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Abstract

plants to prevent bacterial contamination.

yield

Lignocellulosic bioethanol from renewable feedstocks using Saccharomyces cerevisiae is a promising alternative to
fossil fuels owing to environmental challenges. S. cerevisiae is frequently challenged by bacterial contamination and

a combination of lignocellulosic inhibitors formed during the pre-treatment, in terms of growth, ethanol yield and
productivity. We investigated the phenotypic robustness of a brewing yeast strain TMB3500 and its ability to adapt to
low pH thereby preventing bacterial contamination along with lignocellulosic inhibitors by short-term adaptation and
adaptive lab evolution (ALE). The short-term adaptation strategy was used to investigate the inherent ability of strain
TMB3500 to activate a robust phenotype involving pre-culturing yeast cells in defined medium with lignocellulosic
inhibitors at pH 5.0 until late exponential phase prior to inoculating them in defined media with the same inhibitor
cocktail at pH 3.7. Adapted cells were able to grow aerobically, ferment anaerobically (glucose exhaustion by 19+ 5 h
to yield 0.45 4 0.01 g ethanol g glucose™") and portray significant detoxification of inhibitors at pH 3.7, when com-
pared to non-adapted cells. ALE was performed to investigate whether a stable strain could be developed to grow
and ferment at low pH with lignocellulosic inhibitors in a continuous suspension culture. Though a robust population
was obtained after 3600 h with an ability to grow and ferment at pH 3.7 with inhibitors, inhibitor robustness was not
stable as indicated by the characterisation of the evolved culture possibly due to phenotypic plasticity. With further
research, this short-term adaptation and low pH strategy could be successfully applied in lignocellulosic ethanol
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Introduction

Increasing concerns over the need for sustainable and
scalable fuels as a means to curb global warming has
led to focus on bioethanol production from renewable
biomass, such as agricultural and industrial residues
(Limayem and Ricke 2012). Due to the decrease in costs
of petroleum as a response to recent discoveries of fos-
sil fuel reserves, there is an intense emphasis on lowering
the costs of renewable bioethanol by overcoming chal-
lenges connected to high substrate costs, low titers and
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and indicate if changes were made.

low production rates accompanied by low yields (Papout-
sakis and Pronk 2015).

A significant challenge in the fuel ethanol production
is acute and chronic bacterial contamination, since the
incoming substrate might contain microorganisms and
the fermentation is carried out in non-aseptic conditions
(Skinner and Leathers 2004). Bacterial contamination is
predominantly due to lactic and acetic acid bacteria lead-
ing to loss of fermentable sugars and micronutrients,
increased by-product formation (lactic acid and ace-
tic acid), reduced ethanol yields and productivities and
stuck fermentations (Beckner et al. 2011; Bischoff et al.
2009). Bacterial contamination has been studied exten-
sively (Bischoff et al. 2009; Skinner and Leathers 2004)
and several antimicrobial strategies, including usage of
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antibiotics, have been adopted in the first generation
bioethanol production (Muthaiyan et al. 2011). These
methods are expensive and some are environmentally
invasive when used in large-scale fermentations (Muth-
aiyan et al. 2011). Contamination might pose a bigger
threat to lignocellulosic ethanol owing to the versatility
in sugar substrates. As Saccharomyces cerevisiae displays
glucose repression, it takes longer time to assimilate
other sugars including xylose and arabinose. Thus any
contamination might be able to utilise the other sugars
swiftly and more efficiently than S. cerevisiae leading to
reduction in ethanol production. Several attempts have
been made to study and control bacterial contamina-
tion in lignocellulosic ethanol production including: (1)
adding NaCl and ethanol to wood hydrolysate (Albers
et al. 2011), (2) high solid loading in simultaneous sac-
charification and fermentation (SSF) (Ishola et al. 2013),
(3) usage of an antibiotic like gentamicin and biomass
autoclaving (Serate et al. 2015), and (4) usage of bacte-
riophages (Worley-Morse et al. 2015). These strategies
encounter challenges including: (1) additional cost and
need for extensive fine tuning and testing of concentra-
tions of NaCl and ethanol (Albers et al. 2011), (2) loss of
cell viability due to mechanical stress caused by solid par-
ticles in high cell loading (Ishola et al. 2013), (3) cost and
environmental challenges posed by gentamicin, energy
expenditure and formation of inhibitors due to autoclav-
ing (Serate et al. 2015), and (4) rise of bacteriophage-
insensitive mutants and possibilities of gene transfer
from bacteriophages to yeast (Worley-Morse et al. 2015).
One of the potentially scalable and economically feasi-
ble solutions to control bacterial contamination is to run
the lignocellulosic fermentation at low pH, around pH
4 where the growth and viability of bacteria are drasti-
cally reduced (Kadar et al. 2007). Additionally, yeast cells
are recycled in several commercial ethanol production
processes up to 6 months to reduce fermentation time
and cost of yeast propagation, increasing the chances of
contamination (Basso et al. 2011). To prevent contami-
nation, yeast cells are treated with dilute sulphuric acid
(H,SO,) at pH between pH 1.8 and 2.5 for 1-2 h (Basso
et al. 2011), which results in reduction in intracellular pH
(Beales 2004), yeast viability and low ethanol yield (De
Melo et al. 2010). Hence, it might be efficient to develop
S. cerevisiae strains tolerant to lower pH induced by inor-
ganic acids.

