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RESUMO 

Melhoria genética de Saccharomyces cerevisiae industriais: bioprocessamento 

consolidado e produtos de valor acrescentado para uma biorrefinaria lenhocelulósica 

avançada 

 

Nos últimos anos a produção biotecnológica de biocombustíveis e outros químicos a partir de 

biomassa renovável apareceu como uma alternativa para a economia baseada em petróleo. No entanto, 

a implementação de biorrefinarias sustentáveis e economicamente viáveis está dependente de acoplar a 

produção de bioenergia à de químicos de valor acrescentado. Com este propósito, o Departamento de 

Energia dos US identificou um grupo de compostos alvo para serem produzidos a partir de carboidratos 

de biorrefinaria. Entre eles, o 5-hidroximetilfurfural (HMF) é uma molécula altamente versátil que pode 

ser obtida através da desidratação de hexoses presentes na biomassa e pode ser convertido 

posteriormente a uma vasta gama de compostos de valor mais elevado. O bioetanol é um dos 

biocombustíveis mais proeminentes e também foi considerado um dos principais químicos a ser obtido 

a partir de biomassa. Saccharomyces cerevisiae, o microrganismo mais usado na produção de bioetanol, 

tem sido extensivamente explorado para a utilização de biomassas renováveis. Considerando isto, e 

tirando partido das características robustas das estirpes industriais de S. cerevisiae e das estratégias 

avançadas de edição de genoma, este trabalho focou-se no desenvolvimento de estirpes recombinantes 

para melhorar a produção de bioetanol, assim como na exploração destas estirpes industriais para a 

produção de derivados de HMF. Com isto em mente, a presente tese resultou em: (1) uma estirpe capaz 

de consumir xilose e de atingir rendimentos elevados de etanol a partir da xilose presente em hidrolisados 

hemicelulósicos não destoxificados, (2) uma estirpe hemicelulolítica capaz de consumir xilose e que 

resultou na concentração mais alta de etanol a ser reportada a partir de bioprocessamento consolidado 

de licores hemicelulósicos usando S. cerevisiae, (3) uma estirpe celulolítica capaz de consumir lactose e 

de produzir concentrações altas de etanol (> 50 g/L) a partir de uma mistura de caroço de milho pré-

tratado e de soro de queijo, usando concentrações baixas de celulases comerciais, e (4) o 

estabelecimento de estirpes selvagens de S. cerevisiae como possíveis biocatalisadores para a conversão 

de HMF em ácido 5-hidroximetil-furano-2-carboxílico (HMFCA), e possivelmente em outros derivados de 

HMF através de estratégias de engenharia genética. Em conjunto, estes resultados suportam a 

idealização de uma biorrefinaria economicamente viável focada na produção de bioetanol e derivados de 

HMF com valor acrescentado, usando S. cerevisiae como plataforma celular, e contribuindo para o 

estabelecimento de uma bioeconomia.  

 

Palavras-chave: Bioetanol; Biomassa lenhocelulósica; Biorrefinaria; Engenharia genética; 

Saccharomyces cerevisiae industriais.  
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ABSTRACT 

Genetic improvement of industrial Saccharomyces cerevisiae: consolidated 

bioprocessing and value-added products for an advanced lignocellulosic biorefinery 

 

In the last years the biotechnological manufacturing of biofuels and other chemicals from 

renewable biomasses has appeared as an alternative to the petroleum-based economy. Nonetheless, the 

implementation of cost-effective and sustainable biorefineries is dependent of coupling the production of 

bioenergy with high value chemicals. For this purpose, the US Department of Energy identified a group 

of key target compounds to be produced from biorefinery carbohydrates. Among them 5-

hydroxymethylfurfural (HMF) is a highly versatile molecule, that can be obtained by dehydration of the 

hexoses present on biomass and can be further converted into a wide range of higher value compounds. 

Bioethanol is one of the most prominent biofuels and has also been considered one of the top chemicals 

to be obtained from biomass. Saccharomyces cerevisiae, the preferred microorganism for bioethanol 

production, has been extensively explored for the use of renewable biomasses. Considering these and 

taking advantage of the robust characteristics of industrial S. cerevisiae strains and of advanced genome-

editing strategies, this work focused on the development of recombinant strains for improved bioethanol 

production, as well as on the exploitation of these industrial strains for the production of HMF-derivatives. 

With this in mind, the present thesis resulted in: (1) a xylose-consuming strain capable of attaining high 

ethanol yields from the xylose present in a non-detoxified hemicellulosic hydrolysate, (2) a xylose-

consuming hemicellulolytic strain which resulted in the highest ethanol titer reported from a consolidated 

bioprocessing of hemicellulosic liquors by S. cerevisiae, (3) a lactose-consuming cellulolytic strain, 

capable of producing high ethanol titers (> 50 g/L) from a mixture of pretreated corn cob and cheese 

whey using low quantities of commercial cellulases, and (4) the establishment of wild-type S. cerevisiae 

as a possible biocatalyst for the conversion of HMF into 5‐hydroxymethyl‐furan‐2‐carboxylic acid 

(HMFCA), and possibly into other HMF-derivatives through genetic engineering strategies. Altogether, 

these results support the idealization of an economical viable biorefinery focused on the production of 

bioethanol and high value HMF-derivatives, using S. cerevisiae as a cell factory platform, and contributing 

to the establishment of a bio-based economy. 

 

Keywords: Bioethanol; Biorefinery; Genetic engineering; Industrial Saccharomyces cerevisiae; 

Lignocellulosic biomass. 
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MOTIVATION 

The progressive depletion of fossil fuels reserves, and the high levels of pollution resultant of its 

excessive consumption created a pressing necessity to establish a bioeconomy, based in renewable 

biological resources. Considering this the European Union released several Directives dealing with 

renewable energy. The Renewable Energy Directive 2009/28/EC (RED) defined an objective of 20 % of 

renewable energy sources (including biofuels) in final energy consumption by 2020. Afterwards, the 

Directive (EU) 2015/1513 appeared to regulate the use of land for biofuels production, limiting the 

contribution of first generation fuels (produced from food crops such as corn, wheat, sugarcane, etc.). 

More recently, the Renewable Energy Directive II (RED II, Directive 2018/2001) was launched, promoting 

the use of renewable energy and alternative fuels for the period from 2021 to 2030, aiming at an objective 

of 32 % of renewable sources in the final energy consumption by 2030, with a target of 14 % in the 

transportation sector. This directive especially encourages second generation biofuels, i.e., made from 

forestry and agricultural residues, wastes, and by-products.  

At least one thousand million tons of lignocellulosic residues are expected to be produced yearly in 

Europe by 2030, including agricultural and forestry residues, biowastes and energy crops (S2BIOM 

project, www.s2biom.eu). To put this into perspective, it is estimated that a maximum of 476 million tons 

of nonfood biomass is required to fulfil the needs of all biorefining industry in Europe by 2030 (S2BIOM 

project). With the sustainability of biomass supply assured, the successful establishment of biorefineries 

passes by the advancement of conversion technologies, especially considering that the economic viability 

of biorefineries may be greatly improved by the conversion of biomass into value-added compounds in 

addition to the production of biofuels. 

Bioethanol is a promising renewable fuel, with the potential to substitute petroleum-based fuels in 

the transport sector. In fact, the use of ethanol in gasoline only in the year of 2016 reduced greenhouse 

gas emissions by 43.5 million metric tons in the United States (Renewable Fuels Association). In Europe, 

bioethanol has an annual production of ca. 4.8 thousand million liters (European Biomass Industry 

Association), however less than 1 % is produced from lignocellulosic feedstocks.  Lignocellulosic biomass 

can also be a source for the production of high value products such as polymers, plastics, chemical 

building blocks, lubricants, solvents and surfactants. The market for these bio-based products is estimated 

to develop from 40 billion euros in 2020 to up to 50 billion euros by 2030 (S2BIOM project). However, 

their production in Europe is still primarily based upon oil, sugar and starch sources. 

To accomplish the European Union bioeconomy goals, the development of economical attractive 

biorefinery processes is vital. This thesis aims to contribute to the intensification of the ethanol-conversion 
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processes by enabling effective pentose sugar consumption, by decreasing enzyme cost through the 

development of consolidated processes and by co-producing high-value compounds, focusing on the yeast 

Saccharomyces cerevisiae - the preferred microorganism for bioethanol production.  

Considering that 5-hydroxymethylfurfural (HMF) is a versatile platform chemical that can be 

obtained from lignocellulosic biomass and taking advantage of the robust trait of industrial S. cerevisiae 

strains, the purpose of this thesis is the development of an integrated approach for a lignocellulosic 

biorefinery through the genetic engineering of S. cerevisiae strains for the production of bioethanol and 

value-added HMF-derivatives. To achieve this goal this thesis is mainly focused on:  

(1) increase the efficiency of xylose conversion into ethanol;  

(2) develop hemicellulolytic and cellulolytic strains to reduce the costs with exogenous hydrolytic 

enzymes; 

(3) exploit the heterogeneity of industrial S. cerevisiae strains for the production of oxidized HMF-

derivatives. 
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OUTLINE OF THE THESIS 

The research to develop this thesis was mainly undertaken at CEB – Centre of Biological 

Engineering, University of Minho (Braga, Portugal) under the supervision of Professor Lucília Domingues 

and Doctor Aloia Romaní. The outcomes were organized in the following chapters: 

Chapter I comprises a comprehensive review of second generation bioethanol processes, with 

main focus on the yeast S. cerevisiae and genetic engineering strategies. Furthermore, the chapter also 

addresses the current developments on whole cell biocatalysis of HMF, envisioning further valorization of 

lignocellulosic biomass.  

Chapter II presents a comparison of oxidoreductase and/or isomerase xylose consumption 

pathways in S. cerevisiae for efficient ethanol production from lignocellulosic-derived hydrolysates.  

Chapter III focus on the development of hemicellulolytic S. cerevisiae strains capable of xylose 

consumption, through cell-surface display of enzymes, envisioning a consolidated bioprocessing for 

ethanol production from hemicellulose. The genetic engineering of yeast for the cell-surface display of 

hemicellulolytic enzymes was performed by the author during a period abroad at Professor Akihiko Kondo 

research group at Kobe University (Kobe, Japan).  

Chapter IV explores the cell surface engineering approach to develop lactose-consuming 

cellulolytic S. cerevisiae strains that allow ethanol production in a multi-feedstock process – using corn 

cob and cheese whey – with the addition of a low amount of commercial cellulase. The genetic 

engineering of yeast for the cell-surface display of cellulolytic enzymes was performed by the author during 

a period abroad at Professor Akihiko Kondo research group at Kobe University (Kobe, Japan). Doctor 

Daniel Gomes (CEB, University of Minho) performed the techno-economic analysis of the process. 

In Chapter V, industrial S. cerevisiae strains are exploited as possible whole cell biocatalysts for 

the conversion of HMF into high value derivatives. Also, genetic modifications are performed to attain 

different HMF-derivatives and increase their yield. 

Finally, Chapter VI presents the main conclusions, highlighting the contributions of this thesis for 

the development of economically viable biorefineries, including some future perspectives in the subject. 
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CHAPTER I 

General introduction 
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1.1. DEVELOPMENT OF BIOREFINERIES TOWARDS A BIO-BASED ECONOMY 

The world faces the progressive depletion of the fossil fuels reserves, with its excessive 

consumption leading to an increase in the emission of greenhouse gases and to climate changes 

promoted by global warming. These, allied with the growing demand for energy for transportation, heating, 

industrial processes, among others, highlights the necessity to transition from a petroleum-based towards 

a bio-based economy. This bioeconomy is based on the biorefinery concept, defined as “the sustainable 

processing of biomass into a spectrum of marketable products (food, feed, materials, chemicals) and 

energy (fuels, power, heat)” (de Jong et al., 2012).  

Biorefineries have been mostly conceptualized around energy and biofuels. Their production has 

been classified into four different generations, based on the feedstock used: (1) first generation, using 

food crops, such as grains and sugarcane, (2) second generation which uses lignocellulosic biomass, 

such as forest and agricultural residues, (3) third generation, using algal biomass, and (4) fourth 

generation, which uses genetically engineered feedstocks, modified for increased CO2 uptake (Kumar et 

al., 2020). More recently, process integration and conversion of all fractions of the biomasses into value-

added products has been recognized as key elements for a profitable biorefinery operation. This 

encompasses the two main goals of a biorefinery: (1) the energetic goal, focusing on the replacement of 

petroleum by renewable carbons for fuel production, and (2) the economic goal, directing efforts towards 

the efficient production of bio-based chemicals providing the financial incentive to maintain and expand 

the biorefining industry. 

Aiming at the economic viability of biorefineries, Bozel and Petersen suggested that the 

manufacture of low value biofuels should be supplemented with the production of high value bio-based 

chemicals (Bozell & Petersen, 2010). They also presented an updated list of bio-based products 

opportunities from renewable carbohydrates, based on the one published by the US Department of Energy 

in 2004 (Werpy & Petersen, 2004), which consists of ethanol, furans (5-hydroxymethylfurfural, furfural 

and 2,5-furandicarboxylic acid), glycerol and derivatives, biohydrocarbons (isoprene), organic acids (lactic, 

succinic, levulinic and 3-hydroxypropanoic acids) and sugar alcohols (xylitol and sorbitol). This selection 

was made considering the type of raw material, production costs, sales prices and availability of processes 

and technologies. Considering that the conversion of renewable carbon into chemicals is the more 

challenging and least developed step of all biorefinery operations, there is an urgent necessity to identify 

and develop microbial catalysts for an efficient production of biofuels (e.g., bioethanol), as well as other 

top value compounds from renewable biomass.  
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1.2. SECOND GENERATION BIOETHANOL WITH Saccharomyces cerevisiae  

Lignocellulosic biomass, being an abundant and renewable raw material, has appeared as a 

sustainable bio-source for the production of fuels and chemicals (Budzianowski, 2017; Lian et al., 2018). 

Energy crops, agricultural residues and forest biomass and wastes are examples of sources of 

lignocellulosic biomass, which, unlike the feedstocks used in first generation processes, do not compete 

with the food and feed industries (Kumar et al., 2009; Limayem & Ricke, 2012). Lignocellulose presents 

a rigid and complex polymeric structure, mainly comprised of cellulose (C6 sugars), hemicellulose 

(mixture of C6 and C5 sugars) and lignin. Lignin is a complex and highly branched polyphenolic polymer 

mainly present in the cell wall of hard- and softwoods, providing rigidity to the plants. The cellulosic and 

hemicellulosic fractions comprise the main carbon sources for the production of biofuels and value-added 

products (Gírio et al., 2010). Cellulose is a homopolymer of D-glucose (β-1,4-linked) and can represent 

up to 70 % of the total lignocellulosic biomass (Zhao et al., 2012). Its crystalline matrix structure, due to 

the extensive hydrogen bonds between glucose molecules, makes it resistant to depolymerization and 

insoluble in water (Mosier et al., 2005). On the other hand, hemicellulose is a heteropolymer of short, 

linear and branched chains of several monomers, including hexoses (glucose, galactose and mannose) 

and pentoses (xylose and arabinose). The backbone of hemicellulose is mainly composed of xylan (β-1,4-

linked xylose residues), which may represent up to 50 % of the composition in hardwoods and agricultural 

residues (Gírio et al., 2010). The content of each fraction and the structural arrangement between those 

fractions may vary with the source of the biomass (hardwoods, softwoods and/or agricultural residues), 

and with that, the accessibility to monomer sugars will also differ (Zabed et al., 2016). 

Bioethanol was considered one of the top value chemicals to be obtained from biomass (Bozell & 

Petersen, 2010) and, besides its value as a biofuel, its importance for the formulation of hydro-alcoholic 

gel, sanitizers and other disinfectants gained increased attention in response to the 2020 Covid-19 

pandemic. Bioethanol production from lignocellulosic biomass (second generation bioethanol) requires 

the following main steps: (1) pretreatment to break the recalcitrant structure of lignocellulose, (2) 

hydrolysis of cellulose and hemicellulose into fermentable sugars, (3) microbial fermentation for the 

production of ethanol and (4) distillation (Sánchez & Cardona, 2008; Figure 1.1). 

Pretreatment of lignocellulosic biomass is required to disrupt lignin-cellulose-hemicellulose 

complexes, which results in the decrease of the cellulose crystallinity and increase of the surface area 

and porosity of the biomass for accessibility of the hydrolytic enzymes. This step includes acid-based, 

hydrothermal, chemical and oxidative methods or the use of solvents, and often results in the production 

of inhibitory compounds (Chandel et al., 2018; Cunha et al., 2019a; Jönsson & Martín, 2016; Zabed et 
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al., 2016). Hydrothermal pretreatment is a very promising technology for the processing of lignocellulosic 

biomass: as it only requires water and heat it is considered safer (e.g., reduced equipment corrosion) and 

more environment friendly (no chemicals are required) than other pretreatment methods (Ruiz et al., 

2020). During the process, hemicellulose is solubilized, and the elevated temperatures under pressure 

cause its deacetylation, with the liberated acetic acid acting as a catalyst to potentiate the reactions 

(Pedersen & Meyer, 2010). The whole slurry resulting of the treatment is composed of a liquid fraction, 

containing mainly solubilized hemicellulose, and a solid fraction containing cellulose and lignin (Figure 

1.1). In this sense hydrothermal pretreatment is a fractionation process that enables a lignocellulosic 

biorefinery, as well as a method to increase biomass susceptibility to hydrolysis. 

 

Figure 1.1. Process of second generation bioethanol production using hydrothermal pretreatment. SSF: 

simultaneous saccharification and fermentation, i.e., hydrolysis and fermentation of the cellulose fraction in the 

same vessel with external addition of enzymes. SSCF: simultaneous saccharification and co-fermentation, i.e., 

hydrolysis and co-fermentation of pentoses and hexoses in the same vessel with external addition of enzymes. 

CBP: consolidated bioprocessing, i.e., hydrolysis, fermentation and enzyme production in the same vessel. 

It should be noted that during the pretreatment, toxic compounds accumulate in the hemicellulosic 

fraction (liquid phase), in concentrations dependent of treatment severity. These inhibitory compounds 

are weak acids, furans and phenolic compounds, which are inhibitors of the subsequent saccharification 

and fermentation steps (Modenbach & Nokes, 2012). Acetic acid is the most abundant weak acid in 

lignocellulosic hydrolysates and is present due to the deacetylation of acetyl groups linked to the main 

chain of hemicellulose. Other weak acids, such as formic and levulinic acids, can also be present in 

hydrolysates resulting from furan compounds degradation. Furfural and 5-hydroxymethylfurfural (HMF) 

are produced by dehydration of pentoses and hexoses, respectively. On the other hand, phenolic 

compounds (such as syringic acid, vanillin, ferulic acid, vanillic acid and coumaric acid) are produced by 

depolymerization of lignin. The amount of inhibitory compounds in the lignocellulosic hydrolysates is 

dependent on lignocellulosic source (e.g., agricultural residues, hardwoods or softwoods), the selected 
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pretreatment (hydrothermal treatment, diluted acid treatment, alkali treatment) and operational 

conditions (solid loading of lignocellulosic biomass, temperature, time, percentage of catalyst) 

(Domínguez et al., 2017; Ko et al., 2015; Modenbach & Nokes, 2012). Additionally, the concentration of 

hemicellulose derived sugars (xylose and xylooligosaccharides) can also vary depending on raw material 

and pretreatment selected for the processing of lignocellulosic biomass (Costa et al., 2017).  

In order to obtain fermentable sugars, the solid (rich in cellulose) and liquid (rich in hemicellulose) 

fractions resulting of pretreatment should be submitted to a saccharification process, normally performed 

by the addition of acid catalysts or enzymes. The major drawbacks when applying acid hydrolysis are the 

production of inhibitors through degradation of sugars and the recovery or neutralization of the acids prior 

to the fermentation process (Gírio et al., 2010; Zabed et al., 2016). The use of hydrolytic enzymes 

presents key aspects such as specificity to the substrate, requirement of milder conditions and generation 

of minimum inhibitors that render enzymatic hydrolysis as a most promising and effective process. On 

the other hand, enzymes costs and hydrolysis yields lower than theoretical values are the main holdups 

associated with enzymatic hydrolysis (Koppram et al., 2014; Zabed et al., 2016). 

Enzymatic hydrolysis of cellulose requires three major types of enzymatic activity: endoglucanases 

(EG), cellobiohydrolases I and II (CBH1 and CBH2) and β-glucosidases (BGL1) (Figure 1.2; Zhang & Lynd, 

2004). EG acts in the amorphous regions of cellulose generating free chain ends; then cellobiohydrolases 

hydrolyze the reducing (CBH1) and non-reducing (CBH2) ends of cellulose, releasing cellobiose and small 

cello-oligosaccharides, which are further converted into glucose by BGL1. In the case of hemicellulose, 

its xylan backbone is hydrolyzed by the action of two main enzymes: endo-1,4-β-xylanase (XYN) that 

cleaves the xylosyl backbone releasing short xylooligosaccharides (XOS), which are then hydrolyzed into 

xylose by 1,4-β-xylosidase (XYL) (Figure 1.2; Malgas et al., 2019). Due to its heterogeneous nature, 

several accessory enzymes are required to completely depolymerize hemicellulose. Enzymes such as, 

acetyl xylan esterase, α-D-galactosidase, α-L-arabinofuranosidase, feruloyl xylan esterase and α-D-

glucuronidase, are required to degrade the side chains acetyl group, D-galactose, L-arabinose, ferulic acid 

and 4-o-methyl-d-glucuronic acid, respectively (Juturu & Wu, 2013). 
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Figure 1.2. Representation of the enzymatic hydrolysis of cellulose (left) and hemicellulose (right). EG: 

endoglucanase. CBH1: cellobiohydrolase I. CBH2: cellobiohydrolase II. BGL1: β-glucosidase. XYN: endo-1,4-β-

xylanase. XYL: 1,4-β-xylosidase. 

Different approaches may be followed in the process of bioethanol production from pretreated 

lignocellulosic biomass (Figure 1.1). The most common method is separate hydrolysis and fermentation 

(SHF), where hydrolysis and fermentation occur sequentially in different reactors. While allowing for a 

separate optimization of each step, this configuration results in lower product yield, higher chances of 

contamination and increased processing times. To alleviate these difficulties different integration 

approaches are being pursued for commercial production of second generation bioethanol (Figure 1.1). 

Simultaneous saccharification and fermentation (SSF) combines the enzymatic hydrolysis and ethanol 

fermentation in a single step (Olofsson et al., 2008). When the whole slurry (both cellulosic and 

hemicellulosic fractions) is used to produce ethanol, the process is named simultaneous saccharification 

and co-fermentation (SSCF) and requires the utilization of a xylose-fermenting microorganism. In these 

processes, the sugar released by the action of the hydrolytic enzymes is readily converted into ethanol by 

the fermenting microorganism, reducing the risk of contamination and also eliminating the end-product 

inhibition of the saccharification enzymes (Olofsson et al., 2008). Furthermore, as the process occurs in 

a single unit, there is also a decrease in the investment cost (Liguori et al., 2016). More recently, 

consolidated bioprocessing (CBP), which combines enzyme production, hydrolysis and fermentation in a 

single step, has gained increased attention for bioethanol production, as it would allow a significant 

decrease in the enzyme-associated costs by using microorganisms endowed with hydrolytic as well as 

fermentative capacities (Hasunuma & Kondo, 2012). Despite the advantages, these approaches face 

some struggles, e.g., the necessity of robust fermentative microorganism able to cope with the higher 
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temperatures that are required in the process for the activity of the hydrolytic enzymes, as well as tolerant 

towards the presence of lignocellulosic inhibitors and ethanol.  

Saccharomyces cerevisiae, a yeast generally regarded as safe (GRAS), has been broadly used in 

the biotechnology industry. It is used in large-scale operations and is a model system for eukaryotic 

organisms, with an in-depth studied molecular and cellular biology and a variety of genetic tools available. 

S. cerevisiae is widely used in industry, exhibiting high tolerance against harsh industrial conditions (Hong 

& Nielsen, 2012; Lian & Zhao, 2015). Together, these characteristics have triggered the development of 

S. cerevisiae as a chassis microorganism for metabolic engineering aiming at the valorization of 

lignocellulosic biomass (Lian et al., 2018).  

Currently, several industries announced commercial-scale lignocellulosic ethanol plants, with the 

majority using S. cerevisiae for the fermentation step, however the global volumetric production of this 

second generation bioethanol is still less than 1 % of that of first generation processes (Jansen et al., 

2017). While industries try to maintain secrecy regarding the hurdles preventing the intensification of 

their processes, it is known that, besides non-yeast-related problems (such as seasonal and regional 

fluctuations in lignocellulosic biomass production, or the presence of non-plant high density solids), the 

fermentative step is a very challenging part of the overall process and the yeast strains require constant 

modifications to cope with the continued optimization of the upstream unit operations (e.g., pretreatment 

and hydrolysis technology). Accordingly, some of the yeast traits that are demanded for an efficient 

process include: (1) efficient xylose consumption for valorization of the hemicellulosic fraction and to 

reach higher ethanol titers, (2) thermotolerance, not only to favor SS(C)F/CBP processes, but also to 

decrease the regional-dependent cooling costs and (3) robustness towards the inhibitory effect of the 

compounds released during pretreatment and hydrolysis steps. Studies aiming at the 

development/exploitation of these traits in S. cerevisiae will be described on the following sections. 

1.2.1.  Engineering Saccharomyces cerevisiae for xylose consumption  

A viable production of bioethanol involves the efficient conversion of the hemicellulosic fraction, 

mainly composed by xylose (in hardwoods or agricultural residues), into ethanol. However, the industrial-

preferred S. cerevisiae, despite possessing the codifying genes for xylose consumption and metabolization 

in its genome (Toivari et al., 2004), is uncapable of fermenting this sugar, probably due to a deficient 

regulation of the pathway expression or enzymes (Riley et al., 2016). Several xylose-assimilating yeasts 

have been isolated from different sources, but only a small percentage is capable of producing ethanol 

from this pentose (Martins et al., 2018; Nweze et al., 2019). These naturally xylose-fermenting yeast, 

such as Pichia stipitis, Candida tropicalis or Spathaspora passalidarum can convert xylose into ethanol, 
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however low tolerance to ethanol and lignocellulosic-derived inhibitors are major drawbacks (Hou & Yao, 

2012; Kwak & Jin, 2017). Consequently, taking advantage of the innate capacity of ethanol production 

of S. cerevisiae, the introduction of heterologous xylose assimilation pathways and optimization of internal 

metabolism through metabolic engineering have been applied to obtain S. cerevisiae strains that 

efficiently ferment xylose into ethanol, avoiding the formation of by-products. 

Throughout the years, two different pathways have been expressed in S. cerevisiae to convert xylose 

into xylulose: the oxidoreductase and the isomerase pathway (Figure 1.3). The oxidoreductase pathway 

is used by xylose-fermenting yeasts and occurs mainly under aerobic conditions. It is composed by two 

enzymatic reactions catalyzed by xylose reductase (XR) and xylitol dehydrogenase (XDH), converting 

xylose into xylulose through xylitol, in a two-step redox reaction (Peng et al., 2012). This pathway starts 

with the reduction of xylose into xylitol by XR that preferably uses NADPH as cofactor; then xylitol is 

oxidized to xylulose by XDH, in a reaction that only uses NAD+ as cofactor (Kuhn et al., 1995). Contrary 

to the oxidoreductase pathway, in the isomerase pathway the conversion of xylose into xylulose is a one-

step reaction catalyzed by xylose isomerase (XI), a reaction without cofactor requirement (Kwak & Jin, 

2017; Walfridsson et al., 1995). The majority of XIs identified so far come from bacterial strains, however 

some anaerobic fungi are also able of assimilating xylose through XI (Bhosale et al., 1996; Harhangi et 

al., 2003; Madhavan et al., 2009). Common to both pathways is the phosphorylation of xylulose into 

xylulose-5-phosphate by xylulokinase (XK), a gene endogeneous of S. cerevisiae but that requires 

overexpression in order to obtain an efficient consumption of xylose (Kwak & Jin, 2017). 

The first attempts of cloning XI into S. cerevisiae failed due to difficulties of expressing functional 

bacterial XIs in yeast (Amore et al., 1989; Moes et al., 1996; Sarthy et al., 1987). However, the discover 

of XI coding genes from anaerobic fungi (Harhangi et al., 2003; Kuyper et al., 2003; Kuyper et al., 2005; 

Madhavan et al., 2009; van Maris et al., 2007; Whitworth & Ratledge, 1977) and different bacteria, such 

as Clostridium phytophermentans, Bacteroides stercoris and Thermus thermophiles (Brat et al., 2009; 

Ha et al., 2011; Walfridsson et al., 1996), allowed the successful expression of functionally XIs and 

consequently xylose fermentation in S. cerevisiae. Furthermore, heterologous XIs have been codon 

optimized and/or subjected to adaptation by directed evolution to improve expression and activity in S. 

cerevisiae, and thus improve xylose fermentation to ethanol. Brat et al. (2009) optimized the codon 

sequence of the C. phytophermentans XI based on the codon usage of the glycolytic pathway genes that 

are highly expressed in S. cerevisiae, leading to an 46 % increase in specific growth rate on xylose. The 

activity of XI was also improved by directed evolution, and a S. cerevisiae strain expressing this mutated 

version presented eight times higher ethanol production and xylose consumption rate when compared to 
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the strain engineered with the wild-type Piromyces sp. gene (Lee et al., 2012b). The deletion of GRE3, a 

gene that codifies for an unspecific aldose reductase involved in the formation of xylitol, also enhanced 

xylose assimilation and ethanol formation by a S. cerevisiae expressing bacterial XI, due to the reduction 

of xylitol production which has an inhibitory effect on XI activity (Träff et al., 2001; Yamanaka, 1969).  

 

Figure 1.3. Schematic representation of different xylose-consuming pathways and glucose metabolism in 

Saccharomyces cerevisiae. XI: xylose isomerase. XK: xylulokinase. XR: xylose reductase. XDH: xylitol 

dehydrogenase. PPP: pentose phosphate pathway. 

Metabolic engineered S. cerevisiae strains with the oxidoreductase pathway mostly express XYL1 

and XYL2 from P. stipitis, coding for XR and XDH, respectively (Ho et al., 1998; Jin et al., 2000; Kim et 

al., 2013; Kötter & Ciriacy, 1993; Walfridsson et al., 1995). This strategy resulted in faster xylose 

assimilation and higher ethanol titer in comparison with strains harboring the XI pathway (Karhumaa et 

al., 2007; Li et al., 2016). Nevertheless, the XR/XDH pathway has a bottleneck caused by a cofactor 

imbalance between XR, which mainly uses NADPH as cofactor, and XDH, that only uses NAD+ to catalyze 

the reaction. This bottleneck especially manifests under anaerobic conditions, where NAD+ cannot be 

regenerated by the lack of oxygen. The cofactor imbalance leads to xylitol accumulation, lowering ethanol 

production and yield (Jeffries, 2006; Karhumaa et al., 2007; Li et al., 2016). Several strategies were 

applied to overcome the redox imbalance of the XR/XDH pathway. Modify the cofactor preference of XR 

to NADH or XDH to NADP+ and combine these mutant enzymes with the wild-type allowed a reduction in 

xylitol formation and improved ethanol production and yield from xylose (Bengtsson et al., 2009; Lee et 

al., 2012a; Matsushika et al., 2008; Watanabe et al., 2007). A similar result was obtained by replacing 
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the P. stipitis XR by the NADH-preferring XR from Sp. passalidarum (Cadete et al., 2016). Deletion of 

GRE3, which codifies an NADPH-dependent aldose reductase, also proved to be an effective way to 

decrease xylitol accumulation when using the XR/XDH pathway (Costa et al., 2017; Romani et al., 2015). 

The cofactor imbalance can also be avoided in the presence of inhibitory compounds by increasing NADH-

dependent detoxification enzymes, e.g., by expression of the adhE gene from Escherichia coli, which 

encodes for an acetylating acetaldehyde dehydrogenase that reduces acetate, regenerating NAD+ for XDH 

activity (Kim et al., 2017; Zhang et al., 2016).  

Despite the extensive genetic engineering studies to attain xylose consumption in S. cerevisiae, few 

have focused in comparing the XR/XDH and XI pathways (Karhumaa et al., 2007; Kobayashi et al., 2018; 

Li et al., 2016). A first study in a laboratorial strain using a lignocellulosic hydrolysate revealed that the 

XR/XDH pathway resulted in higher ethanol productivity, while the XI pathway results in higher ethanol 

yield due to the lower formation of xylitol (Karhumaa et al., 2007). The same results were observed in a 

comparison of two non-isogenic engineered yeast strains for xylose consumption (one containing the 

XR/XDH pathway and the other Piromyces XI) in synthetic media (Li et al., 2016). More recently, a study 

using an industrial strain and synthetic media showed that the expression of XI from C. phytofermentans 

resulted in higher ethanol yields, but in similar xylose consumption abilities in comparison with the 

expression of the XR/XDH pathway (Kobayashi et al., 2018). Also, there is only one report of the 

simultaneous expression of both xylose consumption pathways (using a XI from bovine rumen 

metagenome) in S. cerevisiae, resulting in low ethanol yields and xylose consumption rates and without 

a comprehensive comparison with the sole expression of each of the pathways in that strain (Wang et al., 

2017).  

Besides the optimization of xylose consumption pathway, there are other modifications that could 

be applied in S. cerevisiae strains to improve bioethanol production from this sugar, such as xylose uptake 

optimization. S. cerevisiae does not possess specific xylose transports, using native hexose transporters 

to assimilate xylose, which have low affinity towards this sugar (Jojima et al., 2010; Saloheimo et al., 

2007; Sedlak & Ho, 2004). The expression of heterologous genes encoding sugar transporters from 

native fermenting yeasts, such as GXF1 from Candida intermedia and XUT4, XUT5, XUT6, XUT7, RGT2 

and SUT4 from P. stipitis, has been a successfully strategy to improve xylose uptake rates in S. cerevisiae 

(Moon et al., 2013; Runquist et al., 2009). An effective co-fermentation of glucose and xylose is desirable 

for bioethanol production from lignocellulosic biomass, however, xylose assimilation rate is low until the 

depletion of glucose. In an attempt to overcome this problem, Saitoh and collaborators (2010) 

constructed a high xylose assimilating yeast strain using as host a S. cerevisiae strain with high β-
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glucosidase activity on the cell surface. The β-glucosidase anchored on the surface of the yeast cell allows 

the conversion of cellobiose into glucose nearby the cell surface, preventing glucose accumulation outside 

the cell, avoiding catabolite repression. The study showed that the constructed industrial S. cerevisiae 

strain presented higher xylose assimilation rate in cellobiose/xylose co-fermentation than in 

glucose/xylose mixtures and, consequently, higher ethanol productivity (Saitoh et al., 2010). 

1.2.2. Industrial Saccharomyces cerevisiae strains: advantageous traits for lignocellulose-

to-ethanol processes  

Resistance to lignocellulose inhibitors is an importance feature in S. cerevisiae strains used for 

bioethanol production using the hemicellulosic fraction or whole slurry. These inhibitory compounds affect 

the yeast fermentative performance by increasing the fermentation lag phase and decreasing ethanol 

yield and productivity (Guo & Olsson, 2014; Larsson et al., 2000; Liu et al., 2004). Industrial S. cerevisiae 

strains can be used to diminish this inhibitory challenge, as these robust strains display higher tolerance 

against stress factors like the presence of toxic compounds (Mussatto et al., 2010; Pereira et al., 2011; 

Pereira et al., 2010). In fact, the use of S. cerevisiae strains isolated from industrial harsh conditions 

(such as high sugar and ethanol concentrations, elevated temperatures, pH variations and presence of 

toxic compounds) for the production of second generation bioethanol has been receiving increased 

attention in the last years (Della-Bianca & Gombert, 2013; Jansen et al., 2017). These isolated strains 

have shown superior abilities than laboratory strains, with the differences in fermentation performance 

being related to metabolic activity, not only with sugar consumption and ethanol production (Pereira et 

al., 2010) but also with furan conversion (Brandberg et al., 2004; Pereira et al., 2014). Interestingly, the 

better fermentation performance of industrial isolates comparing to laboratory strains in very-high gravity 

conditions was related with an increased accumulated content of sterols, glycogen and trehalose in the 

industrial isolates (Pereira et al., 2011). Also, under second generation inhibitory conditions, the S. 

cerevisiae ATCC96581 strain (isolated from spent sulphite liquor at a Swedish pulp plant) converted 

almost completely the furfural of spruce hydrolysate, whereas laboratory strain CBS 8066 only detoxified 

25 % (Brandberg et al., 2004). This fact could be explained by a higher activity of alcohol dehydrogenase 

responsible for the conversion of furfural into less toxic alcohols. Pereira and co-workers (2014) also 

reported a faster bioconversion/detoxification of furfural and HMF in eucalyptus hydrolysate by two 

industrial strains, PE-2 and flocculating CCUG53310 isolated from first and second bioethanol industries, 

respectively. The authors concluded that the ability for detoxification of furan compounds is dependent 

on strain background, which is determinant for an efficient ethanol production (Pereira et al., 2014). 

Moreover, the flocculant character of strains, which has well-known process-related advantages (Gomes 
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et al., 2012), has been also related to inhibitor tolerance (Purwadi et al., 2007; Westman et al., 2014). 

The mechanism and robustness of the flocculating CCUG53310 strain have been investigated and 

compared with the laboratorial S. cerevisiae CBS 8066 (Westman et al., 2012). The flocculant strain 

showed higher tolerance to the inhibitors present in a spruce hydrolysate, even though it presented lower 

expression levels of YAP1, ATR1 and FLR1 genes (known to confer resistance to lignocellulose-derived 

inhibitors) than the laboratorial strain, highlighting flocculation as a physiological trait determinant of yeast 

tolerance. The authors also hypothesized that the lower expression of YAP1 (normally activated in 

response to oxidative stress) in the CCUG53310 strain indicated that flocculation may prevent ROS 

accumulation, through mechanisms that are still not elucidated but that are likely related with a reduction 

of toxic concentrations around the cell and in the cell interior.  

Thermotolerance is another desirable trait for SS(C)F and CBP lignocellulosic processes, due to 

the higher optimal temperatures of hydrolytic enzymes in comparison with the optimal temperature for 

S. cerevisiae fermentation. Industrial S. cerevisiae strains were found to have a superior tolerance towards 

sub and supra optimal growth temperatures (Lip et al., 2020); with the increased tolerance towards 

higher temperatures being associated with a higher trehalose accumulation and a higher energetic 

efficiency of the industrial cells (avoiding energy wasting processes such as increased turnover of cellular 

components due to temperature induced damage). In a proteomic study focused on industrial strains, 

exposure towards high temperatures was found to mainly recruit the amino acid biosynthetic pathways 

and metabolism (Pinheiro et al., 2020). Also, the thermotolerant Ethanol Red was found to increase the 

expression of proteins involved in heat adaptation and in ergosterol and glycogen synthesis. However, 

different expression patterns were obtained from different strains, probably justifying the different 

thermotolerance observed among the strains (Pinheiro et al., 2020). 

Therefore, the selection of robust yeast chassis for metabolic engineering purposes (such as xylose 

consumption) shows a further edge for the lignocellulose to ethanol fermentations (Costa et al., 2017). 

In fact, Romani et al. (2015) expressed a xylose consumption pathway in three different S. cerevisiae 

strains: the laboratorial CEN.PK113-5D and two industrial isolates from first generation bioethanol plants 

(PE-2 and CAT-1); and observed that the two industrial strains presented higher xylose consumption and 

ethanol production than the strain with laboratorial background, both in synthetic media and in a corn 

cob hydrolysate (Romani et al., 2015). Kim et al. (2017) also evaluated the host strain background of a 

haploid derivative of the industrial strain S. cerevisiae ATCC 4124 and of the laboratory D452-2 strain by 

genetically engineering them for xylose consumption. They observed that the industrial-derived strain had 

a superior fermentative performance in a Miscanthus hydrolysate (superior efficiency of xylose 
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consumption and ethanol production) than the laboratorial strain containing the same genetic 

modification, highlighting the importance of selecting a naturally robust host strain (Kim et al., 2017). In 

addition, industrial isolates were found to possess intrinsic capabilities and specificities to respond to 

genetic engineering, either for tolerance or pentose metabolism, which reveals the necessity of a 

personalized genetic engineering to the selected yeast chassis and lignocellulosic biomass used in the 

fermentation process (Baptista et al., 2018; Costa et al., 2017; Cunha et al., 2015). 

