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Resumo 

A hidrólise enzimática é um passo determinante para o funcionamento eficiente de uma biorefinaria 

lignocelulósica e é crucial encontrar a melhor mistura de enzimas possível. 

Em estudos anteriores foram usadas grandes quantidades de uma mistura enzimática comercial (MEC) 

para hidrolisar biomassa mas a remoção de hidratos de carbono não foi completa. No presente estudo, 

a hidrólise enzimática de palha de milho, Miscanthus e palha de trigo, previamente tratadas com um 

tratamento hidrotérmico, foi feita com a MEC suplementada por hemicellulases selecionadas para 

melhorar os rendimentos de libertação de açúcares e obter uma fração pura de lenhina. As enzimas 

acessórias foram adicionadas à MEC numa estratégia de substituição de enzimas que assegura uma 

dose total de enzima constante.  

Uma glucuronidase purificada (GH115) não aumentou a libertação de ácido glucurónico mas foi 

observado um ligeiro aumento dos açúcares redutores totais. Quatro arabinofuranosidases foram 

também testadas e uma delas (GH51) mostrou um aumento no rendimento de libertação de arabinose 

embora não tenha havido nenhum aumento nos rendimentos de glucose e xilose. Uma acetylxylan 

esterase e uma feruloyl esterase, com e sem a ajuda da arabinofuranosidase GH51, não obtiveram 

uma maior libertação de glucose ou xilose para nenhuma das misturas. Finalmente foi testada uma 

enzima quimérica constituída por uma xilanase, uma arabinofuranosidase e uma feruloyl esterase, e 

foram obtidos resultados semelhantes, exceto para a palha de milho onde se observou um pequeno 

aumento na libertação de xilose. 

Os resultados podem indicar que houve uma perda ou falta de atividade das enzimas acessórias ou 

falta de outras enzimas. 

 

Palavras-chave: biorefinaria; lenhina; pré-tratamento hidrotérmico; biomassa lignocelulósica; 

hemicelulose; hemicellulases acessórias.  
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Abstract 

The enzymatic hydrolysis is a determinant step for the efficiency of a lignocellulosic biorefinery and it is 

important to find the best possible enzyme mixture. 

In previous studies, high dosages of a commercial enzyme mixture (CEM) were used to hydrolyse 

lignocellulose but the removal of carbohydrates was not complete. In the present study the enzymatic 

hydrolysis of corn stover, Miscanthus and wheat straw, previously pretreated with a hydrothermal 

treatment, was done with the CEM supplemented by selected hemicellulases to improve the sugar yields 

and obtain a pure lignin fraction. The accessory enzymes were added to the CEM with a replacing 

enzyme strategy which assured that the total dosage of enzymes was always the same. 

A purified glucuronidase (GH115) did not show a higher release of glucuronic acid but a slight increase 

of the total reducing sugars was observed. Four different arabinofuranosidases were also tested and 

one of them (GH51) showed an increase on the arabinose release yield, even though no improvement 

was observed in the glucose or xylose yields. An acetylxylan esterase and a feruloyl esterase, with and 

without the help of the GH51 arabinofuranosidase, showed no improvement in the glucose or xylose 

yields for either of the mixtures. Finally a chimeric enzyme composed by a xylanase, an 

arabinofuranosidase and a feruloyl esterase was studied with similar results except for corn stover that 

had a slight increase on the xylose release yield.  

This results could be related with loss or not enough accessory enzyme activity or lack of other activities.  

 

Key-words: biorefinery; lignin; hydrothermal pretreatment; lignocellulosic biomass; hemicellulose; 

accessory hemicellulases. 
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1. Introduction 

In this section a literature review of some important topics for the development of this project is 

presented, as well as its main objectives and hypothesis. 

 

1.1. Biorefinery concept 

The world is currently facing major changes due to the large expansion of human societies. The 

environment, the climate, the food supply and the energy supply are some examples of sectors that are 

suffering a crisis due to such expansion that affects all society and have a significant impact in people’s 

lives. This is why there is a rising concern and need for sustainability. Thus, the efforts to minimize waste 

materials and pollutants in all activities, to find new biological products that replace the needs of fossil 

resources for renewable ones and to do it with robust systems that allow cost efficiency and 

competitiveness are real. This means that society is moving towards a bio-based economy that may be 

the key development and the solution for the crises mentioned and where biomass, in all its diversity, 

make up the basis of food, feed, chemicals, materials and fuels. But there is still a lot to be done since 

in a bio-based society the products and fuels come from biorefineries, where biomass is refined into a 

range of different products, that will completely substitute oil refineries1,2 

The IEA (International Energy Agency) Bioenergy Task 42 has the following definition: “Biorefinery is 

the sustainable processing of biomass into a spectrum of marketable products (food, feed, materials, 

chemicals) and energy (fuels, power, heat)”. There are a lot of different technologies being investigated 

for biorefinery uses since it has such a broad definition. The main drawbacks found are that it requires 

a large amount of biomass which could possibly lead to increasing of food and commodities prices and 

creation of competition with the production of food, feed, paper and other products that use similar 

feedstocks. It could also have environmental implications like loss of forests, biodiversity or soil 

productivity if the demand is high. This is why the concept of biorefinery relies mainly on the sustainability 

aspect and it should always take into account the entire value chain, the whole life cycle of the project 

and the economic and environmental impact.1,2 Some existing technologies for conversion of biomass 

can be partially considered as biorefineries like sugar, starch, pulp and paper industries and bioethanol 

production from sugar cane and cereals. The valued products can be produced in the middle or in the 

end of the chain and they can be food, feed, biomaterials and chemicals and the energy generated can 

be biofuels, power or heat.1 

There are first and second generation biorefineries. First generation uses mainly corn, wheat, cassava, 

barley, rye, soybean, sugarcane, sugar beet and sweet sorghum as feedstocks. As mentioned before, 

producing fuels and chemicals from food grade materials can be a problem and is a controversial topic 

since several million people suffer from insufficient food. The research is now focused on second 

generation biorefineries that use nonedible feedstocks such as forestry, agriculture, aquaculture and 

industrial waste and residues. As a waste product, the biomass can be considered renewable and does 

not compete with valued products. This approach also helps fixating carbon dioxide and reducing air 

pollution by avoiding the burning or rotting of biomass in the fields. However, second generation 



    2 
 

biorefineries face more challenges than the first generation due to the complexity and recalcitrance of 

the biomass, including its lower density and consequent handling difficulty.1,3 

One of the most investigated type of biorefinery is the sugar platform which is the conversion of any 

biomass carbohydrates into monosaccharides that are later fermented to any kind of product. In this 

project the focus will be on the ones that use lignocellulosic materials as feedstock. These materials are 

expected to become the most important source of biomass in the future due to their high availability and 

low cost, showing less competition with food and feed production. Lignocellulosic biomass is mainly 

constituted by cellulose, hemicellulose and lignin and is the largest known renewable carbohydrate 

source, composed by up to 75% carbohydrates.1,4 

In a lignocellulosic feedstock biorefinery usually there are three steps. First the biomass is pretreated to 

break some intermolecular bonds and release the three main components; after that the cellulose and 

some of the hemicelluloses are hydrolysed by enzymes into fermentable sugars and other valued 

products (glucose, xylose and mannose mainly); and in the end this sugars can be used for fermentation 

and production of different materials, and lignin can be used to produce heat and power.1 In Figure 1 

there is a scheme with some products that can be produced in a lignocellulosic biorefinery.  

A biorefinery is a step towards a fossil-free future and a bio-based economy that lays on the use of 

natural feedstocks like biowaste and industrial by-products to produce all kind of valued products.5 The 

technology for pretreatment and hydrolysis has been developed to an extent that is close to a 

commercially viable level with high substrate throughput processes and high enzymatic performance. 

However, within both steps there are some issues that still need to be solved.4 

 

 

Figure 1 - Lignocellulosic feedstock biorefinery and some possible products.6 
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1.2. Biomass – Lignocellulosic materials 

Lignocellulosic biomass from forestry, agriculture and agro-industrial wastes are abundant, renewable 

and low cost. These wastes can be sawdust, poplar trees, sugarcane bagasse, waste paper, brewer’s 

spent grains, switchgrass, and straws, stems, stalks, leaves, husks, shells and peels from cereals like 

rice, wheat, corn, sorghum and barley, among others. They are accumulated every year in large 

amounts and because of their composition based on sugars they can be used to produce valued added 

products. Thus, their accumulation in nature is not only an environmental problem but also a loss of 

potential valuable sources.7 

In this project the focus is on using lignocellulosic materials to efficiently produce sugars and other 

products. The three feedstocks studied were corn stover, Miscanthus and wheat straw.  

Lignocellulose is a complex matrix of polymers mainly composed of cellulose, hemicellulose and lignin 

but also pectin, extractives and ash. These three main components are present in every plant and 

especially in the cell wall where they form a complex structural lignocellulosic matrix: the cellulose is like 

a skeleton that is surrounded and coated by hemicelluloses and lignin, all strongly interlinked and 

bonded by both covalent and non-covalent bonds. Usually cellulose is linked to hemicellulose by 

hydrogen bonds and hemicellulose is linked to lignin by covalent bonds. The amount of each component 

varies a lot between species, as is demonstrated in Table 1, but also between parts of the plant, age 

and growth conditions. In the materials showed in Table 1, hemicellulose is the second most abundant 

polysaccharide after cellulose and lignin is the less abundant compound.4 

A plant cell wall consists of multiple layers formed during the formation and growth of the cell. The 

outside layer is the middle lamella, in the middle there is the primary cell wall and in the inside the 

secondary cell wall. The composition and structure of these wall layers change depending on cell type, 

tissue, and location in the plant. The mature secondary cell wall contains most of the lignocellulosic 

biomass, but its structure and organization begins in the primary wall.8 

Plants can be divided in 3 groups: Gramineae (grass and cereals), Gymnosperms (softwoods) and 

Angiosperms (hardwoods). For example, the cell walls of barley straw and maize stems, from the first 

group, are mainly composed of cellulose (37-38%), an amorphous matrix of hemicelluloses (28-35%) 

and associated lignin (15-16%).4,7 

The three main components of lignocellulose are further described in the sub-chapters below as well as 

the feedstocks used in the present work. 
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Table 1 - Composition of different lignocellulosic materials in % of dry weight.4  

 Material 
Glucose* 

(%) 
Xylose** 

(%) 
Arabinose** 

(%) 
Mannose** 

(%) 
Lignin (%) 

Hardwood 
Birch 38.2 18.5 - 1.2 22.8 

Willow 43.0 24.9 1.2 3.2 24.2 

Softwood 
Spruce 43.4 4.9 1.1 12.0 28.1 

Pine 46.4 8.8 2.4 11.7 29.4 

Grasses 
Wheat Straw 38.2 21.2 2.5 0.3 23.4 

Corn Stover 35.6 18.9 2.9 0.3 12.3 

*Glucose is mainly coming from cellulose. **Xylose, arabinose and mannose make up hemicelluloses. 

 

1.2.1. Cellulose 

Cellulose is the main component of the cell wall and it is a high molecular weight linear homo-

polysaccharide. It is formed entirely by D-glucose units linked by β-1,4-glucosidic bonds. Its degree of 

polymerization can go up to 15000. The formation of intra- and intermolecular hydrogen and van der 

Walls bonds is very common in cellulose and due to its linear structure the chains tend to arrange in 

parallel, which leads to the formation of elementary crystalline microfibrils. These hydrogen bonds give 

high tensile strength to cellulose, making it insoluble in most solvents and resistant to microbial 

degradation. However there are also amorphous regions that comprise a minor part of the cellulose and 

occur because it does not crystalize.4 

 

1.2.2. Hemicellulose 

Hemicelluloses are highly heterogeneous polysaccharides both structurally and in physicochemical 

properties. Unlike cellulose, they are amorphous and can be branched, acetylated and ferulated and 

they have a lower degree of polymerization. Their constitution is widely diverse in terms of structure, 

displaying a broad range of molecular weights and degrees of branching, and in terms of composition 

but also in relative proportions to cellulose in different plants. They are composed mainly by monomeric 

units of the hexoses D-glucose, D-galactose, D-mannose, D-glucuronic acid, D-galacturonic acid and 

4-O-methyl-D-glucuronic acid and the pentoses D-xylose and D-arabinose. There are also some 

hemicelluloses that have sugar units of rhamnose and fucose although this is less common. A broad 

range of combinations of all these sugar units makes hemicelluloses very complex polysaccharides and 

their composition, ratios and side groups vary between species and tissues of origin within the plant. 

They are usually classified accordingly to the main monomer in the backbone of the polymer like xylans 

or mannans.4,9,10 They are described further in section 1.3 since the scope of this project is related to 

them. 
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1.2.3. Lignin 

Lignin is a heterogeneous, cross-linked, three-dimensional highly aromatic biopolymer formed mainly 

by p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol units linked by alkyl-aryl, alkyl-alkyl and aryl-

aryl ether bonds. Their main functional groups are the phenolic and aliphatic hydroxyl groups and the 

carbonyl and carboxyl groups. It is the most abundant non-polysaccharide polymer present in 

lignocellulosic materials and it coats cellulose, protecting the plant from microbial and chemical 

degradation. It also gives the structural integrity to lignocellulosic biomass. Lignin is capable of forming 

covalent bonds with some hemicelluloses, known as lignin carbohydrate complexes (LCC).4,11,12 

 

1.2.4. Feedstocks 

In this project three different feedstocks were studied and they are corn stover, Miscanthus and wheat 

straw. All of them belong to the Gramineae family. 

Corn stover is all the above the ground biomass that comes from the crop of corn except the grain. This 

include stalk, leaves, tassel, husk and cob. The U. S. Department of Energy estimates that every year 

over 76 million tons of corn stover are produced (data from 2005).13 

Miscanthus is a relatively recent candidate energy crop but it is also abundant and has high energy 

content. It is a non-wood rhizomatous tall grass native from subtropical and tropical regions. In this 

project the studies were made with the hybrid genotype Miscanthus giganteus that comes from the 

species Miscanthus sacchariflorus and Miscanthus sinensis.14 

Wheat straw is the waste product of wheat crop and is composed by the stalks after the grain has been 

removed. Like corn, wheat is one of the largest cereal crops in the world with an annual harvest of nearly 

700 million tons, which produces a high amount of residual straw that is a potential feedstock for a 

biorefinery. Wheat straw has two main fractions which are leaves and stem, with a share of 20-40% and 

60-80% of the straw, respectively.15 

 

1.3. Hemicelluloses 

As stated before, in section 1.2.2, hemicelluloses are very heterogeneous polymers that can have 

multiple monosaccharides, glycosidic linkages and side chains and vary both in structure and in 

composition from one species to another as well as from a part of the plant to another. For a long time 

it was difficult to isolate and analyse these polymers but now the knowledge about their structures and 

composition has increased. Thus, they are currently seen and investigated as a sustainable source of 

low-molecular weight decomposition products and biopolymer materials.9,10 

Hemicelluloses are composed by backbones of one or a combination of pyranose and furanose sugar 

units, the main ones represented in Figure 2. However, plants in general, show a high content of 

hemicelluloses composed by 1,4-β-linked xylopyranose units present in all parts of the plant in variant 

amounts. Furthermore, while hardwoods from angiosperms (like rye and oats) contain mostly xylan, 

softwoods from gymnosperms (like wheat and barley) show a high content of mannose-rich 

polysaccharides in addition to xylans.10 
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Another structural feature of hemicelluloses are the side groups which typically arise in the positions C-

2 and C-3 and consist essentially of arabinofuranose, xylopyranose, rhamnose, glucuronic acid, acetyl 

groups and phenolic acids. The last ones, like ferulic acid and coumaric acid, are esterified to 

arabinofuranosyl units and are established as potential antioxidants, antimicrobial and anti-inflammatory 

agents.10 

 

 

Figure 2 - Main sugar units of hemicelluloses: (a) D-glucose; (b) D-xylose; (c) D-galactose; (d) D-mannose; (e) L-

arabinose; (f) D-glucuronic acid; (g) D-galacturonic acid; (h) 4-O-methyl-D-glucuronic acid.10 

 

Usually hemicelluloses are sorted into four main categories: xylans, mannans or mannoglycans, 

xyloglucans and β-glucans. Xylans, as stated before, are the most abundant type of hemicellulose. They 

have a xylopyranosyl backbone with 1,4-β-linkages and usually form side chains in the C-2 or/and C-3 

positions, as shown in Figure 3. Xylans can have complex structures with arabinofuranose, 

xylopyranose, galactopyranose and uronic acid as side groups and can be sorted into different sub-

groups based on their branching characteristics. The homoxylans are linear with xylopyranosyl 

backbone units linked by 1,3 or/and 1,4 bonds. The glucuronoxylans have D-glucuronic acid units, which 

can also be 4-O-methylated, as substituents and some are O-acetylated. When they also have L-

arabinofuranosyl substituents they are considered to be part of another sub-group called 

glucuronoarabinoxylans. The arabinoxylans have only L-arabinofuranosyl substituents. The most 

complex xylans are heteroxylans and a scope of different sugars can be found as side groups. There 

are also the acetylated xylans that have some acetyl side groups in the C-2 and C-3 positions. Straws 

and cereals usually bare arabinoxylans which have L-arabinofuranose units as side chains. Acidic 

xylans are found, for example, in hardwoods like aspens, beech and birch and their backbone is 

substituted with 4-O-methyl-D-glucuronic acid units every tenth xylopyranose.9,10 

 

 

Figure 3 - General structure of xylan. R represents the main sites of side groups or branches.10 
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Mannans are usually divided in two types which are galactomannans and glucomannans. 

