °C for three hours. The neutral monosacchanda® assayed as their alditol acetates
with inositol as internal standard. A Focus gaootatograph (Thermo Scientific, Waltham
MA, USA) equipped with a Supelco SP 2380 column used for determination.
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The uronic acid content was analysed by the coletri;m m-HDP assay (Ahmed and
Labavitch, 1978) using an auto-analyser (Skalarlyimal, Breda, The Netherlands) and
calibration was performed by galacturonic acid @-1g/mL). Sugar composition and other
content of substrates are Trable 4. Analysis of sugar composition of substrates, lygie
experiments and analitycal measurements were pegfibin Laboratory of Food Chemistry,
Wageningen University, the NetherlanBgure 8 represents schematical view of structure of
WAX and EXH substrates.

Table 4. Sugar composition of xylan-rich hydrolysisdel substrates

Sugar content (w/w%)

Substrate Ara Xyl Gal Glu UA Ac Total
WAX 32 58 0 0 1 0 91
EXH 2 39 5 2 6 8 59
WS WUS 4 36 1 53 3 0 68
CF AIS 14 25 4 21 6 0 70

Ara= arabinose; Xyl=xylose; Gal=galactose; Glu=glsg;, UA = uronic acid content; AcG-acetyl groups

. B-D-Xylopyranoside <@ 4-O-Methyl-Glucuronic acid . a-D-Galactose

‘ a-L-arabinofuranoside . Acetil group

Figure 8. Schematical structure models for xylaxisaeted from wheat (upper) and

eucalyptus wood (lower)
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25.3. Hydrolysis

Four xylan-rich soluble and insoluble substratesewapplied in hydrolysis experiments:
WAX, EXH, wheat straw WUS and corn fiber AIS. Inations were carried out with 5
mg/mL substrate and 1% (v/v) of fermentation sugtmts, in 0.05 M Na-acetate buffer at
pH=5.0, 500 rpm and 37°C for 24 h. In case of EXHdrblysis we used Na- citrate buffer
with the same conditions as earlier described.datian was stopped by boiling for 10 min.
Aspergillus awamoriendo-(1,4)8-D-xylanase-I (GH10) was used in the hydrolysis as
reference. Purification and performance of endamxgke-l have been described earlier
(Kormelink et al., 1993Db).

2.5.4. Analytical Characterization of Hydrolysis Products

Characterization of Oligo- and Monomers by HPAEC

Clear hydrolysis supernatants were 100x dilutech witlliQ water and analysely High
Performance Anion Exchange Chromatography (HPAESMguan ICS3000 HPLC system
(Dionex, Sunnyvale, CA), equipped with a CarboPAc1Pcolumn (2 mm ID x 250 mm;
Dionex) in combination with a CarboPac PA guarduomh (2 mm ID x 25 mm) and a
ISC3000 ED PAD-detector (Dionex). The flowrate digomer analysis was 0.3 mL/min
using the following gradient of 0.1 M sodium hydigex (NaOH) and 1 M sodium acetate
(NaOAc) in 0.1 M NaOH: 0—45 min, 0-500 mM NaOAdJri M NaOH; 45-48 min washing
step with 1 M NaOAc in 0.1 M NaOH; 48-60 min, edu#tion with 0.1 M NaOH.

The elution profile of monomer analysis was: 20 u&s isocratic on 16 mM NaOH; 20-20.1
min, linearly 16- 100 mM NaOH; 20.1- 22.0 min isac at 0.1 M NaOH; 22.0-22.1 min
linearly from 0-1 M NaOAc in 0.1 M NaOH; 22.1-26 miisocratic in 1M NaOAc in 0.1 M
NaOH; 26-26.1 min linearly from 1-0 M NaOAC in OM NaOH; 26.1-30 min isocratic at
0.1 M NaOH; followed by reconditioning of the colanfor 15 minutes at the starting
gradient.

Twenty pl of samples were injected into the colu@uoantification is based on the response
factor of the standard solutions of xylose to xgtmiose (X1 Sigma Aldrich, Steinheim,
Germany, X2-4 Megazyme, Wicklow, Ireland), D-araisi@ and D-glucuronic acid (Sigma

Aldrich).
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Characterization of Molecular Weight of OligomessHPSEC

Determination of molecular weight distribution adlpsaccharides and large oligosaccharides
were performed by High Performance Size Exclusidwo@atography (HPSEC) on an
Ultimate 3000 UPLC system (Dionex, Sunnyvale, CAA) equipped with three TSKgel
SuperAW columns (6.0 mmID x 15 cm/column; 4 pm) series (SuperAW4000,
SuperAW3000, SuperAW2500; Tosohaas Biosciencejdattit Germany), in combination
with a guard column (Tosohaas Bioscience). Elupassed off at 55 °C with 0.2 M sodium
nitrate (NaNQ) at 0.6 mL/min. The eluate was followed by a Sho&#-101 (Kawasaki,
Japan) refractive index (RI) detector. The systeas walibrated with a pullulan series (Sigma
Aldrich, St. Louis, MO, USA).

Determination of Acetic Acid Content by HPLC

For the determination of total acetic acid conteinthe EXH substrate, the EXH blank was
saponified by adding 50 pL 8 M sodium hydroxide Q¥ to 0.45 mL of an EXH solution (5
mg/mL). The sample was incubated for one hour eraitd 2 hour at room temperature. This
saponified EXH solution and all samples were araly®r acetic acid using an Ultimate
3000 system (Dionex) equipped with an Shodex Ré&atet and an Aminex HPX 87H
column (300 mm x 7.8 mm) (Bio-Rad, Hercules, CAxehty uL of samples were injected.
Elution was performed with 0.005 M,HQ, at a flow rate of 0.6 mL/min and a column oven
temperature of 40 °C. The amount of acetic acidastd was calculated as percentage of the

total amount of acetic acid present in the samples.

Characterization of Oligomers by MALDI-TOF MS

For Matrix Assisted Laser Desorption/lonisation €Hof-Flight Mass Spectrometry
(MALDI-TOF MS) analysis an Ultraflex workstation (&ker Daltonics, Bremen, Germany)
equipped with a 337 nm laser was applied. The nspestrometer was operated in the
positive mode and calibrated with a mixture of maéxtrins (AVEBE, Veendam, The
Netherlands; mass range 500-3500 Da). After a ddlaxtraction time of 120 ns, the ions
were accelerated with a 25 kV voltage and subsetyudatected using the reflector mode.
One pL of desalted sample solution (AG 50 W-X8me8iio-Rad, Hercules CA, USA) was
mixed with 1 puL of matrix and dried under warm dihe matrix solution was prepared by
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dissolving 10 mg 2,5-dihydroxybenzoic acid (BrukKeltonics) in a mixture of 700 pL water
and 300 pL acetonitrile.

2.6. Materials and Methods Applied in Cellulase Experimats
2.6.1. Pretreatment of Lignocellulosic Materials

Natural wheat straw was obtained from local souiceslungary and milled in a coffee
grinder to powder (<0.3 mm particle size) before.sydrothermally pre-treated wheat straw
samples were obtained from Biogold OU (Tallinn,dast). High pressure steam was used at
200°C for 20 min without any chemical additive gsre-treatment method in Biogold. Steam
pre-treated spruce (SCatalyzed pre-treatment) was provided by SEKAB defihology
(Ornskoldsvik, Sweden). Only the solid fractionsttoé pre-treated lignocelluloses were used
in the experiments. Prior to usiaf the materials were washed with hot water (552@,l/kg
lignocellulose). The washed pre-treated lignoceles were stored frozen (-20°C) or dried
(45°C). Pretreatment experiments were performéabaratory of Research Centre of Finland
(VTT, Espoo, Finland).

2.6.2. Isolation of Spruce and Wheat Straw EnzHR lignins

The EnzHR lignins were isolated from hydrothermalhgtreated wheat straw (Inbicon A/S
(Kalundborg, Denmark) and steam pretreated spruoed( University, Sweden) using a
combination of enzymatic hydrolysis of polysacctias and protease mediated removal of
residual cellulases as described in Rahikaineh €2@l1).

2.6.3. Temperature and pH Dependencies of Fungal Cellulase Mixtures

The impact of temperature and pH on the hydrolgtivity in thePenicillium species and.

i enzyme mixtures produced in shake flask fermeoriatilday 5) were assayed via 24 h
hydrolysis of Avicel PH-101 (10 mg/ml) at 30-70°@H:5.0) and pH 3-8 (T=45°C). The
buffers used in the experiments were 0.05 M sodiaetate (pH 3-6), and phosphate (pH 6-8)

supplemented with 0.5 mg/ml Na-azide. The hydrslystperiments were carried out in a
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rotatory shaker (150 rpm). The fungal culture spptants were dozed to the hydrolysis on
activity basis (10 FPU/g substrate). All the migsirwere supplemented with 6 @}
glucosidase (Novozyme 188)/g substrate (DM). Thardlysis reactions were terminated by
boiling for 10 min. The solid and liquid fractioms hydrolysis mixtures were separated by
centrifugation and released sugars were quantifeed the liquid fraction using DNS assay
(Miller et al., 1959). All the hydrolysis experimsnwere carried out in triplicates.
Background values from the mixtures lacking substri@nzyme blank) or Avicel/lignin

(substrate blank) were subtracted.

2.6.4. Hydrolysis Experiments

The hydrolytic activity of théPenicillium species and. i enzyme mixtures produced in the
shake flask fermentations on Avicel PH-101 (Flukadre tested for Avicel PH-101, pre-
treated wheat straw (Biogold) and pre-treated sp(B&EKAB E-Technology). The hydrolysis
experiments were performed in 0.05 M Na-acetatéeb@$upplemented with 0.5 mg/ml Na-
azide) at pH 5.0 and 45°C in rotatory shaker (1pth)rwith 10 mg DM/ml substrate
concentration. Enzyme loadings were 10 FPU cellitasDM and 6 Up-glucosidase
(Novozym 188, Novozymes) /g DM substrate. Samplesewtaken from the hydrolysis
mixture at 4, 24 and 48 h time-points and hydralyselds were quantified using DNS assay
(Miller et al., 1959). All the hydrolysis experimsnwere carried out in triplicates.
Background values from the mixtures lacking a galbst(enzyme blank) or Avicel/lignin

(substrate blank) were subtracted.

2.6.5. Lignin-caused Inhibition of Hydrolysis

The impact of enzyme hydrolyzed spruce (SP EnzHigl) enzyme hydrolyzed wheat straw
(WS EnzHR) lignins on the hydrolytic activity ¢fenicillium species andrichoderma i
enzyme mixtures produced in shake flask fermemtati(with Avicel PH-101 as carbon
source, day 5) were tested. The hydrolysis expetisne@ere carried out with Avicel PH 101
(10 mg/ml) as substrate in the presence (5 mg/mébsence of lignins. The hydrolysis was
carried out in 0.05 M sodium acetate buffer (pH) Si@pplemented with 0.5 mg/ml Na-azide
at 35°C and 45°C in rotatory shaker (150 rpm) #hdurs. Enzyme loadings were 10 FPU/g
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DM cellulase and 6 U/g DM Novozym 18Bglucosidase. The hydrolysis reactions in the
samples were terminated by boiling (10 min), aftbrch solids and liquids were separated by
centrifugation and released sugars were quantifed the liquid fraction with DNS assay
(Miller et al., 1959). All the hydrolysis experimsnwere carried out in triplicates.
Background values from the mixtures lacking substri@nzyme blank) or Avicel/lignin

(substrate blank) were subtracted.

2.6.6. Purification of P. pulvillorum Cellulases

Shake flask culture of TUB F-222) pulvillorumafter 7d cultivation on LC8 (with Avicel as
carbon source) were centrifuged at 3000 x g, féttahrough 0.45um glass fibre filters and
concentrated and changed to 6 mM sodium phospludfier [pH 7.0 by ultrafiltration (cut off
10,000 Da). The following protein purification stegvere carried out with AktaPurifier
(Pharmacia, Sweden). First, the concentrated affdrbd enzyme sample was applied to a
DEAE Sepharose HighTrap FF column (V = 1 ml, Phaim&ioTech, Sweden). The bound
proteins were eluted with increasing NaCl gradi@® CV, 0-0.3 M). The unbound fraction
was changed to 10 mM sodium acetate buffer pH 8@ applied to a CM Sepharose
HighTrap FF column (V = 1 ml). The bound proteinsveduted with a 0.05 M NaCl gradient.
Avicelase and CMCase activity and SDS-PAGE (10%-HICI gel) were analyzed from the
pooled fractions. The pooled protein fractions weuéfer changed to 25 mM sodium acetate
buffer pH 5 by ultrafiltration (cut off 10,000 DaReference enzyme. i Cel7A was purified
from the culture oflf. i RUTC30 as described previously (Rahkamo et aB61Suurnakkiet
al., 2000). Purification experiments were performedlaboratory of Research Centre of
Finland (VTT, Espoo, Finland).

2.6.7. Enzyme Assaysin Protein Purification

Total protein concentrations in the enzyme fradiorere analyzed with a Bio-Rad DC kit
according to manufacturer’s instructions using B£fa standard. Avicel hydrolysing activity
was assayed on 96 well plates in triplicates usifigmg/ml microcrystalline celluloses
(Serva) as a substrate in buffer (50 mM (pH 5) wadacetate or Mcllvaine pH 3-7). After 3
h incubation at 35-50 °C with mixing rate of 10@0nr (ThermoMicroMixer, FinePCR), the
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hydrolysis was terminated by an addition of 10 Mism hydroxide (final concentration 0.2
M). The liquid and solid fractions of the hydrolysnixtures were separated by centrifugation
(20,000 x g, 10 min) and released sugars were ifieanising PAHBAH assay and glucose
standards. The 1/@-endoglucanase activity was analyzed using CMCasayawith 2%
carboxymethyl cellulose (CMC, Sigma) as substratéd mM sodium citrate pH 5 and 10
min incubation at 50 °C. Reducing sugars were dgiieahtwith DNS reagent (1.5 vol) and
glucose standards. Beta-glucosidase activities wssayed using 1 mM p-nitropherfAd-
glucopyranoside (Sigma) as substrate in 50 mM sodiurate buffer (pH5) with 10 min
incubation at 50 °C. Xylanase activities were dateed using 1% birch glucuronoxylan
(Roth, Germany) as substrate in 50 mM sodium eitfpH5) with 5 min incubation at 50 °C.
Reducing sugars were quantified with DNS reagemt aylose standards (Viikari et al.,
2007). Enzyme assays were performed in laboratbfigesearch Centre of Finland (VTT,

Espoo, Finland).

2.6.8. Hydrolysis Experimentswith P. pulvillorum Cellulases

The partially purifiedP. pulvillorumcellulases were tested in the hydrolysis of Av{&srva)

at 45 °C and 55 °C at pH 5 with enzyme dosage 4 gt strate and 4—48 h hydrolysis time
in triplicates. The reactions were supplementechv@® U of thermostable Thermoascus
aurantiacus TaCel3aglucosidase/g DM kindly provided by ROAL OY (Rajakn, Finland).
Hydrolysis reactions were terminated by heatingyQft °C for 10 min. Hydrolysis yields were
determined by measuring released sugars with a P&H8ssay (Lever et al., 1972; Viikari
et al., 2007).Hydrolysis experiments were perfornmedaboratory of Research Centre of
Finland (VTT, Espoo, Finland).

2.6.9. De Novo Sequencing of the Purified P. pulvillorum Cellulases

The partially purifiedP. pulvillorum (TUB F-2220) cellulases were subjected to peptide
sequencing in Protein Chemistry Unit at Helsinkiinénsity Institute of Biotechnology,
Finland fttp://www.biocenter.helsinki.fi/bi/protein/indexrh). The proteins were separated
on 12% SDS-PAGE and stained with 0.1% CoomassiéaBtiBlue. The protein bands were

excides from the gel, alkylated with iodoacetaméahel digested with trypsin. The de novo
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sequencing of peptides was carried out using LCM&Stechnique. The resulting peptide

sequences were analyzed using Mascetww.matrixscience.com) and FASTS

(http://fasta.bioch.virginia.edu/fasta www2/fastavu.cgi) software (Mackey et al., 2002;
Perkins et al., 1999). De novo sequencing of engymere performed in laboratory of

Research Centre of Finland (VTT, Espoo, Finland).

