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Abstract

There is a rapidly growing market for renewable substitutes to fossil-based fuels and chemicals
due to increased awareness of global warming and political efforts to reduce emissions. Sekab E-
technology AB develops and licenses technologies for bioethanol production from forest residues,
converting various sugar types found in cellulose and hemicellulose into ethanol using the yeast
Saccharomyces cerevisiae. Beyond their native pathways for utilization of glucose and other hex-
ose monomers, strains used at Sekab have been engineered with a pathway for xylose metabolism.

Co-fermentation of glucose and xylose results in a higher yield of ethanol, but productivity is ex-
ceedingly reduced if xylose fermentation is allowed to proceed until depletion. Extensive attempts
to increase flux through the xylose pathway using metabolic engineering have been reported, but
investigations of the impact of process-related parameters on co-fermentation are scarce. At Sekab,
recent experiments have indicated that externally added ethanol may have a different effect on the
fermentative rate of xylose compared to glucose in co-fermenting cultures on hydrolysate. This
thesis aimed towards further investigating how external addition of ethanol influences the rate of
fermentation in glucose and xylose co-fermenting batch cultures in defined media. In the present
study, the fermentation rate decreased by 22 % during glucose consumption and increased by 25
% during xylose consumption when 20 gL~! ethanol was added to co-fermenting cultures. Max-
imum xylose consumption rate appeared independent of both glucose concentration and ethanol
addition, although the timing of xylose consumption onset was highly dependent on both. No dif-
ference in allocation of carbon between growth and ethanol formation was observed. As such, the
effect of ethanol could not be attributed to prolonged glucose availability nor to increased growth
during the glucose consuming phase.

Co-fermenting batch cultures were also simulated computationally based on a combination of pre-
viously suggested kinetic models. A comparison of model-predicted behaviour with experimental
data indicated that glucose kinetics cannot describe all aspects of xylose metabolism, in particular
when glucose levels are low. Nevertheless, Sekab’s continuous fermentation regime was simu-
lated using the existing models. While further modification of the model is needed for accurate
representation of co-fermentation, feed-rate control based on measurements of refractive index
(RI) appeared to be an efficient control system for continuous fermentation. The simulation also
constituted a proof-of-concept that, when further developed, will provide demonstrative value for
costumer-adapted in silico test runs. Overall, results presented in this report highlight the lack of
knowledge about glucose and xylose co-fermentation dynamics and the need for further research.
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1 Introduction

During the past century, emissions of greenhouse gases (GHGs) have increased globally at an
alarming rate. In particular, the level of carbon dioxide in the atmosphere has increased dras-
tically, from 315 ppm in 1958 to the current level of 414 ppm (2021) [1]]. As reported by the
Intergovernmental Panel on Climate Change (IPCC) [2]], GHGs impact both human and natural
systems in every continent and across biomes by interfering with the climate system. Projected
risks for humanity include scarcity of fresh water and food access, more frequent and severe occur-
rences of extreme weather, displacement of populations, irreversible regime shifts in ecosystems
and floodings of entire areas due to rising sea levels. To mitigate such catastrophic effects, a com-
bination of actions towards climate adaptation and an abrupt reduction of carbon release into the
atmosphere are necessary.

Carbon dioxide is released by humans and other heterotrophs as part of their central metabolism,
as well as in several other natural biological processes. However, the main contributor towards
increasing levels of carbon dioxide is global combustion of fossil fuels. The main source of emis-
sions is the global energy sector, representing 73.2 % of global GHG emissions (Figure |1)).
Within this sector, energy use in industry, buildings and transportation account for the majority
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Figure 1: Emission of greenhouse gases globally by sector. Data adapted from Our world in data: CO2 and Green-
house Gas Emissions .

In order to reduce emissions from the transportation sector, the Swedish government introduced
the Swedish greenhouse gas reduction mandate in 2018. With obligations on fuel producers to
reduce their fossil emissions by a certain fraction each year (Figure[2)), the goal of the mandate is
to contribute towards achieving a 70 % reduction of GHG emissions by 2030 compared to 2010
[4]. This will inevitably generate a rapidly increasing demand for, among others, gasoline miscible
biofuels such as ethanol.
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Figure 2: Yearly requirement of greenhouse gas emission reduction according to the Swedish greenhouse gas reduction
mandate. Data adapted from SFS 2021 [E]]

By definition, biofuels are "any fuel that is derived from biomass" [6]. When bio-based ethanol
blended with gasoline was first introduced when prices on oil went up in the 1920s, the predomi-
nant source of biomass was corn. However, as the issue of competition with food supply emerged,
biofuels based on forest and agricultural residues eventually became more widely used and are
today referred to as 2""¢ generation biofuels . Sweden holds great potential for this type of fuels,
being the world’s 5" largest exporter of pulp, paper and timber . Furthermore, almost 70 % of
the Swedish land area is covered in forest [9] and the amount of forest biomass has been steadily
increasing during the past century, despite an expanding forest industry . In Ornskoldsvik,
ethanol production dates all the way back to 1909 and has since then characterized the area and
promoted infrastructural development. Today, lignocellulose from wood is refined into everything
from chemicals like ethanol and acetaldehyde to paper and textiles. Sekab (Svensk Etanol Kemi
AB) was founded by actors within this sector in 1985 and soon thereafter became the first ethanol
fuel producer for buses (E85) in Europe. Starting in 1997, Sekab split into Sekab Chemicals and
Biofuels and Sekab E-Technology AB. The aim of the latter was to develop a forest-based ethanol
production pilot plant, and since its foundation Sekab E-Technology AB has licensed several ad-
vanced technical solutions for lignocellulosic bioethanol production [L1]].

Lignocellulose is the main component in wood and consists predominantly of cellulose, hemi-
cellulose and lignin. Cellulose consists of glucose monomers linked in a strictly organized way,
providing strength and stability to the wood structure. Hemicellulose is composed of a mix of dif-
ferent sugar monomers including xylose, mannose, arabinose and galactose. These are arranged in
a branched network that stretches around the cellulose fibers. Finally, lignin is a complex polymer
of interconnected aromatic rings, making the cellulose resistant to enzymatic degradation. Ethanol
is produced through fermentation of the various sugar types found in cellulose and hemicellulose.
The sugar composition largely depends on the tree species (Table [I)), as well as other properties
such as the age of the tree. Glucose is the dominant sugar monomer in all wood species as it con-
stitutes the building block of cellulose, while the others are present in various degrees. Softwood
typically has higher galactose, mannose and arabinose content, while xylose is present in larger
amounts in hardwood. The ratio between cellulose, hemicellulose and lignin also varies between
wood species [12].



Wood species \ Glucose \ Galactose \ Mannose \ Xylose \ Arabinose
Hardwood (%) | 39-52 0-2 1.8-3.6 | 15-26 0.3-0.8
Softwood (%) | 42-46 1-4.7 7.4-12 | 2.8-10 | 0.5-2.7

Table 1: Percent of sugar monomers in oven-dry wood from hardwood versus softwood. Data adapted from RC
Pettersen 1984 [12| page 115-116].

Bioethanol is commonly produced through fermentation by the yeast Saccharomyces cerevisiae,
which converts several sugar types into ethanol with high productivity [13]. Due to the complex
structure of lignocellulose described above, wood must however be processed prior to fermentation
to make the sugar accessible. Consequently, bioethanol production form lignocellulose requires at
least four key process steps; pretreatment, enzmatic hydrolysis, fermentation and distillation [[14].
Although there are several different methods available for each step [15], only the specific meth-
ods implemented in Sekab’s process are described below (Figure [3) [16]. During pre-treatment,
sulphuric acid or sulphur dioxide and steam at 170-200 °C are added, breaking the cellulose and
hemicellulose structures through a process called steam explosion. Next, enzymes are added to
hydrolyze the cellulose and hemicellulose into their sugar constituents. Fermentation can either be
performed after hydrolysis (Separate hydrolysis and fermentation, SHF) or simultaneously with
hydrolysis (Simultaneous sacchrification and fermentation, SSF). Either way, yeast is added to
convert sugar into ethanol and carbon dioxide. After fermentation, yeast cells are separated from
the liquid and a fraction is recirculated back to the fermentation tank. Finally, ethanol is separated
from fermentation byproducts and water through distillation. Lignin is separated in a centrifuge
either before fermentation or after distillation and can be used in other applications [[16].
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Figure 3: Process steps in the conversion of lignocellulose into pure ethanol. Hydrolysis and fermentation can be
performed separately or simultaneously, and lignin is separated from the media either before fermentation or after
distillation. A fraction of cells are recirculated back to the fermentation tank.