Apart from bacterial contamination, inhibitors pose
another obstacle to yeast in ethanol production, formed
from the components of lignocellulose including cel-
lulose, hemicellulose and lignin due to the harsh condi-
tions of biomass pre-treatment (Almeida et al. 2007).
They include (1) weak organic acids such as acetic acid,
formic acid and levulinic acid, (2) furans, including
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furfural and hydroxymethylfurfural (HMF), and (3) phe-
nolic compounds such as vanillin, coniferyl aldehyde and
4-hydroxybenzoic acid (Palmqvist and Hahn-Héagerdal
2000; Taherzadeh and Karimi 2011). S. cerevisiae endures
inhibitors through different mechanisms, including
detoxification by enzymatic reduction, efflux and mem-
brane repair (Piotrowski et al. 2014). Advancements in
pre-treatment processes resulted in reduction of furans,
phenolics, formic acid and levulinic acid concentra-
tions in the hydrolysate (Jonsson et al. 2013). However,
acetic acid is naturally bound to lignocellulose in the
form of acetyl sugars in the hemicellulose fraction and
becomes de-acetylated during the hydrolysis treatment
(Almeida et al. 2007). As a weak organic acid, its effect is
more pronounced at low pH and may facilitate synergy
between furans and phenolics (Ding et al. 2011). Hence,
it is crucial to focus on yeast tolerance in acidic environ-
ments inflicted by the combination of inorganic and weak
organic acids in the presence of lignocellulosic inhibitors
for cost competitive ethanol production.

Different rational engineering strategies have been
pursued with S. cerevisiae to understand the molecu-
lar mechanisms involved in coping with one or several
inhibitors, thereby creating inhibitor tolerant S. cerevisiae
strains (Alriksson et al. 2010; Caspeta et al. 2015; Koichi
et al. 2012; Lei et al. 2011; Liu 2011; Parawira and Tekere
2011; Taherzadeh and Karimi 2011; Takuya et al. 2013).
As Meijnen et al. (2016) found that tolerance towards
acetic acid is a result of a polygenic response from yeast,
evolutionary adaptation might be a suitable strategy to
improve tolerance towards low pH and acetic acid with
other lignocellulosic inhibitors since yeast might accrue
beneficial properties under stress conditions over the
time of evolution. Evolutionary engineering strategies
have been successfully pursued to obtain yeast strains
with enhanced tolerance against individual or combina-
tions of several inhibitors in defined media (Dominik and
Uwe 2008; Wright et al. 2011) or in hydrolysates (Almario
et al. 2013; Hangi et al. 2014) with beneficial properties
including better growth, improved viability, higher yield
and ethanol productivity in comparison to the control
strains.

Yeast tolerance towards inhibitors could also be
induced by pre-cultivation with lower concentration of
inhibitors in defined media or diluted hydrolysates. This
induces the general stress response leading to improved
growth and fermentation performance in the inhibitory
medium or hydrolysate (Nielsen et al. 2015; Tomas-Pejé
and Olsson 2015). Kadér et al. (2007) had improved the
tolerance of S. cerevisiae towards lignocellulosic inhibi-
tors at pH 4, but with lower concentration of inhibitors to
potentially threaten yeast growth and fermentation. Low-
ering the culture pH to pH 4 in the presence of different
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concentrations of acetic acid in corn-mash has resulted in
complete inhibition of ethanol production at acetic acid
concentrations greater than 0.8 % weight/volume (w/v)
(Graves et al. 2006). Yet, other industrial strains have
been analysed for their low pH tolerance, such as JP1 and
PE-2 from commercial ethanol production in Brazil (De
Melo et al. 2010; Della-Bianca et al. 2014). We have previ-
ously demonstrated a strain-independent pre-cultivation
strategy where S. cerevisiae cells can grow and ferment at
pH 3.7 with lethal concentrations of 6 g L™! acetic acid
after a short-term adaptation with 6 g L™! acetic acid at
pH 5.0 (Sanchez i Nogué et al. 2013).

