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High capital costs and low reaction rates are major challenges for establishment of fermentation-
based production systems in the bioeconomy. Using high cell density cultures is an efficient way
to increase the volumetric productivity of fermentation processes, thereby enabling faster and
more robust processes and use of smaller reactors. In this review, we summarize recent progress
in the application of high cell density yeast bioprocesses for first and second generation bioethanol
production. High biomass concentrations obtained by retention of yeast cells in the reactor
enables easier cell reuse, simplified product recovery and higher dilution rates in continuous
processes. High local cell density cultures, in the form of encapsulated or strongly flocculating
yeast, furthermore obtain increased tolerance to convertible fermentation inhibitors and utilize
glucose and other sugars simultaneously, thereby overcoming two additional hurdles for second
generation bioethanol production. These effects are caused by local concentration gradients due
to diffusion limitations and conversion of inhibitors and sugars by the cells, which lead to low local
concentrations of inhibitors and glucose. Quorum sensing may also contribute to the increased
stress tolerance. Recent developments indicate that high cell density methodology, with empha-
sis on high local cell density, offers significant advantages for sustainable second generation
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bioethanol production.
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1 Introduction

Fermentation of sugars to ethanol by microorganisms is a
natural process that has been utilized by humans for thou-
sands of years. However, the production of ethanol for use
as fuel has only relatively recently gained a greater inter-
est [1]. The production of fuel ethanol differs from that of
beverages in that a slow process is not necessary for the
quality of the final product. Rather, a rapid and complete
fermentation process is required for maximizing the prof-
itability of the process. Fuel ethanol is a low-priced bulk
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chemical and, hence, the productivity and product yield
based on total sugars fed to the system are the most
important factors for the overall economy of the process [2,
3]. Furthermore, the final ethanol concentration is of
utmost significance, as it decides the energy consump-
tion needed for the distillation as well as for drying of the
stillage, which is used as animal feed.

The volumetric productivity determines the required
reactor volume and the process time, which are directly
linked to the process economy. Factors affecting the pro-
ductivity in bioprocesses are, e.g., the medium composi-
tion, product inhibition, pH, temperature and choice of
microbial strain. Increased volumetric productivity can be
achieved by running the process in continuous mode, or
by increasing the specific rates of conversion by meta-
bolic or evolutionary engineering. However, the easiest
way to improve the volumetric productivity is to increase
the amount of biocatalyst, i.e. the active microorganism,
in the reactor.

© 2015 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial License, which permits use, distribution and reproduction in any medium,
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There are several ways of achieving such high cell
concentration, also called high cell density. The simplest
method is to add more cells at the start of a batch or fed-
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Figure 1. High cell density process options. (A) Batch or fed-batch opera-
tions at high cell density. 1) Centrifugation or filtration of medium after
harvest, for cell recovery and reuse. 2) Sedimentation of cells (possibly
immobilized to/in a carrier) at end of process, followed by product
removal and addition of new medium in the same reactor. (B) Continuous
operations at high cell density. 3) Membrane bioreactor with submerged
filter for removal of cell free product and retention of cells. 4) Reactor with
external separation of a cell free product, using e.g. membrane filtration or
sedimentation in a settler. 5) Packed bed reactor with immobilized cells.
6) Fluidized bed reactor with immobilized or flocculating cells. (C) Vari-
ous immobilization methods: 7) Flocculating cells, 8) cells adsorbed to a
surface, 9) cells immobilized in a matrix and 10) cells encapsulated in a
semi-permeable membrane (adapted from [69]).
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batch fermentation. To keep the cost of cell propagation
down, cells must be reused, recycled or retained inside
the reactor. This can be achieved by reuse of the cells in
sequential batches after separation of the product using
e.g. centrifugation or filtration, or by cell sedimentation
and withdrawal of spent medium, followed by addition of
new substrate (Fig. 1A).

In continuous processes on the other hand, retention
of the cells inside the reactor is necessary in order to
achieve accumulation of cells. Cell retention can be
achieved by e.g. filtration of the product through a mem-
brane, immobilization on a carrier material or by exploit-
ing cellular flocculation (Fig. 1B—C). Furthermore, these
cell retention methods can be used in combination with
different reactor configurations (Fig. 1B) [4].