Fermentation using either SHF or SSF may advantageously be performed in continuous mode,
yielding a higher volumetric productivity, less use of chemicals, a superior process stability and
reduced requirement of microbe propagation [[17]] [18]. However, continuous fermentation comes
with a number of challenges constraining ethanol yield and productivity metrics in the long run.
Firstly, imperfect sterilization procedures and abundantly available sugars render a high risk of
contamination [ 18], resulting in lower yields as sugar is consumed by non-ethanol producing con-
taminants. Secondly, maintaining a stable process requires that the flow rate is controlled so that
an optimal amount of sugar is fed in proportion to the amount of yeast being washed out. Due to
occasionally large fluctuations of sugar composition and concentrations in the feed, the optimal



flow rate changes over time, putting demands on online measurements as input for flow rate con-
trol. Another parameter that must be controlled is the proportion of cells to be recirculated back
into the tank. Finally, yeasts prefer some sugar types over others and some are therefore consumed
earlier and faster. This results in a trade-off where a faster flow rate renders higher productivity
but lower yield due to incomplete fermentation of some sugar types. Xylose is a typical example
of this effect, being fermented after glucose exhaustion and at a lower rate [[19].

In the current process at Sekab, xylose is usually not fully fermented as productivity is prioritized
at the expense of final yield. However, recent and not yet published research at Sekab has showed
that ethanol can have a positive effect on fermentation rate during the latter phase of fermentation,
when pentoses such as xylose are fermented. While ethanol-spiked microbial cultures grow and
ferment at lower rates during the glucose-consuming phase, they appear to gradually catch up with
cultures without ethanol during the latter phase of fermentation. This effect was demonstrated
both in lab-scale batch cultures and pilot scale continuous fermentations, and has the potential
of yielding an increased ethanol productivity during pentose consumption. However, neither the
biological mechanisms responsible nor the specific conditions required for the phenomenon to
occur have been identified. As such, further investigation of the effect is crucial for practical
implementation.

1.1 Scope

The primary question investigated in this study was why fermentative rate increases during the
latter phase of glucose and xylose co-fermenting batch cultures when moderate levels of ethanol
are added. For this purpose, the following research questions were addressed:

1. Can the effect of ethanol on fermentative rate of xylose be demonstrated in defined media?
2. Is the presence of glucose a decisive factor for fermentative rate of xylose?
3. If glucose presence is not a decisive factor, what other factors may have a significant impact?

4. Can the observed effect be used to increase ethanol productivity during xylose fermentation
in a continuous fermentation regime?

The purpose of question (1) was to determine whether the effect is an intrinsic property of yeast
occurring due to mechanisms in its generic metabolism, or if it is due to the specific environment
created in lignocellulose-based ethanol production. If the effect can be demonstrated in defined
media, numerous possible causing agents such as inhibitory compounds and other by-products
of lignocellulosic processing can be ruled out. Question (2) addresses a first hypothesis about
why this effect occurs. As will be described in greater detail, glucose influences xylose uptake
and could be a mediating component of the impact of ethanol on xylose fermentation. The third
question allows for discussion of alternative hypotheses to be investigated, possibly addressing
xylose concentration, biomass concentration and timing of ethanol addition. Finally, building on
the results of previous questions, the fourth question addresses how results from this study can
provide value for industrial scale fermentations.



1.2 Aim

The aim of this thesis was to evaluate how externally added ethanol influence the rate of xylose
consumption, ethanol formation and growth of Saccharomyces cerevisiae during glucose and xy-
lose co-fermentation.

1.3 Limitations

In order to isolate fundamental cellular mechanisms related to xylose fermentation in presence of
ethanol, the scope of this project was limited in several aspects. Firstly, the molecular complexity
of lignocellulosic hydrolysates renders a diverse environment for studies of fermentation. To re-
duce the number of variables that potentially influence rates of growth and fermentation, a defined
media with only essential substrates was used throughout the investigation. As such, the impact
of inhibitory compounds, acids of various types and sugar monomers beyond glucose and xylose
were not addressed. Secondly, ethanol can be produced using a range of different microbial facto-
ries, including fungi, bacteria and algae. However, various strains of S. cerevisiae are commonly
preferred due to their many favorable traits. Several such strains have been evaluated at Sekab, but
the continuous fermentation technology has been shown to be strain independent. For the scope of
this project, one commercially available xylose-fermenting strain was chosen, excluding any other
microbial factories. Lastly, results deemed useful from this study will be implemented in Sekab’s
continuous fermentation technology, but experimental work was performed in small scale batch
cultures due to technical constraints and for sake of simplicity. Effects in continuous fermentation
regimes were only investigated through computational modelling.



2 Background

Behind the conversion of sugar into ethanol lie complex biological mechanisms developed through
millions of years of evolution. Optimizing and controlling industrial fermentation processes can
be greatly facilitated by understanding mechanisms on microscopical level such as metabolic path-
ways and their regulation. This section addresses relevant concepts of carbon metabolism in yeast,
metabolic engineering behind xylose utilization and regulatory mechanisms coordinating carbon
utilization. Previously suggested kinetic models of glucose and xylose co-fermentation are subse-
quently reviewed, and finally the technical design of a continuous fermentation process developed
and demonstrated in the Biorefinery Demo Plant in Ornskoldsvik is described.

2.1 Carbon metabolism

Carbon consumed by cells can be allocated towards different end products depending on environ-
mental circumstances. Energy is needed for survival and growth, and can be obtained through
respiration, fermentation, or a combination thereof. In anaerobic conditions, fermentation is the
preferred option for energy generation. However, in aerobic conditions cells can moderate their
metabolism between various activities, among them respiration and fermentation. Energy-wise it
is preferable for the cell to perform respiration, yielding approximately 18 ATP units in contrast
to 2 ATP units during fermentation in S.cerevisiae [20]. Nevertheless, S. cerevisiae display di-
auxic growth in aerobic batch cultures where fermentation is preferred during the initial phase,
followed by respiration towards the latter phase [21, Chapter 2]. This is known as the Crabtree
effect: yeasts prefer fermentation over respiration at high glucose levels despite a reduced yield of
energy [22]. Pfeiffer and Morley 2014 [20] review two theories attempting to explain the Crabtree
effect from an evolutionary perspective; the make-accumulate-consume strategy (MAC) and the
rate/yield trade-off hypothesis (RYT). MAC suggests that aerobic fermentation provides a com-
petitive advantage as ethanol is toxic to most organisms and cannot be consumed by most other
microorganisms. The RYT theory suggests that, when it comes to ATP, productivity constitutes a
stronger incentive than yield. Thus, while aerobic fermentation is less efficient than respiration,
ATP is produced faster providing an advantage for the yeast [20]. The actual evolutionary cause
of the Crabtree effect is a controversial subject, but as pointed out by the authors, both RYT and
MAC provide incentives to perform fermentation aerobically. When glucose is less abundant, it
makes more sense for the cells to maintain a high yield of ATP per glucose unit, suggesting an
explanation to why respiration kicks in.

2.2 Xylose assimilating pathways

Wild-type S. cerevisiae holds endogenous genetic sequences for xylose assimilation, theoretically
enabling an oxidoreductive xylose utilization pathway. However, flux through this pathway does
not occur at measurable levels [23]. Instead, S. cerevisiae strains used in industrial fermenta-
tion processes have been engineered with exogenous pathways from microorganisms including
Pichia stipitis [24] and Piromyces [25]]. Such pathways allow for the conversion of xylose into
D-xylulose-5P, which can enter the pentose phosphate pathway (PPP) (Figure ). These fungi
employ different strategies for assimilating xylose, the former using a xylose reductase (XR) and



xylitol dehydrogenase (XDH) and the latter using a xylose isomerase (XI). XR converts xylose into
D-xylitol, which is converted into D-xylulose by XDH. XI circumvents the xylitol step by directly
converting xylose into D-xylulose. In both pathways, D-xylulose is subsequently phosphorylated
into D-xylulose-5-P by the endogeneous enzyme xylulose kinase (XK) [26].

Xylose — ;> D-xylulose xk ~ D-xylulose-5P > PPP

Figure 4: Schematic illustration of two metabolic pathways for xylose that have been introduced in S. cerevisiae.
XR: xylose reductase, XDH: Xylitol dehydrogenase, XI: xylose isomerase, XK: xylulose kinase. PPP: Pentose Phos-
phate Pathway.

Despite extensive attempts using metabolic engineering, engineered strains consume xylose at
significantly lower rates than glucose. Two possible explanations to slow xylose consumption
dominate in previous reports. The first addresses effects on the redox balance of the cell, impacted
by xylose fermentation as both enzymes in the P. stipitis pathway are cofactor dependent. XR
utilizes primarily NADPH (although NADH can be used as well but at a lower affinity) [27], a
cofactor produced in the PPP that plays a key role in biosynthetic pathways. XDH uses NAD+
when catalyzing the conversion of D-xylitol into D-xylulose. As S. cerevisiae lacks the enzyme
to transfer protons between NADH and NADPH [28]], xylose metabolism becomes a redox imbal-
anced reaction requiring regeneration of both NADPH and NAD+ through other pathways. This
imbalance results in secretion of excess xylitol and a reduced yield of ethanol. The XI pathway,
on the other hand, is not subject to this explanation as it is co-factor independent.