2.6.10. Adsportion Assay

Adsorption of the purifiedP. pulvillorumandT. i cellulases to cellulose and lignins was tested
by incubating 10 pg of protein/mg of Avicel (10 md) or EnzHR lignins (spruce and wheat
straw origin, 10 mg/ml) in 50 mM sodium acetate (pH24 h at 4 °C (Avicel) or 35 °C
(lignins) with mixing (1200 rpm) in duplicates. Bmes without lignin and lignins without
enzyme were used as controls. After incubation, sibleds and liquids were separated by
centrifugation (10 min, 14,000 x g). The enzymethm liquid fraction were applied to SDS-
PAGE (10% Tris—HCI gel, Criterion Stain Free, BiaRbaboratories Inc., USA) and the
protein bands were quantified using the stain fvemialization system and Image Lab
software as described in Varnai et al. (2010). lehpd pH to the adsorption of the enzymes
to spruce EnzHR lignin was tested in similar marimgrusing 50 mM Na-citrate pH 4-6 as
buffer in duplicates. Influence of temperature e dsorption of the enzymes to spruce
EnzHR lignin was studied by incubation the enzymk lignin at 35 °C and 45 °C (repeated
1-2 times). After separation of the liquid and dofractions, the solid fraction was
resuspended to equal to original volume of 50 mplisn acetate pH 5 and both liquid and
solid fractions were analyzed on SDS-PAGE. Adsorptssays were performed in laboratory
of Research Centre of Finland (VTT, Espoo, Finland)

2.6.11. Cloning of TUB F-2220 P. pulvillorum cellulases

For isolation of genomic DNAR. pulvillorum (TUB F-2220) strain was cultivated on potato
dextrose agar plates for three days, after whiehtycelia was freeze dried over night.
Genomic DNA was isolated from the lyophilized coétsi with CTAB extraction buffer. For

isolation of RNA, the TUB-F-2220 was cultivatedli®8 medium in shake flasks for 5days,
after which the total RNA was isolated from the @& using Qiagen RNA Easy Plant/Fungi
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Mini Kit. The RNA was reverse transcribed to 5 a® RACE ready cDNA with
SMARTerRace kit (Clontech). For amplification ebh genes, degenerate oligos were
designed against  conserved regions of  fungal CBH zyraas (5'-
ACCAA|C,T]TGCTA|C,T]IACI[A,G]G[C,T]AA-3 and 5'-
GC[C,T]TCCCAIAT[A,G]TCCATC-3). The internalcbh gene fragments were amplified
from TUB F-2220 genomic DNA using the degeneraigosl as primers. The amplified PCR
products were sequenced with Sanger sequencing tisnBigDye Terminator v3.1 Cycle
Sequencing Kit and an ABI Prism 3100 Genetic AnatytApplied Biosystems). The
fragments matching the peptide sequences obtamete inovo sequencing of purifigel
pulvillorum cellulases were selected for continuation. Thee®d of thecbh gene was
amplified using ligation mediated PCR. Digestiongehomic DNA (50 pg) was tested with
eight restriction enzymes$€al, Stul, Hpal, EcoRV, Hincll, Nrul, Sspl, Hagkind the PCR
amplification was carried out using gene specifisner and outer primers 5'-
CAAGACCTGCGCGTCCAACTG-3' and 5- GATGGCGCCAGCTACG@&C-3' using
following conditions: 94 °C 3 min, 30x (94 °C 1 miB0 °C 2 min, 72 °C 2 min), 72 °C 10
min. The 3’ end of the gene was amplified from tRXNA using gene specific primer ‘5-
CGGACAGGCCAACGTCGAGG-3' using SMARTerRace kit (Ctenoh) according to the
manufacturers instruction: 5 x (94 °C 30 sec, 723°Qin), 5 x (94 °C 30 sec, 70 °C 30 sec,
72 °C 3 min), 25 x (94 °C 30 sec, 68 °C 30 sec,’€@23 min). The PCR products were
sequenced with Sanger sequencing and full lengtle geas assembled using overlapping
regions in the PCR fragments. The sequence analyses carried out using Geneious Pro
software (Biomatters Ltd., New Zealand), NCBI-BLA&Md ClustalW available via EMBL-
EBI (www.ebi.ac.uli, SignalP kittp://www.cbs.dtu.dk/services/SignalPand protein analysis

tools at SIB Bioinformatics Resource Portal Expésww.expasy.org (Muller et al., 1989;

Saghai-Maroof et al., 1984). Cloning experimentsengerformed in laboratory of Research
Centre of Finland (VTT, Espoo, Finland).
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3. Results and Discussion

3.1.Screening of Fermentation Supernatants on Soluble ytan-rich Model
Substrates (Paper #1)

Two kind of soluble xylan rich substrates were aaplin hydrolysis: wheat arabinoxylan
(WAX) and eucalyptus xylan hydrolysate (EXH). Thegar composition of xylans is shown
in wiw% (Table 4). WAX is mostly substituted with arabinose. Xylaackbone of EXH is
substituted with 49-methylglucuronic acid and acetic acid (Christoaket 2000; Kormelink
et al., 1993a). The lower amount of sugar in EXHeisulted by the hydrothermal treatment
(Garrote et al., 1999).

3.1.1. Production and Selection of the Fermentation Liquids

Initial selection of flamentous fungi was basedtba growing ability of the microorganisms
on agar media containing cellulose and wheat sasa sole source of carbon. The properly
selected and purified lignocellulolytic fungi weleen freeze-dried (long-term storage). A few
strains originated from known culture collectiolrSTCC, NRRL, IFO, etc.) were also
introduced in the study. In the next step reviedizfungi were tested in shake flask
fermentation experiments. At the end of the fermeom the following xylan degrading
enzyme activities were assayed from the superrsathgt colorimetric methods: endo-
xylanase, 1,$-xylosidase anduo-L-arabinofuranosidase. Origin and enzyme activités

selected fermentation cultures are showmhable 5.

Table 5. Information about the selected isolates teir enzyme activities.

Sample Shake Colorimetric methods
no Fungal strains flask Isolation origin of strain Xyl BX AF
’ medium (IU/ml)  (U/ml)  (1U/ml)
B1 Trichoderma LC-3 Soil, Ho Chi Minh City (Saigon), 17.9 1.05 50.36
sp. TUB F- Vietnam
1702
B4 Non-identified LC-4 Soil, Sibelius park, Helsinki, Finland 0.5 0.05 2.94
TUB F-2292
B7 Non-identified LC-3 Decaying forest litter, Camlidere, 2.3 0.13 11.7
TUB F-2346 Turkey

47



B8

B12

B14

B27

B29

B30

B34

B36

B38

B40

B41

B42

B43

B45

B49

B52

BS3

B54

B62

B66

B68

B72

B73

B74

B78

Non-identified
TUB F-2346
Non-identified
TUB F-2342
Non-identified
TUB F-2353
Non-identified
TUB F-2348
Trichoderma
sp. TUB F-
2350
Non-identified
TUB F-2352
Non-identified
TUB F-2385
Non-identified
TUB F-2388
Non-identified
TUB F-2390
Asp. oryzae
NRRL 3485
Asp. niger
ATCC 10864
Asp. foetidus
ATCC 14916
Non-identified
TUB F-2386
Trichoderma
sp. TUB F-
1647
Non-identified
TUB F-2372

Asp. terreus
OKI 16/5
Non-identified
TUB F-2394
Non-identified
TUB F-2361
Cha. globosum
OKI 270
Non-identified
TUB F-2378
Pae.bacillispor
us IFO 9387
Myr.
verrucaria
NRRL 2003
Non-identified
TUB F-2341
Trichoderma
sp. TUB F-
2380

Pae. varioti
IFO 4855

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

LC-4

Decaying forest litter, Camlidere,
Turkey

Soil, Horsetooth Mt., Ft.Collins,
Colorado, USA

Soil, Horsetooth Mt., Ft.Collins,
Colorado, USA

Soil under thuya tree, city park,
Budapest, Hungary

Meadow soil, 1180 m elevation,
mountain near Yalta, Crimera, Ukraine

Decaying forest litter, Camlidere,
Turkey
Soil, near Dead Sea, Jordan

Sail in oasis, Syrian desert, Palmira,
Syria
Soil, Queensland, Australia

NRRL 3485 (=ATCC 46244)
ATCC 10864
ATCC 14916
Soil, near Dead Sea, Jordan

Dead bark of an unidentified tree with
lichen, Embudu Village Island, South-
Male Atoll, Maldives

Soil under Parrotia persica (Persian
ironwood), Arboretum, Szarvas,
Hungary

Cellulose pulp, Hungary

Soil, New South Wales, Australia

Garden soil under thorn-bush,
Budapest, Hungary
OKI 270

Soil under Parrotia persica (Persian
ironwood), Arboretum, Szarvas
IFO 9387

NRRL 2003 (=ATCC 9095) 1.2

Soil, Horsetooth Mt., Ft.Collins,
Colorado, USA

Soil under Gynerium argenteum
(pampas grass), Arboretum, Szarvas,
Hungary

IFO 4855

3.3

31.2

28.6

1.7

10.7

1.6

0.3

5.9

22.8

24.9

33.8

2.2

3.5

1.8

2.1

0.7

1.2

2.7

8.4

1.1

0.11

0.15

0.15

0.02

0.07

1.02

0.04

0.04

0.52

0.4

1.09

0.55

0.07

0.14

0.22

0.22

0.03

0.04

0.02

0.56

0.03

0.02

0.12

0.36

0.14

12.83

5.95

6.41

7.23

2.66

25.49

3.02

2.49

11.81

5.87

14.1

12.08

2.87

11.46

19.18

5.6

3.2

431

3.09

8.19

5.78

4.89

5.63

25.25

291

Xyl=endo-xylanase activity; BX=1,8-xylosidase activity; AF=1,4+L-arabinofuranosidase activity

Asp.=Aspergillus; Cha.=Chaetomium; Pae.= Paecil@ay®yr.= Myrothecium
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Strains ATCC 10864 and ATCC 14916 (two blakspergill) and threeTrichodermastrains
(F-1647, F-1702 and F-2380) are relatively gooddpoers of endo-xylanasg;xylosidase
and arabinosidase enzymes. These two bksybergilli were previously found to be good
xylan decomposers (Bailey and Poutanen, 1989; hireteal., 1994). Besides other, non-
identified fungi have shown similar good secretdixylan degrading enzymes. Nevertheless,
traditional colorimetric assays do not allow usitaw conclusions concerning the presence of
individual enzymes involved in the degradation omplex xylans. Also weak producers of
xylanases may secrete significant hemicellulolgizymes required for total degradation.
Consequently, the application and combination othfer methods (HPAEC, HPLC and
MALDI-TOF MS) are likely to result in new informath about the complexity of

fermentation supernatants.

3.1.2. Enzyme Recognition in WAX Digests

Fermentation supernatants were tested in hydrolgsi®VAX. After the incubation the
products of hydrolysis digests were analysed by BEAThe hydrolysis products of WAX
degradation by the fermentation supernatants hasen glifferent elution patterns which are
visualized inFigure 9. It gives an insight into the yielded monosacahesi and the
substituted oligosugars too. As a refereAspergillus awamorendo-xylanase-I (G10) WAX
digest was used to identify the elution patternarabinoxylan oligoaccharides in the digests

produced.
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Figure 9. Endo-xylanase-I digest pattern and foymi¢al HPAEC patterns as found for
digests of fermentation liquid on WAX (line 1: cedation pattern of WAX after hydrolysis
with sample B6, line 2: WAX after hydrolysis widmple B13, line 3: WAX after hydrolysis

with sample B7, line 4: WAX after hydrolysis widmgple B42).

A part of the fermentation liquids have producednosaccharides, while others released
substituted oligosugars. Comparing the elution if@®fof the 78 fermentation supernatants
we have demarked four different patterfggure 9 shows the elution pattern of endo-xyl-I
reference and the four types of the elution patéernvell. The intensity of different patterns
can be used for quantification of xylan degradimgyene activities. However, we can not
draw conclusions about the specific enzyme aactisjtbecause the dosages of the enzymes

were volumetric in the hydrolysis.

Type 1. Arabinose and xylose are present nextrniali xylooligomers and (single, double

and multiple) substituted arabinoxylooligomers.

In Figure 9 line #1 represents the digests type 1. Elutiotepabf this cluster is similar to the

endo-xyl-1 reference elution pattern however, a lawount of arabionse is also present in
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fermentation liquids. Fermentation liquids consisbstly of endo-xylanases. Most of the

fermentation supernatants (42 from 78) belong idroup.

Type 2: Arabinose, xylose, linear xylooligomers dodble substituted arabinoxylooligomers
are present. Multiple and single substituted araBylooligomers are not detected.

These fermentation supernatants mostly consist rmfo-@ylanase activity as well as
arabinoxylan hydrolase activity (acting only on rasabstitued xyloses, but no action on
double subtitued xylopyranosyl units). This kindpeffformaces was published earlier as well
(Pouvreau et al., 2011; Sorensen et al., 2006kelRoe of linear xylooligomers means that
there is nop-xylosidase in fermentation supernatants. Twenty-fermentation liquids are
included in this cluster.

Type 3: Arabinose, xylose and linear xylooligomars present. No substituted (single,
double and multiple) arabinoxylooligomers are détec

Fermentation liquids of this group have endo-xytsnaactivity and also arabinoxylan
hydrolases activity on both mono and double sulistit xylopyranosyl units. Presence of
linear xylooligomers resulted in the absencefeofylosidase in fermentation supernatants.

Only 8 from the 78 digests belong to this group.

Type 4: Arabinose, xylose, double and multiple stubed arabinoxylooligomers are present.

Linear xylooligomers and single substituted araliylooligomers are not detected.

Four fermentation liquids concern this cluster. Thgh amount of xylose in the digests
means that they have extremly highxylosidase activity. Additionally, arabinoxylan
hydrolases activity is present in fermentation iliguas well (only on the single substitued

xylooligomers).
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Fermentation liquid number B63 after WAX digestioould not be classified in one of the
four groups. This fermentation supernatant couldase arabinose from double substituted
oligomers although not from single substituted arakylooligomers.

Quantitative information about the hydrolysis prouof all fermentation liquids can be
found in Appendix Table Al The relative content of released materials (w/wi&&re
calculated from the knowledge of the total cont#freach monosaccharide components in the

initial substrate.

Appendix Table Al represents that 10 out of 78 fermentation supamstcloud release
more than 50% of the arabinose. Three fermentdigonds have released more than 50% of
the total xylose. Seven out of 78 fermentationitiguwcould hydrolyze more than 50% of the
total WAX to monomers or oligomers. Besides, Isli®wn that only 5 out of 78 fermentation
liquids could hydrolyze more than 25% of the totgllbse present to monomer (they hgve
xylosidase activity).

3.1.3. Enzyme Recognition by EXH Degradation

Eucalyptus xylan hydrolysate (EXH) as another caxmoluble substrate was also applied
for the hydrolysis as WAX does not consist of albstituents presented in a complex
lignocellulose. The building blocks of EXH are xg& galactose, @-methylglucuronic acid
and acetic acidTable 4) (Paper #1; Kabel et al., 2007a). The degradapi@uucts were
identified by HPLC and MALDI-TOF MS after hydrolygsiof EXH by fermentation
supernatants with the purpose of regognizing reiezegacetyl xylan esterase activity and to
detect the ability of fermentation supernatantsiterate galactose and 4-O-methylglucuronic
acid (Paper #1). The exact position of any substitacetyl group, 4-O-methylglucuronic
acid, galactose) is only hypothetical, based orstlgar content of EXH and literature (Kabel,
2007a).

Released Oligosaccharides

Figure 10 shows an expamle of thePAEC pattern of EXH digest to represent the mamat
oligomers after hydrolysis. Line EXH blank maintaihe HPAEC pattern of undigested EXH
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substrate, while Line 1 represents the digested EMbktrate by enzyme mixtures of endo-
xyl-l, glucuronidase and acetyl xylan esteraseelis an example of HPAEC pattern for
digested EXH by one of the fermentation liquids.

@
w
c
g
w
o
&
<<
o
2
&
EXH blank
Xyl, — Xyl, Substituted oligomers
0.0 10.0 20.0 30.0 40.0

Time (min)

Fiugre 10. HPAEC patterns of undigested EXH bldinle, 1: Example of the digest of EXH of
reference enzyme mixture (Endo-xylanase-l, Gluddes® and acetyl xylan esterase); line 2:
Example of the digest of EXH of sample B35

The untreated sample still contains some xyloseyameric arabinose, linear xylodoligomers
and substituted oligomers. In the referenémgre 10, line 1) digest 49-methylglucuronic
acid, xylose, xylobiose and xylotriose are presemd a part of substituted oligomers are
demolished. Fermentation liquid B3bigure 10, line 2) could release arabinose, xylobiose,
xylotriose and 49-methylglucuronic acid from EXH substrate. Reswfsall fermentation

supernatnats are representedppendix Table AL
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Since theHPEAC evaluation method is not competent for anslgé galactosidase activity
and acetyl xylan esterase activity, further techegjwere used for evaluation. MALDI-TOF
MS was used for identification of acetyl xylan eage activity, glucuronidase activity and

galactosidase activity. HPLC was applied for acatic content analysis as well.

Figure 11 presents the MALDI-TOF mass spectra of some sanpheeach spectrum the
main peaks were commented with hypotetical strestwf xylooligomers in samples. The
exact position of any substituent (acetyl grou®-firethylglucuronic acid, galactose) is only
hypothetical, based on sugar content of EXH amditire (Christov, 2000). Presentation of
structures based on the m/z value and the calculatesumptive structures of the main
xylooligosaccharides, this gave an insight intodbgree of substitution. Besides, the location

of substituents is also hypotetical.

The blank EXH sample mainly contained acetylateatglonoxylooligomers. The saponified
sample only contains non-acetylated oligomers. &aitew fermentation liquids were able to
release the acetyl substituents. The example ofdetation liquid B41 shows that it typically
releases the acetyl groups and degrades the oligamemaller molecules-igure 11). The
spectra of the blank sample and of fermentationidi@341 are significantly different from
each other and show that the release of side gisupscessary to allow xylanases to degrade
the substrate to smaller molecules. Using HPLCas shown that although most fermentation
liquids had acetyl esterase activity, only 5% o farmentation liquids could remove more
than 75% of the acetyl substituents of the backlfdable Al). Information on the positional
specificity of the acetyl xylan esterases couldydm obtained when using synthetical Ac-
NPh-Xyl (Biely and Puchart, 2006).