All of these strategies enable a high global cell densi-
ty inside the bioreactor, and some of them also enable
extremely high local cell densities. For example, encapsu-
lation inside a semi-permeable membrane can give local
cell concentrations of more than 300 g DW/L [5], and
strong flocculation can give a very high local cell concen-
tration within dense cell flocs, several mm in diameter [6].

High cell density brings about several benefits to a fer-
mentation process. The most obvious is that it enables
significantly faster fermentations than at a lower biocata-
lyst concentration in the reactor. Furthermore, when cells
are reused at a high cell density in consecutive batches or
during continuous cultivation, the unproductive lag and
cell growth phases are eliminated [7]. This means that
smaller reactors can be used to meet production goals, or
that higher production goals can be met. Both of these
improvements decrease the capital cost of the production
plant as part of the unit production cost. In a continuous
process the substrate uptake is more complete at higher
cell density, leading to higher product concentration in
the product stream [8]. It has also been observed that the
inhibitory effect of ethanol is reduced at a higher cell den-
sity in the reactor [9]. Furthermore, most modes of high
cell density allow for easier product separation, since
reuse of the cells requires that cells are removed from the
product stream.

The drawbacks of high cell density and prolonged cell
reuse include contamination issues [10], low specific pro-
ductivities and extra costs of membranes, immobilization
materials and additional equipment. High cell density
may increase the complexity of process unit operations.
For example, stirring becomes more difficult due to the
higher viscosity of the fermentation broth compared to
broths at low cell density. High local cell density may lead
to reduced productivity due to diffusion limitations. In
contrast, we have shown that the diffusion limitations in
flocs and encapsulated cells may cause increased conver-
sion rates in cases of highly inhibitory media [6, 11, 12].
It is worth to point out that utilization of high cell density
fermentations is only feasible when the benefits of higher
volumetric productivity and prolonged cell usage
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outweigh the decreased specific productivity and the
extra costs incurred for cell separation processes and
immobilization.

In this review, we discuss the applications of high cell
density cultures to bioethanol production using sugar
cane, starch, and lignocellulosic raw materials. We
address the benefits and drawbacks of different types of
cultivations in relation to both first and second generation
bioethanol production. Furthermore, we discuss high
local cell density as a special case of high cell density giv-
ing additional benefits especially valuable for applications
in second generation bioethanol production from ligno-
cellulosic raw materials.

2 High cell density production
of first generation bioethanol

The production of fuel ethanol is categorized into first and
second generation, depending on the feedstock used as
raw material. First generation bioethanol is produced
from materials rich in sugar or starch, such as sugar cane
and various cereals [13]. The production methods differ
depending on the raw material used, since starch materi-
als require hydrolysis prior to fermentation. Ethanol from
sugar cane is made from sugar cane juice, containing 15%
sucrose, and/or molasses, a rest product from the sugar
production industry that can contain up to 50% sucrose
[1]. These high sugar content feedstocks contain low con-
centrations of inhibitory compounds and can be easily fer-
mented by yeast, resulting in high concentrations of
ethanol within short periods of time. Starch based ethanol
production is made from enzymatically hydrolysed cere-
als. Similar to sugar cane juice, starch hydrolysates con-
tain low amounts of inhibitors, and enough sugar to reach
ethanol concentrations of 10-12% [14]. However, the high
sugar concentrations and the high ethanol concentra-
tions produced may be stressful for the cells.

With the high sugar concentrations reached from first-
generation raw materials, the cell concentration during
the fermentation will determine the volumetric produc-
tion rate of ethanol. Hence, in Brazilian ethanol produc-
tion plants using sugar cane as raw material, 90-95% of
the yeast cells are recycled after each fed-batch, resulting
in cell densities of 8—17% (wet weight/volume) in the reac-
tors [15, 16]. After each fermentation, the yeast is sepa-
rated by centrifugation and prior to reuse treated with
H,S0O, to reduce the amount of contaminating bacteria
[15, 16]. An alternative to the centrifugation is to let the
cells sediment, followed by withdrawal of most of the fer-
mentation broth and subsequent addition of new medi-
um. This is most easily achieved with flocculating cells.