Xylose uptake is generally considered the rate limiting step in xylose metabolism [29] and con-
stitutes another explanation to slow xylose metabolism. The group of proteins involved in sugar
uptake include 17 hexose permeases (hxt) that allow for transportation of D-glucose, D-mannose
and D-fructose across the cell wall using facilitated diffusion. There is also gal2, a transporter
specific for galactose, and two glucose sensing proteins, snf3 and rgt2 [30]. Uptake of pentoses
through hxt proteins occurs, but their overall affinity for xylose is very low compared to glucose.
Attempts have therefore been made to introduce other pentose transport systems using metabolic
engineering [31]], but unfortunately the proteins constituting the highly efficient pentose transport
system in P. stipitis have not yet been identified and isolated [27]]. Attempts to increase xylose
uptake by introducing a transporter protein from Candida intermedia have been made [32], but to
the author’s knowledge there is still no commercial strain in which an exogenous xylose transport
system has been successfully demonstrated.

2.3 Regulatory mechanisms

Beyond the issue of glucose preference in native sugar transport proteins, efficient xylose fermen-
tation is likely limited by complex regulatory mechanisms. These have been developed throughout
evolution and optimized for the sugar monomers most commonly consumed. Consequently, cells
display a dynamic transcriptional behaviour in response to changing extracellular sugar concen-
trations. For example, a comparison of transcription profiles between S. cerevisiae expressing
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the XR/XDH pathway from P. stipitis growing on glucose versus xylose revealed that genes re-
lated to NADH regeneration were upregulated in xylose cultures, as well as some genes related
to glucose starvation [33]. The same research group later observed reduced expression levels of
central metabolic pathways including the glyoxylate cycle, TCA cycle and respiratory genes, but
increased abundance of glycolytic enzymes [34].

Responses to extracellular and intracellular glucose levels are coordinated by two glucose-sensing
proteins, snf3 and rgt2 [35]]. These are structurally similar to hexose transporters but incapable of
performing sugar transportation themselves. Snf3 is activated when glucose approaches exhaus-
tion, promoting the expression of high affinity hexose transporters and allowing for genes involved
in alternative carbon source utilization to be expressed. When glucose is abundant, Snf3 is inactive
and prevents utilization of alternative carbon sources. High levels of glucose also activates rgt2,
promoting expression of low affinity hexose transporters. When glucose is absent, neither rgt2 nor
snf3 are active and both high and low affinity transporters are repressed [35]. Notably, there has
been some evidence that snf3 induce expression of some HXT genes in the presence of xylose and
that xylose can alter the conformation of both rgt2 and snf3 [36].

Saloheimo et al. 2007 [31]] found that a S. cerevisiae strain with HXT1-HXT7 and GAL2 deletions
(hxt null), expressing only one of HXT1, HXT2, HXT4, HXT7 or GAL2 individually, could grow
on xylose but observed an extended lag phase (five to ten days depending on which transporter
was used) for all cultures except the GAL2 strain. The lag phase was shortest in the strain ex-
pressing HXT1, followed by HXT7. Further investigation of the same transporters was performed
by Goncalves et al. 2014 [29] who analyzed the impact of individual hexose transporters on xy-
lose fermentation instead of growth. The hxt null strain expressing HX7'1 did not ferment xylose
at significant rates when given as sole carbon source, but allowed for maximum ethanol produc-
tion during co-fermentation with glucose. This observation is in agreement with the regulations
described in Table [2] suggesting that glucose is required to induce the expression of HX71. How-
ever, Goncalves et al. 2014 ended the fermentations after approximately 80 hours. At this point,
only approximately 50 % of the added xylose had been consumed in the co-fermenting culture.
Furthermore, with xylose as sole carbon source, 80 hours is too short for the delayed initiation of
xylose consumption observed by Saloheimo et al. 2007 to occur. Table [2] summarizes the affinity
and regulation of each hxt protein according to Horak 2013 [30]].

Gene Glucose affinity | Regulation

HXTI Low Induced by high concentrations of glucose.

HXT?2 Moderate Induced by low concentrations of glucose

HXT3 Low Weakly dependent on glucose concentration.

HXT4 Moderate Induced by low concentration of glucose.

HXTS5 Moderate Regulated by growth rate (Maximum uptake at slow growth)
HXT6 High Induced by low concentration of glucose

HXT7 High Induced by low concentration of glucose

HXTS8-17 - Poorly defined, normally silent

Table 2: Summary of hexose transporter glucose affinity and regulation, all data adapted from Horak 2013 [30].



2.4 Modelling co-fermentation

Biological reactions are often described through Michaelis Menten (MM) kinetics, relating reac-
tion rate v with substrate concentration /S] based on a maximum reaction rate V,,,,, and a substrate
saturation constant K,,,. MM Kkinetics are defined based on two fundamental assumptions: the
steady state approximation (as suggested by Briggs and Haldane [37]]) and the free ligand approx-
imation [38]. In the steady-state approximation, the concentration of substrate-enzyme complex
and the concentration of free enzymes are assumed to be constant. The free ligand approximation
states that the concentration of free substrate is much higher than the concentration of enzyme-
bound substrate, implying that the rate of the backwards reaction from substrate-enzyme complex
to free substrate and enzyme is negligible in relation to the rate of product formation from the
substrate-enzyme complex [38]. As such, the general MM equation assumes that the reaction rate
is dependent exclusively on substrate concentration and that reactions are irreversible.

In order to describe the effects investigated in this project, additional dependencies represent-
ing substrate and product inhibition must be added to each kinetic expression. As reviewed by
Nosrate-Ghods et al. 2020 [39], numerous modifications of the Michaelis Menten equation have
been proposed to describe the inhibitory effect of ethanol on growth and the competitive inhibi-
tion of glucose on xylose uptake. Levenspiel et al. 1980 [40] proposed an equation for ethanol
inhibition on cell growth describing a parabolic relationship between ethanol and growth inhibi-
tion, according to equation (1). The equation was validated by Luong et al 1985 [41], who further
showed that it is also representative for ethanol inhibition on fermentation. While several other de-
pendencies (linear, exponential and hyperbolic) were considered, they concluded that the parabolic
equation can represent any of the mentioned dependencies by changing the value of a.

v:vmax*(l— £ ) 5 (D)

*
Emam KS + S

The impact of glucose on xylose uptake constitutes a more complex dependence. One mathemat-
ical representation has been proposed in a report by Taumala et al. 2016 [42], in which xylose
consumption is inhibited by high levels of glucose through an inhibition constant (K,;,,). Low
levels of glucose instead cause a phase shift, resulting in a reduced yield of ethanol on xylose
(equations (2)-(4)). The proposed model further includes an expression representing the lag phase
of a culture, the length of which is determined by an empirical constant tau. In the article by Tau-
mala et al, equation (4) was used to describe the formation of biomass and several byproducts such
as glycerol and acetate. The formation of ethanol and carbon dioxide, however, were determined
using a flux balance analysis (FBA).

[ _t
Qglu = —vmax] * #uglu * <1 — etau> (2)
2 s (1) 3)
X = vmax — etau
o K2+ (1+ 425



dp = _<q_qlu + q:rzyl) * Y;os (4)

Ypsl if glu > alpha

Yps2, if glu < alpha
As pointed out by Nosrati-Ghods et al. 2020 [39], the impact of substrate limitation, substrate
inhibition and product inihbition should be considered jointly. Among the 41 models presented
in the review, only one model fulfilled this criteria and described the organism in question [43]],
however it only investigated kinetics of glucose and fructose co-fermentation. As such, to my
knowledge no model has yet been proposed describing both substrate and product inhibition of
glucose and xylose co-fermentation in S. cerevisiae.

2.5 CoRyFee

CoRyFee (Cost reduction in Yeast Fermentation for Commercial Production of Cellulosic Ethanol)
is a recently developed continuous fermentation scheme developed by Sekab E-Technology AB
(Sweden) and Terranol A/S (Denmark). It was designed for the purpose of maximizing ethanol
productivity by monitoring sugar consumption and ethanol production in real-time [44]]. The feed
rate into a primary tank is continuously adjusted to maximize the rate of sugar consumption and
ethanol production [[18]]. When the primary tank working volume is full, an outflow into the first
holding tank is opened and set equal to the inflow in the primary tank (Figure [5). In media enter-
ing the holding tanks, most of the glucose has already been depleted and what remains are high
concentrations of xylose, ethanol and biomass. The purpose of these holding tanks is maximizing
the final yield of ethanol by allowing for complete fermentation of xylose. When the first holding
tank is full the outflow from the primary tank is redirected to the second holding tank while the
first holding tank is emptied and vice versa [/18]].