Only 8 out of the 78 fermentation liquids have g#daidase activity Table Al).
Fermentation liquid B36 is an example of a fermeoaliquid that is able to hydrolyze the

galactose unit from the @-methylglucuronic acid.
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Figure 11. MALDI-TOF mass spectra with hypothettalictures of EXH before and after

saponification and two fermentation liquids: exaenpf digest strong in hexose release
(B36), example of digest strong in acetyl and »yledease (B41).
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All MALDI-TOF mass spectra have revealed typicasiséant structures based on the five
main peaks in each spectrum. The positions ofubstguents are only hypothetical, based on
the sugar composition of the EXHdble 4) and literature (Christov et al., 2000; Garrote et
al., 1999; Kabel et al., 2002). Eighty percent lné fermentation liquids degraded higher
oligomers and accumulated®XU"?*™ (code according to (Fauré et al., 2009)) représgnt
2-O-Ac-B-D-(Xylp)2-a-D-Galp-(1—-2)-4-O-Me-a-D-GlcpA-(1—2). This component was
present as one of the five main peaks in 80% offiextra. Next to this component, in 87%
of the fermentation liquids the accumulation df¥U*™ was seen, representingCRAc-p-
D-(Xylp)2-4-O-Me-a-D-GlcpA-(1—2).

For each of the hydrolysis products formed, a fop Wvas selected based on the amount of
products present after digestiohaple Al). For 4O-methylglucuronic acid release the top
five ranged from 46-66% of the total amount oD4nethylglucuronic acid present in the
initial substrate. Acetic acid release the top fremged from 75-84% of all acetic acid
present. Xylose and xylooligomers (DP:2-4) wereaséd in much lower amounts, 1-13%
and 0-11%, respectively. Furthermore, the qualgatesults on galactosidase activity are
given, based on the five main structures presetitarMALDI-TOF mass spectra lacking any
galactose moiety. The selection Table Al represents that 17 fermentation liquids were
active towards EXH. However, none of the fermentatiquids was able to hydrolyze more
than 17% of the total substrate to monomers anglokigomers (Sample B1dable Al).

Table 6 presents the three best enzyme producing soili fpag activity and/or method.
Surprisingly, only a few fungi were selected asth@sducers for more than one enzyme
activity. As example samples B12 and B14 are irtditaas best endo-xylanase producers.
Nevertheless, neither of the samples were abledgoade WAX substrate, indicating that the
endo-xylanases are hindered by substitution okyten backbone. In contrast to sample B30,
B41 and B74 are able to produce some quite diffeaecessory enzymes but are not selected

for their endo-xylanase expression.
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Table 6. Top three fermentation supernatants peyme activity, based on traditional and
novel methods

Sample Top 3 per activity determined by Top 3 per activity determined by current screeningmethod
no classical colorimetric methods

Endo- B- a-Arabino Endo- B- o-Arabino  Glucuronidasé  Acetyl
xylanasé Xylosidas® furanosidas€ xylanasé Xylosidasé€ furanosidasé xylan
esterasé
B1 X X
B7 X
B8 X X
B12 X X
B14 X
B27 X
B30 X X X
B34 X
B38 X
B41 X X X
B42 X X
B45 X
B52 X
B62 X
B72 X
B74 X X X

a-Based on reducing sugar release from birch ghimxylan.

b-Based on liberated 4-nitrophenol from the respednP substrates.
c-Based on the release of xylooligomers (DP2-4nfiy AX.

d-Based on the release of xylose from WAX/EXH.

e-Based on the release of arabinose from WAX (edh®-2 or O-3 position).
f-Based on the release oiGmethylglucuronic acid from EXH.

g-Based on the acetic acid release from EXH.

3.1.4. Conclusions

The new screening method yields valuable infornrmawoncerning the enzyme activities
present in 78 fungal fermentation liquids. In moases, enzyme activity of fermentation
liquids by an instrumental method and the resuli ofassical screening method differed. Our
method combines various analytical tools being abldistinguish various specific enzyme
activities in crude fermentation liquids using osbluble and insoluble model substrates. It is

a precise method for a detailed screening of coxgaheyme mixtures.
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3.2. Performance of Hemicellulolytic Enzymes in CultureSupernatants from a Wide

Range of Fungi on Insoluble Wheat Straw and Corn fer Fractions (Paper #2)

3.2.1. Substrate Composition

Table 4 displays that the WS WUS mainly contained xylose glucose. The relatively
simple structure of WS WUS hemicellulose can bgldiged by the degree of substitution
using the molar ratio of arabinose: xylose and wracid: xylose, which are only 1:8 and
1:16, respectively. Besides, the low abundancetlzéromonomers in the substrate suggests
that the hemicellulose is composed of a linear xyteackbone with minor amounts of
substituents. This illustrates the presence ofeadgninantly ‘linear’ hemicellulose and a
significant amount of cellulose. The level of adatipn of WS WUS was 1.8% (w/w),
indicating a molar ratio of acetic acid: xyloselo#i. The composition of this substrate is in
agreement with that provided in the literature (&lagt al., 2007b; Miron and Ben-Ghedalia,
1982). The CF AIS was more complex as can be cdadlfrom the various monosaccharides
present. Xylose, arabinose and glucose were then magars and the molar ratios of
arabinose: xylose and uronic acid: xylose were dn#é 1:9, respectively. Moreover, the
substrate was highly acetylated, 1:2 for acetiad:agylose (mol based). The ratios of
substitution illustrate a highly decorated xylarckizone. These findings are in line with the
complexity of corn fiber xylan as described by oth@A\ppeldoorn et al., 2010; Van Eylen et
al., 2011). Compared to WS WUS, a lower amount efutose was present in CF AIS,
indicated by the lower amount of glucose. Togethgh the complex xylan structure, this
lower cellulose content contributes to a differarthitecture of insoluble CF AIS compared
to WS WUS. Both substrates had a total sugar cord€rv0% (w/w), which could be

explained by the presence of other componentdigken, proteins and/or salts.

3.2.2. Enzyme Screening on Insoluble WS WUS

Figure 12 shows examples of HPAEC elution patterns of utdcksVS WUS (blank) and WS

WUS after incubation with three culture supernatgitl3, 36, 57). HPSEC results showed
that no polymeric soluble material was presentnp af the samples (data not shown). The
blank sample confirms that the substrate only éostimsoluble material. Culture supernatant

#36, together with 21 other culture supernatardglis released any monomers or oligomers,

58



indicating that those culture supernatants coutchgdrolyze the insoluble substrate. Fifty-six
out of 78 hydrolyzed >5% of the substrate to monsnee oligomers. The wheat straw WUS
digest of culture supernatant #13 showed the reledglucuronic acid, a high release of
arabinose and other monomers. Culture supernafahal$o released relative large amounts
of xylobiose and xylotriosehyut was lacking a glucuronic acid releasing enzyfee define
the peak of co-eluted xylose, glucose and/or gas&cta more specific gradient was applied to
HPAEC. Using this gradient, the different monomeosild be separated and quantified as
displayed inTable A2 (Appendix) for selected culture supernatants. Aplete overview of
the quantitative data of all culture supernataris be found in théppendix Table A2
Table A2 in Appendix shows that 13 out of 78 culture sup&nts could solubilize more
than 10% of the total insoluble substrate WS WUS.bre than 3 samples were able to
solubilize 14% of the WS WUS. Typical values foralacellulose hydrolysis in WS WUS by
various cellulase preparations are around 10— 2Q84llas et al., 1992; Lamsal et al., 2011).
Pretreatment enhanced total hydrolysis by openmghe cell wall structure (Pedersen and
Meyer, 2009) and values up to 63% solubilizatidergbretreatment of wheat straw have been

reported (Lamsal et al., 2011).

The enzymes in the culture supernatants releasghgamounts of monosaccharides are able
to hydrolyze part of the complex hemicellulose aeliulose network. The maximum amount
of glucose and xylose released from the WS WUSr@ashed by sample #38 (21% and 22%
respectively). In general, both cellulases and nates are necessary for cell wall
deconstruction (Wang, 2010) and these enzymes eahthre release of monosaccharides
synergistically (Ghose and Bisaria, 1979). Theasteof other substituents e.g. arabinose, or
galactose by accessory enzymes is crucial for ahgptete hydrolysis of the xylan backbone.
Nevertheless, these substituents are only presesmall quantities and thus, do not play a
pivotal role within the degradation of WS WUS.
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Figure 12. HPAEC patterns of digested WS WUS lgdatation liquids and the undigested
WS WUS blank (Ara: arabinose; Xyl/Gal/Glc: xylogalactose, glucose; Xyl2,3: xylobiose,
xylotriose; UA: glucuronic acid.

It is remarkable that only two culture supernatgstanples #7 and 38) of the top five best-
performing strains in hydrolysis of WAX (Paper #h)d WS WUS are the same. As expected
from the sugar composition, xylanases and cellslase necessary for the main degradation
of WS WUS. WAX digestion has already indicated thative xylanases were present in
many of the culture supernatants (Paper #1). Howévese were not effective in the
degradation of WS WUS. This is visualized by cudt@supernatants #36 and #13. Culture
supernatant #36 was selected previously for enzagtieities which were not tested by using
WS WUS. Culture supernatant #13 was already attwards WAX but not selected as a top
five best-performing sample (Paper #1). Howevels ttulture supernatant seems to have
better performance in WS WUS degradation whichdaidis that the substrate used in a
screening procedure is significant to predict tfieiency of enzymes towards that particular
substrate.
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The differences between the culture supernatardsolyzing the WS WUS could be caused
by both substrate and enzyme characteristics. Otlteeageasons could be enzyme adsorption
onto lignin and/or cellulose, causing the hydrdysite towards xylan to decrease (Lee et al.,
1995; Yang and Wyman, 2006). Other reasons couldptoeluct inhibition, substrate
crystallinity or accessibility (Bansal et al., 2008an Eylen et al., 2011). Moreover, it has
been mentioned that xylanase activity may depentherpresence and type of a substrate
binding domain attached to the xylanase (Cuyves.g2011; Sun et al., 1998; Ustinov et al.,
2008). One should also note that even though thee sanditions were applied (pH 5.0, 35
°C) to screen for efficient degradation of solublal insoluble substrates, these conditions
could be optimized for each individual enzyme prapan to obtain an even more enhanced
degradation (Polizeli et al., 2005).

3.2.3. Enzyme Screening on Insoluble CF AIS

The results obtained using WS WUS gave an insigiot the crude culture supernatants that
being able to degrade a relatively simple xylarh rsuibstrate. The hydrolysis of CF AIS
provided an insight into the ability of the enzymeshe culture supernatants to degrade a
complex insoluble substrate. HPSEC analysis oftReAlS samples did not display any high
molecular weight material being solubilized by trezymes present in any of the culture
supernatants (data not shown). The relative amofueéch constituent monosaccharide in the
substrate was calculated and is displayed irAphigendix Table A2. Table 7 displays the top
enzyme producers hydrolyzing CF AIS as expressedcpmponent released. The blank
sample contained a small amount of glucasependix, Table A2), which originated from
starch removal (Van Eylen et al., 2011). Fifteeriture supernatants were selected as
containing the best enzymes for hydrolyzing CF A8ven of these 15 supernatants were not
selected for their performance on WS WUS and tleasnsto be efficient specifically for CF
AIS hydrolysis.

Table A2 also shows that three out of 78 culture supermsitaare able to solubilize 30-34%
of the total CF AIS. Compared to WS WUS, a sigaifity larger part of the cell wall

polysaccharides in CF AIS was solubilized. SinceATE xylan is reported to be extremely
complex (Appeldoorn et al., 2010; Van Eylen et 2011), which is likely to be caused by the

architecture of the substrate. It has been repdh@dmore substituted xylans, like corn fiber
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xylan, absorb much less cellulose than a moredirgan, like wheat straw xylan. This may
lead to a tighter and denser structure of WS WUW8reby making it less accessible for
enzymes (Kabel et al., 2007b).

The main building blocks of CF AIS are xylose amacgse substituted with arabinose. It can
be seen that th&1—4 linked xylan backbone of this substrate must Hzeen less available
for the enzymes since only up to 10% of the xylaesailable in the initial substrate was
hydrolyzed to monomer, compared to up to 20% for W8S. Sample #7 did not release
much xylose from CF AIS, while it demonstrated tmtain endoxylanases afiekylosidases
active on insoluble WS WUS by the release of xylddas confirms that th@-1—4 linked
xylan backbone in the substrate was less availfvlehe enzymes present in this culture

supernatant.

Table A2 also shows that six out of 78 culture supernatargee able to release 30% of
arabinose from the insoluble CF AIS. The releasarabinose substituents is necessary to
allow endoxylanases to hydrolyze the backbone (Ktink et al., 1991). However, in all
cases no synergy between arabinofuranosidases yladages was observed, since an
increased level of released arabinose was not ala@yelated to an increased level of xylose

(oligomers) released, e.g. samples #14, 73 and 74.

Since the digests had a high content of ‘otherootigrs’ indicating the presence of an
endoxylanase, they may have lacked an efficienylbsidase hydrolyzing the oligomers to
monomers, or the b-xylosidase was hindered by sutish of the oligomers (Kormelink et
al., 1993c). The hydrolysis of WS WUS by theseuwneltsupernatants did also result in higher
amounts of released xylooligomers but not in higlose release which makes the assumption
of a lack in efficient b-xylosidase activity podsib

The glucuronic acid seems to have been difficultrétease. The maximum amount of

glucuronic acid released was 9%. The lack of ensylveng able to release this glucuronic
acid group from the backbone of xylooligomers imncbber was described by others as well
(Appeldoorn et al., 2010). The best-performing undtsupernatants on CF AIS were #14, 73
and 74, which were not selected for their perforceaon WS WUS. Again this confirms the

importance of the selection of the substrate usedscreening procedure.
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3.2.4. Importance of the Choice of Substrate in Screening for Enzyme Activity

In total 21 samples were selected as top hydratyméreither WS WUS or CF AISTéble
A2). Out of these 21 samples, fourteen were seldotetheir performance on WS WUS, as
well as 15 for their performance on CF AIS. Eightlee samples were selected for efficient
solubilization of both substrates. Five sampleginated from theTrichodermagenus, of
which especially th@richoderma reeseis known for efficient production of cellulasesdan
hemicellulases (Banerjee et al., 2010; Gusakov1p®urthermore, fouPenicillium strains
were selected as good producers of enzymes degrawioluble xylan-rich material. The
efficient production of cellulases and hemicellelasy variousPenicillium species was
reported by others (Gusakov, 2011; Jorgensen e@05). Sample #70 originated from
Phanerochaete chrysosporiuifhis fungus is one of the best-studied fungidmconversion
of plant biomass and is known to produce hemicaltic enzymes (Hori et al., 2011).

Eleven selected strains remained unidentified.

Based on the results for soluble substrates (Pé@peand insoluble substrates in this study,
the five best fungi can be selected for each satestiThe selection was based on the total
amount of main building blocks releas@able 7 displays that for each substrate, different
culture supernatants were selected as possessengofh five enzyme contents. Only
supernatant #7 was selected for three out of fobstsates, indicating the presence of highly
active and/or efficient enzymes in this sample. T™wernatant was derived from a
Penicillium species previously described as a effective preduof cellulases and
hemicellulases (Jorgensen et al., 2006). In addiffsichodermaand Aspergillus species
were selected. Sample #74 and #13 were selected fai different substrates. Sample #74
was derived from aTrichoderma species; the fungus producing sample #13 remains
unidentified. The selection of different culturgpsmatants for each substrate proves the need
of using different substrates for identification efficient enzymes within crude culture
supernatants. This study demonstrates even mdogeetfy that the choice of a substrate to

be degraded is of importance to screen for spesifayme activity.

The novelty of the enzymes present in the cultwpematants will be established by
identification of the strains, purification and cheterization of the enzymes as well as using

optimized conditions for each enzyme.
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Table 7. Top enzyme producers for the differenstsates, based on the release of the main
building blocks in the substrates: wheat arabinary{WAX); eucalyptus xylan hydrolysate
(EXH); wheat straw water unextractable solids (WS3) corn fiber alcohol insoluble solids

(CF AIS).

Ranking Top five producers on different substrates

WAX? EXH® WS WUS’ CF AIS®
1 38 41 13 73

(Penicillium sp.)  (Aspergillus sp.) (non-identified) (non-identified)
2 74 40 7 74

(Trichoderma sp.) (Aspergillus sp.) (Penicillium sp.) (Trichoderma sp.)
3 49 42 57 14

(Penicillium sp.)  (Aspergillus sp.) (non-identified) (non-identified)
4 45 27 38 13

(Trichoderma sp.) (Bionectria sp.) (Penicillium sp.) (non-identified)
5 7 7 12 44

(Penicillium sp.)  (Penicillium sp.) (non-identified) (non-identified)

a-Main building blocks: arabinose, xylose, xylogolimers DP2-4.
b-Main building blocks: xylose, xylo-oligomers DE2-acetyl.
c-Main building blocks: glucose, xylose, xylo-oligers DP2-4.
d-Main building blocks: arabinose, xylose/glucad@gomers.