Galactomannans have a D-mannopyranosyl backbone linked by 1,4-β-linkages and D-galactopyranosyl 

units as side groups of some of the mannan units at position C-6. The glucomannans have a D-

mannopyranosyl backbone with β-D-glucopyranosyl units randomly inserted in the backbone chain, 

connected by 1,4-β-linkages. Some of them also carry D-galactopyranosyl substituents and are usually 

called (galacto)glucomannans. Mannans are the major constituents of softwood hemicelluloses and the 

ones usually found in these plants are glucomannans. They also are frequently acetylated in the 

mannosyl C-2 or C-3 position. Some mannans are often used in the food industry as emulsifiers and 

thickeners.9,10 

Xyloglucans have a backbone of 1,4-β-linked D-glycopyranose units and xylopyranosyl groups α-linked 

to the C-6 position of some of those glucopyranosyl units. Based on the degree of xylosilation, the 

xyloglucans can be divided in two groups: the XXXG which contain repetitive units of four glucopyranosyl 

units, three of which carry xylopyranosyl substituents; and the XXGG which have repetitive units of two 

glucopyranosyl non-substituted units followed by two xylosylated glucopyranosyl units. The 

xylopyranosyl residues can also be substituted at C-2 by galactose, arabinose or fucose residues. 

Furthermore, some xyloglucans can also be O-acetylated. These hemicelluloses occur mostly in the 

primary cell walls of higher plants such as angiosperms and grasses as well as in fruity plants like 

tamarind, tomato and yellow passion fruit.9,10 

β-glucans are linear hemicelluloses with backbones made of β-D-glycopyranosyl units, similarly to 

cellulose. However, unlike cellulose, they have a mixture of 1,3 and 1,4-linkages between monomers. 

There are two major patterns of linkages that compose around 90% of the backbone: two consecutive 

1,4-linkages followed by a 1,3-linkage is called a cellotriosyl sequence; and a segment that comprises 

three consecutive 1,4-linkages and one 1,3 is called a cellotetraosyl segment. The occurrence and 

distribution of these two patterns vary from species to species and with growth conditions. Cereals in 

general are rich in β-glucans such as barley, but some, like wheat, have a hemicellulose fraction 

dominated by arabinoxylans. The ratio cellotriosyl:cellotetraosyl also varies between these two with a 

higher value in wheat.9,10 

As stated before, the composition of hemicelluloses is different from one plant to another. The 

hemicelluloses from cereal stalks, maize or rice (from Gramineae family) are mainly xylans with L-

arabinofuranose and/or uronic acids residues substituted. They can also be acetylated and more or less 

branched. For example, the wheat straw xylans consist mainly of β-D-xylopyranosyl backbone with L-

arabinofuranosyl, D-xylopyranosyl and uronic acids side groups where more or less 1 of 15 xylose 

backbone units carry an arabinose group in the C-3 position and 1 of 19 xylose units carry a xylose 

pendant group in position C-2. In Figure 4 there is a schematic representation of the three main 

hemicelluloses found in grasses. The main hemicellulose in softwood is acetylated galactoglucomannan 

that can compose up to 20% of the dry wood but there is also smaller amounts of arabino-4-O-

methylglucuronoxylan (5-10%). The galactose:glucose:mannose ratios are 1:1:3 and 0.1:1:3 in the 

mannans mentioned and the acetylation occurs at the positions C-2 and C-3. In hardwoods the main 

hemicellulose is xylan, usually linear with occasional uronic acid substituents and sometimes acetylated 
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in the C-2 and/or C-3 positions. There are also smaller amounts of glucomannans that can also be 

acetylated in the same positions.10 

Hemicelluloses from annual agriculture residual biomass have high potential for the production of new 

bio-based materials which can lead to a sustainable growth of chemical, biopolymers and other eco-

friendly materials’ industries. The efforts of exploring this polymers need to continue as this is a highly 

promising resource for the future.10 

 

 

Figure 4 - Schematic drawing of the three main types of hemicelluloses in grasses’ cell walls. The letters under 

xyloglucan illustrate the symbols used for the most common side chains. 'Fer' represents esterification with ferulic 
acid and ‘Ac’ represents acetylation.9 

 

1.3.1. Lignin Carbohydrate Complexes 

Lignin Carbohydrate Complexes (LCC) are stable covalent bonds formed between lignin and 

polysaccharides present in the plant cell wall, but mainly hemicelluloses. There are some phenolic 

compounds like p-coumaric, ferulic and diferulic acids, typically found in grasses, that are not lignin 

compounds but contribute to crosslinking with hemicelluloses and are esterified to arabinoxylans and 

ether or ester-linked to lignin. There are different types of bonds such as esters, benzyl ethers and 

phenyl glycosides.16 The most common are stable ether bonds formed between lignin and arabinose or 

galactose side groups of xylans and mannans.4,12 

These complexes make it very complicated to separate lignin from cellulose and hemicellulose and are 

also responsible for the difficulty of fully hydrolyse lignocellulosic materials since it seems that they are 

not easily accessible to enzymatic attack due to the intimate association of the three cell wall 

components. That is one reason why it is mandatory to have a pretreatment that helps disrupting these 
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bonds and improve the efficiency of the enzymatic hydrolysis, although all pretreatments, especially the 

more severe ones, have consequences.16 

Among the LCCs, the ester bonds can be broken by carbohydrate esterases (CE) that are cosecreted 

with cellulases by some fungi. These enzymes include acetylxylan esterases, feruloyl esterases and p-

coumaroyl esterases.11 For example, the ester bonds between lignin alcohols and 4-O-methyl-α-D-

glucuronic acid residues in xylan are susceptible to enzymatic degradation by a glucuronic esterase 

(GE) belonging to the CE15 and the digestion of biomass by this enzyme is particularly beneficial when 

in combination with low severity pretreatments. This type of pretreatment only results in partial cleavage 

of the LCCs but avoids the formation of enzyme inhibitors. By degrading ester LCCs, this enzyme is 

capable of improving separation of lignin and increasing the enzyme accessibility to cellulose and 

hemicellulose thus boosting the sugars yield.16 

 

1.4. Pretreatment 

The enzymatic digestion of lignocellulosic biomass can be influenced by two main factors: one enzyme-

related and the other substrate-related. The physical, chemical and morphological characteristics of the 

substrate affect its enzymatic convertibility and in this section the focus will be the substrate-related 

factors. The enzymatic accessibility to cellulose can be affected by cellulose crystallinity, contents of 

lignin and hemicelluloses and available surface area. Crystallized cellulose is resistant to chemical and 

biological hydrolysis due to the microfibrils stabilized by hydrogen bonds while the amorphous cellulose 

is much easier to digest just like hemicelluloses. Cellulases can only digest the surface of cellulose 

crystals due to its big size. The content and distribution of lignin and hemicelluloses in the lignocellulosic 

biomass is a key factor to the enzymatic digestibility of the substrate since they are both closely 

associated with cellulose through covalent and non-covalent bonds. Furthermore, the non-productive 

binding of enzymes to lignin also restricts the hydrolysis of cellulose. The removal of both hemicellulose 

and lignin can increase the pore size and accessibility surface of the biomass and reduce the non-

productive adsorption of enzymes to lignin.17 

Since lignocellulosic materials exhibit a strong recalcitrant nature, they are not readily available for 

enzymatic hydrolysis and require a pretreatment process that facilitate the enzyme access to the plant 

polysaccharides. A good pretreatment should maximize the enzymatic convertibility of the substrate and 

the recovery of valuable by-products, like lignin, and minimize the loss of sugars, the use of toxic 

chemicals to the enzymes or fermenting microorganisms and the use of energy, chemicals and 

equipment. It should also be scalable to an industrial size.4,16 

The pretreatment disrupts the close inter-component links between the main components of the plant 

cell wall, clearing both the physical and chemical barriers that make biomass recalcitrant and making 

cellulose amenable to enzymatic hydrolysis. However, sometimes it involves side reactions which result 

in by-products that are inhibitory to downstream biochemical processes and their accumulation and 

severity increase, for example, with the recirculation of the process water and the high solids loadings 

used to obtain more concentrated sugar streams and high product titres. It happens when 

hemicelluloses and lignin are solubilized and degraded but also when some extractives and cellulose 
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are unintentionally affected. Because of this, it has been shown that washing the pretreated biomass 

results in faster hydrolysis of cellulose. But the formation and severity of the inhibitory substances 

depends a lot on the pretreatment process and on the composition of the feedstock.4,12 

There are several different technologies that focus on different strategies to increase enzymatic 

convertibility. Removing hemicellulose and lignin, increasing available surface area, altering lignin 

structure and decreasing the crystallinity of cellulose are some of them.4 The compositional and 

structural variation between different anatomical fractions of the plant can affect the efficiency of the 

pretreatment and therefor the feedstock composition and structure influences the choice of 

pretreatment.15 These processes can be based on acid hydrolysis, steam treatment, steam explosion, 

wet oxidation and extraction with alkali or ethanol, among others. The main effects of the most common 

pretreatment processes on lignocellulosic materials are summed up in Table 2. 

 

Table 2 - The effects and their extension of different pretreatment processes on the structure and composition of 

lignocellulosic materials.17 

Pretreatment 

methods 

Removing 

Lignin 

Removing 

Hemicelluloses 

Increasing 

accessible 

area 

Decrystallizing 

cellulose 

Increasing 

porosity 

Generating 

inhibitors 

Milling - - High High - Low 

Alkali High High High - High Low 

Acid Medium High High - Medium High 

Oxidative High - - - High Low 

Organosolv High Low High - Medium Low 

ILs Medium Low High High High Low 

Steam 

explosion 
Low High High Low High High 

Hydrothermal Medium High Medium - Medium High 

AFEX Medium Low High High High Low 

 

 

1.4.1. Hydrothermal pretreatment 

In the hydrothermal pretreatment (HTT) there is water, in liquid or vapour phase, added to the biomass 

that, under high pressure, penetrates into the biomass, hydrating cellulose and removing most of the 

hemicelluloses and a minor part of lignin. It does not require the use of catalysts since the solubilisation 

of the hemicelluloses occurs with the help of the hydronium ions that result from the auto-ionization of 

water. It is a relatively mild pretreatment that does not cause corrosion problems and if the pH is 

controlled around neutral values the formation of fermentation inhibitors is minimized. It is also one of 

the most promising and environmentally friendly pretreatment methods. It can have different severities 

depending on the temperature or pressure and time.12,17,18 

This was one of the first pretreatment methods used in a large-scale on lignocellulosic biomass. In the 

present work the biomasses were pretreated with this type of treatment and it was used a mini Integrated 
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Biomass Utilization System (IBUS) process developed by Inbicon A/S. In this process the biomass at a 

high matter content is treated with steam and afterwards washed. In the end there is a fibre fraction that 

contains almost all the cellulose, lignin and some hemicelluloses and a liquid fraction that contains the 

sugars from the rest of the hemicelluloses, almost all the alkali chlorides comprised in the biomass and 

the majority of the inhibitors formed.19,20 During this specific pretreatment the by-products formed are 

mainly acetic acid from the solubilisation of hemicelluloses, and small amounts of furan aldehydes 

resulted from the carbohydrate and lignin degradation.12 

 

1.5. Enzymatic Hydrolysis 

Enzymatic hydrolysis of lignocellulosic materials into fermentable sugars is the most complex step on a 

sugar platform biorefinery since, as stated before, it can be influenced by enzyme-related and substrate-

related factors. The second ones were tackled in the previous section and the first ones are the factors 

that affect enzyme activity, including end-product inhibition, thermal stability, synergism and 

adsorption.17 Furthermore this is also a critical step for the cost efficiency of the whole process. The high 

cost of enzymes together with the high dosage required to obtain the desired yields are considerable 

drawbacks to the implementation of an economically feasible biorefinery.21 To overcome this problem 

the enzyme loading could be lowered but that would probably increase the time of hydrolysis. The use 

of high substrate concentration could also be prejudicial due to product inhibition of the enzymes, 

especially for the cellulolytic enzymes system. The presence of lignin is also a big handicap for an 

efficient hydrolysis since it shields the cellulose chains and absorbs the enzymes.4 The best solution is 

to find the most efficient combination between pretreatment and enzyme mixture that would give an 

economically feasible yield of sugars. The pretreatment should have into account the amount of lignin 

and hemicelluloses left in the biomass balanced with the formation of inhibitory by-products while the 

enzyme mixture should have only the necessary enzymes in the right amount to achieve the highest 

economically viable yield possible. 

Most of the cellulose and hemicellulose degrading organisms produce multiple enzymes that are 

apparently functionally redundant. Due to this fact, a classification system with enzyme families based 

on the sequence homology and hydrophobic cluster analysis was developed and is now accepted. The 

enzymes used for lignocellulose degradation usually are in the glycoside hydrolase (GH) family, which 

are the ones that break glycosidic bonds, or in the carbohydrate esterase (CE) family which are the ones 

that break ester bonds in hemicelluloses. Most of the cellulases carbohydrate hydrolases are modular 

proteins with a catalytic and a carbohydrate-binding module (CBM) which are also divided in families 

similarly to the enzymes. These modules have the function of bringing the catalytic site in close contact 

with the substrate and ensure a correct orientation.4 

The enzymes used for cellulose hydrolysis are very well characterized and the focus of the hydrolysis 

is in this polymer since it is more abundant than hemicellulose. However it is necessary to degrade the 

hemicelluloses’ links because they coat the cellulose. Usually the pretreatment can remove some of 

them but, aside from possible formation of undesirable by-products in the more severe treatments, it 

can be advantageous to also hydrolyse the hemicelluloses. This allows both for obtaining hemicellulose 
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monomers but also for higher exposer of the cellulose, hence a better access of the cellulases to their 

substrate and consequently a higher sugar yield.21 

The complete enzymatic hydrolysis of hemicellulose is complex and requires the simultaneous activity 

of different enzymes. Since the hemicelluloses vary so much from one species to another, the only way 

to have a complete hydrolysis is to make a tailor mixture of enzymes for each substrate studied which 

requires highly dedicated research. Another issue is the accessibility of the enzymes to the substrate 

which can be difficult due to steric hindrances caused by the side chains. For example, some endo-

enzymes that cleave polysaccharide backbones are inhibited by the presence of side chains whereas 

some exo-enzymes that remove the side chains are more active on short-chain oligomeric substrates 

than on polymers. This means that one solution could be using a combination of complementary endo- 

and exo-enzymes that would work synergistically, creating binding sites for each other.22  

Since lignocellulose has a high complexity and a recalcitrant nature, to achieve a complete enzymatic 

hydrolysis into monosaccharides a variety of cellulolytic and hemicellulolytic enzymes are required. 

 

1.5.1. Cellulases and LPMOs 

As stated before, the cellulases are very well characterized due to the simple and homogeneous 

structure of cellulose chains. It is the most abundant polymer in the plant and source of glucose which 

is why the focus has been put on this polymer. There are several commercial enzymatic mixtures (CEM) 

in the market optimized in terms of the amounts and synergetic interactions between enzymes but their 

use has some limitations. Since the composition and relative amounts of the enzymes are unknown, it 

is difficult to evaluate the role of each enzyme in the hydrolysis and to change and optimize the ratio of 

each component.21 These mixtures are also not enough to fully hydrolyse the lignocellulose and some 

efforts have been put on the research of new enzymes and optimized cocktails. 