The refractive index (RI) of water (1.333 [45]]) increases linearly with increasing concentration
of sucrose [46] and this correlation is commonly used as a method of monitoring sugar content
[47]. Applications of this method in other industries include determination of sugar content in
horticultural products [48]], estimates of serum immunoglobin levels in newborn calves [49] and
characterization of honey from different bee-hive types [50]. In CoRyFee, this method is utilized
by adjusting the feed rate so that the instantaneous RI derivative is minimized in the primary tank,
maximizing ethanol production rate, while yield is maximized by allowing for ethanol production
during a longer time in the holding tanks. The slow response of RI, unlike other indicators of
fermentation progress such as carbon dioxide emission, yields a relatively stable signal suitable
for feed rate control.
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&2 Glucose

. Xylose

Primary tank Holding tanks

Figure 5: Schematic overview of the CoRyFee fermentation regime. The primary tank is run in fedbatch mode with
RI feed rate control until the volume is full, then the outflow is opened to the first holding tank. The holding tank is
also run in fedbatch mode, with the same feed rate as in the primary tank, until the volume is full.

3 Materials and methods

3.1 Inoculation and cultivation

Stock solutions of 200 gL~ D-glucose (VWR Chemicals, Ohio, USA) and 200 gL' D-xylose
(ITW reagents, Germany) were prepared by dissolving each component in demineralized water.
5x nutrient media with 33.5 gL ~! yeast nitrogen base (Beckton, Dickinson and Company, France),
yielding a final concentration of 6.7 gL ~! according to manufacturer’s recommendations, was also
prepared with 50 mM succinic acid (VWR Chemicals, Belgium) as pH buffer and pH was adjusted
to 5.5 through addition of 50 % potassium hydroxide (Merck, Germany). The composition of the
final media used is summarized in Supplementary materials. All solutions were sterilized through
autoclavation at 121 °C for 20 minutes. Dry cells of a proprietary xylose-fermenting strain of
S. cerevisiae were hydrated in sterile tap water for 20 minutes prior to inoculation. After hydra-
tion, cells were immediately inoculated in 100 mL cultivation flasks with 25 mL liquid volume.
Two replicates of each cultivation were used, one for measuring carbon dioxide loss and one for
sampling. Cultivation flasks were sealed with a rubber lid and punctured with a sterile needle for
carbon dioxide outflow. Cultures were incubated at 30 °C and 140 rpm shaking (LT-X incubator
shaker, Kuhner AG, Switzerland) for approximately 30 minutes prior to the first sampling, carbon
dioxide loss measurement and addition of absolute ethanol (VWR Chemicals, France). At the end
of each incubation, cells were inspected under microscopy to ensure that no bacterial contamina-
tion had occurred.

3.2 Metabolite analysis

Fermentations were monitored real-time using weight loss as an indicator of carbon dioxide re-
lease, measured at a precision of 1 mg (Sauter RE 1614 Precision balance, Kern, Germany).
Systematic errors due to evaporative weight loss were estimated, see Supplementary material.
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600 puL samples were regularly withdrawn using a syringe, filtered through 0.45 nm HPLC filters
(Econofltr PTFE 13 mm 0.45 um, Agilent Technologies, California, USA) and stored immediately
at -80 °C. Sample analysis was performed using two different modes of High Pressure Liquid
Chromatography (HPLC) (Dionex UltiMate 3000 Column Compartment, ThermoFisher Scien-
tific, USA. First column: Shodex SH1011, mobile phase: 5 mM sulphuric acid. Second column:
SP0810, mobile phase: milliQ water. Injection volume: 2 puL) with 1-isopropanol as internal stan-
dard. Concentrations of metabolites were determined by correlating chromatogram peak areas
with known concentrations in a standard solution that was run as first and last sample in each
analysis. Reference samples of xylitol (10 gL~!) and succinic acid (20 gL~') were prepared and
their respective elution retention times in the SPO810 column were determined as these were not
included in the standard solution. Biomass formation was investigated using three different meth-
ods. First, cell pellet weight was determined by centrifuging 1 mL culture in an Eppendorf tube at
13 000 rpm for two minutes, discarding the supernatant through pipetting, weighing the tube and
subtracting the weight of the empty tube. Second, absorbance was measured at 600 nm for sam-
ples diluted to fit the linear range of the spectrometer. Third, nitrogen assimilation was estimated
based on change in pH. pH was determined in three replicates before incubation and after glucose
had been depleted (approximately 5 hours after inoculation) as an estimate of ammonium sulphate
consumption, the nitrogen of which was assumed to only be used for protein production.

3.3 Determination of cell viability

Investigation of cell viability was performed by MoRe Research (Ornskoldsvik, Sweden). Cell
viability was estimated both among the hydrated dry cells used at inoculation, as well as among
overnight cultivated cells exposed to 14, 28 or 60 gL' ethanol. Cultures were prepared with 2
gL~ dry cells, 50 gL' glucose and nutrient media (1x), then incubated overnight at 30°C and
140 rpm. After incubation, the cell dry weight was estimated in three replicates by centrifuging 1
mL culture for 2 minutes at 13 500 rpm, discarding the supernatant and weighing the cell pellet.
The original culture was aliquoted into 1 mL samples and centrifuged with the same settings.
The supernatant was discarded and the cells resuspended in 1 mL sterile tap water. Four additional
samples were prepared with 25 gL ~! freshly hydrated cells as reference. Samples were kept on ice
throughout remaining preocedure. For microscopy, three replicates were prepared of each sample.
0, 13, 28 or 60 gL~ ethanol was added to the overnight incubated samples and O or 28 gL~!
ethanol was added to the freshly hydrated cells 10 minutes before analysis. Chlorine was added
to a regular Baker’s yeast sample as control. For each replicate, a droplet of cell suspension was
transferred to a glass slide and stained with 0.1 % methylene blue. Excess liquid was removed and
the remaining was covered with a cover glass. Each slide was investigated using a light microscope
in regular and phase contrast mode.

3.4 Experimental overview

Table [3] summarizes which cultivations were run throughout this project. Three levels of glucose,
xylose and ethanol were used in different combinations. When xylose was used as sole carbon
source, two datasets (hour 1 to 10 and hour 15 to 25) were merged because an increased amount
of fermentation time was required to reach xylose depletion. In one experiment, the ethanol was
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added after five hours instead of from the begnning.

Cells | Glucose | Xylose | Ethanol | Replicates | Time Notes
(gL™N | (gL | L™ | (gL™ (n) (h)

25 25 25 0, 20 2 10 hours -

25 25 0 0, 20 1 10 hours -

25 0 25 0, 20 2 25 hours Merged data

25 25 50 0, 20, 40 1 10 hours -

25 25 50 0, 20, 40 1 10 hours | Delayed etOH addition
25 10 50 0 1 10 hours -

Table 3: Overview of experimental design. Merged data: data from two separate experiments were merged into one
plot for practical reasons (hour O to 10 and hour 15 to 25 are two different cultures). Delayed etOH addition: ethanol
was added when glucose was estimated to be depleted (after 5 hours of incubation)

3.5 Model formulation

A simple kinetic model of glucose and xylose fermentation is illustrated in Figure[] where q1, g2,
g3 and g4 are rate expressions for glucose uptake, xylose uptake, ethanol formation and growth,
respectively. All variables included in the model, except biomass, are measurable using HPLC.

o Biomass
A g3

Glucose —ql

Xylose 92 ™ Ethanol

Figure 6: Fermentation model for S. cerevisiae glucose and xylose co-fermentation.

No previously proposed kinetic model was found that simultaneously describe both glucose inhi-
bition on xylose uptake and ethanol inhibition on metabolic activity. Additionally, the expected
inhibitory effect of ethanol on xylose fermentation has been poorly investigated. Due to the lack
of comprehensive and validated models, a combination of previously suggested kinetic models
was used throughout this study. Importantly, the formulation of a kinetic model including all in-
hibitory relationships of interest requires further investigations than what is covered in this study,
and the model should therefore not be considered generally valid. Equation (1) was combined with
equations (2) and (3) to form a model including both substrate and product inhibition, resulting in
equation (5) and (6). A phase shift occurring when glucose drops below a limit value alpha was
included that results in a changed ethanol yield on sugar (equation (8)), according to a previously
presented model. Unlike previously presented models, the biomass yield was set to be the differ-
ence in theoretical yield and actual yield of ethanol (equation (9)). The biomass yield is in the
unit grams biomass per grams glucose based on the average molar mass of yeast My;pmqss = 26.09
g/C-mol [51]]. The ethanol and biomass yields were assumed to be equal for glucose and xylose.
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dt dt dt

Yesl if glu > alpha

Yes = ) (8)
Yes2, if glu < alpha

}/:ES = (YZJQI - }/;s)/MetOH * 2% Mbiomass (9)

Simulations of batch mode fermentations were performed in Matlab v. 9.10.0 (R2021a) (Math-
works, Natick, MA, USA) by solving the initial value problem using the odel5s function. Result-
ing concentrations of glucose, xylose and ethanol were plotted against time.