3.2.5. Conclusions

The screening for specific enzyme activity withinuae lignocellulolytic enzyme mixtures is
only effective when using the correct substratduldbty, polymer chemical fine structure
and the cell wall architecture of the substratesdus screenings will influence enzyme
performance and thus the outcome of the screemisigeciallyPenicillium, Aspergillusand
Trichodermaspecies produced high hemicellulolytic activityheTuse of targeted substrates

allows the recognition of several efficient enzymathin crude culture supernatants.

3.3.Diversity in Production of Xylan Degrading EnzymesAmong Species Belonging
to the Trichoderma SectionLongibrachiatum (Paper #3)

3.3.1. Enzyme Production in Shake Flask Fermentation

Wheat straw, corn fiber and eucalyptus wood asrxgyileh fermentation carbon sources were

applied to 15 selected fungal isolates belongingrichodermasectionLongibrachiatumin
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shake flask experiments. After 5 days of fermeatagnzyme activities were assayed from
the supernatants by traditional colorimetric methteal have an initial indication if enzyme
production was succesful. Volumetric enzyme agésitare summarized ippendix Table

A3 (top 3 samples are bolded).

T. reeseistrains (e.g., wild-type QM 6a, mutant RUT C30¢ good producers of overall
cellulase activity as having been found earliernbgny authors (Peterson, 2012; Mandels,
1969; Montenecourt, 1979). In this studly reeseiCPK 155 exhibited similar filter paper
activity with reference QM 6a on wheat straw fertaéion medium. Howeverthe endo-
xylanase activity of CPK 155 was higher than QMf&anented on all three carbon sources,
and even better than mutant RUT C30 grown on wsigatv and corn fiber. Straih. reesei
CPK 155 (=GJS 86-404) have been found earlier asutatanding cellulase producer
(Kubicek, 1996)T. parareeseF-2535, andrichoderma gracilgF-2543) are also efficient in
endo-xylanase production. On the contrafyichoderma reesestrains (QM 6a and RUT
C30) have been found to be the best among testepl ifu volumetricp-xylosidase and-L-
arabinofuranosidase secretion. Soluble proteinetiecr was the highest in case of mutant
RUT C30 strain fermented on all three carbon sau(Eable A3).

Apart from the traditional colorimetric enzyme assathe samples were subjected to an in-

depth analysis of hemicellulose degrading actizibg HPLC and mass spectrometry.

3.3.2. Evaluation of WAX Degradation Products

WAX is mostly substituted with arabinose (Kormelirk®93a). The hydrolysis products of
WAX released by fermentation supernatants wereyaadl by HPAEC and HPSEC. The
HPAEC elution patterns gave an insight to the mara xylooligomers released, while the
remaining polymers were seen by HPSEC. The rexfitHPAEC and HPSEC were
compared and a remarkable correlation was founia ftzt shown).

The enzyme content of the fermentation supernatstisngly depends on both the
microorganism as well as on the carbon source eghph the shake flask fermentation.
Detailed results are summarized Appendix, Table A4 Due to large number of
fermentation samples (45 in total) however, onbyithost interesting digests were selected for
a more detailed evaluation. Three groups of samfig@mented on three different carbon
sources) were compared to each other within onepgrdhe top 3 samples are bolded from
each group iMable A4.
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WAX digest hydrolyzed by supernatants fermenteavbeat straw contained much arabinose
next to the double substituted arabinoxylooligomditse most effective enzyme producers
wereT. reeseRUT C30 and QM 64al. parareeseF-2535 and als®. gracileF-2543, as they
have excreted an efficientL-arabinofuranosidase and endo-xylanase, displéyed high
arabinose and xylooligosaccharide content.

Supernatants from shake flask fermentations pratioceeucalyptus wood as carbon source
could release smaller linear and single substitolegbmers from WAX, which means that
these supernatants did not contain a sufficientniiya of p-xylosidase anda-L-
arabinofuranosidase enzymes that would be capableretease single substituated
xylooligomers. These includé. reeseiQM 6a,T. parareesei-2535,T. gracile F-2543,T.
citrinoviride F-1299 andr. konilangbraCPK 132.

Supernatants belonging to the third group (fernamte corn fiber as carbon source) were
able to degrade the WAX substrate into monomersasalby xylose and linear, single and
double substituted xylooligomers. They inclubesaturnisporumbothT. sinensasolates,T.
konilangbraandT. i strains, they have produced endo-xylanase anderlamount ofx-L-
arabinofuranosidase afexylosidase in contrast to the eucalyptus wood grou

The amount of total released sugars from WAX was4@®% in case of supernatants
fermented on wheat straw, 18-27% if supernatantpraduced on eucalyptus wood and 39-
47% when the carbon source of fermentation was d@r. The results indicate that
fermentation supernatants produced on wheat strawcarn fiber were the most effective in
the degradation of wheat arabinoxylan. Both wheeiws and corn fiber contain a high
amount of xylose, glucose and arabinose, the sticiuthese carbon sources might affect the
production of endo-xylanasg;xylosidasep-glucosidaseg-L-arabinofuranosidase enzymes.
In Figure 13 HPAEC patterns of four strains are compared reggrtheir action on WAX
substrate. The intensity is correlated to the arhaidnthe detected sugars. ATCC 18903
(Figure 13 1d) has high intensity meaning that it producéulgh level of xylosaccharides in
contrast to the TUB F-2535 straiRigure 13. 1b). F-2535 could not release single substituted
oligomers fermented on wheat straw and corn fibae supernatant sample ©f gracile F-
2543 Figure 13. 1c) has produced a similar amount of mono- angoshccharides aB.
reeseiRUT C30 Figure 13. 1a) however, corn fiber fermentation supernatantlct not
release multiple substitutions. Also it can be sé®at supernatant of. saturnisporum
fermented on eucalyptus wood could not degradeW#eX substrate, while corn fiber
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supernatant have not release single substitutedokybmers and multiple substitutions
(Figure 13 1d).

To compare this evaluation method with traditiooallorimetric assays both similarities and
differencies could be observed. For example RUT @3@ilted in the best values with both
analytical tools. However, RUT C30 is a mutant wathhanced enzyme secretion while all
other isolates (including reference cultdré QM 6a) are wild-type strains selected directly

from nature.
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Figure 13. HPAEC profiles of hydrolysis productrfraligested wheat arabinoxylan (24h,
37°C, 500 rpm, pH:5.0) by four Trichoderma isolatessmented on three different
fermentation carbon sources (wheat straw, eucalyptood, corn fiber). Line 1: endo-
xylanase-| (reference); line 2: wheat straw fernagioth supernatants; line 3: eucalyptus
wood fermentation supernatants; line 4: corn filEnrmentation supernatants. Ara:

arabinose; Xyl: xylose; Xyl xylobiose; Xy: xylotriose. 1la: T. rees®UT C30; 1b: T.
parareesei TUB F-2535; 1c: T. gracile TUB F-2548; T. saturnisporum ATCC 18903.
Internal control (background, residual reducing augin fermentation supernatants) were

considered.
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3.3.3. Evaluation of EXH Hydrolysis

Eucalyptus xylan hydrolysate (EXH) as a complexuBld substrate was also applied for the
hydrolysis. The building blocks are xylose, galaeto4©-methylglucuronic acid and acetic acid
(Table 4) (Christov et al., 2000). Shake flask fermentasapernatants prepared on three carbon
sources (wheat straw, eucalyptus wood, corn filveeye used for the hydrolysis. The
degradation products were identified by HPLC and IWATOF MS after the hydrolysis of
EXH by fermentation supernatants in order to recogmcetyl xylan esterase activity and to
detect the ability of fermentation supernatantdiierate galactose and @-methylglucuronic
acid.

The exact position of any substituent (acetyl grau-methylglucuronic acid, galactose) is only
hypothetical, based on the sugar content of EXH laadhture (Christov 2000). Evaluation of
mass spectra of samples was based on the 5 m&is ipegach spectrum (Paper #1).

Table A5 (Appendix) gives a qualitative appraisal on difier EXH digests. Only the best
activities are emphasized as positive caseRainle A5. A few isolates have been identified as
good enzyme producers for more than one activitytheé “wheat straw grougd”. parareeser-
2535 was highly efficient when it comes to endocaxyse, galactosidase and glucuronidase
activity. Fermentation liquids of all thréle reeseistrains have endo-xylanase and acetyl-xylan-
esterase activity, whileT. citrinoviride F-1299 supernatant was remarkably effective in
galactosidase and glucuronidase activity.

From the “eucalyptus wood group” saturnisporumATCC 18903 proved to be effective in
endo-xylanase, galactosidase and glucuronidasevitpctiMoreover, T. reesei RUT C30
fermentation liquid had endo-xylanase or acetybryesterase activity and effusumshowed
galactosidase and glucuronidase activity.

“Corn fiber group” supernatants of @lli samples proved to be outstanding when releasiag th
acetyl group. RUT C30 and CPK 155 were highly efit in endo-xylanase activity while QM
6a had glucuronidase activity.

T. reeseiisolates,T. parareeseiand T. gracile were efficient in the total enzyme production.
These three species are genetically very closadb ether ("sister-species”) as it turns out from

recent findings (Samuels et al.,, 2012). Fermematio wheat straw and corn fiber as carbon
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sources produced higher endo-xylanase and glucasaienzyme activities. High acetyl xylan
esterase activities were measured from samplestdjdy supernatants from fermentation on
eucalyptus wood and corn fiber. Eucalyptus woodsisie of acetylated xylooligomers that may
effect the production of acetyl xylan esterase (€&bv, 2000).

Comparison of EXH results to WAX results it candmmcluded that degradation depends on the
structure of the substrate and the substituentkl dobibit endo-xylanase in degradation of the
xylan backbone (Biely, 2003).

3.3.4. Evaluation of Hydrolysis of WS WUS Substrate

WS WUS was selected as a relatively simple, xylamaining insoluble hydrolysis substrate.
The main components are linear xylan and a sigmfi@amount of cellulose (Gruppen et al.,
1990). After hydrolysis the released mono- andadagcharides were analysed by HPEAC.
Table A6 (Appendix) summarizes the released substituendsodimer sugars of WS WUS by
three different fermentation supernatants of eachns Five out of 15 wheat straw fermentation
liquids could solubilize more than 5 % (w/w) of thedrolysis substrate, while the level is only 3
% if the strain was fermented on corn fiber and/dn% if the carbon source in the fermentation
was eucalyptus wood. Strain RUT C30 fermented oratlistraw has liberated 12 (w/w)% of
total sugar content. Surprisingly, none of any ptheernatant could reach this level. However,
RUT C30 is a mutant and all other isolates are yifte strains isolated directly from nature.
Additional promising wild-type strainsT {ichodermaand non-identified) were published earlier
(Paper #2).

In order to release xylose and glucose the substie¢ds to be degraded into smaller oligomers.
The amount of xylooligosaccharides (DP2-4) were sighificant in any sample howeydow
levels of arabinose, glucose and xylose were medsur some digests. By wheat straw
fermentation supernatants &f reeseiRUT C30 andT. parareeseiF-2535 there was a 13-17
w/w% arabinose and 9-13 % (w/w) glucose releasen fldS WUS. In contrast the liquids
fermented on eucalyptus wood were not competitiveugh to break down the structure of the
same substrate. Shake flask supernatant samplegedseiQM 6a,T. parareeseF-2535 andr.
gracile F-2543 fermented on corn fiber were relativelyicght in hydrolysis of wheat straw

WUS as they could liberate 5-7 w/w% glucose. Thesmins were also outstanding in
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degradation of wheat arabinoxylan. This correlattonld be explained with the fact that these
three species are genetically very close to eduér gNakari-Setala et al. , 2009).
From the results above it is evident that WS WU®atber resistant against these enzymes as

observed earlier by other authors testing variangél enzymes (Kabel et al., 2007a).

3.3.5. Evaluation of Hydrolysis of CF AlS Substrate

Corn fiber AIS (another insoluble xylan-rich sulas#) has a complex structure and is mostly
composed of arabinose, xylose, glucose and a loauatrof glucuronic acid (Appeldorn et al.,
2010). CF AIS was also digested by the same 45estadk supernatants that were used formerly
to hydrolyze WAX, EXH and WS WUS. Similar methoslsre applied to analyse the digests as
used for the analysis of WS WUS hydrolyzates.

Table A6 (Appendix) represents the liberated mono- andoshgcharides from CF AIS by
different fermentation liquids. Eight out of the fEsmentation supernatants propagated in shake
flask on wheat straw as carbon source could saabil-9 (w/w) % of the CF AIS hydrolysis
substrate, while this number was 7 % if the ferragom carbon source was corn fiber and only 1
% when fermentation was performed on eucalyptusdwdbe RUT C30 and F-2543 corn fiber
liquids have liberated more than 10 % of total sugamtent from CF AIS.

6-9 % (w/w) of total arabinose and 12-16 % of tglaicose were released byi RUT C30, QM

6a, CPK 155 and. parareeseF-2535 supernatants fermented on wheat straw thenCF AIS
samples. The threk. reesesamples produced on corn fiber as carbon soundd tiberate 8-13

% arabinose and 13-17 % glucose. Furthermbreyracile F-2543 andr. saturnisporumATCC
18903 corn fiber samples have released more thaw\i3 arabinose and 7-8 % xylose and 4-
O-methylglucuronic acid from the CF AIS substrate.

T. reeseisolates,T. parareeseiT. gracileandT. saturnisporunwere effective in degradation of
corn fiber AIS. These data correlate with the WA&Sults however, degradation of WAX
resulted in higher level of products. The differesiin structures of two substrates may serve as
an explanation to these results. To compare thansauble substrates (WS WUS and CF AIS)
were both hardly digestable for the supernatdmigyever, higher amounts of total sugar were
released from corn fiber AIS. Enzyme mixtures femted on eucalyptus wood were less

effective in hydrolysis experiments. The reasonhhltave been that this fermentation substrate
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have not induced the enzyme production properigugr to a higher lignin content of eucalyptus
(Christov et al., 2000) the fungi were more inteditin growth during the shake flask
fermentation.

3.3.6. Conclusions

T. reeseiCPK 155, T. parareeseiTUB F-2535,T. gracile TUB F-2543 andT. saturnisporum
ATCC 18903 isolates were equally valuable or bettdrydrolysis of the xylan rich soluble and
insoluble substrates than the well-knoWwnreeseiQM 6a and RUT C30 strains. These new
putative xylan-degrading enzymes may representtenpal for industrial applications. Enzyme
production on wheat straw and corn fiber carborreEsiwas more effective than on eucalyptus
wood. InterestinglyT. longibrachiatumandT. citrinoviride the two most common species in the

Longibrachiatunsection were not among the best xylanase producers

3.4.Novel Penicillium Cellulases for Total Hydrolysis of Lignocellulosis (Paper #4)

3.4.1. Comparison of Hemicellulase Activities in Culture Supernatants of the

Penicillium Speciesand Trichoderma i

Total cellulase and xylanase activities in the unatsupernatants of the tviRenicillium strains
TUB F-2220 P.pulvillorum) and TUB F-2378R. cf simplicissimup and Trichoderma reesei
RUT C30 during cultivation on cellulose (Avicel)eademonstrated ifrigure 14. Maximal
volumetric cellulase and xylanase activities in tha#tures were obtained within 4-6 days of
cultivation. The total volumetricellulase activities (FPU) in the cultures of theotnovel
Penicillium strainswere at a similar level as.i RUT C30 (a mutant strain with a high level of
protein secretion). On the contrary, volumetricaxdse activities in the tw®. cultures were at a
lower level than in th&richodermaculture. Comparing the twBenicillium strains, strain TUB
F-2378 was better xylanase producer than TUB F-2220
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Figure 14. Cellulase (FPA) (a), xylanase (b) ad¢tes and pH values (c) of Penicillium
pulvillorum TUB F-2220, Penicillium cf. simplicissum TUB F-2378 and Trichoderma reesei
RUT C30 in shake flask fermentation supernatant&ceAPH-101 was used as a carbon source

(medium LC-8). The presented values are mean eé ttaplicates.
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The temperature and pH optima of the cellulasevitiess in the cultures (grown on Avicel) of
Penicillium strains andl. reeseiRUT C30 strain are shown figure 15 The highest relative

activities for all the three strains were obtaiaed5C and in pH 5.
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Figure 15. Temperature (a) and pH (b) dependenaebifilase activities in Penicillium
pulvillorum TUB F-2220, Penicillium cf cimplicissimn TUB F-2378 and Trichoderma reesei
RUT C30 shake flask fermentation supernatants granwAvicel PH-101 as a carbon source.

Hydrolysis substrate: Avicel PH-101 (10 mg/ml) Bt 5.0, hydrolysis time: 24 h. Enzyme
loading 10 FPU/g DM of substrate, supplemented witlyg DM of substratg-glucosidase
(Novozym 188). The presented values are meanes tkplicates.

In general, using Avicel as carbon source in thévations produced highest enzyme activities
and total soluble proteins while using lignocelkdge as carbon source slightly delayed the

(hemi)cellulase secretion (maximal activities wesached after 5-7d)Appendix, Table A7).
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Even though the cellulase activities in the cubuoéTrichodermaandPenicillium strains were
similar, the soluble protein concentration in fhereeseiRUTC30 culture supernatant was at
least two times higher than in the cultures of whiel type strains, suggesting that the cellulase
content in the culture supernatants of the wildetgfrains was higheln addition, the cultures of
the novelPenicillium strains exhibited higher endoglucanase activitynttiee activities in the
cultures ofT. reeseiQM6a as well th@-glucosidase activities. In contrast, highest xgseand
B-xylosidase activities (4.9 and 1.1 U/ml, respeslify were measured from. reeseiRUT C30

cultures.