Though numerous endeavours have been pursued to
develop a robust S. cerevisiae strain in the presence of
inhibitors by targeted, evolutionary and pre-cultivation
approaches, to our knowledge, there has been no inves-
tigation on improving phenotypic robustness of S. cerevi-
siae to low pH with acetic acid and other lignocellulosic
inhibitors. Herein, we aimed at developing a short-term
adaptation strategy and an ALE of yeast in a chemostat
to investigate the nature of adaptability of S. cerevisiae to
the harsh conditions of low pH and lignocellulosic hydro-
lysates and the stability of the acquired robustness. Fur-
thermore, understanding the interactive effects among
the inhibitors at low pH could pave the way for develop-
ing new strains and strategies to lignocellulosic ethanol
production.

Materials and methods

Yeast strain and media

The commercial S. cerevisiae brewer’s strain, Coo-
bra 6 Magnum (CBF Drinkit AB, Molndal, Sweden)
was renamed to TMB3500 (Almeida et al. 2009a) and
used in this study. It was stored at —80 °C in yeast pep-
tone dextrose (YPD) medium containing 10 g L™! yeast
extract, 20 g L™! peptone and 20 g L™! glucose supple-
mented with 30 % (v/v) glycerol and maintained on YPD
medium with 20 g L™! agar. All the chemicals were pur-
chased from Sigma Aldrich, Sweden, unless mentioned
otherwise.

A chemically defined medium (Verduyn et al. 1992)
with 20 g L™! glucose, buffered with 50 mM potassium
hydrogen phthalate and 20 mM potassium hydroxide
(KOH) (Hahn-Haégerdal et al. 2005) was used in all aero-
bic growth experiments. The pH of the defined medium
was adjusted using 3 M H,SO, and 3 M KOH. Ergos-
terol and Tween80 were added in anaerobic experi-
ments, in the final concentrations of 0.01 and 0.42 g L,
respectively. A silicone based antifoam (0.5 mL L™!) was
added in the experiments performed in fermentors to
avoid excessive foaming (Dow Corning Antifoam RD
emulsion, VWR International Ltd., Poole, UK). Com-
pounds including 6 g L™ acetic acid, 1.5 g L™! furfural,
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0.5 g L™ HMF and 1 g L™! vanillin were used as inhibi-
tors in this study, hereafter mentioned as inhibitor
cocktail (IC), unless mentioned otherwise. The con-
centrations of different inhibitors chosen in this study
were in the ranges found in different pre-treated ligno-
cellulose hydrolysates obtained from barley straw, dilute
spruce and wheat straw (Almeida et al. 2009a). The used
vanillin concentration of 1 g L™! was 5-10 times higher
than in the lignocellulosic hydrolysate to account for
different kinds of phenolic compounds and lignosul-
fonates. Defined media were chosen over hydrolysates
to have better control over the experiments performed
since hydrolysate might contain many unknown inhibi-
tors (Palmqvist and Hahn-Héagerdal 2000) and they
might change in composition over time. All media com-
ponents were sterile filtered to avoid changes in compo-
sition due to evaporation.

Culture conditions

Aerobic cultures were performed at 30 °C in a rotary
shake-incubator (New Brunswick, Enfield, CT, USA) at
180 rpm with cell concentrations determined as optical
density (OD) at 620 nm (Spectrophotometer U-1800,
Hitachi, Berkshire, UK). Seed cultures were grown from
single colonies of TMB3500 (YPD agar plate) in 5 mL
defined medium in a 50 mL conical tube to reach late
exponential phase. Pre-cultures were started from the
seed culture in defined medium with an initial OD of 0.5,
grown till late exponential phase, unless mentioned oth-
erwise. All the aerobic batch cultures were cultivated in
baffled shake flasks with a medium volume equivalent to
10 % of the volume of the baffled shake flask to maintain
adequate aeration. Cells for inoculation were obtained
after centrifuging the pre-culture at 4000 rpm for 5 min
at 4 °C, washing the cells with saline and repeating the
centrifugation process. Gas proof neoprene tubes (Mas-
terflex™, Cole-Parmer, Sweden) were used for connec-
tions in the anaerobic experiments to avoid oxygen
diffusion. All the growth and fermentation experiments
except the ALE were carried out at least in biological rep-
licates and measurements were carried out in technical
triplicates. Data represented in figures include standard
deviations from the replicates.

Short-term adaptation

Pre-cultures were grown aerobically until late exponential
phase in 25 mL of defined medium with the IC at pH 5.0
from the seed culture, termed as short-term adaptation
step being used for subsequent cultivations. Cells grown
until late exponential phase in defined medium without
the IC at pH 5.0 was used as negative control, termed as
non-adapted cells. Aerobic batch growth in short-term
adaptation experiments were followed for 5 days.
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Aerobic batch growth

Short-term adapted TMB3500 cells were inoculated
into 25 mL of defined media at pH 3.7 with three differ-
ent inhibitor combinations: (1) 6 g L™" acetic acid and
0.5 g L' HMF; (2) 6 g L™! acetic acid and 1.5 g L™ fur-
fural; and (3) 6 g L ™" acetic acid and 1 g L ™" vanillin.