Flocculation can be said to be a natural way of yeast
immobilization, where the yeast cells are clustered in
large flocs. The importance of flocculation for biotechno-
logical processes has been the subject of recent reviews
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[17, 18]. Flocculating yeast cells create large cell com-
plexes of up to millimeter size, that rapidly sediment if
undisturbed. Repeated batch fermentations with floccu-
lating cells are commonly used in beer production and in
e.g. cachaca distilleries [19, 20]. However, utilization of
both flocculating and immobilized cells will always result
in mass transfer limitations due to the diffusion-limited
mass transport to cells that are not in immediate contact
with the well mixed medium. Flocculation is thus not
always desired [21]. On a case to case basis, the benefits
of easier cell reuse at high cell density must be weighed
against the drawbacks of lower specific productivity
because of limited mass transfer rates. Ma et al. showed
that with a short sedimentation period, partial medium
removal and addition of fresh medium, sequential batch-
es could be performed with increasing volumetric pro-
ductivities [22].

Rather than reusing the cells in consecutive batches,
cell recycling into a reactor can be achieved with an exter-
nal settler during continuous cultivation [23]. The cells are
left unagitated in the settler, usually entering at mid
height. The effluent is removed from the top, and cells are
transferred back to the reactor from the bottom. These
systems include a bleed of cells with the effluent stream,
which can be adjusted with changes in the recirculation
and dilution rates, and in the settler design. Due to the cell
bleed a steady state is reached at a maximum cell con-
centration supported by the reactor configuration. The
method benefits strongly from utilization of rapidly sedi-
menting yeast strains, such as flocculating strains.
Already in 1977, Cysewski and Wilke used a cell recycle
reactor with a settler and vacuum ethanol separation,
reaching an ethanol productivity of 82 g/L/h on a 33.4%
glucose medium [23]. Tang et al. showed successful fer-
mentation of a molasses medium using a flocculating
yeast strain in serial bioreactors with settlers, yielding an
ethanol concentration of 80 g/L. and a productivity of
6.6 g/L/h for more than one month [24]. In a similar setup,
Wang et al. reached productivities of 6.9-7.5 g/L/h from
sucrose, with less than 2% unconverted sugar in the prod-
uct stream [25]. Viegas et al. used flocculating yeast in
two tower fluidized bed reactors in series, with no exter-
nal settler, reaching cell densities of approximately 45 g/L
and an ethanol productivity of up to 1564 g/L/h from
sucrose [26].

Significantly higher cell concentrations can be
reached by using membrane filtration instead of sedi-
mentation. For example, Chaabane et al. used a two stage
bioreactor with cell recycling and an ultrafiltration mod-
ule connected to the outlet of the second reactor to reach
cell concentrations of up to 157 g dry cell weight/L [27].
With this setup they reached an ethanol productivity of
41 g/L/h and a concentration of 65 g/L, with complete
conversion of the glucose [27].

© 2015 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1187
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3 High cell density production
of second generation bioethanol

Second generation bioethanol is made from lignocellu-
losic raw materials, in which carbohydrates are strongly
bound in a matrix of cellulose, hemicellulose and lignin
[28]. Due to the high recalcitrance of these materials, they
have to be pretreated prior to enzymatic hydrolysis into
fermentable sugars. There are different methods to per-
form the hydrolysis, the simplest being separately from
the fermentation step, so called separate hydrolysis and
fermentation, SHF. The hydrolysis and fermentation can
also be performed in a single, simultaneous saccharifica-
tion and fermentation operation, SSE. If the fermenting
microorganisms in an SSF also produce the hydrolysing
enzymes, the process is termed consolidated bioprocess-
ing. Regardless of the approach, cellulose is hydrolysed to
glucose monomers that can be easily fermented by yeast
into ethanol. Hemicellulose, on the other hand, has a
divergent composition which is highly dependent on the
source plant. Hydrolysis of hemicellulose releases pen-
toses such as xylose and arabinose, in addition to hexos-
es such as glucose, mannose and galactose. To reach as
high ethanol concentration as possible, all these sugars
must be fermented to ethanol. Wild-type Saccharomyces
cerevisiae cannot ferment pentoses into ethanol, but
recombinant yeast strains harboring pentose-converting
pathways have been developed, as reviewed in [29].