34.2. Hydrolysis of Cedlulose and Lignoceluloses by the Penicillium and

Trichoderma Culture Supernatants

Hydrolytic performance of the culture supernatamsymes of the twl@enicillumstrains and'.
reeseiRUTC30 are shown iRigure 16. Enzymes were dozed to the hydrolysis by an etptall
cellulase activity (10 FPU/g DM) and supplementgdalffi-glucosidase activity from Novozym
188 (6 U/g DM) in order to minimize the effect adnations in the-glucosidase activities in the
mixtures. Despite equal cellulase activity loadinglture supernatant enzymes of TUB F-2220
gave higher reducing sugar yields in hydrolysisniérocrystalline cellulose (Avicel) than TUB
F-2378 orT. reeseRUT C30. In the hydrolysis of pre-treated sprutdB F-2220 andl. reesei
RUT C30 enzymes gave similar yields, while TUB F-23®nzymes were much less effective in
the hydrolysis of this substrate. The hydrolysilds from pre-treated wheat straw were similar
to all the culture supernatants.
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Figure 16. Hydrolysis of Avicel PH-101 (a), pretted spruce (E-Tech) (b) and pretreated wheat
straw (Biogold) (c) at pH =5.0 and T =45 °C byriallium pulvillorum TUB F-2220,
Penicillium cf simplicissimum TUB F-2378 and Trideoma reesei RutC30 shake flask

fermentation supernatants grown on Avicel PH-10ta®on source. Enzyme loading 10 FPU/g

DM of substrate, supplemented with 6 U/g DM of salss-glucosidase (Novozym 188). The
presented values are means of three replicates.
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3.4.3. Partial Purification and Characterization of P. pulvillorum (TUB F-2220)

Cellulases

Two of the major proteins (MW 72 and 70 kDa, acaogdo SDS-PAGE) fronP. pulvillorum
(TUB F-2220) culture supernatant were separateggusin exchange chromatograptiigure

17; Appendix, Table A8. Analysis of thedle novoamino acid sequences of the protein indicated
that the 70 kDa and 72 kDa protein species cordaghgcosidic hydrolases belongingfeomilies

6 and 7 with high similarity known as cellobiohytlrges within these familieFéble A8).
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Fig. 17. SDS-PAGE image of the CBH preparationsieLa Penicillium pulvillorum culture
filtrate (cultivated on Avicel). Partially purifiednzyme preparations PpCBH2 (lane 2) and
PpCBHL1 (lane 3) from Penicillium pulvillorum (TUBZ220) and Trichoderma reeseiference
TrCel7a (lane 4) on SDS-PAGE (10% gel).

All the peptide sequences obtained from the 72 kidein matched GH7 CBHs in Uniprot
database, while the peptides from the 70 kDa pratkowed high homology to GH6 CBHs and
fungal glucoamylases. The putative glucoamylasetigeep most likely originated from an
impurity. The enzyme fractions were nanfCBH1(72 kDa) and®pCBH2(70 kDa). The pH
and temperature profiles of Avicelase activity Ire tenzyme preparations were similar to the
original culture supernatantAppendix, Figure Al). The partially purified TUB F-2220
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cellulasePpCBHlandPpCBH2were further compared frichoderma reeseCel7a(CBH1) in
the hydrolysis of microcrystalline crystalline adtise (Avicel) at 45C and 58C (Appendix,
Figure A2). In contrast tolrCel7a both PpCBH1and PpCBH2gave a lower final hydrolysis
yield at 558C than at 45C, and especially the hydrolysis wpCBH2that was interfered on the

elevated temperature (85).

3.4.4. Lignin Sensitivity and Adsorption of the Cellulasesto Lignin

Reason for the relatively lower performance of ¢bkure supernatants @fenicillium species in
the hydrolysis of lignocelluloses from pure celegdowas searched from the sensitivity of the
culture supernatants enzyme to lignin. When Aviegs hydrolysed using the culture
supernatants dPenicillium andTrichodermastrains in presence and absence of lignin &C46
was clear that exclusively the spruce EnzHR ligmas inhibitory to cellulose hydrolysis and that
the F-2378 enzyme mixture was most sensitive toidigFigure 18). Interestingly, when the

hydrolysis was repeated at°85 the inibitory effect of lignins was greatly dishied.
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Figure 18. Inhibitory effect of lignins. EffectiBhzHR lignin isolated from pre-treated spruce or
wheat straw on the hydrolysis of Avicel PH-101 leyiBillium pulvillorum TUB F-2220,

Penicillium cf simplicissimum TUB F-2378 and Trideoma reeseRUT C30 cellulase mixtures

(shake flask fermentation supernatants grown océd\®#H-101 as a carbon source). Hydrolysis
was carried out at 45 °C (a) or 35 °C (b) in follmg conditions: Avicel PH-101: 10 mg/ml;
EnzHR lignins: 5 mg/ml; pH = 5.0; hydrolysis tin#4 h. Enzyme loading 10 FPU/g DM of
substrate, supplemented with 6 U/g DM of subsifegiicosidase (Novozym 188). Released

reducing sugars were quantified with DNS assay.

Since the lignin-caused inhibition of hydrolysisshaeen thought to be partially caused by the
adsorption of the cellulases to lignin, adsorptlehaviour of thePpCBH1 and TrCel7a to
microcrystalline cellulose (Avicel) and EnzHR ligsiwere isolated from pre-treated spruce and
wheat straw were compare@ppendix, Figure A3a). Both PpCBH1 and TrCel7a efficiently
adsorbed to Avicel (over 80% of the enzyme was rbdst). However, adsorption of the

PpCBH1to EnzHR lignins was clearly lower comparedTiCel7a A higher amount of both
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enzyme preparations was adsorbed to the spruceREtigHin than to the wheat straw EnzHR
lignin. Impact of pH and temperature to the adsorpof thePpCBHlandTrCel7awas further
studied. The adsorption of especially BgCBH1was shown to be pH dependent: at pH 4 almost
all the enzymes were adsorbed to the lignin butatieorption clearly diminished at higher pHs
(pH 5 and pH 6) Appendix, Figure A3b). Increasing the incubation temperature in the
adsorption experiment from 35 to 45C increased the amount of adsorbed enzyme especiall
for the PpCBH1and also reduced the amount of enzyme that cailctleased from the spruce
EnzHR lignin particles to SDS-PAGRgpendix, Figure A3c). The results clearly indicated that
the increased temperature fortified the proteinihginteractions and may be the reason for a

higher inhibitory effect of lignins at a higher tperature.

3.4.5. Cloning of P. pulvillorum (TUB F-2220) CBHs

Amplification of the TUB F-2220 K. pulvillorum) genomic DNA with degenerate primers
designed for conserved regions in fungal CBH enzythat yielded two specific amplicons of
500-600 bp (data not shown). Each amplicon reptedem unique gene fragment, indicating that
the TUB F-2220 genome contains at least tlvbl genes ¢bhlaandcbhll. The sequences of
three tryptic peptides recovered from partiallyifjed PpCBH1 matched to the gene fragment
cbhla indicating that th&ebhlagene fragment represents the gene for the enzgemtified in
PpCBHL1 Ligation mediated PCR of Stul and SsPI diges&tbgiic DNA of TUB F-2220 with
primers designed for the 5’ end of tiebhlafragment resulted in 1500-2000 bp fragments
containing complete 5’end of the gene. Ligation ratdl PCR of the 3’ end of thgpcbhla
resulted in partial 3° fragments of the gene anthglete 3’ end of th@pcbhlawas amplified
using 3' RACE PCR using the specific primer desjfee the 3’ end of thebhla

Full length coding sequence BpCBHlassembled from the PCR amplified fragments of TUB
F-2220 genomic DNA and cDNA is shown Appendix, Figure A4. Four of thePpCBH1de
novo peptide sequences matched completely thelatadsamino acid sequence of coding the
DNA sequence and two of them showed a 86-92% ijetdtithe translateppcbhlasequence
(Appendix, Figure A4). The closest BLAST neighbours of the enzyme vggyeosyl hydrolase
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family 7 cellobiohydrolases fronfPenicillium oxalicum P. decumbensand P. janthinellum
(F6L7A1_PENOX, C9EI49 9EURO, GUX1_PENJA) with up 88% sequence identity
(Appendix, Figure A5). Signal prediction has indicated a presence cdrdto acid long signal
peptide in the N-terminus. Sequence homology togeised GH7 enzymes indicated that the
enzyme consisted of a catalytic domain of familhat is interlinked with carbohydrate binding
domain CBM1) by a linker peptide. Two conserved catalytic ghoate residues and four
tryptophan residues were involved in glucan binditang with 18 cysteine residues in formation
disulphide bridges that are found in the sequetikeeocatalytic domainAppendix, Figure A5)
[50, 51]. InCBM, three tryptophan residues are located in the sams@ions where tyrosine
residues were associated to cellulose bindingiactv TrCel7aCBM that are located (Lee et al.,
2012).

3.4.6. Conclusions

Evaluation of the cellulase and hemicellulase sgstef two novel lignocellulolyti®enicillium
strains indicated that both strains secrete a teghl of cellulase activities. Specific cellulase
activities of the wild-typeP. pulvillorumTUB F-2220strain are approx. two times higher than
being it is compared 6. reeseRUT C30Q This attribute can make isolate F-2220 to an @titra
biological starting material for strain improvementhe enzyme mixture secreted B
pulvillorum (TUB F-2220) has exclusively high hydrolytic adty towards microcrystalline
cellulose. Two of the main enzymes in the TUB F22hzyme mixture were identified as GH7
and GH6 cellobiohydrolases most likely relatedhe high level of cellulose degrading activity.
The inhibition of the hydrolytic activity of thPeniciliumandT. reeseireference cellulases in
the presence of lignin in the hydrolysis mixturesvagpendent on temperature and lignin and this
is almost entirely absent in case of in the casehefat straw lignin and at 35 and is the highest
with spruce lignin at 4%. Based on adsorption assays the inhibition isuémiced by
temperature enhanced adsorption of the enzymegmin burfaces. The data indicates thatRhe
pulvillorum TUB F-2220 cellobiohydrolases have suitable prigerfor application in lower
temperature lignocellulose conversion processed @ag simultaneous saccharification and
fermentation (SSF).
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3.5.Novel Cellulases of Fast-growing Trichoderma Isolates for Degradation of

Lignocellulosic Materials

Screening work (around 950 mesophilic filamentausgf have been studied) of novel cellulases
has resulted in two promising lignocellulolyficichoderma wains. These isolates were tested in
cellulase/hemicellulase enzyme production durimgnéntation experiments and in hydrolysis

studies to compare them with well-knowrichodermareeseiRUT C30 and QM 6a.

Fermentation experiments were carried out on therauoiystalline cellulose carbon source
(Avicel PH-101), where the growth of novel fastreasingTrichodermastrains were started
earlier thanT. i isolates and also the filter paper activities werare suitable for new strains.
Novel Trichodermaisolates reached the same level of enzmye actiggter thanr. i control
strains. Likewise inB-glucosidase enzyme secretion was outstanding se o& fast growing
Trichodermastrains.

Efficiency of newTrichodermacellulases was better i reeseistrains at a lower temperature.
pH optima of novel enzymes were similar to confforeeseicellulases. These positive results

could be benefits in simultaneous saccharificatiod fermentation (Maurice, 2011).

The novelTrichodermacellulases were equally efficient as control enggnmn hydrolysis of
microcrystalline cellulose and pretreated herbasgmant materials. Howeven degradation of
pretreated woody materials they could not overthkecellulases froni. reeseiRUT C30. The
explanation could be that inhibition effect of wolaghin was more agressive than of herbaceous

lignin.

Cellulases of fast growingrichodermawere more resistant in lignin inhibition studi¢sadower
temperature tha. reeseicellulases. This behaviour is also favourable rdusimultaneous

saccharification and fermentation (Maurice, 2011).

These results have inspired us for a further, pHu@nalysis of novelrichdermacellulases. At
this moment, research works are still in progresafpossible patent, hence disclosures of results

are unpermitted.
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4. Summary

Filamentous fungi can be valuable sources of amlal and hemicellulsic enzymes used for
bioconversion of lignocellulosic biomass to biokiend other end-products. | assumed that
unexplored microbial isolates may still exist iretharth, which are efficient in lignocellulose
degradation and nobody has observed them yet. Goesty, | have performed a screening
work in the microbial culture collection of Budapésniversity Technology and Economics in
order to find outstanding lignocellulolytic enzyrpeoducers. | have used both the mesophilic
lignocellulolytic fungi stored in the TUB cultureitection and we also isolated promising novel
strains from soil and decaying plant materialsexiid in different parts of the world. The best

selected filamentous fungi were investigated fottier in-depth analysis.

This research is based on the 7th Framework Elegrojith the logo 'DISCO’ (‘Targeted

DISCOvery of novel cellulases and hemicellulasas their reaction mechanisms for hydrolysis
of lignocellulosic biomass’). This project focusen the development of efficient and cost-
effective enzyme tools to degrade the lignoceliglbsomass to fermentable sugars, converting it

to bioethanol and to investigate the performandbede enzymes.

Preliminary screening work was carried out apprataty with 950 identified and non-identified
filamentous fungi strains. Fermentation experimemtse applied on different lignocellulosic
carbon sources. Enzyme supernatants selection esdsriped by colorimetric cellulase and
hemicellulase enzyme assays from a great numbédilamhentous fungi enzyme mixtures.
Selected enzyme mixtures have been tested in ygisobf soluble xylan rich substrates xylan
rich fractions (WAX, EXH), degradation products weanalysed. Hydrolysis products were
analysed by high performance liquid chromatogragtiylLC, HPAEC and HPSEC) and mass
spectrometry (MALDI-TOF MS). These methods helpptove the sufficiency of degradation
that is dependent not only on the selected fungyme preparation but also the characteristics of
xylan rich substrates. Selection of the most adficienzyme supernatants should be based on
colorimetric assay results combined with up-to-dastrumental methods. Application of this

process gives us a precise enzyme diagnostic tool.
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Enzyme preparations of different fermentation snptmts were applied in the hydrolysis of
insoluble wheat straw and corn fiber xylan richctrans (WS WUS and CF AIS). Up to 14% of
the carbohydrates in wheat straw and 34% of thoseoin fiber were hydrolyzed by enzyme
mixtures. The hydrolysis yield depended on theiorig the fungal isolate and on the complexity
of the substrate to be degrad@enicillium, Trichodermaor Aspergillusspecies and other non-
identified fungi proved to be the best hemicellyla enzyme producers. The choice for an
enzyme preparation to efficiently hydrolyse differexylan rich substrates is dependent on the

xylan characteristics and could not be estimateddiyg model substrates.

Study of fungi genetically close fb. reeseiin biodegradation of xylan may have a scientific
value. Thus, fifteen strains belongingTdchodermasectionLongibrachiatumhave been tested
for extracellular xylan degrading enzyme productonthree carbon sources (wheat straw, corn
fiber and eucalyptus wood) in shake flask cultimati The enzyme activities were assayed by
traditional colorimetric enzyme assays and by namstrumental methods. Hydrolysis of four
different soluble and insoluble xylan-rich modebstrates (WAX, EXH, WS WUS and CF AIS)
was performed by fermentation supernatahtgeeseiCPK 155, T. parareeselfUB F-2535,T.
gracile TUB F-2543 andrl. saturnisporunATCC 18903 isolates were equally effective or lrette
in degradation of WAX and CF AIS than the well-knoW. reeseiQM 6a and RUT C30 strains.
Conclusively these fungi may be potential candidates for furte&periments. Enzyme
production on wheat straw and corn fiber fermeatatiarbon sources was more efficient than on
eucalyptus wood carbon source.
The lignocellulolytic enzyme systems of two nows#nicillium strains P.pulvillorum TUB F-
2220 andP.cf.simplicissimunTUB F-2378) have been compared to well-knolvmeeseiQM 6a
and RUT C30 strains. Comparison of the noRehicillium and T. reeseisecreted enzyme
mixtures in the hydrolysis of lignocellulose substis showed that the F-2220 enzyme mixture
gave higher yields in the hydrolysis of crystallzedlulose. Yields are similar in the hydrolysis of
pretreated spruce and wheat straw than enzyme maiptoduced by. reeseireference strains.
The lignin sensitivity of thePenicillium cellulase complexes to softwood (spruce) and grass
(wheat straw) lignins depended on lignin qualityl d&xydrolysis temperature: lignin inhibition of
cellulose hydrolysis in the presence of wheat stignin was lower at 35°C while at 45 by
spruce lignin a clear inhibition was observed. Thtie cellulase complex dPenicillium
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pulvillorum TUB F-2220 seems to be valuable in the simultanesascharification and

fermentation (SSF) process performed at a lowepégature.

Another finding of our experiments is that cell@dasof two isolates identified as novel fast
growing Trichodermaisolatesare also valuable sources of lignocellulolytic eneg. They are
fast growing fungi and produce cellulase complexesre economically than well-known
Trichoderma reesestrains. At the present moment they are undereptidanalysis, additional
experiments will show in the future whether thesaiss and/or their cellulases are patentable.

