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Abstract

Firstgeneration bioethandk primarily produced fromsugarcane and starch fdstock,
mainly in Brazil andthe USA. However, thee feedstocks directly impacdhe food chain
necessitating alternative sourd¢esbioethanol productiorExploringlignocellulosic biomass
has increased bioethanol production due to its abundant availability and polysaccharide
components. Howeveits recalcitrant nature requirgsetreatmento facilitate enzymatic
saccharification. After pretreatment, the celluloaad hemicellulose components in
lignocellulosic biomassan be hydrolyzed by cellulases and hemicellulases ersziane
releasdermentable suga C6 and C5. Norwegiatomesticated Ebbegardkwveik yeastvas
studied forits ability to fermeniglucoseinto ethanolat elevated tengyatures The primary
aim was to eval uatopeoduceeteanoyat 496 tsingsugarsifpm two t vy
lignocellulosic fractions generatedter steamexplosionpretreatmentcelluloserich cellin,

and hemicellulosenriched wood molasses.

The researchusedliquid wood molassesrom Spruce and Birchand solidsprucecellin
hydrolysates for yeast fermentatiosingSyringe piston and Blue Sens Gas Analyzer. Spruce
molassesvas diluted to a certain percentagelnf solids whereas birch molasses and cellin
hydrolysates were directly used for fermentation. Wood molasses were subjected to enzymatic
saccharification withhe EC200 enzymgcorresponding t8.2kU /g DShemicellulase activity

Cellin hydrolysate was ferme&ed with 20uM and 35uM Zn supplementation and 0.09g/L
yeast vitamin supplementation to investigate itn@act on ethanol yieldSamples were
collected before and after fermentatimnanalyzethe glucose and ethanol concentration by
HPLC.

Ebbegarden kveik yeast demonstrated efficient utilization of C6 sugars and lesser utilization
of C5 sugars the experiment withariouscarbon sourcesmmolilized yeast beads showed
enhanced glucose consumption, indicating protection against hydrolysate inhibitors.
Enzymatic saccharification significantly increased glucose content in both birch and spruce
wood molasses. Zinc supplementation boosted the glummssumption rates but did not
affect ethanol yield, suggesting complex interactions betweestratdocomposition and yeast
metabolism. Additionally, experiments with alginate beads a 1:5 ratio to the final
fermentation volume resulted @&higher glucose consumption rate but lower ethanol yield.

is hypothesized thahé impact of toxic compounds lignocellulosic biomasted to diauxic

shifts andaccumulation ofrehalose This metabolic shifttonsuming most glucose, might be
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the potential reasadior thelow ethanol yieldsindicatingthatkveik yeast is sensitive to toxic
environmental conditions. The reusability of alginate beads in repeated batch fermentation for
lignocellulosic fractionsparticularly wood molassesnay not be ideh as the beads were

clogged by microparticles presentthem This study showed that Ebbegarden kveik yeast is

not suitable forsecondgeneratio bioethanol production at £Z. Further studies should
explore kveik yeastds stress response meche

fermentation efficiencyn fermenting lignocellulosic biomass.
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11l ntroducti on

1.1 An alternative to fossil fuel

Urbanization and a rapid expansion in the global population have raiseterniandfor
various essentials, including food, clean water, and electridityis surge inworldwide
demand contribusto gasoline's depletion and subsequent price escald@ti@transportation
industry is the most fuahtensive sector, consuming sixty percent of all fossil fuels globally
(Dutta & Suresh Kumar, 2023). With the current consumption tiagesemaining fossil fuel
reserves are projected st for a minimum of fost to fifty years. Global fossil fuel usage
leads to greenhouse gas release, causing global wailiisiggssential to identify alternate
energy sources to ensure environmental sustainabitynsidering the detrimental
consequences of fossil fuels and tBioethanol f i ni t
has emerged as the most extensively utilized alternative to fossil fuels in the transportation
sector. Since the 1980s, numerous countries have shown keen intesagj iniaethanol as

a fuel replacement. In Europe, Germany and France took early steps towards adopting
bioethanol as a fuel in 19§Mohd Azhar et al., 20170ver the last decade, the bioethanol
production from fermentation of carbohydrateh biomass has experienced significant
growth. The United States and Brazil collectively account for 98®f global bioethanol
production. In the USA, bioethanol is primarily produced from corn starch feedstock, while in

Brazil, it is derived from sugarcane juice and molagsesayem & Ricke, 2012)

1.2 The fermentation process and yeasts

Fermentation is a webstablished natural metabolic process carried out by microorganisms
like yeast. Yeast can convert low molecular fermentable carbohydrates, such as glucose,
maltose, sucroseand fructose, into ethanol without oxygdre., anaerobic fermentation
(Hossain et al., 2017)The conversion of glucose to pyruvate and further to ethanol is known
as the EmbdeMeyerhof pathway. The fermentation process begins when yeast cells uptake
glucose and convert it into pyruvic acid via the glycolysis pathway. Subsequently, pyruvic
acid transforms into ethanol and @Qn yeast cells undergoing anaerobic fermentation of
sugars, the regeneration of NA crucial for maintaining redox balance and sustaining
glycolysis. This process involves the decarboxylation of pyruvatddyenzymepyruvate

decarboxylase, resulting in theitermediate production of acetaldehyde and 2.CO
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Acetaldehyde is further reduced to ethanol by alcohol dehydrogenase, concurrently

regenerating NAD

CH:COCOOH CH:CHO + CO: _— CH2CH20H
Pyruvate Pyruvate Acerddehyde #lcohol Ethanol
decarhozxylas dehydrogenase

Alcohol dehydrogenas@ADH) is metalloenzyme that converégetaldehydento ethanol
during fermentationas depicted in Figure 1 (Raj et al., 2014). Alcohol dehydrogewriiss

on zinc(Zn?*) as an essential cofactor for its activity.zlhc availabilityis limited in the
fermentation medium, it can compromise the rate and extent of alcohol produsbéhcan

also catalyze the reverse reactionetfhanol conversionnto acetaldehyde with a lower
catalytic efficiency(Bennetzen & Hall, 1982)Yeast ADH is a tetrameric enzyme requiring
one zinc ionas a cofactom its four active sites. The adequate concentration of Zn in the
medium is 0.3 ppm, while higher levels§3pm) may repress yeast activity (Yang & Zhou,
2001)(Russell I. 2003.