3.6 Model parameter estimation

HPLC data of glucose, xylose and ethanol concentrations (gL ') were imported from Microsoft
Excel (2019) into MatLab. Time data were converted from minutes to hours and n.a. values were
set to zero for all data sets. Initial concentrations for the model were defined as the first measure-
ments in the experimental data and initial parameter values were chosen arbitrarily. The MatLab
function fminsearch was used to minimize the sum of squares of the difference between experi-
mental and simulated data by varying parameter values with a maximum number of evaluations
set to 5 000. Resulting parameter values are presented in Supplementary material. Coefficients
of determination (r?) for the modelled and experimental data were calculated using the corrcoef
function.

3.7 CoRyFee simulation

The simulation code was modified to represent the CoRyFee technology applied in a continuous
fermentation regime. A for loop was designed where each iteration represents a measurement by
the RI monitor (see code below). The initial value problem was solved between each measurement,
and the concentrations of glucose, xylose, ethanol and biomass after each iteration were saved in a
sampling vector. The RI value at a specific ethanol concentration was extracted from a randomly
generated exponential curve correlating ethanol concentration and RI. The derivative of RI (dRI)
was calculated as the difference between the latest and the antecedent RI value. If the current dRI
was smaller than the previous dRI, then the change in flowrate had a positive impact and an equally
large change was made in the same direction. If on the other hand the current dRI was larger, the
flowrate was reset to its previous value and the direction of change inverted. In the simulation,
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a primary tank (10 L) was first run in fed-batch mode with an initial biomass concentration of 5
gL~!. The feed rate was controlled based on RI to maximize ethanol production. When the tank
volume was full, an outflow was opened and set as inflow into one of the holding tanks (5L). The
initial volume of each tank was set to 10 % of its full volume.

for k = 2:(200%20) % Sampling every third minute for 200 hours
RI(k) = r(E(k)) % Withdraw RI value at current ethanol level
dRI (k) = RI(k) - RI(k-1) % Calculate dRI (k)

if dRI (k) <= dRI(k-1) % If the new dRI is smaller than or
equal to the previous one

flowrate (k+1l) = flowrate(k) + C % Change the flowrate

in the same direction

else % Otherwise
flowrate (k+1l) = flowrate (k) % Reset to previous flowrate
C = Cx(-1) % Change the flowrate in the opposite

direction next time
end
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4 Results

4.1 Experimental results

A commercially available strain of xylose fermenting yeast was inoculated with glucose, xylose
or a combination of both and was allowed to ferment for approximately 10 hours. Below, the
fermentation rate based on CO- loss and consumption profiles of sugar are presented when glucose
and xylose are co-fermented and when xylose is used as sole carbon source. Maximum specific
sugar consumption rates, ethanol yields and glycerol yields using the different carbon sources
are summarized. Finally, an estimation of cell viability and biomass formation during glucose
consumption is presented.

4.1.1 Glucose and xylose co-fermentation

Two replicates were inoculated in defined media with 25 g ~! cells and an equal concentration of
glucose and xylose (25 gL ~'). The fermentative rates were monitored based on weight loss, which
was assumed to correlate with carbon dioxide formation and thus to fermentative rate. Figure
shows the average ethanol concentration (A) and weight loss (B) of cultures with 0 or 20 gL !
added ethanol. During the first six hours, the culture with added ethanol ferments slower than the
culture without added ethanol. After six hours, deviations were too large to observe a difference.
Weight loss data rendered smoother curves than HPLC-based ethanol data.

A Ethanol formation B o CO2 release
o= — o o
[aV] wn
a o
I 2 E
o w o Added ethanol:
] (3]
5 g, o = 0glL
a E - —— 20g/L
w ]
mn — g 8 B
2 | | | | S e | | T |
0 2 4 6 8 10 0 2 4 6 8 10
Time (hours) Time (hours)

Figure 7: Average eEthanol formation and carbon dioxide release with O or 20 g/L initially added ethanol estimated
based on two replicates of glucose and xylose co-fermenting cultures.

Sugar consumption was monitored during fermentation through regular sampling and HPLC anal-
ysis. Initially, glucose was consumed almost exclusively and at a slower rate in the cultures with
added ethanol (Figure [§JA). Although large deviations between replicates were observed in this
data as well, maximum rates of xylose consumption appeared similar regardless of ethanol addi-
tion, but were delayed in the cultures with added ethanol (Figure 8B).
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Figure 8: Average concentration of glucose (A) and xylose (B) over time in two biological replicates of co-fermenting
cultures with and without addition of 20 g/L ethanol.

4.1.2 Xylose as sole carbon source

Cultures were incubated in two biological replicates during 24 hours with xylose as the only avail-
able substrate (Figure [9). Initially, no difference between cultures with and without ethanol was
observed. After a lag phase of approximately 15 hours an exponential phase began, although the
time of onset differed both between the cultures with and without ethanol, as well as between the
two replicates.
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Figure 9: Xylose consumption (A), ethanol formation (B) carbon dioxide release (C) in two biological replicates when
only xylose is provided as carbon source.

4.1.3 Carbon consumption rates and ethanol yields

Maximum specific consumption rates (g g[)lcw L~1) and balanced ethanol yields (the amount of
formed product divided by the difference between initially added substrate and remaining substrate
at the end) of glucose and xylose fermented individually and together are summarized in Table
The maximum rate of glucose consumption, when given as sole carbon source, was reduced by on
average 16.5 % when ethanol was added. No difference in consumption rate was observed when
ethanol was added to a culture given xylose as sole carbon source. In co-fermenting cultures, a
decrease in glucose consumption rate was observed (22 %) while the xylose consumption rate
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increased by on average 33 %. With xylose as sole carbon source, yields of ethanol were above
theoretical maximum (0.51). In co-fermenting cultures, lower yields of ethanol were observed
compared to when xylose was consumed as sole carbon source. The ethanol yield was reduced
when ethanol was added to the co-fermenting culture, but remained almost the same when ethanol
was added to a culture with glucose as sole carbon source.

Glucose | Xylose | Ethanol | Max. glucose rate | Max. xylose rate | Yield ethanol
@gpewl'h™) | @gpewl W) | (gg™)
+ - - 0.25 0.41
+ - + 0.21 0.42
- + - 0.09 (0.02) 0.53 (0.01)
- + + 0.10 (0.01) 0.57 (0.12)
+ + - 0.22 (0.01) 0.08 (0.01) 0.45 (0.03)
+ + + 0.17 (0.01) 0.11 (0.01) 0.35(0.01)

Table 4: Maximum specific sugar consumption rates and ethanol yields of glucose and xylose fermented individually
or simultaneously with or without ethanol added initially (mean (standard error)). "-" indicates absence and "+"
indicates presence of compound (25 gL~" for glucose and xylose, 20 gL~" for ethanol). All samples have equal
amounts of nutrients and 25 gL ! biomass.

4.1.4 Addition of ethanol after glucose depletion

The concentration of xylose was doubled to 50 gL~ and cultures were spiked with ethanol ini-
tially and after glucose depletion (dashed line) (Figure [I0). Specific fermentative rates during
xylose consumption were similar with and without addition of 20 g/L ethanol (0.944 and 0.945
gg L™, respectively) when added initially (Figure ). When ethanol was added after glucose
depletion, however, a decrease in specific fermentative rate was observed in the xylose-consuming
phase (0.713 gg—*L~1) (Figure[L0B). The fermentative rate was reduced even more when 40 gL !
ethanol was added.
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Figure 10: Carbon dioxide release estimated based on average weight loss for cultures with 25 gL~ glucose, 50 gL'
xylose and 0, 20 or 40 gL ! ethanol added initially (A) or after glucose depletion (B). Dashed lines mark glucose
depletion.
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4.1.5 Biomass formation

Biomass formation was investigated using several methods, but conclusive results were obtained
only from the method of measuring assimilated nitrogen. As shown in Table [5] a higher final pH
was observed when 20 gL~ ! ethanol was added initially, indicating a reduced nitrogen assimilation
and thus suppression of growth.

Initial ethanol | 0 min | 300 min
0gL! 5.60 4.01

20 gL~} 561 | 4.24

Table 5: pH of fermentations before incubation and after 5 hours, when glucose is assumed to be depleted.

pH values were used to calculate the amount of protons released and thus the amount of nitrogen
assimilated into biomass (see Supplementary material). Calculations were based on the assump-
tions that each nitrogen atom is bound to four protons, one proton is bound by the sulphate ion
upon release and that 8 % of total yeast biomass consists of nitrogen. The absolute amount of
formed biomass based on nitrogen assimilation was found negligibly low, 126.7 and 73 mg for O
and 20 gL~! added ethanol, respectively. This difference could be caused by a varying amount of
viable cells between the cultures.

4.1.6 Cell viability after ethanol addition

Dry cells hydrated for 30 minutes (Figure [I1)) and overnight cultivated cells (Figure [I2)) were
stained and studied in microscope to investigate whether ethanol had an impact on cell viability.
Blue cells are metabolically inactive and assumed to be non-viable. Among the hydrated cells,
an estimated 70 % of the cells were found viable but significantly smaller in size compared to
cultivated cells. An estimated 5-10 % cells were dead among the overnight cultivated cells. Living
cells were large and most of them were in the state of mitosis, indicating a healthy population. No
difference in quotient of dead cells was observed when 14 or 28 gL~ ethanol was added, neither
after 10 nor 30 minutes. When 60 gL~! ethanol was added, the quotient of dead cells increased
to approximately 30 % (data not shown). Chlorine was added to regular baker’s yeast as control,
displaying an essentially 100 % cell death within the first 2 minutes of exposure (data not shown).
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A - B -
Figure 11: Recently hydrated cells stained with methylene blue 10 minutes prior to the time of the picture. A: No
added ethanol, B: 28 gL_1 added ethanol.

