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Abstract: An economically viable production of second-generation bioethanol by recombinant
xylose-fermenting Saccharomyces cerevisiae requires higher xylose fermentation rates and improved
glucose–xylose co-consumption. Moreover, xylose-fermenting S. cerevisiae recognises xylose as a
non-fermentable rather than a fermentable carbon source, which might partly explain why xylose is
not fermented into ethanol as efficiently as glucose. This study proposes propagating S. cerevisiae on
non-fermentable carbon sources to enhance xylose metabolism during fermentation. When compared
to yeast grown on sucrose, cells propagated on a mix of ethanol and glycerol in shake flasks showed
up to 50% higher xylose utilisation rate (in a defined xylose medium) and a double maximum
fermentation rate, together with an improved C5/C6 co-consumption (on an industrial softwood
hydrolysate). Based on these results, an automated propagation protocol was developed, using a
fed-batch approach and the respiratory quotient to guide the ethanol and glycerol-containing feed.
This successfully produced 71.29 ± 0.91 g/L yeast with an average productivity of 1.03 ± 0.05 g/L/h.
These empirical findings provide the basis for the design of a simple, yet effective yeast production
strategy to be used in the second-generation bioethanol industry for increased fermentation efficiency.

Keywords: second-generation bioethanol; softwood hydrolysate; Saccharomyces cerevisiae; automated
propagation strategy; non-fermentable carbon sources; C5/C6 co-consumption; xylose

1. Introduction

The transportation sector accounts for 15% of the total greenhouse gas emissions [1]
and it relies heavily on fossil fuels, with petroleum products providing 94% of total energy
consumed in the sector in 2017 [2]. To address this issue, the Renewable Energy Directive
Recast set a target of renewables in the transportation sector of minimum 14% by 2030 [3].
Two important mitigation options have been identified in this sector, namely blended
biofuels and electricity from renewable sources [4]. However, even in the most optimistic
scenario, electric vehicles are predicted to make up a maximum 60% of the market share
in the next decade, leaving the transportation industry still heavily reliant on internal
combustion engines fuelled by gasoline [5]. In light of this scenario, advances in biofuel
production are of particular urgency, as they provide a smaller CO2 impact than petroleum
products and are compatible with the already existing fuel distribution infrastructure and
engines [6]. Bioethanol is the main biofuel used in current combustion engines world-
wide [7]. Currently, it is mainly produced from agricultural crops, such as sugar cane, sugar
beet, and corn [8]. These substrates are generally costly and compete with food supplies
and arable land allocation, thus raising ethical and sustainable development concerns [9].
As a consequence, over the past few decades, dedicated energy crops and agricultural
and forestry residues have gained interest as feedstock for bioethanol production, leading
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to the development of second-generation bioethanol [10]. However, the production of
second-generation bioethanol is even more challenging than that of first-generation ethanol
due to the complexity of the biomass sources used [11].

The production of second-generation bioethanol involves the fermentation of lignocel-
lulose derived C6 sugars, e.g., glucose, mannose, and C5 sugars, e.g., xylose, arabinose,
by specialised microorganisms [12]. The yeast Saccharomyces cerevisiae is often employed
due to its robustness, fermentation capacity and resistance to stress factors found in indus-
trial processes [13]. Wild-type S. cerevisiae strains are, however, not able to utilise xylose,
which is the second most abundant sugar found in lignocellulosic biomass [14]; therefore,
considerable efforts have been made to produce recombinant strains able to efficiently
ferment this sugar [15]. Despite extensive research, xylose consumption rates in the recom-
binant strains are still lower than those of C6 sugars, and its metabolisation into ethanol is
comparatively poor [16]. One important bottleneck in the development of efficient xylose-
fermenting strains is the co-consumption of C5 and C6 sugars, which is necessary in order
to reduce fermentation time and compete with existing industrial processes [17]. However,
xylose is usually consumed only following significant glucose depletion, mainly due to
the repressive effect of glucose on xylose uptake and metabolism [18,19]. It was observed
that the response induced by xylose does not resemble the one caused by the presence
of the fermentable carbon source glucose [20]. Rather, it induced several genes involved
in the metabolism of non-fermentable carbon sources, such as ethanol or glycerol [21].
This may, in fact, provide part of the explanation to the poor metabolisation of xylose into
ethanol [22].