The cellulolytic enzymes are divided into three main classes: the cellobiohydrolases (CBH) (EC 3.2.1.91) 

that move along the cellulose chain and cleave off cellobiose units (two D-glucose units) from the ends; 

the endo-1,4-β-D-glucanases (EG) (EC 3.2.1.4) that hydrolyse random intern β-1,4-glucosidic bonds 

from the cellulose chain and consequently release cello-oligosaccharides; and the 1,4-β-D-glucosidases 

(EC 3.2.1.21) that hydrolyse cellobiose to glucose units. This three types of enzymes work 

synergistically to hydrolyse cellulose by creating new accessible sites for each other and relieving 

product inhibition.4,23 The action of these enzymes is represented in Figure 5. 



    13 
 

 

Figure 5 - Action of various cellulases on the surface layer of cellulose. The figure illustrates the action of 

enzymes from three main classes on cellulose. Glucose molecules in red colour represents the crystalline region 
and glucose molecules in black colour are the amorphous region.24 

 

With the research for new enzymes to fully hydrolyse lignocellulose, the lytic polysaccharide 

monooxygenases (LPMO) were found to boost the activity of cellulases, leading to a reduction in 

enzymes load for polysaccharide deconstruction. These enzymes are oxygen-dependent and use a 

small-molecule reductant and a metal co-factor to oxidatively induce polysaccharides chain cleavage. 

Different LPMO’s are known to degrade different polysaccharides like cellulose, chitin, xylan, xyloglucan, 

glucomannan, lichenan, β-glucan and starch. It is believed that the LPMO’s oxidation lead to chain 

cleavage, increasing cellulases activity due to the introduction of new chain-ends upon which this 

enzymes can act. Chain breaks can result from oxidation at the C1 or C4 carbon of the sugar ring. The 

C1 oxidation generates soluble oligosaccharides with an aldonic acid at their reducing end and the C4 

oxidation yields a ketoaldose at the non-reducing end. Depending on the LPMO, it can selectively 

oxidize just one of the carbons or both of them.25,26 

For almost any application, a high concentration of sugars after the hydrolysis is preferable for the 

posterior fermentation which also means the loading of a higher initial concentration of solids. However, 

operating hydrolysis with high initial substrate concentration faces the problem of product inhibition of 

especially the cellulolytic enzymes. The β-glucosidases are to some extent inhibited by glucose and this 

leads to an accumulation of cellobiose which is a potent inhibitor of the cellobiohydrolases. Some 

hemicellulosic sugars also inhibit the activity of cellulases.4 These effects and others that limit the 

efficiency of cellulose hydrolysis are represented in Figure 6. 
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Figure 6 - Overview of the factors limiting efficient hydrolysis of cellulose. 1) Product inhibition of β-glucosidases 

and cellobiohydrolases by glucose and cellobiose, respectively. 2) Unproductive binding of cellobiohydrolases 
onto a cellulose chain. This happens because the enzyme binds strongly to the cellulose chain and when an 

obstacle appears it halt and becomes unproductively bound. 3) and 4) Hemicelluloses and lignin associated with 
or covering the microfibrils prevent the cellulases from accessing the cellulose surface. 5) Enzymes can be 
unspecifically adsorbed onto lignin. 6) Denaturation or loss of enzymes due to mechanical shear, proteolytic 

activity or low thermostability.4 

 

1.5.2. Hemicellulases 

The hydrolysis of hemicellulose is a challenge since each biomass has different types and amounts of 

hemicelluloses and it is necessary to find the enzymes needed for each one. That is why one solution 

for a cost efficient hydrolysis is by using a tailor-made enzymatic mixture that has a specific protein 

composition with the best enzymes and in the right amount for a certain biomass. In this way, the same 

yield could be reached with lower amount of enzymes added and a more complete hydrolysis can be 

obtained. It also has been reported that the solubilisation of hemicelluloses clearly increases the 

hydrolysis yield of cellulose.27 

Since hemicelluloses are heterogeneous and with various side groups, the hemicellulolytic system is 

more complex. Usually it includes, among others: endo-1,4-β-D-xylanases (EC 3.2.1.8) which hydrolyse 

internal bonds in the xylan chain; 1,4-β-D-xylosidases (EC 3.2.1.37) which attack xylooligosaccharides 

from the non-reducing end and liberate xylose; endo-1,4-β-D-mannanases (EC 3.2.1.78) which cleave 

internal bonds in mannan; and 1,4-β-D-mannosidases (EC 3.2.1.25) which cleave 

mannooligosaccharides to mannose. The removal of side groups is important to enhance the hydrolysis 

of xylan since it creates new sites for the xylanases to act. There are a number of enzymes with the 

required activity like α-D-galactosidases (EC 3.2.1.22), α-L-arabinofuranosidases (EC 3.2.1.55), α-

glucuronidases (EC 3.2.1.139), acetylxylan esterases (EC 3.1.1.72) and feruloyl and p-cumaric acid 

esterases (EC 3.1.1.73).4  

The biomasses used in the present work are from the Gramineae family and, as stated before, its main 

hemicelluloses are glucuronoarabinoxylans, xyloglucans and β-glucans. The accessory enzymes used 

in the study are focused on the degradation of glucuronoarabinoxylans, more specifically its substituted 

residues. All of them are described below.  
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The glucuronidases remove glucuronic acid residues from xylans. The glucuronidase used in this project 

is from the GH115 family and has the advantage over the commercial glucuronidases of being able to 

remove (4-O-methyl)-glucuronic acid residues from both inner and terminal substituted xylosyl units in 

both oligo- and polymeric glucuronoarabinoxylans.22  

The arabinofuranosidases occur in the glycoside hydrolase (GH) families 3, 43, 51, 54 and 62 and, as 

the name suggests, they release α-1,2 or α-1,3 linked arabinofuranose from singly or doubly substituted 

xylan residues.28 In this project were studied four arabinofuranosidases. The α-L-arabinofuranosidase 

B17 from GH43 family and Bacteroides ovatus hydrolyses the terminal, non-reducing α-1,3 linked L-

arabinofuranose from doubly substituted xylose residues in arabinoxylan and it does not hydrolyse singly 

substituted xylose residues.29 The α-L-arabinofuranosidase from GH62 family and Aspergillus nidulans 

hydrolyses terminal, non-reducing α-L-arabinofuranose from singly substituted xylose residues in 

arabinoxylan (α-1,2 > α-1,3).30 The α-L-arabinofuranosidase from GH43 family and Bifidobacterium 

adolescentis removes arabinose from C-2 and C-3 positions from singly substituted xylose residues and 

its activity is much higher towards substrates with low amount of arabinose substitutions.31 The α-L-

arabinofuranosidase from GH51 family and Aspergillus nidulans also works on singly substituted xylose 

residues. Figure 7 shows the target arabinose residues of each arabinofuranosidase. 

 

 

Figure 7 - Representation of the arabinose residues targeted by each arabinofuranosidase used in the present 
work on glucuronoarabinoxylan. GH43a corresponds to the enzyme from Bacteroides ovatus and GH43b to the 

one from Bifidobacterium adolescentis. 

 

To remove the esterified acids from xylans it is required carbohydrate esterases (CE) like acetylxylan 

esterase and feruloyl esterase that were also studied in this project. The acetylxylan esterase removes 

O-acetyl groups from the C-2 and C-3 positions of xylose residues in both xylan and xylooligomers and 

releases acetic acid. Feruloyl esterases release ferulic acid from arabinoxylans.32  

The activities of these enzymes are represented in Figure 8. 
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Figure 8 - Hemicellulases responsible for the degradation of glucuronoarabinoxylan.33 

 

1.6. Background and Aim of the project 

The lignocellulosic biorefineries are not a reality yet due to its lack of cost efficiency. This has mainly to 

do with the high cost of enzymes and recalcitrance of lignocellulosic materials, which makes it very 

difficult to have a complete removal of carbohydrates. As it was stated before, to have a complete 

hydrolysis it is necessary to combine several enzymes, including both cellulases and hemicellulases.  

It was observed before that a commercial enzymes mixture (CEM), with mainly cellulases, LPMO’s, 

some xylanases and xylosidases and maybe other hemicellulases, was not able to completely remove 

the carbohydrates from lignocellulosic materials even when repeated hydrolysis with high loadings were 

performed. The biomasses used (corn stover, Miscanthus and wheat straw) were pretreated with 

different severity hydrothermal treatments and the goal was to get a pure lignin fraction.34 Since the 

CEM was not able to hydrolyse all the sugars, one hypothesis was that some enzyme activities were 

missing on this mixture, especially hemicellulases.   

This project aims to improve the hydrolysis and the removal of hemicellulose in lignocellulosic materials, 

including the possibility of removing LCC’s, to obtain a better sugar yield and a pure lignin fraction by 

adding accessory hemicellulases to the CEM on hydrothermal pretreated lignocellulose. Three 

biomasses were chosen, corn stover, Miscanthus and wheat straw, and pretreated with the lowest 

severity from the three tested in the previous work. The enzymes to be tested will belong to the glycoside 

hydrolase (GH) family 10, 43, 51, 62 and 115 and the carbohydrate esterases (CE) family 1 and 6. The 

main point is to elaborate a final mixture of hemicellulases to be used together with the CEM, in a 

replacing enzyme strategy so the load does not increase, that maximizes the hydrolysis yield and 

minimizes the number and amount of enzymes added. Synergistic effects will be assessed by statistical 

analysis and the effect of the enzymes will be evaluated by quantification of sugars by HPLC/HPAEC 

and reducing sugars assay. The hypothesis is that each accessory enzyme makes the hydrolysis of 

lignocellulosic materials more efficient and that these enzymes can substitute a higher severity 

pretreatment on the removal of hemicelluloses. The end goal is that the final mixture will imply only a 

low increase of costs for the higher increase of sugar yield possible, leading to their use in a larger scale. 
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2. Materials and Methods 

The materials used in all the experiments performed for the present study are described in this section, 

including the different types of biomasses and enzymes studied, as well as the methods of those 

experiments. 

 

2.1. Materials 

Three pretreated biomasses were studied in this project: wheat straw (Triticum aestivum L.), Miscanthus 

giganteus and corn stover. The first two were harvested at AU Foulum in the autumn of 2014 and corn 

stover was harvested in AU Jyndevad in the autumn of 2014. They were all previously pretreated with 

a low severity hydrothermal pretreatment at 190ºC (and 12.5 bar) for 10 minutes using the Mini-IBUS 

equipment at the Center for BioProcess Engineering at DTU-Risø. The severity factor of the 

pretreatment is 3.65 and it was obtained by equation (1) and calculated with the temperature and time 

of the process. In the equation R0 is the severity factor, t is the time in minutes and T is the temperature 

in ºC.35 The biomass compositions were assessed in the Center for BioProcess Engineering at DTU-

Lyngby using the strong acid hydrolysis procedure.36 The results of the composition analysis are listed 

in Table 3. 

 

log 𝑅0 = log (𝑡 × 𝑒𝑇−
100

14.75)     (1) 

 

Table 3 - Composition of the three low severity pretreated biomasses.  

Biomass 
Arabinan 

(%) 

Galactan 

(%) 

Glucan 

(%) 

Xylan 

(%) 

Mannan 

(%) 

AIL* 

(%) 

ASL** 

(%) 

Ash 

(%) 

Total 

(%) 

CS 0.75 ± 
0.05 

0.36 ± 
0.03 

55 ± 3 
14.7 ± 

0.7 
0.19 ± 
0.01 

23 ± 2 
1.11 ± 
0.09 

4.0 ± 
0.5 

99.4 

MS 0.64 ± 
0.04 

0.31 ± 
0.03 

54 ± 3 
11.3 ± 

0.4 
0.29 ± 
0.01 

32 ± 2 
0.42 ± 
0.02 

1.14 ± 
0.01 

99.8 

WS 0.69 ± 
0.00 

0.31 ± 
0.03 

54.8 ± 
0.6 

14.7 ± 
0.0 

0.49 ± 
0.00 

28.4 ± 
0.7 

0.85 ± 
0.01 

1.4 ± 
0.1 

101.6 

*AIL: Acid insoluble (Klason) lignin; **ASL: Acid soluble lignin 

 

For all the hydrolysis experiments, a CEM was used as well as several accessory enzymes that are 

described in Table 4. The enzymes from Casper’s metagenome library (personal communication, March 

15, 2016) were produced in the Center for BioProcess Engineering at DTU-Lyngby and their genes were 

isolated from Frederica wastewater treatment plant. The amount of protein of all enzymes was measured 

before the experiments. The quantification of protein in the CEM was made previously by the Ninhydrin 

Protein Assay and for the other enzymes the A280 method was used (appendix 6.4). 
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Table 4 - Characteristics of the enzymes used in the present thesis. 

*from the bottle label; **literature 

Enzyme (Cat. No.) Family 
EC 

number 
Microorganism Source 

Amount 

of 

Protein 

(mg/mL) 

Specific 

Activity 

(U/mg 

protein) 

Molecular 

weight 

(kDa) 

Optimum 

pH 

Optimum 

Temperature 

(ºC) 

pI Information source 

Commercial Enzyme 

Mixture (CEM) 
   Novozymes 

205.52 

(mg/g) 
  5 50   

Acetylxylan esterase, 

E-AXEAOB 
CE6 

EC 

3.1.1.72 

Orpinomyces sp

. 
Megazyme 6.61 

165 

(1000U/mL) 
34 7.0 40 5.6 

Megazyme website 

(https://secure.megazyme.com/fi

les/Data_Booklets/E-

AXEAO_3KU_DATA.pdf) 

α-L-

Arabinofuranosidase, 

B17, E-ABFBO17 

GH43 
EC 

3.2.1.55 

Bacteroides 

ovatus 
Megazyme 3.89 

575 

(1000U/mL) 
57 6.5 40 5.9 

Megazyme website 

(https://secure.megazyme.com/fi

les/Booklet/E-

ABFBO17_DATA.pdf) 

α-L- 

Arabinofuranosidase, 

E-ABFAN 

GH62 
EC 

3.2.1.55 

Aspergillus 

nidulans 
Megazyme 8.05 

89 

(500U/mL) 
34 4.5 40 4.6 

Megazyme website 

(https://secure.megazyme.com/fi

les/Booklet/E-

ABFAN_DATA.pdf) 

α-L-

Arabinofuranosidase, 

E-AFAM2 

GH43 3.2.1.55 
Bifidobacterium 

adolescentis 
Megazyme 7.30 

102 

(200U/mL) 
59 6.0 40 4.6 

Megazyme website 

(https://secure.megazyme.com/fi

les/Booklet/E-

AFAM2_DATA.pdf) 

α-L-

Arabinofuranosidase, 

E-AFASE 

GH51 
EC 

3.2.1.55 

Aspergillus 

nidulans 
Megazyme 4.36 

32 

(400U/mL*) 
62 4.0 40 3 

Megazyme website 

(https://secure.megazyme.com/fi

les/Booklet/E-

AFASE_DATA.pdf) 
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Table 4 - Characteristics of the enzymes used in the present thesis. (continuation) 

*from the bottle label; **literature

Enzyme (Cat. No.) Family 
EC 

number 
Microorganism Source 

Amount 

of 

Protein 

(mg/mL) 

Specific 

Activity 

(U/mg 

potein) 

Molecular 

weight 

(kDa) 

Optimum 

pH 

Optimum 

Temperature 

(ºC) 

pI Information source 

Feruloyl esterase, E-

FAEZCT 
CE1 

EC 

3.1.1.73 

Clostridium 

thermocellum 
Megazyme 9.64 

0.5 (7U/mL); 

28 on FAXX 
29 6.0 (7.0**) 50 (60**) 6.8 

Megazyme website 

(https://secure.megazyme.com/fi

les/Booklet/E-

FAEZCT_DATA.pdf) 

α-glucuronidase 

GH115 

(maybe 

67) 

EC  

3.2.1.131 
(EC 

3.3.2.139) 

 

Casper- 

metagenome 

library 

12.7 0.038 98 6 37 4.79 

Casper Wilkens (personal 

communication, June 15, 

2016) 

Chimeric enzyme 

CE1 

GH62 

GH10 

-  

Casper- 

metagenome 

library 

23.7 (µM)  119 6 37 5.73 

Casper Wilkens (personal 

communication, March 15, 

2016) 

Feruloyl Esterase 

(from chimera) 
CE1 3.1.1.73  

Casper- 

metagenome 

library 

64.0 (µM)  25 6 37 7.85 

Casper Wilkens (personal 

communication, March 15, 

2016) 

Arabinofuranosidase 

(from chimera) 
GH62 3.2.1.55  

Casper- 

metagenome 

library 

21.8 (µM)  36 6 37 5.36 

Casper Wilkens (personal 

communication, March 15, 

2016) 

Xylanase (from 

chimera) 
GH10 3.2.1.8  

Casper- 

metagenome 

library 

311.7 

(µM) 
 40 6 37 5.92 

Casper Wilkens (personal 

communication, March 15, 

2016) 
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2.2. Methods 

 

2.2.1. Hydrolysis Experiments 

In these experiments, a CEM was partially substituted by accessory enzymes for the hydrolysis of three 

different biomasses (corn stover, Miscanthus and wheat straw) to assess the effect on the release of 

sugars. The general method is described below.  