The simplisticchemicalequation fothe production of ethanol from glucose is as follows:

CeH1206 (Glucose) » 2 C2HsOH (EtOH) + 2 CO; (Carbon dioxide)

The stoichiometric proportions from this equation tell that the complete conversion of glucose

to ethanol isa 1:2 mole ratio. Thus, the theoretical ethanol yield by mass is :

Y (pis)= = 0.511 g ethanol fglucose

In practice, the ethanol yield rarely exced-95% of the theoretical value due to the

requirement for some nutrients to be utilized in biomass synthesis and cell maintenance.
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Figure 1: Central metabolism of Glucose in Saccharomyces cere\iGiarcedo &
Flores, 2004)

At sugar levels above 1%wv(v) in the mediumSaccharomyces cerevisifvors alcoholic
fermentation over aerobic respiration due to the Crabtree efféwtnanincreased flux of
sugars entstthe yeast cells, the influx results in an increased production of NABhthe
respiratory chain cannot completely oxidizélence, ethanol productionby alcohol
fermentation is required to remove the excess NABHtar Snoek & Yde Steensma, 2007)
Crabtreepositive yeasts have a higlpression opyruvate decarboxylase enzyme in aerobic

conditions(Ishtar Snoek & Yde Steensma, 200)eaerobic respiratiom yeasthrough the
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Krebs cycle yields higher ATP (approximately 18 ATP per glucose molecule) than alcoholic

fermentation (2 ATP per glucose). However, not all yeasts exhibit the Crabtree effect.

There areseveralchallengeswith the Crabtree effect, such as incomplete fermentation,
production of offflavors, undesirable products, and loss of biomass yiéditmann et al.,

2018; Pfeiffer & Morley, 2014; Russell\s crabtreepositive yeastS.cerevisiadas evolved

to respire ethanol when glucosedepleted. In the presence of low sugamoemtration, the

yeast switches its metabolism from alcoholic fermentation to respiratitioh utilizes the
tricarboxylic acid cycl e (QeRisgétal, 19, FOWKESas t he
1951; Galdieri et al.,, 2010; Gasch & WenrWnashburne, 2002)The transition from
fermentation to respiratory metabolism stimulates mitochondrial metabolism and alters the
mitochondrial network's morphology, composition, and size (Malina et al., 2DL@hg

ethanol fermentation, yeast cells encounter several stressors, including elevated ethanol levels,
heat, and osmotic pressyfe. M. Walker & Basso, 20207.o sustairthese challengegeasts
respond by accumulating trehalose (Divate et al., 20k@&halose accumulation is a hallmark

of yeast cells' rapid adagiton to changing environmental conditiofigancois & Parrou,

2001) Trehalose is a disaccharidecomprising of t wo glucose -Dmol ecul
glucopyranosyl}D-glucopyranoside) (He et al., 2009).idta crucial carbohydrate storage
compound (Francois & Parrou, 200lt)is criticalin protecting cells against strgg3ivate et

al., 2017).S. cerevisiaegproducesvarioussecondary metabolites linked to several metabolic
pathways. Glycerol formationis a second necessary byproduct of anaerobic fermentation
along with ethanol. It has been estimated that around 4% of the sugar feedstock is converted
into glycerol as aignificantbyproduct produced by neengineeredb. cerevisiagNissen et

al., 2000) In the glycolysis pathway, diydroxy acetone phosphate is an intermediate
precursor to glycerol. Bhydroxy acetone phosphate is reduced to glycequt@phate by
glycerol3-phosphate dehydrogenase (GPD) enzyme. Further glycenphosphate
dephosphorated to glycerol by glycereB-phosphatase (GP) enzyr(idevoigt et al., 2002;

Sigler & Hofer, 1991) The synthesis of glycerol has significant roles in physiological
conditions during yeast metabolism, including osmoregulation and maintaining intracellular
redox balance during anaerobic fermenta{Blomberg & Adler, 1992; Dijken & Scheffers,

1986) Glycerol formation leads to a lower amounts of ethanol yield.

Yeasts are not nutritionally demanding microbes. For growth, it needs fundamental substances

such as fermentable sugars, amino acids, minerals, and oj4/géicer & Stewart, 2016)
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S cerevisiaeis the predominant yeast used in alcohol fermentationhasdbeen ged in

making alcoholic beverages for centuries. The optimum temperature range for ethanol
fermentation is between 2@ and 35°C, with the ideal temperature f&. cerevisiaeells

being about 30C. Yeast cells consider high temperature an environmental stressor, causing
them to produce heat shock proteins that inactivate their ribosomes. An elevated temperature
can disrupt the tertiary structure of enzymes that regulate the fermenpatoess. pH
regulation is crucial during fermentation to regulatecbihcentration changes in the medium,
which might impact the yeast cells' plasma membrane charge and nutrient permeability. The

ideal pH range for yeast fermentation in ethanol production is 4.0 to 5.0 (Zabed et al., 2014).