In bioethanol production processes, a considerable amount of yeast, produced during
the propagation step, is required to inoculate the fermentation medium. The preferred
substrate for propagation is molasses, where the main sugar component is sucrose [23].
However, due to the Crabtree effect, which manifests in overflow metabolism and de-
creased biomass yields, efficient yeast propagation on molasses requires that the sucrose
concentration is kept below 0.1% (w/v) and the aeration rates are maintained at more than
1 vvm (volume of air per volume of medium per minute) [24]. Such strict monitoring
conditions become a challenge at industrial scale, where microorganisms are subjected to
fluctuations of substrate and oxygen concentrations, due to imperfect mixing [25]. To avoid
the Crabtree effect and obtain high biomass concentration and yield, aerobic fed-batch
systems with a concentrated feed stream are generally employed [26,27]. Another strategy
to avoid overflow metabolism is controlling the feed rate by the respiratory quotient (RQ),
defined as the ratio between the CO2 evolution rate and the oxygen uptake rate of the
culture. RQ values for the oxidation of any carbon source can be theoretically calculated
based on the reaction stoichiometry [28]. Different RQ values are obtained depending on
the utilised carbon source and the products formed [29]. When using molasses as substrate,
keeping the RQ to a value of 1 during the cultivation aims to maintain metabolism in a
state optimised for biomass formation [30]. During the propagation process, the RQ can
be calculated and recorded online, based on oxygen and CO2 content in the outlet gas,
measured by gas analysis [31].

Besides its role in the production of yeast biomass, the propagation process has also
recently been used to adapt S. cerevisiae to the fermentation medium. Yeast exposed to
lignocellulosic hydrolysates during propagation showed improved inhibitor tolerance,
higher ethanol yield and productivity, and improved xylose-fermenting capacity during
subsequent fermentation [32–35]. These traits were achieved by short-term adaptation,
where exposure to lignocellulosic inhibitors results in the induction of genes that express a
resistance phenotype [32,36]. However, the downside of this strategy is that the presence
of inhibitors in the propagation medium results in decreased biomass yields [32,37].

An alternative use of short-term adaptation through propagation is the substitution
of molasses with another carbon source. An interesting choice would be the use of a
non-fermentable carbon source, due to the similar metabolic response to xylose imposed on
xylose-fermenting S. cerevisiae [22]. Verstrepen and co-workers proposed combining sucrose
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with mannitol or sorbitol during propagation, in order to confer a better stress resistance
and a faster fermentation rate [38]. However, these two non-fermentable carbon sources
are unsuitable for industrial use due to their high costs [39]. A potential substrate could be
ethanol, which holds the substantial advantage of higher biomass yields for S. cerevisiae
(0.61 g/g) compared to sucrose (0.51 g/g) [40]. However, it is well-known that ethanol can
inhibit cell division and specific growth rates even at relatively low concentrations [41].
To counteract the stress imposed by ethanol, a compatible solute, such as glycerol, could be
added to the ethanol-containing medium [42].

Using ethanol and glycerol as substrates would offer some additional advantages
over traditional, sucrose-based propagations. These non-fermentable carbon sources do
not exert the Crabtree effect, which in turn avoids the need for strict substrate monitoring
strategies, which are inevitable in carbohydrate-based cultures [43]. Moreover, growth on
sucrose is known to decrease the stress resistance of yeast cells by triggering the activation
of the Ras/cAMP/PKA pathway [38,44]. This is an undesirable trait, since industrial
fermentations exert a wide range of stress factors on fermenting microorganisms [45], and
it could be avoided by using a propagation medium containing ethanol and glycerol.

The first objective of this applied study was to exploit the fact that xylose-fermenting
S. cerevisiae senses xylose as non-fermentable and aim to improve its xylose utilisation by
propagating it on two alternative non-fermentable carbon sources, ethanol and glycerol.
The commercial C5/C6-fermenting S. cerevisiae strain cV-110 was employed for this purpose,
which is proprietary to Terranol A/S. Following propagation on either ethanol and glycerol
or on sucrose, the yeast was subsequently used for fermentations in serum vials on glucose,
xylose, or glucose/xylose defined media, as well as batch fermentations on softwood
hydrolysate in controlled bioreactors. The sugar consumption rates, ethanol and by-
product yields were calculated. Based on the results obtained, the second objective of this
study was to develop a propagation protocol applying an automated feed control. This
was designed in fed-batch mode, using the RQ to control the feed and ethanol and glycerol
as substrate. To the authors’ knowledge, this is the first study addressing the automated
propagation of S. cerevisiae on these two substrates.

2. Materials and Methods
2.1. Yeast Strain and Maintenance

The industrial S. cerevisiae strain used in this study, cV-110, was kindly provided by
Terranol A/S, Copenhagen, Denmark. This strain is based on S. cerevisiae Meyen ex E.C.
Hansen strain, which has been genetically modified by the insertion of a gene encoding
a xylulokinase from Scheffersomyces stipitis (previously Pichia stipitis), Ps-Xks1, as well as
the genes LIMR (xylose 1-epimerase) and LlXI (xylose isomerase) from Lactococcus lactis,
all under the control of native S. cerevisiae promoters and terminators. Furthermore, three
S. cerevisiae genes were overexpressed in the genome of this strain: Rki1 (ribose-5-phosphate
isomerase), Tkl1 (transketolase), and Tal1 (transaldolase). The strain has also undergone
extensive evolutionary adaptation to optimise its C5/C6 co-fermentation capacity, the
tolerance towards inhibitors, and eliminate unwanted by-products [46,47]. The yeast
was stored at 4 ◦C on agar plates (20 g/L agar, 20 g/L peptone, 10 g/L yeast extract,
20 g/L ethanol, 20 g/L glycerol) and replated at least once a month from a 15% glycerol
stock stored at −80 ◦C.