 

Preparation of substrate 

The three pretreated biomasses, which were previously stored frozen after the pretreatment, were 

defrosted and washed with distilled water with the help of a Buchner funnel (without filter paper or 

filtration apparatus). In these step, the biomass was thoroughly mixed in a 1L beaker with distilled water, 

enough to immerse the solids, and then filtered in the funnel. The supernatant was then poured on top 

of the biomass, passing through the funnel once more to make sure that all the solids were retained, 

and the resulting supernatant was discarded. For the corn stover the supernatant was filtered twice. 

This process was repeated 3 times for each biomass. After washing, the dry matter content of the 

biomass was measured in a moisture analyser (Mettler Toledo, HR82 Halogen) and the biomass was 

stored in the freezer again (-20 ºC). 

The next step was the milling of the biomasses which needs to be performed immediately before the 

hydrolysis. After defrosting, the biomass was cut using a scissor to reduce the size of the fibres 

(approximately 1cm) and buffer was added, roughly the amount needed to have a final dry matter 

content of 2%. The mixture was then milled in a kitchen juicer in a medium velocity and during 3 minutes, 

with pauses between each minute, and a biomass slurry/smoothie was obtained. A picture of this slurry 

can be seen in Figure 9. After milling, the dry matter of each biomass was measured again. 

 

Figure 9 - Wheat straw slurry obtained after milling. 
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Enzymatic Hydrolysis 

Afterwards, the samples were prepared in eppendorfs (2 mL, LoBind) with a final working volume of 

1mL. The standard conditions of each sample, unless otherwise stated, were a dry matter content of 

biomass of 1%, a total enzyme concentration – including the accessory enzymes - of 10 mg/g dry matter 

(DM) and either acetate (50 mM, pH 5) or phosphate (50 mM, pH 6) buffer. The standard amount of 

each single accessory enzyme added to each tube was 5 nmol/g DM. A stock solution of 2 mg/mL of 

CEM was made and the enzymes’ mixtures stock solutions were prepared in order for the volume of 

each one added to the eppendorfs to be 50 μL. The biomass slurry obtained after milling was pipetted 

to the eppendorfs while it was being magnetically stirred. The tip of the pipette’s plastic tip was cut off 

to enable the slurry to be pipetted. Triplicates were made for each combination of biomass, enzyme 

mixture and time point. The hydrolysis was performed at 40ºC in Thermomixers (Eppendorf 

Thermomixer Comfort) agitated at 1250 rpm and for 3, 6, 24 and 72 hours. 

After each time point, the samples were boiled in a water bath (Julabo, SW22) at 97ºC for 10 minutes 

and centrifuged (Eppendorf, Centrifuge 5424) for 5 minutes at 10000 rcf. The supernatants were 

collected (around 750 µL) in 1.5 mL eppendorfs and stored frozen (-20 ºC). 

Later the supernatants were analysed by HPLC (High-Performance Liquid Chromatography) or reducing 

sugars assay for the quantification of sugars release and the glucuronic acid kit from Megazyme was 

used to determine the amount of glucuronic acid released. 

 

2.2.1.1. Hydrolysis experiment with accessory GH115 

In this experiment there was only one accessory enzyme, GH115. There were 4 different combinations 

of enzyme: only the CEM, the CEM and the GH115 (5 nmol/g DM), only 5 nmol/g DM of GH115 and 

only 50 nmol/g DM of GH115. In Table 5 the enzyme mixtures of this experiment are described as well 

as the concentration of each enzyme. The experiment was performed at pH 6 using sodium phosphate 

buffer (50 mM, pH 6). 

 

Table 5 - Enzyme mixtures used in the hydrolysis experiment with accessory GH115 and their concentrations. 

Enzyme mixture Enzyme Concentrations (mg/g DM) 

 CEM GH115 

CEM 10.0 - 

CEM + GH115 (5nmol) 9.51 0.490 

CEM + GH115 (50nmol) 5.10 4.90 

GH115 (5 nmol) - 0.490 

GH115 (50 nmol) - 4.90 
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2.2.1.2. Hydrolysis experiment with accessory α-arabinofuranosidases 

For this hydrolysis the four arabinofuranosidases described on Table 4 were tested. There were 6 

combinations of enzymes in these experiment: only CEM, CEM and each one of the four 

arabinofuranosidases, and CEM and all the four arabinofuranosidases. In Table 6 the enzyme mixtures 

of this experiment are described as well as the concentration of each enzyme. For this experiment 

acetate buffer (50 mM, pH 5) was used. 

 

Table 6 - Enzyme mixtures used in the hydrolysis experiment with accessory arabinofuranosidases and their 

concentrations. 

Enzyme mixture Enzyme Concentrations (mg/g DM) 

 CEM GH43a GH62 GH43b GH51 

CEM 10.0 - - - - 

CEM + GH43a 9.71 0.285 - - - 

CEM + GH62 9.83 - 0.170 - - 

CEM + GH43b 9.70 - - 0.297 - 

CEM + GH51 9.69 - - - 0.310 

CEM + GH43a + GH62 + GH43b + 

GH51 
8.94 0.285 0.170 0.297 0.310 

 

 

2.2.1.3. Hydrolysis experiment with accessory acetylxylan esterase, feruloyl esterase 

and arabinofuranosidase 

In this experiment the accessory enzymes used were acetylxylan esterase (AE), feruloyl esterase (FE) 

and the GH51 arabinofuranosidase. The enzyme mixtures were 11: CEM with GH51 and FE; CEM with 

GH51 and AE; CEM with GH51 and FE and AE in 2 different concentrations (5 and 10 nmol/g DM of 

each accessory enzyme); CEM with FE; CEM with AE; CEM with FE and AE; and only CEM in 4 different 

concentrations (5, 8.75 – lowest concentration used in the mixtures of enzymes, 10 and 15 mg/g DM). 

In Table 7 the enzyme mixtures of this experiment are described as well as the concentration of each 

enzyme. The buffer used was acetate buffer (50 mM, pH 5) and the only time point was 72h. 

 

  



    23 
 

Table 7 - Enzyme mixtures used in the hydrolysis experiment with accessory esterases and their concentrations. 

Enzyme mixture Enzyme Concentrations (mg/g DM) 

 CEM GH51 FE AE 

CEM + GH51 + FE 9.54 0.310 0.145 - 

CEM + GH51 + AE 9.52 0.310 - 0.170 

CEM + GH51 + FE + AE 9.37 0.310 0.145 0.170 

CEM + GH51 + FE + AE (10nmol) 8.75 0.620 0.290 0.340 

CEM + FE 9.85 - 0.145 - 

CEM + AE 9.83 - - 0.170 

CEM + FE + AE 9.68 - 0.145 0.170 

CEM 5.00 - - - 

CEM  8.75 - - - 

CEM 10.0 - - - 

CEM 15.0 - - - 

 

 

2.2.1.4. Hydrolysis experiment with accessory chimeric enzyme 

The chimeric enzyme have three domains, as showed in Table 4, and in this experiment they were used 

separately, as 3 individual accessory enzymes, and together. There was 6 enzyme mixtures: only CEM, 

the CEM and the chimera, the CEM and the three individual domains, the chimera alone, the three 

individual domains alone and only the CEM but with the lowest concentration (same used when together 

with the chimera). In this case the amount of each individual enzyme added (chimera and each one of 

the three domains) was 10 nmol/g DM. In Table 8 the enzyme mixtures of this experiment are described 

as well as the concentration of each enzyme. The buffer was phosphate buffer (50 mM, pH 6) and there 

was only one time point, 72h. 

  

Table 8 - Enzyme mixtures used in the hydrolysis experiment with accessory chimeric enzyme and their 

concentrations. 

Enzyme mixture Enzyme Concentrations (mg/g DM) 

 CEM Chimera CE1 GH62 GH10 

CEM 10.0 - - - - 

CEM + Chimera 8.81 1.19 - - - 

CEM + 3 domains 9.00 - 0.240 0.360 0.400 

Chimera - 1.19 - - - 

3 domains - - 0.240 0.360 0.400 

CEM (<10mg) 8.81 - - - - 
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2.2.2. Determination of Glucuronic Acid and Arabinose Concentrations 

Glucuronic acid concentration was measured by the Megazyme’s D-glucuronic acid & D-galacturonic 

acid assay.37 The glucuronic and the galacturonic acids that are present in the sample are oxidized by 

the enzyme urinate dehydrogenase (UDH) in the presence of nicotinamide-adenine dinucleotide (NAD+) 

to glucarate and galactarate, respectively, with the formation of reduced nicotinamide-adenine 

dinucleotide (NADH). The amount of NADH formed in the reaction is stoichiometric with the amount of 

glucuronic and galacturonic acid and it is the NADH that is measured by absorbance at 340nm. The 

procedure used was the one for microplate described on the kit’s assay procedure.37 The assay was 

performed at 37ºC for at least 10 minutes, the volume pipetted to the microplate wells was 200 μL and 

the absorbance was only read in the end of the assay. The concentration was determined based on a 

standard curve previously made using the assay on different known glucuronic acid concentrations. 

Arabinose concentration was measured by the Megazyme’s L-arabinose & D-galactose assay.38 In 

these kit 2 enzymes are used: galactose mutarotase (GalM) that catalyse the interconversion of the α-

and β-anomeric forms of L-arabinose and D-galactose and β-galactose dehydrogenase (β-GalDH) that 

oxidize β-L-arabinose and β-D-galactose to L-arabinonic acid and D-galactonic acid, respectively, in the 

presence of NAD+. Similarly to the glucuronic acid assay, this reaction results also in the formation of 

NADH in a stoichiometric amount with arabinose and galactose and it is the NADH that is measured by 

absorbance at 340nm. The procedure used was the one for microplate described on the kit’s assay 

procedure.38 The assay was performed at 37ºC for at least 13 minutes, the volume pipetted to the 

microplate wells was 200 μL and the absorbance was only read in the end of the assay. The 

concentration was determined based on a standard curve previously made using the assay on different 

known arabinose concentrations. 

 

2.2.3. Determination of CEM activities 

 

2.2.3.1. Activity of arabinofuranosidases and xylanases on pNP substrates 

These activities were measured using paranitrophenyl (pNP) substrates. These substrates are 

colourless when attached to a certain molecule that is cleaved by a specific enzyme giving rise to the 

pNP, without the molecule, which is yellow and measurable by absorbance at 410 nm. The pNP-A, 

where A is arabinofuranose, is used for the assessment of arabinofuranosidases’ activity and the pNP-

X, where X is xylopyranose, for the xylanases’ activity. For this measurement three dilutions (100, 1000 

and 10000 times) of the CEM were made and measured. The first step was the mixture and 

preincubation of each tube with 20 µL of sodium acetate buffer (125 mM, pH 5) and 20 µL of the 

substrate solution (10 mM) at 40ºC for 2 minutes on a Thermomixer. Then 10 µL of each enzyme solution 

dilution was added to each tube and incubated at 40ºC for 10 minutes. The reaction is ended with the 

addition and mixing of 100 µL of sodium carbonate solution (1 M). The tubes were centrifuged for 30 

seconds and 14100 rcf. The supernatant (125 µL) was transferred to a 96-well plate and the absorbance 

was measured at 410 nm.  
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2.2.3.2. Activity of arabinofuranosidases and glucuronidases on different substrates 

Four dilutions, from 10 to 10000 times, of the CEM solution were made and a 1% substrate solutions 

were prepared with acetate buffer (50 mM, pH5). The substrates were beechwood xylan or aldouronic 

acids, both from Megazyme, to test glucuronidases that cleave the polymer or oligomers, respectively. 

Wheat arabinoxylan or XA2XX/XA3XX and A2+3XX (the oligomers substrate solution had a concentration 

of 10 mM), all from Megazyme, were used analogously for arabinofuranosidases. The XA2XX/XA3XX 

oligomers are four residues of xylose linked together and an arabinose residue attached to the carbon 

2 or 3 of the second xylose. The A2+3XX is just a sequence of three xylose residues with two arabinose 

residues in carbon 1 and 2 of the first xylose residue. Then 80 μL of each substrate solution and 20 μL 

of each dilution of the enzymes solution (40 μL of substrate and 10 μL of enzyme for the arabinose 

oligomers) were mixed and incubated for 10 minutes at 37ºC. To end the reaction the samples were 

boiled for 2 or 3 minutes in a Thermomixer at approximately 93ºC and then centrifuged for 2 minutes 

and 14100 rcf. Triplicates were made for each dilution of CEM. After that the Glucuronic Acid assay or 

the Arabinose Assay from Megazyme (see section 2.2.2) were performed to determine the amount of 

glucuronic acid and arabinose, respectively, released.  

 

2.2.4. Determination of the activities of accessory enzymes 

The activities of the arabinofuranosidases and the glucuronidase that were studied as accessory 

enzymes were determined in the same conditions used for the hydrolysis experiments. For the 

arabinofuranosidases an 1% solution of wheat arabinoxylan was prepared in acetate buffer (50 mM, pH 

5). Enzymes solutions of 2 mg/mL were also prepared for each one of the four arabinofuranosidases as 

well as for the CEM also with acetate buffer. In 1.5 mL LoBind Eppendorf tubes 10 µL of each enzyme 

solution was mixed with 40 µL of arabinoxylan solution and incubated at 40ºC in a Thermomixer. The 

reaction was stopped by adding 50 µL of trichloroacetic acid (TCA, 1M). After that the tubes were 

centrifuged for 2 minutes at 14100 rcf. In the end the Arabinose Assay from Megazyme (see section 

2.2.2) was performed to determine the release of arabinose. For the glucuronidase beechwood xylan 

was used as substrate and phosphate buffer (50mM, pH 6) for the dilutions but everything else was 

similar and the Glucuronic Acid Assay (see section 2.2.2) was performed in the end to determine the 

release of glucuronic acid. 

 

2.2.5. Reducing Sugars Assay 

For this procedure a 0.5% w/v of PAHBAH (4-hydrobenzhydrazide, Sigma Aldrich) solution was 

prepared fresh in 0.5 M NaOH. Glucose standards were prepared from 0 to 3 mM in water. After proper 

dilution, 0.1 mL of the samples were mixed with 0.9 mL of the PAHBAH solution in 1.5 mL tubes and 

incubated at 99ºC in a water bath for 10 minutes. In the end 250 µL of each sample was pippeted to a 

96 well-plate and the absorbance is read at 410 nm. 
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2.2.6. Determination of sugar concentration by HPLC/HPAEC 

Glucose, xylose and arabinose monosaccharides in liquid fractions were quantified by high performance 

anion exchange chromatography with pulsed amperometric detection (HPAEC coupled with PAD) using 

a Dionex ICS-5000 system (DionexCorp, Sunnyvale, CA) equipped with a CarboPac PA1 analytical 

column (250 x 4 mm2) and a CarboPac PA1 guard column (250 x 4 mm2) operated at a flow rate of 

1mL/min. Isocratic elution took place at 25°C, with water, for 30 min. The column was then washed for 

10 min with 500 mM NaOH and equilibrated with water for 10 min. Detection was done by post-column 

addition of 500 mM NaOH at 0.5mL/min. Standards of D-glucose, D-xylose, L-arabinose, D-galactose 

and D-mannose were used for quantification. The samples were properly diluted in water, fucose was 

added as an internal standard to all standards and samples and they were all filtered with a 0.22 μm 

filter before the analysis. 

 

2.2.7. Statistical Analysis 

The statistical analysis was performed on JPM 12. The ANOVA analysis was done with a t-Student test 

and an error of 5%. 
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3. Results and Discussion 

In this section the results from all the experiments are presented and discussed. The three biomasses 

used were corn stover, Miscanthus and wheat straw, all pretreated with a hydrothermal treatment at 

190ºC for 10 minutes. The hydrothermal pretreatment solubilized a fraction of the hemicelluloses but 

the remaining part and almost all the lignin are expected to still be in the solid fraction. The fraction of 

hemicelluloses that was solubilized was removed by the washing step performed before hydrolysis. As 

all the three biomasses belong to the Gramineae family, their hemicellulosic fraction is mainly constituted 

by glucuronoarabinoxylans which have arabinose, some with ferulic acid linked by ester bonds, 

glucuronic acid residues and some acetylations.  