1.3. CONSOLIDATED BIOPROCESSING  

Consolidated bioprocessing (CBP) has been gaining increased attention to reduce the cost and 

increase the efficiency of bioethanol refineries, combining enzyme production, cellulose and 

hemicellulose hydrolysis and sugar fermentation into a single process (Hasunuma & Kondo, 2012). In 

the particular context of lignocellulosic ethanol production, the establishment of CBP requires the 

development of microorganism(s) with both fermentative and cellulolytic/hemicellulolytic capacities, 

allowing for the direct conversion of lignocellulosic biomass (with or without pretreatment) into bioethanol, 

without the addition of external enzymes. The development of these CBP microorganisms has followed 

two main strategies: (1) modifying a cellulolytic microorganism to improve its fermentative capacities or 

(2) modifying an ethanologenic microorganism to produce cellulolytic enzymes. These CBP 

microorganisms should still present the essential traits to perform an efficient fermentation of 

lignocellulose: broad substrate utilization, high ethanol yields and productivities with minimal by-product 

formation, high ethanol tolerance and increased tolerance towards lignocellulosic-derived inhibitors and 

process hardiness (e.g., variations in pH and temperature) (Zaldivar et al., 2001). As already mentioned, 

thermotolerance is a highly desirable trait for a CBP microorganism, as most cellulases present a high 

optimal temperature (> 40 °C) (Hasunuma & Kondo, 2012). 

1.3.1. Improvement of ethanol production in cellulolytic microorganisms 

The approaches for genetic engineering of cellulolytic microorganisms aiming to improve its 

fermentative capacity have been mainly focused on anaerobic bacteria from the Clostridium genus (Table 

1.1). The cellulose-degrading ability of these bacteria arises from its capacity to display a cellulosome at 

their cell surface (Demain et al., 2005). A cellulosome is a multienzyme complex composed of a non-

catalytic protein (scaffoldin) where a variety of polysaccharide-degrading enzymes (e.g., cellulases, 

hemicellulases) are assembled. This scaffoldin can also contain one or more cellulose binding domains 

(CBD) to target its substrate. Clostridium thermocellum has been one of the most studied cellulosome-

producing bacteria and is a promising CBP microorganism. Different approaches have been used to 

improve its capacity to produce ethanol (Lo et al., 2017; Tian et al., 2017). In one of these, C. 
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thermocellum was initially modified to block acetate, lactate, hydrogen and formate production, and after 

two rounds of adaptive evolution, the evolved strain was able to produce 22 g/L of ethanol from Avicel 

(Tian et al., 2016). Genetic modification of Clostridium cellulovorans strains by expressing heterologous 

aldehyde/alcohol dehydrogenases resulted in improved ethanol production from cellulose, however with 

low ethanol yields and titers due to the simultaneous production of butanol (Bao et al., 2019; Yang et al., 

2015). Clostridium cellulolyticum was also modified via inactivation of lactate dehydrogenase and malate 

dehydrogenase to shift the metabolism towards ethanol fermentation, decreasing accumulation of organic 

acids, which resulted in 8.5 times more ethanol than with the wild-type strain (Li et al., 2012). 

Caldicellulosiruptor bescii is a hyperthermophilic anaerobic bacterium capable of secreting extremely 

active hyperthermostable cellulases and has been engineered for improved ethanol production: either via 

inactivation of lactate dehydrogenase, heterologous expression of acetaldehyde/alcohol dehydrogenase 

genes and/or of rnf genes (Chung et al., 2014; Chung et al., 2015; Williams-Rhaesa et al., 2018). 

Nonetheless, and despite its high cellulolytic capacity, the ethanol titers obtained were low (≤ 3.5 g/L) 

with yields very far from the theoretical (Table 1.1). In an unprecedented report, one of the engineered 

C. bescii was able to produce cellulosic ethanol at the high temperature of 75 °C (Chung et al., 2015). 

Despite the very low amount of ethanol produced (0.10 g/L), the fermentation temperature near the 

boiling point of ethanol raises the possibility of in situ product removal, a beneficial process optimization 

due to the low tolerance of these bacteria towards ethanol. 

The filamentous fungus Trichoderma reesei has been widely employed to produce cellulases. In 

order to use it as a CBP microorganism, T. reesei was submitted to genome shuffling with S. cerevisiae 

genomic DNA in order to improve its tolerance towards ethanol, and the resultant tolerant strain was used 

to produce 3.1 g/L of ethanol from unpretreated sugarcane bagasse (Huang et al., 2014). The plant 

pathogenic fungus Fusarium oxysporum, which presents cellulase secreting capacities, was also modified 

to enhance ethanol production from lignocellulose through overexpression of a hexose transporter gene 

to improve glucose and xylose uptake (Ali et al., 2013). Both these fungi are mesophilic, which could be 

a disadvantage when comparing with the thermophilic bacteria, as they require mild temperature 

fermentations (Table 1.1). 
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Table 1.1. Different strategies and outcomes of modified cellulolytic microorganisms for consolidated bioprocessing. Ethanol yield was calculated (when data was available) as 
the ratio of g of ethanol produced by the total of potential fermentable sugars in the medium and presented as percentage of the theoretical yield 0.511 g/g. nd: not 
determined/described. 

Microorganism Modification Substrate 
Ethanol 
Yield (%) 

Ethanol 
Titer 

Temperature Reference 

Cellulolytic Bacteria      

Clostridium 
cellulolyticum 

Deletion of L-lactate dehydrogenase (ldh) and L-malate  
dehydrogenase (mdh) genes 

10 g/L Avicel 48 2.7 g/L 
34 °C Li et al., 2012 10 g/L acid-pretreated 

switchgrass 
nd 1.3 g/L 

Clostridium cellulovorans 
Expression of aldehyde/alcohol dehydrogenase gene (adhE2) from 
Clostridium acetobutylicum 

14 g/L Avicel 20 1.6 g/L 37 °C 
Yang et al., 
2015 

C. cellulovorans 
Expression of aldehyde/alcohol dehydrogenase gene (adhE2) from 
Clostridium acetobutylicum 

25 g/L cellulose 14 2.0 g/L 37 °C 
Bao et al., 
2019 

Clostridium 
thermocellum 

Deletion of hpt, hydG, ldh, pfl, and pta-ack to block acetate, lactate, H2 
and formate production. Adaptive evolution. 

60 g/L Avicel 66 22 g/L 55 °C 
Tian et al., 
2016 

C. thermocellum 
Expression of pdc from Acetobacter pasteurianus and the adhA from 
Thermoanaerobacterium saccharolyticum 

60 g/L Avicel 63 21 g/L 55 °C 
Tian et al., 
2017 

C. thermocellum Overexpression of rnf genes. Deletion of hydG 50 g/L Avicel 18 5.1 g/L 55 °C Lo et al., 2017 

Caldicellulosiruptor 
bescii 

Deletion of lactate dehydrogenase gene (ldh) and heterologous 
expression of a C. thermocellum bifunctional acetaldehyde/alcohol 
dehydrogenase gene (adhE) 

20 g/L Avicel 5.70 0.64 g/L 
65 °C 

Chung et al., 
2014 10 g/L unpretreated switchgrass nd 0.59 g/L 

C. bescii 
Deletion of lactate dehydrogenase gene (ldh) and heterologous 
expression of acetaldehyde/alcohol dehydrogenase genes from 
Thermoanaerobacter pseudethanolicus (adhB and adhE) 

20 g/L Avicel 0.92 0.10 g/L 
75 °C 

Chung et al., 
2015 20 g/L unpretreated switchgrass nd 0.073 g/L 

C. bescii 
Expression of adhE from C. thermocellum and rnf genes from 
Thermoanaerobacter sp. 

20 g/L Avicel 31 3.5 g/L 60 °C 
Williams-
Rhaesa et al., 
2018 

Cellulolytic Fungi       

Fusarium oxysporum Overexpression of Hxt 
Alkali pretreated  
wheat straw 

78 
0.32 g/g of  
alkali-treated 
straw 

30 °C Ali et al., 2013 

Trichoderma reesei Genome shuffling with Saccharomyces cerevisiae gDNA 
50 g/L unpretreated  

sugarcane bagasse 
17 3.1 g/L 30 °C 

Huang et al., 
2014 
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1.3.2. Engineering ethanologenic microorganisms for cellulase production 

The yeast S. cerevisiae, being the most used microorganism for the production of bioethanol, 

presents outstanding fermentative performance as well as an extensive genetic toolbox for its 

manipulation, which makes it the ideal host to develop a CBP microorganism. Accordingly, S. cerevisiae 

has been extensively genetically modified to produce hydrolytic enzymes for the direct production of 

ethanol from cellulose and/or hemicellulose (Table 1.2). Cellulose, containing the majority of glucose in 

lignocellulosic biomass and being more resistant to saccharification than hemicellulose, has been the 

focus for the design of a CBP hydrolytic strain. The production of cellulolytic enzymes in S. cerevisiae is 

achieved by the expression of genes from native cellulolytic microorganisms and is performed with mainly 

3 different strategies: (1) secretion of enzymes, (2) assembling of a cellulosome at the cell surface, and 

(3) cell-surface display of enzymes (Figure 1.4).  

 

Figure 1.4. Different strategies for the production of cellulases by Saccharomyces cerevisiae aiming at 

consolidated bioprocesses. 

On the first strategy the catalytic domain of the enzyme is fused to a secretion signal (e.g., α-factor 

signal peptide) to enable the yeast to secrete the heterologous enzymes into the fermentation media. With 

this, Gong and collaborators produced 4.6 g/L of ethanol from 20 g/L of carboxymethyl cellulose (CMC) 

by secreting BGL1 and EG from Trichoderma viride in an industrial host (Gong et al., 2014). In a different 

approach, the expression of a single-enzyme-system-three-cellulase gene isolated from Ampullaria gigas 

Spix, with endo-beta-1,4-glucanase, exo-beta-1,4-glucanase and xylanase activities, resulted in the 

production of 8.1 g/L of ethanol from 80 g/L of rice straw and 20 g/L of wheat bran (Yang et al., 2016). 
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As already mentioned, cellulosomes are multi-enzyme complexes, produced by anaerobic bacteria 

and fungi, that assemble on a noncatalytic scaffoldin protein, normally containing a cellulose-binding 

domain to approximate the complex to the cellulosic substrate. The cellulases, bearing specific dockerins, 

interact with the cohesins present in the scaffoldin and form the multifunctional cellulosome. For its 

recombinant production the complex is normally anchored to the cell wall by fusing the scaffoldin to a 

glycosylphosphatidylinositol (GPI) anchor, which is normally an anchoring domain selected from S. 

cerevisiae cell wall proteins (e.g., α-agglutinin AGA1 or AGA2). For the design of CBP yeast strains the 

most used scaffoldins are from the Clostridium genera, while the cellulases are obtained from different 

cellulolytic organisms. Using this strategy, 3.4 g/L of ethanol were obtained from 10 g/L CMC by 

synthesis of a cellulosome containing the scafoldin from Clostridium cellulovorans and the enzymes BGL1 

from Saccharomycopsis fibuligera and chimeric EG from Clostridium thermocellum (Hyeon et al., 2010). 

In another work, the production of a cellulosome containing the enzymes BGL1 (Aspergillus aculeatus); 

EG and CBH2 (T. reesei), lytic polysaccharide monooxygenase (LPMO, Thermoascus aurantiacus) and 

cellobiose dehydrogenases (CDH, Humicola insolens) assembled in a scaffoldin from C. thermocellum, 

resulted in 2.7 g/L of ethanol from 10 g/L of phosphoric acid swollen cellulose (PASC) (Liang et al., 

2014). LPMOs are reported to cleave and decrystallize recalcitrant cellulose by an oxidative mechanism 

in the presence of an electron donor such as CDH, acting synergistically with cellulases and improving 

the efficiency of hydrolysis (Phillips et al., 2011). The addition of LPMO and CDH to a yeast-displayed 

cellulosome with BGL1, EG and CBH2 was found to increase the ethanol titers and yields from PASC and 

Avicel by more than 1.7-fold (Table 1.2), clearly showing a synergistic effect of these enzymes in 

degradation of cellulose. In another approach, Fan and collaborators (2016) constructed a S. cerevisiae 

strain producing a mini scafoldin with EG and CBH, as well as a cellodextrin transporter and intracellular 

BGL1 to decrease the product inhibition effect of glucose in the extracellular cellulases, reaching 3.3 g/L 

of ethanol from 10 g/L of CMC (Fan et al., 2016). It should be noted that almost every work describing 

a cellulosome approach uses a consortium of several strains as a strategy to decrease the metabolic 

burden of the yeast host (Fan et al., 2013); modifying a S. cerevisiae strain to display the scaffoldin of 

the cellulosome at its cell surface while other strains (sometimes E. coli strains) are used to produce the 

enzymes that will bind and form the cellulosome. 
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Table 1.2. Different strategies and outcomes of consolidated bioprocessing of cellulose, hemicellulose and both, using Saccharomyces cerevisiae as chassis strain. β-

glucosidase (BGL1), endoglucanase (EG), cellobiohydrolase I (CBH1), cellobiohydrolase II (CBH2), β-xylosidase (XYL); xylanase (XYN); acetylxylan esterase (XynA); glucoamylase 

(AMG); extracellular amylase (AM); cellodextrin transporter (cdt-1); exoglucanase (EXG); arabinofuranosidase (ABF); xylose isomerase (XI); carboxymethyl cellulose (CMC), 

phosphoric acid swollen cellulose (PASC). Ethanol yield was calculated (when data was available) as the ratio of g of ethanol produced by the total of potential fermentable sugars 

in the medium (for cellulose CBP only potential glucose was considered) and is presented as percentage of the theoretical yield 0.511 g/g. 

Strategy Enzymes Substrate 
Ethanol 
yield (%) 

Ethanol titer 
(g/L) 

Reference 

Cellulose CBP      

Secretion 
BGL1 (Saccharomycopsis fibuligera); EG 
(Trichoderma reesei). 

10 g/L PASC 17.6 1.0 Den Haan et al., 2007 

Secretion. Industrial host BGL1, EG (Trichoderma viride). 20 g/L CMC 41.1 4.6 Gong et al., 2014 

Secretion 
BGL1 (S. fibuligera); EG (Clostridium 
thermocellum). 

Barley straw pretreated with laccases 
complexes 

nd 2.3 Hyeon et al., 2014 

Secretion 
BGL1, EG (Truncated, Fibrobacter 
succinogenes); CBH2 (Chaetomium 
thermophilum). 

20 g/L corn cob powder nd 6.4 Song et al., 2016 

Secretion 

Expression of a single-enzyme-system-three-
cellulase gene isolated from Ampullaria 
gigas Spix: Endo-beta-1,4-glucanase, exo-
beta-1,4-glucanase, and xylanase. 

80 g/L of rice straw, 20 g/L of wheat bran nd 8.1 Yang et al., 2016 

Secretion 
BGL1 (S. fibuligera); EG (T. reesei); CBH1 
(C. thermophilum); CBH2 (Chrysosporium 
lucknowense). 

NaOH pretreated rice straw 0 0 Lee et al., 2017 

Secretion BGL1, EG, CBH1 (T. reesei). Alkaline peroxide pretreated wheat straw 70.4 24 Zhang et al., 2017b 

Secretion. Industrial-derived host 

BGL1 (S. fibuligera); CBH1 (Talaromyces 
emersonii). 

20 g/L of NaOH pretreated corn husk (44% 
cellulose) 

66.5 3.4 

Davison et al., 2019 

20 g/L of NaOH pretreated corn cob (43 % 
cellulose) 

66.5 3.3 

BGL1 (S. fibuligera); EG (T. reesei). 

20 g/L of NaOH pretreated corn husk (44 
% cellulose) 

60.7 3 

20 g/L of NaOH pretreated corn cob (43 % 
cellulose) 

82.2 4.0 

Cellulosome. 
Scaffoldin (Clostridium 
cellulovorans). Consortium 

BGL1 (S. fibuligera); chimeric EG (C. 
thermocellum).  

10 g/L CMC 60.7 3.4 Hyeon et al., 2010 
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Cellulosome. Scaffoldin (C. 
thermocellum) 

BGL1 (Aspergillus aculeatus); EG, CBH2 (T. 
reesei). 

10 g/L PASC 27.4 1.5 

Liang et al., 2014 
10 g/L Avicel 17.6 1.0 

BGL1 (A. aculeatus); EG, CBH2 (T. reesei); 
LPMO (Thermoascus aurantiacus); CDH 
(Humicola insolens). 

10 g/L PASC 47.0 2.7 

10 g/L Avicel 31.3 1.8 

Cellulosome. Scaffoldin (C. 
thermocellum) 

BGL1, cdt-1 (Neurospora crassa); EG 
(Clostridium cellulolyticum); EXG 
(Clostridium acetobutylicum). 

10 g/L CMC 56.8 3.3 
Fan et al., 2016 

BGL1, cdt-1 (N. crassa); EG (C. 
cellulovorans); CBH2 (Aspergillus niger). 

10 g/L PASC 19.6 1.1 

(Hemi)cellulosome. Scaffoldin (C. 
thermocellum, C. cellulolyticum and 
Ruminococcus flavefaciens). 
Consortium 

BGL1 (A. aculeatus); EG, CBH2 (T. reesei). 10 g/L PASC 17.6 1.0 Tian et al., 2019 

Cell-surface display 
BGL1 (A. aculeatus); EG, CBH2 (T. reesei); 
AMG (Rhizopus oryzae); AM (Streptococcus 
bovis). 

10 g/L of acid treated Avicel (8.44 g/L 
total sugars) 

23.5 1.0 
Apiwatanapiwat et al., 
2011 50 g/L of cassava pulp (30 % cellulose and 

60 % starch) 
nd 10 

Cell-surface display. Delta cocktail 
integration. Diploid strain by mating 
 

BGL1 (A. aculeatus); EG, CBH2 (T. reesei). 
20 g/L PASC 66.5 7.6 

Yamada et al., 2011 100 g/l of liquid hot water pretreated rice 
straw (44.8 % glucan) 

48.2 7.5 

Cell-surface display. Industrial host. 
Consortium. EG:CBH2:BGL1 ratio of 
2:1:1 

BGL1 (A. aculeatus); EG, CBH2 (T. reesei). 
10 g/L PASC 31.3 1.8 

Mo et al., 2015 100 g/L steam-exploded corn stover (48.5 
% of cellulose) 

14.5 4.0 

Cell-surface display 
BGL1 (A. aculeatus); EG (T. reesei); CBH1 
(Talaromyces emersonii); CBH2 
(Chrysosporium lucknowense). 

20 g/L PASC 56.8 6.4 

Liu et al., 2016 
10 g/L Avicel 29.4 1.6 

100 g/L of liquid hot water pretreated rice 
straw (milled, 43 % glucan) 

5.87 1.4 

Cell-surface display. Delta cocktail 
integration. Expression of artificial 
zinc finger protein for 
thermotolerance 

BGL1 (A. aculeatus); EG, CBH2 (T. reesei). 

20 g/L PASC 76.3 
8.7 
 

Khatun et al., 2017 
200 g/L of NaOH pretreated Jerusalem 
artichoke stalk 

43.1 28 

Cell-surface display. Cocktail 
integration with ratio optimization 

BGL1 (A. aculeatus); EG (T. reesei); CBH1 
(T. emersonii); CBH2 (C. lucknowense). 

10 g/L Avicel 50.9 2.9 
Liu et al., 2017 25 g/L of liquid hot water pretreated rice 

straw (milled, 43 % glucan) 
13.1 0.8 
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Cell-surface display. Industrial host. 
Oxidoreductase xylose consumption 
pathway 

BGL1 (A. aculeatus); EG, CBH2 (T. reesei). 
10 g/L PASC 37.2 2.1 

Chen et al., 2018 20 g/L of steam-exploded corn stover (48.5 
% cellulose) 

21.5 1.2 

Hemicellulose CBP      

Secretion. Oxidoreductase xylose 
consumption pathway 

XYL, XYN, ABF (Ustilago bevomyces) 
 

20 g/L of xylan nd 0.32 Lee et al., 2015 

Hemicellulosome. Scaffoldin C. 
thermocellum 

XYL (A. niger); XYN (T. reesei) 10 g/L birchwood xylan nd 0.95 Sun et al., 2012 

Cell-surface display. Oxidoreductase 
xylose consumption pathway 

XYL (Aspergillus oryzae); XYN (T. reesei) 
Birchwood xylan corresponding to 100 g/L 
total sugar 

13.9 7.1 Katahira et al., 2004 

Cell-surface display. Oxidoreductase 
xylose consumption pathway 

BGL1 (A. aculeatus); XYL (A. oryzae); Xyn 
(T. reesei) 

Rice straw hemicellulose containing 26 g/L 
of xylose and glucose equivalents 

62.6 8.2 Sakamoto et al., 2012 

Cell-surface display. Industrial strain. 
Oxidoreductase xylose consumption 
pathway 

BGL1 (A. aculeatus); XYL (A. oryzae); XYN 
(T. reesei) 

Rice straw hemicellulose (liquid hot water 
pretreatment) containing ~24 g/L of xylose 
and glucose equivalents 

nd 4.0 
Hasunuma et al., 
2014 

Cell-surface display. Isomerase 
xylose consumption pathway with 
display of C. cellulovorans XI. 
Consortium 

XYL (A. niger); XYN (Saccharophagus 
degradans) 

100 g/L birchwood xylan nd 6.0 Sasaki et al., 2017 

Cell-surface display. Industrial host. 
Oxidoreductase xylose consumption 
pathway 

XYL (A. oryzae); XYN (T. reesei). 10 g/L birchwood xylan nd 1.2 Chen et al., 2018 

Cellulose+Hemicellulose CBP     

Cell-surface display. Industrial host. 
Oxidoreductase xylose consumption 
pathway. Consortium 

BGL1 (A. aculeatus); EG, CBH2, XYN (T. 
reesei); XYL (A. oryzae) 

20 g/L of steam-exploded corn stover (48.5 
% cellulose; 11.3 % hemicellulose) 

23.5 1.6 Chen et al., 2018 

(Hemi)cellulosome. Scaffoldin (C. 
thermocellum, C. cellulolyticum and 
R. flavefaciens). Consortium 

BGL1 (A. aculeatus); EG, CBH2, XYN (T. 
reesei); XYL (A. oryzae) 

20 g/L of steam-exploded corn stover (48.5 
% cellulose; 11.3 % hemicellulose) 

13.5 0.92 Tian et al., 2019 

Secretion. Industrial-derived host. 
Isomerase xylose consumption 
pathway 

BGL1 (T. reesei); EG (A. oryzae); CBH1 (T. 
emersonii); CBH2 (C. lucknowense); XYL, 
XYN (A. niger); XynA (C. cellulovorans) 

2 % (w/v) cellobiose, 2 % (w/v) corn cob 
xylan and 2 % (w/v) CMC. 

5.87 < 2.0 Claes et al., 2020 
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Similarly to the attachment of cellulosomes, the most used method for cell-surface display of 

enzymes is the GPI-anchoring system. For this, the target protein is fused to the anchoring domain of 

yeast cell wall proteins, such as α-agglutinin, SED1 or SAG1, resulting in the enzyme immobilization in 

the cell wall by covalent linkage to β-1,6-glucans (Inokuma et al., 2018). Using this strategy, Yamada and 

co-authors displayed BGL1 from A. aculeatus and EG and CBH2 from T. reesei in a diploid S. cerevisiae, 

producing 7.6 g/L and 7.5 g/L of ethanol from 20 g/L of PASC and 100 g/l of liquid hot water pretreated 

rice straw, respectively (Yamada et al., 2011). The display of these cellulases in addition to a 

glucoamylase (AMG; Rhizopus oryzae) and extracellular amylase (AM; Streptococcus bovis) allowed the 

production of 10 g/L of ethanol from 50 g/L of cassava pulp, a low-cost by-product of starch industry 

containing 30 % cellulose and 60 % starch (Apiwatanapiwat et al., 2011).  

Both cellulosome and cell-surface display strategies benefit saccharification due to the proximity 

between the different enzymes which allows them to work synergistically on the substrate (Bae et al., 

2015; Sun et al., 2012). Besides, the proximity of the enzymes to the cell wall is also advantageous, as 

the liberated sugar monomers can be readily assimilated by the yeast. The ratio of the different enzymes 

may also affect the hydrolytic capacity of the yeast. Taking this into account, a cocktail δ-integration 

method was developed, where multiple copies of the genes encoding the different cellulases are 

simultaneously integrated in the δ sequences of S. cerevisiae followed by a screening to select the strain 

with higher cellulolytic activity (i.e., with an optimum ratio of cellulases) (Yamada et al., 2010). Using this 

method, Liu and co-authors (2017) constructed a yeast displaying an optimized ratio of BGL1 (A. 

aculeatus), EG (T. reesei), CBH1 (Talaromyces emersonii) and CBH2 (Chrysosporium lucknowense), 

increasing in 60 % the ethanol titer from liquid hot water pretreated rice straw, in comparison with a strain 

with single copy integration of each of the enzyme encoding genes (Liu et al., 2017). The optimal ratio is 

expected to differ depending on the crystallinity of the cellulosic substrate and should be optimized for 

each type of lignocellulosic biomass and pretreatment method. 

Temperature, is also a key determinant for CBP efficiency, as the optimal temperature for the 

activity of the hydrolytic enzymes is higher than the optimal for yeast fermentation. In fact, the highest 

reported titer of ethanol resulting from CBP uses an S. cerevisiae host producing not only cellulases, but 

also an artificial zinc finger protein to increase its thermotolerance, which allowed the CBP to be 

performed at 42 °C resulting in the production of 28 g/L of ethanol from NaOH-pretreated Jerusalem 

artichoke stalk (Khatun et al., 2017). Taking this into account, the selection of industrial S. cerevisiae 

strains which have shown capacity to ferment at higher temperatures (Costa et al., 2017; Cunha et al., 
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2019b), may be an advantage to develop CBP microorganisms, decreasing the need for further genetic 

engineering besides hydrolases production and consequently the risk of metabolic burden.  

The hydrolysis efficiency is dependent not only on the yeast host and enzymes’ source, ratio and 

localization strategy, but also on the types of substrates. When comparing the same strain and strategy 

in different substrates it is clear that the hydrolysis capacity increases with the decrease of crystallinity 

index of the substrate: the ethanol yield from PASC is higher than from Avicel (Liang et al., 2014; Liu et 

al., 2016) and the ethanol yield from CMC is higher than from PASC (Fan et al., 2016). This highlights 

the importance of the pretreatment method of lignocellulose: it should be harsh enough to decrease the 

biomass recalcitrance and decrease its crystallinity but should not extensively degrade its components 

(e.g., sugars into furan compounds or lignin into phenolic compounds). From the works describing 

conversion of real lignocellulosic biomass, the ones using alkali pretreatments obtained higher ethanol 

yields, even though there is a lack of a direct comparison study (Table 1.2). Also, Hyeon and collaborators 

used an enzymatic pretreatment with laccase complexes to delignify barley straw and produced 2.34 g/L 

of ethanol with a S. cerevisiae strain secreting endoglucanase and β-glucosidase (Hyeon et al., 2014). 

However, from the point of view of an integrated biorefinery, with recovery and utilization of the various 

fractions of lignocellulosic biomass, these methods are disadvantageous due to the high degradation of 

hemicellulose and lignin. 

Another important factor for valorization of lignocellulosic biomass through CBP is the utilization of 

hemicellulose, and some works focused on the production of ethanol solely from this fraction (Table 1.2). 

As already discussed, inhibitory compounds accumulate in the liquid (hemicellulosic) fraction after 

pretreatment, and the robust traits of industrial S. cerevisiae isolates may once more be an advantage. 

Hemicellulose main component is xylan, and its degradation requires the activity of xylanases (XYN) to 

cleave the major chain into small xylooligosaccharides which are then hydrolysed into xylose by 

xylosidases (XYL). Small amounts of cellobiose and small cello-oligosaccharide may be also present in 

the hemicellulosic fraction, so the production of BGL1 is also desirable to convert them into fermentable 

glucose. Cell-surface display of enzymes is the most used strategy for xylan degradation, with the reported 

secretion and cellulosomes approaches resulting in productions of less than 1 g/L of ethanol (Table 1.2). 

Sakamoto and collaborators displayed BGL1 (A. aculeatus), XYL (Aspergillus oryzae) and XYN (T. reesei) 

in the cell surface of a strain containing the oxidoreductase xylose pathway, resulting in the production of 

8.2 g/L of ethanol from rice straw hemicellulose (Sakamoto et al., 2012).  

Recently, works have focused in CBP of both cellulose and hemicellulose: Chen and collaborators 

combined a cellulase-displaying strain with a hemicellulase-displaying strain to produce 1.6 g/L of ethanol 
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from 20 g/L of steam-exploded corn stover (48.5 % cellulose, 11.3 % hemicellulose) (Chen et al., 2018); 

Tian and collaborators used a consortium of modified S. cerevisiae to construct a yeast displaying a 

(hemi)cellulosome, which produced 0.92 g/L of ethanol from steam-exploded corn stover (48.5 % 

cellulose, 11.3 % hemicellulose) (Tian et al., 2019); Claes et al. (2020) used a robust industrial-derived 

strain to secret both cellulases and hemicellulases and produced less than 2 g/L of ethanol from a mixture 

of 2 % (w/v) cellobiose, 2 % (w/v) corn cob xylan and 2 % (w/v) CMC. While desirable for the goal of CBP, 

the design of a yeast with capacity to hydrolyze both cellulose and hemicellulose requires extensive 

modifications and requires further optimizations to prevent metabolic burden and achieve feasible ethanol 

titers and yield. 

Other non-Saccharomyces yeast were also modified for CBP processes (Table 1.3). The 

thermotolerant Kluyveromyces marxianus was modified to secrete cellulases or to display a cellulosome 

(Anandharaj et al., 2020; Chang et al., 2012; Chang et al., 2013), however, even with higher temperature 

processes (37 and 40 °C) the maximum ethanol titer attained with these strains was 3.1 g/L. Pichia 

pastoris, the most frequently used yeast for heterologous production of proteins, was also modified to 

display a cellulosome, resulting in the production of 2.5 g/L of ethanol from Avicel (Dong et al., 2020). 

The ethanologenic bacteria Zymomonas mobilis, which is extensively studied for second generation 

ethanol, was engineered to secrete hydrolytic enzymes and was able to produce 43 g/L and 32 g/L of 

ethanol from CMC and NaOH-pretreated sugar cane bagasse, respectively (Vasan et al., 2011). In a 

combination of both strategies used for the development of CBP microorganisms, the bacteria E. coli and 

Geobacillus thermoglucosidasius were heavily engineered in order to simultaneously enable them with 

cellulase-secreting abilities and improved capacity to produce ethanol (Bashir et al., 2019; Loaces et al., 

2017). These resulted in 0.19 g/L of ethanol from nitric acid/ammonia pretreated wheat straw using the 

modified G. thermoglucosidasius strain and 7.6 g/L of ethanol from acid pretreated Arundo donax cane 

with the E. coli strain. 
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Table 1.3. Different strategies and outcomes of modified ethanologenic non-Saccharomyces microorganisms for consolidated bioprocessing. Ethanol yield was calculated (when 

data was available) as the ratio of g of ethanol produced by the total of potential fermentable sugars in the medium and presented as percentage of the theoretical yield 0.511 

g/g. nd: not determined/described; β-glucosidase (BGL1); endoglucanase (EG); cellobiohydrolase I (CBH1); cellobiohydrolase II (CBH2); β-xylosidase (XYL); xylanase (XYN); lytic 

polysaccharide monooxygenases (LPMO); cellobiose dehydrogenase (CDH); carboxymethyl cellulose (CMC); phosphoric acid swollen cellulose (PASC). 

Microorganism Modification Substrate 
Ethanol Yield  

(% of Theoretical) 
Ethanol Titer Temperature Reference 

Zymomonas mobilis Secretion. EG from Enterobacter cloacae 

CMC nd 5.5 % (v/v) ~43 g/L 

30 °C 
Vasan et al., 

2011 
NaOH pretreated sugar 

cane bagasse 
nd 4% (v/v) ~32 g/L 

Z. mobilis 
Secretion. EG from Z. mobilis ZM4 (ATCC 31821) and XYN from 

uncultured bacterium 

1 % pretreated (liquid 

hot water) rice straw  
nd 2.6 g/L 30 °C 

Todhanakasem 

et al., 2019 

Kluyveromyces  

marxianus 

Secretion. BGL1 from Neocallimastix patriciarum and EG and CBH1 

from T. reesei 
2 % CMC 10 % 1.2 g/L 37 °C 

Chang et al., 

2012 

K. marxianus 

Secretion. CBH1, CBH2 and EG from T. reesei, EG A from Aspergillus 

niger, BGL1 from Neocallimastix patriciarum and a cellodextrin 

transporter from Neurospora crassa 

100 g/L Avicel  1 % 0.6 g/L 40 °C 
Chang et al., 

2013 

K. marxianus 

Cellulosome. Scaffoldin and the anchoring protein from Clostridium 

thermocellum. BGL1 from Neocallimastix patriciarum, EG and CBH1 

from T. reesei, LPMO from Thermoascus aurantiacus and CDH from 

Thermothelomyces thermophila 

10 g/L Avicel 54 % 3.1 g/L 37 °C 
Anandharaj et 

al., 2020 

Pichia pastoris 

Cellulosome. IM7/CL7 system as scaffolding. CBH from Yarrowia 

lipolytica, EG from C. thermocellum DSM1237, BGL1 from 

Thermoanaerobacterium thermosaccharolyticum DSM 571, CBM from 

Thermobifida fusca (recombinantly expressed and purified from E. coli) 

10 g/L CMC 90 % 5.1 g/L 
30 °C 

Dong et al., 

2020 
10 g/L Avicel 44 % 2.5 g/L 

Escherichia coli 

ΔpflB, ΔadhE, ΔfrdA, ΔxylFGH, ΔldhA, PpflB:pdcZm-adhBZm, evolved. 

Expressing EndoG, a multifunctional glucanase and xylanase, from 

bovine rumen microbiota 

Dilute acid pretreated 

Arundo donax 
nd 7.6 g/L 39 °C 

Loaces et al., 

2017 

Geobacillus  

thermoglucosidasius 

Deletion of ldh gene (encoding lactate dehydrogenase) and pfl gene 

(coding for pyruvate formate lyase) and upregulation of the pdh gene 

(encoding pyruvate dehydrogenase). BGL1 from Thermoanaerobacter 

brockii and a multidomain cellulase from Caldicellulosiruptor bescii 

1 % nitric acid/ 

ammonia pretreated 

wheat straw 

nd 0.19 g/L 55 °C 
Bashir et al., 

2019 
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1.3.3. CBP strains industrial application 

Despite the several attempts and studies to develop a CBP microorganism, the resulting strains 

are still far from reaching the requirements for a feasible production of lignocellulosic ethanol: titers higher 

than 4% (w/v) with yields superior to 90 % of theoretical maximum and a productivity of at least 1 g/L/h 

(Lynd et al., 2008; Zaldivar et al., 2001). In order to reach that goal combined efforts are needed, such 

as: (1) improvements of pretreatment technology to make cellulose more accessible to enzymatic 

hydrolysis; (2) supplementation with additional low-value carbon sources to increase ethanol 

concentration; (3) enzyme engineering and/or prospecting to allow the development of tailor made 

proteins for CBP processes (e.g., with higher hydrolytic activity at lower temperatures); (4) development 

of even more thermotolerant strains that would allow the process to occur at higher temperatures to favor 

hydrolysis without compromising fermentation; (5) construction/utilization of strains capable of efficient 

xylose consumption and tolerance towards lignocellulose-derived inhibitors, which would allow a real 

valorization of the hemicellulosic fraction, that can make an actual difference in terms of ethanol titers; 

and (6) optimization of the expression systems for production of hydrolases, allowing higher enzyme 

quantities and degradation efficiency.  

Altogether, these advances would allow a significant advance in consolidated process and possibly 

its utilization in second generation bioethanol plants, completely removing the cost of exogenous enzymes 

and surpassing the current barrier of limited ethanol titers. Nonetheless, the strains developed so far may 

still be applied in bioethanol plants to decrease the requirements of exogenous enzymes. This has already 

been performed in first-generation processes, where the use of an engineered starch-hydrolyzing S. 

cerevisiae strain decreased the use of exogenous enzymes by more than 50 % (Kumar & Singh, 2019). 

In fact, the importance of developing CBP technology is already beyond academic interest, with industries 

such as Mascoma (now owned by Lallemand) and Qteros being founded based on this concept. 
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1.4. HIGH VALUE COMPOUNDS FOR THE VALORIZATION OF LIGNOCELLULOSIC 

PROCESSES 

As previously discussed, the economic viability of a biorefinery is dependent of the integrated 

production of high value compounds and biofuels. Furfural and 5-hydroxymethylfurfural (HMF) have been 

identified as top value-added compounds to be obtained from biomass (Bozell & Petersen, 2010). Their 

versatile composition - an aromatic furan ring and reactive functional groups (aldehyde group in furfural; 

aldehyde and alcohol groups in HMF)- makes them attractive building block platforms, as they can be 

transformed into higher value derivative compounds, having applications in several areas such as plastic, 

pharmaceutical and textile industries (Figure 1.5). Accordingly, the global market of furfural and HMF are 

expected to reach $700 million and $61 million by 2024, respectively (Markets and Markets, 2019; 

Market Study Report, 2019). Furfural and HMF are commonly present in lignocellulosic hydrolysates and 

are usually regarded as microbial inhibitors. They derive from the dehydration of pentoses and hexoses, 

respectively, and their accumulation depends on the biomass used, and on the type and severity of 

pretreatment and hydrolysis applied. As their value has been receiving growing attention, several studies 

focused on optimizing treatment methods for furfural and HMF production from different biomasses by 

using different catalysts and/or reaction media (e.g., ionic liquids, Lewis acids, Brönsted acids, solid acid 

catalysts, salts) as well as alternative heating methods (e.g., microwave) (Chen et al., 2020; Luo et al., 

2019; Morais et al., 2020; Peleteiro et al., 2016; Steinbach et al., 2017; Sweygers et al., 2018; Zhang 

& Zhao, 2010).  

Accordingly, increased importance has been given to the conversion of furfural and HMF into higher 

value derivatives. Among these, 2,5‐furandicarboxylic acid (FDCA), an HMF-derivative, has also been 

identified as one of the top products to be obtained from biomass (Bozell & Petersen, 2010) and its 

worldwide market is expected to reach $850 million by 2025 (Acumen Research and Consulting, 2019). 

Its main application is the polymerization with ethylene glycol for the production of polyethylene furanoate 

(PEF) to substitute the petroleum-derived polyethylene terephthalate (PET) plastic. In fact, a consortium 

of eleven companies named “PEFerence”, was funded by the Europen Union's Horizon 2020 to establish 

an innovative bio-based production of FDCA and PEF (https://peference.eu/). FDCA is obtained by 

oxidation of HMF, and some microorganisms such as Acinetobacter oleivorans, Aspergillus flavus or 

Burkholderia cepacian (Godan et al., 2019; Rajesh et al., 2019; Yang & Huang, 2016) have the innate 

capacity to produce it. Nevertheless, most industries depend on chemical processes for its production, 

with Corbion being a pioneer in using microbial biocatalysts to produce FDCA from HMF. In fact, while 

chemocatalytic processes are still the main transformation strategy used, their application requires the 



CHAPTER I 

31 

use of metals (mostly noble) as catalysts and harsh operating conditions, and generate hazardous by-

products (Sajid et al., 2018). Considering these, biocatalysis has been receiving increased attention due 

to its milder conditions, higher selectivity and environmental friendliness (Saikia et al., 2021). And among 

this, the use of whole cell biocatalysts present advantages over enzyme biocatalysis, such as regeneration 

of co-factors and easiness of catalyst recycling (Lin & Tao, 2017). 

1.4.1. Whole cell biocatalysts for HMF bioconversion 

The chemistry of HMF, consisting of an aromatic furan ring and aldehyde and alcohol functional 

groups, makes it highly reactive towards oxidation-reduction and other reactions. Besides the already 

mentioned FDCA, other derivatives with valuable applications can be obtained from HMF, such as 2,5-

bis(hydroxymethyl)furan (BHMF), 5‐hydroxymethyl‐furan‐2‐carboxylic acid (HMFCA), 2,5-diformylfuran 

(DFF) and 5‐formyl‐2‐furancarboxylic acid (FFCA) (Figure 1.5). While there are no reports on microbial 

production of DFF and FFCA, a large number of whole cell biocatalysts have been discovered and/or 

developed for HMF conversion into BHMF, FDCA and HMFCA, which will be further explored below (Tables 

1.5-1.7). 

 

Figure 1.5. Reduction and oxidation derivatives of HMF and corresponding application. BHMF: 2,5-

bis(hydroxymethyl)furan. HMF: 5‐hydroxymethylfurfural. HMFCA: 5‐hydroxymethyl‐furan‐2‐carboxylic acid. DFF: 

2,5-diformylfuran. FFCA: 5‐formyl‐2‐furancarboxylic acid. FDCA: 2,5‐furandicarboxylic acid. 