1.3 Lignocellulosic biomass as feedstock

Firstgeneration (1G) bioethanol is produced from feedstocks derived from sugar and starch.
While ethanol generated from these feedstocks is well established in countries like Brazil and
the USA, it is impractical to substitute one trillion gallons of fldsgls consumed worldwide

each year with bioethanol made from ctwased and sugdrased feedstockdimayem &

Ricke, 2012) 1G bioethanol production is not sustainable because of the rise in bioethanol
production levels that coincide with the world's population growth, which may threaten food
and feed security worldwide (Broda et al., 2022). These problems have led to iplocaten

into other sources that can be used as feedstock for bioethanol production. Lignocellulosic
biomass (LCBSs) is an abundant feedstock that does not compete with food sources. Due to its
content ofcellulosic polysaccharidekCB is considered a send-generation (2G)eedstock

in bioethanol production (Broda et al., 2022). Lignocellulosic biomass utilized for biofuel
production primarily comes from industrial, forest, and agricultural biomass and waste sources
(Kordala et al., 2024). Forest biomass comes primarilynfrwoody materials such as
softwoods and hardwoodsimayem & Ricke, 2012)

Lignocellulosic biomass consists mainly of cellulose-§096), hemicellulose (280%), and

lignin (10-25%), along with a minor amount of minerals, acetyl and phenolic groups. The
structural composition and biopolymers of LGBe shown in Figure2. Although the
composition of the polymers in biomass varies, cellulose and hemicellulose comprise around
two-thirds of its total dry masg§Ashokkumar et al., 2022)Cellulose, the most prevalent
natur al pol ymer on Earth, i's ceohdpglysosidic of cC e
linkages (Ashokkumar et al., 2022) (McDonald et al., 2012). Cellulose contains less dense

amorphous regionsusceptible to degradation as@aced apart. In contrast, it also has
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crystalline regions, characterized by various crystalline structures in cellulose, which are
resistant to degradation due numeroushydrogen bonds betweentra and interchain
hydroxyl groupsThe second most abundant polysaccharitiensicelluloseknown as xylans

and glucomannans. Xylan is foubdtween 180 % in hardwoods and-Z0 % in softwoods
(Walia et al., 2017)Softwoods comprisevergreen species such as pine, cedar, spruce,
cypress, fir, hemlock, and redwoddrdwood trees include poplar, willow, oak, cottonwood,
aspenand birch. Xylan is the main hemicellulose component of hardwaadsmannaitype
hemicelluloses like glucomannans and galactoglucomannans grartia@y componert in
softwood. Moreover, these mannans are present in minor amounts in hardi@od<=t al.,
2010; Limayem & Ricke, 2012)The linear Xylan chain is composed of xylopyranose,
branching with short carbohydrate chains constitutargbinose, mannose, galactose,
rhamnoseand 40-methylglucuronic acigBonechi et al., 2017)'he complete hydrolysis of
xylan requiresthe synergistic action of nitiple enzymesreferred to as Xylanasewith
overlapping and variable specifications and act{@zsvalho et al., 2018)
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Figure 2: Structural representation showcasing the key components of lignocellulosic
residues, with a specific emphasis on hemicellulose, cellulose, and lignin (Kaur et al.,
2024)

1.4 Pretreatment of lignocellulosic biomass

Lignocellulosic biomass is recalcitrant in structure, and cellulose, hemicellulose, and lignin
chemically form the structural matrix. The production of bioethanol from this feedstock
requires pretreatment. Pretreatment is a crucial step in the enzynurtitybis process, as it
prepares lignocellulosic biomass for efficient breakdown into cellulose, hemicellulose, and
lignin components, as depicted in Figure 3. This breakdown facilitates the release of C5 and
C6 carbohydrates, fermentable sughegmicroorganisms can ferment to produce bioethanol
(Ashokkumar et al., 2022; Kumar et al., 2009; Wang & Lee, 202&jreatment methods can

be grouped into four categories: physical, chemical, physicochemical, and bioldbese.
techniques reduce biomass particle size, enhance porosity, and increase surface area to

facilitate the enzyme's access to polysaccharides for hydrolysis (Broda et al., 2022). Physical
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pretreatment methedemploy mechanical forces, irradiatioand elevated temperature or
pressure to reduce the size of lignocellulosic biomass and increasefatse area and pore
volume. The techniques udeto crush lignocellulosic biomass are chipping, grinding and
milling, which results in final particle size from -B3 mm to 0.2 mm depending on the
technique being usd®as et al., 2023; Mood et al., 2018)hereas, in chemical pretreatment,
various chemicalsncluding alkalis, acids, gases, organic solvearsljonic liquids are being
employed(Das et al., 2023; Haghighi Mood et al., 2013; Rezania et al., 2020; Safarian &
Unnthorsson, 20180ne of themost prolongedhemicalused methods gfretreatment of
lignocellulosic material is acid hydrolysis with sulphuric acid ( ©0.65% and higher
concentration) andhermal treatment at 16800 °C (Das et al., 2023)This pretreatment
method with sulphuric acid is a dedicated method for woody biolfZdss et al., 2015)
Physicachemical pretreatment utilizeghysical and chemical process¢o pretreat the
lignocellulosic biomass effectivelfsteam explosion has been the primary technique used for
bioethanol production. It is affective for all types of biomassluding large particles of
biomass(Das et al., 2023; Haghighi Mood et al., 2013; Safarian & Unnthorsson,.2018)
Several other physiechemical methods are available the pretreatment of lignocellulosic
biomass such as, ammonia # expansion (AFEX)Balan et al., 2009)supercritical CQ@
(Badguijar et al., 2021)iquid hot water (LHW)Zhuang et al., 2016 he final pretreatment
approach employs microorganisms or their enzymes to diminish the recalcitrance of
lignocellulosic biomass, thereby enhancing its accessibility for enzymatic hydrdliisise

have been research going on to explore the potential of bacteria and fungi for lignin
degradation in lignocellulosic biomass. Although biological treatment is energy saving and
environmental friendly, its disadvantages are apparent such as low ategredte which

results in long time pretreatment stggei et al., 2019)

A potential problem from the pretreatment of lignocellulosic biomass is the formation of
inhibitors such as furan derivatives and phenolic chemicals (Bertacchi et al., 2022). As a result,
a detoxification process from LCBs is needed for bioethanol produdti@toxic compounds

can heavily diminish microbial cell growtdndrepress critical metabolic enzyme in the yeast
cell, named alcohol dehydrogenastich resuls in ethanol yield reduction and productivity
(Almeida et al., 2011; Gupta et al., 2017, p. 200; Modig et al., 200® ¢gneration of
inhibitors is a limiting challenge for properly exploiting the high solid loading of LCB
substrate. An efficient pretreatment approach is needed for lignocellulosic biomass to
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minimize the production of inhibitors and increase the yield of reducing sugars (Liu et al.,
2019).