2.2. Yeast Pre-Culture

cV-110 was propagated in baffled shake flasks on YP medium (10 g/L yeast ex-
tract, 20 g/L peptone, 1 g/L MgSO4·7 H2O, pH 5.5) containing either 50 g/L sucrose or
40 g/L ethanol and 10 g/L glycerol. The flasks were inoculated with yeast collected from
agar plates and incubated in an orbital shaker at 30 ◦C and 120 rpm. The cultivation time
varied between 18 and 48 h to ensure that cells were collected during the exponential
growth phase. Yeast propagated on sucrose is hereafter referred to as YPS cells, and yeast
propagated on ethanol and glycerol as YPEG cells.
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2.3. Fermentation on Defined Media

YPS or YPEG cells were inoculated into defined media, containing 3.08 g/L urea,
0.80 g/L KCl, 1.79 g/L diammonium phosphate, 0.60 g/L MgSO4·7 H2O, 50 mg/L ampi-
cillin, citrate buffer at pH 5.5 and either ~110 g/L glucose, 110 g/L xylose, or a combination
of 66 g/L glucose and 44 g/L xylose. Vitamins and trace elements were added according to
Verduyn et al. [48]: 15.00 mg/L EDTA, 4.50 mg/L ZnSO4·7 H2O, 1.00 mg/L MnSO4·H2O,
0.70 mg/L CoSO4·7 H2O, 0.30 mg/L CuSO4·5 H2O, 0.40 mg/L Na2MoO4·H2O, 4.50 mg/L
CaCl2·2 H2O, 3.00 mg/L FeSO4·7 H2O, 1.00 mg/L H3BO3, 0.10 mg/L KI. 4 g/L cell dry
weight (gDW/L) was used, and the cells were washed twice with sterile Milli-Q water
before inoculation. The experiments were carried out in triplicates in 60 mL serum vials
containing 10 mL medium, sealed with rubber stoppers, pierced with a needle to allow
CO2 escape, and incubated at 30 ◦C and 150 rpm. Weight loss was monitored at discrete
timepoints throughout the entire length of each experiment.

2.4. Fermentation on Hydrolysate

Batch cultivations were performed in 2 L Biostat B plus laboratory fermentors
(Sartorius Stedim Biotech, Goettingen, Germany), using a working volume of 0.67 L.
The softwood hydrolysate used as substrate was kindly provided by SEKAB E-technology
(Örnsköldsvik, Sweden). This was produced from spruce sawdust using an SO2 pretreat-
ment and contained approximately 52 g/L glucose, 15 g/L xylose, 38 g/L mannose, and
6 g/L acetic acid. The hydrolysate was inoculated with 4 gDW/L YPS or YPEG cells, which
were washed twice with sterile Milli-Q water before inoculation.

The hydrolysate was supplemented with nutrients, vitamins, and trace elements in
concentrations that can support maximum cell growth considering the concentration of
carbon provided. In order to calculate the growth requirements, the average nutrient con-
tent of yeast (w/w) was considered as 9.08% nitrogen, 2.10% potassium, 2.00% phosphorus,
0.39% sulphur, and 0.23% magnesium [24]. The concentration of each compound was
calculated as described in Equation (1). Due to the Crabtree effect, the biomass yield on
sugars was considered 0.1 g/g [49].

Compound (g/L) =
Nutrient content of yeast (%)·Carbon source (g/L) · Biomass yield (g/L)

Nutrient content of compound (%)
(1)

Accordingly, 3.08 g/L urea, 0.80 g/L KCl, 1.79 g/L diammonium phosphate,
0.60 g/L MgSO4·7 H2O, and 50 mg/L ampicillin were added. The vitamins and trace
elements were based on Verduyn et al. [48]: 15.00 mg/L EDTA, 4.50 mg/L ZnSO4·7 H2O,
1.00 mg/L MnSO4·H2O, 0.70 mg/L CoSO4·7 H2O, 0.30 mg/L CuSO4·5 H2O, 0.40 mg/L
Na2MoO4·H2O, 4.50 mg/L CaCl2·2 H2O, 3.00 mg/L FeSO4·7 H2O, 1.00 mg/L H3BO3,
0.10 mg/L KI.

The reactor was continuously sparged with 0.05 L/min nitrogen gas (Air Liquide, Taas-
trup, Denmark). The exhaust gas was diluted with 0.45 L/min compressed atmospheric air
and transported to an Innova 1316A-3 multi-gas monitor (LumaSense Technologies A/S,
Ballerup, Denmark) where the concentrations of CO2, ethanol, and oxygen were quantified.
The output data of the fermentation was monitored using the supervisory control and data
acquisition system Sartorius Multi Fermentor Control System MFCS/Win 3.0 (Sartorius
Stedim Biotech, Goettingen, Germany). The culture temperature was maintained at 30 ◦C,
the stirring at 250 rpm, and the pH at 5.5 using 6 M NaOH and 2 M H2SO4. For the
fermentations using YPEG and YPS cells, off-line samples were taken at different time-
points in order to cover the entire fermentation course. The reproducibility of the process
was ensured by following the CO2 off-gas pattern. All fermentations were performed
in duplicates.