1.4.1.1. 2,5-Bis(hydroxymethyl)furan (BHMF) 

BHMF has a potential application in the synthesis of polymers, resins and ethers (Saikia et al., 2021). It 

was first reported by Liu et al. (2004) as the reduction product of HMF by S. cerevisiae. More recently, 

fungi, yeast and bacteria strains have been described as biocatalysts for its production from HMF (Table 

1.4). The yeast Meyerozyma guilliermondii SC1103 was identified as a BHMF producer (Li et al., 2017) 
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and its conversion abilities were further improved by cell acclimatization and immobilization in calcium 

alginate beads, reaching BHMF titers of 181 mM, with a 85 % yield and a productivity of 25.8 mM/h (Xu 

et al., 2018). Furthermore, in a process with cell recycling the yeast maintained good catalytic activities 

during four runs with yields between 81 and 88 % and a cell viability of up to 70 % after the fourth run 

(Xu et al., 2018). An E. coli strain was modified to harbor a NADH-dependent reductase from Candida 

magnoliae and produced 181 mM of BHMF with 91 % yield (He et al., 2018). In another genetic 

engineering strategy, a S. cerevisiae strain harboring an aryl alcohol dehydrogenase from M. 

guilliermondii reached an BHMF titer of 345 mM with a productivity of 15 mM/h, presenting however a 

low yield of ca. 77 % (Xia et al., 2020). Also, in this work inexpensive corn cob hydrolysate was described 

as a promising alternative to glucose as co-substrate for the biocatalysis. The fungus Aureobasidium 

subglaciale F134 was identified for the production of BHMF, reaching the highest reported productivity of 

28.7 mM/h with a fed-batch process (Chen et al., 2021). Another fungus, Fusarium striatum, was 

reported to produce 145 mM of BHMF with the high yield of 97 % (Millán et al., 2021). The bacteria 

Burkholderia contaminans NJPI-15 reached the highest BHMF titer of 656 mM in a fed-batch with 94 % 

yield (Chang et al., 2021a). 
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Table 1.4.  Whole cell biocatalysts reported for the conversion of 5‐hydroxymethylfurfural (HMF) into 2,5-bis(hydroxymethyl)furan (BHMF). Yield is presented as percentage of 

the theoretical molar yield. Optical density (OD); cell dry weight (CDW); cetyltrimethyl ammonium bromide (CTAB). 

Strain Conditions 
Cell 
inoculum 

Medium 
Initial 
[HMF] 
(mM) 

Process 
Final 
[BHMF] 
(mM) 

Yield 
(%) 

Productivity 
(mM/h) 

Reference 

Meyerozyma 
guilliermondii SC1
103 

35 °C, pH 7.2, 
200 rpm 

20 g/L wet 
cells 

100 mM 
phosphate buffer 
with glucose 

100 Batch 86 86 7.17 
Li et al., 2017 

50 
Fed-batch: ~217 mM 
total HMF 

191 ~88 7.80 

M. 
guilliermondii SC1
103 

35 °C, pH 8.0, 
200 rpm 

20 g/L wet 
cells 

100 mM Tris-HCl 

buffer with glucose 
213 

Batch. Cell 
acclimatization and 
immobilization in 
calcium alginate beads 

181 85 25.8 Xu et al., 2018 

Escherichia coli 
CCZU-K14 
harboring NADH-
dependent 
reductase from 
Candida magnoliae 

30 °C, pH 6.5, 
160 rpm 

100 g/L 
wet cells 

Glucose, xylose, l-
glutamic acid, Mg2+, 
β-cyclodextrin, and 
CTAB  

200 Batch. 181 91 2.51 He et al., 2018 

Saccharomyces 
cerevisiae harborin
g an aryl alcohol 
dehydrogenase 
from M. 
guilliermondii 

30 °C, pH 8.0, 
200 rpm 

60 g/L wet 
cells 

100 mM Tris-HCl 
buffer and glucose 

250 Batch 235 94 9.79 

Xia et al., 2020 
150 

Fed-batch: ~450 mM 
total HMF 

345 ~77 15.0 

Aureobasidium 
subglaciale F134 

30 °C, pH 7.0, 
850 rpm 

200 g/L 
wet cells 

100 mM 
phosphate buffer 
with Zn2+ ion 

180 Batch 148 82 16.4 
Chen et al., 2021 

100 
Fed-batch: ~500 mM 
total HMF 

430 86 28.7 

Burkholderia 
contaminans NJPI-
15 

35 °C, pH 7.0, 
180 rpm 

20 g/L wet 
cells 

50 mM phosphate-
buffered saline 
with glutamine, 
sucrose and Mn2+ 

100 Batch 95 95 nd 

Chang et al., 2021a 
125 

Fed-batch: 700 mM total 
HMF 

656 94 13.7 

Fusarium striatum 
28 °C, pH 7.0, 
160 rpm  

4.0 × 106 
spores/mL 

Malt extract media 
with glucose 

75 
Fed-batch: 150 mM total 
HMF 

145 97 2.42 Millán et al., 2021 
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1.4.1.2. 2,5‐Furandicarboxylic acid (FDCA) 

As already mentioned, FDCA main application is as a substitute of terephthalic acid, which can be 

used to synthesize several polyesters, with PEF being the most studied (Gubbels et al., 2013; 

Motagamwala et al., 2018). Additionally, it can also be used as a building block in the production of 

medicines and polyamides (Hu et al., 2018).  

The first microbial biocatalyst reported for FDCA production from HMF was a Pseudomonas putida 

S12 strain modified to express the hmfH gene from Cupriavidus basilensis (encoding an HMF/furfural 

oxidoreductase), which resulted in the production of 193 mM FDCA with a 97 % yield in a fed-batch 

strategy (Koopman et al., 2010). More recently, the hmfo from Methylovorus sp. strain MP688, encoding 

an HMF oxidase, was expressed in P. putida S12, which resulted in the production of 545 mM of FDCA 

in a fed-batch (Hsu et al., 2020). P. putida S12 was also modified by CRISPR for the development of 

more stable strains (Pham et al., 2020). With this technique, this bacterium was modified to expressed 

hmfH and HMFT1 (encoding an HMF transporter) from C. basilensis, which allowed the production of 

196 mM of FDCA with a 78 % yield. In a consortium approach, a Synechococcus elongatus strain 

engineered to export sucrose via CO2 fixation was used as carbon source for a P. putida S12 modified for 

sucrose consumption and improved FDCA production (Lin et al., 2020). Despite innovative and promising 

to reduce feedstocks costs within a biorefinery, this strategy only resulted in the production of ca. 4.6 mM 

of FDCA. Tan and collaborators (2020) reported a whole cell cascade, where an engineered E. coli was 

coupled with a wild-type P. putida in a stepwise reaction, where HMF would be oxidized into DFF by E. 

coli, which would be further oxidized into FDCA by addition of the P. putida strain. This allowed the 

conversion of 100 mM of HMF with a FDCA yield higher than 99 %, however the reaction required the 

addition of the commercial enzymes horseradish peroxidase (as an enzyme activator) and catalase (to 

decompose H2O2) (Tan et al., 2020). 

Hossain et al. (2016) isolated a Raoultella ornithinolytica BF60 strain capable of converting HMF 

into FDCA with a 51.0 % yield. This strain was modified to prevent FDCA degradation to furoic acid and 

HMF reduction into BHMF, and also to improve HMF oxidation into FDCA by overexpression of the gene 

encoding aldehyde dehydrogenase 1, which increase FDCA yield to 89 %, corresponding to a titer of 89.1 

mM (Hossain et al., 2016). The same research group also modified the R. ornithinolytica BF60 strain to 

express the genes hmfo from Methylovorus sp. strain MP688, encoding HMF oxidase, and hmfH from C. 

basilensis HMF14, encoding for HMF/Furfural oxidoreductase, which improved the FDCA titer to 93.6 

mM and the yield to 94 % (Yuan et al., 2018a). In a different study using Raoultella ornithinolytica BF60 

as host, combinatorial synthetic pathway fine-tuning of hmfo and hmfH, as well as deletion of five genes 
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associated with HMF reduction, resulted in increased FDCA titers of 221.5 mM with an 89 % yield in a 

fed-batch strategy (Yuan et al., 2018b). In another fed-batch approach, FDCA production was further 

improved to titers of 264.7 mM with 96 % yield by using a modified R. ornithinolytica BF60 strain with 

deletion of two genes responsible for the reduction of HMF into BHMF and overexpression of AldH, 

encoding an enzyme responsible for the oxidation of FFCA into FDCA (Yuan et al., 2018c). Using E. coli 

as cell host, FDCA production was attained by modification with hmfH from C. basilensis HMF14 and 

vanillin dehydrogenase (VDH1) from Comamonas testosteroni SC1588, resulting in the production of 144 

mM of FDCA with a yield of 96 % (Wang et al., 2020a). These values are in line with the ones obtained 

with modified P. putida S12 and R. ornithinolytica BF60 (Table 1.5). 

Several other microorganisms have been described to convert HMF into FDCA: Burkholderia 

cepacia H-2 (Yang & Huang, 2016), Methylobacterium radiotolerans G-2 (Yang & Huang, 

2018), Enterobacter sp. (Rajesh et al., 2018), A. oleivorans S27 (Godan et al., 2019), Aspergillus 

flavus APLS-1 (Rajesh et al., 2019) and Acinetobacter calcoaceticus NL14 (Sheng et al., 2020). 

Nonetheless, FDCA titers obtained with these biocatalysts were low (< 8.2 mM), highlighting the 

importance of genetic engineering approaches for the production of this HMF-derivative. Despite the low 

values obtained, these reports broad the pool of possible hosts for further modifications for improved 

FDCA production. Furthermore, it should be noted that two of these strains, B. cepacia H-2 and M. 

radiotolerans G-2, were used as biocatalysts in diluted macroalgae hydrolysate supplemented with HMF, 

showing their capacity to maintain HMF conversion even in the presence of other microbial inhibitors 

such as furfural and weak acids (Yang & Huang, 2016; Yang & Huang, 2018). Nonetheless, it must be 

taken into consideration that the more severe conditions that would be necessary to generate high HMF 

quantities from biomass, would also result in higher accumulation of other inhibitory compounds. While 

the Corbion company is known to produce FDCA from HMF with microbial catalysts, there is not enough 

information regarding the HMF source, and to the extent of our knowledge, there is still no reports of 

FDCA production by whole cell biocatalysts from biomass-derived HMF. 
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Table 1.5. Whole cell biocatalysts reported for the conversion of 5‐hydroxymethylfurfural (HMF) into 2,5‐furandicarboxylic acid (FDCA). Yield is presented as percentage of the 

theoretical molar yield. Optical density (OD); cell dry weight (CDW); 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). 

Strain Modification Conditions 
Cell 
inoculum 

Medium 
Initial 
[HMF] 
(mM) 

Process 
Final 
[FDCA] 
(mM) 

Yield 
(%) 

Productivity 
(mM/h) 

Reference 

Pseudomonas 
putida S12 

hmfH from Cupriavidus basilensis 
HMF14, encoding HMF/furfural 
oxidoreductase 

30 °C, pH 
7.0, 150 
rpm 

0.2 g/L 
CDW 

Mineral 
medium with 
glycerol 

0 
Fed-batch: 
188 mmol 
total HMF 

193 97 1.26 
Koopman 
et al., 
2010 

P. putida S12 
hmfo from Methylovorus sp. strain 
MP688 encoding HMF oxidase 

30 °C, pH 
8.0 

Near 0 g/L 
CDW 

Mineral 
media with 
glycerol and 
MgCl2 

0 
Fed-batch: 
total HMF 
not defined 

545 nd 7.57 
Hsu et al., 
2020 

P. putida S12 

hmfH (encoding HMF/furfural 
oxidoreductase) and HMFT1 
(encoding an HMF transporter) 
from C. basilensis HMF14 

30 °C, pH 
7.0, 180 
rpm 

OD600=20 

Mineral 
media with 
MnO2 and 
CaCO3 

250 Batch 196 78 8.17 
Pham et 
al., 2020 

Synechococcus 
elongatus PCC7
942 and P. 
putida S12 

Sucrose symporter (CscB) 
of Escherichia coli in S. elongatus. 
Sucrose-6-phosphate hydrolase 
(CscA) from E. coli W and hmfH 
from C. basilensis HMF14 in P. 
putida 

30 °C, pH 
7.3 

S. 
elongatus 
(OD750 ~0.8
) and 
P. putida 
(OD600 of 1) 

30 mm 
HEPES-
NaOH 

~ 1 
Fed-batch: 
total HMF 
> 6 mM 

~ 4.6 
mM 

nd nd 
Lin et al., 
2020 

Escherichia coli 
M and P. putida 
KT2440 

Galactose oxidase (GOase M3−5) in 
E. coli 

37 °C, pH 
7.0, 200 
rpm 

E. coli M 
(8.5 g/L 
CDW) and 
P. putida 
(6 g/L 
CDW) 

100 mM 
sodium 
phosphate 
buffer, 
horseradish 
peroxidase, 
catalase and 
CaCO3 

100 

Batch. 
Stepwise 
addition of 
E. coli 
followed by 
P. putida 

> 99 > 99 > 15.6 
Tan et al., 
2020 
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Raoultella 
ornithinolytica 
BF60 

None 

30 °C, pH 
8.0, 
150 rpm 

45 g/L wet 
cells 

50 mM 
phosphate 
buffer 

100 Batch 

50.6 51 0.294 

Hossain et 
al., 2016 

Mutation of dcaD, encoding 
dicarboxylic acid decarboxylase. 
Mutation of aldR, encoding 
aldehyde reductase. 
Overexpression of the gene 
encoding aldehyde dehydrogenase 

89.0 89 0.517 

R. 
ornithinolytica 
BF60 

hmfo from Methylovorus sp. strain 
MP688 encoding HMF oxidase 
and hmfH from C. basilensis 
HMF14 encoding for 
HMF/Furfural oxidoreductase 

30 °C, pH 
8.0, 220 
rpm 

45 g/L wet 
cells 

50 mM 
phosphate 
buffer 

100 Batch 93.6 94 0.979 
Yuan et al., 
2018a 

R. 
ornithinolytica 
BF60 

Combinatorial synthetic pathway 
fine-tuning of hmfo and hmfH. 
Deletion of 
aldR, dkgA, akR, AdhP1, 
and AdhP2, involved in the 
reduction of HMF to BHMF 

30 °C, pH 
8.0, 220 
rpm 

OD600=100 

50 mM 
phosphate 
buffer with 
CaCO3 

100 

Pulse 
addition: 
250 mM 
total HMF 

222 89 1.66 
Yuan et al., 
2018b 

R. 
ornithinolytica 
BF60 

Deletion of adhP3 and alkR, 
involved in the reduction of HMF 
to BHMF. Overexpression of aldH, 
responsible for the oxidation of 
FFCA into FDCA 

30 °C, pH 
8.0 

OD600=100 

50 mM 
phosphate 
buffer with 
CaCO3 

50 

Pulse 
addition: 
275 mM 
total HMF 

265 96 1.84 
Yuan et al., 
2018c 

E. coli 

hmfH from C. basilensis HMF14 
and vanillin dehydrogenase 
(VDH1) from Comamonas 
testosteroni SC1588 

30 °C, pH 
7.0, 150 
rpm 

150 g/L 
wet cells 

200 mM 
phosphate 
buffer 

150 Batch 144 96 2 
Wang et 
al., 2020a 
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1.4.1.3.  2. 5‐Hydroxymethyl‐furan‐2‐carboxylic acid (HMFCA) 

HMFCA is an antitumor agent (Munekata & Tamura, 1981) and interleukin inhibitor (Braisted et 

al., 2003) and can be also used as an intermediate in the preparation of polyesters (Hirai, 1984). Early 

reports on HMFCA microbial production refer to it as a by-product or intermediate and are exploratory 

regarding HMF oxidation/degradation products (Koopman et al., 2010; Ran et al., 2014; Taherzadeh et 

al., 2000). As an exception, in 2004 Mitsukura and collaborators focused in obtaining carboxylic acids 

from aromatic aldehydes and reported a Serratia liquefaciens LF14 strain capable of attaining 168 mM 

of HMFCA from HMF with a 97 % yield (Mitsukura et al., 2004). More recently, great interest has been 

put into HMFCA, and in finding whole cell biocatalysts capable of efficiently produce it from HMF (Table 

1.6). Mostly bacteria species have been described for this purpose, e.g., Serratia spp., Comamonas 

testosteroni, Deinococcus wulumuqiensis, Pseudomonas spp., Gluconobacter oxydans. In a patent that 

focus on fungal production of FDCA, the S. cerevisiae CEN.PK113-1A strain has been reported to produce 

2.84 mM of HMFCA with a 93 % yield (De Bont et al., 2018). Fed-batch strategies have been recurrently 

used to diminish the toxic effect of HMF on the cells, allowing for higher HMFCA titers and productivity, 

up to 809 mM and 25.6 mM/h (Table 1.6). In the case of Comamonas testosteroni SC1588, its catalytic 

performance (e.g., substrate tolerance and catalytic efficiency) was improved by a substrate adaptation 

strategy, reaching an HMFCA yield near 100 % in 24 h from 200 mM of HMF (Wen et al., 2020).  

Differently from the microorganisms reported for FDCA production (Table 1.5), most of the whole 

cell biocatalysts for HMFCA production require no genetic modification, but rather optimization of reaction 

conditions (e.g., temperature, pH, inoculum) to achieve high titers and yields. Despite the satisfactory 

values obtained with wild-type strains, efforts have been made to genetically engineer bacteria to produce 

HMFCA. An E. coli strain modified with 3-succinoylsemialdehyde-pyridine dehydrogenase (SAPDH) 

from C. testosteroni SC1588 was able to produce HMFCA from 50 mM HMF with 95 % yield (Shi et al., 

2019). A vanillin dehydrogenase from C. testosteroni SC1588 was also introduced in an E. coli strain by 

the same research group, resulting in the conversion of 200 mM HMF with 92 % yield, which was further 

improved by a fed-batch strategy resulting in the synthesis of 292 mM of HMFCA (Zhang et al., 2020a). 

Furthermore, these authors attempted at a cell recycling strategy after the fed-batch, and despite the 

decrease in cell viability, 149 mM of HMFCA was produced in 18 h in the second run, maintaining the 

yields of the first run (Zhang et al., 2020a). In a subsequent work of the same group, a cofactor-engineered 

E. coli with co-expression of vanillin dehydrogenase and NADH oxidase resulted in improved HMFCA titers 

and productivities (Zhang et al., 2020b). It should be highlighted the significant improvement in HMFCA 

productivity and HMF tolerance of these E. coli strains harboring C. testosteroni enzymes in comparison 
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with the use of wild-type C. testosteroni as a biocatalyst (Table 1.6). Wang et al. (2020) constructed a 

recombinant E. coli harboring an hmfo from Methylovorus sp. strain MP688 mutated for specificity for 

HMFCA rather than FDCA production, achieving HMFCA titers of 145 mM with a 97 % yield. Despite 

presenting a higher HMFCA yield than the other recombinant E. coli strains, its productivity is significantly 

lower (up to 10 times) (Table 1.6). Surprisingly, the authors did not explore in that work the potential of 

the E. coli modified with the original hmfo for FDCA production, which presented FDCA yields of ~80 %. 

A Paraburkholderia azotifigens F18 strain with deletion of genes encoding HMF oxidoreductase/oxidase 

to prevent oxidation of HMFCA to FDCA, was described to produce 147.5 mM of HMFCA with a 98 % 

yield (Xu et al., 2020a). 

The majority of the reports on whole cell production of HMFCA use commercial HMF as substrate. 

Muñoz and colaborators (2020) reported the bioconversion of crude HMF, obtained by dehydration of 

frutose, into HMFCA by a Serratia marcescens strain. The use of crude HMF, which more closely mimics 

real conditions, severely hinders HMFCA yields and microbial tolerance (Muñoz et al., 2020), resulting in 

low HMFCA titers even with fed-batch strategies (Table 1.6). Liu and collaborators (2020) produced HMF 

from the macroalgae Gelidium amansii with a thermal pretreatment with 2 % (w/w) HCl at 120 °C for 40 

min and identified P. putida ATCC 47054 as an efficient biocatalyst, which was capable of producing 

78.0 mM of HMFCA from G. amansii hydrolysate with an 99 % yield and the remarkable productivity of 

44.6 mM/h. Differently from the results with crude HMF obtained from fructose, the HMFCA yield 

obtained from G. amansii hydrolysates was equal to the results with commercial HMF, only affecting the 

HMFCA productivity (Table 1.6). These results prove that the use of whole cell biocatalysts for the 

conversion of biomass-derived HMF into higher value compounds is a promising strategy and should be 

further explored. Furthermore, Chang et al. (2021b) reported that the material cost of HMFCA production 

can be decreased to 11.47 % of the traditional method by using corn cob residue and soybean dreg as 

nutrient sources, which resulted in a fed-batch production of 809 mM HMFCA, from commercial HMF, 

with a 90 % yield and using a Pseudomonas aeruginosa PC-1 strain.
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Table 1.6. Whole cell biocatalysts reported for the conversion of 5‐hydroxymethylfurfural (HMF) into 5‐hydroxymethyl‐furan‐2‐carboxylic acid (HMFCA). Yield is presented as 

percentage of the theoretical molar yield. Optical density (OD); cell dry weight (CDW). 

Strain Conditions 
Cell 
inoculum 

Medium 
Initial 
[HMF] 
(mM) 

Process 
Final 
[HMFCA] 
(mM) 

Yield 
(%) 

Productivity 
(mM/h) 

Reference 

Serratia liquefaciens 
LF14 

30 °C, pH 
7.0, 150 rpm 

~12 g/L 
CDW 

100 mM potassium buffer nd 
Fed-batch: 173 
mM total HMF 

168 97 nd Mitsukura et al., 2004 

Comamonas 
testosteroni SC1588 

30 °C, pH 
7.0, 150 rpm 

30 g/L 
wet cells 

200 mM phosphate 
buffer with histidine and 
pH tuning 

160 

Batch with 
substrate 
adaptation 
strategy 

157 98 4.36 Zhang et al., 2017a 

C. testosteroni SC1588 
30 °C, pH 
7.0, 160 rpm 

70 g/L 
wet cells 

200 mM phosphate 
buffer and histidine 

200 

Batch with 
substrate 
adaptation 
strategy 

~200 ~100 ~8.3 Wen et al., 2020 

Saccharomyces 
cerevisiae CEN.PK113-
1A 

pH 7.0, 150 
rpm 

nd 
Mineral medium with 
glucose 

3.05 Batch 2.84 93 nd De Bont et al., 2018 

Deinococcus 
wulumuqiensis R12 

35 °C, pH 
7.0 

200 g/L 
wet cells 

100 mM phosphate 
buffer 

300 Batch ~270 ~90 7.5 
Cang et al., 2019 

150 
Fed-batch: 601 
mM total HMF 

511 85 25.6 

Pseudomonas 
putida KT2440 

35 °C, pH 
6.5, 200 rpm 

OD600=25 
200 mM phosphate 
buffer and CaCO3 

160 Batch 155 97 12.9 Xu et al., 2020b 

Gluconobacter oxydans 
DSM 50049 

30 °C, pH 

7.0, 700 rpm 
24 g/L 
CDW 

Sodium phosphate buffer 
and controlled pH 

250 Batch 250 100 41.7 
Sayed et al., 2019 

250 
Fed-batch: 345 
mM total HMF 

314 91 13.6 

Serratia marcescens 
30 °C, pH 

8.0, 200 rpm 
OD=0.05 Minimal salt medium 

3 
(crude 
HMF) 

Fed-batch: total 
HMF not defined 

5.56 28 0.278 Muñoz et al., 2020 

P. putida ATCC 47054 
35 °C, pH 

6.0, 200 rpm 
8 g/L 
CDW 

200 mM phosphate 
buffer 

75.3 Batch 73.9 98 73.9 

Liu et al., 2020 
G. amansii hydrolysates 

79.1 
(biomass-
derived) 

Batch 78.0 99 44.6 
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Pseudomonas 
aeruginosa PC-1 

30 °C, pH 

7.0, 180 rpm 
5 g/L wet 
cells 

Sucrose, peptone and 
NaCl; pH tuning 

100 
Fed-batch: 800 
mM total HMF 

721 90 12.4 Pan et al., 2020 

P. aeruginosa PC-1 
35 °C, pH 

7.0, 180 rpm 
5 g/L wet 
cells 

Soybean dreg 
hydrolysate, NaCl, corn 
cob residue with 
cellulase, and 
rhamnolipid; pH tuning 

100 
Fed-batch: 900 
mM total HMF 

809 90 13.0 Chang et al., 2021b 

E. coli modified with 3-
succinoylsemialdehyde-
pyridine dehydrogenase 
from C. testosteroni 
SC1588 

30 °C, pH 
7.0, 160 rpm 

50 g/L 
wet cells 

200 mM phosphate 
buffer 

50 Batch 47.5 95 9.5 Shi et al., 2019 

E. coli modified with 
vanillin dehydrogenase 
from C. testosterone 
SC1588 

30 °C, pH 
7.0, 150 rpm 

50 g/L 
wet cells 

200 mM phosphate 
buffer 

200 Batch ~184 ~92 ~15.3 

Zhang et al., 2020a 
200 mM phosphate 
buffer and NaHCO3 

~50 
Fed-batch 1st run: 
333 mM total 
HMF 

292 88 14.2 

~50 
Fed-batch 2nd run: 
> 160 mM total 
HMF 

149 nd nd 

E. coli modified with 
vanillin dehydrogenase 
from C. testosteroni 
SC1588 and NADH 
oxidase from 
Lactobacillus brevis 

30 °C, pH 
7.0, 150 rpm 

50 g/L 
wet cells 

200 mM phosphate 
buffer 

250 Batch 238 95 26.0 Zhang et al., 2020b 

E. coli modified with 
mutated hmfo from 
Methylovorus sp. strain 
MP688  

30 °C, pH 
7.0, 200 rpm 

50 g/L 
wet cells 

100 mM phosphate 
buffer 

150 Batch 145 97 1.5 Wang et al., 2020b 

Paraburkholderia 
azotifigens F18 with 
deletion of genes 
encoding HMF 
oxidoreductase/oxidase 

30 °C, pH 
7.0, 200 rpm 

133 g/L 
wet cells 

Reaction buffer with 
glucose 

150 Batch 147.5 98 3.07 Xu et al., 2020a 
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1.4.1.4. 5-Hydroxymethylfurfural conversion by Saccharomyces cerevisiae 

S. cerevisiae has long been known to perform a NAD(P)H-dependent reduction of HMF into its 

corresponding alcohol BHMF (Liu et al., 2008; Liu et al., 2004), also being able to perform HMF oxidation 

into HMFCA (Taherzadeh et al., 2000). Nevertheless, this capacity has been mainly studied from the 

point of view of detoxification of fermentation media to improve second-generation bioethanol production, 

as HMF has negative effects on the yeast cell, such as inhibition of glucolytic enzymes and protein and 

RNA synthesis (Sanchez & Bautista, 1988). 

Despite the lack of works exploring the capacity of wild-type S. cerevisiae for the production of HMF-

derivatives, a recent study used recombinant S. cerevisiae strains harbouring different alcohol 

dehydrogenases (ADHs) from M. guilliermondii SC1103 to produce BHMF from HMF (described on 

section 1.4.1.1; Xia et al., 2020). Also, a few studies have focused on the production of furfuryl alcohol 

from furfural using wild-type S. cerevisiae strains, reaching high yields and titers (Diaz De Villegas et al., 

1992; Liu et al., 2005; Mandalika et al., 2014; Villa et al., 1992; Yan et al., 2019). Due to the similarity 

of the reduction reactions of HMF and furfural, it is expected that similar results may be obtained with 

non-modified S. cerevisiae in BHMF production. In the case of HMFCA, its production from HMF by this 

yeast is even less explored, as ethanol fermentation processes are normally performed and studied in 

oxygen-limited conditions, where oxidation reactions are not favored. 

Regarding the studies to improve HMF detoxification by S. cerevisiae, they mainly rely on three 

different approaches: (1) (over)expression of genes coding for NAD(P)H-dependent reductases/alcohol 

dehydrogenases directly involved in the reduction of HMF, (2) (over)expression of genes involved in the 

regeneration of NAD(P)H, to potentiate the activity of the reduction enzymes and (3) overexpression of 

genes coding for NADP+-dependent aldehyde dehydrogenases directly involved in the oxidation of HMF 

(Table 1.7). While mainly analyzed from a detoxification perspective, these strategies present valid tools 

to improve the production of HMF-derivatives in S. cerevisiae through genetic engineering, which is 

currently an underexploited area. 

In a recent patented study, a laboratory S. cerevisiae was engineered to produce FDCA (De Bont 

et al., 2018). In a first attempt HMF-oxidase (hmfH) and HMF/FFCA dehydrogenase (Adh) from C. 

basilensis HMF14 were expressed but resulted in the production of only 0.033 g/L of FDCA from 0.5 

g/L of HMF. Subsequently, the expression of alcohol dehydrogenase (hmfL1) and aldehyde 

dehydrogenase (hmfN1) from Penicillium brasilianum resulted in the production of 0.47 g/L of FDCA 

from approximately the same HMF concentration. In similar conditions, the control wild-type S. cerevisiae 

strain produced no FDCA but accumulated 0.41 g/L of HMFCA. Despite the low values obtained, S. 



CHAPTER I 

43 

cerevisiae still presents as a promising host for FDCA production, due to its high tolerance towards HMF 

and innate capacity to produce the intermediate HMFCA. The development of more efficient FDCA-

producing S. cerevisiae strains still requires further research in terms of genetic engineering approaches 

(e.g., following approaches already used in other microorganisms or expressing enzymes with reported 

activity for conversion of HMF into FDCA), but also in terms of optimization of process conditions (such 

as oxygen availability, temperature and pH).  

Table 1.7. Genes (over)expressed to improve Saccharomyces cerevisiae capacity to convert HMF into their 

derivatives. The listed genes are from S. cerevisiae unless otherwise stated. mut-GRE2 is a mutant constructed by 

direct enzyme evolution with improved reductase activity towards furfural and HMF using the cofactor NADPH 

(Moon and Liu, 2012). mut-ADH1 is an ADH1 from the S. cerevisiae strain TMB300 with mutations that result in 

an unusual NADH-dependent HMF reductase activity (Laadan et al., 2008). 

Substrate/Product Genes Reference 

(1) coding for NAD(P)H-dependent reductases/alcohol dehydrogenases 

HMF/BHMF 

mut-GRE2 Moon and Liu, 2012 
SFA1 Petersson et al., 2006 
ADH genes from Meyerozyma 
guilliermondii SC1103 

Xia et al., 2020 

mut-ADH1 
Almeida et al., 2008a; Laadan et 
al., 2008; Ishii et al., 2013 

ADH6 
Petersson et al., 2006; Almeida et 
al., 2008a; Ishii et al., 2013 

ARI1 
Divate et al., 2017; Liu and Moon, 
2009 

XYL1 from Scheffersomyces stipitis Almeida et al., 2008b 
(2) involved in the regeneration of NADPH 

NADP+/NADPH 
ZWF1 Gorsich et al., 2006 
ALD6 Park et al., 2011 

(3) overexpression of genes coding for NADP+-dependent aldehyde dehydrogenases 
HMF/HMFCA ALD6 Park et al., 2011 
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ABSTRACT 

Xylose Isomerase (XI) and Xylose Reductase/Xylitol Dehydrogenase (XR/XDH) pathways have 

been extensively used to confer xylose assimilation capacity to Saccharomyces cerevisiae, and tackle 

one of the major bottlenecks in the attainment of economically viable lignocellulosic ethanol production. 

Nevertheless, there is a lack of studies comparing the efficiency of those pathways both separately and 

combined. In this work, the XI and/or XR/XDH pathways were introduced into two robust industrial S. 

cerevisiae strains, evaluated in synthetic media and corn cob hemicellulosic hydrolysate and the results 

were correlated with the differential enzyme activities found in the xylose-pathway engineered strains. 

The sole expression of XI was found to increase the fermentative capacity of both strains in 

synthetic media at 30 °C and 40 °C: decreasing xylitol accumulation and improving xylose 

consumption and ethanol production. Similar results were observed in fermentations of detoxified 

hydrolysate. However, in the presence of lignocellulosic-derived inhibitors, a positive synergistic effect 

resulted from the expression of both XI and XR/XDH, possibly caused by a cofactor equilibrium between 

the XDH and furan detoxifying enzymes, increasing the ethanol yield by more than 38 %. 

This study clearly shows an advantage of using the XI from Clostridium phytofermentans to attain 

high ethanol productivities and yields from xylose. Furthermore, and for the first time, the simultaneous 

utilization of XR/XDH and XI pathways was compared to the single expression of XR/XDH or XI and 

was found to improve ethanol production from non-detoxified hemicellulosic hydrolysates. These results 

extend the knowledge regarding S. cerevisiae xylose assimilation metabolism, and pave the way for the 

construction of more efficient strains for use in lignocellulosic industrial processes. 
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2.1. INTRODUCTION 

The depletion of fossil fuel reserves, the economic problems associated with their use and the 

growing environmental concerns related with greenhouse gas emissions have led to a search for new 

renewable energy sources (Zabed et al., 2016). The use of lignocellulosic biomass for the production of 

bioethanol and value-added products has emerged as a sustainable alternative to fossil sources, as 

lignocellulose is one of the most abundantly available renewable biomass sources on earth and its 

utilization does not compete with the use of land for food production (Budzianowski, 2017; Katahira et 

al., 2017; Lian et al., 2018). The complex and recalcitrant structure of lignocellulosic biomass comprises 

cellulose (a crystalline, linear homopolymer of glucose), hemicellulose (a branched, amorphous 

heteropolymer of hexoses and pentoses) and lignin (Zabed et al., 2016). The pretreatment and hydrolysis 

steps required to obtain fermentable sugars from lignocellulosic biomass also release inhibitory 

compounds, such as 5-hydroxymethylfurfural (HMF), furfural and acetic acid (Kim et al., 2015). These 

compounds strongly affect microbial growth and ethanol fermentation (Jönsson et al., 2016; Cunha et 

al., 2019). Glucose and xylose are the most abundant monosaccharides present in lignocellulosic 

hydrolysates, representing between 60-70 % and 30-40 % of their sugar composition, respectively (Kwak 

and Jin, 2017). 

Saccharomyces cerevisiae, the preferred microorganism for large-scale ethanol production, does 

not naturally consume xylose. Thus, in order to obtain economically viable production of bioethanol, the 

hemicellulosic fraction composed mainly of xylose should be efficiently converted into ethanol through 

development of a S. cerevisiae strain capable of consuming xylose as well as having strong resistance to 

inhibitory compounds. Xylose assimilation is achieved through conversion of xylose into xylulose and 

subsequent phosphorylation to xylulose-5-phosphate, which is further metabolized in the pentose 

phosphate pathway. Two different pathways have previously been expressed in S. cerevisiae to convert 

xylose into xylulose: the oxidoreductase and the isomerase pathway. The oxidoreductase pathway is used 

by many xylose-fermenting yeast species and consists of two enzymatic reactions catalyzed by xylose 

reductase (XR) and xylitol dehydrogenase (XDH) (Peng et al., 2012). First, XR reduces xylose to xylitol, 

preferably using NADPH over NADH as cofactor; xylitol is then oxidized to xylulose by XDH, which uses 

only NAD+ as cofactor. The XR/XDH pathway has a bottleneck caused by a cofactor imbalance between 

the mainly NADPH-dependent XR and the NAD+-dependent XDH, which generally causes xylitol 

accumulation and thus lowers ethanol production (Jeffries, 2006). Additionally, S. cerevisiae carries the 

endogenous gene GRE3 that encodes an unspecific NADPH-dependent aldose reductase that can convert 

xylose to xylitol (Kuhn et al., 1995). The expression of this enzyme, that only uses NADPH as cofactor, 
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might aggravate the redox imbalance, therefore leading to even more xylitol accumulation and to 

inefficient xylose fermentation (Toivari et al., 2004). In this sense, the deletion of GRE3 (Costa et al., 

2017; Romaní et al., 2015; Traff et al., 2001) and genetic modifications supporting cofactor regeneration 

(Verho et al., 2003) decrease xylitol accumulation and consequently increase ethanol production.  

The isomerase pathway is mainly found in bacteria and is a one-step reaction catalyzed by xylose 

isomerase (XI) that directly converts xylose to xylulose without cofactor requirement (Kwak and Jin, 2017; 

Zhou et al., 2012). Initial attempts to express bacterial xylose isomerase in yeast were not very successful, 

except for a xylose isomerase from a thermotolerant bacterium Thermus thermophilus (Walfridsson et 

al., 1996). Expression of a xylose isomerase from the fungus Piromyces sp. resulted for the first time in 

efficient xylose fermentation with this pathway (Kuyper et al., 2003). Later, Brat et al. (2009) were able 

to express a highly efficient xylose isomerase from Clostridium phytofermentans in a laboratory S. 

cerevisiae strain also resulting in efficient xylose fermentation. Functional expression of bacterial xylose 

isomerase in an industrial S. cerevisiae strain was more challenging and was accomplished only after 

extensive mutagenesis and evolutionary engineering (Demeke et al., 2013a). Increasing inhibitor 

tolerance further improved the performance of this industrial yeast strain (Demeke et al., 2013b). 

Because of the inhibitory effect of xylitol on XI activity (Yamanaka, 1969), the strategies used to reduce 

xylitol production in XR/XDH strains can also improve the isomerization activity of XI in vivo and thus also 

improve xylose fermentation rate in strains with XI (Tanino et al., 2010). 

Industrial environments have been a resource of robust S. cerevisiae strains, exhibiting higher 

fermentation performance and resistance to lignocellulosic-derived inhibitors when compared to other 

laboratory strains (Pereira et al., 2014). Thermotolerance is another trait presented by some yeast strains 

isolated from industrial environments that can be desirable for bioethanol fermentation. As previously 

mentioned, an economically viable production of second-generation ethanol passes by an efficient 

fermentation of the lignocellulosic-derived whole slurry (cellulosic and hemicellulosic fractions), and in 

this sense, the implementation of Simultaneous Saccharification and Co-Fermentation (SSCF, co-

consumption of both glucose and xylose) processes is of upmost importance for this purpose (Costa et 

al., 2017). Nevertheless, the discrepancy in the optimal temperature for S. cerevisiae fermentation (30 

to 35 °C) and for saccharolytic enzyme hydrolysis (approximately 50 °C) poses as a major drawback, 

and in this sense the process would benefit from the use of more thermotolerant strains with xylose 

consumption abilities. Nonetheless, previous works have shown that yeast strains isolated from different 

industrial environments respond differently to the same genetic modifications for xylose consumption 

(Costa et al., 2017; Li et al., 2015), making the heterogeneity of genetic background an important factor 
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to be considered. S. cerevisiae PE-2 and CA11 (isolated from a first generation bioethanol plant and a 

“cachaça” fermentation process, respectively) were previously engineered for D-xylose consumption with 

the XR/XDH pathway, and, despite presenting different fermentation profiles, both were capable of 

ethanol production from different non-detoxified hemicellulosic hydrolysates (Costa et al., 2017).  

Despite the importance of designing robust S. cerevisiae strains capable of efficient xylose 

assimilation, and even though the genetic engineering of S. cerevisiae for xylose consumption is 

extensively studied, few previous works have addressed the comparison of different xylose consumption 

pathways (Karhumaa et al., 2007; Kobayashi et al., 2018; Li et al., 2016). In a first study, both pathways 

were compared in a laboratorial strain using a lignocellulosic hydrolysate, with the XR/XDH pathway 

resulting in higher ethanol productivity while the Piromyces XI expression resulted in higher ethanol yield 

(Karhumaa et al., 2007). Li and collaborators (2016) obtained similar results comparing two non-isogenic 

engineered yeast strains for xylose consumption (one containing the XR/XDH pathway and other the 

Piromyces XI) in synthetic media. More recently, the expression of a XI from C. phytofermentans was 

compared to the expression of the XR/XDH pathway in an industrial strain and synthetic media, and was 

found to result in higher ethanol yield with similar xylose consumption abilities (Kobayashi et al., 2018). 

Taking these into account, and due to the reported specificities of each of the pathways, we hypothesized 

that the simultaneous expression of both XR/XDH and XI could be beneficial for xylose consumption in a 

lignocellulosic fermentation context. Furthermore, to the extent of our knowledge, there is only one report 

of the simultaneous expression of both xylose consumption pathways (using a XI from bovine rumen 

metagenome) in S. cerevisiae: performed in a laboratorial strain and synthetic media, presenting low 

xylose consumption rates and ethanol yields and lacking a thoroughly comparison with the sole expression 

of each of the pathways (Wang et al., 2017). Considering these, and the lack of comparison studies 

performed in more industrial-relevant conditions, in this work the utilization of XR/XDH and/or XI 

pathways were compared in the industrial(-derived) strains PE-2∆GRE3 and CA11. The effect of the two 

pathways, either separately or combined, on xylose consumption and ethanol production was evaluated 

with different fermentation conditions in synthetic xylose-containing medium and also in corn cob 

lignocellulosic hydrolysate.  