Defined media (25 mL) with the IC at different pH
values (pH 5.0, 4.5, 4.0 and 3.7) were inoculated with
short-term adapted cells of strain TMB3500 on defined
medium.

Short-term adapted TMB3500 cells were inoculated at
different cell dry weights (gdw L") namely 0.5, 1 and 3
gdw L' into 25 mL of defined medium with the IC at pH
3.7.

Anaerobic fermentation

Short-term adapted and non-adapted TMB3500 cells
were inoculated at 3 gdw L™! cells into 500 mL of defined
medium with the IC at pH 3.7 in a 1 L Infors fermen-
tor (InforsHT, Switzerland). Anaerobic conditions were
obtained by sparging with nitrogen gas (200 mL min™?),
the stirring was set at 200 rpm and the temperature was
maintained at 30 °C. The fermentation profile was fol-
lowed by sampling for metabolites, residual inhibitors
and OD.

Adaptive lab evolution of TMB3500

A pre-culture of strain TMB3500 was used to inocu-
late an aerobic batch of 1 L defined medium without
inhibitors at pH 5.0 in 1.4 L Infors fermentors (Infor-
sHT, Switzerland). The culture was operated at 30 °C,
with a stirring rate of 200 rpm and air was sparged at
a flow rate of 200 mL min~'. At the end of the expo-
nential phase, the feed containing defined medium with
the IC was connected to the fermentor at a dilution rate
of 0.1 h™! and the fermentor was rendered anaerobic by
sparging nitrogen gas at a flow rate of 200 mL min~".
After the culture reached steady state, the pH was
reduced by 0.2 units using 3 M H,SO,. A 1.4 L Infors
fermentor stirring at 200 rpm and nitrogen gas sparged
at 200 mL min~! was used between the fermentor with
yeast culture and feed bottle to facilitate a slow tran-
sition to the new pH. The culture pH was maintained
using 3 M KOH. Once the pH was reduced to 4.5, the
dilution rate was increased to 0.15 h™!. Gradual reduc-
tion in pH was continued until it reached a value of
3.7. The experiment was carried out for 3600 h thereby
obtaining 709 generations. Samples were taken for OD
and metabolite analysis. Cell dry weight analyses were
performed when the culture was in steady state. At the
end of the evolution experiment, the cell suspension
was transferred to a new chemostat running under the
same conditions.
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Characterisation of evolved population

The evolved population (CC156) at pH 3.7 in the ALE
and the parental strain TMB3500 were compared for
their robustness towards low pH and acetic acid with
other inhibitors. In addition, a biofilm was formed when
the pH of the chemostat was reduced to 4.1. The biofilm
and CC156 population were collected at the end of the
chemostat culture and stored as glycerol stocks. They
were streaked on YPD plates to obtain single colonies
for DNA fingerprinting and used as a population from
glycerol stock in the pre-cultures for liquid media growth
experiments.

Agar plates were prepared by mixing autoclaved
20 g L' agar with filter sterilised chemically defined
media of different conditions including pH 5.0 and 3.7
(with or without the IC) and pH 4.5 (50 % of the IC). Cell
suspensions of strain CC156 and strain TMB3500 (100
uL) were streaked evenly on the agar plates and incu-
bated at 30 °C aerobically and anaerobically for 3—7 days.
Experiments were carried out in triplicate to enumerate
the colony forming units (CFUs).

Aerobic and anaerobic liquid batch growth experi-
ments were carried out with pre-cultures of strain
TMB3500 (from a single colony) and the evolved popu-
lation CC156. Different conditions were tested in 25 mL
defined media, including pH 5.0 and 3.7 (with and with-
out the IC) and pH 4.5 (50 % of the IC). Cells were grown
at 30 °C in baffled shake flasks and sealed glass vials with
magnetic stirrers and rubber stoppers to follow aerobic
and anaerobic growth, respectively.

Cells of CC156 population, biofilm and strain
TMB3500 from the short-term adaptation step were
inoculated into 25 mL of defined medium with inhibi-
tors at the concentrations similar to the residual inhibitor
concentrations present in the CC156 population of the
ALE chemostat at pH 3.7 i.e. 0.32 g L™! HMF, 0.46 g L ™!
furfural, 0.53 g L~! vanillin, 6.0 g L' acetic acid, and this
aerobic batch growth was followed for 2 days.