A - B -
Figure 12: Overnight cultivated cells stained with methylene blue 10 minutes prior to the time of the picture. A: No
added ethanol, B: 28 gL‘1 added ethanol.

4.2 Computational results

A simple model including glucose, xylose, ethanol and biomass as variables was suggested, al-
though the kinetic expressions need further verification. Kinetic parameters were optimized to fit
experimental batch data for fermentations with two different xylose levels. First, the model pro-
posed by Taumala et al. 2016 was optimized to data from fermentations without added ethanol.
Second, the model suggested in section 3.5 was optimized to data from fermentations that also in-
cluded four different ethanol levels (0, 10, 20 and 40 gL~!). Optimized parameter values for both
models are presented in Supplementary materials. Finally, the suggested model was implemented
in a CoRyFee simulation with an RI based feed-rate control algorithm.

4.2.1 Model fit without ethanol addition

Two independent fermentation datasets without ethanol addition were fitted to the model proposed
by Taumala et al. 2016 (Figure , with 25 gL~ ! inoculated biomass and sugar concentrations
according to the figure. Average coefficients of determination (R?) describing how well the simu-
lated data fit the experimental data were 0.997, 0.982 and 0.995 for glucose, xylose and ethanol,
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respectively. This model assumed different ethanol yields depending on whether the glucose con-
centration was larger or smaller than a limit value alpha, and these were predicted to be 0.379 g/g

and 0.467 g/g before and after glucose exhaustion, respectively (see Supplementary materials).
These correspond to 74 % and 92 % of theoretical maximum.

Glucose
g 25 g/L glucose, 25 g/L xylose
o
520
£
o 10
(]
0
0 5 10
Time (h)
Glucose

S 25 g/L glucose, 50 g/L xylose

Conc (g/L)

40

“ \

0 =4
0 5 10

Time (h)

biomass.

Conc {g/L)

Xylose
g 25 g/L glucose, 25 g/L xylose
= o
52 5
] o) %]
c c1
3® 0 8
o D
0
1] 5 10
Time (h)
Xylose

Ethanol

25 g/L glucose, 25 g/L xylose

]
(=]

=

=

25 g/L glucose, 50 g/L xylose

o 10
Time (h)

Ethanol

25 g/L glucose, 50 g/L xylose
60 0 g/Lg g Y
9 i
e 20
40 b
(0] ]
& 10
Q
20 D 0d
0 5 10 0 5 10
Time (h) Time (h)

Figure 13: Kinetic model fitted to experimental data with 25 gL~"' glucose, 25 or 50 gL~' xylose and 25 gL'

A dataset with reduced initial glucose concentration (10 gL ~!) and increased inoculated biomass
concentration (50 gL 1) was used for validation (Figure . The model performed well in predict-
ing behaviour during glucose fermentation, but a pause in fermentation during xylose consumption

(hour 5 to hour 7) occurred in the experimental data that was not predicted by the model. R? values
were determined to 0.953, 0.959 and 0.951.
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Figure 14: Comparison of model-predicted behaviour to dataset at which the model has not been trained on.

4.2.2 Model with ethanol-induced inhibition

The ethanol inhibition factor suggested by Levenspiel et al. 1980 was added to the glucose and
xylose kinetic expressions and experimental data with 20 gL ~! and 40 gL' added ethanol were
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included when fitting the model. This resulted in R? values of 0.993, 0.931 and 0.976 for glucose,
xylose and ethanol, respectively. The model performs well in simulating glucose fermentation but
poorly in predicting xylose fermentation (Figure [I3])). The ethanol yields were similar as in the
model without ethanol inhibition (0.372 and 0.436 g/g)). 86 gL' was predicted to be the ethanol
concentration limit beyond which no metabolic activity occurs (E,,qz)-
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Figure 15: Kinetic model fitted to experimental data with different levels of ethanol added initially.

4.2.3 Modelling CoRyFee

The model was implemented in a continuous simulation code representing the CoRyFee technol-
ogy (Figure [I6). Fluctuations of sugar concentrations in the feed were simulated by randomly
extracting values from a normal distribution with ;¢ = 25 and varying o values. A steady value of
RI was maintained by the algorithm when ¢ < 5. Fermentation in the primary tank was first run in
fed-batch mode, during which ethanol and biomass concentrations increased exponentially. When
the reactor was filled (10 L), an outflow equal to the inflow was opened into a holding tank and
the primary tank entered a continuous mode. Once the primary tank had entered continuous mode,
glucose and xylose levels were maintained close to depletion. Ethanol and biomass eventually set
at concentrations of approximately 10 gL ~! and 4 gL}, respectively, and a minimum value of RI

was found to be ~0.24. Average feed rate during the continuous fermentation in the primary tank
was determined to 0.1128 Lh~*.
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Figure 16: Simulation of CoRyFee with fluctuating glucose and xylose feed concentrations with u =25 and o = 5.

The model was found highly sensitive to changes in parameter values. In particular, RI sampling
and flowrate adjustment frequencies had a large influence on the behaviour of the algorithm. In
the simulation presented, sampling was set to occur every 20 minutes. If sampling frequency was
reduced, the feed rate would gradually decrease and set at a very low rate. Increased sampling
frequency resulted in large fluctuations in the flow rate and irregular patterns of concentrations.
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5 Discussion

The task requested by Sekab was to investigate how external addition of ethanol impacts fermen-
tative rate during glucose and xylose co-fermentation. Their interest in ethanol originate from a
recently observed technical effect that fermentation of lignocellulosic hydrolysates speeds up to-
wards the end if ethanol has been added initially. Below follows a discussion addressing different
theories about how xylose metabolism is affected by glucose and ethanol during co-fermentation,
as well as an evaluation of performance of the CoRyFee simulation and suggested future improve-
ments.

5.1 Investigation of cellular mechanisms

Fermentation progress was monitored on-line through estimation of carbon dioxide release. The
gradual weight loss of cultivations was assumed proportional to the fermentative rate as a result of
carbon dioxide being formed during ethanol formation and released through the sampling syringe.
This method has previously been demonstrated to agree well with HPLC data [52]. To further
confirm the validity of this method, an estimation of the evaporative impact was performed (see
Supplementary material). Curves rendered from weight loss data were generally smoother than
HPLC-based ethanol data, however large deviations between replicates were observed with both
methods (Figure [7). This inconsistency made it difficult to draw conclusions from the available
data, and more experiments are needed in order to demonstrate that ethanol added initially has
a positive effect on xylose fermentation rate. Nevertheless, within each individual experiment
the maximum fermentative rate during xylose fermentation was similar with and without ethanol,
while the maximum fermentative rate of glucose was consistently lower in the culture with 20 g/L
ethanol compared to the one without ethanol (Table [

High cell density cultivations allow for a shorter fermentation time and higher volumetric produc-
tivity [53]]. Therefore, a higher initial biomass concentration (25 gL ~') compared to similar reports
([31] [29] [26]) was used in this study. However, this caused complications in measuring biomass
concentration. Cell density measurements were made by weighing cell pellet obtained through
centrifugation of 1 mL culture and removal of the supernatant by pipetting, but deviations between
repeated measurements were too large to identify differences between biological samples. Mea-
surements of absorbance at ODg, rendered the same issue, likely because the cells sedimented too
quickly in the original culture and the drawn sample was therefore not representative. The final
method used, correlating pH decrease to growth based on protons released from ammonia during
nitrogen assimilation, rendered statistically significant results but indicated that growth occurred
at a negligible rate (section 4.1.5). If that is the case, it could explain why no difference could be
observed in the dry cell pellet weight measurements. Consequently, growth was not monitored in
remaining experiments. An investigation of cell viability at inoculation was however performed by
staining recently hydrated cells with methylene-blue. It became evident that, among the dry cells
inoculated, only 70 % were viable (Figure[I1)). Consequently, initial biomass concentrations were
17-18 gL~ rather than 25 gL' and maximum specific sugar consumption rates were consistently
underestimated. However, as consumption rates were only evaluated relative to experiments with
the same systematic error, this did not have an impact on any conclusions drawn from this data.
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5.1.1 Increased xylose fermentation rate in co-cultures with added ethanol

The increased fermentative rate during xylose consumption that Sekab observed when adding
ethanol could not be proven in defined media with the currently used method due to large devia-
tions between replicates. When ethanol was added, cultures consumed glucose at a lower specific
rate (on average 0.171 compared to 0.219 g g~ *L~!) and started fermenting xylose later (Figure .
However, the maximum xylose consumption rate was found higher on average in the cultures with
added ethanol (on average 0.109 compared to 0.082 g g~'L~!). At a higher xylose concentration
(50 gL™1), xylose consumption rate was similar with and without ethanol addition (Figure ).