2.2. MATERIALS AND METHODS 

2.2.1. Yeast strains and plasmid constructions 

The yeast strains, plasmids and primers used in this study are listed in Table 2.1. The industrial-

derived S. cerevisiae PE-2∆GRE3 strain (with the GRE3 deleted to avoid the natural ability of PE-2 for 

xylitol accumulation; Romaní et al., 2013) and the industrial isolate CA11, a flocculant strain (Pereira et 
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al., 2010; Schwan et al., 2001), were used as chassis strains for comparison of the two xylose 

consumption pathways. The plasmid for simultaneous expression of the XR/XDH and XI pathways was 

constructed by insertion of the xylA gene from C. phytofermentans (with HXT7 promoter and CYC 

terminator, amplified from pBED-CpXI-NATMX plasmid with the primer pair XI_FW/ XI_RV) in the PvuII 

restriction site of pMEC1049 by in vivo homologous recombination (pMEC1049+XI). For the sole 

expression of the XI pathway the XYL1/XYL2 transcriptional units were removed by in vivo homologous 

recombination of the pMEC1049+XI plasmid (digested with EcoNI) with the PGItp-containing fragment 

(amplified from pYPKa_Z_PGI1tp with the primer pair 577/567), resulting in the plasmid pMEC_XI. The 

resulting plasmids were extracted and transformed to Escherichia coli NZY5α (NZYtech) for propagation 

and confirmation by restriction analysis, followed by insertion into the PE-2∆GRE3 and CA11 strains using 

the LiAC/SS carrier DNA/PEG method (Gietz and Schiestl, 2007). The transformants were selected on 

YPD plates (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose and 20 g/L agar) containing 300 

mg/L of hygromycin and were further cultured in YPX medium (10 g/L yeast extract, 20 g/L peptone, 

20 g/L D-xylose) until capable of xylose consumption. PE-2∆GRE3 and CA11 strains carrying the 

pMEC1049 plasmid for expression of the XR/XDH pathway have been described previously (Costa et al., 

2017; Romaní et al., 2015). The recombinant strains were preserved at 4 °C on YPX plates containing 

300 mg/L of hygromycin to maintain selective pressure for the plasmids. 

2.2.2. Non-detoxified corn cob hydrolysate 

Corn cob was collected, milled and submitted to hydrothermal treatment under non-isothermal 

conditions (Tmax of 205 °C, corresponding to a severity of 3.85) based on previous works (Garrote et al., 

2008; Rivas et al., 2006). The treatment was carried out in a 2 L stainless steel reactor (Parr Instruments 

Company) equipped with Parr PDI temperature controller (model 4848) at a liquid to solid ratio of 8 g 

distilled water/g of dry corn cob. Afte, the resulting solid and liquid phases were separated by filtration. 

The liquid phase was submitted to acid post-hydrolysis (1.5 % H2SO4, 165 min at 121 °C) to hydrolyze 

the oligomers into monomer sugars, based on previously optimized conditions (Garrote et al., 2008). The 

composition of non-detoxified hydrolysate (sugars, acetic acid and furan compounds) was determined by 

HPLC analysis. Hydrolysate was neutralized using CaCO3 until pH 5.0 and sterilized by filtration (0.2 µm). 
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Table 2.1. Strains, plasmids and primers used in this study. 

2.2.3. Detoxified corn cob hydrolysate 

In order to remove inhibitors (phenolic compounds, weak acids and furans), corn cob hydrolysate 

was detoxified using activated charcoal and ionic exchange resins. Corn cob hydrolysate was mixed with 

activated charcoal at liquor to solid ratio of 10 g of hydrolysate per g of activated charcoal with agitation 

for 1 h (Rodríguez-López et al., 2012) to remove phenolic compounds. After that, the hydrolysate was 

treated with ion exchange resins as described by Rodríguez-López et al. (2012). The hydrolysate was 

mixed with Amberlite IR-120 resin in H+ form at ratio 10 g of cationic resin per g of hydrolysate for 1 h 

with agitation. Cationic resin was recovered by filtration and hydrolysate was treated for 2 h under agitation 

with Mto-Dowex M43 (anionic) resin in OH- form at ratio 20 g of anionic resin per g of acetic acid present 

in the hydrolysate. Detoxified hydrolysate was sterilized by filtration and analyzed by HPLC.  

2.2.4. Inoculum preparation 

Yeast cells for inoculation were grown in YPX medium (10 g/L yeast extract, 20 g/L peptone, 20 

g/L D-xylose) at 30 °C for 24 h, with orbital shaking (200 rpm). The cell suspension was collected by 

 Relevant features Source 

Saccharomyces cerevisiae strains  
PE-2∆GRE3 S. cerevisiae PE-2 (isolated from Brazilian first generation 

bioethanol plants (Pereira et al., 2010; Basso et al., 2008), 
gre3::natMX4 / gre3::kanMX4 

Romaní et al., 2015 

PE-XR/XDH PE-2∆GRE3, pMEC1049 Romaní et al., 2015 
PE-XR/XDH+XI PE-2∆GRE3, pMEC1049+XI This work 
PE-XI PE-2∆GRE3, pMEC_XI This work 
CA11 S. cerevisiae strain isolated from Brazilian “cachaça” 

fermentation processes 
Pereira et al., 2010, 
Schwan et al., 2001 

CA11-XR/XDH CA11, pMEC1049 Costa et al., 2017 
CA11-XR/XDH+XI CA11, pMEC1049+XI This work 
CA11-XI CA11, pMEC_XI This work 
Plasmids   
pMEC1049 pYPK4-TEF1tp-XR(N272D)-TDH3tp-XDH-PGI1tp-XKS1-

FBA1tp-TAL1- PDC1tp, HphMX4 
Romaní et al., 2015 

pBED-CpXI-NATMX Plasmid containing the xylA gene from Clostridium 
phytofermentans with HXT7 promoter and CYC terminator 

Brat et al., 2009 

pMEC1049+XI pMEC1049 containing the xylA gene from C. 
phytofermentans with HXT7 promoter and CYC terminator 

This work 

pYPKa_Z_PGI1tp  Pereira et al., 2016 
pMEC_XI pMEC1049+XI after removal of XR and XDH coding 

sequences 
This work 

Primers Sequence (5’->3’)  
XI_FW ACGATTTAGGTGACACTATAGAACGCGGCCGCCAGGAGCTCGTAGGAACAA  
XI_RV GGGGATCCGTCGACCTGCAGCGTACGAAGCTTCAGCCGATCTCCAGCCGAC  
577 GTTCTGATCCTCGAGCATCTTAAGAATTC  
567 GTCGGCTGCAGGTCACTAGTGAG  
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centrifugation for 5 min (at 4000 g and 4 °C) and suspended in 0.9 % (w/v) sodium chloride solution to 

obtain a suspension with 200 mg of fresh yeast/mL. The fermentation assays were inoculated with 5 mg 

of fresh yeast/mL (approximately 1 mg of dry cell weight (DCW)/mL). 

2.2.5. Fermentation assays 

Fermentations were performed in 100 mL Erlenmeyer flasks, with cotton stopper or glycerol-lock 

to prevent the entrance of oxygen (creating oxygen-deprived conditions) (Pereira et al., 2014), and with a 

working volume of 30 mL and carried out at 30 or 40 °C in an orbital shaker at 150 rpm. Fermentations 

with cotton stopper were monitored by sample collection for HPLC analysis; oxygen-deprived 

fermentations were monitored by measurement of mass loss resulting from CO2 production (data not 

shown) and samples for HPLC were collected at the end of fermentation. Fermentation media consisted 

of YPX medium (10 g/L yeast extract, 20 g/L peptone, 50 g/L D-xylose), corn cob hydrolysate (detoxified 

and non-detoxified) supplemented with YP (10 g/L yeast extract, 20 g/L peptone) or YPX medium 

supplemented with 4 g/L of furfural and 0.5 g/L of HMF. 

2.2.6. Enzymatic activities 

Cells for enzyme assays were collected at 24 h of fermentation in YPX medium at 30 and 40 °C. 

Crude cell extracts were prepared with Y-PER reagent (Thermo Fisher Scientific) and the protein content 

was determined by Bradford assay (Biorad) (Bradford, 1976). XR, XDH and XI enzymatic activities in each 

of the cell extracts were assayed (in triplicate) by measuring the decrease/increase of NAD(P)H at 30 °C 

in a reaction mixture using a microplate reader spectrophotometer (at 340 nm). The reaction mixtures 

(containing appropriate dilutions of cell crude extract) were adapted from previously reported assays and 

their compositions were as follows: triethanolamine (100 mM, pH 7.0), NADH or NADPH (0.2 mM) and 

xylose (350 mM) for XR (Eliasson et al., 2000); glycine (100 mM, pH 9.0), MgCl2 (50 mM), NAD+ (3.0 

mM) and xylitol (300 mM) for XDH (Eliasson et al., 2000); Tris-HCl (100 mM, pH 7.5), MgCl2 (10 mM), 

NADH (0.15 mM), sorbitol dehydrogenase 2U/mL and xylose (500 mM) for XI (Lee et al., 2012). Specific 

activity is expressed as units per mg of protein (U/mg protein), in which units (U) is defined as µmol 

NAD(P)H reduced or oxidized per min. 

2.2.7. Determination of fermentation parameters 

Ethanol yield from xylose (Yet/x) was calculated as the ratio between the ethanol concentration at a 

defined time of fermentation and the xylose consumed in that period of time. Ethanol yield from sugars 

(Yet/sug) was calculated as the ratio between the ethanol concentration at a defined time of fermentation 

and the sugar (xylose and glucose) consumed in that period of time. Xylitol yield from xylose (Yxyol/xyl) was 
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calculated as the ratio between the xylitol concentration at a defined time of fermentation and the xylose 

consumed in that period of time.  

2.2.8. Analytical methods 

Samples from corn cob treatment (non-detoxified and detoxified hydrolysates) and from 

fermentation assays were analyzed for quantification of glucose, xylose, acetic acid and ethanol by HPLC 

using a Bio-Rad Aminex HPX-87H column, operating at 60 °C, with 0.005 M H2SO4 and at a flow rate of 

0.6 mL/min. The compounds were detected using a Knauer-IR refractive index detector. Furfural and 

HMF were quantified by ultra-high-performance liquid chromatography (UHPLC) using a Shimatzu 

Nexpera X2 UHPLC chromatograph equipped with Diode Array Detector (Shimadzu, SPD-M20A). 

Separation was performed on a reversed-phase Acquity UHPLC BEH C18 column (2.1 mm × 100 mm, 

1.7 μm particle size; from Waters) at 40 °C. The flow rate was 0.4 mL/min. The HPLC grade solvents 

used were water/formic acid (0.1 %) as solvent A and acetonitrile as solvent B. The elution gradient for 

solvent B was as follows: from 0.0 to 5.5 min at 5 %, from 5.5 to 17 min a linear increase to 60 %, from 

17.0 to 18.5 min a linear increase to 100 %, then column equilibration from 18.5 to 30.0 min at 5 %. 

2.2.9. Statistical analysis 

Statistical analyses were carried out in GraphPad Prism for Windows version 6.01. Differences 

between strain performance in terms of ethanol and xylitol production, sugar consumption and furan 

detoxification profiles were tested by repeated measures two-way ANOVA, followed by Tukey post hoc 

test. Differences in kinetic parameters were determined using repeated measures one-way ANOVA, 

followed by Tukey post hoc test. Statistical significance was established at P < 0.05 for the comparisons 

and marked by *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 

2.3. RESULTS 

2.3.1. Effect of different xylose metabolic pathways on the xylose fermentation capacity of 

Saccharomyces cerevisiae PE-2∆GRE3 and CA11 

2.3.1.1. Evaluation of kinetic profiles during xylose fermentation 

In order to evaluate the effect of expressing different xylose consumption metabolic pathways, 

the different constructed strains were characterized for their capacity to metabolize and convert xylose 

during cotton stopper fermentation in synthetic medium (Figure 2.1; Table 2.2). As seen in Figure 2.1A, 

the strains constructed from PE-2∆GRE3 show similar xylose consumption profiles (at a 95 % confidence 

level), however the PE-2∆GRE3 containing only the XI pathway was capable of producing higher ethanol 

concentrations than the strains containing the XR/XDH pathway (Figure 2.1C, P < 0.001), reaching at 24 
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h of fermentation an ethanol yield from xylose of 0.401 g/g (corresponding to 79 % of the theoretical 

maximum). On the other hand, the strains expressing the XR/XDH (alone or together with the XI pathway) 

accumulated higher quantities of xylitol (Figure 2.1B, P < 0.0001) with yields superior to 0.3 g/g at 24 h 

of fermentation, while the xylitol yield of the PE-XI strain was lower than 0.02 g/g (Table 2.2). Regarding 

the CA11-derived strains, the one containing only the XI pathway presented a slightly lower xylose 

consumption capacity than the strains with the XR/XDH pathway (Figure 2.1D, P < 0.05). Nevertheless, 

the strains expressing the XI pathway, CA11-XR/XDH+XI and CA11-XI, produced higher ethanol titers 

during the fermentation (Figure 2.1F, P < 0.0001), both presenting similar ethanol yields (Table 2.2), 

while the CA11-XR/XDH strain accumulated higher levels of the by-product xylitol (Figure 2.1E, P < 

0.0001). At the end of fermentation, the glycerol accumulation in the medium was inferior to 1 g/L for 

all strains. Additionally, the use of cotton stoppers allowed some oxygenation of the medium, and 

consequently higher amounts of xylose were used for biomass production (in comparison with oxygen-

deprived conditions) resulting in lower ethanol yields (with the strain with the highest fermentation 

performance reaching 79 % of the theoretical yield) (Table 2.2). 

 

Figure 2.1. Fermentation profiles in YPX medium at 30 °C. Xylose (A and D), xylitol (B and E) and ethanol (C 

and F). Xylose: d,f*; e,f*. Xylitol: a,b***; a,c****; b,c****; d,f****; e,f****. Ethanol: a,c***; b,c***; d,e****; d,f***; 

e,f**. 
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Table 2.2. Fermentation parameters in YPX medium at 30 °C. Fermentation time was 72 h. Xylosei and Xylosef 

are the xylose concentrations at the initial and final time of fermentation, respectively. Ethanolmax is the maximal 

ethanol concentration reached during the experimental timeframe. Xylitolmax is the maximal xylitol concentration 

reached during the experimental timeframe. Yet/xyl24h is the ethanol yield from xylose calculated at 24 h of 

fermentation. Yxyol/xyl24h is the xylitol yield from xylose calculated at 24 h of fermentation. DCW is the dry cell weight 

at final time. Xylosef: d,f***; e,f***. Ethanolmax: a,c***; b,c***; d,e***; d,f***; e,f*. Xylitolmax: a,b**; a,c****; b,c****; 

d,e****; d,f****. Yet/xyl24h: a,c*; b,c*; d,e***; d,f***. Yxyol/xyl24h: a,c**; b,c**; d,e***; d,f***. DCW: b,c*. 

Strain Xylosei 

(g/L) 
Xylosef 

(g/L) 
Ethanolmax 

(g/L) 
Xylitolmax 

(g/L) 
Yet/xyl24h 
(g/g) 

Yxyol/xyl24h 
(g/g) 

DCW 
(g/L) 

PE-
2∆GRE3 

XR/XDHa 52.9 ± 
2.5 

0.205 ± 
0.001 

13.0 ± 0.3 16.7 ± 
0.1 

0.189 ± 
0.020 

0.324 ± 
0.029 

11.1 ± 
0.8 

XR/XDH+XIb 52.9 ± 
2.5 

0.235 ± 
0.001 

12.7 ± 0.0 14.3 ± 
0.2 

0.222 ± 
0.012 

0.346 ± 
0.022 

13.8 ± 
2.3 

XIc 52.9 ± 
2.5 

0.215 ± 
0.031 

19.3 ± 0.4 1.19 ± 
0.04 

0.401 ± 
0.031 

0.0167 ± 
0.0002 

10.8 ± 
0.5 

CA11 XR/XDHd 51.3 ± 
2.2 

0.543 ± 
0.010 

6.73 ± 0.19 18.2 ± 
0.2 

0.120 ± 
0.002 

0.376 ± 
0.014 

14.1 ± 
0.5 

XR/XDH+XIe 53.6 ± 
1.0 

0.556 ± 
0.008 

13.1 ± 0.3 2.55 ± 
0.14 

0.232 ± 
0.004 

0.0287 ± 
0.0002 

13.1 ± 
0.8 

XIf 55.0 ± 
0.4 

2.16 ± 
0.06 

11.5 ± 0.0 3.23 ± 
0.05 

0.230 ± 
0.005 

0.0261 ± 
0.0008 

12.1 ± 
0.0 

2.3.1.2. Evaluation of xylose fermentation capacity in oxygen-deprived conditions at 30 and 

40 °C 

To further evaluate the fermentative capacity of these strains, they were tested in oxygen-deprived 

conditions in order to potentiate ethanol production, and also at higher temperature (40 °C) to evaluate 

their potential for more demanding ethanol fermentation processes, such as Simultaneous 

Saccharification and Fermentation (SSF) (Figure 2.2, Table 2.3). As previously observed at 30 °C, 

amongst the PE-2∆GRE3-derived strains, the strain expressing solely the XI pathway presented a higher 

ethanol titer and yield from xylose (Figure 2.2B, Table 2.3, P < 0.0001), while the strains containing the 

XR/XDH pathway presented xylitol yields ca. six times higher than the PE-XI strain (Figure 2.2B, Table 

2.3, P < 0.0001). Regarding the strains derived from CA11, the one with sole expression of the XI pathway 

also reached a higher ethanol concentration (Table 2.3, P < 0.05); as observed previously (Table 2.2), 

CA11-XR/XDH showed higher xylitol accumulation (Table 2.3, P < 0.05). It should be noted that the 

strains with highest ethanol production ability were also the ones capable of consuming higher xylose 

quantities during the time-course of fermentation (~120 h) at 30 °C (Figure 2.2, Table 2.3). The decrease 

in oxygen availability increased the amount of ethanol produced by the strains solely containing the XI 

pathway (yield of ethanol from xylose ~ 0.43 g/g) and by the CA11 strain with both pathways (Figure 
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2.2B, Table 2.3). However, for the strains that have previously shown a higher potential for xylitol 

accumulation (PE-XR/XDH, PE-XR/XDH+XI and CA11-XR/XDH, Figure 2.1, Table 2.2) the oxygen-

deprived conditions did not improve ethanol production but instead greatly increased the yield of the by-

product xylitol (Figure 2.2B, Table 2.3). Considering the fermentations at 40 °C, it is clear that the higher 

temperature severely affected the performance of all strains, decreasing xylose consumption and ethanol 

production, as well as biomass growth (Figure 2.2A, Table 2.3). Comparing the PE-2∆GRE3-derived 

strains in terms of xylose consumption, the PE-XI presented the highest percentage of xylose consumed 

(79 %, Figure 2.2A) at the end of fermentation (120 h), while among the strains with CA11 background 

the one expressing both pathways reached a higher percentage of xylose consumption (84 %, Figure 

2.2A). Nevertheless, the ethanol yields from xylose were not severely affected by the increase in 

temperature (Figure 2.2B, Table 2.3), with the PE-XI, CA11-XR/XDH+XI and CA11-XI strains presenting 

the highest values (≥ 0.345 g/g). Curiously, these strains with higher ethanol yields accumulated also 

higher xylitol quantities at 40 °C than at 30 °C (Table 2.3). Additionally, in all fermentations, at both 

temperatures, the strains with sole expression of the XI pathway (PE-XI and CA11-XI) accumulated higher 

quantities of the by-product glycerol, with the CA11-XI strain accumulating 0.154 g of glycerol per g of 

xylose consumed at 40 °C (Table 2.3, P < 0.05). 

 

Figure 2.2. Fermentation parameters in YPX medium at 30 °C and 40 °C in oxygen-deprived conditions. 

Percentage of xylose consumed at the end of fermentation (120 h) (A) and ethanol and xylitol yields from xylose 

(B). 
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Table 2.3. Fermentation parameters in YPX medium at 30 and 40 °C in oxygen-deprived conditions. Fermentation time was 120 h. Xylosei and Xylosef are the xylose 

concentrations at the initial and final time of fermentation, respectively. Ethanol f, Xylitolf and Glycerolf are the ethanol, xylitol and glycerol concentrations at the final time, 

respectively. Yet/xyl is the ethanol yield from xylose calculated at the final time of fermentation. Yxyol/xyl is the xylitol yield from xylose calculated at the final time of fermentation. DCW 

is the dry cell weight at final time. 30 °C: Xylosef: a,c**; b,c***. Ethanolf: a,b*; a,c****; b,c****; d,e**; d,f**; e,f*. Xylitol f: a,c****; b,c****; d,e*; d,f*. Glycerolf: a,c**; b,c**; d,f*; 

e,f*. Yet/xyl24h: a,c***; b,c***; d,e**; d,f**. Yet/xyl: a,c****; b,c****; d,e*; d,f**. Yxyol/xyl: a,c****; b,c****; d,e*; d,f*.40 °C: Xylosef: a,b*; a,c*; b,c**; d,e**; e,f**. Ethanolf: a,b*; a,c***; 

b,c***; d,e***; d,f**; e,f**. Xylitolf: a,c**; b,c*; d,e**; d,f***; e,f**. Glycerolf: a,c****; b,c****; d,f***; e,f***. Yet/xyl24h: a,c**; b,c**; d,e***; d,f**; e,f*. Yet/xyl: a,c***; b,c***; d,e**; 

d,f**. Yxyol/xyl: a,c*; b,c*; d,e***; d,f****; e,f**. 

Strain Temp. 
(°C) 

Xylosei 

(g/L) 
Xylosef (g/L) Ethanolf (g/L) Xylitolf (g/L) Glycerolf 

(g/L) 
Yet/xyl (g/g) Yxyol/xyl (g/g) DCW (g/L) 

PE-
2∆GRE3 

XR/XDHa 30 
 

51.7 ± 0.1 3.11 ± 0.13 10.9 ± 0.0 24.4 ± 0.3 1.44 ± 0.00 0.225 ± 0.002 0.503 ± 0.007 5.78 ± 0.53 

XR/XDH+XIb 51.7 ± 0.1 3.82 ± 0.20 10.2 ± 0.1 25.3 ± 0.2 0.921 ± 0.007 0.214 ± 0.002 0.527 ± 0.003 5.43 ± 0.34 

XIc 51.7 ± 0.1 0.00 ± 0.00 22.4 ± 0.1 1.91 ± 0.10 3.24 ± 0.27 0.433 ± 0.004 0.037 ± 0.002 5.27 ± 0.40 

CA11 XR/XDHd 48.3 ± 0.6 2.06 ± 1.51  7.38 ± 0.87 20.4 ± 1.3 1.11 ± 0.41 0.160 ± 0.022 0.442 ± 0.037 10.35 ± 3.55 

XR/XDH+XIe 48.3 ± 0.6 0.574 ± 0.249 16.8 ± 0.5 5.67 ± 2.71 0.845 ± 0.265 0.352 ± 0.017 0.120 ± 0.059 10.05 ± 2.45 

XIf 48.3 ± 0.6 0.135 ± 0.005 20.7 ± 0.46 2.26 ± 0.14 3.50 ± 0.05 0.430 ± 0.015 0.0469 ± 0.0036 6.55 ± 0.15 

PE-
2∆GRE3 

XR/XDHa 40 
 

52.0 ± 0.8 17.8 ± 0.6 7.28 ± 0.43 13.1 ± 0.9 1.17 ± 0.01 0.213 ± 0.004 0.385 ± 0.042 1.60 ± 0.10 

XR/XDH+XIb 52.0 ± 0.8 27.0 ± 1.5 4.67 ± 0.04 9.61 ± 0.94 1.15 ± 0.06 0.187 ± 0.007 0.386 ± 0.048 1.10 ± 0.10 

XIc 52.0 ± 0.8 11.0 ± 0.7 16.4 ± 0.3 2.67 ± 0.04 3.51 ± 0.01 0.401 ± 0.006 0.0651 ± 0.0012 1.40 ± 0.10 

CA11 XR/XDHd 48.3 ± 0.6 19.9 ± 0.5 4.98 ± 0.35 12.3 ± 0.2 1.93 ± 0.03 0.175 ± 0.013 0.433 ± 0.005 3.65 ± 0.15 

XR/XDH+XIe 48.3 ± 0.6 7.63 ± 0.14 14.1 ± 0.1 8.79 ± 0.34 2.07 ± 0.01 0.345 ± 0.006 0.216 ± 0.011 4.00 ± 0.80 

XIf 48.3 ± 0.6 19.6 ± 0.7 10.6 ± 0.3 3.21 ± 0.17 4.42 ± 0.16 0.368 ± 0.008 0.112 ± 0.001 3.45 ± 0.05 
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2.3.1.3. Comparison of enzyme activities in cell extracts of xylose fermentations in oxygen-

deprived conditions at 30 and 40 °C 

To fully understand the role played by the different pathways in xylose metabolism of each strain, 

the level of activity of the XR, XDH and XI enzymes was evaluated in yeast cell extracts after 24 h of xylose 

fermentation at 30 and 40 °C (Figure 2.3). At 30 °C, the PE-XR/XDH showed the highest activity among 

all the strains of the XR (both using NADH and NADPH cofactors) and XDH enzymes (Figure 2.3A, B and 

C), while the PE-XI strain showed the highest activity of XI enzyme (Figure 2.3D). The PE-XR/XDH+XI 

presented XR and XDH activity levels more than 2-fold lower than those presented by the PE-XR/XDH 

strain. Additionally, the XI activity level in this strain was considerably lower (0.07 U/mg of protein) than 

that from the PE-XI strain (0.50 U/mg of protein) and from the other CA11 strains containing this enzyme 

(Figure 2.3D).  

Regarding the CA11-derived strains, the XR activity was higher in the strain with both pathways 

than in the one solely expressing XR/XDH (Figure 2.3A and B), while the XDH activity at 30 °C was higher 

in the CA11-XR/XDH strain (Figure 2.3C). The CA11 strain with both pathways also presented a slightly 

higher XI activity than the CA-XI strain (Figure 2.3D) at 30 °C. It should also be noted, that while the XR 

gene introduced in these strains has a mutation for NADH-preference, the activity of the XR enzyme is 

still much higher (~10 times) when using the cofactor NADPH (Figure 2.3A and B). Also, and as expected, 

the strains without heterologous expression of an enzyme presented only residual levels of the 

corresponding enzymatic activity. With the increase of temperature to 40 °C, the activity levels of the 

enzymes were severely decreased (Figure 2.3), with exception of the XDH activity in the strains PE-

XR/XDH, PE-XR/XDH+XI and CA11-XR/XDH+XI (Figure 2.3C). 
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Figure 2.3. Enzymatic activities of XR with NADH (A), XR with NADPH (B), XDH (C) and XI (D). Biomass was 

collected at 24 h of fermentation in YPX medium at 30 °C and 40 °C in oxygen-deprived conditions. 

2.3.2. Effect of different metabolic pathways on the fermentation capacity of 

Saccharomyces cerevisiae PE-2∆GRE3 and CA11 in corn cob hydrolysate 

2.3.2.1. Evaluation of fermentation capacity in corn cob hydrolysate 

Corn cob is a lignocellulosic biomass with a high percentage of xylan, that when submitted to 

appropriate pretreatment and hydrolysis results in a xylose-enriched liquor. In this sense, this biomass 

was selected to test the performance of these xylose-consuming strains in lignocellulosic hydrolysates. 

After treatment, the corn cob hydrolysate comprised per liter ca. 28.3 g of xylose, 1.15 g of glucose, 4.36 

g of acetic acid, 0.170 g of HMF and 1.36 g of furfural. Considering the negative effect played by the 

lignocellulose-derived inhibitors, these strains were tested both with detoxified (Figure 2.4A) and non-

detoxified (Figure 2.4A) corn cob hydrolysate. Detoxified hydrolysate contained per liter ca. 26.74 g of 

xylose, 2.45 g of glucose and 0.43 g of acetic acid.  

The fermentative performance of the different strains with the detoxified corn cob hydrolysate 

(Figure 2.4A, Table 2.4) was similar to that observed with synthetic medium at 30 °C (Figure 2.2A, Table 



CHAPTER II 

74 

2.3). Similarly, the PE-XI and CA11-XI strains were the ones presenting higher ethanol titers, reaching 

yields of 0.44 g of ethanol per g of consumed sugars (Table 2.4, P < 0.01), while the PE-XR/XDH, PE-

XR/XDH+XI and CA11-XR/XDH accumulated higher amounts of xylitol, with yields higher than 0.427 g 

of xylitol per g of xylose (Table 2.4, P < 0.01). When comparing the strains with both pathways, it should 

be noted that the CA11-derived strain presented higher ethanol yield and lower xylitol accumulation levels 

than the PE-derived strain (Table 2.4), as already observed in synthetic medium (Table 2.3, Figure 2.2B). 

 

Figure 2.4. Percentage of consumed xylose in corn cob hydrolysates at 30 °C in oxygen-deprived conditions. 

Xylose was quantified at the final time of fermentation in detoxified and non-detoxified hydrolysates. Fermentation 

time course was 73 and 96 h for detoxified and non-detoxified hydrolysate, respectively (A). Detoxification profiles 

of the different strains in YPX medium supplemented with 4 g/L of furfural and 0.5 g/L of HMF (B and C). Furfural: 

a,c***; b,c***; d,e*; d,f****; e,f**. HMF: a,c****; b,c****; d,e**; d,f****; e,f****. 

On the other hand, the presence of inhibitory compounds such as acetic acid, furfural and HMF in 

the non-detoxified corn cob hydrolysate severely affected the fermentative capacity of all the strains, 

reducing xylose consumption and ethanol production (Figure 2.4A, Table 2.4). The strains only containing 

the XI pathway, PE-XI and CA11-XI, were essentially incapable of xylose consumption (less than 10 % of 

initial xylose in 96 h of fermentation) (Figure 2.4A), producing only residual amounts of ethanol (Table 

2.4). From the PE-2∆GRE3-derived strains, the one with only the XR/XDH pathway consumed higher 

amounts of xylose during the time course of fermentation (Figure 2.4A, P < 0.01), but produced low 

amounts of ethanol while accumulating xylitol (yields of 0.272 and 0.264 g/g, respectively) (Table 2.4). 

On the other hand, the CA11-XR/XDH+XI strain, which consumed approximately the same amount of 

xylose as PE-XR/XDH, presented the highest ethanol yield (0.384 g/g) of all the strains tested in non-

detoxified corn cob hydrolysate (an improvement of more than 38 % in comparison with the other strains) 

(Table 2.4, P < 0.05) with low xylitol production (corresponding to a xylitol yield of 0.0716 g/g) (Table 

2.4). 

 



CHAPTER II 

75 

Table 2.4. Fermentation parameters in corn cob hydrolysate (detoxified and non-detoxified) at 30 °C in oxygen-deprived conditions. Fermentation time course was 73 and 96 

h for detoxified and non-detoxified hydrolysate, respectively. Xylosei and Xylosef are the xylose concentrations at the initial and final time of fermentation, respectively. Ethanolf, 

Xylitolf and Glycerolf are the ethanol, xylitol and glycerol concentrations at the final time, respectively. Yet/sug is the ethanol yield from initial sugar calculated at final time of 

fermentation. Yxyol/xyl is the xylitol yield from xylose calculated at the final time of fermentation. DCW is the dry cell weight at final time. Detoxified Corn Cob - Xylosef: d,e**; d,f***; 

e,f**. Ethanolf: a,c**; b,c**; d,e***; d,f****; e,f**. Xylitolf: a,c***; b,c***; d,e****; d,f****; e,f****. Glyferolf: d,e**; e,f**. Yet/xyl: a,c***; b,c***; d,e***; d,f***; e,f**. Yxyol/xyl: a,c**; b,c**; 

d,e****; d,f****; e,f***. DCW: d,f*; e,f*. Non-detoxified Corn Cob- Xylosef: a,c**; b,c*; d,f**; e,f***. Ethanolf: a,c*; d,e**; d,f**; e,f***. Xylitolf: a,b*; a,c**; b,c*; d,e****; d,f****; 

e,f**. Glycerolf: a,b*; a,c**; b,c*; d,f*. Yet/xyl: d,e**; e,f*. Yxyol/xyl: d,e***; d,f***. DCW: a,c*. 

Strain Hydrolysate Xylosei 

(g/L) 
Xylosef (g/L) Ethanolf 

(g/L) 
Xylitolf (g/L) Glycerolf 

(g/L) 
Yet/sug (g/g) Yxyol/xyl (g/g) DCW (g/L) 

PE-2∆GRE3 XR/XDHa Detoxified 
Corn Cob 
 

26.7 3.43 ± 0.07 6.09 ± 0.05 10.3 ± 0.1 0.821 ± 0.013 0.261 ± 0.001 0.442 ± 0.005 2.50 ± 0.10 

XR/XDH+XIb 26.7 3.46 ± 0.79 6.06 ± 0.28 9.91 ± 0.46 2.57 ± 1.82 0.260 ± 0.003 0.427 ± 0.034 2.80 ± 0.20 

XIc 26.7 1.31 ± 0.07 11.2 ± 0.3 0.714 ± 0.029 0.880 ± 0.384 0.439 ± 0.012 0.028 ±0.001 3.80 ± 0.50 

CA11 XR/XDHd 26.7 3.79 ± 0.17 4.93 ± 0.05 10.6 ± 0.1 1.47 ±0.13 0.215 ± 0.004 0.462 ± 0.007 2.50 ± 0.10 

XR/XDH+XIe 26.7 2.07 ± 0.05 9.23 ± 0.07 4.94 ± 0.05 0.571 ± 0.004 0.374 ± 0.004 0.200 ± 0.002 3.25 ± 0.15 

XIf 26.7 0.438 ± 0.035 11.6 ± 0.2 0.958 ± 0.053 1.47 ± 0.03 0.440 ± 0.008 0.036 ± 0.002 4.60 ± 0.30 

PE-2∆GRE3 XR/XDHa Non-detoxified 
Corn Cob 
 

28.0 ± 0.1 7.16 ± 0.74 6.29 ± 0.80 5.46 ± 0.54 1.55 ± 0.05 0.272 ± 0.025 0.264 ± 0.036  1.77 ± 0.03 

XR/XDH+XIb 28.0 ± 0.1 15.8 ± 2.6 4.04 ± 0.80 3.06 ± 0.09 0.956 ± 0.069 0.279 ± 0.004 0.262 ± 0.050 1.43 ± 0.17 

XIc 28.0 ± 0.1 25.3 ± 0.5 1.16 ± 0.15 0.275 ± 0.026 0.393 ± 0.076 0.243 ± 0.057 0.107 ± 0.011 1.07 ± 0.07 

CA11 XR/XDHd 28.6 ± 0.0 10.9 ± 0.5 4.83 ± 0.35 5.15 ± 0.04 2.03 ± 0.13 0.244 ± 0.008 0.291 ± 0.006 2.23 ± 0.03 

XR/XDH+XIe 28.6 ± 0.0 8.33 ± 1.05 8.55 ± 0.22 1.44 ± 0.08 1.20 ± 0.22 0.384 ± 0.013 0.0716 ± 0.0074 2.40 ± 0.00 

XIf 28.6 ± 0.0 25.8 ± 0.3 1.34 ± 0.10 0.275 ± 0.047 0.608 ± 0.210 0.279 ± 0.013 0.0977 ± 0.0073 1.60 ± 0.27 
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2.3.2.2. Evaluation of furfural and HMF detoxification capacity 

To further elucidate the association between the xylose-consuming pathway and the yeast capacity 

for detoxification of furan compounds, the different strains were used for fermentation of xylose-containing 

synthetic media supplemented with 4 g/L of furfural and 0.5 g/L of HMF (Figure 2.4B and C). For both 

furfural and HMF detoxification, the strains expressing the XR/XDH pathway showed improved capacity 

when compared to the ones with high activity of the XI enzyme (Figure 2.4B and C, P < 0.05). However, 

while the strains without, or with low XI activity were capable of furfural depletion in approximately 8 h, 

the CA11-XR/XDH+XI strain only completely detoxified furfural after 24 h (Figure 2.4B). 

2.4. DISCUSSION 

The economically viable production of second-generation bioethanol must comprise an effective 

conversion of the xylose present in lignocellulosic biomass. Normally, xylose consumption in S. cerevisiae 

is obtained by the heterologous expression of the XR/XDH or the XI pathways. While several xylose-

consuming S. cerevisiae strains have been constructed using either strategy, the reported ethanol yields 

from xylose are still far below the theoretical yield (Hoang et al., 2018; Hou et al., 2017; Ko et al., 2016; 

Lee et al., 2014). On the other hand, there is a lack of consensus in the few studies comparing the use 

of the different xylose consuming pathways: while all describe the strains containing the XI pathway as 

capable of reaching higher ethanol yields than the ones containing the XR/XDH pathway, the XI role in 

xylose consumption rates and ethanol productivity is not clear (Karhumaa et al., 2007; Kobayashi et al., 

2018; Li et al., 2016). Considering the role that different yeast backgrounds may play in the final xylose 

consumption capacity, in this work, two different industrial S. cerevisiae strains were used to 

systematically compare the efficiency of the two pathways, and also of the combination of both pathways, 

for xylose consumption in the absence or presence of lignocellulosic-derived inhibitors. 

The first evaluation of the performance of the different strains in synthetic media and in the 

presence of oxygen, revealed a clear advantage of the strains expressing XI for ethanol production, while 

the strains containing the XR/XDH pathway accumulated higher xylitol levels. Nevertheless, these 

conditions favored biomass production, resulting in lower ethanol yields. As expected, when tested in 

oxygen-deprived conditions, the strains containing solely the XI pathways achieved higher ethanol yields, 

of ca. 0.43 g/g of xylose, which are in accordance with the values previously obtained in synthetic xylose 

medium using an industrial S. cerevisiae strain expressing the same XI (Brat et al., 2009). Interestingly, 

at 30 °C the strains with higher XI activity (PE-XI, CA11-XR/XDH+XI and CA11-XI) consumed more xylose 

during the time course of fermentation. The source of the XI enzyme may explain this difference in 

performance, as in previous comparative investigations, using XI from the fungus Piromyces sp. in S. 
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cerevisiae strains, the XI-containing strains showed lower xylose consumption rates than the ones 

containing XR/XDH (Karhumaa et al., 2007; Li et al., 2016), while a more recent comparative study using 

the XI from the anaerobic bacterium C. phytofermentans (also used in this work) showed similar xylose 

consumption profiles (Kobayashi et al., 2018). As expected, the strains with low XI activity levels (PE-

XR/XDH, PE-XR/XDH+XI and CA-XR/XDH), which metabolize xylose mainly through the XR/XDH 

pathway, presented higher xylitol yields. In fact, fermentation in oxygen-deprived conditions also resulted 

in higher accumulation of xylitol in the XR/XDH-utilizing strains, as the decrease in aerobic respiration 

reduces the oxidation of NADH, and the consequent low NAD+/NADH ratio favors xylitol production 

(Winkelhausen and Kuzmanova, 1998). It should be noted that even with the deletion of the GRE3 gene, 

the PE-2 strain containing the XR/XDH pathway produced similar, and sometimes higher, xylitol levels 

than the CA11-derived strain, as a result of the already described natural predisposition of PE-2 for 

accumulation of this compound (Baptista et al., 2018; Costa et al., 2017; Romaní et al., 2015). Moreover, 

the differences between the strains PE-XR/XDH+XI and CA11-XR/XDH+XI clearly corroborate the 

significant role played by the XR/XDH pathway in xylitol accumulation and the association between the 

XI pathway and higher ethanol production: in the CA11-derived strain, there is an increase in the XI activity 

when both pathways are used, achieving higher ethanol yields, while in the PE-XR/XDH+XI strain only 

residual levels of XI activity could be observed, resulting in xylitol yields similar to those in the PE-2∆GRE3 

strain containing only the XR/XDH pathway.   

The performance of the xylose-consuming strains was also evaluated in fermentations at higher 

temperature, which, as expected, resulted in an accentuated reduction in their xylose consumption and 

ethanol and xylitol production capacity, which is in accordance with the significant decrease in the activity 

level of almost all xylose consumption enzymes at 40 °C. Nevertheless, and as observed at 30 °C, the 

PE-XI and CA11-XI strains presented higher ethanol yields than the XR/XDH containing strains. 

Interestingly, the PE-2∆GRE3-derived strains containing the XR/XDH pathway were able to maintain a 

high activity level of the XDH enzyme at 40 °C, probably explaining their reduced xylitol accumulation at 

this temperature. The S. cerevisiae CA11 strain has previously been reported to have thermotolerant 

fermentation capacity (Costa et al., 2017; Ruiz et al., 2012), and despite the fact that the CA11-derived 

strains generally did not show a better performance when compared with the PE-2∆GRE3-derived strains, 

the CA11-XR/XDH+XI strain showed the highest xylose consumption capacity among all the strains at 40 

°C. 