2.5. Cell Propagation on Ethanol and Glycerol

The propagation was performed in fed-batch mode in a 2 L Biostat B plus laboratory
fermentor (Sartorius Stedim Biotech, Goettingen, Germany) and controlled by MFCS/Win.
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The propagation was initiated by the inoculation of 8 gDW/L YPS cells into 360 mL
batch medium, containing 8 g/L sucrose, 23.49 g/L urea, 6.12 g/L KCl, 13.64 g/L di-
ammonium phosphate, 4.58 g/L MgSO4·7 H2O, and 50 mg/L ampicillin. The vitamins
and trace elements were based on Verduyn et al. (1992): 75.00 mg/L EDTA, 22.50 mg/L
ZnSO4·7H2O, 5.00 mg/L MnSO4·H2O, 3.50 mg/L CoSO4·7 H2O, 1.50 mg/L CuSO4·5 H2O,
2.00 mg/L Na2MoO4·H2O, 22.50 mg/L CaCl2·2 H2O, 15.00 mg/L FeSO4·7 H2O, 5.00 mg/L
H3BO3, 0.50 mg/L KI. The concentration of each compound was calculated as described by
Equation (1), where the biomass yield on ethanol was considered 0.61 [49] and it was
assumed that no growth on glycerol would occur [25].

The reactor was sparged with sterile air at 1 vvm, and the exhaust gas was trans-
ported to an Innova 1316A-3 multi-gas monitor. The feed was controlled by the RQ value,
which was calculated using measured output data from the gas analyser according to
Equations (2)–(4).

OUR =
Fin

V
·
(

CO2,in −CO2,out·
CI,in

CI,out

)
(2)

CER =
Fin

V
·
(

CCO2,out·
CI,in

CI,out

)
(3)

RQ =
CER
OUR

(4)

where Fin represents the inlet gas flow (L/min); V volume of the fermentation broth (L);
CO2,in and CI,in concentrations of oxygen and inert gas in the inlet gas (mmol/L), respec-
tively; CO2,out, CCO2,out and CI,out concentrations of oxygen, CO2 and inert gas in the outlet
gas (mmol/L), respectively.

The RQ was maintained in the range of 0.22–0.69, and feed was pumped into the
reactor for 105 s when an RQ value outside of this range was registered, corresponding to a
total of 1.93 g ethanol and 0.48 g glycerol. The composition of the feed was similar to the
batch feed, except that 200 g/L ethanol and 50 g/L glycerol were used as carbon source
instead of sucrose. The oxygen partial pressure of the culture was continuously monitored
using a pO2 sensor (Hamilton VisiFerm DO ECS, Gräfelfing, Germany). The stirring
in the reactor was constant at 1600 rpm, the pH was adjusted to 5.5 using 6 M NaOH
and 2 M H2SO4, and the temperature was maintained at 30 ◦C. The propagations were
performed in duplicates.

2.6. Stoichiometry

The stoichiometric reactions of biomass production from ethanol, glycerol, or both
ethanol and glycerol were considered (Equations (5)–(7)) to derive the theoretical correlation
between biomass yield and RQ (Equations (8)–(10)). The molar fraction of ethanol and
glycerol in the feed was considered when both substrates were provided. The atomic
composition of biomass was set as C7H11NO3, with a molar weight of 157 g/mol, according
to Watteeuw et al. [50].

C2H6O + a O2 + b NH3 → c C7H11NO3 + d CO2 + e H2O (5)

C3H8O3 + a O2 + b NH3 → c C7H11NO3 + d CO2 + e H2O (6)

C2H6O + 0.125 C3H8O3 + a O2 + b NH3 → c C7H11NO3 + d CO2 + e H2O (7)

Ybiomass/ethanol (g/g) =
6 RQ− 4

15 RQ− 14
· Mbiomass

Methanol
(8)

Ybiomass/glycerol (g/g) =
7 RQ− 6

15 RQ− 14
· Mbiomass

Mglycerol
(9)

Ybiomass/ethanol + glycerol (g/g) =
6.875 RQ− 4.750

15 RQ− 14
· Mbiomass

Methanol + 0.125 Mglycerol
(10)
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where Mbiomass, Mglycerol, and Methanol represent the molar mass of biomass, glycerol, and
ethanol, respectively.