Lignocellulosic raw materials also contain up to 35%
lignin, a non-fermentable complex and heterogenous aro-
matic polymer [30]. In SSF processes, the lignin is not sep-
arated from the cellulose prior to the fermentation. At high
cellulose loading there will also be lignin present at high
concentration, and cells are not easily separated from the
lignin residues. Therefore, cell reuse is difficult, since the
lignin would also accumulate in sequential batches and
increase the viscosity of the fermentation broth [3]. More-
over, the potentially high content of solids and high vis-
cosity make the packed and fluidized bed bioreactors
unsuitable for SSF processes. In second generation bio-
processes, the enzymatic hydrolysis of cellulose is gener-
ally the rate limiting step, rather than the fermentation of
the released sugars [31]. Hence, high cell density cultures
do not seem to provide the same benefit as in the first-
generation case. However, consolidated bioprocessing
would benefit from increased cell density. Matano et al.
attempted repeated batch SSF with a cellulase-express-
ing yeast at a cell concentration of approximately 100 g
wet cells/L [32]. By using two sequential centrifugation
steps after each batch, they managed to first remove larg-
er particles, and in the second step separate the cells from
the medium. Cells were reused in sequential batches.
These experiments were performed in 10 ml scale, and
scale up of the process might prove difficult.

In SHF processes, the lignin residue can instead be
removed prior to fermentation. The difficulty in SHF
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processes is to reach high sugar concentrations in the
hydrolysis step, due to the viscosity of the material at high
concentrations and end-product inhibition of the
enzymes [33]. However, in recent years, progress has
been made in the field of high gravity lignocellulose pre-
treatment and hydrolysis, and end-product inhibition is
becoming less of a problem [33]. Sarks et al. used the SHF
approach with high cell density and cell reuse by cen-
trifugation, reaching ethanol concentrations of approxi-
mately 40 g/L over five consecutive batches [34].

Cell recycling with an external settler or membrane fil-
tration during continuous cultivation has been performed
also with lignocellulose-derived media. Brandberg et al.
fermented dilute acid spruce hydrolysates with cell reten-
tion of a flocculent yeast to significantly increase the sug-
ar consumption [35, 36]. Purwadi et al. used a flocculating
yeast strain and cell recycling in two continuous stirred
tank bioreactors and an external settler in series, to reach
cell densities of 35 g DW/L from a spruce hydrolysate at a
dilution rate of 0.62 h™ and a sugar conversion of 94% [37].

4 Case specific benefits and characteristics
of high cell density cultures

As illustrated above, high cell density technology may not
be generally applicable in bioethanol production. Never-
theless, high cell density may lead to special benefits and
desirable characteristics depending on the reactor con-
figuration or type of cell retention used.

4.1 Contamination reduction

In continuous fermentations with cell retention, a dilution
rate faster than the maximum specific growth rate of the
cells can be used. If the yeast is retained by other means
than membrane filtration, contaminating microorganisms
will be washed out of the reactor. This may happen even
if the maximum growth rate of the contaminant is higher
than the dilution rate, since the high cell concentration of
the retained microorganism depletes the medium of
nutrients. This has been shown for a recombinant floccu-
lating S. cerevisiae in an air-lift reactor, deliberately con-
taminated with E'scherichia coli when operating at steady
state [38]. The beneficial effect has also been observed
when fermenting a lignocellulose hydrolysate in continu-
ous mode with a flocculent yeast strain [39]. Processes
utilizing cell recycling in consecutive batches are instead
rather susceptible to contamination, as no cells are
removed from the fermentations [10].

4.2 Alleviation of the toxic effect of inhibitors
The harsh treatment needed to enable hydrolysis of the

cellulose in the lignocellulosic material also releases and
creates various compounds that are inhibitory to yeast
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fermentation, and the more concentrated the hydrolysate,
the more inhibitory it becomes [33, 40]. Some of the
inhibitors can be detoxified in situ by the yeast, by con-
version into less toxic compounds. The furan aldehydes
furfural and b-hydroxymethyl furfural are examples of this.
Under anaerobic conditions, these aldehydes are reduced
to their corresponding alcohols [41, 42]. In batch fermen-
tations of a medium containing furfural, a lag phase is
often observed while the inhibitor is being converted.
However, if the concentrations of the inhibitors are too
high, the detoxification capacity of the cells will be insuf-
ficient, resulting in stuck fermentations [43].