The CEM is known to have cellulolytic enzymes, including LPMO’s, and some hemicellulases, especially 

xylanases and xylosidases. 

The abbreviation CEM will be used to address the commercial enzyme mixture used in this study and 

the accessory enzymes are addressed by their family name. The two GH43 used are addressed as 

GH43a, for the arabinofuranosidase B17 from Bacteroides ovatus, and GH43b, for the 

arabinofuranosidase from Bifidobacterium adolescentis.  

The sugars content of the CEM was previously assessed and discounted on the results of all the 

hydrolysis. 

The data and calculations of the results presented, unless otherwise stated, are in the CD attached. 

 

3.1. Enzyme Replacing Strategy 

In the present work, the capacity of accessory enzymes to improve the hydrolysis yield of lignocellulose 

when added with a CEM was studied. A replacing strategy was applied and the same amount of 

accessory enzymes added was removed from the total amount of CEM. This means that the total 

amount of protein was always the same, 10 mg/g DM, and, when an accessory enzyme was added, the 

amount of CEM in the mixture was lowered accordingly. It was previously demonstrated that this CEM 

alone could not fully hydrolyse the lignocellulose materials studied34, so this approach was chosen 

because the main goal is to improve the efficiency of the mixture itself. By only changing enzymes 

proportions, it was expected that improving the quality, rather than the quantity, of the mixture would be 

enough to obtain higher sugar yields.  

Since the CEM amount was not the same in all the hydrolysis experiments it was necessary to 

understand its influence in the glucose and xylose release yields. Four concentrations of CEM were 

tested, from 5 to 15 mg/g DM, with a biomass concentration of 1% and pH 5 for 72 hours. The results 

for glucose and xylose release are presented in Figure 10 and Figure 11, respectively. For both sugars 

there was an increase of the yield when more enzyme was added, as expected. One of the 

concentrations of CEM tested was 8.75 mg/g DM which was the lowest amount, in all the experiments, 

of CEM used together with accessory enzymes. It is observed that both the glucose and xylose yields 

did not change much between this concentration and the standard 10 mg/g DM, at least for pH 5. This 

means it is safe to assume that the replacing of CEM is not going to affect significantly the general 
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hydrolysis yield. The linear correlation made is not the best for wheat straw and corn stover but there 

was no other one that fit better the data. However is expected that, at some point, the sugar yields reach 

a maximum and the addition of more CEM will not increase it anymore. 

 

Figure 10 - Variation of glucose release yield with the amount of CEM added in a 72 hour hydrolysis of lignocellulose 

at 40ºC, pH 5 and 1% of biomass. The equation of the trend line and R2 for corn stover (CS) are y = 1.5x + 64 and 
R² = 0.744; y = 2.3x + 39 and R² = 0.819 for wheat straw (WS); and y = 1.7x + 34 and R² = 0.975 for Miscanthus 

(MS). 

 

 

Figure 11 - Variation of xylose release yield with the amount of CEM added in a 72 hour hydrolysis of lignocellulose 

at 40ºC, pH 5 and 1% of biomass. The equation of the trend line and R2 for wheat straw (WS) are y = 1.3x + 58 and 
R² = 0.784; y = 0.89x + 54 and R² = 0.760 for corn stover (CS); and y = 0.91x + 36 and R² = 0.964 for Miscanthus 

(MS). 

 

3.2. Determination of Activities 

The CEM is a mixture of cellulases and some hemicellulases but it is not known exactly which enzymes 

are present and in which concentrations. To assess that, some activity tests were performed.  

The activity was also measured for the arabinofuranosidases and the glucuronidase used as accessory 

enzymes to better understand their potential on improving the hydrolysis. 
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3.2.1. Determination of the activity from arabinofuranosidases and xylanases 

in the CEM using pNP substrates 

The CEM was tested for the presence and amount of activity from arabinofuranosidases and xylanases 

by using the pNP substrates pNP-A and pNP-X. The measurement of the pNP released for each 

substrate was made at pH 5, 10 mM of substrate and different temperatures. The results are presented 

in Figure 12. It is observed that both arabinofuranosidases and xylanases are present in the mixture 

because there was a significant release of both arabinose and xylan. Based on the activity, there is a 

higher amount of xylanases in the mixture. This is plausible since there is much more xylan in the 

biomass to degrade than arabinose residues. As it is seen in the graph, the release of both substrates 

increased with temperature between 37 and 50 ºC. This means that, from the range studied, the 

arabinofuranosidases and the xylanases present in the CEM show a higher activity at 50ºC. Since the 

optimum temperature of the CEM is 50ºC, these results are in agreement. This assay measured the 

activity of all the arabinofuranosidases or the xylanases that can cleave off the respective residue from 

the pNP molecule. Thus, this substrates are not specific for enzymes that act only on polymers or 

oligomers, for example, and it is possible that the mixture have enzymes with different specificities.  

The data and calculations are in appendix 6.2. 

  

 

Figure 12 - Bar chart of the activity results, in µmol/(min.mL), of the CEM on the pNP-A and pNP-X substrates (10 

mM) at 37, 40 and 50ºC and pH 5. 

 

3.2.2. Determination of the activity from arabinofuranosidases and 

glucuronidases on different substrates 

Arabinofuranosidases and glucuronidases are two important groups of enzymes needed for the 

degradation of the xylans present in this type of lignocellulosic materials. To better understand the 

substrate specificity of these enzymes and their presence in the CEM, several substrates, both poly- 

and oligosaccharides, were tested on the CEM and the release of arabinose or glucuronic acid was 

measured. The experiment was performed at 37ºC, pH 5, 1% of polysaccharides concentration and 10 

mM of oligosaccharides concentration. The results for the activity of arabinofuranosidases are in Table 

9. All the activities were low and could only be calculated in the lowest dilutions of the CEM which 

originated a detectable amount of arabinose. For wheat arabinoxylan there were two different CEM 
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dilutions considered and two different values were also observed, as it is showed in the table. This fact 

and the lack of data from other dilutions make this data not very reliable. However, it can be said that 

on substrates more similar to the real biomass rather than on pNP, the activity of the 

arabinofuranosidases is much lower, which was expected since only a fraction of the enzymes have 

specificity for each different substrate. The enzymes that cleave the double substituted xylan have the 

lowest activity, suggesting that they are present in a very limited amount in the CEM. The activity on the 

other oligomers is also lower than the one achieved on arabinoxylan. 

The results from the activity of glucuronidases are in Table 10 and, similarly to what happened in the 

arabinofuranosidases experiment, only the lowest two CEM dilutions were considered and each one 

originated a different activity. For that reason, these results are also not completely reliable, although in 

general the activities are low and probably there is not a significant amount of these enzymes in the 

CEM. 

The data and calculations are in appendix 6.3. 

 

Table 9 - Activity of arabinofuranosidases present in the CEM on different substrates. 

Substrate 
CEM dilution in the 

experiment 
Activity (U/mL) 

Wheat arabinoxylan 
1:10 8.4 ± 0.2 

1:100 15.6 ± 0.7 

XA2XX/XA3XX 1:50 11 ± 1 

A2+3XX 1:10 1.5 ± 0.1 

 

 

Table 10 - Activity of glucuronidases present in the CEM on different substrates. 

Substrate 
CEM dilution in the 

experiment 
Activity (U/mL) 

Beechwood Xylan 
1:10 3.5 ± 0.1 

1:100 6 ± 1 

Aldouronic Acids 
1:10 2.80 ± 0.06 

1:100 2.30 ± 0.52 
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3.2.3. Determination of the activities from the accessory 

arabinofuranosidases and glucuronidase 

The activities of the arabinofuranosidases and the glucuronidase used as accessory enzymes and the 

activity of these enzymes present on the CEM were assessed in the same conditions as their respective 

hydrolysis experiments. For the non-commercial glucuronidase (GH115) the activity was measured at 

pH 6, 40ºC and 1% of beechwood xylan for 10 minutes. The result for the glucuronidase, with a 

concentration of enzyme of 2 mg/mL, was 0.589 ± 0.007 µmol/(min.mg). For the CEM there was no 

activity of this enzyme detected under the experimental conditions used.  

The four commercial arabinofuranosidases used as accessory enzymes and the CEM were tested at 

40ºC and pH 5, for 10 minutes, with 1% of wheat arabinoxylan as substrate and a concentration of 2 

mg/mL of enzyme. The results are presented in Table 11. This time it was possible to detect some 

activity, albeit low, of the CEM on wheat arabinoxylan. 

 

Table 11 - Results of the activities from the CEM and the four arabinofuranosidases at 40ºC and pH 5. 

Enzyme Activity (U/mg) 

CEM 0.050 ± 0.005 

α-L-arabinofuranosidase (GH43a) 0.78 ± 0.04 

α-L-arabinofuranosidase (GH62) 1.14 ± 0.02 

α-L-arabinofuranosidase (GH43b) 0.85 ± 0.08 

α-L-arabinofuranosidase (GH51) 0.6 ± 0.1 

 

 

3.3. Hydrolysis Experiment with accessory Glucuronidase 

(GH115) 

In this experiment a purified accessory glucuronidase from the glycoside hydrolase (GH) 115 family was 

used to hydrolyse the three biomasses studied, either alone or with the CEM. The experiment was made 

at 40ºC, pH 6 and 1% of biomass. At pH 5, the optimum for the CEM, it was observed that the GH115 

was not stable. A stability test was made by Casper Wilkens (personal communication, June 15, 2016) 

on the GH115 and it was concluded that after 78 hours, at 37ºC and pH 6, the enzyme retains 82% of 

its initial activity. The temperature chosen was also a compromise between the optimums of GH115 and 

the CEM. A dosage of 5 nmol/g DM (0.49 mg/g DM) of GH115 was added to the CEM to make a total 

of 10 mg/g DM of protein added. The GH115 alone was also tested with two concentrations, 5 nmol/g 

DM and 50 nmol/g DM (4.9 mg/g DM). The glucuronic acid released was measured by the Megazyme 

kit. The results from its release over time for the three biomasses are given in Figure 13, Figure 14 and 

Figure 15. 
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Figure 13 - Concentration of glucuronic acid released during the hydrolysis of corn stover with an accessory 

glucuronidase (5 nmol/g DM) together with the CEM and alone (with an enzyme concentration of 5 and 50 nmol/g 
DM) at 40ºC, pH 6 and 1% of biomass. Error bars are the standard deviation of three replicates. 

 

 

Figure 14 - Concentration of glucuronic acid released during the hydrolysis of Miscanthus with an accessory 

glucuronidase (5 nmol/g DM) together with the CEM and alone (with an enzyme concentration of 5 and 50 nmol/g 
DM) at 40ºC, pH 6 and 1% of biomass. Error bars are the standard deviation of three replicates. 

 

 

Figure 15 - Concentration of glucuronic acid released during the hydrolysis of wheat straw with an accessory 

glucuronidase (5 nmol/g DM) together with the CEM and alone (with an enzyme concentration of 5 and 50 nmol/g 
DM) at 40ºC, pH 6 and 1% of biomass. Error bars are the standard deviation of three replicates. 
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Corn stover was the biomass that released more glucuronic acid, followed by wheat straw and 

Miscanthus. Since the amount of glucuronic acid in the biomass is not known, there is no way of knowing 

the percentage of release of this residue and how much was not hydrolysed, so only the amount 

released was measured and assessed.  

For both series where the CEM was added, it is clear that the release of glucuronic acid is much faster 

in the beginning and starts to slow down. This was expected since the substrate starts to run low after 

some time and if there are some left it is probably less accessible. 

It was reported that the incubation of a GH115 glucuronidase with a xylanase increased by 10 fold the 

amount of glucuronic acid released compared with when the enzyme acts alone on spruce 

glucuronoarabinoxylan. The yield for the release of xylose had an increase of 3% when the two enzymes 

are added together compared when only a xylanase was used.22 It can be said that probably these 

enzymes act synergistically, exposing binding sites for one another. However, this study only comprises 

two enzymes which makes it easier to detect a significant change in the release of xylose and glucuronic 

acid when added together compared with when they act alone. The study cannot be compared with the 

present one since it has very different conditions but it suggests that a glucuronidase can be a good 

choice as accessory enzyme in the hydrolysis of hemicelluloses from lignocellulosic biomass. 

For all the three biomasses of the present study, it is observed that there is no release of glucuronic 

acid when the glucuronidase was added alone, even when a higher dosage of enzyme was used. This 

can mean that the substrate is inaccessible since there are no other enzymes degrading the cellulose 

matrix and making biomass more reachable, leading to a low release that may not be detectable. 

Furthermore, the addition of the glucuronidase with the CEM does not seem to increase the release of 

glucuronic acid. One possibility for this observation is that the CEM already has the necessary amount 

of this enzyme’s activity. Since there is no information about the amount of glucuronic acid present in 

the feedstocks, one possibility is that almost all was hydrolysed just by the CEM and that would explain 

why it was not observed an increase when an accessory enzyme was added, even though this does not 

seem likely. It can also be due to the loss of some activity over time. This can happen because of some 

shear stress from the 1250 rpm agitation or the slight loss of stability that enzymes suffer over time, as 

it was observed in the stability test.39,40 However, the milling process turns the biomass into a uniform, 

even though not soluble, slurry that decreases the particle size and helps to avoid the degradation of 

enzymes and the shear stress. The adsorption by lignin is also a possibility but all the enzymes are 

subject to it and there is no reason for it to affect only the glucuronidase although it can compromise the 

hydrolysis in general.41,42 It can also happen that the dosage of glucuronidase was too low to be possible 

to observe an effect by this enzyme. However, by increasing the amount of glucuronidase, the dosage 

of CEM would be decreased which could also affect the general hydrolysis and consequently the 

accessibility of the glucuronidase to its substrate. Further studies could be made to find the dosage that 

would give the higher yield although it is a limited study when the strategy used is the enzyme replacing.  

In corn stover it was observed for the 6h point a higher release of glucuronic acid when the glucuronidase 

was present (Figure 13). However, similar concentrations of released glucuronic acid were measured in 

both CEM series (with and without the glucuronidase) for the next time points. This may suggest that 
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the presence of the glucuronidase makes the hydrolysis faster since it would need less time to reach 

the same final yield. However, further studies are required to asses this theory. 

To better understand if the addition of the glucuronidase lead to the formation of more mono- and 

oligosaccharides due to possible increase of cellulose and hemicellulose accessibility, the reducing 

sugars assay was performed. It was done only for the 72h time point samples to assess the formation 

of other monomeric and oligomeric sugars. To calculate the reducing sugars yield, the total amount of 

sugars present in each biomass was determined by adding the percentage of arabinan, galactan, 

glucan, xylan and mannan and convert it into mass of monosaccharides (since the majority of it is glucan 

and they all have similar molecular weights, the approximation of considering it all glucose was made 

to simplify the calculations). The results are in Figure 16 and it suggests that for corn stover and wheat 

straw there is a slight increase of the reducing sugars yield when the glucuronidase is added. This could 

mean that, for these two biomasses, the addition of the GH115 leads to a slightly extended hydrolysis. 

It could be because, although it was not detectable, there was some more release of glucuronic acid 

that helped both the hemicellulases and cellulases to reach sites that were not accessible, which lead 

to the release of more mono- and oligosaccharides.  

 

 

Figure 16 - Theoretical yield of reducing sugars detected after 72 hours of hydrolysis of corn stover (CS), 

Miscanthus (MS) and wheat straw (WS) with accessory glucuronidase, together with the CEM (5 nmol/g DM) and 
alone (5 and 50 nmol/g DM) at 40ºC, pH 6 and 1% of biomass. Error bars are the standard deviation of three 

replicates. 

 

3.4. Hydrolysis Experiment with accessory Arabinofuranosidases 

The arabinofuranosidases experiment was performed with four different commercial 

arabinofuranosidases. Each one of the four, and all together, were tested as accessory enzymes to 

improve the hydrolysis of the three biomasses with a concentration of 5 nmol/g DM. This corresponds 

to 0.29 mg/g DM for the GH43a, 0.17 mg/g DM for the GH62, 0.30 mg/g DM for the GH43b and 0.31 

mg/g DM for the GH51. The experience was performed at pH 5, 40ºC and 1% of biomass.  