Hemicellulose
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Figure 3: Schematic representation of the role of pretreatment of lignocellulosic biomass
(Kumar et al., 2009)

1.4.1 The GlommenTechnology process

The Glommen Technology process (US patent 2020/0040273):

Sugar solution

Filtration Evaporation —— Syrup
(wood molasses)
S losi Washing and
team exp 0.5|on separation of Fermentation Distillation —— Ethanol
of wood chips . Lo
solids and liquid
%, Additives (optional)
4.
%
Dewatering and l

drying of solids Pelletizing [— Pellets

N\

Wood flber — Powdered fuel
(cellin)

Figure 4: Schematic representation of Glommen technology process for lignocellulosic biomass
pretreatment
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In most cases, the outcomes of a pretreatment process are two fraatiors®luble solid
containing mainly cellulose and lignin aadiquid fraction containing hemicellulo¢&irio et

al., 2010) Glommen Technology ASEIverum, developed a wood processing system based
on stem explosiothat generates a wodzhsed material and a hemicellulaserived material

from a wood raw materigUS Patent No. 2020/0040273 AThe method starts by exposing

the material to high temperature (1%B230°C) and pressure for20 minutes, then rapidly
reducing the pressure, resulting in explosive decompression within the material. Steam
explosion precedes the washing and separating step shown in Figure fgeswtlid and

liquid components enriched in adibse, lignin, and hemicellulose. The hemicellulose
enriched liquid component is filtered and evaporated to generate a syrup (wood molasses).

The filtered liquid can be fermented into ethanol.

Meanwhile, thepartially driedsolid componentalledCellin, is enrichedin cellulose lignin

and insoluble hemicellules The Centre of Plant Science and Biopolymer Research at
Edinburg Napier University analyzed the hemicelluldsd wood molasses and found it to
contain 84.1% total saccharides. Analysis conducted by Eurofins Environment Testing

Norway revealed that 102% of these saccharides are monosaccharides.

1.5 Enzymatic hydrolysis of the cellulose component

Cellulose and hemicellulosean be enzymatically hydrolyze®d produce cellobiose and
glucose from cellulose, as well as various pentose and hexose sugars from hemicellulose. The
enzymes responsible firehydrolysis of these two are cellulases and hemicellulases ( mainly
Xylanase) (Zhao et al.,, 2019)Cellulases are multienzyme consisting of three various
components, namely endog4-b-D-glucanase (breaks intermolecular bonds in cellulose
randomly), exel,4-b-D-glucanase (removes monomers and dimers from the end of the
gl ucos e c {glacosidasghydeolysis ghicose dimers, cellobiose and other short
cellulose oligomers into glucose molecules). The complete hydrolysis of cellulose requires the
synergistic role of all these componenfslalherbe & Cloete, 2002)Hydrolysis of
hemicellulose is simpler than cellulose due to the accessible amorphous stitlotucere
enzymes includé-1-4-mannosidasesndael,4-b-mannanasesndo -b-1,4-xylanases and

xylan 1,4b-xylosidases The debr anc hi ng enzymes areL- acet yl
arabi nof urguoumsidaskaferdic acidh esterassd p-coumaric acid esterase
(Bhattacharya et al., 2015; Mohanram et al., 2013)
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Xylan, a pentose sugar, is a significant portion of hemicellulose from hardwoodbi(ely.
beech). Hydrolytic enzymes play a crucial role in releasing monomeric sugars from
polysaccharides efficiently. Utilizing enzyme combinations is essential for enhancing
hydrolysis efficiency, as it reduces the number of enzymes required and slibetdimse
needed to convert all polysaccharides into fermentable sugars (Bertacchi et al.,TR@22).
concentration and source of enzymes significantly influence #wdivity in enzymatic
hydrolysis.The optimal temperature fbrydrolyzingLCBs enzymaticallyis typically around

50°C, although this may vary depending on the specific enzymes used. Additighally,
process is pksensitive with enzymatic activity being affected by changes in pH (Mahato et
al., 2021).

1.5.1 Separate hydrolysis and fermentation

Different techniques are used in bioethanol production from cellulosic substrates. One
example isseparate hydrolysis and fermentation (SHF), as showfigure 5 Enzymes
depolymerize polysacchagd and sugars afermented by yeast in two separate reactors. In
SHF, enzymatic hydrolysis occurs at higher temperathetaee51 50 °C, while the yeast
fermentation is conducted at moderate temperatures, approximai&h”3dn the following

step (Kordala et al., 2024; Mohd Azhar et al., 2017). Inekageneration of fermentable
sugars following hydrolysis hinders cellulose activity by feedback inhibition in the SHF
process. Most of the lignocellulosic ethapodduced by this process is presented in Figure 5
(Choudhary et al., 2016)

Fermenting organism

SHF process (Yeast)

Fermentation
at 30°C

Externally produced
hydrolytic enzymes

Yeast biomass
Bioethanol

(Physical, chemical, Enzymatic Hydrolysate

physicochemical, ———> Saccharification
and biological) at 50°C

Pretreatment l

Lignocellulosic
biomass

Figure5: The process flow of separate hydrolysis &rthentation(Choudhary et al.,
2016)
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1.5.2 Simultaneous saccharification and fermentation