Until the end of the investigation | do not haverpission to publish these results.
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6. Figures and Tables

Figure 1. The secondary structure of cellulose €gER)

Figure 2. The main components of the hemicellu(psge 14)

Figure 3. The complex structure of lignin (page 17)

Figure 4. Scematical illustration about the effgfigpretreatment of lignocellulose (page 18)
Figure 5. Efficiency in cooperation of members elldase enzyme (page 21)

Figure 6. The structure of xylan and performancethe xylan degrading enzymes. 1: endo-
xylanases; 2a-L-arabinofuranosidases; @:glucuronidases; 4: feruloyl and coumaroyl estesase

5: acetyl xylan esterases (page 24)
Figure 7. Schematically view of production biofultlem lignocellulose (page 27)

Figure 8. Schematical structure models for xylaxtsaeted from wheat (upper) and eucalyptus

wood (lower) (page 38)

Figure 9. Endo-xylanase-| digest pattern and fgpical HPAEC patterns as found for digests of
fermentation liquid on WAX (line 1: degradation fgah of WAX after hydrolysis with sample
B6, line 2: WAX after hydrolysis with sample B13é 3: WAX after hydrolysis with sample
B7, line 4: WAX after hydrolysis with sample B4Zpage 50)

Fiugre 10. HPAEC patterns of undigested EXH bldime 1: Example of the digest of EXH of
reference enzyme mixture (Endo-xylanase-l, Glucaiemse and acetyl xylan esterase); line 2:
Example of the digest of EXH of sample B35 (pagg 53

Figure 11. MALDI-TOF mass spectra with hypothetiséluctures of EXH before and after
saponification and two fermentation liquids: exaenpf digest strong in hexose release (B36),
example of digest strong in acetyl and xylose s#g841). (page 55)

Figure 12. HPAEC patterns of digested WS WUS bgnéntation liquids and the undigested WS
WUS blank (Ara: arabinose; Xyl/Gal/Glc: xylose, @etbse, glucose; Xyl2,3: xylobiose,

xylotriose; UA: glucuronic acid. (page 60)
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Figure 13. HPAEC profiles of hydrolysis productrfraligested wheat arabinoxylan (24h, 37°C,
500 rpm, pH:5.0) by four Trichoderma isolates femted on three different fermentation carbon
sources (wheat straw, eucalyptus wood, corn fidene 1: endo-xylanase-I (reference); line 2:
wheat straw fermentation supernatants; line 3:lgpttes wood fermentation supernatants; line 4:
corn fiber fermentation supernatants. Ara: aral@na¥yl: xylose; Xyl2: xylobiose; Xyl3:
xylotriose. 1aT. reeseiRUT C30; 1b:T. parareeseiflUB F-2535; 1cT. gracile TUB F-2543;
1d: T. saturnisporumATCC 18903. Internal control (background, residteducing sugars in

fermentation supernatants) were considered. (p&pe 6

Figure 14. Cellulase (FPA) (a), xylanase (b) atégi and pH values (c) of Rieillium
pulvillorum TUB F-2220,Penicillium cf. simplicissimurmUB F-2378 andlrichoderma reesei
RUT C30 in shake flask fermentation supernatantsceh PH-101 was used as a carbon source
(medium LC-8). The presented values are mean eétheplicates. (page 73)

Figure 15. Temperature (a) and pH (b) dependencyeliilase activities inPenicillium
pulvillorum TUB F-2220,Penicillium cf cimplicissimunTUB F-2378 andlrichoderma reesei
RUT C30 shake flask fermentation supernatants growmvicel PH-101 as a carbon source.
Hydrolysis substrate: Avicel PH-101 (10 mg/ml) & p 5.0, hydrolysis time: 24 h. Enzyme
loading 10 FPU/g DM of substrate, supplemented Wit/g DM of substratg-glucosidase
(Novozym 188). The presented values are mean eé¢ tlaplicates. (page 74)

Figure 16. Hydrolysis of Avicel PH-101 (a), pretiesth spruce (E-Tech) (b) and pretreated wheat
straw (Biogold) (c) at pH = 5.0 and T = 45 °C PBenicillium pulvillorum TUB F-2220,
Penicillium cf simplicissimunTUB F-2378 andTrichoderma reeseRUT C30 shake flask
fermentation supernatants grown on Avicel PH-10tabon source. Enzyme loading 10 FPU/g
DM of substrate, supplemented with 6 U/g DM of dtdie B-glucosidase (Novozym 188). The
presented values are means of three replicatage (&)

Fig. 17. SDS-PAGE image of the CBH preparationsaeLa Penicillium pulvillorum culture
filtrate (cultivated on Avicel). Partially purifiegénzyme preparationBpCBH2 (lane 2) and
PpCBHZ1(lane 3) fromPenicillium pulvillorum(TUB F-2220) andrichodermareeseireference
TrCel7a(lane 4) on SDS-PAGE (10% gel). (page 77)
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Figure 18. Inhibitory effect of lignins. Effect &nzHR lignin isolated from pre-treated spruce or
wheat straw on the hydrolysis of Avicel PH-101 Benicillium pulvillorum TUB F-2220,
Penicillium cf simplicissimurifUB F-2378 and'richoderma reeséRUT C30 cellulase mixtures
(shake flask fermentation supernatants grown orc&WH-101 as a carbon source). Hydrolysis
was carried out at 45 °C (a) or 35 °C (b) in foliogv conditions: Avicel PH-101: 10 mg/ml,
EnzHR lignins: 5 mg/ml; pH = 5.0; hydrolysis tim24 h. Enzyme loading 10 FPU/g DM of
substrate, supplemented with 6 U/g DM of substfatgucosidase (Novozym 188). Released
reducing sugars were quantified with DNS assaygdp®)

Table 1 Strains ofrichodermasectionLongibrachiatumused in this study. (page 33)
Table 2. Composition of shake flask fermentatioime(page 35)

Table 3. Carbon sources during the enzyme produdfiage 35)

Table 4. Sugar composition of xylan-rich hydrolysiedel substrates. (page 38)
Table 5. Information about the selected isolatekthair enzyme activities. (page 47)

Table 6. Top three fermentation supernatants peyree activity, based on traditional and novel
methods. (page 57)

Table 7. Top enzyme producers for the differentsgaltes, based on the release of the main
building blocks in the substrates: wheat arabinaxy(WAX); eucalyptus xylan hydrolysate
(EXH); wheat straw water unextractable solids (W®SY, corn fiber alcohol insoluble solids
(CF AIS). (page 64)
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7. Appendix

Table Al. Hydrolysis products in WAX and EXH diges$tfermentation liquids based on HPAEC, HPLC &#&l_DI-TOF MS
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Hydrolysis products formed of WAX (w/w %)

Hydrolysis products formed of EXH (w/w %)

o W 99 N,

g -Q(D ’0_) —~ TJ>< ;‘2 E —~ «j‘v e

=] a 2 “ EY < s 0 = ‘v EY 3 i

Qo ° Z L Da Z =5 3 2 2a < =

= o © < S [ 05 < < sa s 8

= b4 2 o L O ° O o

[3+] > = < S > —

N X o X
B63 X 47 9 32 40 29 66 3 8 - 14
B64 1 24 5 24 25 18 70 3 9 - 13
B65 1 40 4 35 36 6 51 3 6 - 9
B66 3 69 19 46 62 4 56 5 8 - 12
B67 1 25 8 23 27 4 44 4 9 - 12
B68 1 20 4 20 21 16 42 2 11 + 13
B69 2 27 11 22 29 22 62 5 8 - 14
B70 1 31 5 25 28 18 61 2 10 - 13
B71 1 10 6 14 15 29 64 3 9 - 14
B72 1 20 5 20 21 28 79 3 7 - 12
B73 2 54 7 44 48 15 62 4 9 - 13
B74 3 77 22 51 69 7 56 4 7 - 11
B75 1 48 10 32 41 21 72 4 8 - 13
B76 1 16 2 15 15 13 72 3 11 - 14
B77 1 22 6 22 24 25 61 6 4 - 12
B78 1 13 4 10 13 20 18 6 4 + 11

@ Based on degradation pattern on HPAEC after hysi®bf WAX

® Amount as percentage of total amount of that carepbpresent in initial substrate (w/w %)
¢ Amount of xylooligomers as percentage of xylosespnt in initial substrate (w/w %)

4 Monomers and linear xylooligomer products as petange of total amount of these components presdnttial substrate (w/w %)

¢ Based on combined HPLC & Maldi-TOF MS results,ressed as percentage of total amount of that coempqmesent in the initial substrate
" Based on Maldi-TOF MS results, qualitative result
**Endoxylanase-I-(WAX)/AGU,endoxylanase-l (AXE)EXH
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Table A2: Sample information and quantitative resof all fermentation supernatants after hydraysi insoluble WS WUS and CF AIS, based on
HPAEC results.

Fungi Hydrolysis products formed of WS WUS (w/w %) | Hydrolysis products formed of CF AIS (w/w %)
E e s | 5 w 5 s .| @
83 | 1203 |3 [222 5T %0t |2 |% |3 2iEsds
EE | S 22 S8 S |S (32828 825 |8 |S |£)3295§ 97
52 | & 3 £ g |3 |R|583|8a|e3|E |5 |8 |R|383°5¢
o < O O 3 > < o O 3 S °
Blank 0 0 0 0 0 0 0 2 0 0 0 (0]
1 TUB F-1702 Trichoderma sp. 35 12 15 20 1 11 14 5 16 1 10 |8
2 TUB F-1702 Trichoderma sp. 27 7 14 15 1 1 9 9 2 11 3 0 8 13
3 TUB F-2292 Non-identified fungus 6 4 3 1 0 1 2 5 2 4 1 0 12| 14
4 TUB F-2292 Non-identified fungus 6 2 3 1 0 2 3 1 3 0 7 8
5 TUB F-2293| Coniochaeta ligniaria 6 3 4 3 1 3 3 4 2 5 1 3 12 | 7!
6 TUB F-2293| Coniochaeta ligniaria 8 7 9 2 1 3 5 5 2 8 1 3 1( 143
7 TUB F-2346 Penicillium sp. 38 | 47 19| 23 1 3 14 14 12 14 8 1 3 |5
8 TUB F-2346 Penicillium sp. 26 | 37 14 16 1 1 10 11 12 11 5 1 Y | 3
9 QM6a Trichoderma i 22 10 11 8 2 3 7 8 2 11 2 1 8 13
10 QM6a Trichoderma i 20 5 15 8 1 6 9 8 2 12 1 1 8 12
11 TUB F-2342 Non-identified fungus | 21 15 10 10 3 8 26 11 2( § 6 15 Pp6
12 TUB F-2342 Non-identified fungus | 32 17 17 13 3 11 13 24 10 19 6 3 16 p6
13 TUB F-2353 Non-identified fungus | 41 22 17 15 5 16 14 24 10 17 6 9 19 P9
14 TUB F-2353 Non-identified fungus | 24 15 14 11 2 8 10 29 10 19 7 7 20 PB1
15 TUB F-2358| Trichoderma harzianum| 21 7 8 1 7 15 4 19 4 0 18 20
16 TUB F-2358| Trichoderma harzianum| 21 4 13 0 4 10 1 15 2 0 8 13
17 TUB F-2360 Trichoderma sp. 16 7 1 1 4 6 1 9 3 0 8 11
18 TUB F-2360 Trichoderma sp. 17 4 7 7 1 2 5 8 2 13 2 0 7 11
19 RUT C30 Trichoderma i 38 10 19| 21 5 1 13 29 9 20 i} 6 13 p6
20 RUT C30 Trichoderma i 34 5 19 11 2 8 12 15 1 14 3 15 p1
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21 TUB F-1598| Trichoderma harzianum| 26 12 17 15 1 1 11 12 4 17 4 0 8 | 4
22 TUB F-2294 Trichoderma sp. 30 10 18 13 1 2 11 9 2 15 3 0 1 | 2
23 TUB F-2295 Trichoderma sp. 20 5 10 5 1 2 6 7 2 12 1 0 5 D
24 TUB F-2335 Trichoderma sp. 20 6 7 9 1 2 6 20 3 13 6 2 4 12
25 TUB F-2343 Trichoderma sp. 18 5 7 7 1 1 5 7 1 9 2 1 14 13
26 TUB F-2344 Trichoderma sp. 27 6 18 10 0 5 11 10 2 17 Y. 0 g 14
27 TUB F-2348| Bionectria ochroleuca | 23 10 9 6 2 5 7 18 8 13 3 4 19 26
28 TUB F-2349 Non-identified fungus 6 3 3 1 2 7 2 4 1 5 7

29 TUB F-2350 Trichoderma sp. 11 8 3 4 0 0 2 4 1 4 1 0 3 5
30 TUB F-2352 Non-identified fungus 14 1(¢ 4 g 3 9 0 12 3 4 8

31 TUB F-2356 Non-identified fungus 23 18 1 11 T 25 8 18 10 14| 24
32 TUB F-2357 Non-identified fungus 14 8 2 Y. 2 16 4 9 2 15| 21
33 QM6a Trichoderma i 27 9 11 7 0 4 7 12 2 16 0 10 15
34 TUB F-2385| Corynascus verrucosus| 17 14 2 5 1 3 3 10 5 4 1 8 11
35 TUB F-2387 Non-identified fungus 17 6 3 4 1mp 3 11 7 12
36 TUB F-2388 Non-identified fungus 6 3 1 1 8 2 5 5 7

37 TUB F-2389 Non-identified fungus 7 4 2 2 6 2 4 4 6

38 TUB F-2390 Penicillium sp. 37 31 21 22 1 1 14 22 13 21 10 1 3] 19
39 NRRL1808 Aspergillus oryzae 18 17 10 10 2 1 7 11 5 14 6 3 5 |1
40 NRRL3485 Aspergillus oryzae 19 9 7 13 2 1 6 10 4 11 6 5 4 10
41 ATCC10864 Aspergillus niger 18 8 9 1 0 6 9 5 14 5 4 5 11
42 ATCC14916 Aspergillus foetidus 16 13 8 1 0 5 9 4 15 5 2 5 11
43 TUB F-2386 Non-identified fungus 5 6 4 2 2 1 1 3 0 3 4

44 TUB F-2382 Non-identified fungus 27 4 1 4 1 23 3 12 1 21| 28
45 TUB F-1647 Trichoderma sp. 33 21 20 14 1 13 26 10 24 8 0 1 D6
46 TUB F-2369 Trichoderma sp. 27 8 15 9 1 10 13 2 17 3 0 g 16
47 TUB F-2370 Non-identified fungus 30 1( 1p T 9 5 11 3 7 11
48 TUB F-2371 Non-identified fungus 9 3 3 1 2 1B 5 5 1 8 12
49 TUB F-2372| Penicillium ochrochloron| 31 22 19 15 2 2 12 28 11 27 11 1 1 D6
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50 TUB F-2374 Non-identified fungus 21 11 11 5 g 51 6 15 12| 19
51 QM 6a Trichoderma i 26 11 13 8 8 13 2 18 3 mn |7
52 OKI 16/5 Aspergillus terreus 32 4 17 10 11 26 2 19 4 15 p4
53 TUB F-2394 Humicola 8 7 9 1 4 15 2 9 1 17 22
grisea/Humicola
nigrescens
54 TUB F-2361| Bionectria ochroleuca | 16 5 7 3 5 13 3 10 1 16 11
55 TUB F-2375 Trichoderma sp. 14 4 8 6 6 10 2 13 2 15 30
56 TUB F-2376 Trichoderma sp. 27 11 15 9 10 15 3 20 3 1 PO
57 TUB F-2377 Non-identified fungus 38 19 18 1 31 20 5 16 3 13| 24
58 QM 7721 Paecilomyces terricola,| 19 9 9 4 6 15 3 8 1 15 40
Synonym: Acremonium
implicatum ; Fusidium
terricola
59 ATCC Cladosporium herbarum| 8 5 2 3 2 11 4 6 2 1 13
11282
60 RUT C30 Trichoderma i 22 3 14 6 9 11 1 10 1 15 20
61 BSUM Epicoccum nigrum 20 9 6 3 4 15 4 3 9 14
62 OKI 270 Chaetomium globosum| 8 4 0 2 9 1 0 l
63 TUB F-2291 Non-identified fungus 29 14 1y 1 21 19 5 17 3 16| 23
64 TUB F-2303 Non-identified fungus 27 7 12 @ 8 17 5 11 1 16| 21
65 TUB F-2305 Non-identified fungus 27 6 13 G g mp 1 11 13| 18
66 TUB F-2378 Non-identified fungus | 30 17 18 7 11 28 23 6 15 p6
67 TUB F-2379 Trichoderma sp. 18 6 10 4 6 11 16 1 8 14
68 IFO 9387 Paecilomyces 14 7 8 2 14 9 1 13 18
bacillisporus, Synonym:
Acremonium
bacillisporum
69 RUT C30 Trichoderma i 32 9 16 9 11 16 3 20 2 13 Pl
70 NCAIM F- Phanerochaete 19 6 12 6 8 17 2 8 1 D 25
00740 chrysosporium
71 VKM F- Phanerochaete 14 7 15 6 9 4 3 8 1 11 14
1767 chrysosporium
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72 NRRL 2003 | Myrothecium verrucaria| 13 6 9 4 3 5 15 10 14 20
73 TUB F-2341 Non-identified fungus 32 2( 1 8 3 1p 32 23 23| 34
74 TUB F-2380 Hypocrea lixii 29 13 11 9 12 10 35 23 2 B4
(Trichoderma harzianum