2.7. Analytical Methods

Samples for optical density and dry weight were analysed directly, while samples
for HPLC were kept at −20 ◦C before analysis. Cell growth was monitored by measuring
optical density at 600 nm using a spectrophotometer (Shimadzu UV-1800, Kyoto, Japan).
Dry weight was determined by washing the cells twice with distilled water and subse-
quently drying them in a HE73 moisture analyser (Mettler Toledo, Columbus, OH, USA)
at a temperature of 105 ◦C. During HPLC analysis, ethanol and glycerol were separated
with an HPX-87H ion-exchange column (Bio-Rad, Hercules, CA, USA) at a temperature of
60 ◦C, using a 4 mM H2SO4 mobile phase at a flow rate of 0.6 mL/min. Glucose, xylose,
and mannose were separated with an HPX-87P column (Bio-Rad, Hercules, CA, USA) at a
temperature of 70 ◦C, using Milli-Q water as mobile phase at a flow rate of 0.5 mL/min.
All compounds were quantified using a refractive index detector (RID-6A; Shimadzu,
Kyoto, Japan).

3. Results and Discussion
3.1. Fermentation on Defined Glucose/Xylose Media

The first objective of this study was to determine if propagating the S. cerevisiae
yeast strain cV-110 on non-fermentable carbon sources would improve subsequent xylose
fermentation. To achieve this, the yeast was propagated in shake-flasks in complex media
containing either sucrose or ethanol and glycerol as carbon source. Yeast propagated on
sucrose will be referred to as YPS cells, and yeast propagated on ethanol and glycerol as
YPEG cells.

The fermentation performance of YPS and YPEG cells was initially investigated on
defined media containing glucose, xylose, or a mixture of glucose and xylose. The vial
weight loss was monitored during the process. As such, the weight loss rate could be
calculated, which is indicative of the CO2 production rate and equivalent to the fermenta-
tion rate [51]. YPEG cells showed a 30% faster CO2 production rate in the glucose–xylose
medium compared to YPS cells, and a 50% faster rate in the xylose medium (Table 1).
No significant difference was observed between the two types of cells in the glucose
medium. The improved fermentation rates of YPEG cells in media containing xylose
might be explained by the yeast metabolic state upon inoculation. It has previously been
described how several genes, mostly involved in (i) glucose transport and phosphorylation,
e.g., HXK1 [20,22,52,53], HXK2 [20,54–56], HXT5 and HXT13 [21,22,52,54,56], (ii) gluconeo-
genesis, e.g., FBP1 [20–22,52,53,55–57], PCK1 [20–22,54,56], (iii) TCA and glyoxylate cycles,
e.g., CIT2 [52,55,56], ICL1 [20,22,52,56], and (iv) electron transport chain, e.g., CYC3 and
CYC7 [52,56], are regulated in the same direction, i.e., up- or downregulated, by xylose
and non-fermentable carbon sources. Since the metabolic machinery necessary for effi-
cient xylose utilisation is also induced by ethanol and glycerol, the resulting phenotype is
expected to readily ferment xylose upon transition from an ethanol/glycerol culture. In
contrast, cells collected from a sugar-based culture must undergo significant metabolic
changes in order to ferment xylose [52]. Thus, it is believed that the higher xylose con-
sumption rate displayed by YPEG cells can be attributed to a better prepared phenotype
for xylose fermentation.
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Table 1. Maximum fermentation rates and product yields at the end of fermentations on defined media in serum vials.
The yeast was collected from a sucrose (YPS) preculture or an ethanol and glycerol (YPEG) preculture. The initial sugar
concentration was 110 g/L, with a weight ratio of glucose to xylose of 3:2 in the medium containing both sugars. The
substrates were fully depleted when experiments were ceased. Averages and standard deviations of three individual
experiments are presented.

Media Preculture Max. Substrate Degradation
Rate (g/L/h)

Final Ethanol
Titre (g/L)

Ethanol Yield
(g/g)

Glycerol Yield
(g/g)

Glucose
YPS 4.75 ± 0.04 45.13 ± 1.07 0.39 ± 0.01 0.09 ± 0.00

YPEG 4.73 ± 0.10 44.57 ± 0.24 0.38 ± 0.00 0.12 ± 0.00

Xylose YPS 1.62 ± 0.18 46.74 ± 1.18 0.39 ± 0.00 0.07 ± 0.00
YPEG 2.54 ± 0.11 45.81 ± 0.64 0.38 ± 0.01 0.10 ± 0.00

Glucose–Xylose YPS 3.19 ± 0.23 46.10 ± 0.31 0.40 ± 0.00 0.11 ± 0.00
YPEG 4.14 ± 0.02 45.45 ± 0.43 0.39 ± 0.00 0.12 ± 0.00