Simultaneous saccharification and fermentation (SSF) is a process where hydrolysis and
fermentation occur in the same vessel. Yeast cells utilize the carbohydrates from cellulose and
hemicellulose directly asenzymes release thenConsequently, the reactor glucose
concentration is reduced, preventing enzyme inhibition by the end product. The main
disadvantage of SSF is the difference in optimum temperatures between saccharification and
fermentation(Nissen et al., 2000; Roberto et al., 2020; Wright et al., 1988 enzymatic
hydrolysis rate during SSF increases by303% with SSF compared to separahzymatic
saccharification reported byGhosh et al., 1982)Additionally, the ethanol yield from
lignocellulosic biomass reported by Ohgren e{@hgren et al., 200Fyas 13% higher from

SSF tharthe SHF process.

1.5.3 Fermentation mode

Bioethanol fermentation can be carried out in batch mode. Batch fermentation, a closed
system, is the most basic method for producing bioethanol, involving a single reactor where
the substrate is added at the start of the process with no further addiitr@msovals of the
medium. The procedure enablegulatingseveral parameters, such as temperature, pH, and
agitation, which are cruciah ethanolproductionby yeast fermentation. After the nutrients

I.e, the limiting carbon source, aeen depletedheé medium is removed from the reactor to
achieve the desired product by further processing. Batch fermentation is conducted with higher
substrate concentration, and the final product is obtained once the nutrients are exhausted at
the end of the fermentamn processBatch fermentation offers several advantages, including
simple labor requirements, reduced risk of contamination, and rapid operation (Mahato et al.,
2021; Mohd Azhar et al., 2017yhe ethanol yield achieved 82.35% from pineapple waste
hydrolysate usings.ludwigiiAPRE2 at 37C.

Similarly, Chamnipaand coworkers (2018eported thatising glucose concentratiofil60

g/L), thermotolerant yeasts produced ethanol ranging from 22.78 to 70.42g/L atd@ah
fermentation of elephant grass biomass, the-tyiiet yeast M. caribbica strain yielded ethanol

of 0.36 g ethanol/g glucose (Vargas et al., 2023). It's worth noting that substrate concentration
significantly impacts ethanol yield, with ethanol yield decreasing notably when substrate

concentration exceeds 160g/L (Zhang et 8115).

Aryal's study investigated bioethanol production usfogr kveik yeast strains across
temperatures from 32 °C to 47 (Aryal, 2024) The results revealed thae richKYM media
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yielded higher amounts of COthan YPG media during fermentation. Specifically,
Ebbegarden kveik yeast (#Y9) demonstrated robust fermentation performance, producing 414
ml of CO: from KYM media containing 2@6 (w/v) sugar beet molasses as the carbon source.
This yeast strain efficiently consumed almost all available sugars within 48 hours of
fermentation at 47 °C, outperforming other kveik yeast strains such as Voss (Y1), Eitrheim
(Y14), and Stalljen (Y22). Nably, the ethanol concentration was more thanbte when
fermented in KYM media compared to YPG media across various temperatakeding 32

°C, 37 °C, and 42C, indicating higher ethanol yield from KYM media across a broad
temperature range for kveik yeast. However, ethanol concentration decreased at 47 °C for all
the tested kveik yeast straiiaurthermore, varying the initial glucose concentration from 20

g/L to 120g/L revealed that the highest ethanol yield was achieved aj/lL2flucose levels,

albeit with the lowest glucose conversion rafteese findings underscore the potential of
utilizing kveik yeast in bioethanol production from lignocellulosic biomass, especially
considering their robust fermentation performance across different temperatures and glucose

concentrations.

1.6 Norwegian domesticated Kveik Yeast

The dsappearance of traditional brewing practices and the entry of commercial yeast in many
regions contrasts sharply with the enduring tradition of yeast cultures in western Norway,
where farmhouse brewers have preserved their unique yeast strains foesgvtuvwegian
farmhouse alegr maltgl or korngl, exhibits a distinct flavor profile attributed to its ingredients:
malted barley, hops, and juniper branches. Until recently, only traditional farmhouse brewers
exclusively maintained these yeast cudjrcalledkveik suggesting these yeasts may be
unique tospecific regions and possibly domesticated. It's believed that kveik yeasts are
domesticated because beers made with them are said fghlactlicoff-flavors (POF) and
ferment sugars from malt quickly due to their short fermentation t{Pwesss et al., 2018)
Preiss and coworkers (2024) recemihgsented findings from their research involving PCR
fingerprinting and wholggenome sequencing. They found that kveik yeasts form a distinct
group of beer yeasts, separate from known domesticated beer yeast strains. Their study also
revealed signs suggestitigedomestication of kveik yeasts, along with positive traits such as
improved flavor compound production and better stress tolerance. Theseinescdiethat

kveik yeasts hold promise for various industrial ugémse strains are categorized into two
categories based on their geographic origin. The typical kveik yeastexdnsists ofnany
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yeast straingnostly S. cerevisiaeKveik yeast strains are genetically distinctive compared to
other cultivated S. cerevisiae strains. Multiple yeast strains within Norwegian kveik cultures
suggesh potential for interdependence among these strains during fermerkaiiyeast
strains offer distinct advantages over -fepmenting brewing yeasts, including high
temperature resistance and the capacity to ferment abo@, 38pid alcohol fermentation,
strong flocculation, and high alcohol tolerance. These benefits, combined withdtebte
ethanol tolerancand fermenting at higher temperatyresggest a conserved trait within the
kveik yeast group, potentially indicative of their domesticafidrere have been a few studies

on kveik yeast in alcoholic beverage manufacturing, and its features are not yet fully exploited.
Traditionally, the kveik yeastsre kept and stored dried on the surface of an oval wooden
geometric constructigms shown in Figure, & method developed in th&" century. Storage
maintenance has impacted the adaptive evolution of kveik yeast strains, developing unique

phenotypic characteristi¢Breiss et al., 2018)