75 TUB F-2381 Non-identified fungus 33 16 1 1 1 31 25 21 17| 2]
76 TUB F-2383 Non-identified fungus 14 3 4 2 4 3 1 10| 13
77 TUB F-2384 Non-identified fungus 4 2 2 0 6 2 3 6

78 IFO 4855 Paecilomyces varioti 15 6 3 4 0 3 13 7 5 D

& Amount as percentage of total amount of that carapt(s) present in initial substrate (w/w%)

® Amount of xylooligomers as percentage of xylosespnt in initial substrate (W/w%)
¢ Unidentified oligomers as percentage of total antad sugars in initial substrate

4 Monomers and linear xylooligomer products as petage of total amount of these components presédnttial substrate (w/w%)
Origin of strains: ATCC: American Type Culture Gaition, Manassas, Virginia, USA; BSUM: Botany Sdhamiversity of Melbourne, Parkville, Australial-O: Institute for
Fermentation, Osaka, Japan; NRRL: Northern Regi®esearch Center, USDA, Peoria, lllinois, USA; OKahtional Institute for Public Health, Budapesurgdary; QM:
Quartermaster Research and Development Center, AdrBy, Natick, Massachusetts; RUT: Rutgers UniugrsNew Brunswick, New Jersey, USA; TUB F-...: Tedtali
University of Budapest, culture collection of fungiKM: Russian Collection of Microorganisms, MoscoRussia
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Table A3. Volumetric cellulase and hemicellulaseyeme activities and total soluble protein concetidres of Trichoderma section
Longibrachiatum strains after 5 days of fermentatgwown in shake flasks on wheat straw, eucalyptusd and corn fiber as carbon sources

Strain Wheat straw as carbon source in fermentation Eucaptus wood as carbon source in fermentatior Corn fier as carbon source in fermentation
> 2 2 g > 2 2 2 > 2 2 2
<E|Sg s |22 22|88 |<E |52 |22 |22 52 82 |«E |52 |22 32|22 |82
T2 |85 |S5 | S5 | g5 |32 |&2 |85 |35 |85 |g> |82 k2 |83 |S5|S5 s> |82
L 32|32 %S |55 |8E | L |32 (3% |32 |55 |88 | & | 3= |3 %S |5S|¢c&
x & & s a x & & s o x & & s o
Rut C30 0.54 6.06 | 0.42 0.14 0.38 1.21 0.22 2.68 | 0.09 0.04 | 0.06 0.19 0.99 5.48 0.45 0.64 1.37 1.44
QM6a 0.42 |568 |0.48 0.14 0.31 0.67 | 0.02 131 0.04 0.02 | 0.05 |0.08 |0.34 3.38 | 024 |0.25 0.53 | 0.52
CPK 155 0.44 23.93| 0.83 |0.13 |0.26 0.69 | 0.02 243 |0.11 |0.02 0.03 0.09 0.27 | 9.09 |0.18 0.08 0.24 | 0.62
TUB F-2535 | 0.21 5.65 0.17 0.05 0.12 0.36| 0.05 2.74 | 0.05 0.02 | 0.05 0.03 0.18 2.25 0.08 0.06 0.18 0.36
TUB F-2543 | 0.36 5.88 0.20 | 0.11 0.14 0.45 | 0.09 3.48 | 0.05 0.03 0.04 |0.11 0.30 | 3.37 0.09 0.11 | 0.52 0.38
ATCC 0.00 0.88 0.00 0.02 0.02 0.18 0.00 0.32 0.0D 0.01.010]| 0.01 0.15 1.34 0.02 | 0.21 0.12 0.25
18903
TUB F-1345 | 0.16 4.05 0.35 0.07 0.03 0.33 0.01 0.690.16 0.03 0.01 0.06 0.08 0.77 0.22 0.05 0.03 0.44
TUB F-2531 | 0.11 | 7.46 |0.11 0.08 0.03 0.33 0.00 0.91 0.03 0.03 0.01L0.15 | 0.18 3.01 0.13 0.09 0.05| 0.69
TUB F-1299 | 0.07 3.10 0.39 0.05 0.01 0.28 0.00 1.310.18 0.02 0.02 0.06 0.09 1.05| 0.25 0.14 0.11 0.46
TUB F-1417 | 0.01 1.36 0.08 0.07 0.04 0.28 0.00 1.32 0.0¢4 0.03.040 | 0.04 0.01 0.34 0.05 0.05 0.04 0.29
TUB F-1047 | 0.03 2.06 0.13 0.04 0.02 0.30 0.00 0.68 0.0¢4 0.01.010| 0.03 0.09 0.95 0.18 0.06 0.03 0.44
TUB F-1058 | 0.03 2.49 0.13 0.04 0.02 0.31 0.00 0.53 0.08 0.01 .01 0| 0.05 0.09 2.49 0.23 0.05 0.04 0.57
CPK 72 0.00 0.33 0.00 0.01 0.02 0.18 0.00 0.2( 0.0p 0.00.01 0| 0.08 0.05 0.29 0.00 0.09 0.09 0.23
CPK 132 0.09 1.21 0.08 0.02 0.01 0.40 0.00 0.42 0.0p 0.00 .01 0| 0.04 0.04 0.91 0.17 0.12 0.06 0.50
TUB F-354 | 0.00 0.19 | 059 |0.05 0.01 0.27 0.00 0.15 0.01 0.02 0.01 0.0¢ 0.00.140|1.40 |0.02 0.01 0.28

FPA: filter paper activity; Xyl: xylanas@-glu: B-glucosidasep-xyl: B-xylosidasep-ara:a-L-arabinofuranosidase; Protein conc: total solydst#ein concentration

All shake flask experiments were performed in cigak and mean values are presented in the tatdeda8d deviation is less than +5 %
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Table A4 Released mono- and oligosaccharides (wfnd) wheat arabinoxylan (WAX) with TrichodermatgetLongibrachiatum supernatants
after 24h incubation at pH 5.0, 37°C and 500 rpndatermined by HPAEC.

Strain Wheat straw as carbon source in fermentatior| Eucalyptus wood as carbon source in fermentatioff Corn fiber as carbon source in fermentation
Ara® Xyl° Oligomers | Total® | Ara® Xyl Oligomers Total® Ara® Xyl° Oligomers | Total®
(DP2-4¥ (DP2-4¥ (DP2-4¥
Rut C30 41+2.0 33+1.2 15+0.6 49 18+0.8 9+0.3 | O 22 33+1.4 | 42+1.8 | 31+1.2 39
QM6a 38+1.4 19+0.9 16+0.7 46 161+0.5 | 4+0.2 14+0.5 18 41+1.8 | 37+1.7 | 18+0.9 47
CPK 155 18+0.8 10+0.5 13+0.5 24 8+0.3 5+0.2 19+0.8 15 26+1] 11+0.5 | 3#0.1 28
TUB F-2535 | 30+1.3 15+0.6 19+1.0 36 22+1.0 10+0.3| B2 27 26+1.1 | 5+0.2 21+0.9 32
TUB F-2543 | 12+0.5 9+0.3 13+0.6 21 8+0.2 | 8+0.2 27+1.0 16 30+1.1 | 12+0.5 | 16+0.7 35
ATCC 18903 | 14+0.7 3+0.1 9+0.3 25 9+0.4 1+0.1 13+0.6 10 32+1.4 | 30+1.2 | 4+0.2 39
TUB F-1345 | 4+0.1 2+0.1 10+0.5 5 5+0.2 2+0.1 19+0.7 10 19+0J7 +0.2 9+0.3 22
TUB F-2531 | 13+0.5 11+0.5 1+0.1 17 2+0.1 3+0.1 2+0.1 3 16+0}4 6+06 | 5+0.2 18
TUB F-1299 | 19+0.9 7+0.3 11+0.5 23 12+0.4 4+0.1 | 21+0.8 14 23+1.1 | 11+05| 6%0.3 29
TUB F-1417 | 3+0.1 3+0.1 5+0.1 7 3+0.2 3+0.1 6+0.2 7 2+0.1 1+0.1 18+0.8 5
TUB F-1047 | O 9+0.4 7+0.2 10 0 6+0.3 9+0.3 8 1+0.1 15+0.8  4+0.2 15
TUB F-1058 | O 7+0.3 4+0.2 8 0 4+0.1 3+0.2 5 510.2 29+1.529+1.4 22
CPK 72 2+0.1 1+0.1 6+0.2 4 4+0.2 1+0.1 3+0.1 6 7+0.3 0 A6t 5
CPK 132 18+0.7 7+0.2 10+0.4 20 1+0.1 3+0.1 11+0.4 8 3+0.1 0.8 25+1.2 13
TUBF-354 |0 2+0.1 1+0.1 5 0 0 0 0 0 0 7+0.2 0

2 arabinose® xylose;® xylooligosaccharides:total amount of released mono- and oligosacchsifigen the substrates (W/w%)

All hydrolysis experiments were performed in duatee and mean values are presented. Standard devigtess than +5 %
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Table A5 Qualitative evaluation of Maldi-TOF MS adBLC results of eucalyptus xylan hydrolysate (EXidests after 24h
incubation at pH 5.0, 37°C and 500 rpm.

Strain

Wheat straw as carbon source in

fermentation

fermentation

Eucalyptus wood as carbon source in

Corn fiber as carbon source in

fermentation

Xyl

Gal AXE

UA

Xyl

Gal AXE

UA

Xyl

Gal AXE

UA

Rut C30

+

+

+

+

QM6a

+

CPK 155

+

TUB F-2535

TUB F-2543

+| 4+ +|+]+

ATCC 18903

TUB F-1345

+

TUB F-2531

TUB F-1299

TUB F-1417

TUB F-1047

TUB F-1058

CPK 72

+

CPK 132

+

TUB F-354

+

+

+

Xyl: endo-xylanase activity; Gal: galactosidasevatyt AXE

: acetyl-xylan-esterase activity; UA: @-methyl-glucuronidase activity.
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Table A6 Released mono- and oligosaccharides (w/nd) wheat straw water unextractable solids (WSS)ahd corn fiber
alcohol insoluble solids (CF AlS) substrates durmygirolysis by Trichoderma section Longibrachiatsimake flask fermentation
supernatants after 24h incubation at pH 5.0, 37t &00 rpm.

Released products from WS WUS (w/w%)

Released products from CF AIS (w/w%)

Wheat straw as carbon
source in fermentation

Eucalyptus wood as
carbon source in

Corn fiber as carbon
source in fermentation

Wheat straw as carbon
source in fermentation

Eucalyptus wood as
carbon source in

Corn fiber as carbon
source in fermentation

) fermentation fermentation
Strain wQ a.@ wQ a@ wQ a@
© o %) kel g % © o %) kel g % o o %) kel g % © o %) kel g % © o %) kel g % © o %) kel g %
<|B|3|R| | [<|B|3|X|2|B|<|B|3 | X|B|R2|<|D|3|X|3R|<|D|3 X328 |< 0|3 RGP
(¢ (¢ (¢ O (¢} O
Egé 17(13| 2| 7| 3|12/8|6|1|3|2|6(10{7| 2| 4|1|6|9|16(0|3|1|9|6|10/0| 12| 1|6 (211|172 | 3|1/ 10
QM6a | 9| 6| 1|42 6|2 1| 0| Of 1 116/ 5| 4 1/6]9|150(4|1|9|4|4| 0] 0| 1| 3|13|13|/ 2| 3| 2| 9
ci';g i0(7|1|6| 3| 8| 3| 201|121 2| 7| 4, 0 1 2|4 6|15{0| 0| 1|7|5|6|0| 1| 1{4|8|13|]0| 2|28
TgSB:;g' 1390 3|58 8| 4/0|2|2|4|135|1|1|2|4|9|12(0| 2| 12|7|6|7|0|2|2{4|7|5|0| 1| 1| 4
Tg;g' 716l 1]al2|6|4a|2|1|2|2|3|175]|3|4|1|5|6|11]0]|2]| 1| 6| 4/7|0|1|1]|4a|158|8|8]| 3|11
qgggs 5121 1 1] 2| 1] 1 o a d 122 (212 0| 3| 8| 2 1] 1| 20 4 2 1 ( D O (n13(4 |7 | 7| 2| 8
TUB F-
1345 4 (31| 2| 0| 3| 1 11 o a ( 3 P o 1 (1 |2 |4 |10 2] 0| 5| 2| 2, Oof o 0 1 4 9 0 2
TUB F-
5531 513|112 1] 3| 1] 1 o 1 1 4 B8 01 @1 |1 |2 |5 [20(2| 1| 6| 1| 2 0 O 14 14 8 120| 2| 1| 6
TUB F-
1299 4 (310 1] 2| 3/ 2/ 11 o 1 1 3 p o 1 [0 (2 |5 |10 11| 6| 3| 4 o0 1 0 2 5% 1WO|1| 0| 5
TUB F-
1417 312|101 1] 2 2/ 1 o 1 1 » P 0O |0 0 |1 |2 |2 |00 |1|1|2|@|O0] 1| 2| 2| 2/ 0o 0o a 1
TUB F-
1047 31210 1 1] 2] 1] 11 o 1 3 B8 o (1 [0 |2 |0 |3 |00 |1|212|0|Q@| O] O 2| 2| 9f 0O 1 1 4
TUB F- L
1058 31210 1 1] 2] 1] 11 o 1 b 4 0 [12(4]0| 3| 0| 0 O] 2 o0 O Qg (¢ D 1 100 | 1| 1| 4
CPK724 2| 1| 0| 0 O] 1] 1) 11 o g ( 4 1 o 0 |0 (1 |2 |1 (000|112 0| O 1| 3| 1| O o 0 1
izg 512 1| 1 1] 2| 1] o o a4 » P 0o 1 1 (2 |6 |2 |12 |1]|3|0 0| O 1| 1| 4| 0o O 0O 4




Released products from WS WUS (w/w%)

Released products from CF AIS (w/w%)

Wheat straw as carbon
source in fermentation

Eucalyptus wood as

carbon source in

Corn fiber as carbon
source in fermentation

Wheat straw as carbon
source in fermentation

Eucalyptus wood as

carbon source in

Corn fiber as carbon
source in fermentation

) fermentation fermentation
Strain cv2 CDQ cv2 CDQ cv2 CDQ
© o %) kel g % © o %) kel g % o o %) kel g % © o %) kel g % o o %) kel g % © o %) kel g %
/0|3 |%|S|e|lz|o|d|X|S|k|<|0|3|X|s|E|<|O|3|x|SlE|<|0|3|x|S|e|z|o|D|x|S|R
[¢) [¢) [¢) [¢) [¢) [¢)
TUB F-
354 11| 0| 0| Of 2y O0f 2y g g 0o ( 1 o o0 (©0 [0 » |0 |2 /OO }|O0O}|2)0|lQ|Of 1] 1] O] 2y Of O Q¢

2 arabinose® glucose;® 4-O-methylglucuronic acid’ xylose;® xylooligosaccharides; total amount of

(Wiw9o)

All hydrolysis experiments were performed in dugtee and mean values are presented. Standard devigtess than 5 %

released mono- and oligosacchariden the substrates
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Table 1 Carbohydrate compositions of the pre-treated ligriladosic substrates.