The results for the amount of glucose released from hydrolysis with accessory arabinofuranosidases 

over time were obtained by HPLC. Since the amount of each sugar in the pretreated biomass is known, 

it was possible to calculate the yield. The results for corn stover are represented in Figure 17. For the 

other two biomasses the pattern over time was similar and the graphs are in appendix 6.1. Only the 
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yield obtained in the end was different and the results of glucose for the end point of the experiment for 

the three biomasses are summed up in Figure 18. 

 

Figure 17 - Yield from the release of glucose during hydrolysis of corn stover with arabinofuranosidases and the 
CEM for 72 hours at 40ºC, pH 5 and 1% of biomass. Each accessory enzyme was added at a concentration of 5 

nmol/g DM. Error bars are the standard deviation of three replicates. 

 

 

Figure 18 - Yield from the release of glucose after 72 hours of hydrolysis of corn stover (CS), Miscanthus (MS) 

and wheat straw (WS) with accessory arabinofuranosidases at 40ºC, pH 5 and 1% of biomass. Each accessory 
enzyme was added at a concentration of 5 nmol/g DM. Error bars are the standard deviation of three replicates 
and the series with the same letters are not statistically significant different based on Tukey’s correction test at a 

significance level of 5%. 

 

The results for the release of xylose during hydrolysis of corn stover with accessory 

arabinofuranosidases and the CEM were obtained by HPLC and are represented in Figure 19. Similarly 

to what was verified for the glucose, the other two biomasses followed a similar pattern and their graphs 

are in appendix 6.1. The end points for the three biomasses are represented in Figure 20. 
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Figure 19 - Yield from the release of xylose during hydrolysis of corn stover with accessory arabinofuranosidases 

and the CEM for 72 hours at 40ºC, pH 5 and 1% of biomass. Each accessory enzyme was added at a 
concentration of 5 nmol/g DM. Error bars are the standard deviation of three replicates. 

 

 

Figure 20 - Yield from the release of xylose after 72 hours of hydrolysis of corn stover (CS), Miscanthus (MS) and 

wheat straw (WS) with accessory arabinofuranosidases at 40ºC, pH 5 and 1% of biomass. Each accessory 
enzyme was added at a concentration of 5 nmol/g DM. Error bars are the standard deviation of three replicates 
and the series with the same letters are not statistically significant different based on Tukey’s correction test at a 

significance level of 5%. 

 

It was observed that the biomass that obtained higher yields of release of glucose and xylose, meaning 

that suffered the most extensive hydrolysis, was wheat straw followed by Miscanthus and the lowest 

one was corn stover. 

For both glucose and xylose release, it is clear that the hydrolysis is faster in the beginning and it slows 

down over time. This makes sense since in the starting point of the hydrolysis there are a lot of binding 

sites available for the enzymes while, as the reaction goes on, this spots start to run low due to lack of 

accessibility and shortage of substrate.  

It has been reported that arabinofuranosidases help in the hydrolysis of lignocellulosic materials. One 

study shows that the xylose yield improved 12% with the addition of an arabinofuranosidase on top of 

selected cellulases and xylanases for the 24 hour hydrolysis of AFEX pretreated corn stover.21 This 

study shows that arabinofuranosidases can act synergistically with other lignocellulose degrading 
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enzymes. Again, this study cannot be compared with the present one but it suggests that 

arabinofuranosidases can help in the hydrolysis of hemicelluloses from the lignocellulosic biomasses 

studied. 

In the present experiment, for both glucose and xylose, in each biomass, all the different enzyme 

mixtures gave similar yields. It seems that the addition of each arabinofuranosidase and even all of them 

together does not affect the yield of release of these sugars as was expected. In the bar charts from the 

end point of the experiment it is easier to see the similar results between different enzyme mixtures for 

both sugars and the statistical analysis shows exactly that. When an accessory enzyme is added the 

amount of CEM is lowered and the comparison with the CEM series is not direct because of that. This 

means that the accessory enzymes are at least boosting the hydrolysis in the same extent of the same 

amount of CEM. One possibility is that the CEM already has the activity of these enzymes and the 

addition of more does not improve the yield of glucose or xylose. The dosage of accessory enzymes 

could also be too low to observe an effect on the glucose or xylose yields. However, dosing a higher 

amount could compromise the general hydrolysis.  

The additional activity of arabinofuranosidases added by the accessory enzymes was calculated by 

equation (2), where C represents the concentration (mg/g DM) and Act the activity (U/mg), with the 

activity data from Table 11. The addition of the GH43a resulted in a 41.7% increase of the activity, the 

GH62 in 36.9%, the GH43b in 47.7%, the GH51 in 32.6% and all together in 89.8%. This is an apparent 

activity because the activities involved are from different enzymes with different specificities and it 

probably results from an additive effect. However, it gives an idea of the increase of activity when the 

accessory enzymes were added.  

 

(
𝐶𝑎𝑟𝑎 × 𝐴𝑐𝑡𝑎𝑟𝑎 + 𝐶𝐶𝐸𝑀<10 × 𝐴𝑐𝑡𝐶𝐸𝑀

𝐶𝐶𝐸𝑀 × 𝐴𝑐𝑡𝐶𝐸𝑀

− 1) × 100    (2) 

 

Since the enzymes are all commercial it is known their optimal conditions. At the conditions of the 

experiment they are not all in their pH optimal conditions because when a mixture is made there has to 

be a compromise. This could affect their activity and stability and maybe that is why it is not possible to 

notice an effect on the glucose and xylose yields. 

Arabinose release was also measured by HPLC but only for the end point of the experiment. The results 

for the release of arabinose are presented in Figure 21. The trend between biomasses is the same and 

wheat straw was the one that obtained a higher yield, followed by Miscanthus and corn stover. However, 

the percentage of arabinose released is much lower than the yields obtained for glucose and xylose 

suggesting that there is still a lot of arabinose to be released from the biomass. It was observed before 

that the CEM has some activity of arabinofuranosidases, however the fact that a lot of arabinose is not 

released indicates that this amount is probably not enough to fully digest this residue. The accessory 

enzymes improved the yield to a maximum of 25% on wheat straw which is still low. The dosage could 

be a possible explanation since the increase of activity was always lower than 50% for each enzyme 

added (and lower than 100% for the addition of all) and, considering that the activity was already low, 

maybe a 50% increase, or even 89.8%, is not enough. Another explanation for the lower yields obtained 
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is that some arabinose was removed in the pretreatment and the fraction left in the solids is the most 

recalcitrant one, leading also to the impossibility of hydrolyse all the xylan. 

In the arabinose release, for all the three biomasses, there are two enzyme mixtures that improved the 

yield. One is the addition of GH51 with CEM and the other is the addition of all the four 

arabinofuranosidases. Since the two of them give similar yields, one can conclude that only GH51 is 

improving the yield. Even though the yield of arabinose was improved, the same enzymes did not 

improve glucose or xylose yields as was expected. Maybe because the amount of arabinose that was 

further released is not big enough for an effect to be noticed on the other sugars yields.  

 

 

Figure 21 - Yield from the release of arabinose after 72 hours of hydrolysis of corn stover (CS), Miscanthus (MS) 

and wheat straw (WS) with accessory arabinofuranosidases at 40ºC, pH 5 and 1% of biomass. Each accessory 
enzyme was added at a concentration of 5 nmol/g DM. Error bars are the standard deviation of three replicates 
and the series with the same letters are not statistically significant different based on Tukey’s correction test at a 

significance level of 5%. 

 

3.5. Hydrolysis Experiment with accessory Acetylxylan Esterase, 

Feruloyl Esterase and Arabinofuranosidase 

In this experiment one commercial acetylxylan esterase (AE) and one feruloyl esterase (FE) were 

studied as accessory enzymes with the CEM. The arabinofuranosidase GH51, that was the only enzyme 

that improved the arabinose yield in the previous experiment, was also used in this experiment. The 

purpose was to access its performance when put together with other accessory enzymes, especially the 

feruloyl esterase since the feruloyl acid is linked to arabinose residues. The experiment was carried out 

at 40ºC, pH 5 and a concentration of 1% of biomass. The dosage used for each accessory enzyme was 

the standard 5 nmol/g DM (0.15 mg/g DM for the FE, 0.17 mg/g DM for the AE and 0.31 mg/g DM for 

the GH51) in all the series except one where the three accessory enzymes were added with a 10 nmol/g 

DM concentration (0.29 mg/g DM for FE, 0.34 mg/g DM for AE and 0.62 mg/g DM for GH51). The results 

obtained by HPLC for the glucose release are presented in Figure 22 and for the xylose release in Figure 

23. Since the comparison between the series with accessory enzymes and the ones with only CEM is 
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not direct because the amount of CEM is different, in this experiment it was decided to do a control, 

represented by CEM<10, that corresponds to the lowest amount of CEM added to a mixture in the 

experiment. In this way the comparison is more accurate.  

In this case, the biomass that obtained a higher yield of glucose was corn stover, followed by wheat 

straw and Miscanthus. For the xylose yield, both the corn stover and wheat straw reached similar values 

while Miscanthus was again the lowest one. 

It has been reported that esterases improve the lignocellulose hydrolysis yields. An acetylxylan esterase 

improved the glucose yield by 5.2% and the xylose yield by 10% when added on top of a cellulase 

mixture and a xylanase on the 48 hours hydrolysis of pretreated wheat straw.27 This shows that this 

enzyme acts synergistically with lignocellulose degrading enzymes. However, the accessory enzyme 

was added on top of the other enzymes, meaning that the total enzyme load was enhanced, and it could 

be easier to see an improvement in the yield with this strategy. It can also not be compared with the 

present study since there are so many variables that are different but it is a suggestion that esterases 

could improve the hydrolysis of hemicelluloses present in the biomasses studied. 

In the present experiment, for both of the sugars studied it was showed that, for the three biomasses, 

the yields obtained for different enzyme mixtures are similar and the statistical analysis confirms that. 

This, again, could mean that the CEM already has the necessary activities of these enzymes. The 

enzymes could actually be active and degrading their substrates but their activity or the relative amount 

of the structures they hydrolyse in the biomass is not enough for an effect to be seen in the release 

yields of glucose and xylose.  

The arabinofuranosidase seems to have no effect on glucose or xylose yields when added with the 

esterases. In the results for release of xylose for corn stover (Figure 23) it is possible to see that the 

series with lower amount of CEM is statistically lower than the other series and, even though it was only 

observed for this sugar and biomass, it can mean that the lower amount of CEM that is added when 

accessory enzymes are added can influence the hydrolysis yield. This means that the accessory 

enzymes are in fact helping the release of glucose and xylose but not in a higher extent than the same 

amount of CEM.  

In the previous experiments it was observed that the accessory enzymes did not have an effect on the 

glucose or xylose yields and one possibility was that the dosage was too low so, in this experiment, one 

of the series had all the three accessory enzymes with a doubled dosage. However, it did not show an 

effect either and a more detailed study should be made on the dosage. 

The enzymes are all commercial and at the conditions of the experiment they were not all in their stated 

optimal conditions since when a mixture is made there has to be a compromise. This could affect their 

activity and stability and maybe that is why it is not possible to notice an effect on the glucose and xylose 

yields. 
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Figure 22 - Yield from the release of glucose after 72 hours of hydrolysis of corn stover (CS), Miscanthus (MS) 

and wheat straw (WS) with accessory esterases (FE and AE) and one arabinofuranosidase (GH51) at 40ºC, pH 5 
and 1% of biomass. In every mixture each accessory enzyme has a concentration of 5 nmol/g DM except in the 
purple one where each one has a concentration of 10 nmol/g DM. CEM<10 represents 8.75 mg/g DM of CEM. 
Error bars are the standard deviation of three replicates and the series with the same letters are not statistically 

significant different based on Tukey’s correction test at a significance level of 5%. 

 

 

Figure 23 - Yield from the release of xylose after 72 hours of hydrolysis of corn stover (CS), Miscanthus (MS) and 

wheat straw (WS) with accessory esterases (FE and AE) and one arabinofuranosidase (GH51) at 40ºC, pH 5 and 
1% of biomass. In every mixture each accessory enzyme has a concentration of 5 nmol/g DM except in the purple 
one where each one has a concentration of 10 nmol/g DM. CEM<10 represents 8.75 mg/g DM of CEM. Error bars 

are the standard deviation of three replicates and the series with the same letters are not statistically significant 
different based on Tukey’s correction test at a significance level of 5%. 
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3.6. Hydrolysis Experiment with accessory Chimeric Enzyme 

In this experiment a chimeric enzyme composed by a xylanase, an arabinofuranosidase and a feruloyl 

esterase was tested as an accessory enzyme. The experiment was performed at 40ºC, pH 6 and a 

concentration of 1% of biomass. All the accessory enzymes, each one of the three domains and the 

chimera, were added with a concentration of 10 nmol/g DM (1.19 mg/g DM for the chimera, 0.24 mg/g 

DM for the feruloyl esterase, 0.36 mg/g DM for the arabinofuranosidase and 0.40 mg/g DM for the 

acetylxylan esterase). The chimera stability was previously assed by Casper Wilkens and it was 

concluded that, after 83 hours and at 37ºC and pH 6, 75% of the initial activity remained (personal 

communication, June 15, 2016). The three domains together and the chimera were tested with the CEM 

and the results obtained by HPLC for the glucose release are in Figure 24 and the ones for xylose in 

Figure 25. There were two more enzyme mixtures which were the chimera alone and the 3 domains 

alone but both of them obtained very low results on both glucose and xylose release and they were not 

represented in the graphs.  

The chimera had the main goal of hydrolyse the three residues, feruloyl acid, arabinose and xylose, 

which are linked sequentially in glucuronoarabinoxylan. However, it is probably very difficult for all the 

three components to cleave the respective links at the same time, especially due to accessibility issues. 

It is more likely that they work on one link at a time. 

In the first graph (Figure 24) it can be seen that for corn stover and Miscanthus the glucose yield did not 

change between different enzyme mixtures. For wheat straw it also did not change much but the one 

with the chimera was lower, even though it has a large standard deviation. If the previous theory is 

considered, it can be due to the chimera only working at one link at a time which means that, compared 

with the 3 domains that have three times more enzymes working in three different parts of the substrate, 

it was expected that it obtained lower yields. For xylose (Figure 25), both Miscanthus and wheat straw 

did not show variance between the different mixtures but for corn stover it was observed that the addition 

of both the chimera and the 3 domains to the CEM increased the yield. This could be due to the increase 

of dosage and, even though it was only observed in one biomass, it can mean that this three enzymes, 

linked or separated, are important in the hydrolysis of xylan and can substitute a part of the CEM with 

better results. Further studies are needed to better understand the benefits of the addition of the chimera 

for corn stover hydrolysis. For the other two biomasses, the chimera or the 3 domains did not seem to 

improve the hydrolysis a lot but they could compensate the lack of CEM in their series in most cases, 

which means that they are working in some extent but not better than the CEM.  
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Figure 24 - Yield from the release of glucose after 72 hours of hydrolysis of corn stover (CS), Miscanthus (MS) 

and wheat straw (WS) with accessory chimeric enzyme at 40ºC, pH 6 and 1% of biomass. Each accessory 
enzyme was added at a concentration of 10 nmol/g DM. CEM<10 represents 8.81 mg/g DM of CEM. Error bars 
are the standard deviation of three replicates and the series with the same letters are not statistically significant 

different based on Tukey’s correction test at a significance level of 5%. 

 

 

Figure 25 - Yield from the release of xylose after 72 hours of hydrolysis of corn stover (CS), Miscanthus (MS) and 

wheat straw (WS) with accessory chimeric enzyme at 40ºC, pH 6 and 1% of biomass. Each accessory enzyme 
was added at a concentration of 10 nmol/g DM. CEM<10 represents 8.81 mg/g DM of CEM. Error bars are the 

standard deviation of three replicates and the series with the same letters are not statistically significant different 
based on Tukey’s correction test at a significance level of 5%. 