Figure 6: Oval shaped wooden ring uses as kveik yeast st¢Riggo: Jan Thomas Rosnes
© Nofima)
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1.7 Aim of the study

Thermotolerant yeast strains, such as kveik yeasts, can ferment reducing sugars into alcoholic
beverages at temperatures exceeding’@p demonstratinghe potential for sustainable
bioethanol production. To our knowledge, kveik yeasts have not yet been entplpsailic
bioethanol from lignocellulosic biomass. Recognizing the potential of lignocellulosic biomass
(LCBs) as an abundant and mfmod-competing feedstock, Glommen Technology AS has
developed an advanced wood processing system. This innoyabeeduretransforms
lignocellulosic biomassinto valuable products: liquid wood molasses enriched with
hemicellulose and solid cellin materials, enriched with cellulose and lignin. These products
hold significant promise for applications in biofuel production and other industrial uses,
highlighting the efficiencyand potential of this cuttingdge technology. T$ research
examinesvhether kveik yeast can effectively produce ethanol st@amexplodedpretreated

lignocellulosic fractions, focusing on feemtation at 42C.
To achieve the research ainthe following hypotheses and strategies are proposed:

1.Can kveik yeast produce ethanol from woo(
0 This wil.| be evalswagtaerd bpyr efseernnhe nitni nwgo o
cellin hydrolysates intA€.ethanol usin
2.Donhibntoérgnocellul osic biomass repress
0O This will be assessed by comparing t hi
suspended and i mmobilized cell s.
3.Does ZiJnci nipZanct et hanol production from ¢
0 This question wil!/ be addressed by co
kvei k yeast beads in enzymatic hydrol
without the addition of Zn] , to eval
4 Does enzymatic saccharification enhance ¢
O This will/ be investigated by comparini

wood mol asses with and without enzyma

By addressinghese questions, this study aims to provide a comprehensive understanding of
the potential of kveik yeast in bioethanol production from lignocellulosic biomass, thereby

contributing to the development eécondgeneration (2G) bioethanol production.
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2 Materials and Met hod

2.1 Materials

2.2 Chemicals

1.Chemical i ngredi emnt spespugdhueaossBN aaCl d cCaalScO u
were acquired from the gener aAt | talbe ssupmpe i
absol ut e 2HeOtHh)anwds (&bt ained from KiiltoClI

beechwood was sourced from-mampmlolse,Scied n toib
succi naodmSloO7d8, wer e obtained fromCMElIck Li
anMlaOwer e obtaigwmdldfrom. S
2.Yeast Mi tpamidmmt Brupaks, i s composed of or
acids, and trexperalmemé&a@t Iv@BZhaenegdiSTIM, f r om
(Royal DSMIMNe VN¢ga miedral ehn dgsh Xy ¢ aala s efnalt y

l ow | €ME€lasef,bacds viiegyorted imaiungukHhHharmshEe20

KO Strbtkvern, pers comm.)

2.3 Yeast Sample

Theyeastused inthis project was selected baseditsrfermentation capacity between 40°C

and 47°C temperature (Aryal, 2024 he chosenyeast was Ebbegarddweik yeast(K.9)

granulesobtained from Kveik Yeasty AS.

Ebbegéfden

KVEIK ¢ YEASTERY

Figure 7. Photoset sachets with dried Ebbegarden Kveik Yeast
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2.4 Inoculum Preparation

The yeast inoculum was prepared using YPG medium, which consists of yeast extract (10
g/L), peptone (2@/L), and glucose (2@/L). The medium was autoclaved 121°C for 20
minutes to ensure sterility. Ten millilitecs sterilized YPG medium was added to a sterile
plastic test tube in Figui® Later, 23 granules of dried Ebbegarden yeasts were inoculated
into the test tube usingsterile spoon. The inoculum test tube was incubated at 37 °C for 24
hours. Following incubation, 0.% (v/v) inoculum was added to the final fermentation

volume into the fermentor (2581 Erlenmeyer flask) to propagate yeast cells.

)

srag

Figure 8. Ebbegarden kveik yeast granules inoculated in 10ml
sterile plastic test tube containing YPG medium
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S Ebbegarden Kveik Yeast beads

3.1 Biomass production

Six big Erlenmeyer flasks (3000 ml) were taken for yeast biomastuction. Each flask
contained 700 ml of KYM media. The KYM media recipe was in (g/L): Ca&®2b, CaCl

0.25, yeast vitamin 0.09, casein hydrolysates 0.07, and sugar beet molasses 200. Also, 4 pl of
0.65% ZnS@was used in KYM media. In addition, each 700ml KYM media flask was added
with 5 grams oftotalglucose. All flasks were autoclaved at TZ1for 20 minutes and then
cooled to room temperature. Kveik yeast inoculum was prepared beforehand in KYM media
without any additional glucose. Ther?d (v/v) pre-inoculum kveik yeast was added to each
flask, and aluminum foil was lightly put around the opening of the flasks. Then, the flasks
were incubated at 3T at 150 rpm (Brunswick Innova 44 shaking incubator) for 24 hours.
After producing the yeast (Figur@, the biomass and media solution were centrifuged
(SORVALL Evolution) witha SLA 3000 rotor at 422%g for 15 minutes. The supernatant
was discarded, artlepellet was collected in falcon tub@sgurel10). Aliquots of 0.9% NacCl

were used toecover the pellet sticking at the bottom of the centrifuged tube., Theefalcon

tubes were centrifuged again at 4223or 10 minutes, and the supernatant was discarded.
The sedimented wet pellet was weighéd3g in total. The cells were stored af@ for

subsequent use in the immobilization process.