To test the applicability of these strains in conditions more close to real industrial conditions, they 

were tested in hemicellulosic corn cob hydrolysate. When firstly submitted to fermentation with detoxified 
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hydrolysate, performance of the strains was similar to that obtained in synthetic media: higher ethanol 

yields obtained from the strains with high XI activity, and more xylitol accumulation from the strains mainly 

using the XR/XDH pathway. In non-detoxified hydrolysate, and despite the robust characteristics of the 

industrial S. cerevisiae chassis used, the presence of inhibitors such as acetic acid, furfural and HMF, 

greatly hampered the fermentative capacity of all strains, but mainly of the strains containing only the XI 

pathway. The lack of the XR/XDH pathway may explain the low xylose consumption and lower level of 

ethanol production presented by the PE-XI and CA11-XI strains. In fact, the XR enzyme from P. stipitis 

has been described as having the capacity to convert HMF into less toxic compounds (Almeida et al., 

2008), and in this work, the presence of the XR/XDH pathway was found to greatly increase the 

detoxification rate, not only of HMF, but also of furfural. Additionally, the presence of furfural has been 

described previously as being advantageous for ethanol production from xylose through the XR/XDH 

pathway, as its NADH-dependent detoxification regenerates NAD+, relieving the redox imbalance and 

reducing xylitol accumulation (Ishii et al., 2013; Wahlbom and Hahn-Hägerdal, 2002). In turn, the 

conversion of xylitol into xylulose regenerates NADH that can be used for further detoxification. In this 

sense, as a result of the redox equilibrium between furan bioconversion and the XR/XDH pathway (Figure 

2.5), the strains containing this pathway were capable of xylose fermentation in the non-detoxified 

hydrolysate. This effect can be observed clearly in the furfural detoxification pattern of the CA11-

XR/XDH+XI strain (which has high enzymatic activity of both the XR/XDH and XI pathways): as xylose 

conversion is divided between the two pathways, less NADH is regenerated by the XR/XDH pathway, 

resulting in slower furfural detoxification than in the strain mainly using the XR/XDH pathway, but still 

faster than in the one containing only the XI pathway. In fact, the CA11-XR/XDH+XI strain achieved the 

highest ethanol production and yield, indicating a clear advantage of expressing both pathways for 

fermentation of non-detoxified hydrolysates: XR/XDH which facilitates inhibitor detoxification with 

concomitant decreased xylitol accumulation; and XI, which also reduces xylitol accumulation, and allows 

high conversion yields of xylose into ethanol. Accordingly, the strain PE-XR/XDH+XI, despite presenting 

high detoxification capacity (derived from the presence of the XR/XDH pathway), presents a low enzymatic 

activity of XI, which results in higher xylitol accumulation, lower xylose consumption and higher ethanol 

titers in non-detoxified hydrolysate (in comparison with CA11-XR/XDH+XI).  However, the accumulation 

of xylitol by this yeast, despite being considerably smaller than in the absence of inhibitors, may still 

prevent the attainment of higher ethanol yields. Regarding xylitol accumulation, the use of the XI from C. 

phytofermentans clearly shows an advantage, as this enzyme was found to be far less inhibited by xylitol 

than other XIs already expressed in S. cerevisiae (Yamanaka, 1969). Also worth mentioning is the fact 
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that, despite the reported role of GRE3 in detoxification of lignocellulosic-derived aldehydes, such as 

furfural, HMF and methylglyoxal (Aguilera and Prieto, 2001; Liu et al., 2008), the deletion of this gene in 

the PE-2 strain did not seem to influence its detoxification capacity negatively, as it remained similar, or 

even superior, to that of the CA11-derived strains. 

 

Figure 2.5. Schematic representation of different xylose-consuming pathways, glucose metabolic pathway and 

furan detoxification in Saccharomyces cerevisiae. 

2.5. CONCLUSIONS 

In this work we have compared the performance of two industrial S. cerevisiae strains containing 

XI and/or XR/XDH for xylose consumption and ethanol production in synthetic medium and corn cob 

hydrolysate. It is, to the extent of our knowledge, the first study involving the simultaneous expression of 

both xylose consumption pathways in comparison with the single expression of one of the pathways. In 

synthetic medium, the XI-carrying strains showed the highest ethanol titer and yield, with low xylitol 

production, and a similar pattern was obtained when the strains were tested in detoxified corn cob 

hydrolysate. In non-detoxified corn cob hydrolysate, the CA11-XR/XDH+XI strain presented the highest 

ethanol yield, which can be explained by the high enzymatic activity of the XR/XDH and XI pathways, that 

allows furfural and HMF detoxification and high ethanol production with low xylitol formation. In this sense, 

a fine tuning of the expression of the XR/XDH and XI pathways in the same yeast strain, possibly coupled 

with additional strategies to decrease xylitol accumulation, would be beneficial to increase the efficiency 

of ethanol production with non-detoxified lignocellulosic hydrolysates. 
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ABSTRACT 

Consolidated bioprocessing, which combines saccharolytic and fermentative abilities in a single 

microorganism, is receiving increased attention to decrease environmental and economic costs in 

lignocellulosic biorefineries. Nevertheless, the economic viability of lignocellulosic ethanol is also 

dependent of an efficient utilization of the hemicellulosic fraction, which contains xylose as a major 

component in concentrations that can reach up to 40 % of the total biomass in hardwoods and agricultural 

residues. This major bottleneck is mainly due to the necessity of chemical/enzymatic treatments to 

hydrolyze hemicellulose into fermentable sugars and to the fact that xylose is not readily consumed by 

Saccharomyces cerevisiae - the most used organism for large-scale ethanol production. In this work, 

industrial S. cerevisiae strains, presenting robust traits such as thermotolerance and improved resistance 

to inhibitors, were evaluated as hosts for the cell-surface display of hemicellulolytic enzymes and 

optimized xylose assimilation, aiming at the development of whole cell biocatalysts for consolidated 

bioprocessing of corn cob-derived hemicellulose.  

These modifications allowed the direct production of ethanol from non-detoxified hemicellulosic 

liquor obtained by hydrothermal pretreatment of corn cob, reaching an ethanol titer of 11.1 g/L 

corresponding to a yield of 0.328 g per g of potential xylose and glucose, without the need for external 

hydrolytic catalysts. Also, consolidated bioprocessing of pretreated corn cob was found to be more 

efficient for hemicellulosic ethanol production than simultaneous saccharification and fermentation with 

addition of commercial hemicellulases. 

These results show the potential of industrial S. cerevisiae strains for the design of whole cell 

biocatalysts and paves the way for the development of more efficient consolidated bioprocesses for 

lignocellulosic biomass valorization, further decreasing environmental and economic costs. 
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3.1. INTRODUCTION 

Lignocellulosic biomass is a sustainable resource for the production of biofuels, and its utilization 

is a possible solution to alleviate the current world dependence on fossil fuels. In this context, consolidated 

bioprocessing (CBP), in which the same microorganism is able to produce hydrolytic enzymes and 

ferment sugars into ethanol (Cripwell et al., 2019), emerges as a promising alternative configuration to 

simultaneous saccharification and fermentation (SSF) process (Loaces et al., 2017) and holds great 

promise for the efficient conversion and valorization of lignocellulosic biomass. Enzymes can be either 

secreted or displayed on the cell surface. The cell-surface display strategy exhibits several advantages, 

such as: (1) high localized enzyme activity, (2) the monosaccharide release occurs close to the cell surface 

being instantaneously consumed by the cell, which reduces the risk of contamination or product inhibition, 

(3) the immobilization of enzymes on cell surface allows their re-utilization in successive cultures, which 

lowers the overall process cost (Liu et al., 2015). Moreover, this strategy enables the use of recombinant 

microorganisms as whole cell biocatalysts. The whole cell biocatalysis provides a sustainable alternative 

to traditional chemical catalysis, since biocatalysis presents higher selectivity and catalytic efficiency, can 

be carried out at milder operation conditions and multi-step reactions can be performed in a single strain 

allowing cofactor regeneration (Lin and Tao, 2017). Moreover, the CBP strategy could contribute to a 

lower bioethanol production cost from lignocellulosic biomass, since CBP combines three process stages 

in a single recombinant microorganism, namely: the enzyme production, enzymatic saccharification and 

sugar fermentation. The effective use of hemicellulose is fundamental for bioethanol production as xylan 

may be a major constituent of some lignocellulosic biomasses, e.g., corn cob can contain up to 31 g of 

xylan per 100 g of raw material (Baptista et al., 2018). Xylan from the hemicellulosic fraction of agro-

industrial residues is an amorphous heteropolymer that comprises a backbone of β-1,4-linked xylose 

partially substituted with acetyl groups, uronic acids and arabinose (Hasunuma et al., 2014). The removal 

of the xylan side chains requires different enzymes dependent of the substituent (e.g., acetylxylan 

esterases for acetyl, α-L-arabinofuranosidases for arabinose), while degradation of the xylan backbone 

into xylose monomers requires endo-1,4-β-xylanases and β-1,4-xylosidases: the main chain of xylan can 

be hydrolyzed into xylooligosaccharides (XOS) by endo-1,4-β-xylanases, which can be cleaved into xylose 

by β-1,4-xylosidases (Rohman et al.,2018). Hydrothermal treatment of lignocellulosic biomass is a 

recognized environment friendly process that improves the enzymatic saccharification of cellulose 

promoting the solubilization of hemicellulose as hemicellulosic-derived compounds (mainly composed by 

XOS). Still, these XOS are not metabolized by the yeast Saccharomyces cerevisiae, the main microbial 

ethanol producer. Thus, the direct conversion of hemicellulose into ethanol requires the simultaneous 
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expression of xylan-degrading enzymes and xylose-assimilating enzymes in the recombinant S. cerevisiae 

strain. Despite promising advantages of CBP process over other alternatives, few attempts have been 

reported for the direct conversion of hemicellulose into ethanol, achieving ethanol concentrations in the 

range of 0.32 to 8.2 g/L (Hasunuma et al., 2014; Katahira et al., 2004; Lee et al., 2015; Sakamoto et 

al., 2012; Sasaki et al., 2017; Sun et al., 2012). The most remarkable results with cell-surface display in 

a hemicellulosic CBP were obtained with liquors derived from hydrothermal treatment of rice straw, in 

which 4.04 and 8.2 g/L of ethanol were produced by engineered industrial S. cerevisiae Sun049 strain 

and engineered laboratorial S. cerevisiae NBRC1440/X strain, respectively (Hasunuma et al., 2014; 

Sakamoto et al., 2012).   

One of the most important limitation of CBP is the selection of operating temperature, since 

ethanologenic yeast (such as S. cerevisae) and xylanases/cellulases work at different range of 

temperatures. In addition, the engineered yeast has to function under adverse conditions, such as the 

presence of inhibitors derived from pretreatment (including acetic acid, furfural and 5-

hydroxymethylfurfural (HMF)). In this sense, the selection of host microorganism with desired features 

such as thermotolerance and resistance to inhibitors is crucial to develop this sustainable bioprocess. 

Previous works have demonstrated the specific robustness (Pereira et al., 2010; Pereira et al., 2011) and 

superior capacity of yeast strains isolated from industrial environments for lignocellulosic fermentation in 

these demanding conditions (Pereira et al., 2014). In addition, hemicellulosic CBP requires a highly 

engineered yeast, as xylose consumption pathways must be expressed together with xylan degrading 

enzymes. In this context, recent works have indicated that industrial isolates can present different intrinsic 

abilities to cope with genetic engineering strategies for xylose consumption (Costa et al., 2017) and 

expression of hydrolases (Davison et al., 2016; Davison et al., 2019). Therefore, there is a need for a 

tailor-made development of hemicellulosic ethanol-producing yeast where intrinsic capabilities of host 

microorganism (suitable for the process) are previously selected. 

Taking into account the interest of the development of CBP as a green alternative to chemical 

catalysis in a lignocellulose biorefinery context, the aim of this study was to (1) explore the potential of 

industrial S. cerevisiae strains as host for the design of whole cell biocatalyst through cell-surface display 

of hemicellulose-degrading enzymes together with the expression of xylose consumption pathways, (2) 

evaluate their performance in non-detoxified corn cob liquor in terms of hemicellulose saccharification 

and direct conversion into ethanol, and (3) compare the efficiency of CBP against a SSF process with 

addition of commercial hemicellulases.   
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3.2. MATERIALS AND METHODS 

3.2.1. Yeast strains and plasmid construction 

S. cerevisiae strains and main plasmids used in this work are listed in Table 3.1 and primers and 

plasmids used for cloning steps are presented on Appendix: Table A3.1. Escherichia coli DH5α was used 

for plasmid construction, propagation and maintenance. The integrative plasmid pI23-BGL1-kanMX for 

expression of Aspergillus aculeatus β-glucosidase 1 (BGL1; EC 3.2.1.21; Accession P48825.1) was 

obtained from the plasmid pIBG-SSA by substitution of the HIS3 for the integration region 23 (3′ non-

coding region of genes YCL054W and YCL052C, chromosome III) (Flagfeldt et al., 2009) and the kanMX 

resistance marker. The plasmid pI5-XylA-NatX for expression of Aspergillus oryzae β-xylosidase A (XYL; 

EC 3.2.1.37; Accession OOO12801.1) was obtained from the plasmid pIK-BX-SSS by substitution of the 

LYS2 for the integration region I5 (3′ non-coding region of genes YLL055W and YLL054C, chromosome 

XII) (Liu et al., 2015) and the natMX resistance marker. The δ-integration plasmid pδW-XYN-kanMX for 

expression of Trichoderma reesei endoxylanase II (XYN; EC 3.2.1.8; Accession XP_006968947.1) was 

constructed from the pδW-EX-SSS by substitution of the TRP1 marker for the kanMX-UkG1 cassette, 

containing both the kanMX resistance marker and the green fluorescent protein mUkG1 (Kaishima et al., 

2016) for monitoring copy number integration. Plasmid assembling steps were performed with the In-

Fusion HD Cloning Kit (Clontech, Mountain View, CA, USA). The gene cassettes used for the cell-surface 

expression of hemicellulases were previously optimized (Inokuma et al., 2014; Inokuma et al., 2020) and 

consist of: coding sequences of SED1 promoter, SED1 secretion signal, and SAG1 anchoring domain for 

BGL1 expression; and coding sequences of SED1 promoter, SED1 secretion signal, and SED1 anchoring 

domain for expression of XYL and XYN. The plasmids pI23-BGL1-kanMX, pI5-XylA-NatMX and pδW-XYN-

kanMX were linearized with BstZ17I, SpeI and AscI, respectively, and were sequentially transformed by 

lithium acetate (Chen et al., 1992) and integrated in the different yeast strains. The transformants were 

selected on YPD plates (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose and 20 g/L agar) 

containing 300 mg/L of G418 (pI23-BGL1-kanMX and pδW-XYN-kanMX) or 100 mg/L of clonNAT (pI5-

XylA-NatMX) and were preserved at 4 °C on YPD plates. Before integration of pδW-XYN-kanMX, the kanMX 

marker inserted with the pI23-BGL1-kanMX integration was removed using the CRE-loxP recombinase 

system (Fang et al., 2011). After each integration, transformants of each of the different yeast hosts were 

screened, and the transformant presenting higher enzymatic activity was selected for further work (data 

not shown), and were denominated ER-X, PE-2-X, CAT-1-X and CA11-X.  
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Table 3.1. Saccharomyces cerevisiae strains and main plasmids used in this study. 

 Relevant features Source 

Saccharomyces cerevisiae  
Ethanol Red (ER) Commercial ethanol yeast Fermentis, S. I. Lesaffre, 

Lille 
PE-2 Isolated from a Brazilian first generation bioethanol plant Basso et al., 2008; 

Pereira et al, 2011 
CAT-1 Isolated from a Brazilian first generation bioethanol plant Basso et al., 2008; 

Pereira et al, 2011 
CA11 Isolated from a Brazilian "cachaça" fermentation 

processes 
Pereira et al., 2010; 
Schwan et al., 2001 

ER-X ER, pI23-BGL1-kanMX, pI5-XylA-NatMX, pδW-XYN-kanMX This work 
PE-2-X PE-2, pI23-BGL1-kanMX, pI5-XylA-NatMX, pδW-XYN-

kanMX 
This work 

CAT-1-X CAT-1, pI23-BGL1-kanMX, pI5-XylA-NatMX, pδW-XYN-

kanMX 

This work 

CA11-X CA11, pI23-BGL1-kanMX, pI5-XylA-NatMX, pδW-XYN-

kanMX 

This work 

ER-X-2P ER-X, pMEC1049+XI This work 
CAT-1-X-2P CAT-1-X, pMEC1049+XI This work 
CA11-X-2P CA11-X, pMEC1049+XI This work 
ER-2P ER, pMEC1049+XI This work 
Plasmids   
pI23-BGL1-kanMX SED1p–SED1ss–Aspergillus aculeatus BGL1–SAG1a–

SAG1t, KanMX marker, I23 integration site 
This work 

pI5-XylA-NatMX SED1p–SED1ss–Aspergillus oryzae XYL–SED1a–SAG1t, 
NatMX marker, I5 integration site 

This work 

pCRE-hyg6 CRE recombinase, hyg6 This work 
pδW-XYN-kanMX SED1p–SED1ss–Trichoderma reesei XYN–SED1a–

SAG1t, KanMX marker, δ sequences integration site 
This work 

pMEC1049+XI pYPK4-TEF1tp-XR (N272D)-TDH3tp-XYL2-PGI1tp-XKS1-
FBA1tp-TAL1-PDC1tp, xylA gene from Clostridium 
phytofermentans (HXT7p and CYCt), HphMX4 

Cunha et al., 2019b 

For xylose consumption the plasmid pMEC1049+XI, for expression of both the oxidoreductase and 

the isomerase pathways (Cunha et al., 2019b), was introduced by lithium acetate transformation (Chen 

et al., 1992) on the yeast strains displaying the hemicellulolytic enzymes, originating the strains ER-X-2P, 

CAT-1-X-2P and CA11-X-2P, and also on the ER wild-type strain, originating the strain ER-2P. The 

transformants were selected on YPD plates containing 300 mg/L of hygromycin and were preserved at 4 

°C on YPX plates (10 g/L yeast extract, 20 g/L peptone, 20 g/L xylose and 20 g/L agar) containing 300 

mg/L of hygromycin to maintain selective pressure. 

3.2.2. Enzymatic activities 

For determination of enzymatic activities the yeast cells were grown in YPD medium (10 g/L yeast 

extract, 20 g/L peptone and 20 g/L glucose) for 48 h at 30 °C (Appendix: Table A3.2) or YPX medium 

(10 g/L yeast extract, 20 g/L peptone and 20 g/L xylose) for 48 h at 35 °C for xylanase activity 
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determinations of the inoculums for SSF experiments (data not shown); the cells were collected by 

centrifugation at 1000 g for 5 min. β-glucosidase 1 and β-xylosidase A activities were measured at 30 

°C with p-nitrophenyl-β-d-glucopyranoside and p-nitrophenyl-β-D-xylopyranoside (Nacalai Tesque, Inc., 

Kyoto, Japan), respectively, as previously described (Guirimand et al., 2019). For the measurement of 

xylanase activity, the cells (20 g wet cells/L) were incubated in 10 g/L of xylan from beechwood (Sigma, 

≥ 90 % purity) in 50 mM sodium acetate buffer (pH 5.0) for 10 min at 250 rpm orbital agitation at 30 

and 40 °C. The amount of reducing sugar released from the substrate was measured by the 

dinitrosalicylic acid (DNS) method (Miller, 1959). One unit of xylanase activity was defined as the amount 

of enzyme required to release 1 μmol of reducing sugar per minute. Dry cell weight (DCW) of the yeast 

strains was calculated to be 0.15-fold (ER, PE-2 and CAT-1) and 0.18-fold (CA11) that of the wet cell 

weight. 

3.2.3. Preparation of corn cob liquor  

Corn cob was collected, milled and submitted to hydrothermal treatment under non-isothermal 

conditions, selected based on previous works (Baptista et al., 2018; Garrote et al., 2008), in a 2 L 

stainless steel reactor (Parr Instruments Company) equipped with Parr PDI temperature controller (model 

4848) at liquid to solid ratio of 8 g distilled water/1 g of oven dry corn cob or of 4 g distilled water/1 g of 

oven dry corn cob. Tmax of 205 °C, 211 °C and 207 °C corresponding to a severity (S0) of 3.67, 3.99 and 

3.78, were used to obtain the hemicellulosic liquors, that were denominated according to their potential 

in xylose (g/L), i.e., Liquor29XPot, 32XPot and 54XPot, respectively. After treatment, the resulting solid and 

liquid (liquor) phases were separated by filtration. Solid phase was recovered and washed for solid yield 

determination. Severity (S0) was calculated by the following equation:  

S0 = logRo = log(𝑅𝑜𝐻𝐸𝐴𝑇𝐼𝑁𝐺 + 𝑅𝑜𝐶𝑂𝑂𝐿𝐼𝑁𝐺)

= log [∫ exp(
T(t) − 𝑇𝑅𝐸𝐹

ω

tMAX

0

) ∙ dt] + [∫ exp(
T′(t) − 𝑇𝑅𝐸𝐹

ω
) ∙ dt

tF

tMAX

](1) 

where R0 is the severity factor, tMAX (min) is the time needed to achieve the target temperature TMAX 

(°C), tF (min) is the time needed for the whole heating–cooling period, and T(t) and T’(t) represent the 

temperature profiles in the heating and cooling stages, respectively. Calculations were made using the 

values reported usually for ω and TREF (14.75 and 100 °C, respectively). 

3.2.4. Saccharification of xylan and xylooligosaccharides from corn cob liquors 

Yeast cells used for saccharification were cultivated at 30 °C for 48 h, with orbital agitation (200 

rpm), in YPD medium. Cells were washed with water and the saccharification assays were inoculated with 

10 g of wet yeast/L or with the biomass corresponding to 140 units (U) of xylanase activity/L. 
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Saccharification was carried out in 50 mL Erlenmeyer flasks, with cotton stopper and working volume of 

15 mL, in 10 g/L of xylan from beechwood in 50 mM sodium acetate buffer (pH 5.0) or in corn cob liquor 

29XPot (pH adjusted to 5.0). Assays were performed at 40 °C in an orbital shaker at 150 rpm and samples 

were collected throughout the experiment for high-performance liquid chromatography (HPLC) analysis. 

3.2.5. Consolidated bioprocessing (CBP) and simultaneous saccharification and 

fermentation (SSF) assays 

Yeast cells used for CBP/SSF were cultivated at 35 °C for 48 h, with orbital agitation (200 rpm), 

in YPX medium. Cells were washed with NaCl (0.9 %) and the CBP/SSF assays were inoculated with 50 

or 100 g of wet yeast/L (7.5 to 15 g DCW/L). CBP/SSF was carried out in 100 mL Erlenmeyer flasks, 

with glycerol lock to create oxygen-deprived conditions and a working volume of 30 mL. Media consisted 

of corn cob liquor 29XPot, 32XPot or 54XPot; or corn cob liquor 54XPot with 5 % (DCW/v) of pretreated corn cob 

solid fraction. All media were supplemented with YP (10 g/L yeast extract, 20 g/L peptone) and adjusted 

to pH 5.0. SSF of corn cob liquor 32XPot was performed with addition of 0.017 % (v/v) or 0.050 % (v/v) of 

the commercial hemicellulase Cellic HTec2 (Novozymes). Assays were performed at 40 °C in an orbital 

shaker at 150 rpm and samples were collected throughout the experiment for HPLC analysis. 

3.2.6. Analytical methods 

The chemical composition of raw material and solid phases obtained after pretreatment was 

determined following standard methods described by NREL protocols (NREL/TP-510-42618-42622-

4218). The liquid phase was analyzed directly and after post-hydrolysis (4 % H2SO4 at 121 °C for 20 min) 

allowing the quantification of monosaccharides, oligosaccharides (measured as monomers equivalents), 

acetic acid and furan derived compounds (furfural and HMF). Samples from corn cob treatment and from 

saccharification and fermentation assays were analyzed for quantification of glucose, xylose, xylitol, 

xylobiose, xylotriose, acetic acid, ethanol, HMF and furfural by HPLC using a Bio-Rad Aminex HPX-87H 

column, operating at 60 °C, with 0.005 M H2SO4 and at a flow rate of 0.6 mL/min. HMF and furfural 

were detected using an UV detector set at 270 nm, whereas the other compounds were detected using 

a Knauer-IR refractive index detector. 

3.2.7. Determination of fermentation parameters 

Saccharification yield (%) was calculated using the following equation: 

𝑆𝑎𝑐𝑐ℎ𝑎𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑦𝑖𝑒𝑙𝑑(%) =
[𝑋𝑦𝑙𝑜𝑠𝑒𝑓]+[𝑋𝑦𝑙𝑖𝑡𝑜𝑙𝑓]

[𝑋𝑦𝑙𝑜𝑠𝑒𝑃𝑜𝑡]
× 100 (2) 
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where [Xylosef] is xylose concentration (mM) at the end of saccharification assay, [Xylitolf] is xylitol 

concentration (mM) at the end of saccharification assay and [XylosePot] is the potential xylose (mM) present 

in the media used. 

Ethanol yield from potential sugars (Yet/potential sugar) was calculated using the following equation:  

𝑌𝑒𝑡 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝑠𝑢𝑔𝑎𝑟⁄ =
[𝐸𝑡ℎ𝑎𝑛𝑜𝑙𝑓]

[𝑋𝑦𝑙𝑜𝑠𝑒𝑃𝑜𝑡]+[𝐺𝑙𝑢𝑐𝑜𝑠𝑒𝑃𝑜𝑡]
 (3) 

where [Ethanolf] is ethanol concentration (g/L) at the end of fermentation assay, [XylosePot] and 

[GlucosePot] are the potential xylose (g/L) and glucose (g/L), respectively, present in the media used. 

Xylitol yield from potential xylose (Yxyol/potential xyl) was calculated using the following equation:  

𝑌𝑥𝑦𝑜𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝑥𝑦𝑙⁄ =
[𝑋𝑦𝑙𝑖𝑡𝑜𝑙𝑓]

[𝑋𝑦𝑙𝑜𝑠𝑒𝑃𝑜𝑡]
  (4) 

where [Xylitolf] is xylitol concentration (g/L) at the end of fermentation assay and [XylosePot] is the 

potential xylose (g/L) present in the media used. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Corn cob processing: hydrothermal treatment for hemicellulosic liquors 

In order to evaluate the capacity of the constructed strains for the enzymatic saccharification and 

fermentation of hemicellulose, corn cob was selected as a representative renewable resource due to its 

high xylan content. The chemical composition of corn cob (expressed in g/100 g of raw material in oven-

dry ± standard deviation based on three replicate determinations) was as follows: 28.79 ± 1.45 of glucan, 

29.63 ± 0.45 of xylan, 3.62 ± 0.13 of arabinan, 2.58 ± 0.05 of acetyl groups and 18.58 ± 0.87 of Klason 

lignin.  Corn cob was submitted to hydrothermal treatment under conditions selected based on previous 

works (Baptista et al., 2018; Garrote et al., 2008). Table 3.2 shows the chemical composition of solid 

and liquid phases after pretreatment at different severities (S0, 3.67, 3.99 and 3.78, corresponding to 

Tmax of 205, 211 and 207 °C in non-isothermal regime) and liquid solid ratios (LSR) of 4 g/g and 8 g/g. 

The resulting hemicellulosic liquors (liquid phase) were denominated according to their potential xylose 

(g/L), i.e., Liquor 29XPot, 32XPot and 54XPot, accordingly. Solid phase was composed mainly by cellulose 

(measured as glucan) and lignin. As seen in Table 3.2, low xylan content, ranging between 5.74-10.80 

%, remained in the solid phase, which corresponded to 81-89 % of xylan solubilization. After treatment, 

between 71.30-83.35 % of xylan was recovered as XOS and xylose in the liquid phase. On the other hand, 

between 0.74-1.34 % of xylan was degraded into furfural. XOS were the major component in the liquid 

phase, corresponding to 65-67 % of total identified compounds. In the treatments at LSR of 8 g/g, similar 

concentration of XOS were obtained at the two severities evaluated (3.67 and 3.99). Nevertheless, 

maximal recovery of xylan as sum of XOS and xylose (32 g/L) was obtained at severity of 3.99 (Liquor 
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32XPot). Moreover, glucooligosaccharides were also quantified achieving a concentration in the range of 

1.86-3.36 g/L (Table 3.2). 

Table 3.2. Composition of the pretreated corn cob and hemicellulosic liquors resultant of different hydrothermal 

treatments. Treatments were performed under non-isothermal conditions. S0: severity. LSR: liquid to solid ratio. 

Pretreatment conditions 
S0=3.67 and 
LSR=8 g/g 

S0=3.99 and 
LSR=8 g/g 

S0=3.78 and 
LSR=4 g/g 

Solid yield (g of pretreated 
corn cob/100 g of corn cob) 

57 42 57 

Pretreated corn cob composition (g of component/100 g of pretreated corn cob) 
Glucan 49.6 ± 0.60 63.32 ± 2.20 54.46 ± 1.59 
Xylan 10.05 ± 0.10 5.74 ± 0.12 10.80 ± 0.30 
Arabinan 1.21 ± 0.10 0.39 ± 0.02 0.66 ± 0.02 
Acetyl groups 0.53 ± 0.01 0.52 ± 0.06 0.87 ± 0.07 
Klason Lignin 19.4 ± 0.60 18.53 ± 0.56 21.58 ± 0.88 
Liquid phase composition (g/L) 
Liquors 29XPot 32XPot 54XPot 

Glucose 0.435 ± 0.012 0.353 ± 0.055 0.547 ± 0.023 
Xylose 2.00 ± 0.07 5.01 ± 0.02 5.49 ± 0.22 
Arabinose 1.46 ± 0.04 1.33 ± 0.02 2.37 ± 0.10 
Acetic acid 1.06 ± 0.04 1.59 ± 0.01 2.42 ± 0.08 
5-Hydroxymethylfurfural 0.0734 ± 0.0024 0.123 ± 0.000 0.166 ± 0.007 
Furfural 0.408 ± 0.011 0.649 ± 0.000 1.40 ± 0.04 
Glucooligosaccharides 2.04 ± 0.06 1.86 ± 0.06 3.36 ± 0.04 
Xylooligosaccharides 26.5 ± 0.9 26.7 ± 0.9 48.8 ± 1.4 
Arabinooligosaccharides 1.63 ± 0.19 1.25 ± 0.06 2.43 ± 0.23 
Acetyl groups 2.29 ± 0.11 2.25 ± 0.14 4.6 ± 0.34 

Regarding degradation compounds, such as furfural and 5-hydroxymethylfurfural (HMF), their 

concentration was higher at severity of 3.99 than at S0=3.67. In order to evaluate the capacity of strains 

at different substrate concentrations, liquid to solid ratio in the hydrothermal pretreatment was reduced 

to 4 g/g to obtain a liquor with higher XOS and xylose concentration, achieving a xylose potential 

(measured as sum of XOS and xylose) of 54 g/L (Liquor 54XPot). Nevertheless, undesired compounds, 

including acetic acid, furfural and HMF, were also increased in this hemicellulosic liquor, even with the 

decrease of the treatment severity to 3.79 (Table 3.2), which may have an inhibitory effect on yeast 

growth (Cunha et al., 2019a).  

3.3.2. Evaluation of engineered yeast strains’ hydrolytic capacity on hemicellulose derived 

compounds 

A. aculeatus β-glucosidase 1 (BGL1), A. oryzae β-xylosidase A (XYL) and T. reesei endoxylanase II 

(XYN), enzymes previously used in S. cerevisiae for the degradation of hemicellulosic fractions (Hasunuma 

et al., 2014; Sakamoto et al., 2012), were displayed in the cell surface of the commercial bioethanol 
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strain Ethanol Red, of the isolates from first generation bioethanol plants in Brazil, PE-2 and CAT-1 strains, 

and of an isolate from “cachaça” fermentation from Brazil, CA11. While XYN and XYL are required for 

the degradation of xylan and XOS, the BGL1 enzyme was expressed to saccharify the 

glucooligosaccharides (GOS) also present in the hemicellulosic liquors (Table 3.2). Then, the capacity of 

the different S. cerevisiae industrial strains as whole cell biocatalysts for the saccharification of two 

hemicellulose derived compounds with different polymerization degrees (commercial beechwood xylan 

and hemicellulosic liquor obtained from hydrothermal treatment of corn cob as described above) was 

evaluated. The modified strains ER-X, PE-2-X, CAT-1-X and CA11-X, were characterized in terms of 

xylanase activity at 30 and 40 °C (Appendix: Table A3.2) and capacity of saccharification of xylan from 

beechwood and corn cob hemicellulosic liquor 29XPot (Figure 3.1, Table 3.3).  

 

Figure 3.1. Saccharification capacity of the strains ER-X, PE-2-X, CAT-1-X and CA11-X. Assays were performed in 

xylan from beechwood (A) and in corn cob liquor 29XPot (B and C) at 40 °C. Inoculum for hydrolysis analyses was 

normalized by units of xylanase activity (140 U/L; A and B) or by g of fresh yeast (10 g/L; C). Data represents the 

average ± SD from at least two biological replicates. 

As expected (Fujita et al., 2002), the xylanase activity of the strains was higher at 40 °C than at 

30 °C, being almost 2-fold higher for the ER-X strain (Appendix: Table A3.2). Also, the ER-X strain 

presented the higher xylanase activity (Appendix: Table A3.2). However, when evaluating the kinetic profile 

of saccharification of xylan from beechwood and XOS of corn cob liquor, PE-2-X and CA11-X were the 

strains capable of higher xylose release (measured as sum of xylose and xylitol, expressed in mM; Figure 

3.1A, B and C). It should be noted that xylitol is produced from xylose by the action of unspecific aldose 

reductases natively present on S. cerevisiae strains and that this production varies among yeast strains 

(Baptista et al., 2018; Costa et al., 2017). Thus, for analyzing xylan degrading capacity among different 

strains, the concentrations of xylose together with xylitol was considered (Figure 3.1B, C and D).  As seen, 

all the constructed strains were able to saccharify both substrates. Nevertheless, differences were 

observed among biocatalysts and substrates. The maximum saccharification of corn cob liquor was 

obtained with PE-2-X and CA11-X, reaching 49 % of the potential xylose, while ER-X reached only 39 % 
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(Table 3.3). The incomplete hydrolysis can be a result of the heterogeneous structure of the 

beechwood/corn cob-derived xylan (Javed et al., 2017) in addition to product inhibition that may affect 

the cell-surface displayed enzymes due to xylose accumulation (Rohman et al., 2018).  

Table 3.3. Saccharification parameters of the different Saccharomyces cerevisiae strains displaying 

hemicellulolytic enzymes. Saccharification assays were performed in beechwood xylan or corn cob liquor 29XPot at 

40 °C. S0: severity. LSR: liquid to solid ratio. Data represents the average ± SD from two biological replicates. 

Substrate Potential 
Xylose 
(mM) 

Inoculum Strain Xylosef (mM) Xylitolf (mM) 
Saccharification 
yield (%) 

Xylan from 
beechwood 

68.1 
140 U of 
xylanase 
activity/L 

ER-X 7.85 ± 0.40 9.72 ± 0.26 25.8 ± 1.0 
PE-2-X 17.1 ± 0.1 9.98 ± 0.39 39.8 ± 0.4 
CAT-1-X 11.4 ± 0.2 6.60 ± 0.51 26.4 ± 1.1 
CA11-X 14.5 ± 0.1 14.1 ± 0.8 42.1 ± 1.1 

Liquor 29XPot 
(S0=3.67 
and LSR=8 
g/g) 

184 

140 U of 
xylanase 
activity/L 

ER-X 58.5 ± 0.6 16.5 ± 0.5 40.8 ± 0.6 
PE-2-X 78.2 ± 0.0 11.5 ± 0.3 48.7 ± 0.2 
CAT-1-X 62.9 ± 0.2 9.94 ± 0.14 39.6 ± 0.2 
CA11-X 67.8 ± 3.2 22.9 ± 0.6 49.3 ± 2.1 

10 g of 
fresh 
yeast/L 

ER-X 64.6 ± 1.6 24.4 ± 1.1 38.9 ± 1.6 
PE-2-X 96.7 ± 5.9 13.8 ± 0.9 49.1 ± 1.6 
CAT-1-X 81.1 ± 0.1 14.2 ± 0.1 44.5 ± 3.0 
CA11-X 86.4 ± 3.0 23.4 ± 0.7 45.5 ± 1.6 

The hydrolysis of xylan is also known to be dependent of the raw material of origin and extraction 

method, varying in molecule length, degree of branching and presence of side groups (Gírio et al., 2010). 

This can be clearly observed in the different saccharification profiles observed between the commercial 

beechwood-derived xylan and the corn cob liquor (Figure 3.1), with the maximum saccharification of 

beechwood xylan being only 42 % (Table 3.3). In fact, the total degradation of xylan requires the action of 

xylanolytic enzymes other than xylanase and xylosidase to remove side chains (such as arabinose, 

glucuronic acid, acetyl groups) from the xylan backbone. Nevertheless, the activity of these accessory 

enzymes, while increasing the amount of released xylose, would also cleave acetyl groups which would 

result in acetic acid accumulation in the medium with the consequent negative effects on yeast viability 

(Cunha et al., 2019a). Different inocula of the strains were also tested in corn cob liquor 29XPot: in one 

experiment the strains were inoculated by xylanase activity (Figure 3.1B) and in the other by wet cell 

weight (Figure 3.1C). The similar xylan-degrading abilities observed with the same strain in different 

inoculums concentrations, also indicates that there is no enzyme/substrate ratio limitation. 

Differences between the hydrolytic performance of the different strains (Figure 3.1) were expected, 

as the efficiency of cell-surface display is dependent of several host-related factors (Tanaka and Kondo, 

2015), which have already been reported to vary among S. cerevisiae strains: e.g., secretory capacity 

(Davison et al., 2019), cell wall composition (Nayyar et al., 2017; Zeidan et al., 2014), expression levels 
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of host-cell genes (Ibanez et al., 2017). Furthermore, yeast cell size is another source of variability, as 

larger cells have a lower total superficial cell area available for enzyme display per unit biomass. It should 

also be noted that the strains presenting higher hemicellulolytic capacity (CA11-X and PE-2-X, Figure 3.1) 

were not the ones presenting higher XYL and XYN activity values (Appendix: Table A3.2), supporting the 

necessity of making the selection of appropriate yeast strain backgrounds in process-like conditions. 

Another factor to be taken into consideration is the flocculation ability, a process that is mediated by 

lectin-like receptors present in the cell surface which bind mannose residues in adjacent cells creating 

clusters of thousands of cells (Masy et al., 1992), but have also been reported to bind to a wide range of 

sugars (Nayyar et al., 2017). Accordingly, the CA11 strain, being a flocculant strain, will present a high 

number of lectin-like receptors in the cell surface (Nayyar et al., 2017), that may potentiate the binding 

of the yeast to sugar residues in xylan/XOS, and benefit the hydrolysis in the long term due to substrate 

proximity. Furthermore, different predisposition to convert xylose into xylitol, normally observed between 

S. cerevisiae strains (Costa et al., 2017), may alleviate product inhibition of xylanase and xylosidase by 

xylose, increasing the overall degradation of xylan.  

3.3.3. Evaluation of engineered yeast strains’ capacity for direct production of ethanol 

from hemicellulosic liquor 

To further evaluate the potential of the different yeast strains to directly produce ethanol from 

hemicellulose, i.e., degrade xylan and ferment the resulting xylose, they must be modified to be able to 

consume xylose. Recently, the oxidoreductase (xylose reductase-XR/xylitol dehydrogenase-XDH (Romani 

et al., 2015)) and the isomerase (xylose isomerase-XI, with a low susceptibility to xylitol inhibition (Brat et 

al., 2009)) xylose consumption pathways were simultaneously expressed in robust industrial S. cerevisiae 

strains, improving the ethanol yield from a non-detoxified corn cob hydrolysate, with coupled higher furan 

detoxification and lower xylitol production, in comparison with the single expression of XR/XDH or XI 

(Cunha et al., 2019b). Thus, in this work we opt for the simultaneous expression of the oxidoreductase 

and the isomerase metabolic pathways. Furthermore, to favor both saccharification and fermentation, the 

strains should be metabolic active at the optimal conditions previously described for the cell-surface 

displayed XYN, namely pH 5.0 and temperature of 40 °C (Fujita et al., 2002). In fact, the ability to ferment 

at higher temperatures has already been identified as a crucial trait for CBP yeast (Cripwell et al., 2019), 

and in this sense, the use of thermotolerant industrial S. cerevisiae strains is an advantage. Considering 

the trait variability among industrial strains, and the recognized necessity of a tailor-made design of yeast 

(considering process conditions and specific raw material) (Costa et al., 2017; Cunha et al., 2015), the 

strains ER-X, PE-2-X, CAT-1-X and CA11-X were evaluated in terms of capacity to ferment a hydrothermally 
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pretreated corn cob liquor (supplemented with synthetic glucose) at 40 °C (Appendix: Figure A3.1). All 

the strains were capable of fermenting in these conditions, however the PE-2-X strain produced lower 

ethanol titers (Appendix: Figure A3.1), being incapable of consuming all the glucose present in the 

medium (data not shown). Considering this poor performance, only the ER-X, CAT-X and CA11-X strains 

were further modified with the oxidoreductase and isomerase pathways for xylose consumption, resulting 

in strains ER-X-2P, CAT-X-2P and CA11-X-2P. Also important to note is the fact that the growth ability of 

the strains was not affected by the cell-surface display of the hemicellulases (Appendix: Figure A3.2) and 

that the integrations at the δ-sequences were found to be stable (Appendix: Figure A3.3). 