Similar ethanol titres, ranging from 44.57 to 46.74 g/L, were produced by both types
of cells in the three media, corresponding to ethanol yields between 0.38 and 0.40 g/g.
However, YPEG cells produced significantly more glycerol in all three cases, with yields
between 0.10 and 0.12 g/g, compared to yields between 0.07 and 0.11 g/g obtained by
YPS cells. This difference was most prominent in the xylose medium, where YPEG cells
produced 45% more glycerol than YPS cells (Table 1). The observed excess of glycerol is
an indication of surplus NADH. Biomass production generates excess NADH during the
biosynthesis of amino acids and organic acids. Under anaerobic conditions, and without
the addition of an alternative redox sink, NADH can only be re-oxidised by the formation
of glycerol [58]. The higher glycerol yields displayed by YPEG cells could be correlated to
a higher TCA activity. Cell growth on non-fermentable carbon upregulates genes involved
in the TCA cycle and electron transport chain [59]. These pathways are expressed even
under anaerobic conditions in the presence of xylose [52,56], presumably to allow fast
utilisation of oxygen when it becomes available [21]. Thus, growth on ethanol and glycerol
could have upregulated the TCA cycle, which in turn was the cause of the excess glycerol
observed during xylose fermentation. Thus, the novel propagation strategy provides a
faster fermentation process in a xylose-containing medium at the expense of increased
glycerol production.

3.2. Fermentation on Softwood Hydrolysate

The performance of YPS and YPEG cells was further examined on an industrial
feedstock of SO2-pretreated softwood hydrolysate. The fermentations were carried out in
batch mode at a working volume of 0.67 L in controlled bioreactor, using the softwood
hydrolysate as substrate at an initial sugar concentration of 105 g/L. Sugar consumption
and product formation were monitored throughout the course of the fermentation.

As seen during fermentations on defined media, the overall glycerol yield for YPEG
cells (0.13± 0.00 g/g) was higher than that of YPS cells (0.03± 0.00 g/g) (Table 2). This was
accompanied by higher biomass yields for YPEG cells (0.03 ± 0.00 g/g). On the other hand,
no biomass growth was detected when YPS cells were used. The increased biomass and
glycerol yields were thought to occur at the expense of ethanol production. However, it
was surprising to notice that there was no significant difference between the ethanol yields
produced by the two types of cells (Table 2). This is explained by the slightly different
carbon recoveries calculated, i.e., 97.4 ± 0.1% for YPS cells and 102.6 ± 2.5 for YPEG cells
(Table S1). Overall, the ethanol productivity of YPEG cells was 25% higher than that of YPS
cells. As observed during the fermentations on defined media in Section 3.1, YPEG cells
improved the productivity of the process at the expense of higher by-product yields, i.e.,
glycerol and biomass.
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Table 2. Product yields of fermentations performed with YPS and YPEG cells on softwood hydrolysate in a 0.67 L controlled
bioreactor. Averages and standard deviations of two individual experiments are presented.

Preculture Ethanol Productivity (g/L/h) Ethanol Yield (g/g) Glycerol Yield (g/g) Biomass Yield (g/g)

YPS 1.19 ± 0.02 0.47 ± 0.01 0.03 ± 0.00 0.00 ± 0.00
YPEG 1.47 ± 0.01 0.45 ± 0.01 0.13 ± 0.00 0.03 ± 0.00

The CO2 production rate is proportional to the overall sugar consumption rate, where
the peak of the CO2 production rate pinpoints the time of the highest overall sugar con-
version [60]. The maximum CO2 production rate of YPEG cells (3.28 ± 0.42 g/L/h) was
detected after 18 h (Figure 1), and the rate was roughly double compared to that of YPS cells
(1.55 ± 0.00 g/L/h). The higher sugar consumption rate achieved by YPEG cells can be
partly attributed to the higher biomass yield (Table 2). However, even when the substrate
consumption rate is normalised to the cell concentration present in the reactor throughout
the course of the fermentations, it still remains higher for YPEG cells (Figure S1). The faster
fermentation rate displayed by YPEG cells allowed the process to terminate after 30 h,
which is 25% earlier than the fermentation using YPS cells. After 21 h of fermentation,
three hours after the CO2 peak was detected for the YPEG cells, glucose was completely de-
pleted and residual xylose and mannose concentrations were 3.1 and 6.0 g/L, respectively.
In comparison, at the same timepoint, the concentrations of residual glucose, xylose, and
mannose for YPS cells were 5.5, 7.1, and 23.9 g/L, respectively.
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Figure 1. Substrate consumption and product formation over the course of 48 h of fermentation using (A,B) YPS cells and
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As explained in Section 3.1, the main reason for the different sugar consumption
patterns displayed YPS and YPEG cells is thought to be the different metabolic states
upon inoculation. Since propagation can be considered a form of short-term adaptation
(Nielsen et al., 2015), it is expected that YPEG cells would further adapt to the substrate
provided over the course of a long fermentation, e.g., in continuous mode, and lose the
advantage they had over YPS cells. For this reason, the faster fermentation rate observed in
this study can mainly be of importance when fermentations are performed in batch mode.
The batch mode displays the lowest ethanol productivity compared to continuous and
fed-batch approaches [60,61]. By extension, the batch phase of a continuous or fed-batch
fermentation is bound to be the least productive step. Thus, a practical application of
using YPEG cells is decreasing the process time of a batch fermentation or, even more
relevant, shortening the batch phase of a continuous or fed-batch fermentation, by up
to 25%. Additionally, the fermentation can be initiated with a small batch volume, thus
decreasing the amount of yeast required and reducing the costs associated with yeast
production. Once the sugars are consumed, the more productive fed-batch or continuous
mode can commence. Not only would such an improvement lead to a faster process, but
also serve as a safeguard against contamination. The faster sugar consumption would
decrease the risk of contamination, for example by lactic acid bacteria, an often-encountered
contaminant in ethanol fermentations [62].