Sample Arabinose Galactose Glucose % Xylose % Mannose %
P % dm % dm dm dm dm
Hydrothermally
pre-treated <05 <05 55 5 <05
wheat straw
(Biogold)
Steam pre-
treated spruce <0.5 <0.5 54 1.2 2.7
(E-Tech)

Table 2 Carbohydrate (% DM) and nitrogen (% DM) contenthe spruce and wheat straw EnzHR lignins

EnzHR | Glucose % Mannnose % Total Nitrogen %
L Xylose % dm carbohydrates
lignin dm dm dm
% dm
Spruce 7.5 <0.1 0.3 7.8 0.3
Wheat 4.5 0.3 <0.1 4.8 1.4
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Table A7. Maximal enzyme activities for Trichodetir@M6a (wild-type), Trichoderma i RutC30 (mutamgnicillium pulvillorum

TUB F-2220 and Penicillium cf. simplicissimum TURE/8 strains in shake flask fermentation supemtztan Avicel PH-101
(Fluka), pretreated spruce (E-Tech, Sweden) antrgaied wheat straw (Biogold, Estonia) as a carboarce. In parenthesis the day
of fermentation when the maximal activity was reaciThe presented values are mean of three replicat

Avicel PH 101 (medium LC-8)

Pretreated spruce (medim LC-12)

Pretreated wheat straw (medium LC-16)

Enzyme
activities QM6a RutC30 | F-2220 | F-2378 | QMe6a RUtC30 | F-2220 | F-2378 |QM6a RuUtC30 |F-2220 | F-2378
EPA (FPU/m) | 0-540-04 | 0.8820.06 |0.90%0.07] 0.91+0.06 0.1020.01 | 0.49:0.02 | 0.3520.01 | 0.2720.01 | 0.5620.03 | 0.94:0.06 | 0.74£0.06 | 0.62:0.06
(6) (6) ) (6) (7) (7) (6) ) (7) (6) (6) %)
Xylanase 2.53%0.12 | 4.86+0.36 | 1.09+0.10 2.69+0.21/ 0.36+0.03 | 0.8120.07 | 0.3620.03 | 0.49+0.04 | 2.69+0.24 | 2.49+0.23 | 0.7620.07 | 1.72+0.11
(1U/ml) (6) (6) (4) (4) (7) (7) (6) (6) (6) (6) ) (6)
B-glucosidase |0.79+0.01 | 0.47+0.01 |1.71+0.04] 1.4520.02] 0.08+0.01 | 0.10+0.01 | 0.14+0.01 | 0.16+0.01 | 0.44+0.02 | 0.27+0.02 | 1.34+0.05 | 0.8020.04
(1U/ml) (6) (6) 4) (6) )] ) (6) (7 (6) (7) (6) (6)
p-xylosidase | 0.50+0.02 | 1.110.03 | 0.12+0.01] 0.1920.01 0.18%0.01 | 0.32+0.01 | 0.15+0.01
0 0 0.02(7) | 0 0.03 (6
(1U/mi) (6) (6) (5) (6) () © ) (6) (5)
Endoglucanase 7.32+0.71 | 15.48+1.53| 11.67+1.0] 10.230.9 0.42+0.04 | 3.05£0.29 | 2.32+0.21 | 2.51+0.23 | 3.53+0.30 | 6.44+0.50 | 3.19+0.31 | 2.98+0.26
(1U/ml) (6) (6) 2(5) 9 (6) )] (7) (%) (6) (6) (6) (6) (6)
Soluble protein| 0.56+0.02 | 1.53+0.04 | 0.62+0.02 0.82%0.03 0.12+0.01 | 0.61+0.02 | 0.26+0.01 | 0.29+0.01 | 0.4620.02 | 0.84%0.02 | 0.3420.01 | 0.2020.01
(mg/ml) (6) (6) ) (6) )] (7) (6) (6) (6) (6) (6) (6)
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Figure 5. Avicelase activity in the CBH preparatorotein load (a), pH (b) and
temperature responses (c) of Avicelase activithePenicillium pulvillorum (TUB
F-2220) PpCBH1 and PpCBH2 partially purified enzypneparations and purified

Trichoderma i reference TrCel7a.
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Table 4 Tryptic peptide sequences of the major proteiRenicillium pulvillorum (TUB F-2220) protein
preparations PpCBH1 and PpCBH2.

Sequence Homology Accession number

L/INFVTTASQK CBH CHB_ASPAC

TAFGDL/IDDFTK CBH GUX1A_NEUCR

GTGYCDSQCPR CBH CBHC_ASPTC
PpCBH1

TDDGTSTLSEL/IK/QR CBH GUX1_PENJA

NFYGSGL/ITVDTK CBH CBHC_ASPNC

SNTCGGTYSTDR CBH CBHA_ASPOR

Glycosyl hydrolase
AYLIDSLIR XP_001269265
family 6 protein

VAGSAFAAR Glucoamylase AMYG_ASPKA

VPSFVWL/IDTAAK CBH CBHC_ASPNC

VPTMGTYL/IADL/IEAK CBH CBHC_NEOFI
PpCBH2

D/LD/LTWSAAL/IL/ITANMR Blucoamylase IAMYG_ASPOR

GDWCNVLU/IGTGFGVR CBH CBHC_NEOFI

VGTTTATQDDTWR Glucoamylase AMYG_ASPAW

PSYTQGDS N CBH CBHC_NEOFI

TCDDL/ITFQNMVSR Glucoamylase AMYG_ASPOR
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Table 5 Side-activities (U/mg protein) in the partiallynified PpCBH1 and PpCBH2 from Penicillium
pulvillorum (TUB F-2220) and Trichoderma i referentrCel7a.

CMCase B-glucosidase Xylanase
(U/mg prot)
(U/mg prot) (U/mg prot)
PpCBH1 0.9 0.6 0.4
PpCBH2 2.2 0.4 0
TrCel7a 0.1 0.1 0
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Figure 6. Hydrolytic performance of the CBH prepi@pas at different temperatures. PpCBH1 (a),
PpCBH2 (b) and TrCel7a (c) reference at«€band 55C. Substrate: 10 mg/ml Avicel, pH 5, enzyme
dosage 4 mg/g substrate supplemented with TaGetBacosidase 30 U/g substrate. Hydrolysis yields

were quantified by reducing sugar assay (PAHBAH ot with a glucose standard.
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at gaagggat caat ct cct at caaat ct acaagggt gccctgctcctttcggcactcttg
MK G S I SY QI YKGALULULSAWLL
ggct ct gt ccaggct cagcaggeccggceact ct ggcgact gagact cacccat cgtt gacc
G SVOQOAQOQAGTLATETHEPSTLT
t ggt ccaagt gt accgccggt ggt agct gecact gcecgt gt ccggeagt gt t gt cat cgat
WS K CTAGG ST CTA AV S GSV VI D
gccaact ggcgcet gggt t cact ccaccagt ggct cgaccaact gct acacgggcaacacg
A NWRWVHSTSGSTNZC CYTGNT
t gggat gccact ct ct gccct gacgacaagacct gcgegt ccaact gt gct gt agat ggc
WDATULUCUPUDUDI KTU CASNZ CAVYVDG
gccagct acgcaagcacct at ggt gt t accaccaccggt aact ccct gcgt at caacttt
A SY A STY GV TTTGNSIULRI NEF
gt cact act gct t cgcagaagaacat cggct cgegt ct gt act t gct cgagaacgacacc
vV T T A S Q K NI G SRULYLL EN DT
acct at cagaagt t caacct gct gaaccaggagt tt acct t cgat gt ggat gt ct ccaac
T Y QK F NL L NQQEFTF DV DV S N
ct gccct gt ggt ct caacggegcecct ct act t t gt ggacat ggat gccgat ggt ggcat g
L P CGLNGALYFV DWMDA ADG GG GWM
accaagt accct accaacaaggccggagccaagt acggaact ggt t act gcgacagccag
T K Y PTNIKAGAKYGT GY CD S Q
tgccct cgt gat ct caagt t cat caacggacaggccaacgt cgagggct ggaccccttcc
C P RDLI KU FI NGQANVEGWT P S
accaccgat gccaact ccggcat t ggcaaccacggct cat gct gt gct gagat ggat atc
T T DANSGI GNHGSTCZ CAEMDPD I
t gggaggccaact ccgt ct ccgagget ctt act ccccaccct t gcgat act cccggacaa
WEANSV S EALTWPHZPTCDTP G Q
act at gt gcact ggaaat acct gcggt ggt acct acagcact gaccgct at ggt ggt act

T M CTGNTCGGT Y STDIRY GOGT
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t gcgat cccgat ggct gt gat t t caacccgt accgccagggcegt t act aactt ct acggt
C DP DGCDZFNPYIROQGVTNEY G
t ct ggcct gaccgtt gacaccaagt cccccttcaccgtt gt gact caatt cct caccgac
S GL T v.DTIKSWPFTVV TOQFL T D
gacggt acct ccaccggt accct at ct gagat caagcgct t ct acgt gcagaacggcaag
D GT S TGT L S EI KRZFY V QN GK
gttat cggccagccgcagt ccaccat cgt t ggcaact ccggaaact ccat caccgacgcec
VI GQPQSTI VGNSGNSI TDA
ttct gcacggcccaaaagaccgct tt cggcgacat cgacgact t caccaagcacggcgec
F CTAQKTAZFGDI DDZFTKHGA
tt ggccggt at gggt gccget tt cgccgagggeat ggtt ct cgt cat gagt ¢t ct gggat
L AGMGAAFAEGMVYVLV MSL WD
gaccacaact ccaacat gct ct ggct cgacagcacct accct accaacgct act t cgacc
DHNJSNMLWLDSTYPTNATST
act cct ggt gccaagcgt ggt act t gcgat at ¢t cct ccggt gaccct gccaccat t gag
T P GA KRGTO CDI S S GDUPAT I E
t ccaccaacgccaacgcct at gt cattt act cgaacat caagaccggt cctttcaactcg
S T NANAYVI Y S NI KTGWPF NS
accttcaccggcggcagcet caggectcttcgtcttcttcttctatcact agcact gct acc
T F T GGS S GS S S S S SI T STAT
agcaccaagaccactt ct accagct ct acct ccact accacct ct t ct ggct caggaagc
S T KTTSTSSTSTTTS S G S G S
act ggcgccgcet get cact ggggt cagt gcggt ggaaat ggct ggaccggt cccaccacc
T GA AAHWGOQQCGGNGWTGPTT
t gt gt cagccctt acgt ct gcaccaagt ccaacgact ggt act cccagt gcct gt aa

cvsPYVCTI K SNIDWY S QCL -

Fig. 9. Coding sequence of Penicillium pulvillor¢ghUB F-2220) cbhla. Sequence matching the de novo

peptide sequences are shaded dark grey.

126



GUX1_PENJA
PpCBH1
F6L7AL_PENOX
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GORVKL_HYPJQ

GUX1_PENJA
PpCBHL
F6L7AL_PENOX
C9EI 49_9EURO

GORVKL_HYPJQ

GUX1_PENJA
PpCBHL
F6L7AL_PENOX
C9EI 49_9EURO

GORVKL_HYPJQ

GUX1_PENJA
PpCBHL

F6L7AL_PENOX

MKGSI SYQ YKGALLLSALLNSVSAQQVGTLTAETHPAL TWSKCTAGX- CSQVSGSWVI D 59
MKGSI SYQ YKGALLLSALLGSVQAQQAGTLATETHPSL TWSKCTAGGSCTAVSGSWVI D 60
MKGSI SYQ YKGALLLSSLLASVSAQGAGTLTAESHPAL TWOKCSAGGSCTPVSGSWVI D 60
MKGSI SYQ YKGALLLSSLLASVSAQGAGTL TAESHPAL TWOKCSAGGSCTPVSGSWVI D 60

———————— MYRKLAVI SAFLATARAQSACTLQSETHPPLTWKCSSGGTCTQQTGSWI D 52

.k Sk ek . * % Kk ke kk kkk kk- oKk * - sk ok ok ok ok ok

ANVIPXVHST SGSTNCYTGNTWDATLICPDDVTCAANCAVDGARRQHLR- VITSGNSLRI NF 118
ANVIRVIVHSTSGSTNCY TGNTWDATL CPDDKTCASNCAVDGASYASTYGVTTTGNSLRI NF 120
ANVIRWWHDKNG- KNCYTGNTWDATL CPDDKTCAANCAVDGASYASTYGVTTSGNSLRI NF 119
ANVIRMIVHDKNG- KNCYTGNTWDATL CPDDKTCAANCAVDGASYASTYGVTTSGNSLRI NF 119

ANVIRWTHATNSSTNCYDGNTWSSTL CPDNETCAKNCCL DGAAYASTYGVTTSGNSLSI GF 112

* KKk * kkk kkkk o ckkkkk: Kkkk kk - kkKk kkkkkkk Kk Kk

VTTASQKNI GSRLYLLENDTTYQKFNLLNQEFTFDVDVSNLPCGLNGAL YFVDVDADGGM 178
VTTASQKNI GSRLYLLENDTTYQKFNLLNQEFTFDVDVSNLPCG.NGAL YFVDVDADGGM 180
VTQASQKNI GSRLYLLENDTTYQKFNLLNQEFTFDVDVSNLPCG.NGAL YFVDVDADGGM 179
VTQASQKNI GSRLYLLENDTTYQKFNLLNQEFTFDVDVSNLPCGLNGAL YFVDVDADGGM 179

VTQSAQKNVGARL YLMASDTTYQEFTLL GNEFSFDVDVSQLPCGLNGAL YFVSMDADGGY 172

Kk o okkke ke kkokok- Kkhkhkkhk-k Khk - khkk-khhhkhk: khkhhhkhrhhhhk *hkkkkk-

AKYPTNKAGAKYGT GYCDSQCPRDLKFI NGQANVDGWTPSKNDVNSGI GNHGSCCAEMDI 238
TKYPTNKAGAKYGT GYCDSQCPRDL KFI NGQANVEGWTPSTTDANSG GNHGSCCAEMDI 240
AKYPTNKAGAKYGTGYCDSQCPRDLKFI NG ANVEGATPSSNDPNSGVGGHGTCCAEMDI 239
AKYPTNKAGAKYGT GYCDSQCPRDLKFI NG ANVEGATPSSNDPNSGVGGHGTCCAEMDI 239

SKYPTNTAGAKYGT GYCDSQCPRDLKFI NGQANVEGAEPSSNNANTG GGHGSCCSEMDI 232

rkkkkk kkkkkkkkkkkkkkkkkkkkkkk kkk. kk kK coke ke ok kke kke kkkKk

VEANSI SNAVTPHPCDTPSQTMET GQRCGGT YSTDRYGGT CDPDGCDFNPYRMGVTNFYG 298
VEEANSVSEAL TPHPCDTPGQTMCTGNTCGGT YSTDRYGGTCDPDGCDFNPYRQGVTNFYG 300

VEEANSI| SEAL TPHPCDTPGQTMCEGNACGGT YSNDRYAGTCDPDGCDFNPYRQGVTNFYG 299
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VEEANSI| SEAL TPHPCDTPGQTMCEGNACGGT YSNDRYAGT CDPDGCDFNPYRQGVTNFYG

VEANS| SEALTPHPCTTVGQEI CEGDGCGGT YSDNRYGGTCDPDGEDVWNPYRLGNTSFYG

Khkhkkko ke ke khkkk K * ok ke kkkkkk o kk khkkkkkkkkok kk Kk ok kkk

PG - ETI DTKSPFTWTQFLTNDGTSTGTLSEl KRFYVQGGKVI GNPQSTI VGVSGNSI T
SG - LTVDTKSPFTVWTQFL TDDGTSTGTLSEl KREYVQNGKVI GQPQSTI VGNSGNS! T
PG - MI'VDTKSPFTWTQFL TDDGTSTGTLSEl KREYVQNGKVI GQPQSTVAGVSGNSI T
PG - MI'VDTKSPFTWTQFL TDDGTSTGTLSEl KREYVQNGKVI GQPQSTVAGVSGNS! T

PGSSFTLDTTKKLTWTQFETSG - ------ Al NRYYVONGVTFQQPNAEL GSYSGNELN

* * ok ok ckkkkkk Kk kokkkk K Coe ke e *k k.

DSWENAQKSAFGDTNEF SKHGGVAGVGAGL ADGWL VIVBL DDHASDM L DSTYPTNAT
DAFCTAQKTAFGDI DDFTKHGAL AGVGAAFAEGWL VIVELDDHNSNMLL DSTYPTNAT
DSFCKAQKAAFGDT DDFTKHGAL AGVMGAAFEEGWL VVBLADDHNSNM_ L DSTYPTTAS
DSFCKAQKAAFGDT DDFTKHGAL AGMGAAFEEGWL VVBL DDHNSNMLL DSTYPTTAS
DDYCTAEEAEFGGS- SFSDKGGL TQFKKATSGGWL VIVBLDDYYANM L DSTYPTNET
T T T T T —
STTPGAKRGTCDI SRR- PNTVESTYPNAYVI YSNI KTGPLNSTFT- - GGTTSS- - - SSTT
STTPGAKRGTCDI SSGDPATI ESTNANAYVI YSNI KTGPFNSTFT- - GGSSGS- - - SSSS
STTLGAKRGSCDI SSGAPNDVESQNANSYWWFSNI KAGP!I GSTFN- - SGSTGGGNGSGST
STTLGAKRGSCDI SSGAPNDVESQNANSYWVFSNI KAGPI GSTFN- - SGSTGGGNGSGST

SSTPGAVRGSCSTSSGVPAQVESQSPNAKVTFSNI KFGPI GSTGNPSGGENPPGGNPPGT T

kok kk kK. ok * * ok ok ke ok ckkkk Kk kK *

TTTSKSTSTSSSSKTTTTVT- - - - TTTTSSGSSGTGARDWAQCGGNGWI GPTTCVSPYTC
SI TSTATSTKTTS- TSSTST- - - - TTSSGSGSTG- AAAHWGQOGGNGMT GPTTCVSPYVC
TTTKGSTTTTKAPTTTTTTTSKATTTTAASGGNGGEGAAHWAQCGGVGYTGPTTCASPYTC
TTTKGSTTTTKAPTTTTTTTSKATTTTAASGENGEGAAHWAQCGEVGYTGEPTTCASPYTC
TTRRPATTTGSSP- - - = == <=« <<= c = e = o GPTQSHYGQOGG GYSGPTVCASGTTC

ke k . * o kkkk ke - kkk KK *
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GUX1_PENJA TKONDWYSQCL 537

PpCBHL TKSNDAYSQCL 538
F6L7AL_PENOX TKQNEYYSQCL 546
C9EI 49_9EURO TKQNEYYSQCL 546
GORVKL_HYPJQ QULNPYYSQCL 514

* o kkk kK

Figure 10. ClustalW aligments of Penicillium puleilm PpCBH1 with closest BLAST neighbours
(GUX1-PENJA, Penicillium janthinellum; FEL7A1 PEN(Penicillium oxalicum; COEI49 9EURO,
Penicillium decumbens) and TrCel7a (GORVK1-HYP@@hbderma i (Hypocrea jecorina)). Signal
peptide predicted with SignalP software is in italJiconserved catalytic amino acids shaded in dagel,
conserved four tryptophan residues involved in ghyt binding in active-site are boxed, cysteine
residues involved in disulphide bridge formatioe ahaded in light grey and carbohydrate binding
domain underlined.
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