The ER-X-2P, CAT-X-2P and CA11-X-2P strains were capable of producing ethanol directly from the 

corn cob liquor 29XPot  at 40 °C (Figure 3.2, Table 3.4), with ER-X-2P reaching the highest ethanol titer of 

6.51 g/L (corresponding to an ethanol yield of 0.247 g per g of potential sugar), consuming almost all 

the xylose that was liberated in the medium (Figure 3.2A, Table 3.4). On the other hand, the CAT-X-2P 

and CA11-X-2P strains produced significantly lower levels of ethanol (Figure 3.2B and 3.2C, Table 3.4) 

with an accumulation of xylose at 24 h of fermentation. This indicates that despite the xylan-degrading 

capacity of these strains, their aptitude to uptake and ferment the liberated xylose is inferior in comparison 

with ER-X-2P. 

This superior performance of ER-X-2P is in accordance with previous reports of Ethanol Red 

excellent fermentation capacity, robustness, stress (Demeke et al., 2013) and temperature tolerance 

(Pinheiro et al., 2020). In fact, Ethanol Red has recently been successively used as host for consolidated 

bioprocessing (CBP) for first generation bioethanol using raw starch (Cripwell et al., 2019), with the 

present work showing this strain applicability also for a more challenging CBP for second generation 

hemicellulosic ethanol. 

 

Figure 3.2. Consolidated bioprocessing profiles of the strains ER-X-2P (A), CAT-1-X-2P (B) and CA11-X-2P (C). 

Assays were performed in corn cob liquor 29XPot with an inoculum of 50 g/L fresh yeast. Data represents the 

average ± SD from two biological replicates. 
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Table 3.4. CBP and SSF parameters of the different xylose-consuming Saccharomyces cerevisiae strains in corn cob liquors. Assays were performed at 40 °C and oxygen-

deprived conditions. S0: severity. LSR: liquid to solid ratio. Yet/potential sugar: ethanol yield from potential sugars. Yxyol/potential xyl: xylitol yield from potential xylose. Data represents the average 

± SD from two biological replicates. 

Corn cob liquor 
Potential 
Xylose 
(g/l) 

Strain 
(inoculum) 

Glucosei 
(g/L) 

Xylosei

 (g/L) 
Xylosef  
(g/L) 

Ethanolf 
(g/L) 

Xylitolf  
(g/L) 

Acetic 
acidi (g/L) 

Acetic 
acidf (g/L) 

Yxyol/potential xyl  
(g/g) 

Yet/potential sugar  
(g/g) 

Liquor 29XPot (S0=3.67 
and LSR=8 g/g) 

24.2 

ER-X-2P  
(50 g/L) 

0.392 ± 
0.003 

1.80 ± 
0.02 

0.418 ± 
0.016 

6.51 ± 
0.26 

2.71 ± 
0.00 

1.13 ± 0.02 1.88 ± 0.02 
0.112 ± 
0.000 

0.247 ± 
0.010 

CAT-1-X-2P  
(50 g/L) 

0.392 ± 
0.003 

1.80 ± 
0.02 

1.77 ± 
0.01  

3.73 ± 
0.37 

3.97 ± 
0.37 

1.13 ± 0.02 1.99 ± 0.60 
0.164 ± 
0.015 

0.142 ± 
0.014 

CA11-X-2P  
(50 g/L) 

0.392 ± 
0.003 

1.80 ± 
0.02 

1.29 ± 
0.17 

4.80 ± 
0.58 

2.35 ± 
0.14 

1.13 ± 0.02 1.66 ± 0.09 
0.0971 ± 
0.0059 

0.182 ± 
0.022 

Liquor 32XPot (S0=3.99 
and LSR=8 g/g) 

31.6 

ER-X-2P  
(50 g/L) 

0.293 ± 
0.003 

5.02 ± 
0.11 

2.11 ± 
0.28 

8.15 ± 
0.54 

4.59 ± 
0.42 

1.81 ± 0.00 2.17 ± 0.20 
0.145 ± 
0.013 

0.240 ± 
0.016 

ER-X-2P  
(100 g/L) 

0.293 ± 
0.003 

5.02 ± 
0.11 

0.873 ± 
0.019 

11.1 ± 
0.2 

4.75 ± 
0.13 

1.81 ± 0.00 2.37 ± 0.01 
0.150 ± 
0.004 

0.328 ± 
0.005 

Liquor 54XPot (S0=3.78 
and LSR=8 g/g) 

50.7 
ER-X-2P  
(100 g/L) 

0.487 ± 
0.010 

4.62 ± 
0.02 

14.0 ± 
0.8 

4.23 ± 
0.04 

6.19 ± 
0.67 

2.53 ± 0.01 3.91 ± 0.34 

0.122 ± 
0.013 
 

0.0778 ± 
0.0008 

Whole slurry (Liquor 
54XPot with 5 % solid 
loading) 

50.7 + 
6.13 

ER-X-2P  
(100 g/L) 

0.487 ± 
0.010 

4.62 ± 
0.02 

14.4 ± 
1.0 

4.20 ± 
0.15 

6.41 ± 
0.21 

2.53 ± 0.01 3.72 ± 0.32 
0.113 ± 
0.004 

0.0463 ± 
0.0017 

Liquor 32XPot (S0=3.99 
and LSR=8 g/g) plus 
0.017 % (v/v) 
hemicellulase  

31.6 

ER-2P  
(100 g/L) 

0.466 ± 
0.151 

5.15 ± 
0.19 

0.976 ± 
0.095 

4.65 ± 
0.16 

0.760 ± 
0.022 

1.90 ± 0.16 3.38 ± 0.08 
0.0240 ± 
0.0007 

0.137 ± 
0.005 

ER-X-2P  
(100 g/L) 

0.466 ± 
0.151 

5.15 ± 
0.19 

6.55 ± 
0.25 

6.26 ± 
0.06 

5.40 ± 
0.08 

1.90 ± 0.16 3.41 ± 0.19 
0.171 ± 
0.003 

0.184 ± 
0.002 

Liquor 32XPot (S0=3.99 
and LSR=8 g/g) plus 
0.050 % (v/v) 
hemicellulase 

ER-2P  
(100 g/L) 

0.466 ± 
0.151 

5.15 ± 
0.19 

1.02 ± 
0.00 

6.26 ± 
0.10 

0.854 ± 
0.125 

1.90 ± 0.16 3.65 ± 0.22 
0.0270 ± 
0.0040 

0.184 ± 
0.003 

ER-X-2P  
(100 g/L) 

0.466 ± 
0.151 

5.15 ± 
0.19 

8.65 ± 
0.02 

6.00 ± 
0.16 

5.01 ± 
0.08 

1.90 ± 0.16 3.60 ± 0.24 
0.159 ± 
0.003 

0.176 ± 
0.005 
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3.3.4. Consolidated bioprocessing of corn cob hemicellulosic liquor: evaluation of 

pretreatment conditions and inoculum size 

As observed in Table 3.2, the increase of severity of treatment implies a higher solubilization of 

xylan in the liquid phase as XOS and xylose (Garrote et al., 2002) which implies higher potential sugars 

to be fermented into ethanol.  Therefore, the corn cob liquor obtained at severity of 3.99 (Liquor 32XPot) 

was used to evaluate the role of inoculum size of ER-X-2P for simultaneous saccharification of XOS and 

fermentation into ethanol (Figure 3.3A and B). In fact, this increase in pretreatment severity (3.99) allowed 

a higher ethanol production of 8.15 g/L, when compared with the 6.51 g/L obtained with the same strain 

and inoculum in liquor 29XPot (Figure 3.3A and 3.2A, same strain and inoculum quantity). Furthermore, it 

was observed that increasing the inoculum from 50 to 100 g wet cells/L (7.5 to 15 g dry cell weight 

DCW/L), an inoculum concentration in the order of magnitude of the normally reported for CBP strains 

(Liu et al., 2017; Sakamoto et al., 2012), improved the overall process (Figure 3.3A and 3.3B) and 

increased the ethanol titer from 8.15 to 11.1 g/L (corresponding to an increase of 36 % in ethanol 

concentration) and the ethanol yield from 0.240 to 0.328 g per g of potential sugar (Table 3.4). These 

results represent the highest ethanol concentration obtained so far directly from a hemicellulosic liquor 

through a CBP microorganism. In fact, the ethanol titer attained with this CBP approach is superior to 

the ones previously reported for fermentation of non-detoxified corn cob hydrolysates obtained by acid 

hydrolysis (Costa et al., 2017; Cunha et al., 2019b; Lee et al., 2011). Furthermore, the ethanol yield of 

0.328 g/g is comparable to results previously obtained from simultaneous saccharification and co-

fermentation (SSCF) of a whole slurry (containing cellulose and hemicellulose and using commercial 

cellulases and hemicellulases) with an Ethanol Red strain modified for xylose consumption (yields of 0.32 

and 0.28 g/g at 32 and 39 °C, respectively) (Demeke et al., 2013). This highlights the robustness of the 

strain constructed in this study as even with the additional modifications for the display of enzymes on 

the cell surface, it was capable of maintaining ethanol yields (in a fermentation media mainly composed 

of xylose where normally the obtained yields are lower than in the presence of glucose) similar to those 

of a less modified strain in a media containing both xylose and glucose. 
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Figure 3.3. Consolidated bioprocessing profiles of the strain ER-X-2P. Assays were performed in corn cob liquor 

32XPot (A and B), corn cob liquor 54XPot (C) and corn cob liquor 54XPot with 5 % solids (D) with an inoculum of 50 g/L 

fresh yeast (A) or 100 g/L fresh yeast (B, C and D). Data represents the average ± SD from two biological replicates. 

Another strategy tested to increase ethanol concentration was to increase the potential of 

fermentable xylose derived from the corn cob pretreatment by reducing the liquid to solid ratio to 4 g/g, 

allowing a recovery of 48.8 g/L of XOS (Liquor 54XPot, Table 3.2). However, the CBP of this liquor with 

ER-X-2P (Figure 3.3C) resulted in lower ethanol titers than the ones previously obtained (even when using 

lower inoculums, Figure 3.2A, 3.3A and 3.3B). This poor fermentative performance is explained by a 

significant increase in the inhibitory composition of the liquor resulting from the decrease in LSR, with 

liquor 54XPot presenting more than 2-fold the concentrations of acetic acid, HMF and furfural when 

comparing to liquor 29XPot (Table 3.2). Considering these, the pretreatment conditions for this process 

must be carefully defined in order to maximize xylan extraction while maintaining inhibitors concentration 

at a non-toxic level for the yeast strain. 

Additionally, CBP with ER-X-2P was also performed by mixing corn cob liquor 54XPot with corn cob 

pretreated solids (obtaining a whole slurry as substrate), which contain 10.8 g of xylan per 100 g of 

pretreated corn cob (Table 3.2, Figure 3.3D). Similar saccharification and fermentation profiles were 

observed for both experiments (with and without solids addition (Figure 3.3C and D). This behavior shows 
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that this strain was incapable of degrading the xylan remaining in the pretreated corn cob solid (Table 

3.2), probably due to a lack of accessibility which would be solved in the case of a simultaneous 

degradation of cellulose (by addition of cellulases or of a cellulase-degrading strain). This assay also shows 

that there is no unproductive binding of the cell-surface-displayed enzymes to the lignin present in the 

solid fraction, a common problem in hydrolysis of lignocellulosic biomass (Saini et al., 2016), since equal 

saccharification yields from liquid phase (containing XOS) were obtained.  With these results this strain is 

shown to be suitable for applications in integrated lignocellulosic processes (e.g., co-culture with 

cellulolytic strains for whole slurry CBP). Furthermore, this cell-surface display approach to CBP also 

facilitates the recycling of hydrolytic enzymes, an important technology for the development of 

economically viable processes (Gomes et al., 2015). In fact, cell recycling was attempted in CBP with ER-

X-2P, and despite the gradual loss of yeast cell fermentative capacity, the hydrolytic activity of the cell-

surface displayed enzymes was maintained after two cycles of recycling, releasing similar concentrations 

of xylose (Appendix: Figure A3.4). This also shows the advantages of the cell-surface display approach to 

express enzymes, and the suitability of these modified strains to function as whole cell biocatalysts even 

with the loss of its native metabolic activity. 

3.3.5. Evaluation of commercial hemicellulases addition 

The SSF of corn cob liquor 32XPot was also performed with the ER-2P strain (modified for xylose 

consumption with the XR/XDH and XI pathways but without the cell-surface display of enzymes) and with 

the addition of reduced quantities of the commercial cocktail of hemicellulases Cellic HTec2 (Figure 3.4A 

and 3.4C), to compare with the direct production of ethanol from hemicellulose with only the ER-X-2P 

strain (Figure 3.3B). Two concentrations of commercial hemicellulases were tested: 0.050 % (v/v), to 

equal the xylanase activity normally added with the inoculum of ER-X-2P; and 0.017 % (v/v), to evaluate 

the effect of a two third reduction of enzyme quantities (done to reduce process costs). Nevertheless, 

even with the higher concentration of commercial hemicellulases, the ethanol titers obtained with this 

method were lower than with the CBP process, 4.65 and 6.26 g/L compared to the previously attained 

11.1 g/L (Table 3.4).  

Considering the high levels of xylobiose and xylotriose accumulated and the low levels of xylose 

throughout the experiments (Figure 3.4A and 3.4C), it is clear that the commercial cocktail, while being 

capable of producing XOS with low degree of polymerization, is incapable to release xylose at the rate 

that it is being consumed by ER-2P. This supports the already reported deficit of xylosidase activity in 

commercial hemicellulase cocktails (Qing and Wyman, 2011; Sakamoto et al., 2012), and an efficient 

hydrolysis of this material would require the use of a tailored mixture (e.g., by addition of more xylosidase) 
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or optimized more recent cocktail formulations. On the other hand, when performing the SSF with addition 

of commercial cocktail but with the ER-X-2P strain (Figure 3.4B and 3.4D), the concentration of xylobiose 

and xylotriose was maintained low throughout the experiment, showing that the xylanolytic strain 

compensates the low xylosidase activity of the commercial hemicellulases. Furthermore, the important 

role of ER-X-2P for the degradation of hemicellulose is also shown, as it produced similar ethanol titers in 

SSF with both concentrations of commercial hemicellulases (Table 3.4, Figure 3.4B and 3.4D), while with 

ER-2P the ethanol titer was significantly lower when less hemicellulase cocktail was added (Table 3.4, 

Figure 3.4A and 3.4C). Nevertheless, all the SSF experiments of corn cob liquor 32XPot with addition of 

commercial hemicellulases resulted in low ethanol titers (≤ 6.26 g/L, Figure 3.4), while the CBP of the 

same liquor with only ER-X-2P produced at least 1.77-fold higher concentrations (Figure 3.3B, Table 3.4). 

This low performance, may be attributed to the levels of acetic acid that were released throughout the 

experiment (mainly in the first 24 h, Figure 3.4), due to the fact that, in contrary to the ER-X-2P strain, 

the commercial cocktail contains other hemicellulases capable of removing xylan side chains, such as 

acetyl xylan esterase (EC 3.1.1.72). In fact, while in the CBP of liquor 32XPot with no enzyme addition, the 

increase of this weak acid was minimal (1.3-fold, Figure 3.3B), with commercial enzymes 

supplementation the acetic acid concentrations increased more than 1.8-fold in the 72 h of SSF (Figure 

3.4), which clearly had a negative impact in the yeast cell fermentative capacity.  

Summing up, the use of this commercial cocktail in conjugation with ER-X-2P strain, while 

increasing the amount of released xylose, also significantly increased the acetic acid concentration of the 

medium, reducing the overall ethanol production in comparison with CBP using only the yeast strain ER-

X-2P (Figure 3.5). In fact, an overall balance of corn cob processing for hemicellulosic ethanol production 

considering the results obtained in this work with Liquor 32XPot (Figure 3.5) clearly shows the advantage 

of CBP:  while the SSF process may produce a maximum of 57.8 kg of ethanol from 1 ton of corn cob 

requiring 1.9 kg of commercial enzymatic cocktail, the sole use of ER-X-2P yeast strain as biocatalyst 

allows the production of 102.8 kg of ethanol from the same amount of raw material, without addition of 

exogenous enzymes. Additionally, the SSF with the ER-2P strain allows the attainment of only 42.9 kg of 

ethanol/ton of corn cob, also highlighting the importance of using the hemicellulolytic strains. These 

results show that the use of engineered industrial Saccharomyces cerevisiae strains as whole cell 

biocatalysts for the saccharification of corn cob-derived hemicellulosic liquor is advantageous for ethanol 

production in comparison with the use of commercial enzymatic cocktails. Finally, it should be noted that 

higher ethanol titers need to be obtained in order to decrease the distillation costs and make CBP an 

economical feasible process. For that both cellulosic and hemicellulosic fractions of lignocellulose must 
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be used to increase the load of fermentable carbon, and in this sense, the improvement of the ethanol 

titers from the hemicellulosic fraction represents a step forward towards the attainment of efficient CBP 

processes. 

 

Figure 3.4. Simultaneous saccharification and fermentation profiles of the strains ER-2P (A and C) and ER-X-2P 

(B and D). Assays were performed in corn cob liquor 32XPot with addition of commercial hemicellulases (0.017 % 

(v/v): A and B; 0.050 % (v/v): C and D) with an inoculum of 100 g/L fresh yeast. Data represents the average ± 

SD from two biological replicates. 

3.4. CONCLUSIONS 

These results show the highest ethanol concentration reported from direct conversion of 

hemicellulosic liquors by S. cerevisiae, which are also higher than ethanol values obtained from corn cob-

derived hemicellulose after acid post-hydrolysis. In this sense, the use of engineered industrial 

Saccharomyces cerevisiae strains as whole cell biocatalysts is shown to be a suitable alternative to 

commercial enzymatic cocktails or chemical hydrolysis and represents a greener and economical 

approach to produce hemicellulosic ethanol from corn cob biomass. Additionally, the potential of robust 

industrial S. cerevisiae strains as hosts for the design of whole cell biocatalysts is demonstrated, paving 

the way for the construction of more efficient strains for consolidated bioprocessing in lignocellulosic 

biorefineries. 
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Figure 3.5. Mass balance of consolidated bioprocessing and simultaneous saccharification and fermentation of the hemicellulosic liquor 32XPot. 
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ABSTRACT 

The viability of second generation bioethanol processes is dependent on achieving high ethanol 

titers, which requires the use of high solid loadings that will negatively affect the fermentative 

microorganism besides increasing enzyme-associated costs. To solve this, and also problems of feedstock 

availability, lignocellulosic biomass can be mixed with dairy by-products to increase carbon content. In 

this study, industrial strains of Saccharomyces cerevisiae, with improved thermotolerance and stress 

resistance, were engineered for the cell-surface display of cellulolytic enzymes and were evaluated in 

consolidated bioprocessing of cellulose. Additionally, β-galactosidase was also displayed to enable lactose 

consumption, resulting in high ethanol titers (> 50 g/L) from the simultaneous use of cheese whey and 

pretreated corn cob as substrate. The multi-feedstock valorization approach together with this lactose-

consuming cellulolytic yeast allowed the reduction on materials costs by 60 % with a 2.5-fold increase in 

the annual ethanol production, therefore contributing to the establishment of economic viable ethanol 

processes. 
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4.1. INTRODUCTION 

The production of bioethanol from the abundantly available lignocellulosic biomass has appeared 

as a sustainable solution for the necessity to replace petroleum-based fuels (Bathia et al., 2017; Bathia 

et al., 2018). Nonetheless, the economic viability of this process is dependent on achieving high ethanol 

titers (> 4 % w/w, to reduce distillation costs (Zacchi & Axelsson, 1989)), which requires the use of high 

solid loadings of lignocellulosic biomass in the process. Increasing solid loadings will negatively affect the 

fermentative microorganism, due to the hyperosmotic conditions and ethanol stress, and also represents 

mixing and mass transfer limitations. Additionally, it also requires an increased addition of lignocellulolytic 

enzymes, with the consequent increment in the overall cost of the process (Koppram et al., 2014).  

Feedstock availability is another bottleneck for the cost viability of second generation ethanol 

(Rentizelas et al., 2009; Akter et al., 2020). To solve this problem the utilization of a mixture of different 

biomasses has been suggested: either combining different lignocellulosic substrates (Oke et al., 2016; 

Pontes et al., 2018) or mixing lignocellulose with starch or dairy by-products (Ferreira et al., 2015; Ji et 

al., 2016). From these, the mixture of lignocellulose with dairy by-products, such as cheese whey, would 

have a lower impact in terms of solid loadings. Cheese whey, even though considered a waste by-product, 

is nutrient-rich, containing high lactose quantities, and its utilization has been identified as an opportunity 

for bioenergy and biochemicals production (Remón et al., 2016). With an estimated worldwide production 

of 190 million tons per year, it is estimated that 50 % is discharged into the environment without 

treatment, making it an abundant substrate, easily available at low cost (Asunis et al., 2020). In bioethanol 

production using Saccharomyces cerevisiae, cheese whey has been used as a low-cost nutritional 

supplement (Kelbert et al., 2015), but also as an additional carbon source in first (Jin et al., 2016) and 

second generation processes (Cunha et al., 2018). Nonetheless, as S. cerevisiae is not natively capable 

of consuming lactose, the use of commercial lactose-degrading enzymes poses as another cost for the 

process. To overcome this problem, advantage may be taken from previous efforts to modify this yeast 

for lactose consumption (Guimarães et al., 2010). Accordingly, Cunha et al. (2018) described the use of 

a S. cerevisiae strain secreting β-galactosidase to produce ethanol from cheese whey and eucalyptus 

biomass in a simultaneous saccharification and fermentation process with the addition of a high load of 

commercial cellulases (24.23 Filter Paper Units-FPU/g). Despite the high ethanol yield of this integrated 

process (96 %), the low solid loading used resulted in ethanol titers inferior to 4 % w/v (Cunha et al., 

2018). 

As pointed before, the cost of hydrolytic enzymes is one of the main constraints for the economic 

viability of second generation bioethanol. Consolidated bioprocessing (CBP) is one of the strategies used 
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for decreasing hydrolytic enzymes costs (Gomes et al., 2021) by combining enzyme production, cellulose 

hydrolysis, and sugar fermentation in the same process through the use of a microorganism endowed 

with both cellulolytic and fermentative abilities (Olguin-Maciel et al., 2020; Rajak et al., 2020). S. 

cerevisiae, presenting remarkable fermentative performances and an extensive genetic toolbox for its 

modification, has been the preferred host for the development of CBP microorganisms. Despite several 

efforts, the capacity of these strains to directly produce ethanol from lignocellulose is still limited (Cunha 

et al., 2020b). Nevertheless, these cellulolytic strains have shown the capacity to improve cellulose 

hydrolysis and reduce the required quantity of commercial cellulases (Liu et al., 2016b), and may have 

an application in second generation processes to reduce the overall costs with exogenous hydrolytic 

enzymes. A similar approach was already reported in second generation processes, where engineered 

starch-hydrolyzing S. cerevisiae strain are used to reduce, up to 90 %, the use of exogenous enzymes 

(Cripwell et al., 2019; Kumar & Singh, 2019; Wang et al., 2021). Regarding CBP processes, without 

addition of external enzymes, the highest ethanol titer reported so far was of 28 g/L, obtained with a S. 

cerevisiae strain with cell-surface display of cellulolytic enzymes and modified for improved 

thermotolerance (Khatun et al., 2017).  

In fact, combination of temperature and high solid loadings was identified as a stress variable 

highly affecting ethanol concentrations in second generation processes (Kelbert et al., 2016). Cell viability 

was also recognized as a primary factor limiting ethanol yields from lignocellulosic biomass (Nguyen et 

al., 2017). Considering these, industrial strains isolated from harsh conditions, and presenting attractive 

traits such as thermotolerance and stress-related robustness (Favaro et al., 2019; Jansen et al., 2017; 

Lip et al., 2020; Pereira et al., 2010; Pereira et al., 2014; Ruchala et al., 2020), may be valuable 

resources to overcome some of the process limitations.  

Therefore, the aim of this work was the development of robust engineered strains with hydrolytic 

activity for the direct ethanol production from cellulose. For that, the cellulolytic capacity of recombinant 

strains was evaluated in a CBP of Avicel and hydrothermally pretreated corn cob. Also, robust lactose-

consuming strains were developed to achieve high ethanol titers in an integrated process, with low 

enzyme-associated costs, combining cheese whey and pretreated corn cob, in a multi-feedstock 

valorization approach. Finally, a techno-economic analysis was performed to assess the advantage of 

using the developed strains, especially addressing its direct effect on relevant costs of the process, namely 

those associated to enzymes and feedstock. 
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4.2. MATERIALS AND METHODS 

4.2.1.  Plasmid and yeast construction 

Table 4.1 shows the main plasmids and S. cerevisiae strains used in this work. Plasmids and 

primers utilized in cloning steps are shown in Supplementary Material (Appendix: Table A4.1). Escherichia 

coli DH5α/NZY5α (Nzytech, Portugal) were used for plasmid construction, propagation and maintenance. 

The In-Fusion HD Cloning Kit (Clontech, USA) was used for plasmid assembling. Yeast transformation 

was performed by the lithium acetate method (Chen et al., 1992). The integrative plasmid pI2-EG-kanMX 

for cell-surface display of Trichoderma reesei endoglucanase II (EC 3.2.1.4; EG) was obtained from the 

plasmid pIEG-SSS (Inokuma et al., 2014) by substitution of HIS3 for the kanMX marker and the integration 

sequence I2 (located in chromosome VI, in the 3′ non-coding region between the genes YFL020C and 

YFL021W) (Liu et al., 2015). The vector pI5-CBH1-NatMX for display of Talaromyces emersonii 

cellobiohydrolase I (EC 3.2.1.91; CBH1) was constructed from plasmid pIU5-TeCBH1c-SSS, containing 

the integration sequence I5 (located in chromosome XII, in the 3′ non-coding region between the genes 

YLL054C and YLL055W) (Liu et al., 2015), by substitution of URA3 by the natMX resistance marker. The 

plasmid pCBH2-AurR for display of Chrysosporium lucknowense cellobiohydrolase II (EC 3.2.1.91; CBH2) 

was obtained from plasmid pIM9-ClCBH2b-SSS (Liu et al., 2016b) by replacing the MET15 and I9 

integration region by the aureobasidin A resistance marker and integration site (AurR). The vector pI23-

BGL1-kanMX for the display of Aspergillus aculeatus β-glucosidase 1 (EC 3.2.1.21; BGL1) was previously 

constructed by Cunha et al. (2020a). The gene cassettes used, containing SED1 promoter and secretion 

signal, and SED1 or SAG1 anchoring domain (as specified in Table 4.1), were previously optimized for 

the cell-surface display of cellulases (Inokuma et al., 2014; Inokuma et al., 2020). The plasmids pI23-

BGL1-kanMX, pI2-EG-kanMX, pI5-CBH1-NatMX and pCBH2-AurR were digested with BstZ17I, NdeI, SpeI 

and BsiWI, respectively, and were inserted in the different strains. The resulting transformants were 

selected on YPD plates (containing per liter: 10 g of yeast extract, 20 g of peptone, 20 g of glucose and 

20 g of agar) with 300 mg/L of G418 (pI23-BGL1-kanMX and pI2-EG-kanMX), 100 mg/L of clonNAT (pI5-

CBH1-NatMX) or 2 mg/L of aureobasidin A (pCBH2-AurR) and were conserved at 4 °C. After integrations 

with pI23-BGL1-kanMX or pI2-EG-kanMX, the kanMX marker inserted was removed using the CRE-loxP 

recombinase system (Fang et al., 2011). The resulting transformants of each integration were screened 

for the corresponding enzymatic activity, and the ones presenting higher values (Appendix: Table A4.2) 

were selected for further modification and work. The strains containing the four different gene cassettes 

were denominated ER-C, PE-2-C, CAT-1-C and CA11-C.  
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The cassette for cell-surface display of β-galactosidase from Aspergillus niger (BGAL; EC 3.2.1.23) 

was integrated in the GRE3 coding sequence (CDS) site (to prevent galactitol accumulation (Masuda et 

al., 2008)) via CRISPR/Cas9 with the EasyClone-MarkerFree vector toolkit (Jessop-Fabre et al., 2016). 

The plasmid pBGAL_dgre3 was constructed by inserting the BGAL gene from pFMTlacA (Magalhães et 

al., 2014) in the cassette containing the SAG1 anchoring domain and adjoining the resulting sequence 

to the flanking regions of the GRE3 gene. Guide RNA expression vectors (pg1RNA_dgre3, pg2RNA_dgre3 

and pg3RNA_dgre3) were constructed from pCfB2310 (Stovicek et al., 2015) with specific sequences to 

target GRE3 gene, and by substituting the natMX cassette by the bleMX resistance marker. The CAT-1 

and CAT-1-C strains were firstly transformed with the plasmid pCfB2312 to express the Cas9 gene 

(selection on YPD plates with 300 mg/L of G418). Subsequently these strains were transformed with the 

guide RNA expression vectors (simultaneously to increase cutting efficiency) and with pBGAL_dgre3 

(previously digested with NotI) and selection was performed in YPD plates with 300 mg/L of G418, 300 

mg/L of Zeocin and 40 mg/L 5-bromo-4-chloro-3-indolyl-ß-D-galactopyranoside (X-Gal). Blue colonies 

were tested by PCR for correct integration of two copies of the BGAL cassette in each of the constructed 

strains CAT-1-BGAL and CAT-1-C-BGAL. The pCfB2312 and guide RNA expression vectors were removed 

by consecutive growth on YPD and the resulting strains were preserved at 4 °C. The final strains were 

cultured on YPD medium to assess that the cell-surface display of the different enzymes did not affect 

their growth capacity (Appendix: Figure A4.1). 

4.2.2. Enzymatic activity determination 

For the quantification of enzymatic activities, the yeast cells were cultured on YPD medium at 30 

°C for 72 h and collected by centrifugation for 5 min at 1000 xg. BGL1, EG and CBH1 activities were 

quantified with p-nitrophenyl-β-d-glucopyranoside, Cellazyme C Tablets (Megazyme) and p-nitrophenyl-β-

D-lactopyranoside, respectively, as previously described (Inokuma et al., 2014; Liu et al., 2015). CBH2 

activity was indirectly assessed with Azo-CMC (Megazyme) following manufacturer instructions. BGAL 

activity was measured with p-nitrophenyl-β-d-galactopyranoside using a method based on the BGL1 

method. Briefly, 2 g wet cells per liter were incubated in 50 mM sodium acetate buffer (pH 5.0) with 2 

mM of p-nitrophenyl-β-d-galactopyranoside for 10 min at 40 °C and 250 rpm orbital agitation. The p-

nitrophenol (pNP) released was quantified by measuring absorbance at 400 nm. One unit of BGAL activity 

was defined as the quantity of enzyme necessary to liberate 1 μmol of pNP per minute. The dry cell 

weight (DCW) of ER, PE-2, CAT-1 was determined to be 0.15-fold of the wet cell weight, and 0.18-fold for 

CA11. 
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Table 4.1. Main plasmids and Saccharomyces cerevisiae strains used in this work. 

 Relevant features Source 

Saccharomyces cerevisiae  

ER 
Commercial ethanol yeast with demonstrated thermotolerance 
features (Lip et al., 2020; Pinheiro et al., 2020) 

Fermentis, S. I. 
Lesaffre, Lille 

PE-2 Isolated from a first generation bioethanol plant in Brazil Basso et al., 2008 

CAT-1 Isolated from a first generation bioethanol plant in Brazil Basso et al., 2008 

CA11 Isolated from "cachaça" fermentation process in Brazil Schwan et al., 2001 

ER-C 
ER with pI23-BGL1-kanMX, pI2-EG-kanMX, pI5-CBH1-NatMX and 
pCBH2-AurR 

This work 

PE-2-C 
PE-2 with pI23-BGL1-kanMX, pI2-EG-kanMX, pI5-CBH1-NatMX 
and pCBH2-AurR 

This work 

CAT-1-C 
CAT-1 with pI23-BGL1-kanMX, pI2-EG-kanMX, pI5-CBH1-NatMX 
and pCBH2-AurR 

This work 

CA11-C 
CA11 with pI23-BGL1-kanMX, pI2-EG-kanMX, pI5-CBH1-NatMX 
and pCBH2-AurR 

This work 

CAT-1-BGAL CAT-1 with pBGAL_dgre3 This work 

CAT-1-C-BGAL CAT-1-C with pBGAL_dgre3 This work 

Plasmids   

pI23-BGL1-kanMX 
SED1 promoter–SED1 secretion signal–Aspergillus aculeatus 
BGL1–SAG1 anchoring domain–SAG1 terminator, I23 
integration site, KanMX marker 

Cunha et al., 2020a 

pCRE-hyg6 CRE recombinase, hyg6 Cunha et al., 2020a 

pI2-EG-kanMX 
SED1 promoter–SED1 secretion signal –Trichoderma reesei 
EG–SED1 anchoring domain –SAG1 terminator, I2 integration 
site, KanMX marker 

This work 

pI5-CBH1-NatMX  
SED1 promoter–SED1 secretion signal –Talaromyces emersonii 
CBH1–SED1 anchoring domain –SAG1 terminator, I5 
integration site, NatMX marker  

This work 

pCBH2-AurR 
SED1 promoter–SED1 secretion signal –Chrysosporium 
lucknowense CBH2–SED1 anchoring domain –SAG1 terminator, 
AurR marker and integration site 

This work 

pCfB2312 TEF1p-Cas9-CYC1t, KanMX marker 
Jessop-Fabre et al., 
2016 

pg1RNA_dgre3 

pg2RNA_dgre3 

pg3RNA_dgre3 

Guide RNA, bleMX marker This work 

pBGAL_dgre3 
SED1 promoter–SED1 secretion signal –Aspergillus niger 
BGAL–SAG1 anchoring domain –SAG1 terminator, GRE3 
integration site 

This work 
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4.2.3. Raw materials/Carbon sources 

Corn cob was provided from a local producer from the North of Portugal in 2018 and was milled 

to a particle size of ~10 mm. Its composition is, per 100 g of dry weight: 34.4 ± 0.4 g glucan, 29.0 ± 

0.6 g xylan, 2.8 ± 0.2 g arabinan, 2.4 ± 0.1 g acetyl groups and 25.1 ± 0.7 g Klason lignin (Romani et 

al., 2015). The conditions for the hydrothermal pretreatment (non-isothermal) of corn cob were based on 

previous works (Cunha et al., 2020a): a maximum temperature of 211 °C and a liquid-solid ratio of 4 g 

of distilled water/g of corn cob (dry weight), representing a severity (S0) of 3.82. The resultant cellulose-

enriched solid fraction (pretreated corn cob) was washed, and its composition is, per 100 g of dry weight: 

61.17 ± 0.39 g of glucan, 6.33 ± 0.17 g of xylan, 0.29 g ± 0.00 of arabinan, 0.56 ± 0.21 g of acetyl 

groups and 19.74 ± 0.26 g of Klason lignin. The composition of the liquid phase obtained from 

pretreatment was previously reported and evaluated as carbon source in Cunha et al. (2020a) and it was 

not used in the present work. Avicel® PH-101 (~50 μm particle size; Fluka, Sigma-Aldrich, Netherlands) 

was used as a reference material of microcrystalline cellulose. Cheese whey (CW) powder was kindly 

provided by Lactogal company (Porto, Portugal) and contains 12 ± 0.95 g of protein and < 1 g of ashes 

per 100 g of dry weight (Cunha et al., 2018). Lactose content was determined by HPLC (section 2.5) and 

was 72 ± 2.22 g/100 g of dry weight. 

4.2.4. Simultaneous saccharification and fermentation (SSF) and consolidated 

bioprocessing (CBP) 

Yeast cells used for SSF (addition of external commercial enzymes) or CBP (no addition of external 

commercial enzymes) were grown on YPD medium for 72 h at 35 °C and orbital agitation of 200 rpm. 

This temperature (higher than the optimal temperature for S. cerevisiae growth of 30 °C) was used for a 

short-term adaptation of the yeast during propagation (Nielsen et al., 2015), to improve the yeast 

fermentative performance at the higher temperature that will be used in the SSF/CBP assays (40 °C). 

After washing with NaCl (0.9 %), the cells were used to inoculate the SSF/CBP medium with a 

concentration of 100 g of wet yeast/L. The assays were carried out with a working volume of 30 mL in 

100 mL Erlenmeyer flasks in oxygen-deprived conditions (using a glycerol lock). CBP was performed with 

2.1 % (w/v) pretreated corn cob or 1 % (w/v) Avicel supplemented with YP (per liter: 10 g of yeast extract 

and 20 g of peptone). SSF media consisted of pretreated corn cob (percentage of solids of 10 % or 18 % 

(w/v), to evaluate the use of high solid loadings (≥ 15 %, Modenbach and Nokes, 2013) supplemented 

with YP or 10 % (w/v) cheese whey (cheese whey quantity was selected based on the factorial design 

optimization performed by Cunha et al. (2018)). The BGAL-displaying strains were further characterized 

in a SSF containing only 10 % (w/v) cheese whey and in a SSF containing 7 % (w/v) of Avicel, 80 g/L of 
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lactose and YP. All SSF media were adjusted to pH 5.0. Cellic CTec2 (Merck, Germany), with a total 

cellulase activity of 143 FPU/mL, was added to the SSF assays containing pretreated corn cob or Avicel 

in a concentration of 5 FPU/g of solids. The assays were performed in an orbital shaker at 150 rpm and 

40 °C with periodical sampling for HPLC analysis. The temperature of 40 °C was selected as a 

compromise between the optimal temperature for yeast fermentation and for cellulase activity (Zhu et al., 

2020); and considering the thermotolerant trait of the industrial strains, mainly of ER, CAT-1 and CA11 

(Cunha et al., 2020a; Lip et al., 2020; Pinheiro et al., 2020).  

4.2.5. Analytical methods 

NREL protocols (NREL/TP-510-42618-42622-4218) were used for the determination of the 

chemical composition of corn cob (raw material and cellulose-enriched solid phase after pretreatment). 

Samples from corn cob analysis, cheese whey and SSF/CBP assays were analyzed for determination of 

lactose, glucose, xylose, galactose, galactitol, glycerol, acetic acid and ethanol concentration by HPLC 

(Bio-Rad Aminex HPX-87H column at 60 °C, with 0.005 M H2SO4 at 0.6 mL/min). For galactose and 

xylose separation and quantification, when simultaneously present, the samples were analyzed by HPLC 

using a Bio-Rad Aminex HPX-87P column, at 85 °C, with H2O at 0.5 mL/min.  

4.2.6. Fermentation parameters 

Glycerol yield (%) was calculated by the ratio between the glycerol concentration (g/L) at the end 

of the SSF assays, and the potential glucose and/or galactose concentration (g/L) in the media used 

multiplied by the theoretical yield of glycerol from glucose/galactose (1.02 g/g), with the final ratio value 

multiplied by 100. The potential glucose derived from cellulose material is calculated from glucan 

concentration by multiplication by the stoichiometric factor 1.111. The percentage of hexoses present at 

the end of SSF assays (Hexosesf (%)) was calculated by the ratio of the concentration of glucose and/or 

galactose (g/L) at the end of the SSF assays and the potential glucose and/or galactose concentration 

(g/L) in the media used, with the final ratio value multiplied by 100. Lactose hydrolysis rate (g/L/h) at 

24 h of SSF was calculated as the difference between lactose concentration (g/L) at the beginning of the 

SSF assay and lactose concentration at 24 h, divided by 24. Ethanol yield (%) was calculated by the ratio 

between the ethanol concentration (g/L) at the end of the SSF assays, and the potential glucose and/or 

galactose concentration (g/L) in the media used multiplied by the theoretical yield of ethanol from 

glucose/galactose (0.511 g/g), with the final ratio value multiplied by 100. Ethanol productivity (g/L/h) 

at 24 h of SSF was calculated as the difference between the ethanol concentration (g/L) at 24 h of the 

SSF assays and the ethanol concentration (g/L) at the beginning of the assay, divided by 24. 
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4.2.7. Economic analysis 

To estimate the economic impact of the different yeast traits considered on this work (cell-surface 

display of cellulases and/or β-galactosidase) an economic analysis was performed for the process of 

ethanol production described above. Each scenario assumed the utilization of 100 MT (Metric tons) of 

dry corn cob per batch, and a total of 7920 operational h per year. Four distinct scenarios were considered 

on this study, corresponding to the utilization of the different strains, CAT-1, CAT-1-C, CAT-1-BGAL and 

CAT-1-C-BGAL, at the hydrolysis and fermentation stage. 