Another interesting feature of YPEG cells is the improved co-consumption of C6
and C5 sugars. The presence of glucose in the fermentation medium represses the utili-
sation of other less preferred carbon sources, whose consumption generally begins only
following substantial glucose depletion [18,19]. During fermentation using YPEG cells, the
consumption of mannose and xylose started at higher glucose concentration compared to
the fermentation using YPS cells. Specifically, increased mannose and xylose utilisation
was initiated at glucose concentrations of approximately 18 and 6 g/L for YPEG and YPS
cells, respectively. The enhanced co-consumption can also be attributed to the growth
on non-fermentable carbon sources of YPEG cells, which leads to the downregulation of
HXK2 and upregulation of HXK1 [20], as well as the upregulation of HXT5 and HXT13
transporter genes [21,56]. These characteristics have been previously linked to improved
glucose-xylose co-consumption [63], which in turn increased the productivity of the process
by decreasing the fermentation time [54].

3.3. Development of a Novel Propagation Protocol on Ethanol and Glycerol

Based on the improved fermentation characteristics of YPEG cells, the second objective
of this study was to address the upscaling potential of the novel propagation strategy. Thus,
an automated propagation protocol, using ethanol and glycerol as carbon sources, was
developed. To the authors’ knowledge, this is the first study addressing the automated
propagation of S. cerevisiae on these two substrates.

The propagation was performed in fed-batch mode under aerobic conditions, which is
the most common strategy for the propagation of S. cerevisiae [27]. The feed was controlled
using the respiratory quotient (RQ), which was calculated online using the output data
provided by a gas analyser (Equations (2)–(4)). It is known that different RQs are observed
depending on the substrate used, as well as the products formed [29]. When using molasses-
based media, the RQ is ideally maintained between 1.00 and 1.09, to avoid the Crabtree
effect and overflow metabolism [24]. In order to select the most appropriate RQ boundaries
for an ethanol and glycerol-containing feed, the stoichiometric relation between RQ and
theoretical biomass yield was examined (Figure 2). According to these calculations, the RQ
can vary between 0.00 and 0.69, where an RQ of 0 corresponds to the maximum biomass
yield of 0.93 g/g, and an RQ of 0.69 indicates no biomass formation. Hence, the upper RQ
boundary was taken as 0.69. However, it is physiologically impossible to obtain an RQ of 0,
as this would imply that biomass production occurred independent of CO2 production
(according to Equation (7)), whereas biomass formation is always coupled to the production
of CO2 [64]. In order to define a lower boundary, the experimental study of Watteeuw
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and co-workers [50], which investigated the production of Candida utilis from ethanol
in a fed-batch process, was considered. The authors described that maximum growth
on ethanol and cell maintenance on ethanol correspond to RQ values of 0.22 and 0.67,
respectively. A similar relation between RQ and cell yield of yeast propagated on glycerol
was not found in literature. Thus, the lower RQ boundary was taken as 0.22. The final
boundaries were defined as 0.22 and 0.69. The boundaries were not narrowed further,
since the purpose of the experiment was to empirically assess if propagation on these
two substrates controlled by the RQ is possible, and further narrowing the boundaries
could complicate this assessment. Adjusting the boundaries would thus be a later potential
optimisation question.
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Figure 2. Stoichiometric relation between RQ and biomass yield on ethanol (____), glycerol (- - -),
or the combination of ethanol and glycerol provided in the feed ( . . . . . . ), i.e., a molar ratio of
ethanol:glycerol of 8:1. The three curves were calculated using Equations (8)–(10).

The feeding was initiated when the measured RQ was outside of the two boundaries,
i.e., 0.22 and 0.69, after which the feed-pump was turned off and remained turned off
while the RQ stayed within the previously defined range. This on/off switch resulted
in more frequent fluctuations as the propagation proceeded (Figure 3), which translated
into more frequent feeding. Moreover, the RQ progressively increased as more biomass
was formed. This can be explained by the fact that the growth rate of the cells decreases
(Figure S2), which is known to correlate to increasing maintenance energy [65,66], and
according to Watteeuw and colleagues [50], an increasing maintenance energy corresponds
to an increasing RQ value. The reason for the decreasing growth rate is oxygen limitation
as observed by the gradually decreasing oxygen partial pressure (Figure S3) [29].