Using high cell density is a way to alleviate this prob-
lem. More cells increase the detoxification capacity of the
system, albeit not necessarily of the individual cells. This
has been shown to be an effective strategy when using
high inoculum levels [43, 44], an external settler in con-
tinuous culture [35] and a membrane bioreactor to
increase the cell density [45]. For example, a medium con-
taining 17.0 g/L furfural could be continuously fermented
by using a membrane bioreactor to obtain cell densities of
up to 180 g cell dry weight/L [45]. Furthermore, Ylitervo et
al. showed that continuous fermentation of spruce
hydrolysate was possible at dilution rates of 0.8 h™lin a
submerged membrane bioreactor at cell densities of 60 g
cell dry weight/L [46].

Although the system's detoxification capacity is
increased by a high cell density, the long term viability
and fermentation capacity of cells in lignocellulose-
derived media is lower than for cells in first generation
media [47]. The time that the cells can be reused or kept
in a reactor thus strongly depends on the toxicity of the
lignocellulosic hydrolysate and the robustness of the cells.

4.3 Physiological effects

High cell density induces changes in the physiology of the
cells, mainly due to the more scarce nutrient availability
per cell, which leads to low specific growth rates. At low
growth rates, a larger proportion of the utilized energy
source is used for meeting maintenance and other non-
growth related energy requirements, which leads to low-
er biomass yields and higher yields of energy-related
products than at higher growth rates [48]. In anaerobic
yeast cultures, this means higher yield of ethanol on con-
sumed sugars [49]. This effect is emphasized in inhibito-
ry media, where more energy is required for counteract-
ing the effect of the inhibitors. For example, weak acids
cause metabolic uncoupling, presumably by activation of
ATP-driven ion pumps to maintain homeostasis [50, 51].
Low nutrient availability may also cause cell death, which
counterintuitively may decrease the need of nutrient
addition. Thomas et al. suggested that lysed yeast cells
release nutrients that help to maintain the viability of the
yeast population, as no nutrient supplementation was
necessary at high pitching rate [52].
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Immobilization also affects the physiology of the cells.
Cells immobilized in calcium alginate beads have been
reported to have significantly higher activities and levels
of glycolytic enzymes compared to cells grown in suspen-
sion, leading to faster ethanol production rates [53-55].

For flocculating cells it has been observed that the
membrane lipid composition is affected by the floc size,
and is likely correlated to the ethanol tolerance [56]. The
highest ergosterol content was observed in cells in the
flocs that displayed the highest ethanol tolerance. Differ-
ences in the membrane composition have also been
observed for cells immobilized in calcium alginate gel
beads, with lower content of unsaturated fatty acids in
the immobilized, more ethanol tolerant, cells [57]. In con-
trast, strongly flocculating cells display a gene expression
profile that indicates sterol deprivation for cells embed-
ded in the flocs [68]. These somewhat contradictory
observations might depend on the size distribution of the
investigated flocs, as Lei et al. observed a decrease in the
ergosterol content and ethanol tolerance for flocs larger
than 300 pm [56].

Smukalla et al. also observed upregulation of many
genes involved in stress resistance and multidrug trans-
porters in yeast flocs [68]. We have made similar obser-
vations by comparing the proteomic profile of encapsu-
lated and suspended yeast cells [5], and we have
observed upregulation of multidrug transporter genes in
encapsulated compared to freely suspended yeast [12].
The intracellular trehalose level, which is important for
the cellular stress tolerance, also increases in encapsu-
lated yeast [59, 60]. Sun et al. observed an increase in the
osmotolerance of encapsulated cells, possibly an effect of
the increased accumulation of intracellular trehalose and
glycerol [60].

Activation of the Pdr1p transcription factor and upreg-
ulation of the multidrug transporter gene PDR5 have also
been observed in response to the aromatic alcohols tryp-
tophol and tyrosol, which are known quorum sensing mol-
ecules in S. cerevisiae [61]. Quorum sensing, i.e. cell den-
sity dependent cell-to-cell communication via extracellu-
lar signalling molecules, has been shown to induce vari-
ous stress responses in bacteria at high cell density [62,
63]. This partially explains the resistance of microbial
biofilms to both therapeutic agents and host immunore-
sponses [64, 65]. In fungi, quorum sensing is involved in
the transition between single cell and filamentous growth
[66]. In S. cerevisiae, the aromatic alcohols phenylethanol
and tryptophol induce filamentous growth by induction of
FLO11 via the Ras-cAMPK protein kinase Tpk2p [67], and
tryptophol induces flocculation by induction of FLO1 [58].
Moreover, the expression of several other transcription
factors, like Miglp and Cat8p, respond to treatment with
aromatic alcohols [68]. Since these transcription factors
are involved in various stress responses, quorum sensing
may play a role in the development of stress tolerance in
high cell density yeast cultures.
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5 Advantages of high local cell density