4.2.7.1. Process modelling and simulation 

For each scenario a simulation model was constructed using the academic version of SuperPro 

Designer (v10.2). Each model was composed by a set of different unit operations, with similar settings 

and efficiency indicators for all models, excepting for the values of final ethanol produced. Each scenario 

considers the initial hydrothermal pretreatment of 100 MT of corn cob under the conditions described on 

section 2.3 and with a solid recovery yield of 53.7 g of pretreated corn cob/100 g of raw material. The 

pretreated solid is then transferred to the hydrolysis and fermentation reactor where it is mixed with 

sterilized water, pasteurized liquid cheese whey (74 g/L lactose-equivalent) and a commercial cellulases 

cocktail (5 FPU/g pretreated corn cob) to a final solid concentration of 18 % (w/v) in SSF experiments. A 

seed culture of the selected strain is also added to a concentration of 100 g of wet yeast/L. Solids 

suspension is incubated under mechanical agitation for 48 h under a temperature of 40 °C. The levels 

of ethanol produced are defined with stoichiometric reactions according to the results obtained on the 

present study (cf. section 3.5). The final broth is fed to a down-stream processing section where ethanol 

is recovered with a final purity of 99.5 % (w/w). 

4.2.7.2. Estimation of production indicators and process costs 

Using the simulation models, mass and heat balances were performed by SuperPro Designer, 

allowing to estimate not only the amounts of materials and heat transfer utilities required for each 

scenario, but also the respective amounts of ethanol being produced. To estimate the overall cost of corn 

cob, cheese whey and Cellic CTec2 in the process their consumption rates were multiplied by the 

acquisition price assumed for each case. The price of corn cob was set on 100 $/MT, which was based 

in different entries of Alibaba (from January 2021) for granular low-purity corn cob from Asian markets. 

The price of Cellic CTec2 was set on 500 $/MT, which considers a protein content around 100 g/L 

(Zhang & Bao, 2017) and an indicative price of 5 $/kg of protein (Davis et al., 2015). Liquid cheese whey 

price was set on 5 $/MT, in line with the estimations presented by CLAL for January of 2021 (CLAL, 

2021). 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Direct ethanol production from Avicel and pretreated corn cob by cellulolytic yeast 

strains 

The robust S. cerevisiae strains Ethanol Red (ER), PE-2, CAT-1 and CA11 (Table 4.1) were used as 

hosts for the cell-surface display of A. aculeatus β-glucosidase 1 (BGL1), T. reesei endoglucanase II (EG), 

T. emersonii cellobiohydrolase I (CBH1) and C. lucknowense cellobiohydrolase II (CBH2). These enzymes 

have been previously displayed in laboratory S. cerevisiae strains for the construction of cellulolytic strains 

(Liu et al., 2016b). The capacity of the industrial modified strains to ferment cellulosic material was 

investigated through a consolidated bioprocessing of Avicel and pretreated corn cob; while the assays 

were monitored during 168 h (Appendix: Figure A4.2), higher ethanol productions were observed at the 

first 24 h (Figure 4.1). In both assays, the CAT-1-C strain presented a superior capacity to directly produce 

ethanol from these substrates, reaching 16 and 10 g of ethanol per 100 g of glucan from Avicel and 

pretreated corn cob in 24 h, respectively. At the same time, the PE-2-C strain produced 12 and 7.1 g of 

ethanol from 100 g of glucan (from Avicel and pretreated corn cob, respectively), while ER-C and CA11-

C attained significantly lower levels (≤ 1.7 g of ethanol per 100 g of glucan). In fact, ethanol production 

by the strains ER-C and CA11-C started only after 96 h in both assays, indicating their inferior capacity to 

hydrolyze the cellulosic substrates (Appendix: Figure A4.2). When comparing both substrates, higher 

ethanol yields were obtained from Avicel. While the crystalline nature of Avicel’s cellulose makes it less 

susceptible to hydrolysis than more amorphous cellulose (Al-Zuhair, 2008), the presence of lignin in the 

pretreated corn cob may equally affect the hydrolysis efficiency (Saini et al., 2016). After 168 h of CBP 

with corn cob, the non-hydrolyzed solids remaining in the media corresponded to 78.5 ± 0.8, 61.7 ± 1.2, 

62.3 ± 0.2 and 76.6 ± 0.8 g/100 g of the initial substrate (pretreated corn cob) for ER-C, PE-2-C, CAT-

1-C and CA11-C, respectively. These values demonstrate that the lower ethanol titers obtained by ER-C 

and CA11-C are in fact a result of a lower cellulolytic capacity of these strains. The differences on 

cellulolytic performance observed for the different strains were expected, as several host-related factors, 

which vary among S. cerevisiae strains, may affect the efficiency of cell-surface display (Cunha et al., 

2020a; Tanaka & Kondo, 2015): e.g., secretory capacity (Davison et al., 2019), cell wall composition 

(Nayyar et al., 2017), expression levels of host cell genes (Ibanez et al., 2017), cell size (Klis et al., 2014). 

Furthermore, it should be noted that, besides the hydrolytic capacity of these strains, their inherent 

fermentative capacities will also affect ethanol productivity. For instance, in comparison with other 

industrial strains, PE-2 has a low tolerance for high fermentation temperatures (Costa et al., 2017; Cunha 

et al., 2020a), which may explain the lower ethanol yield of PE-2-C in this CBP fermentation at 40 °C in 
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comparison with CAT-1-C: even though both strains hydrolyzed similar quantities of solids, PE-2-C reached 

lower ethanol titers. Considering the overall results in terms of ethanol production the CAT-1 background 

strain was selected for further analysis and modifications. 

 

Figure 4.1. Ethanol production at 24 h of consolidated bioprocessing of (A) Avicel (added at a concentration of 

10 g of glucan/L) and (B) pretreated corn cob (13 g of glucan/L). The data presented depicts the mean ± standard 

deviation of two biological replicates. 

4.3.2. Characterization of lactose-consuming strains 

CAT-1 and CAT-1-C strains were modified for the cell-surface display of β-galactosidase from A. 

niger (BGAL). Previous works described engineered S. cerevisiae strains secreting this enzyme to 

successfully hydrolyze and ferment lactose (Cunha et al., 2018; Domingues et al., 2002; Oliveira et al., 

2007). It is known that the GRE3 gene, that encodes an aldose reductase capable of reducing, among 

others, xylose to xylitol and galactose to galactitol, may result in high accumulation of xylitol in S. cerevisiae 

strains modified for xylose consumption (Romani et al., 2015). In fact, a xylose-consuming CAT-1 strain 

was found to accumulate higher levels of xylitol than the equally modified ER and CA11 strains (Cunha 

et al., 2020a). Considering these, and to prevent galactitol accumulation in the lactose-consuming strains, 

the cassette for cell-surface display of BGAL was introduced in both GRE3 alleles, resulting in two 

integrated copies of BGAL expression cassette in the yeast genome. The constructed strains, CAT-1-BGAL 

and CAT-1-C-BGAL, presented β-galactosidase activities of 23.3 ± 0.3 and 16.7 ± 0.2 U/g yeast DCW, 

respectively. This lower activity of the CAT-1-C-BGAL strain may be due to the simultaneous presence of 

BGL1, EG, CBH1 and CBH2 in its cell surface, hence resulting in a lower activity of BGAL when compared 

to CAT-1-BGAL. The capacity of these strains to ferment lactose was accessed in media containing 10 % 

of cheese whey powder (Figure 4.2), and, despite presenting different β-galactosidase activities, both 

strains showed similar capacities to hydrolyze the lactose present in cheese whey into glucose and 

galactose. This similar hydrolysis was probably due to the high inoculum levels used in the assay, which 

represent high enzyme/substrate ratios, ranging between 3.22 and 4.49 U of BGAL per g of lactose. At 
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24 h, all lactose was hydrolyzed and both glucose and galactose were completely consumed. As expected, 

glucose is preferentially consumed over galactose, being consumed at the same rate as it is being 

released, while galactose slightly accumulated in the media at 8 h of the assay: 8.94 and 5.78 g/L with 

CAT-1-BGAL and CAT-1-C-BGAL, respectively (Figure 4.2). The similar hydrolysis profile of both strains 

indicates that the presence of cellulolytic enzymes in the cell surface does not affect the lactose-hydrolysis 

ability of the strain. In fact, the use of CAT-1-C-BGAL strain results in a small improvement in terms of 

galactose consumption, as at 8 h of SSF galactose accumulation was 1.5-fold higher with CAT-1-BGAL 

than with CAT-1-C-BGAL (Figure 4.2). Consequently, the cellulase-displaying strain presented a slightly 

superior ethanol productivity and yield (Table 4.2). It should be noted that no galactitol accumulation was 

detected in the SSF media. The ethanol yields obtained with CAT-1-BGAL and CAT-1-C-BGAL strains (71.6 

and 76.9 % of the theoretical maximum, respectively) are in compliance with other reported values 

obtained with modified S. cerevisiae in shake-flask fermentations of cheese whey, ranging between 67 

and 80 % of the theoretical maximum (Domingues et al., 2001; Liu et al., 2016a; Zou et al., 2013). It is, 

to the extent of our knowledge, the first cell-surface display approach for the development of lactose-

consuming S. cerevisiae strains creating novel opportunities for the CBP production of ethanol from this 

carbon source. From an industrial point of view of the bioethanol production process, the cell-surface 

display strategy is advantageous in comparison with the enzyme secretion strategy, as it allows for cell 

recycling maintaining higher enzymatic activities in repeated-batch fermentations (Liu et al., 2015). 

 

Figure 4.2. Simultaneous saccharification and fermentation profiles of cheese whey (10 %) by the strains CAT-1-

BGAL (A) and CAT-1-C-BGAL (B). The data presented depicts the mean ± standard deviation of two biological 

replicates. 

4.3.3. Simultaneous saccharification and fermentation of multi-feedstocks 

The wild-type S. cerevisiae CAT-1 and the developed strains CAT-1-C, CAT-1-BGAL and CAT-1-C-

BGAL were tested in a SSF assay with 10 % pretreated corn cob mixed with 10 % of cheese whey (Figure 

4.3). As observed in section 3.1 the hydrolytic capacity of the cellulolytic strains is insufficient to attain 
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high ethanol yields, and considering this, the SSF assays were supplemented with Cellic CTec2. In order 

to assess the role of the cellulolytic strains in the hydrolysis of corn cob, a low enzyme loading of 5 FPU 

per g of solids was used. Interestingly, in the SSF with CAT-1 and CAT-1-C strains (Figure 4.3A and B) the 

cellulose hydrolysis was lower than the expected (indirectly accessed by the ethanol titers, ≤ 23 g/L). In 

fact, in a SSF with 10 % pretreated corn cob supplemented only with yeast extract and peptone, these 

strains were able to produce ca. 33 g/L of ethanol, reaching ethanol yields superior to 94 % of the 

theoretical (Figure 4.4A and B, Table 4.2). To test whether lactose had an inhibitory effect over the 

cellulolytic cocktail, a hydrolysis assay of corn cob in the presence of lactose was conducted. The results 

confirmed that high concentrations of lactose, either synthetic or derived from cheese whey, had a severe 

inhibitory effect over the cellulolytic cocktail, strongly hampering glucose liberation (Appendix: Figure 

A4.3). While the effect of lactose on cellulases activity is not thoroughly studied, it will probably create an 

end-product inhibition such as the one reported for other sugars, such as glucose, xylose, cellobiose, 

among others (Kim et al., 2011; Xiao et al., 2004). Considering these, cheese whey utilization as 

nutritional supplement in cellulase-containing processes should be carefully addressed, considering the 

possible inhibitory effects of high lactose concentrations in the absence of lactose-consuming strains or 

of external β-galactosidase addition.  

Table 4.2. Simultaneous saccharification and fermentation results of the different Saccharomyces cerevisiae 

strains with different substrates. nd: not detected. Ethanol productivity and lactose hydrolysis rate were calculated 

at 24 h. 

Substrate 
(potential hexose 
concentration) 

Strain 
Glycerolf 
yield (%) 

Hexosesf 
in the 
media (%) 

Ethanol 
yield (%) 

Ethanol 
productivity 
(g/L/h) 

Lactose 
hydrolysis 
rate (g/L/h) 

10 % CW  
(77.9 g/L) 
-cf. Figure 4.2- 

CAT-1-BGAL 4.51 ± 0.28 nd 71.6 ± 0.3 1.11 ± 0.00 3.05 ± 0.01 

CAT-1-C-BGAL 3.92 ± 0.35 nd 76.9 ± 0.5 1.21 ± 0.01 3.08 ± 0.00 

10 % CC and 10 % 
CW (142 g/L) 
-cf. Figure 4.3- 

CAT-1 2.02 ± 0.08 nd 30.8 ± 1.5 0.317 ± 0.008 0 ± 0 

CAT-1-C 1.28 ± 0.18 nd 32.1 ± 2.2 0.323 ± 0.012 0 ± 0 

CAT-1-BGAL 4.58 ± 0.17 12.1 ± 0.4 71.1 ± 2.1 1.00 ± 0.00 2.09 ± 0.02 

CAT-1-C-BGAL 4.47 ± 0.03 13.6 ± 2.8 67.1 ± 0.5 0.992 ± 0.010 2.03 ± 0.02 

10 % CC and YP 
(68.5 g/L) 
-cf. Figure 4.4- 

CAT-1 4.79 ± 0.37 0 ± 0 94.1 ± 1.1 0.760 ± 0.019 nd  

CAT-1-C 4.36 ± 0.75 0 ± 0 95.1 ± 1.6 0.814 ± 0.009 nd  

Avicel, Lactose and 
YP (163 g/L) 
-cf. Figure 4.4- 

CAT-1-BGAL 3.25 ± 0.03 4.50 ± 0.46 54.7 ± 0.6 1.42 ± 0.00 3.19 ± 0.04 

CAT-1-C-BGAL 4.21 ± 1.24 7.59 ± 1.36 57.3 ± 1.0 1.30 ± 0.02 2.91 ± 0.02 

18 % CC and 10 % 
CW (203 g/L) 
-cf. Figure 4.5- 

CAT-1 1.50 ± 0.08 2.74 ± 1.16 30.2 ± 0.3 0.508 ± 0.024 0 ± 0 

CAT-1-C 1.38 ± 0.11 3.85 ± 0.17 27.0 ± 0.0 0.445 ± 0.016 0 ± 0 

CAT-1-BGAL 2.83 ± 0.20 20.3 ± 2.1 47.6 ± 3.1 0.882 ± 0.027 1.94 ± 0.03 

CAT-1-C-BGAL 2.94 ± 0.10 24.0 ± 1.2 50.7 ± 0.3 1.24 ± 0.14 2.07 ± 0.02 
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Figure 4.3. Simultaneous saccharification and fermentation profiles of pretreated corn cob (10 %) and cheese 

whey (10 %) by the strains CAT-1 (A), CAT-1-C (B), CAT-1-BGAL (C) and CAT-1-C-BGAL (D). The data presented 

depicts the mean ± standard deviation of two biological replicates. 

Regarding the SSF with lactose-consuming strains (Figure 4.3C and D), the presence of solids 

inhibited the strain capacity to hydrolyze lactose, probably due to mass transfer limitations, only reaching 

residual values (≤ 2.6 g/L) at 72 h, in comparison with the 24 h required for depletion when only cheese 

whey is present in the medium (Figure 4.2). Considering the inhibitory effect of lactose on cellulases, this 

decrease in lactose consumption may result in a slower saccharification of the pretreated corn cob. 

Additionally, and also differently from the cheese whey SSF (Figure 4.2), in the presence of pretreated 

corn cob the strains CAT-1-BGAL and CAT-1-C-BGAL were unable to completely consume the released 

galactose, accumulating up to 14.6 g/L in the media (Figure 4.3C and D). It was previously observed that 

under fermentative conditions even in medium with galactose excess over glucose, the capacity of S. 

cerevisiae to consume galactose was hampered due to a low intracellular energy status which prevented 

the synthesis of the Leloir-pathway proteins (van den Brink et al., 2009). In this assay (Figure 4.3), the 

metabolism and energy charge of the yeast cell is expected to be more severely affected due to the 

presence of additional stressors (e.g., high temperature, high density) (Cunha et al., 2019), justifying the 

incomplete galactose consumption.  
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Figure 4.4. Simultaneous saccharification and fermentation profiles of (A, B) pretreated corn cob (10 %) 

supplemented with YP and (C, D) Avicel (7 %) supplemented with lactose (80 g/L) and YP. Strains used were CAT-

1 (A), CAT-1-C (B), CAT-1-BGAL (C) and CAT-1-C-BGAL (D). The data presented depicts the mean ± standard 

deviation of two biological replicates. 

In fact, the yeast cell is exposed to a multitude of different stressors in this SSF: high temperature 

and solid loadings, high density and viscosity (caused by the high yeast inoculum), possible carbon 

starvation due to low cellulase loading. During the process, when high ethanol concentrations are reached 

(≥ 48 g/L at 96 h, Figure 4.3C and D), this additional stress seems to cause a loss in the cell fermentative 

ability resulting in glucose accumulation. Accordingly, when using the strains incapable of lactose 

hydrolysis, lower ethanol titers (≤ 23 g/L) are attained, resulting in reduced overall stress, and thus no 

glucose accumulation is observed (Figure 4.3A and B, Table 4.2). 

To further study this loss of fermentative ability and the effect of the high solid loadings in the yeast 

performance, the CAT-1-BGAL and CAT-1-C-BGAL strains were also tested in a SSF of semi-synthetic 

media with Avicel (pure cellulose) supplemented with lactose besides yeast extract and peptone (Figure 

4.4C and D). In this case, lactose hydrolysis was faster than in the SSF with pretreated corn cob (Table 

4.2), confirming the inhibitory effect of the presence of the corn cob solids. Also, galactose was almost 

completely consumed (≤ 2.7 g/L, Figure 4.4C and D), probably as a result of the less stressful conditions. 

Nonetheless, the higher ethanol productivities observed in this semi-synthetic media (with commercial 

sources of cellulose and lactose) resulted on higher ethanol concentrations at early stages of the process, 



CHAPTER IV 

124 

with loss of glucose uptake ability after ca. 96 h of the assay (Table 4.2, Figure 4.4C and D). These results 

show that, while the presence of solids is a significant source of stress for the yeast strains, the loss of 

the yeast fermentative ability is in fact a result of a combination of the several stress factors. 

Despite all the challenges observed, this multi-feedstock SSF of pretreated corn cob and cheese 

whey with lactose-consuming strains, resulted in 1.6-fold higher ethanol titers, in comparison with the 

results obtained in SSF of pretreated corn cob supplemented with YP: simultaneously improving ethanol 

production and reducing costs with the nutritional supplementations.   

4.3.4. Simultaneous saccharification and fermentation of multi-feedstocks with increased 

solid loadings 

Despite the inhibitory effect that the presence of solids may have in yeast fermentative capacity, 

an increase in carbon source by increasing solid loadings will most probably lead to higher ethanol titers 

and enable the desired 4 % w/w. Considering this, the strains CAT-1, CAT-1-C, CAT-1-BGAL and CAT-1-

C-BGAL were also tested in an SSF with 10 % of cheese whey and an increased quantity of pretreated 

corn cob (18 %) (Figure 4.5). As previously observed, when using strains not displaying BGAL, the high 

concentration of lactose had an inhibitory effect on the hydrolysis of corn cob, resulting in low ethanol 

yields.  Nonetheless, the increase in pretreated corn cob resulted in higher ethanol titers and productivities 

for these strains (Figure 4.5A and B, Table 4.2). Regarding the lactose-consuming strains, the presence 

of higher solid loadings decreased their capacity to completely hydrolyze lactose, reaching residual lactose 

levels (≤ 2.6 g/L) only after 144 h of SSF (Figure 4.5C and D). In this higher solid loading, the use of the 

strain displaying cellulolytic enzymes and BGAL, CAT-1-C-BGAL, resulted in an improved ethanol 

productivity when compared with the strain only displaying BGAL, CAT-1-BGAL. This is in line with previous 

results where a laboratory strain displaying the same cellulolytic enzymes allowed a 40 % reduction in the 

quantity of Cellic CTec2 required for a high-density fermentation of pretreated rice straw (Inokuma et al., 

2020). The improved hydrolysis efficiency of this strain was found to be caused by an adhesion of the 

yeast cell to cellulose, resulting from the high affinity of the carbohydrate binding domain in cellulases 

towards cellulose. The consequent proximity between cells and substrates is expected to facilitate the 

mass transfer of the hydrolysis products, especially in high-density fermentations (Liu et al., 2016b), 

which may explain the lack of advantage of CAT-1-C-BGAL vs. CAT-1-BGAL in the assay with a lower solid 

loading (Figure 4.3, Table 4.2). Besides improving the hydrolysis of the lignocellulose material, the 

cellulolytic strain CAT-1-C-BGAL also shows a superior capacity to consume the lactose-derived galactose, 

as previously seen in the SSF of cheese whey (Figure 4.2). As a consequence of this superior ethanol 

productivity of the CAT-1-C-BGAL strain in comparison with CAT-1-BGAL, the former attained higher 
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ethanol titers at 48 h of fermentation (47 g/L, Figure 4.5D), which resulted in an early loss of fermentative 

ability, with a consequent higher accumulation of hydrolyzed glucose in the media (Table 4.2). 

 

Figure 4.5. Simultaneous saccharification and fermentation profiles of pretreated corn cob (18 %) and cheese 

whey (10 %) by the strains CAT-1 (A), CAT-1-C (B), CAT-1-BGAL (C) and CAT-1-C-BGAL (D). Data represents the 

average ± SD from two biological replicates. 

Despite the promising results, the ethanol yields obtained in this assay are far from the theoretical, 

mainly due to the loss of fermentative ability by the yeast. Nonetheless, and despite presenting ethanol 

yields lower than the ones obtained in the SSF with 10 % corn cob and 10 % cheese whey, the use of 18 

% of corn cob solids and consequent increase in potential fermentable sugars allowed for the attainment 

of higher ethanol titers at an early stage of the process with the lactose-consuming cellulolytic strain. Loss 

of cell viability has been previously recognized as a limiting factor to attain high ethanol yields, and SSF 

processes were found to be limited by the yeast’s metabolic capacity and tolerance towards ethanol 

(Nguyen et al., 2017). Industrial S. cerevisiae isolates have been previously reported to have physiological 

traits that increase its capacity to cope with the stress derived from very high-gravity fermentations 

processes (Pereira et al., 2010). These highlight the importance of using the robust industrial yeast CAT-

1 as host strain in this work, as using other strains more susceptible to the stressful conditions of the 

process (e.g., laboratory strains) would probably result in a diminished or absent ethanol production. 
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Instead, the strains constructed from CAT-1 were able to ferment and reach high ethanol titers even at 

severely challenging conditions, combining high solid loadings, temperature and ethanol concentrations. 

4.3.5. Economic analysis of simultaneous saccharification and fermentation of multi-

feedstocks 

To evaluate the potential role of the constructed yeast strains, a simplified economic analysis was 

performed for the process of ethanol production by simultaneous saccharification and fermentation of 

pretreated corn cob (18 %) and cheese whey (10 %) described in Figure 4.5. As expected, there is a clear 

advantage of using strains displaying BGAL and therefore capable of lactose consumption (Figure 4.6). 

In fact, when compared to the wild-type, using the CAT-1-C-BGAL strain resulted in a 2.5-fold increase in 

the annual ethanol production (Figure 4.6A), and reduced by 60 % the costs with enzymes, corn cob and 

cheese whey (Figure 4.6B). It should be noted that in the absence of β-galactosidase, the lactose-rich 

cheese whey, while playing a role in nutritional supplementation, also has a negative impact on the 

cellulases activity, contributing to the low annual ethanol production and higher materials costs obtained 

with strains CAT-1 and CAT-1-C. When comparing the two strains capable of lactose consumption, the 

cellulase-displaying yeast CAT-1-C-BGAL improved the annual ethanol production by 45 % (Figure 4.6A), 

reducing 31 % (Figure 4.6B) on materials costs. These results highlight the important role of the developed 

cellulolytic and lactose-consuming S. cerevisiae strain in this integrated approach using both corn cob 

and cheese whey, to achieve economic viability on lignocellulosic bioethanol processes. On a final note, 

these results confirm the high potential of using low-cost nutrient sources as a viable alternative to 

increase process productivity and reduce materials costs, overcoming the limitations commonly found on 

these efforts. Process intensification in lignocellulosics conversion is typically pursued with an increase in 

the concentration of the lignocellulosic solid (inclusively with fed-batch operations), however, this 

approach is strongly limited by an increase on insoluble solids and the resulting mass transfer issues, 

leading to an incomplete hydrolysis and a significant growth on the relative cost of materials. Significant 

improvements on the overall economic performance are possible by using the hemicellulosic fraction to 

produce other compounds (Baptista et al., 2021), such as high value xylooligosaccharides (XOS). In a 

recent work from Lopes et al. (2019) the authors observed that the economic viability of a biorefinery co-

producing isobutene and XOS was largely enabled by the high value coming from XOS, which was 

markedly superior to its production cost. On the other hand, the CBP gains here described could also be 

complemented with other enzyme saving strategies such as enzyme recycling (Gomes et al., 2018a). A 

previous study from Gomes et al. (2016) reported that enzyme recycling led to a reduction of 53-60 % in 

enzymes consumption, which showed to be critical to reduce ethanol production costs (Gomes et al., 
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2018b). In this regard, it should be noted that the cell-surface display approach used for the construction 

of these strains poses as another economical advantage, allowing for the maintenance of enzymatic 

activities in cell recycling for repeated-batch fermentations (Liu et al., 2015). 

 

Figure 4.6. Economic analysis of an integrated process with simultaneous saccharification and fermentation 

profiles of pretreated corn cob (18 %) and cheese whey (10 %) using the strains CAT-1, CAT-1-C, CAT-1-BGAL or 

CAT-1-C-BGAL. (A) Annual ethanol production. (B) Cost of enzymes, corn cob and cheese whey per kg of ethanol 

produced. 

4.4. CONCLUSIONS 

A multi-feedstock approach using corn cob and cheese whey was described in order to 

simultaneously increase carbon source and decrease costs with nutritional supplementation. A lactose-

consuming cellulolytic S. cerevisiae strain was constructed from a robust industrial isolate resulting in the 

production of high ethanol titers (> 50 g/L) from pretreated corn cob and cheese whey using low 

quantities of commercial cellulases (5 FPU/g of solids). The multi-feedstock valorization approach 

together with the developed yeast resulted in a 2.5-fold increase in the annual ethanol production and 60 

% reduction in material costs, contributing to the economic viability of bioethanol processes.  
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ABSTRACT 

Bio-based platform chemicals, such as 5-hydroxymethylfurfural (HMF), that can be obtained from 

biorefinery carbohydrates and generate a wide variety of derivatives, play a central role in the desirable 

establishment of a bioeconomy. Conversion of HMF into higher value derivatives has been mainly 

approached by chemical catalysis, an expensive and environmental hazardous strategy. More recently, 

HMF transformation by whole cell biocatalysts has been receiving increased attention, presenting 

advantages over enzymatic conversion such as easiness of recycling and co-factor regeneration. 

Saccharomyces cerevisiae has been thoroughly studied for its capacity to detoxify HMF and other 

inhibitory furans, however it has been poorly explored as a possible biocatalyst for the valorization of these 

compounds. In this work, different industrial S. cerevisiae strains were evaluated in their capacity to 

oxidize HMF. 5‐Hydroxymethyl‐furan‐2‐carboxylic acid (HMFCA) was found to be the major resultant of 

HMF conversion by the yeast in aerobic conditions, however yeast strain heterogeneity regarding the 

conversion levels was patent. Taking these results into account, genetic modification with HMF/Furfural 

oxidoreductase from Cupriavidus basilensis HMF14 of the best selected strain for HMF oxidation, resulted 

in a 15-fold increase in the production of 2,5‐furandicarboxylic acid (FDCA); while modification with HMF 

oxidase from Methylovorus sp. strain MP688 resulted in a preferential accumulation of 5‐formyl‐2‐

furancarboxylic acid (FFCA). These results validate S. cerevisiae as a promising whole cell biocatalyst for 

the production of high value oxidized HMF-derivatives, expanding the available HMF-biocatalytic toolbox. 
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5.1. INTRODUCTION 

The successful establishment of a biorefinery for manufacturing of biofuels and other chemicals 

from renewable feedstocks (such as lignocellulosic biomass) has appeared as a necessity to replace the 

usage of fossil-based resources. Bio-based platform chemicals, whose structure allows the generation of 

several derivatives, can be produced from simple sugars present in the lignocellulosic biomass and in 

this way, play a central role to reach the desired bio-based economy. 5-Hydroxymethylfurfural (HMF), 

containing a hydroxymethyl group, an aldehyde group and a furan ring, is one of these platform chemicals, 

which can be obtained by dehydration of hexoses. HMF has been identified in 2010 as one of the top 

promising chemicals to be obtained from biomass to stimulate the successful development of biorefining 

industry (Bozell & Petersen, 2010). HMF can be reduced into 2,5-bis(hydroxymethyl)furan (BHMF) or be 

sequentially oxidized into a variety of compounds (Figure 5.1). The oxidation process can occur via two 

different routes: in route A the aldehyde group of HMF is firstly oxidized producing 5‐hydroxymethyl‐furan‐

2‐carboxylic acid (HMFCA), while in route B the oxidation starts in the hydroxymethyl group yielding 2,5-

diformylfuran (DFF). HMFCA or DFF may then be oxidized into 5‐formyl‐2‐furancarboxylic acid (FFCA) 

which can be further oxidized into 2,5‐furandicarboxylic acid (FDCA). These HMF-derivatives possess 

a wide range of applications, such as synthesis of polymers and ethers (BHMF), production of polyesters 

and antitumor agent and interleukin inhibitor (HMFCA), precursor for polymers, fungicides, and 

pharmaceuticals synthesis (DFF), synthesis of surfactants and resins (FFCA) and production of 

plasticizers, polyurethanes, polyesters, or polyamides (FDCA) (Saikia et al., 2021). FDCA, being a versatile 

building block, has also been identified as a top chemical to be obtained from biomass (Bozell & Petersen, 

2010), and its main application is the synthesis of polyethylene furanoate (PEF), by polymerization with 

ethylene glycol, to substitute the petroleum-derived polyethylene terephthalate (PET) plastic. Considering 

their value, the production of these HMF-derivatives has been receiving increasing interest. However, their 

production has been mainly based in chemical catalysis, which presents issues such as, expensive 

catalysts, harsh reaction conditions and low selectivity (Hu et al., 2018). More recently the use of 

biocatalysts has appeared as a more environment friendly alternative for HMF transformation (Hu et al., 

2018). Among these, whole cell biocatalysis has advantages over purified enzyme biocatalysis, such as 

the easiness of catalyst recycling and the regeneration of co-factors (Lin & Tao, 2017), with several reports 

of microorganisms (wild-type or genetically engineered) capable of converting HMF into BHMF, HMFCA 

and FDCA (Saikia et al., 2021). 
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Figure 5.1. Routes for the reduction or oxidation of HMF. BHMF: 2,5-bis(hydroxymethyl)furan. HMF: 5‐

hydroxymethylfurfural. HMFCA: 5‐hydroxymethyl‐furan‐2‐carboxylic acid. DFF: 2,5-diformylfuran. FFCA: 5‐formyl‐

2‐furancarboxylic acid. FDCA: 2,5‐furandicarboxylic acid. Circles indicate reactions possibly catalyzed by wild-type 

Saccharomyces cerevisiae strains. Squares indicate the reactions catalyzed by HMF/Furfural oxidoreductase from 

Cupriavidus basilensis HMF14 (CbHMFH). Triangles indicate the reaction catalyzed by HMF oxidase from 

Methylovorus sp. strain MP688 (MsHMFO). 

HMF results of the dehydration of hexoses, and by this reason it is commonly present in 

hydrolysates of lignocellulosic biomass whose hemicellulose contains a high fraction of hexoses. In this 

cases, HMF occurrence is considered undesirable as it is an inhibitor of microbial growth and 

fermentation (Cunha et al., 2019). Being the most used microorganism in second generation bioethanol 

processes, Saccharomyces cerevisiae has been extensively studied for its capacity to detoxify HMF, or 

furfural (a similar furan resultant of the dehydration of pentoses), into less toxic compounds (Cunha et 

al., 2019; Liu, 2021), nonetheless the potential of S. cerevisiae as a whole cell biocatalyst for the 

production of value-added HMF- or furfural-derivatives has been poorly explored. The reduction of these 

compounds into the corresponding alcohols is the common mechanism of S. cerevisiae for furan 

detoxification under ethanol producing conditions and thus, it has been much more studied than furan 

oxidation (Ishii et al., 2013; Lewis Liu et al., 2008; Nilsson et al., 2005). Regarding HMF yeast-produced 

derivatives, in 2005 Liu and collaborators reported two S. cerevisiae strains, adapted for higher furfural 

and HMF tolerance, capable of converting 60 mM of HMF into BHMF (quantification of BHMF not 

performed due to the lack of a commercial standard at the time) (Liu et al., 2005). A more recent work 

evaluated the heterologous expression of alcohol dehydrogenases (ADHs) from Meyerozyma 

guilliermondii in S. cerevisiae to produce BHMF from HMF (Xia et al., 2020), with the recombinant S. 

cerevisiae strain reaching higher productivities (15 mM/h in 23 h of a fed-batch strategy) than the 

bioconversion with M. guilliermondii whole cells (Li et al., 2017). To the extent of our knowledge, the 

unique report to use S. cerevisiae as biocatalyst to obtain oxidized HMF-derivatives is a patent where 

several fungal species were evaluated as hosts for the production of FDCA (De Bont, 2018). In this, a 

laboratorial S. cerevisiae strain was modified to produce HMF/Furfural oxidoreductase (hmfH) and 
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HMF/FFCA dehydrogenase (Adh) from C. basilensis HMF14 or alcohol dehydrogenase (hmfL1) and 

aldehyde dehydrogenase (hmfN1) from Penicillium brasilianum. These strategies resulted in the 

production of 0.21 and 3.02 mM FDCA from ~4 mM of HMF, respectively, while the control wild-type 

yeast in the same conditions produced no FDCA but accumulated 2.90 mM of HMFCA (De Bont, 2018). 

Despite working with low HMF quantities, which are not pertinent for industrial applications and disregards 

the important factor that HMF toxicity plays in the bioconversion process, these results show S. cerevisiae 

to be a workable host for the development of whole cell biocatalysts for FDCA production. 

Considering the still poorly explored potential of S. cerevisiae for the bioconversion of HMF, this 

study aims to explore the capacity of robust industrial S. cerevisiae strains as whole cell biocatalysts to 

convert HMF into higher value compounds, mainly focusing on the oxidized derivatives. Furthermore, the 

heterologous expression of enzymes already reported for HMF oxidation into FDCA will be evaluated in 

the S. cerevisiae strain demonstrating higher HMF-oxidizing potential.  

5.2. MATERIALS AND METHODS 

5.2.1. Yeast strains and Ethanol Red (ER) modification 

The S. cerevisiae strains and plasmids used in this work are listed on Table 5.1. Escherichia coli 

NZY5α (Nzytech, Portugal) was used for the construction, maintenance and propagation of plasmids. 

Plasmid assembling was performed with the In-Fusion HD Cloning Kit (Clontech, USA). The primers used 

for plasmid construction and integration confirmation are listed on Table A5.1. The coding sequences 

(CDS) of HMF/Furfural oxidoreductase from C. basilensis HMF14 (CbHMFH) and HMF oxidase from 

Methylovorus sp. strain MP688 (MsHMFO) were synthesized with codon optimization for expression in S. 

cerevisiae (Nzytech, Portugal). The expression plasmids pHMFH_cb and pHMFO_ms were constructed 

from the plasmid pI23-BGL1-kanMX and the expression cassette consisted of SED1 promoter, enzyme 

CDS and SAG1 terminator. Ethanol Red strain was individually transformed with the different plasmids 

(linearized with BstZ17I) by the lithium acetate method (Chen et al., 1992). The transformants were 

selected on YPD plates (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose and 20 g/L agar) 

containing 300 mg/L of G418 and the correct integration in the intergenic region I23 was confirmed by 

colony PCR. The generated strains were denominated ER-cbHMFH and ER-msHMFO, and were preserved 

at 4 °C on YPD plates. 

  



CHAPTER V 

138 

Table 5.1. Saccharomyces cerevisiae strains and plasmids used in this work. 

 Relevant information Source 

Saccharomyces cerevisiae strains  
Ethanol Red 
(ER) 

Commercial yeast for ethanol production Fermentis, S. I. 
Lesaffre, Lille 

PE-2 Isolated from a first generation bioethanol plant in Brazil Basso et al., 2008 
CAT-1 Isolated from a first generation bioethanol plant in Brazil Basso et al., 2008 
CA11 Isolated from the fermentation process of a "cachaça" distillery in 

Brazil 
Schwan et al., 2001 

ER-cbHMFH-I ER, pHMFH_cb_I This work 
ER-msHMFO-I ER, pHMFO_ms_I This work 
Plasmids   
pI23-BGL1-
kanMX 

SED1p–SED1ss–Aspergillus aculeatus BGL1–SAG1a–SAG1t, KanMX 
marker, I23 integration site 

Cunha et al., 2020 

pHMFH_cb SED1p–Cupriavidus basilensis HMFH–SAG1t, KanMX marker, I23 
integration site 

This work 

pHMFO_ms SED1p–Methylovorus sp. HMFO–SAG1t, KanMX marker, I23 
integration site 

This work 

5.2.2. Whole cell bioconversion of HMF 

For the bioconversion assays the yeast cells were grown in YPD medium for 24 h or 72 h (for the 

assay with recombinant strains) at 30 °C with orbital agitation (200 rpm) and collected by centrifugation 

at 1000 g for 5 min. Cells were washed with water and resuspended in 50 mM phosphate buffer pH 7. 

The assay media consisted of 50 mM of HMF in 50 mM phosphate buffer pH 7, inoculated with 100 g 

of wet yeast/L. The bioconversions were carried out in 6-well microplates, with a working volume of 4 

mL, at 30 °C in an orbital shaker at 200 rpm, and samples were collected during the course of the 

experiment for HPLC analysis.  

5.2.3. Analytical methods 

Samples from the bioconversion assays were analyzed for quantification of HMF, HMFCA, DFF, 

FFCA and FDCA by HPLC using a Bio-Rad Aminex HPX-87H column, operating at 60 °C, with 0.01 M 

H2SO4 and at a flow rate of 0.6 mL/min. The UV detector was set at 268 nm and the retention times of 

FDCA, HMFCA, FFCA, HMF and DFF were 18.7, 22.4, 25.6, 32.7 and 40.5 min. For BHMF separation 

and quantification, the samples were analyzed by a reverse-phase UHPLC using a Zorbax Eclipse XDB-

C18 column (4.6 mm × 250 mm, 5 μm), operating at 25 °C, with a mixture of acetonitrile/0.4 % 

(NH4)2SO4 (10:90, v/v) at pH 3.5 and with a flow rate of 0.6 mL/min. The retention time of BHMF 

(maximum absorption wavelength of 223 nm) was 11.3 min. Yield (%) was defined as the percentage of 

the amount of a specific HMF-derivative to the maximal theoretical amount of that specific HMF-derivative 

that can be achieved from the initial amount of HMF. HMF conversion (%) was defined as the percentage 

of the converted HMF to the initial amount of HMF. Considering the high evaporation resultant of the use 
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of microplates for the bioconversions assays, the concentrations of HMF and its derivatives were adjusted 

considering an evaporation rate of 0.168 mL/day. 

5.3. RESULTS AND DISCUSSION 

5.3.1. Screening of different wild-type Saccharomyces cerevisiae strains as HMF 

biocatalysts 

S. cerevisiae strains from different backgrounds were found to present distinct traits such as 

improved robustness, as well as different capacities to detoxify inhibitors such as furfural and HMF 

(Pereira et al., 2014). Considering this, the S. cerevisiae strains Ethanol Red (ER), a thermotolerant yeast 

strain (Pinheiro et al., 2020) developed for the ethanol industry, PE-2 and CAT-1, isolated from first 

generation bioethanol plants, and CA11, isolated from a “cachaça” distillery, were evaluated in terms of 

their capacity to convert 50 mM of HMF into their derivatives (Figure 5.2; Table 5.2). The biocatalysis 

assays were performed in microplates to potentiate oxygen transfer, favoring HMF oxidation. Considering 

the similarity between HMF and furfural metabolism in yeast, it is expected that anaerobic conditions 

favor HMF reduction into BHMF, while more aerobic conditions potentiate its oxidation (Sárvári Horváth 

et al., 2003; Taherzadeh et al., 2000).  

Table 5.2. Bioconversion of HMF with Saccharomyces cerevisiae wild-type strains at 24 h and 120 h.  