Figure 9: Ebbegarden Kveik yeast biom Figure 10: Yeast Biomass in 0.9% Nacl
production in KYM media



31

3.2 Production of C&-Alginate beads

The83 g of yeast biomass was dissolved inr@Bof physiological salt (0.9%laCl) in a 500

ml glass beaker until the lurfpeeca 160170 ml suspensioi\n equal volumef 4 % (w/v)
sodiumalginate(166 ml) was addedo thebeaker and stirred well to get an approximate ratio
of 1:1 yeasto alginate. As alginate is very viscous, the ratio measurement is difficult. The
beaker was placed on a stand closa feeristalticoump thattransferredhe yeast alginate
suspension through arBm glass pipand dispersed the solution using two sets of droplet
manifold (BOLA 1 and BOLA 2). The manifold or 'showerhead' had openings of 1.9 hen
droplets fellfreely intoahardening batlef 0.2 M CaC} and 0.1 M NaClagitated genyl with

a magnetic stirre(Figure 11). The height of the suspension beaker from the hardening bath
was approximately 20cm. After the suspension turnedsioiidified Caalginatebeads in the
hardening baththe 4 mm (diameter) spherical beadsrekept ina cold room orstirring for

20 hours to make them strongartotal of400ml beads were then filtered on a Biichner funnel
and washed with distilled water twite three times before storing them in a fermentation
media Fermentation medieonsistedf 50ml of 0.1M CaC}, 125ml of 0.1M Succinateand

5 ml of 100x stockyeastvitamin in a total volume of 50Ml. The remaining portion of the
volume was filled with distilled water. The pH was adjusted at 4.3 for CGat@ succinate
before addingo theErlenmeyer bottle. Aftecreatingthe beadsit transferred to the bottle.

The beads were stored at@&for further usage.
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Figure 11: Production ofCalcium alginate kveik yeast beads

3.3 Lignocellulosic biomass sample preparation

Wood molasses made of sprubé&ch, and cellin wood fibensereobtained from Glommen
Technology AS. The uses of the wood molasses depended on the density and content of dry
solids. Information provided by Glommen Technology AS was that spruce molasses contained
ca. 75% dry solid (DS), and birch molasses had aboulDS. Thewood molasses spruce

was dense and viscous, with a dark black hue. It was diluted with distilled wa&¢tdS
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for the studyshown in Figurel2. The birch sample wasdiluted andadded directly to the
experimental procedurgithout extra processing stepgpicted in Figurd3.

The cellin is a dehydrated solid (> 95dry weight) produced by steam explosion treatment.
Enzyme hydrolysates dbpruceCellin had been prepared in an earlier research project
conducted at INN (Streetkvern, pers. comm.). Spruce cellin at mass loadingodfx@) and

20 % (w/v) underwent enzymatic saccharification using CellicTec2 %t @/w) and 6%
(w/w) respectively, producing the hydrolysates Cellin R1 andlR2.stated glucose content

in R1is at 4.5 g/L, whereas in R2, it is 16.1 g/L (Unpublishgaplementary data, Glommen
Technology AS, Nov. 2020). Theo cellin hydrolysate R1 and R2 samples were introduced
into the tests without dilution or other liquid processing.

Figure 12 7.5x diluted Spruce wood Figure 13: Undiluted Birch wood
molasses with distilled water molasses
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4 Met hodol ogy

4.1 Fermentation of different carbon sourtssKveik Yeast
beads

Ebbegarden kveik yeast beads weested for fermenting different carbon sources in
fermentation experiment&ach fermentation was conducted in a BiErlenmeyer flask,
serving as a fermentation reactor, with a total reaction volume ohl50’o assess the
fermentation efficiency, % (w/v) to the final concentratioaf each of the following carbon
sources$ glucose, xylose, cellobiose, arabinaaed mannosé was added to the final volume
(12.5ml each). In addition to the carbon sources, the following components were added to
each flask: 5mbf 0.1 M CaClz (final concentration 0.01MY2.5ml of 0.1 M succinate(final
concentration 0.028), and 0.5ml of (0.09/L,100x)yeast vitamin(final concentration 4.5

mg) and 19.5ml of distilled wate, resulting in a final volume 5l. The immollized kveik

yeast beads were added to each flask at a ratio o @rbl(of beads per 5l final volume).

To createanaerobic conditions, a syringe piston was inserted into the opening of each flask.
The flasks were then incubated at 42 °C. The produddd®O; in each flask served as an

indicator of carbon source fermentation into ethanol by the imimet kveik yeast beads.
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4.2 Experimental Method

Themainexperimental workflowollowed in this projects illustrated inFigure 14.
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Figure 14: Schematic representation of project workflow
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4.3 Batch Fermentation of wood molasses

4.3.1 Spruce Molasses hydrolysis and fermentationwith yeast-alginate
beads

Spruce wood molass€$2 ml) was dilutedwvith 62 ml of distilled waterto make 74ml of total
volume The solution had a pH of 4.70. The molasses mixture was split into twol 2sf@tles,
each containing7 ml of the molasses with a 12% dry substance coniém. pH ofthe
solutionswas then adjusted to 6.& which the enzyme works be&tl.5ml sample was taken
to determine the glucose concentration before hydrolysis treatment and storé@ fur4
HPLC analysisThe hydrolysis of spruce molasses was carried out usingog\2w) dose
(240 pl) of the enzyne EC200 corresponding bkemicellulase activity of 3.2kl DS.The
enzymewas addedo one bottle and the other bottlevas left untreated (controllhe two
wood molassesamples were incubed in a water bath at 50C for 3 hours. Following
incubation, the bottles wereeatedat 85°C for 15 minutes to deactivate the enzymatic
hydrolysis.After that, both bottles were cooled to room temperature.