Cells of strain CC156, biofilm and strain TMB3500
were propagated in 5 mL of YPD liquid medium contain-
ing 10 g L ™! yeast extract, 20 g L™! peptone and 20 g L™*
glucose. Genomic DNA was extracted (Harju et al. 2004)
from three colonies in each strain and amplified by PCR
(C1000 Touch™ thermocycler, Bio-rad, USA) using
Dream taq polymerase (Life technologies, Sweden) and
selected primers targeting (1) TY1, TY3 elements (Trans-
posable elements, individually and combined) (i Nogué
et al. 2012; Schofield et al. 1995). TY elements were cho-
sen due to their presence in a wide variation in the yeast
genome distribution making them ideal for intraspe-
cies discrimination (Schofield et al. 1995), (2) randomly
amplified polymorphic DNA (S1254 random primer)
(Akopyanz et al. 1992) and (3) (GACA), (Andrade et al.
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2006) and (GTG); repeats (da Silva-Filho et al. 2005).
They were chosen owing to their usefulness in differen-
tiating a strain during the evolution monitoring process
in wine fermentation (da Silva-Filho et al. 2005). PCR was
performed adopting to conditions from the respective lit-
erature. The PCR products were separated in an agarose
gel (0.8 %) at 100 V for 60 min with a gene ruler DNA
ladder (100 bp-10 kb) and gene ruler 100 bp plus ladder
(100 bp-3 kb) (Thermo Scientific, Sweden) as standards.

Metabolite analysis

Cell dry weight was determined in triplicate by filter-
ing 5 mL of the culture on a pre-weighed 0.45 um pore
size Supor® membrane disc filter (Pall Corporation, Port
Washington, NY, USA). Filters were washed with distilled
water and dried for 8 min at 350 W in a microwave oven.
To analyze the metabolites, cells were separated by cen-
trifugation at 13,200 rpm for 2 min; the supernatant was
filtered through 0.20 um membrane filters (Toyo Roshi
Kaish, Tokyo, Japan) and stored at —20 °C until analy-
sis. Concentrations of glucose, glycerol, acetate, ethanol,
HME, furfural and vanillin were determined by high per-
formance liquid chromatography (Waters, Milford, MA,
USA) using a HPX-87H resin-based column (Bio-Rad,
Hercules, CA, USA) preceded by a Micro-Guard Cation-
H guard column (Bio-Rad). Separation was performed at
45 °C with 5 mM H,SO, at a flow rate of 0.6 mL min ",
All compounds were quantified by refractive index
detection (Shimadzu, Kyoto, Japan). For each HPLC
run, a seven-point calibration curve was made for each
compound.

Results

In this study, the significance of pre-cultivation and ALE
towards low pH and inhibitor tolerance were explored.
The TMB3500 yeast strain employed in this study was
previously shown to possess high tolerance to lignocel-
lulosic inhibitors by proliferating in the presence of high
amounts of non-detoxified hydrolysates, including bar-
ley straw (40 % w/v), dilute spruce (60 % w/v) and wheat
straw hydrolysates (60 % w/v) (Almeida et al. 2009a).

Robust phenotype through short-term adaptation and role
of individual inhibitors at low pH

To test the influence of short-term adaptation on toler-
ance to low pH and individual inhibitors, TMB3500
cells short-term adapted with the IC at pH 5.0 and non-
adapted cells were inoculated in defined media at pH 3.7
with acetic acid and individual inhibitors. Short-term
adapted TMB3500 was able to grow at pH 3.7 with ace-
tic acid and HMF at a maximum specific growth rate
(Mynay) Of 0.09 £ 0.01 h™! without any lag phase (Fig. 1).
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Cells grown at pH 3.7 with acetic acid and furfural had
a Wy Of 0.10 £ 0.01 h™! with a lag phase of 13 & 0.5 h
whereas cells grown at pH 3.7 with acetic acid alone
had a similar p,,, (0.11 £ 0.01 h™'), but without any lag
phase (Sanchez i Nogué et al. 2013). This indicates that
furfural had a combined inhibitory effect along with ace-
tic acid. Short-term adapted cells inoculated at pH 3.7
with acetic acid and vanillin had just marginal growth
of 0.01 £ 0.00 h™! after 160 h (Fig. 1). Similarly, minimal
growth of 0.01 + 0.00 h™' was observed in the culture
at pH 3.7 with all the inhibitors. Minimal to no growth
was observed with non-adapted cells in any of the above
conditions, hence subsequent aerobic batch experiments
were performed only with short-term adaptation.

Combined effect of different pH and multiple inhibitors

on growth

To further map the inhibitory effect of low pH and acetic
acid in the presence of a cocktail of lignocellulosic inhibi-
tors, a short-term adapted TMB3500 culture was grown
at different pH between 3.7 and 5.0 in media with the
IC. Whereas the cells at pH 5.0 started growing almost
immediately with a y,,,, of 0.20 + 0.00 h™!, a decrease in
pH by 0.5 units resulted in a long lag phase (20 + 1 h) and
a reduction in p,,, to 0.08 & 0.00 h™'. At pH 4.0 there
was just a marginal growth and no growth was observed
at pH 3.7 even after 150 h (Fig. 2). This illustrates the crit-
ical role played by pH in the presence of acetic acid and
inhibitors on yeast growth.