Saccharomyces 
cerevisiae 
strain 

Yield 
BHMF (%) 

Yield 
HMFCA (%) 

Yield FFCA 
(%) 

Yield FDCA (%) 
HMF 
conversion 
(%) 

At 24 h      

Ethanol Red 38.1 ± 0.7 63.9 ± 5.0 1.17 ± 0.15 0 ± 0 100 ± 0 
PE-2 20.2 ± 0.0 30.7 ± 0.1 0.606 ± 0.011 0.0534 ± 0.0195 65.2 ± 0.5 
CAT-1 30.3 ± 0.4 47.4 ± 1.4 0.897 ± 0.025 0.0489 ± 0.0427 80.8 ± 0.4 
CA11 44.5 ± 0.4 39.0 ± 2.5 1.10 ± 0.06 0.0327 ± 0.0208 88.4 ± 0.1 

At 120 h      

Ethanol Red 33.2 ± 0.6 72.2 ± 1.6 0.645 ± 0.017 1.04 ± 0.11 100 ± 0 
PE-2 18.4 ± 0.6 55.3 ± 2.1 0.960 ± 0.030 0.448 ± 0.110 86.8 ± 0.1 
CAT-1 30.7 ± 0.6 72.3 ± 1.6 0.766 ± 0.011 0.712 ± 0.094 100 ± 0 

CA11 42.4 ± 0.6 54.4 ± 1.8 1.05 ± 0.03 0.352 ± 0.101 100 ± 0 

As expected, the strains presented different capacities to convert HMF: after 24 h Ethanol Red had 

completely converted all the HMF in the media, CAT-1 and CA11 only reached full conversion at 48 h, 

while PE-2 was only able to convert 86.8 % of the initial HMF concentration after 120 h (Figure 5.2B; 

Table 5.2). In terms of HMF-derivatives, HMFCA was the major compound produced by all the strains 

after 120 h (Figure 5.2). When using CA11 as the biocatalyst, the yield of HMFCA, even after 120 h, was 

only slightly superior to the yield of BHMF, indicating that this strain may favor reduction reactions. Ethanol 
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Red and CAT-1 were the strains presenting higher HMFCA titers (36 mM, Figure 5.2C), however Ethanol 

Red resulted in a faster HMF conversion (Figure 5.2B) and higher HMFCA productivity (Figure 5.2C). 

Additionally, the use of Ethanol Red also resulted in slightly higher FDCA titers and yield (Figure 5.2E; 

Table 5.2). 

 

Figure 5.2. Bioconversion profile of HMF with Saccharomyces cerevisiae wild-type strains. Data represents mean 

± standard deviation of two biological replicates. 

Unsurprisingly, the oxidation of HMF resulted in an acidification of the reaction media: starting with 

a pH of 7, after 120 h the pH dropped, to values of 5.58, 5.02, 5.88 and 5.78 for ER, PE-2, CAT-1 and 

CA11, respectively. Interestingly, while PE-2 accumulated quantities of HMF-derived acids similar to 

CA11, and lower quantities than ER and CAT-1, its reaction media was the one suffering a stronger 

acidification. This, as well as its lower HMF conversion capacity, may result of an inferior capacity of the 

PE-2 strain to cope with HMF-related stresses. It should be noted that with PE-2, unlike with the other 

strains, the sum of the yields of the different possible HMF-derivatives is lower than the value of HMF 

conversion (Table 5.2), indicating that some HMF was probably internalized by the yeast cell, but was not 

converted and/or exported to the extracellular medium. In fact, when using whole cell biocatalysts the 

cell membrane may act as a mass transfer barrier for the substrate/product (Lin & Tao, 2017). This can 

be problematic, mainly in bioconversions where there is a lack of knowledge regarding the transport of 

substrates/products, such as in the case of HMF and its derivatives. 

Being the first mechanism of yeast response to detoxify HMF, it was expected that BHMF was 

produced in the initial stages of the bioconversion assay, but that it would be gradually converted into 

HMFCA (similarly to furfural metabolism in S. cerevisiae (Taherzadeh et al., 1999; Taherzadeh et al., 
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2000). Interestingly, BHMF concentration increases up until 48 h of conversion, and subsequently very 

slightly decreased until 120 h of the assay (Figure 5.2A), which may be a result of inadequate oxidizing 

conditions or of the acidification of the medium throughout the assay which prevents the formation of 

more acid derivatives. This problem may be circumvented by the addition of neutralizing substances such 

as CaCO3 and Na2CO3 (Sheng et al., 2020; Xu et al., 2020). Regarding other oxidized HMF-derivatives, 

the yeast strains produced only small amounts of FFCA (≤ 0.8 mM) and FDCA (≤ 0.5 mM) (Figure 5.2D 

and 2E). With these results, it is clear that HMF oxidation by S. cerevisiae is performed only through 

HMFCA intermediate (Figure 5.1, Route A), with no formation of DFF throughout the bioconversion assay. 

Considering this, and the low values of FFCA obtained (Figure 5.2D), it is safe to admit that the yeast 

lacks the capacity to oxidize the hydroxymethyl group of HMF, and can only slightly oxidize that group in 

HMFCA. This is in line with the assumption that furfural oxidation in yeast is catalyzed by aldehyde 

dehydrogenase (Sárvári Horváth et al., 2003), which may also occur in HMF oxidation. In fact, in a work 

where ALD6 (encoding aldehyde dehydrogenase 6) was overexpressed in S. cerevisiae, it was proposed 

that this enzyme oxidizes furfural and HMF directly to their corresponding acids by consuming NADP+ and 

regenerating NADPH (Park et al., 2011). 

While the HMFCA yields are still far from the theoretical maximum, the S. cerevisiae Ethanol Red 

is a promising biocatalyst candidate for the production of this acid and further optimization of the process 

conditions like pH and temperature, addition of neutralizer and/or co-substrate. Tuning of initial HMF 

concentration or fed-batch strategies may also significantly improve the yields and productivities of this 

bioconversion (Table 1.6). This work is the first report of S. cerevisiae capacity to accumulate HMFCA 

from high concentrations of HMF, raising the possibility of using this microorganism as a biocatalyst for 

HMFCA production or as host for further production of other oxidized HMF-derivatives. 

5.3.2. Modification of Saccharomyces cerevisiae Ethanol Red for the production of FDCA 

Considering the previous results indicating Ethanol Red to be a promising biocatalyst for HMF 

oxidation, this strain was engineered to produce heterologous enzymes envisioning FDCA production. The 

enzymes selected were previously used for FDCA production by heterologous expression in other 

microorganisms, e.g., HMF/Furfural oxidoreductase from C. basilensis HMF14 (CbHMFH) (Koopman et 

al., 2010a; Yuan et al., 2018) and HMF oxidase from Methylovorus sp. strain MP688 (MsHMFO) (Yuan 

et al., 2018). Both enzymes are FAD-dependent oxidoreductase that use oxygen as co-substrate in the 

oxidation reactions generating H2O2 (Dijkman & Fraaije, 2014; Koopman et al., 2010b). The modified 

strains ER-cbHMFH and ER-msHMFO, and Ethanol Red wild-type (control), were used as biocatalysts in 

a bioconversion assay with 50 mM of HMF (Figure 5.3; Table 5.3).  
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Figure 5.3. Bioconversion profile of HMF with Saccharomyces cerevisiae ER wild-type and modified strains. 

Data represents mean ± standard deviation of two biological replicates. 

Table 5.3. Bioconversion of HMF with Saccharomyces cerevisiae Ethanol Red and modified strains at 24 h and 

120 h. 

Saccharomyces 
cerevisiae 
strain 

Yield BHMF 
(%) 

Yield 
HMFCA (%) 

Yield DFF 
(%) 

Yield FFCA 
(%) 

Yield FDCA 
(%) 

HMF 
conversion 
(%) 

At 24 h       

Ethanol Red 31.4 ± 0.0 71.2 ± 1.6 0 ± 0 1.01 ± 0.04 
0.0180 ± 
0.0065 

99.7 ± 0.0 

ER-cbHMFH 40.0 ± 0.4 68.8 ± 3.5 0 ± 0 1.39 ± 0.12 0.220 ± 0.208 100 ± 0 

ER-msHMFO 0 ± 0 1.66 ± 0.13 
6.36 ± 
0.46 

20.0 ± 0.2 0 ± 0 58.1 ± 0.1 

At 120 h       

Ethanol Red 25.2 ± 0.0 65.1 ± 0.7 0 ± 0 0.781 ± 0.0149 0.358 ± 0.256 100 ± 0 

ER-cbHMFH 29.8 ± 0.9 55.2 ± 1.5 0 ± 0 1.34 ± 0.05 5.39 ± 1.46 100 ± 0 

ER-msHMFO 0 ± 0 5.34 ± 0.20 
0.0844 ± 
0.0127 

15.2 ± 0.5 0 ± 0 67.8 ± 0.3 

The CbHMFH enzyme oxidizes HMF through the HMFCA intermediate (Figure 5.1; Koopman et al., 

2010b), and as expected, the use of ER-cbHMFH resulted in a faster oxidation of HMF, which translated 

in a faster production of HMFCA (Figure 5.3C). Nonetheless, it also resulted in an unpredicted faster 

production and accumulation of BHMF (Figure 5.3A and 3B; Table 5.3). ER-cbHMFH also increased FDCA 

production, reaching 15-fold higher quantities than the control strain ER (Figure 5.3E; Table 5.3). Despite 

presenting a low FDCA yield (Table 5.3), this strain attained FDCA titers 13-fold higher than the ones 

obtained with a laboratorial S. cerevisiae strain modified to produce CbHMFH, as well as an HMF/FFCA 

dehydrogenase (from C. basilensis HMF14) (De Bont, 2018). When comparing the medium pH after 120 
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h of bioconversion, the one from ER-cbHMFH presented the lowest value of 3.65, while the medium from 

ER-msHMFO presented the highest pH of 5.83 (probably due to the incomplete conversion of HMF), with 

the ER wild-type resulting in a pH of 4.35. The lower pH value obtained with ER-cbHMFH indicates that 

FDCA production may have a stronger effect in medium acidification, emphasizing the necessity of pH 

neutralization in HMF oxidation processes. 

The MsHMFO enzyme was described to oxidize HMF via DFF (Figure 5.1; Wu et al., 2020), which 

could be beneficial to increase HMF oxidation by having both oxidation routes active in the yeast (Figure 

5.1). In fact, DFF was only detected in the bioconversion with the strain ER-msHMFO (Figure 5.3F). While 

this strain was unable to convert the totality of HMF (Figure 5.3B), it produced ca. 10 mM of FFCA (Figure 

5.3D) which is a step closer in the oxidizing pathway to attaining the desirable FDCA. Furthermore, there 

is no reported whole cell biocatalyst for the production of FFCA from HMF (Saikia et al., 2021), and ER-

msHMFO may be a promising strain to be explored for that purpose. In an enzymatic bioconversion study, 

MsHMFO was found to oxidize HMF into FFCA, but was unable to further oxidize it into FDCA in the 

absence of the co-factor FAD (flavin adenine dinucleotide) coenzyme (Wu et al., 2020), raising the 

hypothesis that the incomplete oxidation of HMF into FDCA by ER-msHMFO may be due to a shortage of 

FAD in the yeast cell. Curiously, in the bioconversion with this strain no BHMF or FDCA was detected, 

and only small amounts of HMFCA were produced, indicating that the reactions generating these 

compounds may be inhibited by the action of the enzyme MsHMFO. As this enzyme uses molecular 

oxygen as electron acceptor generating H2O2, probably this co-product may be involved in that inhibition. 

In fact, a similar inhibition was previously described for an aryl-alcohol oxidase capable of HMF oxidation. 

This enzyme is capable of oxidizing HMF into FFCA, however, while it is also able to oxidize FFCA into 

FDCA, this reaction is highly inhibited by the presence of the H2O2 produced in the first two oxidation steps 

(Serrano et al., 2019). To circumvent this fact, complete oxidation of HMF into FDCA has been achieved 

by combination of aryl-alcohol oxidase with H2O2 utilizing enzymes, such as UPO (Karich et al., 2018) or 

catalase (Serrano et al., 2019). A similar enzymatic cascade reaction strategy has been used by 

combining MsHMFO with a lipase capable of efficiently converting DFF into FDCA in the presence of H2O2 

(Wu et al., 2020). While using enzymes that only require O2 as co-substrate is certainly beneficial and 

attractive for bioconversion processes, the effect of the resultant H2O2 must be considered. This may be 

another advantage of using whole cell biocatalyst as, for instance, S. cerevisiae would be capable to 

degrade some of this H2O2 by the action of its native catalase (Martins & English, 2014).  

Even though MsHMFO has been identified as a homolog of CbHMHF (Dijkman & Fraaije, 2014), 

their heterologous production in S. cerevisiae presented quite different results, and the combination of 
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both enzymes in S. cerevisiae may be a strategy to improve HMF oxidation, and eventually FDCA 

production, by this yeast. In fact, the simultaneous expression of these two genes in Raoultella 

ornithinolytica BF60 was reported to improved bioconversion of HMF into FDCA in comparison with their 

single expression (Yuan et al., 2018). Taken together, and despite not yet achieving the goal of efficient 

FDCA production, these results prove S. cerevisiae to be a promising host for the production of several 

oxidized HMF-derivatives. Furthermore, these results highlight the importance of considering enzymatic 

cascades to developed efficient FDCA-producing S. cerevisiae biocatalysts. 

5.4. CONCLUSIONS 

This work elucidates the role of S. cerevisae as a whole cell biocatalyst for the aerobic conversion 

of HMF into its oxidized derivatives. Major differences were found between different S. cerevisiae strains 

in terms of HMF bioconversion, such as, increased conversion rates or proneness towards HMF reduction 

over oxidation. Furthermore, HMFCA was established as the major product of HMF conversion by S. 

cerevisiae, with Ethanol Red being the most promising strain in terms of HMF oxidation and, specifically, 

HMFCA production. Considering this, Ethanol Red was used as host for the development of genetically 

engineered strains envisioning further HMF oxidation, by modification with HMF/Furfural oxidoreductase 

from C. basilensis HMF14 (CbHMFH) or with HMF oxidase from Methylovorus sp. strain MP688 

(MsHMFO). The strain engineered with CbHMFH, also accumulated HMFCA, but resulted in a 15-fold 

increase in FDCA titers, in comparison with the wild-type strain. On the other hand, modification of Ethanol 

Red with MsHMFO switched HMF oxidation for the DFF-intermediate route, with accumulation of FFCA, 

being this a promising strategy for the development of a whole cell biocatalyst for the production of FFCA 

from HMF. These results prove S. cerevisiae to be a promising biocatalyst for HMF valorization and 

unraveled enzymatic routes to reach that purpose. From here, this yeast should be further explored to 

improve titers and yields of oxidized HMF-derivatives.  
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The main purpose of this thesis was to contribute to the development of viable biorefineries, using 

Saccharomyces cerevisiae as a platform for the production of both bioethanol and other value-added 

products, i.e., 5-hydroxymethylfurfural (HMF)-derivatives. Following this, the main outcomes of this 

research are presented below: 

(1) the role of oxidoreductase and isomerase pathways in xylose consumption, separately and 

simultaneously, was evaluated, resulting in the construction of a xylose-consuming strain containing both 

pathways that is capable of attaining high ethanol yields from the xylose present in a non-detoxified 

lignocellulosic hydrolysate; 

(2) a xylose-consuming hemicellulolytic strain was constructed by cell-surface display of 

hemicellulolytic enzymes and containing both xylose consumption pathways, which resulted in the highest 

ethanol titer reported from direct conversion of hemicellulosic liquors by S. cerevisiae. Also, the use of 

this strain in a consolidated bioprocess (CBP) was found to be a greener and more economical approach 

to obtain hemicellulosic ethanol from corn cob biomass, in comparison with the use of commercial 

enzymatic cocktails or chemical hydrolysis; 

(3) the construction of a lactose-consuming cellulolytic strain, through the cell-surface display of 

hydrolytic enzymes, allowed a multi-feedstock approach for ethanol production using corn cob and cheese 

whey. This strategy reduced costs with nutritional supplementation while simultaneously increasing the 

carbon source, which resulted in the production of high ethanol titers using reduced quantities of 

commercial cellulases; 

(4) wild-type S. cerevisiae strains were established as a possible biocatalyst for the oxidation of 

HMF into 5‐hydroxymethyl‐furan‐2‐carboxylic acid (HMFCA). Additionally, this yeast can also be a 

promising chassis for genetic engineering strategies to develop whole cell biocatalysts to produce other 

HMF-derivatives, such as 5‐formyl‐2‐furancarboxylic acid (FFCA) and 2,5‐furandicarboxylic acid (FDCA); 

Taken together, the results of this thesis pave the way for the idealization of a biorefinery based on 

a lignocellulosic biomass, in this case the agriculture residue corn cob, and using cheese whey, a by-

product of the dairy industry, for sugar and nutritional supplementation (Figure 6.1). In this biorefinery 

the lignocellulosic biomass would be first submitted to a hydrothermal pretreatment, a green method to 

achieve biomass fractionation and increase its susceptibility to the subsequent hydrolysis steps. The 

hemicellulose-rich liquid phase resulting from this pretreatment could then be used for ethanol production 

through a consolidated bioprocess using the xylose-consuming hemicellulolytic yeast developed in chapter 

III, with the knowledge from chapter II concerning xylose-to-ethanol conversion in the presence of 

inhibitors. On the other hand, the cellulose-enriched solid phase can be successfully combined with 
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cheese whey to produce high ethanol titers with the lactose-consuming cellulolytic strains developed on 

chapter IV, in a simultaneous saccharification and fermentation process requiring low quantities of 

commercial cellulases. In this case, further improvement of the process conditions, such as yeast 

inoculum, and corn cob, cheese whey and commercial cellulases loadings can further increase ethanol 

titer, yield and productivity (Cunha et al., 2018).  

 

Figure 6.1. Flux diagram of a biorefinery idealized from the outcomes of this thesis. HMF: 5‐

hydroxymethylfurfural. HMFCA: 5‐hydroxymethyl‐furan‐2‐carboxylic acid. FFCA: 5‐formyl‐2‐furancarboxylic acid. 

FDCA: 2,5‐furandicarboxylic acid. Dashed lines indicate processes that were not explored in this thesis. 

Integration of the results obtained on chapter III and IV should be regarded as a possible way to 

directly convert ethanol from the whole slurry (Figure 6.1): using for instance a co-culture of the xylose-

consuming hemicellulolytic strain developed on chapter III and the lactose-consuming cellulolytic strain 

developed on chapter IV or, in a more ambitious approach, combining the genetic modifications in a 

single S. cerevisiae strain. This strategy would allow not only to diminish the overall use of water in the 

process, but would also decrease the costs with equipment, as less reactors would be required. 

Additionally, mixing cheese whey with the whole slurry would not only significantly decrease costs with 

nutritional supplementation, but also increase the load of fermentable sugars, resulting in higher ethanol 

titers and a less expensive distillation step. Furthermore, the adoption of a scheme of cell recycle batch 

fermentation would allow the recycling of both enzymes and yeast cells (Matano et al., 2013), due to the 
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cell-surface display approach used in these works, which can greatly contribute to decrease material costs 

in the bioethanol process.  

With the energetic purpose of a biorefinery achieved through ethanol production, the economic 

goal would be addressed by using the glucose-rich cellulosic fraction of the biomass to produce high value 

HMF-derivatives (Figure 6.1). While not explored in this thesis, several methods following the green 

chemistry principle are already described in the literature for the production of HMF from biomass: e.g., 

the use of environmental benign alternatives to volatile organic solvents, such as ionic liquids (Ramli & 

Amin, 2020; Zhou et al., 2013), and of alternative heating techniques, such as microwaves (Delbecq & 

Len, 2018). After obtention of an HMF-enriched stream, the strains reported in chapter V could be used 

as whole cell biocatalysts to convert HMF into the higher value derivative HMFCA, and probably FFCA and 

FDCA. Nevertheless, and despite the great potential of these strains, the process still requires an 

optimization of the conditions (e.g., pH, temperature, oxygenation, buffering, fed-batch), which would 

greatly improve titers, yields and productivities. Also, and especially in the case of the FFCA- and FDCA-

producing strains, further genetic engineering strategies must be attempted, such as, evaluation of the 

deletion of the alcohol dehydrogenase (ADH) genes responsible for HMF reduction (Petersson et al., 

2006) or expression of different genes identified through bioprospecting tools. Another possible approach 

is a whole cell cascade (Tan et al., 2020), consisting in the stepwise addition of the different strains 

constructed to avoid by-product formation: for instance, the strain capable of producing FFCA could be 

firstly applied to convert HMF into FFCA without the by-product formation of BHMF, and then the strain 

modified for improved FDCA production would be added to oxidize the aldehyde group of FFCA and 

produce FDCA. Furthermore, considering the heterogenous results obtained in this thesis when testing 

four different industrial S. cerevisiae strains for HMF conversions, it is expected that other S. cerevisiae 

strains may present even higher potential for HMF oxidation, and this should be further explored by 

increasing the pool of strains tested. 

The important role played by the robust traits presented by the industrial strains used in this thesis 

should be highlighted, as they allowed the development of processes occurring at conditions that would 

probably inhibit the activity of the majority of strains: e.g., high temperatures, high solid loadings, 

presence of highly inhibitory compounds. This emphasizes the importance of a tailor-made approach in 

the development of microbial factories for efficient biorefineries: where the feedstock(s) in use (e.g., 

composition of hemicellulosic fraction) and also the characteristics of the desired process (e.g., 

pretreatment conditions) should be taken into consideration from the very beginning in the selection of 

chassis strains and in the design of the genetic engineering strategies.  
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Combining the results of this thesis with other already described on the literature would allow a 

further valorization of the lignocellulosic biomass. For example, the solid fraction resulting from the 

hydrothermal pretreatment may be submitted to organosolv treatments which would allow the recovery 

of lignin (Figure 6.1) (Liu et al., 2020; Ramakoti et al., 2019), a valuable product which is the most 

abundant source of aromatic compounds and can be used in the production of a large amount of drop-

in chemicals (Cao et al., 2018). This organosolv treatment would not only allow the utilization of all the 

components in lignocellulosic biomass, but would also further increase the susceptibility of cellulose 

towards enzymatic degradation (Tsegaye et al., 2020; Zhao et al., 2017), increasing the efficiency of the 

subsequent SS(C)F process. 

In terms of economic viability, it was established that a viable production of ethanol is dependent 

of attaining certain requirements: yields higher than 90 % to avoid feedstock waste, productivities of at 

least 1 g/L/h to ensure time efficiency and titers superior to 4 % (w/v) to allow a moderately priced 

distillation step (Akbas & Stark, 2016; Zaldivar et al., 2001). While the results presented in this thesis 

reached the aimed titer and are very close to the desired productivity (Chapter IV), the yield is still far 

from the 90 %. Nonetheless, in this scenario this limitation can be surpassed by the possible use of the 

non-converted biomass (mainly cellulose), which can be recovered after fermentation and further used 

for the production of HMF, and subsequently be converted by S. cerevisiae strains into higher value 

derivatives (Figure 6.1).  

In summary, this idealized biorefinery would allow the production of ethanol and high value HMF-

derivatives from the agro-industrial residues corn cob and cheese whey, with the possibility of recovery of 

the lignin fraction for further valorization. Its commercial success would be assured by several strategies 

established in this thesis: decreased cost with enzyme production/commercial cocktails, valorization of 

both hemicellulosic and cellulosic fractions of biomass, high ethanol titers that decrease distillation-

associated costs, equipment savings by using integrated processes such as CBP and SS(C)F, reduced 

cost with nutritional supplementations, and production of non-biofuel high value compounds. As a final 

remark, the outcomes obtained in this thesis reinforce the important role of industrial S. cerevisiae as 

robust microbial platforms to achieve a properly integrated production of biofuels and other bioproducts, 

highly contributing to the expansion and viability of the biorefining industry. 
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CHAPTER III 

Table A3.1. Plasmids and primers used for subcloning steps in this study. Lower case sequences indicate 

addition of homologous regions for plasmid assembling.  

Primers Sequence (5’->3’) Aim 

pAll_fw CGCATCAGGAAATTGTAAACG 

Amplification of pIBG-SSA for construction of 
pI23-BGL1-kanMX; Amplification of pIU5-
TeCBH1c-SSS for construction of pI5-CBH1-
NatMX 

pBGL1_CBH2_rv CGTCAGGTGGCACTTTTC 
Amplification of pIBG-SSA for construction of 
pI23-BGL1-kanMX 

I23-BGL1_fw aagtgccacctgacgACAGAGAAGGACAAGGCTGAAG Amplification of intergenic region 23 from ER 
for construction of pI23-BGL1-kanMX I23-BGL1_rv cgacctgcagcgtacGACACAGGTGACAATAAAGTTTCC 

kanMX-BGL1_fw GTACGCTGCAGGTCGACAAC Amplification of kanMX resistance marker for 
construction of pI23-BGL1-kanMX kanMX-BGL1_rv caatttcctgatgcgATAGGCCACTAGTGGATCTGATATC 

I23_FW ATAATGAGTTCCGAGTCTGTTGGTG 
Confirm integration in intergenic region 23 

I23_RV CGAGATAAGGCATGGGGTTCTG 

pI5-CBH1_rv CAGGTTGTGCTCACTGTATATAGTC 
Amplification of pIU5-TeCBH1c-SSS for 
construction of pI5-CBH1-NatMX 

Nat-pI5-CBH1_fw agtgagcacaacctgGACATGGAGGCCCAGAATAC Amplification of natMX resistance marker for 
construction of pI5-CBH1-NatMX Nat-pI5-CBH1_rv caatttcctgatgcgCAGTATAGCGACCAGCATTC 

pI5-NatMX_fw TGCTGGCGTTTTTCCATAG Amplification of pI5-CBH1-NatMX for 
construction of pI5-XylA-NatMX pI5-NatMX_rv CAGCCTGAATGGCGAATG 

XylA_fw tcgccattcaggctgCTTCGCTATTACGCCAGATTG Amplification of pIK-BX-SSS for construction 
of pI5-XylA-NatMX XylA_rv ggaaaaacgccagcaCGAATTGGGTACCTTTGATTATG 

H-73 TCTCTCTTGCACCAGCCATT 
Confirm integration in intergenic region I5 

H-75 CGGAATCGCATCAGGTCTT 

pδW_fw CTGAGAAATGGGTGAATGTTGAG Amplification of pδW-EX-SSS for construction 

of pδW-XYN-kanMX  pδW_rv CGGGGGATCCACTAGTTCTAG 

kanMX-UkG1_fw ctagtggatcccccgGACACACAAAATATCCCTTCCTACTC Amplification of kanMX-UkG1 cassette for 
construction of pδW-XYN-kanMX kanMX-UkG1_rv tcacccatttctcagGGTGTCGACAACCCTTAATATAACTTC 

pCRE_fw CCATCTTGCACTTCAATAGCATATC Amplification of pBF3060 for construction of 
pCRE-hyg6 pCRE_rv GTATGAGTATTCAACATTTCCGTGTC 

hyg6_fw gttgaatactcatacGACATGGAGGCCCAGAATAC Amplification of hyg6 resistance marker for 
construction of pCRE-hyg6 hyg6_rv tgaagtgcaagatggCAGTATAGCGACCAGCATTCAC 

Plasmids Relevant features Source 

pIBG-SSA 
SED1p–SED1ss–A. aculeatus BGL1–SAG1a–SAG1t, 
HIS3 

Inokuma et al., 2014 

pIU5-TeCBH1c-
SSS 

SED1p–SED1ss–T. emersonii CBH1–SAG1a–
SAG1t, URA3 

Liu et al., 2015 

pI5-CBH1-NatMX 
SED1p–SED1ss–T. emersonii CBH1–SAG1a–
SAG1t, NatMX 

This work 

pIK-BX-SSS 
SED1p–SED1ss–A. oryzae XYL–SED1a–SAG1t, 
LYS2 

Guirimand et al., 2019 

pδW-EX-SSS 
SED1p–SED1ss–T. reesei XYN–SED1a–SAG1t, 
TRP1, δ-integration 

Guirimand et al., 2019 

pBF3060 CRE recombinase, URA3 Fang et al., 2011 
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Table A3.2. β-glucosidase 1 (BGL1), β-xylosidase A (XYL) and endoxylanase II (XYN) enzymatic activities. 

Strain BGL1 (U/g DCW) XYL (U/g DCW) XYN (U/g DCW) 
30 °C 40 °C 

ER 39.1 87.8 139 ± 24 263 ± 2 
PE-2 71.1 155 93.1 ± 2.2 162 ± 1 

CAT-1 50.6 50.2 76.4 ± 3.7 140 ± 2 
CA11 71.3 47.8 41.0 ± 8.0 57.9 ± 1.1 

 

 

 

Figure A3.1. Fermentation in corn cob liquor 29XPot (75 %) supplemented with 100 g/L glucose at 40 °C to 

evaluate the metabolic capacity of the different strains at higher temperature. Cells were inoculated at 10 g wet 

cells/L in flasks fitted with glycerol lock. The fermentation was performed at 40 °C and 150 rpm for 48 h and was 

monitored by measuring the reduction of mass loss resulting from CO2 production. Data represents the average ± 

SD from two biological replicates. 
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Figure A3.2. Growth profiles of the wild-type Saccharomyces cerevisiae strains, ER, CAT-1 and CA11, and of the 

strains with cell-surface display of hemicellulolytic enzymes, ER-X, CAT-1-X and CA11-X, in YPD. Cells were 

inoculated at an OD600nm of 0.05 and grown for 48 h at 30 °C and 200 rpm. Data represents the average ± SD from 

two biological replicates. 
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Figure A3.3. Stability evaluation of the integration at the δ-sequences after growth for 60 generations in YPD 

liquid medium. The fluorescence intensity of the cells before and after 60 generations (normalized to an OD600nm of 

0.2) was measured in a microplate fluorometer set at 480 nm (excitation) and 510 nm (emission). Data represents 

the average ± SD from two biological replicates. 

 

 

Figure A4.4. Fermentation in corn cob liquor 32XPot with ER-X-2P strain and 2 cycles of cell recycling. Data 

represents the average ± SD from two biological replicates.  
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CHAPTER IV 

Table A4.1. Plasmids and primers used for subcloning steps in this study. Lower case sequences indicate addition of homologous regions for plasmid assembling. Guide RNA 

sequences are underlined. 

Primers Sequence (5’->3’) Aim 

pAll_fw CGCATCAGGAAATTGTAAACG 
Amplification of pIEG-SSS for construction of pI2-EG-kanMX; amplification of 
pIU5-TECBH1c-SSS for construction of pI5-CBH1-NatMX; amplification of 
pIM9-ClCBH2b-SSS for construction of pCBH2-AurR 

I23_FW ATAATGAGTTCCGAGTCTGTTGGTG 
Confirm integration in intergenic region 23 

I23_RV CGAGATAAGGCATGGGGTTCTG 
pBGL1_CBH2_rv CGTCAGGTGGCACTTTTC Amplification of pIEG-SSS for construction of pI2-EG-kanMX 

I2-EG_fw aagtgccacctgacgGGGAATACCTCGTCAAAACAAG Amplification of intergenic region 2 from ER gDNA for construction of pI2-EG-
kanMX I2-EG_rv tcgacctgcagcgtaCTTAGCACACTACTTTTTGATGTGG 

kanMX-pI2ER-EG_fw tacgctgcaggtcgacaac 
Amplification of kanMX resistance marker for construction of pI2-EG-kanMX 

kanMX-pI2ER-EG_rv caatttcctgatgcgTATAGGGAGACCGGCAGATC 
K-78 GAAGCCGCGAGTACGAACAATGATG 

Confirm integration in intergenic region I2 
K-79 TGGTATTTTCGTGAGCAAACCCAAC 
pI5-CBH1_rv CAGGTTGTGCTCACTGTATATAGTC Amplification of pIU5-TECBH1c-SSS for construction of pI5-CBH1-NatMX 
Nat-pI5-CBH1_fw agtgagcacaacctgGACATGGAGGCCCAGAATAC 

Amplification of natMX resistance marker for construction of pI5-CBH1-NatMX 
Nat-pI5-CBH1_rv caatttcctgatgcgCAGTATAGCGACCAGCATTC 
H-73 TCTCTCTTGCACCAGCCATT 

Confirm integration in intergenic region I5 
H-75 CGGAATCGCATCAGGTCTT 
pCBH2_rv CGTCAGGTGGCACTTTTC Amplification of pIM9-ClCBH2b-SSS for construction of pCBH2-AurR 
AurR-CBH2_fw aagtgccacctgacgCGCCAAGCTTTGTAAAGTTCTTC 

Amplification of AurR from pAUR101 for construction of pCBH2-AurR 
AurR-CBH2_rv caatttcctgatgcgGCAAGCTTCAACAGAGGAAAG 
AuR_ER_fw GCAGTTATCATCTAACCCGGAAAAG 

Confirm integration in AUR1 
AuR_ER_rv GAGTATAACGACCTCACTTTCTCTGTG 

pBGAL_CS_fw cctcgactactttggcccaaTCCATTAAGCATCGAATCAATG 
Amplification of BGAL gene from pFMTlacA for construction of pBGAL_dgre3 

pBGAL_CS_rv ataaaagagcttttggcgctGTATGCACCCTTCCGCTTC 
pSED1prom_fw  attgggaaaatactgGCTATTACGCCAGATTGGATATAG Amplification of SED1 promoter and secretion signal from pI23-BGL1-kanMX 

for construction of pBGAL_dgre3 pSS_rv TTGGGCCAAAGTAGTCGAGGCT 
pSAG1ad_fw AGCGCCAAAAGCTCTTTTATC Amplification of SAG1 anchor domain and terminator from pI23-BGL1-kanMX 

for construction of pBGAL_dgre3 pSAG1term_rv   attttactggctggaCGAATTGGGTACCTTTGATTATG 
pgre3_UP_fw tcccaaagctaagagGACCAGAGATTTTGCATTCC 
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pGRE3flank_r   CAGTATTTTCCCAATCGTCTTG 
Amplification of the upstream region of GRE3 from CAT-1 gDNA for 
construction of pBGAL_dgre3 

pGRE3flank_fw TCCAGCCAGTAAAATCCATAC Amplification of the downstream region of GRE3 from CAT-1 gDNA for 
construction of pBGAL_dgre3 pgre3_down_rv   ctggtgaggatttacCTGTTTGACGCACTGATG 

pCfB_noflank_fw GTAAATCCTCACCAGATTAAGAC 
Amplification of pCfB3035 backbone for construction of pBGAL_dgre3 

pCfB_noflank_rv   CTCTTAGCTTTGGGATTAAACC 
pCfB_g1GRE3_fw GCGCCCGTATAGAATCCTGGGTTTTAGAGCTAGAA 

Amplification of pCfB2310 (paired with pCfB_NATex_rv) for construction of 
pg1RNA_dgre3, pg2RNA_dgre3 and pg3RNA_dgre3, respectively 

pCfB_g2GRE3_fw TGGTTGTAGAATCAAGCCCGGTTTTAGAGCTAGAA 
pCfB_g3GRE3_fw GTAATTTACAAAACTCAACTGTTTTAGAGCTAGAA 

pCfB_NATex_rv CAGCGTACGAAGCTTTAGGTGATATCAGATCCA 
Amplification of pCfB2310 for construction of pg1RNA_dgre3, pg2RNA_dgre3 
and pg3RNA_dgre3 

bleMX_f AAGCTTCGTACGCTGCAG Amplification of bleMX resistance marker for construction of pg1RNA_dgre3, 
pg2RNA_dgre3 and pg3RNA_dgre3 bleMX_rv   CCACTAGTGGATCTGATATCAC 

pCfB_NATex_fw cagatccactagtggCAGCGTACGAAGCTTCAG 
Amplification of pCfB2310 for construction of pg1RNA_dgre3, pg2RNA_dgre3 
and pg3RNA_dgre3 

pCfB_g1_rv attctatacgggcgcGATCATTTATCTTTCACTGCGGAGAAG 
Amplification of pCfB2310 (paired with pCfB_NATex_fw) for construction of 
pg1RNA_dgre3, pg2RNA_dgre3 and pg3RNA_dgre3, respectively 

pCfB_g2_rv ttgattctacaaccaGATCATTTATCTTTCACTGCGGAGAAG 
pCfB_g3_rv agttttgtaaattacGATCATTTATCTTTCACTGCGGAGAAG 
Plasmids Relevant features Source 

pIEG-SSS SED1p–SED1ss– Trichoderma reesei EG–SED1a –SAG1t, HIS3 Inokuma et al., 2014 
pIU5-TeCBH1c-SSS SED1p–SED1ss–Talaromyces emersonii CBH1–SAG1a–SAG1t, URA3 Liu et al., 2015 

pIM9-ClCBH2b-SSS 
SED1p–SED1ss–Chrysosporium lucknowense CBH2–SED1a–SAG1t, 
HIS15, I9 integration site 

Liu et al., 2016 

pAUR101 AurR Takara, Japan 

pFMTlacA AgTEFp- Aspergillus niger β-galactosidase-ScPGK1t, GEN3 marker Magalhães et al., 2014 

pCfB3035 X-4 integration region, CYC1t, ADH1t Jessop-Fabre et al., 2016 

pCfB2310 
SNR52p-CAN1 target sequence- gRNA structural part- SUP4t, natMX 
marker 

Jessop-Fabre et al., 2016 
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Table A4.2. Enzymatic activities of the different strains. Activity was measured in 3/4 colonies of each 

transformation. For the assay, yeast cells were grown in YPD medium at 30 °C for 48 h (EG) or 72 h (BGL1, CBH1, 

Total). BGL1 activity was measured with pNitrophenyl-β-D-glucopyranoside (Nacalai Tesque, Inc., Japan), EG with 

Cellazyme C tablets (Megazyme, Ireland) and CBH1 with pNitrophenyl-β-D-lactopyranoside (Nacalai Tesque, Inc., 

Japan). Due to the lack of a specific protocol for determination of CBH2 activity, after integration with the 4 enzymes 

the activity of each strain was measured with Azo-CM-Cellulose (Megazyme, Ireland). Assays were performed 

according to manufacturer's specifications. Data is presented as mean ± standard deviation. 

Enzymatic activity Host Mean ± SD 

BGL1  
(U/g of dry cell weight) 

ER 91.9 ± 1.5 
PE-2 100 ± 2 
CAT-1 68.9 ±4.4 
CA11 87.0 ±4.4 

EG  
(Absorbance at 590 nm) 

ER 0.386 ±0.190 
PE-2 0.777 ±0.096 

CAT-1 0.361 ±0.022 
CA11 0.228 ±0.012 

CBH1  
(U/g of dry cell weight) 

ER 0.647 ±0.382 
PE-2 1.43 ±0.91 
CAT-1 0.636 ±0.066 

CA11 1.10 ±0.43 

Total  
(Absorbance at 590 nm) 

ER 0.579 ±0.251 
PE-2 0.695 ±0.101 
CAT-1 0.623 ±0.062 
CA11 0.503 ±0.030 
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Figure A4.1. Growth profiles of the different Saccharomyces cerevisiae strains used in this work. Growth was 
performed on YPD media (1 % yeast extract, 2 % peptone, 2 % glucose) at 30 °C and 200 rpm orbital agitation. 
Inoculation was performed for an OD600nm of 0.1. 
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Figure A4.2. Profiles of ethanol production by consolidated bioprocessing of (A) Avicel (added at a concentration 

of 10 g of glucan/L) and (B) pretreated corn cob (13 g of glucan/L). The data presented depicts the mean ± 

standard deviation of two biological replicates. 
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Figure A4.3. Enzymatic saccharification of (A) 10 % pretreated corn cob and enzyme loadings of 2, 5, 6 and 10 
FPU/g solids and (B) 18 % pretreated corn cob and 5 FPU/g solids with or without addition of cheese whey 
(containing 78 g/L lactose) and commercial lactose (71 g/L). Enzymatic saccharification was performed at 40 °C 
and 150 rpm orbital agitation. Samples were collected and analyzed by HPLC to determine glucose and lactose 
concentrations. The enzymatic cocktail used in these assays was Cellic CTec2 (Merck, Germany), with a total 
cellulase activity of 143 FPU/mL. 
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CHAPTER V 

Table A5.1. Plasmids and primers used for subcloning steps in this study. Lower case sequences indicate addition 

of homologous regions for plasmid assembling 

Primers Sequence (5’->3’) Aim 

PI23_simple_fw AACGGGTACTGTACAGTTAG Amplification of pI23-BGL1-
kanMX for construction of 
plasmids for intracellular 
production of CbHMFH and 
MsHMFO 

PI23_simple_rv CATCTTAATAGAGCGAACGTA 

pFDCA_cup_PI23_fw cgctctattaagATGGACACTCCGAGAGAAAG  Amplification of the coding 
sequence of HMF/Furfural 
oxidoreductase from Cupriavidus 
basilensis HMF14 (CbHMFH) for 
intracellular expression 

pFDCA_cup_PI23_rv tgtacagtacccgttTTACGATGGGTGCGCGAC  

pFDCA_ms_intra_fw cgctctattaagATGACCGATACGATATTTGATTATG  Amplification of the coding 
sequence of HMF oxidase from 
Methylovorus sp. strain MP688 
(MsHMFO) for intracellular 
expression 

pFDCA_ms_intra_rv tgtacagtacccgttTTAGGCCTGAGTTAGAATTGCAT  

I23_FW ATAATGAGTTCCGAGTCTGTTGGTG Confirm integration in intergenic 
region I23 I23_RV CGAGATAAGGCATGGGGTTCTG 
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