5.1.2 Impact of prolonged glucose availability on xylose transportation kinetics

Xylose uptake is known to be highly dependent on glucose abundance, both because glucose reg-
ulates the expression of HXT genes and because glucose and xylose compete for interaction with
hxt proteins. Generally, hxt proteins have a higher affinity for glucose than xylose, resulting in
a competitive imbalance and negligible uptake of xylose at high glucose concentrations. Expres-
sion of different HXT genes with varying glucose and xylose affinities is also highly dependent
on glucose levels: high-affinity Axt proteins have been demonstrated repressed at high glucose
levels as well as when glucose is absent. Xylose uptake is therefore expected to be optimal at low
but non-zero levels of glucose. A hypothesis explaining the increased rate of xylose fermenta-
tion in ethanol-spiked cultures could be that glucose fermentation is inhibited, prolonging glucose
availability at low concentrations. Assuming some delay in HX7T down-regulation due to glucose
depletion, this hypothesis could explain the behaviour observed in Figure [8l However, at 50 gL !
xylose the fermentation rate remained constant long after glucose was depleted. Additionally, a
similar maximum xylose consumption rate was eventually observed when xylose was given as
sole carbon source. Thus, repression of high-affinity HXT genes due to absence of glucose does
not seem to cause a reduction in maximum xylose consumption rate, and prolonged glucose avail-
ability is therefore an implausible explanation to the increased fermentative rate observed when
ethanol is added.

5.1.3 Delay of xylose fermentation

A ~15 hour delay of xylose consumption onset was observed when xylose was given as sole
carbon source (Figure [D]A). A similar behaviour was observed by Saloheimo et al. 2007 [31],
although lasting for several days. This difference may be due to the highly different initial biomass
concentrations used, 25 gL' in the present study compared to an OD of 0.2 or 1 in the study by
Saloheimo et al. 2007. Assuming a correlation found in literature between optical density and
dry weight (1 ODggp = 0.62 gCDW/L [54])), the initial biomass concentration used presently was
40x or 200x higher compared to the initial biomass concentration used by Saloheimo et al. 2007.
Furthermore, when Golcalves et al. 2014 [29] studied xylose transportation and HXT regulation
no delayed xylose consumption was observed. This was probably because their experiments were
based on a time frame of 70 hours, the time at which cultures are still expected to be in an
elongated lag phase with the initial O Dgoo used (1.1 + 0.4). An explanation to this delay could
be lack of xylose catabolite sensing. When glucose is present, transportation mechanisms and
glycolytic pathways are activated through the sensing by rgt2 and snf3 [55]] and subsequently
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utilized for xylose metabolism. In absence of glucose, such activation likely does not occur and
xylose metabolism proceeds at a slow rate. After a certain amount of time (15 hours), however,
the cells start consuming xylose at the same rate as when glucose had been present, possibly due
to some slow adaptation of snf3 and rgt2.

5.1.4 Carbon allocation between ethanol and growth

Another hypothesis was that addition of ethanol influences carbon allocation between ethanol and
growth. Table [4| shows that the ethanol yield was ~80 % of theoretical maximum when glucose
was given as sole carbon source, but roughly equal to theoretical maximum (slightly overesti-
mated) for xylose fermentation. During glucose and xylose co-fermentation with added ethanol,
an ethanol yield of only 69 % of theoretical maximum was obtained, indicating that carbon must
have been partially allocated elsewhere. One such carbon-consuming process is growth, requiring
carbon both for biomass formation and, if under anaerobic conditions, glycerol formation. How-
ever, estimations of biomass formation from nitrogen assimilation indicated that growth occurred
at a negligible rate during glucose consumption. The hypothesis that growth is the explanation to
the ethanol effect was therefore deemed implausible. Another possible cause of reduced ethanol
yields when external ethanol is added is the formation of other metabolic byproducts. HPLC chro-
matograms were therefore scavenged for organic acids, xylitol or other unknown components.
Some acetic acid was identified in most samples, but at insufficient levels to have a significant
impact on overall carbon allocation. No other components beyond those added to the cultivation
media were identified. A third explanation is that more ethanol had evaporated in the experiments
with lower ethanol yields, however the investigation of evaporative impact presented in Supple-
mentary materials does not support this explanation.

5.1.5 Nutrient starvation

Adding ethanol may result in reduced utilization of nutrients during the glucose consuming phase
due to inhibition, hence more nutrients would be left for the xylose consuming phase leading to
increased growth rate. However, this theory was also ruled out as a very low amount of nitrogen
was assimilated compared to the amount added («1 gL~! compared to 6.7 gL ™).

5.1.6 The temporary inhibition theory

Surprisingly, ethanol caused a reduced xylose fermentation rate when it was added after glucose
depletion (Figure [TOB). This could suggest that ethanol has a temporary negative effect on cells
regardless of when it is added and what type of carbon source happens to be consumed at that
time point. Ethanol is known to be toxic to cells and strains used in industrial fermentations have
therefore been selected for high ethanol tolerance. When the ethanol level surrounding the cells
gradually increase as a result of fermentation, there is time for the cells to adapt to the increased
toxicity. However, a sudden increase in ethanol likely constitute a shock to the cells and the culture
may require some time to recover and adapt. Cultures to which ethanol was added initially may
consequently be better adapted for high ethanol concentrations compared to those without initial
ethanol addition, which could explain their increased fermentative rate towards the end. At the
ethanol levels investigated, however, a correlation between added ethanol and reduced cell viability
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measured using methylene-blue could not be demonstrated. Further investigation is needed before
this hypothesis can be confirmed or discarded.

5.1.7 Kinetic modelling reveal insufficient understanding of ethanol-induced xylose fer-
mentation behaviour

Fermentations were performed in silico using differential equations describing how concentrations
of glucose, xylose, ethanol and biomass change over time. The model proposed by Taumala et al.
2016 could well represent experimental data when glucose and xylose were co-fermented with 25
gL' inoculated biomass and without addition of external ethanol (Figure . Adding an ethanol
inhibition factor adapted from the model proposed first by Levenspiel et al. 1980 rendered an
accurate simulation of ethanol inhibition on glucose fermentation, but did not fit as good with the
xylose data (Figure R? =0.931 for xylose compared to R? = 0.993 for glucose). Increasing the
maximum number of iterations for solving the ODE did not significantly impact the results.

In the present study, biomass yields were set to be the difference between theoretical maximum
and observed yield of ethanol. This deviation from previously suggested models was made in order
to circumvent the lack of consistent biomass measurement data. However, biomass yield is likely
highly dependent on biomass concentration and possibly other environmental factors. The model
is therefore inapplicable on fermentations with, for example, lower inoculated biomass concentra-
tion. Furthermore, neither of the models was able to predict the rate of xylose fermentation in the
validation dataset (Figure , which had a higher initial biomass concentration (50 gL~ ') and a
lower glucose concentration (10 gL~ !). In this setting, a temporary decrease in xylose fermenta-
tion rate occurred after 5 hours. This behaviour has been reported previously [31], although in an
hxt null strain engineered with only one HXT gene and over a longer timespan than what is pre-
sented here. Moreover, when xylose was given as sole carbon source an approximately 15 hours
long delay of xylose fermentation occurred. Neither of these observations was predicted by the
models. A way to account for the latter could be by introducing separate lag phase constants for
glucose and xylose. However, widely different lengths of the xylose lag phase were observed in
this report compared to Saloheimo et al. 2007 and Goncalves et al. 2014. The lag phase constant
for xylose is therefore expected to be highly dependent on other factors such as glucose concen-
tration and inoculated biomass concentration. Until a correlation is proposed between the time it
takes for xylose consumption to enter an exponential phase and other fermentation conditions, it
will not be possible to model this effect with the currently used method.