High local cell density enables all the general benefits of
cell retention, but also changes other characteristics of
the yeast cell system, that are relevant for, especially, sec-
ond generation bioethanol production. High local cell den-
sity can be combined with both high and low total cell
concentration. Although high local cell density may lead
to mass transfer limitations, and hence often lower spe-
cific productivity [12], it may give extra benefits in addi-
tion to the ones common for all types of high cell density.

High local cell density can be obtained if cells, sus-
pended in a liquid droplet, are entrapped inside a thin
membrane, rather than in a bead of a porous matrix [69].
Encapsulation by this method enables extremely high
local cell densities in the capsules, reaching above 300 g
DW/L [5]. In a gel matrix, on the other hand, cells are pres-
ent at a high concentration only in the outer layer of the
bead. For example, Purwadi and Taherzadeh reported a
cell density of approximately 130 g DW/L in the outer lay-
er with rapidly dropping cell concentration towards the
center of the bead [70].

Flocculation may also lead to high local cell density, if
the yeast flocs form dense cell pellets. This does not seem
to be possible for all flocculating yeast strains [6]. Andri-
etta et al. assessed the performance of 12 flocculating
yeast strains in two serial reactors without cell recycling
and found that only three of them formed pellets during
the fermentation [71]. Flocculation is a highly variable and
rapidly evolving trait in S. cerevisiae strains [72, 73]. The
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strength of the flocculation can be varied by expression of
different flocculation genes or gene variants [6, 74].
A number of recombinant flocculating yeast strains have
been developed, e.g. with constitutive flocculation [6, 75]
or with inducible flocculation by expression under control
of the TPS1 promoter [76], the TPI1 promoter [77] or the
ADH2 promoter [78].

5.1 Inhibitor tolerance

The inhibitor tolerance of yeast can be improved also at a
low global cell density when S. cerevisiae cells are encap-
sulated in semi-permeable alginate-chitosan capsules to
obtain a high local cell density [8, 47]. Specifically, we
have shown that encapsulation increases the tolerance
towards furan aldehydes, but not towards carboxylic
acids [12]. The difference can be explained by the con-
vertible and non-convertible nature of the compounds.
Since the furan aldehydes can be converted to alcohols
anaerobically, their concentration decreases along the
radius inside the capsules, leaving sub-inhibitory levels
for a large fraction of the encapsulated yeast cells (Fig. 2).
These interior cells are thus able to ferment the sugars.
Carboxylic acids, on the other hand, are not converted
anaerobically by the yeast. Hence, after sufficient time,
acids will be present throughout the capsules at the same
concentration as in the surrounding medium.

By the same reasoning, nutrient limitation will occur
because of gradients in the substrate concentrations.
Nutrient limitation triggers stress responses in yeast,

40
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Figure 2. High local cell density leads to concentration gradients. (A) Micrograph of a cross-section of an alginate-chitosan capsule filled with S. cerevisiae,

with a schematic interpretation of concentration profiles (Westman, unpublished). (B) Simulation of concentration profiles in capsules half full with yeast
cells [11]. In high local cell density systems, concentration gradients are formed that lead to different carbohydrate availabilities for cells at different depth

inside the system, as shown here in capsules half filled with cells at steady state. As an effect, the system can “bypass” the strong preference for glucose

utilization and simultaneously ferment different carbohydrates that would be sequentially fermented by cells evenly distributed in the medium. Further-
more, cells deep in the cell pellet are protected from convertible inhibitors such as the furan aldehydes, as cells closer to the membrane convert them to
less inhibitory compounds. Numbers are in mmol/L. See [11] for details on simulation procedures.
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which we have observed on mRNA and protein level [5,
12]. The stress response increases the robustness of the
yeast and leads to improved tolerance towards additional
stress, such as heat [79]. In addition to the protective
effect given by the high local cell density, the capsule
membrane may provide a more direct protective effect by
excluding certain compounds, such as the hydrophobic
compound limonene [80].