After enzymatic hydrolysisl.5 ml of the sample wagmovedfor HPLC analysis. The pH
was readjusted to 4.3a crucial factor for yeast fermentatidr2.5 ml of 0.1M Succinate and
500 pl of 100xyeast vitamin were added to & final reaction volume for fermentation in
both bottles, treated and untreated witheéheyme Ten milliliters of EbbegardeRveik yeast
alginate beadéFigure I7) were added to each bottle in a 1:5 ratio to fermentation reaction
volume. A silicon stopper fitted with a 100 mslyringe piston \as placednto the opening of
eachbottle (Figure B). Then the bottles were incubateshderanaerobic conditiaat 42°C

for fermentation.

When the kveik yeast starts fermenting C6 sugars from molasses into ethanol, it produces CO
gas. The molar ratio of C@nd ethanol is the same. This gas will create pressure to push the
syringe upwardThe production ofCO; volume wasassessed by reading the syringe satle
certaintime intervas. The bottlesvereshaken randomly to disperse reducing sugars and yeast
beads. The fermentation was run forhdirs. After 43 hours, CQ@eneration ceasednd 1.5

ml samples wereemovedor glucose and ethanahalysis, named peftrmentation samples.
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Figure 15. Syringe piston reactors at the
initiation of fermentation to produce bioethanol
by yeastalginate beads from spruce wood
molasses.

Left bottle : EC200 enzyme treated ; Right Bottle: No
enzyme treatment. Syringe piston was evaluated the

production of CQ. (n=1)

Figure 16: Syring piston reactors at the
initiation of fermentation during
bioethanol production by yeaatginate
Beads from birch wood molasses.

Left bottle : EC200 enzyme treated ; Right
Bottle: No enzyme treatment. Syringe piston
was evaluated the production of £Qh=1)

Figure 17: Volumetric measurement of 2% -Ca
Alginate Ebbegarden kveik yeast beads before adding

them to fermentation bottle.
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4.3.2 Birch Molasses- Hydrolysis and fermentation with yeast-alginate
beads

The birchmolasses wassed directlyas a fermentation mediur@7 ml of molasses solution,
having a 10% dry material content, was taken into two separate 250ml bottles.h®ince t
sample had a pH of 3.1the pH was adjusted to 6.which allowed the enzyme to work
efficiently. Before proceeding with the hydrolysis treatmerit,5 ml sample wasemoved to
determine the glucose and ethanol concentrafo2% (v/iw) dosagg200ul) of the enzyme
EC200 was used for the hydrolysis, corresponding to hemicellulase activity of 3.2kU/g DS.
The enzymewas addedo one bottleand the othefcontrol) wastreated withoutheenzyme.

Both bottleswere incubagdin a water bath at 58C for 3 hours. Following incubation, the
bottles wereheatedat 85°C for 15 minutes t&topthe enzymatic hydrolysisAfter that, both

bottles were cooled to room temperature.

After hydrolysis, 1.5 ml of the sample wessnoved fronboth bottles for HPLC analysis. The

pH wasthenre-adjusted to 4.3 a critical factor for yeast fermentatiob2.5 ml of 0.1M
Succinate and 500 pl of yeast vitamin were added tambGinal reaction volume for
fermentation in both bottles, treated and untreated withenzyme.Ten milliliters of
Ebbegardehkveik yeast alginate beads were added to each bottle in a 1:5 ratio to fermentation
reaction volumeA silicon stopper with a 100 nslyringe pista wasinsertednto the openings

of the bottles They wee thenincubated at 42°@nderanaerobic conditia) as shown in
Figure 16 The CQ volume was measured atparticulartime interval. The bottlesvere
shaken randomly to disperse reducing sugars and yeast beads. The fermentation was run for
43 hours. After 43 hours, GQ@eneration cease@nd 1.5ml samples wereemovedfor
glucose and ethanol conteartalysis
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4.3.3 Fermentation of Cellin R1 hydrolysates bysuspendedyeast cells

Cellin hydrolysates were fermented in triplicate2%®ml bottles(n=3). The reaction volume

of 50ml consisted o25 ml of Cellin R1-hydrolysate and 2611 of yeast extract (16/L), and
peptone (2@/L). In this experiment50 pl (0.1% (v/v))of Ebbegarden yeast inoculum was
inoculatedto the bottlesThe bottle openings wetghtly covered with aluminum failThe
reaction bottles were placed inrecipracaing shaker at 150 rpm for 24 hours rabm
temperature foyeast cell propagatiorAfter the propagation of cells, a syringe piston was
inserted into the opening to credte anaerobic condition for fermentation. Théme bottles
were incubated at £Z for 48 hours. The CQrolume was measured at a certain time interval.
The bottlesvereshaken randomly to disperse reducing sugars and yeast ino&dnnples

of 1.5 ml werecollected beforand after fermentation for glucose and ethamallysis

4.3.4 Fermentation of Cellin R1 hydrolysates by immobilized yeasbeads

The fermentation of cellihydrolysate Rivas carried out in triplicate in 250ml bottigs=3).
Eachbottle contained 50ml of reaction volume, including 2% of R1-cellin hydrolysates
sample ad 2.5 ml of 0.1M CaClpH 4.3, 12.5 ml of 0.1Muccinate pH 4.3, 500 pl of 100x
Yeast vitamin Solutiomnd9.5 ml of distilled water for fermentation by immobilized beads
Ten milliliters of immobilized yeasalginatebeads were added to the bottle in a 1:5 ratio with
the fermentation media volumaA.silicon stopper with a 100 ml syringe piston was inserted
into the openings of the bottles. They were then inculdatet8 hoursat 42°C under anaerobic
conditions The CQ volume was measured at a certain time intefivgjure B). The bottles
wereshaken randomly to disperse reducing sugars and yeast Baaagsles of 1.5 ml were

collected before and after fermentation for glucose and ethanol analysis.










































































































