0.12

3

2

C 0.09

£

2

o

[S)

© 0.06

=

'S

(0]

Q

a

E 003

£

x

]

= - N

0 [ |-
& & S ca
x\b \}{\ 40(\ \‘0\
\2‘?*0 (JXQ o Qé\
o X ,\\ >
Q\Z\ n_,/«\ Q\’b' Q\b
S N

Fig. 1 Effect of low pH with 6 g L' acetic acid and individual
inhibitors (1.5 g L™ furfural or 0.5 g L=" HMF or 1 g L™ vanillin) on
short-term adapted (black) and non-adapted (white) cells. pH 3.7 with
inhibitors includes the IC




Narayanan et al. AMB Expr (2016) 6:59

2 0.3

o

£

3

5 024

o

S E

(9]

& 0.1

1S

]

£

8 o004

= 3.5 4.0 4.5 5.0 5.5

pH

Fig. 2 Effect of the pH on growth of strain TMB3500 after short-term
adaptation at pH 5 with the IC

Influence of initial cell density in growth performance

at low pH with inhibitors

To investigate whether the observed growth inhibition
could be relieved by increasing the initial cell density
and if there was a critical cell concentration that allowed
for growth to occur, short-term adapted TMB3500 cul-
tures were inoculated at different cell concentrations
(0.5, 1 and 3 gdw L) in a medium at pH 3.7 with the IC.
When inoculated with 3 gdw L™, cells grew at a y,,, of
0.04 + 0.00 h™! (Fig. 3) in comparison to an inoculum size
of 0.5 or 1 gdw L™}, where no growth was observed even
after 130 h of incubation. The short-term adapted bio-
mass at higher concentration might possess the required
volumetric reductase activity to efficiently detoxify HMF
and furfural to their corresponding alcohols (Modig et al.
2008) reaching inhibitor threshold levels for allowing
growth at the low pH in presence of acetic acid.

Effect of initial cell density in fermentation performance

at low pH with inhibitors

To test the influence of the short-term adaptation strat-
egy to maintain metabolic activity and the ability to

In OD (620nm)
N
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Fig. 3 Effect of initial cell density on growth and inhibitor tolerance
of strain TMB3500 at pH 3.7 with the IC after short-term adaptation.
Cell dry weight-3 gdw L™ (triangles), 1 gdw L~' (diamonds) and 0.5
gdw L™ (squares)
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ferment at pH 3.7 in the presence of IC, an anaero-
bic batch culture was inoculated with 3 gdw L' of a
TMB3500 culture with (Fig. 4a) and without pre-adap-
tation (Fig. 4b). In the pre-adapted system, glucose was
consumed completely within 19 + 5 h at a specific con-
sumption rate of 0.47 + 0.01 g glucose g cells™* h™! to
produce 0.45 + 0.01 g ethanol g glucose™ (Table 1).
There was a significant detoxification of inhibitors
including 65 £ 10 % of HME, 85 £ 12 % of furfural and
60 £ 1 % of vanillin to their respective alcohols (Fig. 5). In
the non-adapted system, the cell concentration started to
decrease and there was no significant sugar consumption
or ethanol production even after 110 h and no inhibitor
detoxification, except for 75 £ 12 % of furfural (Fig. 5;
Table 1).

ALE of TMB3500 for tolerance towards low pH with acetic
acid and other inhibitors

Though short-term adaptation is successful in obtain-
ing a stable growth and fermentation profile at low pH
under inhibitory conditions, a stable robust yeast strain
that does not require short-term adaptation towards low
pH would be more ideal. Cells of strain TMB3500 were
evolved to improve their tolerance towards low pH with
inhibitory concentrations of acetic acid (6 g L™') and
other inhibitors typically present in lignocellulose hydro-
lysates including furfural (1.5 g L™"), HMF (0.5 g L™!) and
vanillin (1 g L™!). They were grown in an anaerobic con-
tinuous culture at a dilution rate of 0.1 h™' in a defined
medium with the IC at pH 5.0. Once the culture attained
steady state, the pH was reduced stepwise from pH 5.0 to
3.7. At pH 4.5, cells were further stressed to grow faster
by increasing the dilution rate to 0.15 h™!. A biofilm
which was formed at pH 4.1 in the chemostat covering
the glass walls and baffles increased proportionally dur-
ing further reduction in pH. At pH 3.7, the cell culture
CC156 growing in the presence of lignocellulosic inhibi-
tors was obtained after 709 generations (Fig. 6a, b). The
cell suspension of the chemostat was transferred into a
new chemostat operating under similar conditions to test
its capacity for inhibitor tolerance at pH 3.7 and to iden-
tify the role of the biofilm in ALE. The chemostat culture
washed out (data not shown) and the CC156 cells stored
at —80 °C were chosen as the evolved population.