 

It seems that there are slightly increases in the series with the chimera and the 3 domains so a reducing 

sugar assay was done to assess the total monomeric and oligomeric sugars released. The results are 

presented in Figure 26. As it was observed before, the two series where the accessory enzymes were 

tested alone gave very low reducing sugars yields. For Miscanthus, and for the enzyme mixtures that 

have the CEM, the results are consistent with the ones presented before and the yield of reducing sugars 

did not change much between enzyme mixtures. For wheat straw, the mixture of CEM with the chimera 

led to a lower yield of sugars which has also been observed for glucose. A peculiar observation was 

made which is that for both corn stover and wheat straw the CEM<10 obtained statistically higher yields 

than the one with 10 mg/g DM.  
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Figure 26 - Theoretical yield of reducing sugars detected after 72 hours of hydrolysis of corn stover (CS), 

Miscanthus (MS) and wheat straw (WS) with accessory chimeric enzyme at 40ºC, pH 6 and 1% of biomass. Each 
accessory enzyme was added at a concentration of 10 nmol/g DM. CEM<10 represents 8.81 mg/g DM of CEM. 
Error bars are the standard deviation of three replicates and the series with the same letters are not statistically 

significant different based on Tukey’s correction test at a significance level of 5%. 

 

3.7. Overall Hydrolysis Discussion 

This hydrolysis studies with a CEM and substituted accessory enzymes were performed in the 

expectation that they would remove the hemicelluloses coating the cellulose and left by the pretreatment 

which would led to a higher release of sugars. Since the corn stover, Miscanthus and wheat straw are 

all from the Gramineae family, they have similar hemicelluloses in their composition which are mainly 

glucuronoarabinoxylans.10 This means they have a lot of arabinose and glucuronic acid side groups. 

The first accessory enzyme tested was a glucuronidase, which would cleave off the glucuronic acid 

residues from both the terminal and the middle of polymeric and oligomeric xylan. This enzyme did not 

improve the hydrolysis yields.  

After that, four arabinofuranosidases were tested and there were also no improvements in the glucose 

and xylose yields but one of them showed a higher release of arabinose. 

Other structures can be found in the glucuronoarabinoxylans. Two of the most common are acetyl side 

groups and ferulic acid residues which can be linked by ester bonds to arabinose residues. To remove 

these structures the acetylxylan and feruloyl esterases were also studied. These enzymes are also 

known to degrade some ester bonds from LCC that are most certainly present to some extent in the 

pretreated biomass. Again the experiment showed that the hydrolysis yield was not improved. An 

arabinofuranosidase was also tested combined with the esterases but the same result was observed. 

The final study was performed with a chimeric enzyme that includes a xylanase, an arabinofuranosidase 

and a feruloyl esterase. These enzymes are expected to work synergistically and in this experiment the 

dosage of enzymes was doubled. The esterase removes the ferulic acid residue from the arabinose 

residue, which makes it accessible for the arabinofuranosidase to act and remove it from the xylan chain, 

making it possible for the xylanase to act on the backbone chain. When they are linked together it is 

probably difficult to work at the same time and when they are separated maybe the hydrolysis is faster. 
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The main goal was to assess if by only adding one enzyme it was possible to have three different 

activities and how they work together. There was some slight increases in the sugar yield of corn stover 

but for the other two biomasses there was no statistically relevant improvement.   

The main conclusion was that in this set up and conditions, the accessory enzymes used do not improve 

the hydrolysis yield of this three biomasses. The first reason could be that the CEM used has already 

these enzymes and adding more does not improve the yield further. The enzymes could have also been 

adsorbed to lignin since the major part of it is still in the biomass.41,42 Probably lignin is also coating 

some of the polysaccharides, making part of it inaccessible to enzymes, and is responsible for the 

incomplete hydrolysis that was always observed. In almost all the experiments the Miscanthus’ glucose 

and xylose yields were lower than the ones for corn stover and wheat straw. This may be due to its 

lower content of all the polysaccharides in general and higher content of lignin, when compared with the 

other two biomasses. This difference in the composition could be linked to the fact that Miscanthus is 

greener than the other two which means it is younger and the composition of the cell wall changes with 

the age of the plant. 

The glucose and xylose yields from the CEM hydrolysis of all the experiments were summed up in Table 

12. The chimera experiment had lower values, for all the biomasses and for both of the sugars, 

compared with the other two which was expected since it was made at pH 6 that is not the optimal for 

the CEM. The other two were performed at the same conditions including the optimal pH 5. However 

they present different results and the biomass that obtained a higher yield changed between the two 

experiments. This suggests that the reproducibility of experiments is questionable. A part of the biomass 

is weighed before milling and the fractions taken in each experiment could contain different ratio of stalks 

and leaves which could affect the hydrolysis due to their different content of sugars and recalcitrance. 

However, within each experiment, the triplicates show similar values and low standard deviations which 

indicates that the milling process and pipetting of the slurry worked. 

 

Table 12 - Glucose and xylose yields of corn stover (CS), Miscanthus (MS) and wheat straw (WS) hydrolysis with 

CEM (10 mg/g DM) of the three experiments. The arabinofuranosidases and the esterases experiments were made 
at pH 5 while the chimera was at pH 6. 

Theoretical Glucose Yield (%) Theoretical Xylose Yield (%) 

CS MS WS CS MS WS 

Arabinofuranosidases 62 69 77 51 68 82 

Esterases 81 52 65 65 46 72 

Chimera 58 45 50 45 45 52 

 

 

In all the hydrolysis experiments described before the choice of pH and temperature was a compromise 

since there are more than one enzyme with different optimal conditions. For example, the temperature 

was always 40ºC which is not optimal for the CEM leading to probably lower yields in general. The pH 

used was 5 or 6, depending on the experiment, to be the best fit for all the enzymes but the majority of 

them was working out of its optimal pH, which also influences their activity and stability. The lack of 

optimal conditions could also mean that the loss of activity and stability was faster over time. The dosage 
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of accessory enzyme could also be the reason, even though when a higher amount of enzyme was 

tested in the esterases and the glucuronidase experiments the yields did not improve. Yet if the 

proportion of accessory enzyme is improved too much, the amount of CEM could be too low for the 

general hydrolysis to happen properly. 

The enzymes also lose some activity over time due to shear stress39,40 (although in a low extent since 

its lowered by the milling procedure and the LoBind tubes), unproductive binding or adsorption to lignin. 

In a 72 hour hydrolysis is normal that some activity is lost. In the beginning of the hydrolysis it was 

observed in the arabinofuranosidases experiment that the release of sugars is faster since there is 

substrate available and accessible and in the end it slows down until reaching a maximum. Since the 

yields obtained never reached 90% and the accessory enzymes do not seem to improve them, maybe 

adding the enzymes after the CEM hydrolysis reaches this maximum is beneficial and will help in the 

hydrolysis of the remaining recalcitrant fraction because the enzymes will be more active and maybe 

even have more binding sites exposed.  

Further studies can be done to assess these possibilities and give more answers as well as to find new 

enzymes that could boost the hydrolysis. And even though this specific approach did not give the results 

expected, the idea and set up of the experiments could still be considered. There were a lot of variables 

present in these experiments that can be further investigated. Since the pretreatment is one of the best 

economically and environmentally speaking and the biomasses are also low cost and available it would 

be a great step to find a more economically feasible enzyme mixture.  
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4. Conclusions and Future Prospects 

The present project aimed to improve the efficiency of a CEM on the hydrolysis of lignocellulosic 

biomass by supplementing this mixture with selected accessory enzymes to obtain higher sugar yields 

and a pure lignin fraction. A replacing enzyme strategy was used to add the accessory enzymes to the 

CEM and the three biomasses tested were corn stover, Miscanthus and wheat straw. 

The purified glucuronidase studied was not able to improve the release of glucuronic acid, yet a slight 

increase of the total reducing sugars was observed when the glucuronidase was added. This could 

mean that it is actually helping with the debranching of xylan and consequent release of additional mono- 

and oligosaccharides. The four arabinofuranosidases tested, added individually and all together, did not 

increase the glucose or xylose release yields. However, one of them (GH51) was able to release more 

arabinose than the CEM alone. Two esterases were also tested, arabinoxylan and feruloyl esterases, 

and the glucose and xylose yields were also not improved. The addition of the two esterases and the 

GH51 to the CEM gave the same result, even when the dosage of each enzyme was doubled. Finally a 

chimeric enzyme composed by a xylanase, an arabinofuranosidase and a feruloyl esterase was tested 

and similar results were obtained, except for corn stover that showed a slight increase both on glucose 

and especially on xylose yields. In general, the activities from the enzymes tested could already be 

present in the CEM in the right amount and a higher proportion of this activities do not help the 

degradation of sugars. The enzymes could also not be working properly due to a range of possible 

aspects like lignin adsorption, low dosage or loss of activity over time.  

It was concluded that, using this set up, the hemicellulases used as accessory enzymes did not improve 

the CEM efficiency on the hydrolysis of lignocellulosic materials. Since a complete hydrolysis was not 

observed in any of the experiments, a pure lignin fraction was not obtained either. The 

arabinofuranosidase GH51 could be considered for further studies since it improved the yield of 

arabinose, even though the xylose and glucose yields were not increased.  

Further studies can be made to better understand why it did not work and to continue the search for 

possible ways of improving the efficiency of the enzyme mixture. One way is to test different enzymes 

like glucuronoyl esterases which degrade some LCC links that are probably present in the most 

recalcitrant part of the biomass.16 Enzymes that have resistance to a broad range of both temperature 

and pH can also be investigated in the conditions of the study.43 Testing more than one accessory 

enzyme at the same time and their possible synergistic interactions can also be done, both with the 

enzymes already tested and with others. The addition of the accessory enzyme after the hydrolysis with 

the CEM can be a possibility since the enzymes would be more active when only the most recalcitrant 

part of the biomass is left. In this case the temperature and pH conditions could be different in the two 

parts of the hydrolysis to better fit the optimum of the enzymes acting on each part. The dosage of each 

accessory enzyme and the proportion on the mixture can also be studied with one or more accessory 

enzymes at a time. 

There are a lot of possibilities to be explored due to the broad range of variables present in the 

experiments. The search for a more efficient enzyme mixture can be continued and the setup used has 

some highlights like the milling process which reduces the particle size and the preparation time and 
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that showed good reproducibility due to the low standard deviations of triplicates. The feedstocks used 

are abundant and low cost and the pretreatment is efficient and environmentally friendly, meaning both 

are also good choices for large scale production and should be used in future experiments. 
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6. Appendix 

6.1. Graphs from hydrolysis experiment with accessory 

arabinofuranosidases 

In this section the graphs that were not presented in the results are showed here. In Figure 27 and 

Figure 28 the glucose release yields over time for Miscanthus and wheat straw, respectively, are 

represented. In Figure 29 and Figure 30 the xylose release yields over time for Miscanthus and wheat 

straw, respectively, are represented. 

 

 

Figure 27 - Yield from the release of glucose during hydrolysis of Miscanthus with arabinofuranosidases and the 

CEM for 72 hours at 40ºC, pH 5 and 1% of biomass. Each accessory enzyme was added at a concentration of 5 
nmol/g DM. Error bars are the standard deviation of three replicates. 

 

 

Figure 28 - Yield from the release of glucose during hydrolysis of wheat straw with arabinofuranosidases and the 

CEM for 72 hours at 40ºC, pH 5 and 1% of biomass. Each accessory enzyme was added at a concentration of 5 
nmol/g DM. Error bars are the standard deviation of three replicates. 
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Figure 29 - Yield from the release of xylose during hydrolysis of Miscanthus with arabinofuranosidases and the 

CEM for 72 hours at 40ºC, pH 5 and 1% of biomass. Each accessory enzyme was added at a concentration of 5 
nmol/g DM. Error bars are the standard deviation of three replicates. 

 

 

Figure 30 - Yield from the release of xylose during hydrolysis of wheat straw with arabinofuranosidases and the 

CEM for 72 hours at 40ºC, pH 5 and 1% of biomass. Each accessory enzyme was added at a concentration of 5 
nmol/g DM. Error bars are the standard deviation of three replicates. 

 

6.2. Data and standard curve from activity tests with pNP 

substrates 

The standard curve for the pNP substrates was made with concentrations from 0.05 to 0.5 mM and is 

in Figure 31. The raw data from the activity test in the two pNP substrates, for the CEM dilutions that 

showed values within the standard curve, is in Table 13 and the activity results are in Table 14. The 

calculations for the activity were done based on equation (3) where DF is the dilution factor from the 

CEM dilution and from the assay, t is the time which is 10 minutes and A0 is the absorbance of the blank. 

The final results and correspondent standard deviations are in Table 15. 

 

0

10

20

30

40

50

60

70

80

90

0 20 40 60 80

%
 T

h
eo

re
ti

ca
l X

yl
o

se
 Y

ie
ld

Time (h)

CEM

CEM + GH43a

CEM + GH62

CEM + GH43b

CEM + GH51

CEM + all 4

0

10

20

30

40

50

60

70

80

90

0 20 40 60 80

Th
eo

re
ti

ca
l X

yl
o

se
 Y

ie
ld

 (
%

)

Time (h)

CEM

CEM + GH43a

CEM + GH62

CEM + GH43b

CEM + GH51

CEM + all 4



    55 
 

 

Figure 31 - Standard curve for pNP substrates release. 

 

Table 13 - Results of absorbance at 410 nm from CEM activity tests with pNP substrates. 

Temperature (ºC) 

dilution 37 40 50 

pNP-A 1:1000 0.36 0.40 0.40 0.33 0.34 0.31 0.44 0.43 0.45 

pNP-X 
1:1000 0.59 0.60 0.63 0.62 0.70 0.69 - - - 

1:10000 0.09 - 0.09 0.11 0.11 0.11 0.16 0.16 0.16 

 

 

(𝐴410 − 𝐴0 + 0.008) × 𝐷𝐹𝐶𝐸𝑀 × 𝐷𝐹𝑎𝑠𝑠𝑎𝑦

1.4945 × 𝑡
     (3) 

 

Table 14 - Results of activity (µmol pNP/(min.mL)) from CEM in pNP substrates. 

Temperature (ºC) 

dilution 37 40 50 

pNP-A 1:1000 116.2 157.4 159.7 221.8 229.5 205.2 362.0 350.1 368.3 

pNP-X 
1:1000 554.5 556.7 586.9 580.9 656.7 646.0 - - - 

1:10000 535.0 - 538.0 654.7 641.7 649.7 1223.8 1168.6 1171.6 

 

 

Table 15 - Final results for the activity and correspondent standard deviations from the pNP substrates test. 

 Activity (µmol pNP/(min.mL)) Standard deviation 

Temperature 
(ºC) 

37 40 50 37 40 50 

pNP A 144.4 218.8 360.1 24 12 9 

pNP X 554.2 638.3 1188.0 21 29 31 
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6.3. Data and standard curves from activity tests with different 

substrates 

The standard curve for arabinose was done with concentration from 0.001 to 0.02 mg/mL and is in 

Figure 32. The raw data for the substrates that release arabinose and the correspondent CEM activity 

is in Table 16. The calculations for the activity were done based on equation (4) where DF is the dilution 

factor from the incubation of enzyme with substrate, from the CEM dilution and from the assay, t is the 

time which is 10 minutes, MWara is the molecular weight of arabinose and A0 is the absorbance of the 

blank. The final results and correspondent standard deviations are in Table 17. 

 

 

Figure 32 - Standard curve for arabinose release. 

 

(𝐴
340

− 𝐴0 − 0.0026) × 1000 × 𝐷𝐹𝑖𝑛𝑐 × 𝐷𝐹𝐶𝐸𝑀 × 𝐷𝐹𝑎𝑠𝑠𝑎𝑦

22.335 × 𝑀𝑊𝑎𝑟𝑎 × 𝑡
     (4) 

 

Table 16 - Raw data and results of the activity of CEM on different substrates for arabinose release. 

dilution Absorbance 340nm Activity (µmol/(min.mL)) 

Wheat Arabinoxylan 
01:10 0.37 0.37 0.38 8.4 8.2 8.6 

1:100 0.19 0.18 0.18 16.4 15.5 15.0 

XA2XX/XA3XX 
01:50 0.19 0.19 0.19 9.8 11.0 11.1 

1:100 0.17 - - 12.5 - - 

A2+3XX 01:10 0.17 0.17 0.17 1.6 1.4 1.5 

 

Table 17 - Final results from the CEM activity on different substrates for arabinose release. 

 Activity (µmol/(min.mL)) Standard Deviation 

Wheat Arabinoxylan 
8.4 0.16 

15.6 0.69 

XA2XX/XA3XX 11.1 1.09 

A2+3XX 1.5 0.10 

 

y = 22.335x + 0.0026
R² = 0.9984

0.0000

0.0500

0.1000

0.1500

0.2000

0.2500

0.3000

0.3500

0.4000

0.4500

0 0.005 0.01 0.015 0.02

ab
s 

3
4

0
n

m

conc (mg/mL)



    57 
 

The standard curve for glucuronic acid was done with concentration from 0.003 to 0.4 mM and is in 

Figure 33. The raw data for the substrates that release glucuronic acid and the correspondent CEM 

activity is in Table 18. The calculations for the activity were done based on equation (5) where DF is the 

dilution factor from the incubation of enzyme with substrate, from the CEM dilution and from the assay, 

t is the time which is 10 minutes, and A0 is the absorbance of the blank. The final results and 

correspondent standard deviations are in Table 19. 