The strategy successfully produced 71.3 ± 0.9 gDW/L biomass, with a productivity of
1.03± 0.05 gDW/L/h (Table 3). Two other studies were found that studied the propagation
of S. cerevisiae on one of these substrates. The only other known propagation protocol
on ethanol produced 18 g/L biomass, with a productivity of 0.38 gDW/L/h [50]. More
promising results were achieved by Raj and colleagues [67], who developed a propagation
protocol for S. cerevisiae using glycerol supplemented with yeast extract, and obtained a
maximum cell density of 132 g/L with a productivity of 5.5 g/L/h. However, the use
of yeast extract renders the process uneconomical at industrial scale [68]. In comparison,
the feed used in this study provided nutrients in the form of a minimal medium, which
significantly decreases the cost [69]. Another study using the RQ to guide the feed of a
fed-batch propagation process, but with glucose as substrate, produced a slightly higher
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biomass yield of 86.7 g/L with a productivity of 2.7 g/L/h, which was more than double
compared to the productivity observed in the current study [70]. At the same time, the
biomass yield obtained in this study is 47.75 ± 0.64% of the maximum theoretical yield,
leaving potential for improvement (Table 3). All this suggests that the developed set-up
could be further optimised to produce higher cell concentrations with higher productivities.
Still, the current protocol provides a simple and automated basis for yeast propagation on
ethanol and glycerol.
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Table 3. Relevant process parameters observed during propagation of S. cerevisiae cV-110 on ethanol
and glycerol in fed-batch mode in an automatic bioreactor.

Process Parameter Value ± Std

Average biomass yield (g/g) 0.39 ± 0.00
Percent biomass yield (%) 1 47.8 ± 0.64

Average volumetric productivity (g/L/h) 1.03 ± 0.05
Final biomass concentration (g/L) 71.3 ± 0.91

Ethanol consumed (g/L) 174 ± 28.9
Glycerol consumed (g/L) 43.2 ± 7.14

1 The percent biomass yield was calculated as the ratio between the observed biomass yield and the maximum
theoretical biomass yield corresponding to an RQ of 0.22, which was imposed as the minimum RQ boundary. The
maximum theoretical yield was calculated according to Equation (10).

A potential optimisation strategy could be restricting the RQ boundaries in a way
to keep RQ as low as possible, since this would maximise biomass yields according to
their stoichiometric relation (Figure 2). It is unclear, however, how this would affect the
productivity of the process. Nonetheless, it is important to acknowledge that demand for
oxygen will unavoidably exceed the supply capacity when sparging with atmospheric air,
and thus the biomass productivity is inevitably limited by oxygen transfer between gas
and liquid [71]. This effect could be counteracted by supplementing or substituting the
air supply with pure oxygen [72], or by aerating the culture using microbubbles [71,73].
Similarly, altering the type and configuration of the impellers used could further increase
oxygen transfer [74,75]. Once the protocol is optimised, a detailed economic analysis should
be performed in a future study to assess the feasibility of the process at industrial scale.

It was unclear what proportion of the glycerol provided would be consumed during
the process, since most S. cerevisiae strains have been described as poor glycerol-growers,
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especially in synthetic media [25,76]. However, all carbon provided was consumed by the
end of the propagation, which included 43.2 ± 7.1 g/L glycerol (Table 3). In other studies,
glycerol uptake was improved when glucose was present in the culture medium [77,78].
This implies that the presence of ethanol in the feed most probably improved the glycerol
uptake. A further analysis could be pursued in a future study, but assessing glycerol uptake
during the propagation was beyond the scope of this paper.

Overall, the current study developed the first propagation protocol on two non-
conventional carbon sources, ethanol and glycerol. Its automatic feed feature required
minimal user supervision on a feed containing inexpensive nutrients, thus showing poten-
tial for large-scale applications.

4. Conclusions

The fermentation performance of an industrial xylose-fermenting strain of Saccha-
romyces cerevisiae, cV-110, was evaluated following propagation on sucrose (YPS cells) or
ethanol and glycerol (YPEG cells). YPEG cells showed a 50% higher fermentation rate
in a defined xylose medium in serum vials, compared to YPS cells. Moreover, YPEG
cells displayed a double maximum sugar utilisation rate and superior co-consumption of
C5 and C6 sugars, during fermentations on an industrial softwood hydrolysate in batch
mode, in a 0.67 L. bioreactor. This ensured a 25% shorter fermentation time compared
to YPS cells. Based on these promising results, this study also addressed the develop-
ment of the first automated fed-batch propagation protocol using ethanol and glycerol as
substrates. The respiratory quotient was successfully applied to guide the feed rate, and
71.29 ± 0.91 g/L yeast was produced on a minimal medium, with an average productivity
of 1.03 ± 0.05 g/L/h.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fermentation7040288/s1, Figure S1, Figure S2 and Figure S3. Figure S1: Specific sugar
consumption rates normalised to the biomass concentration observed during bioreactor fermentations
on softwood hydrolysate using YPS cells (•) and YPEG cells (�). Figure S2: Cell growth rate during
propagation on ethanol and glycerol using the novel propagation strategy. Figrue S3: Oxygen tension
(pO2) registered during propagation.
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