The increase in un-dissociated acetic acid concentra-
tion in the chemostat due to stepwise lowering the pH
led to a series of effects over the course of cultivation:

(1) From pH 5.0 to 4.5 an initial decrease in opti-
cal density was followed by recovery of the culture, but
at lower pH, the optical density gradually decreased
(Fig. 6a); (2) this was accompanied by a temporary
increase in the glucose concentration due to a lower
glucose rate of consumption. After each pH change, the
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glucose concentration increased sequentially in the new
steady states (Fig. 6b); (3) HMEF, furfural and vanillin most
probably have been detoxified by NAD(P)H-dependent
reductases in strain TMB3500 as observed by Modig
et al. (2008) and furfural was detoxified with a conversion
efficiency of 75 % on average throughout the chemostat
cultivation and HMF and vanillin were being detoxified
in varying efficiencies based on the cell concentrations
at the given time point (Fig. 7). On the other hand, the
ethanol yield was maintained at 0.42 + 0.04 g ethanol g
glucose™! throughout the evolution process in spite of
the increase in dilution rate and decrease in pH. Moreo-
ver, the concentration of acetate remained constant at
6 g L1, as it could not be consumed as a source of carbon
by S. cerevisiae under anaerobic conditions (Henningsen
et al. 2015) (Fig. 6b).

Surprisingly, both the strains displayed similar colony
growth characteristics: (1) colonies formed in less inhibi-
tory conditions including defined media at pH 5.0, 3.7
and 4.5 with 50 % of the IC. (2) No colonies were formed
in severe inhibitory conditions including pH 5.0 or 3.7
with the IC, indicating that the evolved population could
not retain the phenotypic robustness against inhibitors.
To validate the strain robustness, cells from the CC156
population and TMB3500 were grown in chemically
defined liquid media with different pH and concentra-
tions of inhibitors, aerobically and anaerobically. How-
ever, growth characteristics for both the parental and
evolved strain were similar in liquid media as well. Cells
were considered to have positive growth characteristics if
their OD value had doubled at least threefold. Based on
this, there was a difference between the growth patterns
in solid and liquid media where growth was displayed in
low to medium inhibitory conditions, including chemi-
cally defined media at pH 5.0, 3.7 and 4.5 with 50 % of

Table 1 Anaerobic batch fermentation at pH 3.7 with the IC with and without short-term adaptation at pH 5

Condition Ethanol titre Yield (g g glucose™") Specific consumption/pro-
(gL™) duction rate (gg~"h™")
Biomass Glycerol Acetate Ethanol Glucose Ethanol
Short-term adapted 8.93 £0.38 0.01 £0.00 0.01 £0.01 0.00 £ 0.01 045 £ 0.01 —047 £ 0.01 0.18£0.02
Non-adapted 073 +084 —0.58 +£0.56 0.03 £ 0.04 0.30 +£0.15° 0.15+0.13° 0.01 £ 0.00 0.00 & 0.00

? Yield values based on glucose consumption of 1.80 & 2.11 g in total
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the IC and pH 5.0 with IC. Nevertheless, both parental Since the evolved strain did not display inhibitor
and adapted strain did not grow in the medium with pH  robustness in conditions of the ALE chemostat, it was
3.7 and IC like in the severest conditions applied in the hypothesised that the thick biofilm generated over the
chemostat. course of the long-term adaptation could have a role in
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detoxifying the medium and cell proliferation, whereas
the free cells present in the suspension also might be
growing and fermenting, tolerating the residual inhibi-
tors. To verify this hypothesis and to test whether short-
term adaptation helps to retain tolerance in the evolved
strain, cells from the biofilm, CC156 and TMB3500 were
inoculated in liquid media with inhibitor concentra-
tions similar to the residual inhibitor concentrations in
the liquid suspension of the ALE chemostat. Unexpect-
edly, strain TMB3500 could grow at a maximum spe-
cific growth rate of 0.07 4 0.00 h™! with a lag phase of
12 4+ 0.5 h, biofilm cells and the CC156 population did
not grow even after 150 h.

To investigate if large rearrangements in the genome
had occurred, DNA fingerprinting was carried out with
different sets of primers in the cells from the biofilm,
population CC156 and strain TMB3500. Interestingly,
the gel bands were similar for all analysed strains (Addi-
tional file 1: Figure S1) indicating that there were no
major genetic re-arrangements in the evolved strain in
comparison to the parental strain.