Furthermore, we have shown that strong flocculation,
causing dense cell flocs, leads to similar improvements in
the inhibitor tolerance as observed with encapsulation. We
created a set of three constitutively flocculating yeast
strains showing different strength of flocculation [6]. We
evaluated these strains in batch fermentations and
observed that the most strongly flocculating strain had a
clear advantage in both furfural-containing defined medi-
um and in a complete spruce hydrolysate. However, no
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improvements in acid tolerance could be observed, similar
to what was shown for encapsulated yeast. Furthermore,
Ge and Bai have shown that there are internal diffusion
limitations in flocs larger than 100 pm of the yeast strain
SPSCO01 [81], and naturally flocculating yeast strains have
often been reported to be inhibitor tolerant [34, 82-84].

It has been shown that the tolerance to ethanol is
increased by immobilization in gel beads [85, 86] and by
flocculation [56]. Qun et al. showed that yeast tolerance to
organic solvents was increased by immobilization in cal-
cium alginate beads [87]. In immobilized cell systems, the
immobilization support can act as a protective agent
against, e.g. heavy metals as well as non-optimal pH and
temperature [7].

Quorum sensing may, at least partially, increase the
stress tolerance of flocculating cells [88]. However, the
stress responsive pathways linked to quorum sensing
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Figure 3. High local cell density leads to simultaneous utilization of different sugars. While yeast suspended in a spruce hydrolysate (A) displayed a long
lag phase prior to fermentation of glucose and subsequently of the other sugars present in the medium, encapsulated yeast (B) displayed simultaneous
utilization of all fermentable sugars from the beginning of the batch. Similarly, a strongly flocculating yeast mutant (D) fermented the glucose and the
mannose in a spruce hydrolysate simultaneously and more rapidly than the non-flocculating parental strain (C) at the same total cell concentration.

Adapted from [6, 11].
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(e.g. Ras-cAMPK), are involved in nutrient sensing and
stress responses even at low cell density [89, 90]. There-
fore, improved stress tolerance in direct response to nutri-
ent limitation, caused by concentration gradients due to
diffusion-limited mass transfer, offers a more direct expla-
nation. We have indeed observed that the improvement in
inhibitor tolerance was linked to the size and compact-
ness of the cell flocs, which directly affect the mass trans-
fer rates through the flocs [6].

5.2 Simultaneous sugar utilization

S. cerevisiae has a natural preference for glucose as a car-
bon source. The utilization of other carbon and energy
sources is strongly repressed as long as there is glucose
present [89, 91]. This becomes a problem in second gen-
eration bioethanol production, since lignocellulosic
hydrolysates typically contain several sugars. Other sug-
ars are not utilized until most of the glucose is consumed,
leading to long fermentation times [92, 93]. The sequen-
tial utilization is in part an effect of most sugars being
transported into the yeast cells by the same transporters.
These hexose transporters have a significantly higher
affinity for glucose, their natural substrate, than for e.g.
xylose [94, 95]. However, in cell aggregates at a high
enough local cell density, the cell population is exposed to
an entire range of glucose concentrations at the same
time (Fig. 2). As a result, all fermentable sugars, including
glucose, mannose, galactose and xylose, could be fer-
mented simultaneously in a batch fermentation by a
recombinant xylose fermenting S. cerevisiae encapsulat-
ed in alginate-chitosan capsules [11]. The medium was
concomitantly detoxified by in situ conversion of furan
aldehydes. When suspended in the medium at the same
average cell concentration, the yeast fermented the sug-
ars mainly sequentially and only after detoxification of the
medium during an extended lag phase (Fig. 3A and 3B).
Furthermore, we have observed that strongly flocculating
yeast has an improved simultaneous fermentation of glu-
cose and mannose in spruce hydrolysate (Fig. 3C and 3D)
[6]. In all, even at a low total cell density, cells at a high
local cell density can aid against the two major issues for
second generation bioethanol production: sequential uti-
lization of several sugars and inhibitory media.

6 Concluding remarks

High cell density contributes to reaching high reaction
rates in fermentation processes. In first generation bio-
ethanol production it is commonly used, resulting in short
fermentation times because of high volumetric sugar con-
sumption rates. In second generation bioethanol produc-
tion additional benefits that are necessary for obtaining a
feasible process are realized at high cell density. Above
all, high cell density increases the tolerance to inhibitory
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