 

 

Figure 33 - Standard curve for glucuronic acid release. 

 

(𝐴
340

− 𝐴0 − 0.0056) × 𝐷𝐹𝑖𝑛𝑐 × 𝐷𝐹𝐶𝐸𝑀 × 𝐷𝐹𝑎𝑠𝑠𝑎𝑦

4.127 × 𝑡
     (5) 

 

Table 18 - Raw data and results of the activity of CEM on different substrates for glucuronic acid release. 

dilution Absorbance 340nm Activity (µmol/(min.mL)) 

Beechwood Xylan 
01:10 0.28 0.27 0.27 3.7 3.4 3.5 

1:100 0.18 0.18 0.17 6.4 6.8 4.2 

Aldouronic Acids 
01:10 0.25 0.26 0.25 2.8 2.9 2.8 

1:100 0.18 0.18 0.19 7.5 6.7 7.6 

 

Table 19 - Final results from the CEM activity on different substrates for glucuronic acid release. 

 Activity (µmol/(min.mL)) Standard Deviation 

Beechwood Xylan 
3.5 0.11 

5.8 1.40 

Aldouronic Acids 
2.8 0.06 

7.3 0.52 

 

y = 4.127x + 0.0056
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6.4. Determination of protein concentration and enzyme 

sequences 

The determination of protein concentration was made by the A280 method. After proper dilution of the 

enzyme solutions, 2 µL of each are tested in a special plate and their absorbance is read at 280 nm 

(Holm&Halby, Bioteck, Synergy HT). The concentration is calculated by equation (6), the Lambert-Beer 

Law, and the molar extinction coefficient is calculated by the online tool ProtParam from ExPASy 

(http://web.expasy.org/protparam/) by inserting the enzyme’s sequence presented below. In the 

equation, A is the absorbance that is already corrected to an 𝑙, the path of the light, of 1 cm, c is the 

concentration and ɛ is the molar extinction coefficient.  

 

𝐴280 = ɛ𝑐𝑙     (6) 

 

Arabinofuranosidase GH43a: 

AQYRNPILYADVPDMSVCRAGDYFYMVSTTMHLMPGAPIMRSPDMKHWETISYVFPRIDDGPRYDLLEGTAYGQ

GQWASSIRYHDGKFYVWFTANGAPGRGFVYTATDPAGPWKLLSRPPHFHDGSLLFDDDGRVYLFHSTGQLTEL

KPDLTDVLPGGINQQIFERDADEQGLLEGSSVIKHNGKYYLLMISMDWSIPGRLRREVCYRADKITGPYEKRVILET

EFDGHGGVGQGCIVDGKNGEWYGLIFQDRGGVGRVPCLMPCTWTEDGWPMLGDKDGHIPNDTTLSYMSMDGI

CGSDDFSASGLSLYWQWNHNPVDQAWSLTDRPGFLRLKTSRVVDNLFVAPNTLTQRMVGPKCMGTVSLSLGG

MKDGDRAGLSAFNGDSGVLTIEKNGNKLSLVMSEQKSVFEKTKRAISRVDMTEQARIPLNKELVYLRVEGDFTNG

RDEARFSYSLDGKAWIPVGLPIKMKFDYTRMFMGSKFAIFNYATRSVGGYVDVDSFDYSFCDASM 

 

Arabinofuranosidase GH62: 

QCGLPSTYSWTSTGPLAEPKDGWASLKDFTAVPYNGQYLVYATYHDTGTSWGSMNFGLFSNWSDMATASQNA

MTQSTVAPTLFYFEPKDVWILAYQWGPTAFSYLTSSDPTDANGWSSPQPLFSGSISDSDTGVIDQTVIGDSTTMY

LFFAGDNGRIYRASMPIDQFPGDFGTESEIILSDERNNLFEAVQVYTVSGQSKDTYLMIVEAIGAQGRYFRSFTADS

LGGSWTPQAATESAPFAGKANSGATWTDDISHGDLVRSTPDQTMSIDPCNLQLLYQGRDPSLNPGYDLLPYRPG

LLTLK 

 

Arabinofuranosidase GH43b: 

MTTTITIANPILHGMHPDPSWIWDDDLRQIVLVTSTFELVPGLPIYVSRDMAHWKHVSDAIDEELARRLLIPFVDDSG

GVYAPTLRRIRGKYVIACTIARINGRKAIAEGCSQAELDAAQAAEGNFVLESDSIDGPWRGPFWIEGAEGIDPDIFE

DGDGNVYWTQTRPAVNPQWEGQTEVWTQRINPETWTFVDDGLPAGSGKTVIWRGYGMESVWAEAPHLYRVG

DYVYLMTAEGGTSFEHSEMAMRIYAPHGLLRAFEAYEREASESGECIPQVRDGERCYLGTAIRAFHADKKNPILTH

RHLGLSEPLQCVGHADLLLHPELGWWLVCLGVRETRGKHDGELLSYLGRESFVAPVSWEHNPADWKLDGNGAL

DTHEGDPGWPVTCAGLGRLADEITVTTEDDGITIEPRVKSSLAGDVEPALVDVADGSTNDVVVRDERDVSYRRIA

KLPTLMPIPMSGSLVIRQNSTHYAVFSMHGTDVRYEMVNGDDSQAGSVAVQADGVRPAVLFDDNRLSVIVTGMH

GPVDSATFVRQGQVLLSVDARFLSTEWAGGFVGCMAGFMA 
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Arabinofuranosidase GH51: 

ISLKVSTQGGNSSSPILYGFMFEDINHSGDGGIYGQMLQNPGLQGTAPNLTAWAAVGDATIAIDGDSPLTSAIPSTI

KLNIADDATGAVGLTNEGYWGIPVDGSEFHSSFWIKGDYSGDITVRLVGNYTGTEYGSTTITHTSTADNFTQASVK

FPTTKAPDGNVLYELTVDGSVAAGSSLNFGYLTLFGETYKSRENGLKPQLANVLDDMKGSFLRFPGGNNLEGNS

AENRWKWNETIGDLCDRPGREGTWTYYNTDGLGLHEYFYWCEDLGLVPVLGVWDGFALESGGNTPLTGDALTP

YIDDVLNELEYILGDTSTTYGAWRAANGQEEPWNLTMVEIGNEDMLGGGCESYAERFTAFYDAIHAAYPDLILIAST

SEADCLPESMPEGSWVDYHDYSTPDGLVGQFNYFDNLNRSVPYFIGEYSRWEIDWPNMKGSVAEAVFMIGFER

NSDVVKMAAYAPLLQLINSTQWTPDLIGYTQSPGDIFLSTSYYVQEMFSRNRGDTIKEVTSDSDFGPLYWVASSA

GDSYYVKLANYGSETQDLTVSIPGTSTGKLTVLADSDPDAYNSDTQTLVTPSESTVQASNGTFTFSLPAWAVAVL

AAN 

 

Glucuronidase GH115: 

DNKGITYEELNPERFTLLEKGTPTNILIDENEDQGVMIAATNLSEDFGRVSGTNAPLIFLPDNERLIIVGTLESRYIKE

LTENRKIKGDELKGKNEKYLMTVVDNPLPGVKEALIIAGSDKRGAIYGIYELSEQIGVSPWYDWADVPVKPQQNLSI

ERGSYTADEPAVTYRGIFLNDEAPALTSWVENTYGTKYGDHRFYSRVFELILRLRGNFLWPAMWDWSFYGDDPL

NSKTADTMGIIMGTSHHEPMARNHQEWARNRDKYGVWDYTSNQEVIDQFFREGIERVKDTDDLITIGMRGDGDT

PMGVKEGEDHLFVPSDEDNMRLLERIIKNQREIIGDVTGESPEKTPQVWAIYKEVQRYFDLGLRPPEDVIILLSDDN

WGNVRRLPTEEERDHPGGWGMYYHFDYVGAPRSSKWLNISPIQNIWEQMQLTYDYGVDELWVANVGDLKPME

YPITLFLDMAWDPTRFNAENLLDHTRSFAAQQFGEDQADEAARIINLYSKYNGRVTPEMLDRNTYNLESGEWKKV

SDEYIKLEAEALRQYLTLEPEQRDAYKQLILYPVQAMANLYEMYYSQAMNHKLYRENNPMANYWADRVEETFNR

DAELSHDYNKVMANGKWDGMMTQKKIGYRSWNDNFPADTLPQIFRIENPEEATGGYVFTARDGVVVIEAEHYFE

AKDAEEAKWTVIPYMGRTLSSIALMPYTKEVEGASLSYRMQIPDEVSEVKVHVVVKSTLPFHDPKGHEYRVGFEG

GSKEIVNFNWNLNEEPENIYSVFYPTVASRVVKKDVTLDLHDTDDGFYTLTLEPLDPGIVFQKIVVDFGGYEESRLF

MEESPNKRIESR 

 

Chimeric Enzyme: 

EDFKPTSTNQPGRQYPQVNSEGRVRARIEAPQAHTVLLDIGGVRYPMTQGEDGAWIGDSRPQDEGFHYYQLVID

GARVPDPGSLYFFGANRWGSGVEVPAHDQDFYAIKDVPHGRVQKILFPSGSTSTIRRAFVYTPPDYGKDLSKRYP

VLYLQHGWGEDETGWANQGRVNLIMDNLIAEGKARPFIIVMTYGMTNEIRFGGIREFDIRPFQTVLVDELIPYIDAN

FRTRSDQPHRAMAGLSMGGMETRLITMNNLDLFSHIGLFSGGTISASDITDRDVFKQKIKLVFVSCGSRENPGRFR

PAVDSLQQAGISAVSYVSPDTAHEWQTWRRSFYQFAQLLFQDQPVAAVPARTEAVTNPADAAAAAEKQPTLKVP

FETPLKWISSDVLIRPVSDERHNIVSIKDPTIVRYNDLWHVYATVYSTTARTWTMAYLNFKDWSDAPNAKLHFVDE

NPNLRGYKCAPHLFYFTPHEKWYLVFQSQPPQYCTTDDISKPETWSAPQNFFDRMPASMPRLPIDYHVICDDTHA

YLFFTGDDGNFYRSRTRIEDFPKGMSDPEIAIRDHRNNLFEGSITYKIKGTDLYLTLIEALSPARYYRAWISDRLDGQ

WIPVPGADSWNSPFAGINNVRFADGVEPWTRDISHGELIRDGYDEKMILDLDNLQFLYQGRAVDSGGRYELLPYQ

LGLLTLDRPQSVKDDAQMTASDTELPALKEVFEDYFLIGGAFNRNLVMGRDPQAAEIAIKHYNTATSENDMKWSLI

HPQPGQYNWEPADRFIEFCETHHMAPIGHALVWHSQVPRWVFSDESGNPLSREALLARMKEHITAVVGRYKGRI

KGWDVVNEALNDNGTLRNSQWLRIIGEGKPEQQYDHIAKAFEYAHAADPDVELYYNDYNLSTSRAKADGAAAIVR

HLQSKGIRIDGVGMQMHAGLTWPEVDDLEYAIKTLSATGVKVMVTELDIRTRTRGPHGAEITQINRRTTDDPESAL

AEIQQKLADKYAEIFSVLVKHKDIIPRVTFWGVYDATSWIGGSPLLFDSHYEPKQAFHAVVRVVQEKK 

 

  



    60 
 

Feruloyl esterase CE1: 

STSTIRRAFVYTPPDYGKDLSKRYPVLYLQHGWGEDETGWANQGRVNLIMDNLIAEGKARPFIIVMTYGMTNEIRF

GGIREFDIRPFQTVLVDELIPYIDANFRTRSDQPHRAMAGLSMGGMETRLITMNNLDLFSHIGLFSGGTISASDITDR

DVFKQKIKLVFVSCGSRENPGRFRPAVDSLQQAGISAVSYVSPDTAHEWQTWRRSFYQFAQLLFQ 

 

Arabinofuranosidase GH62: 

TPLKWISSDVLIRPVSDERHNIVSIKDPTIVRYNDLWHVYATVYSTTARTWTMAYLNFKDWSDAPNAKLHFVDENP

NLRGYKCAPHLFYFTPHEKWYLVFQSQPPQYCTTDDISKPETWSAPQNFFDRMPASMPRLPIDYHVICDDTHAYL

FFTGDDGNFYRSRTRIEDFPKGMSDPEIAIRDHRNNLFEGSITYKIKGTDLYLTLIEALSPARYYRAWISDRLDGQWI

PVPGADSWNSPFAGINNVRFADGVEPWTRDISHGELIRDGYDEKMILDLDNLQFLYQGRAVDSGGRYELLPYQL

GLLTLDR 

 

Xylanase GH10: 

TASDTELPALKEVFEDYFLIGGAFNRNLVMGRDPQAAEIAIKHYNTATSENDMKWSLIHPQPGQYNWEPADRFIEF

CETHHMAPIGHALVWHSQVPRWVFSDESGNPLSREALLARMKEHITAVVGRYKGRIKGWDVVNEALNDNGTLRN

SQWLRIIGEGKPEQQYDHIAKAFEYAHAADPDVELYYNDYNLSTSRAKADGAAAIVRHLQSKGIRIDGVGMQMHA

GLTWPEVDDLEYAIKTLSATGVKVMVTELDIRTRTRGPHGAEITQINRRTTDDPESALAEIQQKLADKYAEIFSVLVK

HKDIIPRVTFWGVYDATSWIGGSPLLFDSHYEPKQAFHAVVRVVQEKK 

 

Acetylxylan esterase: 

KPHAKPDPNFHIYLALGQSNMEGQGNVEAQDRVEDKRFKLISTADECMGRELGEWYPALPPIVNCYGNLGPVDY

FGRTLTKKLPKEVKVGVCAVAVAGCDIQLFEEENYKSYEIPDWMQGRIDHYGGNPFRRLVNIAKKAQKAGVIKGIL

LHQGETNNGQEDWPKRIKVVYERLLKELNLKAEEVPLLAGEVVREEYEGMCSLHNTVIKKLPEVIPTAHVISAEGL

DDGGDDLHFSSASYRILGERYADKMLELLKKPAKPADKPQKPQKPAKSEDEQVVSDVEAADEVDSADEE 

 

Feruloyl esterase: 

ASLPTMPPSGYDQVRNGVPRGQVVNISYFSTATNSTRPARVYLPPGYSKDKKYSVLYLLHGIGGSENDWFEGGG

RANVIADNLIAEGKIKPLIIVTPNTNAAGPGIADGYEFTKDLLNSLIPYIESNYSVYTDREHRAIAGLSMGGGQSFNIG

LTNLDKFAYIGPISAAPNTYPNERLFPDGGKAAREKLKLLFIACGTNDSLIGFGQRVHEYCVANNINHVYWLIQGGG

HDFNVWKPGLWNFLQMADEAGLTRDGNTPVPTPSPKPANTRIEAEDYDGINSSSIEIIGVPPEGGRGIGYITSGDY

LVYKSIDFGNGATSFKAKVANANTSNIELRLNGPNGTLIGTLSVKSTGDWNTYEEQTCSISKVTGINDLYLVFKGPV

NIDWFTFGVESSSTGLGDLNGDGNINSSDLQALKRHLLGISPLTGEALLRADVNRSGKVDSTDYSVLKRYILRIITEF

PGQGDVQTPNPSVTPTQTPIPTISGNALRDYAEARGIKIGTCVNYPFYNNSDPTYNSILQREFSMVVCENEMKFDA

LQPRQNVFDFSKGDQLLAFAERNGMQMRGHTLIWHNQNPSWLTNGNWNRDSLLAVMKNHITTVMTHYKGKIVE

WDVANECMDDSGNGLRSSIWRNVIGQDYLDYAFRYAREADPDALLFYNDYNIEDLGPKSNAVFNMIKSMKERGV

PIDGVGFQCHFINGMSPEYLASIDQNIKRYAEIGVIVSFTEIDIRIPQSENPATAFQVQANNYKELMKICLANPNCNTF

VMWGFTDKYTWIPGTFPGYGNPLIYDSNYNPKPAYNAIKEALMGY 

 