5.2 Simulating CoRyFee

An algorithm implementing RI-based feed rate control of a continuous CoRyFee fermentation
regime was successfully designed using the model with ethanol-induced inhibition. The algorithm
managed to maintain a steady process despite random variations in glucose and xylose concen-
trations in the feed (1 = 25,0 = 5) (Figure [[6), demonstrating that RI measurement is a robust
method for feed rate control. However, the model also indicated that a second holding tank for
xylose consumption would be unnecessary, as maximum ethanol production was obtained while
both glucose and xylose were depleted. In real CoRyFee simulations, however, RI-based flow
rate control results in a non-zero xylose concentration in the outflow of the primary tank, thus
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the need for a holding tank. In order to simulate this, a drastic decrease in xylose consumption
rate (either by increasing K2 or decreasing v,,,,2) would be required. As such, it is likely that
xylose consumption in real CoRyFee settings progresses slower than what is observed in the batch
cultures performed in this study. This could be due to numerous factors. Firstly, hydrolysates
provide a very complex environment for the cells with several available carbon sources, inhibitory
compounds and possibly contaminating agents that must be taken into account. Secondly, a ki-
netic model optimized for batch cultures may not be directly transferable to continuous regimes.
To adjust for this, parameter re-optimization could be performed on data from a continuous setup.
Finally, the kinetic model used is relatively simple and several improvements are required for an
accurate representation of relevant conditions. The currently used model assumes two different
metabolic states; high glucose levels (glu > alpha) result in an ethanol yield of 0.372, and low
glucose levels (glu < alpha) result in an ethanol yield of 0.436. Remaining carbon is assumed
to be allocated towards growth, occurring to a larger extent at high glucose levels according to
the model. This is probably the reason why the flow rate is very low (0.1128 Lh~!) during the
continuous phase: the low biomass yield results in wash-out of cells if the flow rate is increased.
Another possible explanation to the low flow rate chosen by the model could be that the randomly
generated exponential relationship between ethanol concentration and refractive index is in reality
not exponential. Obviously, this type of relationships must be experimentally determined in each
specific media for the model to be accurate.

5.3 Future prospects

Experimental and computational analyses of xylose fermentation show that more research on
C5/C6 fermenting strains is needed in order to understand the dynamic behaviour of glucose and
xylose co-fermentation. In particular, the impact of ethanol on co-fermentation has barely been
studied despite influencing several central metabolic pathways [[56]]. An investigation of transcrip-
tional effects in cultures spiked with ethanol, before and after glucose consumption, would be of
specific interest as this could indicate whether the effect of ethanol is related to transportation ki-
netics, central glycolytic pathways or general metabolic activity. Until further understanding of
co-fermentation kinetics is revealed, there are however alternative methods available for increas-
ing the rate of xylose fermentation. One approach could be to reduce the bottleneck of xylose
uptake by increasing expression of hexose transporters that promote xylose uptake through repro-
gramming of gene transcription on a genomic scale. Using a method called global Transcription
Machinery Engineering (¢TME), mutations in the TATA-binding domain (SP15) of RNA poly-
merase II transcription factor D can be induced in order to modulate promoter specificity [57].
Random mutagenesis of SP15 and a selective method such as adaptive laboratory evolution can be
combined to obtain strains with favourable phenotypes such as increased xylose transmembrane
transportation, without the requirement of prior knowledge about which genes should be targeted.

Modelling biological systems is a powerful tool to predict and understand complex microbial
behaviour [58]. While physical demonstrations of fermentation technologies are expensive and
time-consuming to perform, in silico fermentations can easily be adapted to costumer prerequi-
sites without neither economical nor extensive time investments. Such simulations also hold great
demonstrative value as variables are illustrated over time in each tank, providing information that is
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easily grasped. Furthermore, in combination with existing expert integration systems for industrial
fermentation plants [59]], models of fermentation could be used to create an autonomous system
that adjusts flowrate and biomass recirculation according to the current state of the fermentation.

Models presented in this report were constrained to a few external variables that are easily mea-
sured and to data extracted from batch cultures. There is great potential of improvement if data
from continuous fermentations with hydrolysate as substrate are included in parameter optimiza-
tion. Further development of kinetic expressions is also suggested as a future work, for example
including a more dynamic differential equation for biomass and individual ethanol and biomass
yields for glucose and xylose.

6 Conclusions

The increased fermentative rate of xylose observed by Sekab when ethanol was added initially
could not be demonstrated in defined media with 20 gL' ethanol and equal amounts of glucose
and xylose due to large deviations in replicates. However, each individual experiment showed a
reduced fermentation rate during glucose consumption and an equal or increased fermentative rate
during xylose consumption when 20 gL ~! ethanol was added initially. Furthermore, the maximum
rate of xylose consumption was found equally fast regardless of glucose availability, although a ~
15 hour delay in xylose consumption onset occurred when glucose was absent. This indicates that
the presence of glucose is not necessarily a decisive factor for xylose fermentation rate, but may
facilitate cellular adaptation to utilization of xylose. Similarly, adding ethanol caused a delay in
xylose consumption onset but did not reduce the maximum fermentative rate. The cellular mecha-
nisms behind increased fermentative rate during the latter phase of co-fermentation remain uncer-
tain, but findings presented in this report suggest that the effect of ethanol differs between glucose
and xylose fermentation. A knowledge gap in the interplay between xylose metabolism and other
fermentative substrates and products was highlighted, emphasizing the need for more in-depth
research within this field. Although current understanding of regulatory mechanisms of xylose
fermentation is insufficient to accurately model co-fermentations, a simulation of CoRyFee was
developed based on simpler kinetics. This simulation holds large potential for Sekab as CoRyFee
fermentations could be simulated with potential costumers’ own substrate composition as input
and be used to predict overall performance.
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Supplementary material

Error estimation of CO loss measurements

100 mL cultivation flasks with 25 mL water and varying ethanol concentrations were incubated in
30 °C with 140 rpm agitation during eight hours with regular weight measurements, as shown in
Figure The initial weight gain of the 20 gL~! ethanol sample is presumably due to the fast
evaporation of a liquid droplet spilled on the outside of the flask during preparation. To compensate
for this error when estimating mean weight loss and standard deviation, the second measurement
is used as initial weight. Since cultivation flasks were incubated for 30 minutes prior to addition
of ethanol and sampling, this error is not expected to occur in the experimental data.

Evaporative weight loss

80

40

Weight loss (mg)
20

Time (hours)

—5— 0g/LetOH —— 30 g/L etOH
—— 10 g/L etOH —— 40 g/L etOH
—£— 20 g/L etOH —— 50 g/L etOH

Figure S17: Estimation of evaporative weight loss. Cultivations with water and a range of ethanol concentrations were
inclubated for 8 hours and the weight loss was monitored.

The mean weight loss over 8 hours for all samples was determined to 2.49 mg, corresponding
to less than 1% of the total weight loss in the experiments presented in this study. The average
standard deviation between and within the samples was calculated to 7.59.



Calculation of nitrogen assimilation and biomass formation from proton re-
lease

Before incubation:

pH = 5.60
[H,..] = 107°°/0.75 = 3.3492 % 10~°mol /L
consumed] — = O. * - 'mo
[N, | = [H{,..]/4 = 83730 % 10~ "mol /L
10masSS| = |INVconsumed|/0-08 = 1. * 107 mo
Bi N, 0.08 = 1.0466 * 10 °mol /L
= 1.0466 * 107° % 319 = 3.339 x 10°g = 3.3mgL ™"

After 5 hours incubation, no added ethanol:
pH =4.01

] =10"*"/0.75 = 1.3030 * 10~ *mol /L
[Neonsumed] = [H 0] /4 = 3.2575 x 10~°mol /L

[HY,

free

[Biomass] = [Neonsumed) /0.08 = 4.0719 % 10~ *mol /L
= 4.0719 * 107* % 319 = 0.1300g = 130.0mgL ™"
[Abiomass] = 130.0 — 3.3 = 126.7mgL ™"

After 5 hours incubation, 20 gL ~! added ethanol:

pH = 4.24
[HY,..] = 107*21/0.75 = 7.6725 % 10~°mol /L
[Neonsumed) = [H},..]/4 = 1.9181 % 10™°mol / L

[Biomass] = [Neonsumed) /0.08 = 2.3978 % 10~ *mol /L
=2.3978 x 107* % 319 = 0.07649g = 76.5mgL !
[Abiomass] = 76.5 — 3.3 = 73.2mgL™"
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Computational model parameters
Without ethanol
Model based on Taumala et al. 2016

Parameter | Value Unit
Umaz,1 0.5821 ggilgil
Umaz,2 0.1473 gg_lg_l

K1 2.0057 gLt

K2 0.3988 gL™!
K, 1.4577 gL™!

tau 3.7610 h
Yesa 0.3791 | gg !
Vs 0.4665 | gg*
alpha 1.7282 | gLt

Table 6: Optimized parameter values for kinetic model without ethanol inhibition.

With inhibition
Model based on Luong et al. 1985

Parameter | Value Unit
Eros 85.7468 | gL~ !
tau 3.2706 h
alpha 2.3033 gL™!
K 0.2006 gL™!
a 1.2957 | No unit
Yesa 0.3715 gg?
Vs 0.4361 gg*
[— 0.6171 | gg~tg~!
K1 2.9270 gL™!
Umaaz,2 0.2310 | gg~tgt
K2 0.4600 gLt

Table 7: Optimized parameter values for kinetic model with ethanol inhibition.

il



Defined media composition

Component Concentration in media
Yeast Nitrogen Base w/o amino acids | 6.7 gL~}

Ammonium sulphate 59L7!

Succinic acid (pH buffering) 59 gL 1

KOH Added until pH =5.6
Glucose 25 gLt

Xylose 10,25 or 50 gL~ !
Ethanol 0, 10, 20 or 40 gL~ *

milliQ water

Fill up to final volume

Table S8: Components in fermentation media and corresponding amounts.
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