ALE of S. cerevisiae TMB3500 strain resulted in a
population accompanied by a biofilm displaying robust-
ness at pH 3.7 with the IC coupled with efficient etha-
nol production. However, when the selection pressure
was removed through storage, the parental strain and
the evolved population had similar growth characteris-
tics under the various inhibitory conditions. This led to
the conclusion that the robustness towards low pH and
lignocellulosic inhibitors displayed by the evolved strain
from ALE might be a result of population heterogeneity.

Discussion

Developing inhibitor tolerant S. cerevisiae strains ferment-
ing at low pH is very attractive to the cellulosic bioethanol
industry owing to challenges including bacterial contami-
nation, reduction in cell viability, longer lag phase due to
inhibitor detoxification, formation of undesirable prod-
ucts, lower ethanol yield, productivity and titre (Almeida
et al. 2009b; Palmqvist and Hahn-Hégerdal 2000; Skinner
and Leathers 2004). In this study, two different adaptation
strategies were successfully applied to attain tolerance in
S. cerevisiae towards more severe conditions than investi-
gated before, i.e. low pH at 3.7 and inhibitory concentra-
tions of acetic acid, furfural, HMF and vanillin.

When a short-term adaptation strategy was applied
with the IC, cells were able to grow at pH 5.0 and 4.5,
but not at pH 4.0 and 3.7 (Fig. 2). This could be due to
synergistic effects of low pH and the different inhibi-
tors, i.e. (1) increased passive diffusion of undissociated
acetic acid into the cells leading to acidification of the
cytoplasm. Once inside the cell, acetate, being a weak
acid, will reduce the intracellular pH. Plasma membrane
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ATPases and multiple drug resistance transporters pump
the protons and acetate anions, respectively, out of the
cell by utilising ATP, leading to an energy drain (Caspeta
et al. 2015; Piotrowski et al. 2014; Taherzadeh and Karimi
2011), (2) deactivation of key cellular and glycolytic
enzymes, membrane and DNA damage caused by fur-
fural and HMF (Piotrowski et al. 2014); (3) vanillin may
cause damage to cell membrane integrity (Piotrowski
et al. 2014; Trinh Thi My et al. 2014); and (4) reduction of
the furans demands excessive reducing power of NAD(P)
H that is directed away from ethanol production and
anabolism (Almeida et al. 2007, 2009b). All four mecha-
nisms might have contributed to reduced growth capac-
ity, elongated lag phases, lower growth rates and ethanol
yields (Almeida et al. 2011; Piotrowski et al. 2014). As
the mechanism of detoxification, tolerance, energy and
co-factor requirements are different among weak acids,
furans and phenolics, the presence of more than one
class of inhibitor in the substrate results in an additional
burden to the yeast cell.

Short-term adaptation to the inhibitors at pH 5 might
have led to a reduction in the cytosolic pH that subse-
quently has increased the tolerance to acetic acid at pH
4.5, as was earlier observed in another S. cerevisiae strain
(Ferndndez-Nino et al. 2015). Hence during incubation
at pH 3.7 with the IC, the effect of low pH and diffusion
of undissociated acetic acid inside the cell must have
been less pronounced. Increasing the cell density com-
bined with short-term adaptation improved the poten-
tial of growth and ethanol fermentation capacity at pH
3.7 with the IC in 12 h compared to the non-adapted
culture (Figs. 4, 5; Table 1). Higher inoculum concentra-
tions could have several positive effects towards inhibitor
detoxification including: (1) ‘Safety in numbers) i.e. low-
ering the ratio of inhibitor concentration over cell con-
centration, which leads to lower detoxification demand
per cell; and (2) population heterogeneity, where more
representatives of several sub populations could be dedi-
catedly involved in detoxification of inhibitors, thereby
facilitating growth and ethanol production by other sub
populations. The heterogeneity could be due to (a) vari-
ations in cell growth phase, cycle and cell ageing, and (b)
stochasticity in gene expression impacting enzymatic
activities leading to variations in metabolic reactions
(Avery 2006; Delvigne et al. 2014). Of all the inhibi-
tors, vanillin had a major impact on the growth perfor-
mance of strain TMB3500 at pH 3.7 in the presence of
acetic acid as previously observed by Klinke et al. (2004)
affecting the growth of S. cerevisiae at a concentra-
tion of 0.5 g L™, followed by furfural with an increased
lag phase, whereas HMF had no effect (Fig. 1) when
compared with cells grown at pH 3.7 with acetic acid
(Sanchez i Nogué et al. 2013). Since vanillin is involved
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in membrane damage, it might aid the cellular entry of
acetic acid, thereby affecting the fitness and metabolism
rapidly. Synergistic effects of acetic acid and furfural have
been reported to negatively affect specific growth rate
and ethanol yield (Palmqvist et al. 1999). In addition,
effects of the individual and combination of inhibitors
including furfural, phenol and acetic acid have been ana-
lysed using metabolic profiling. The synergistic negative
effect on amino acids and central carbon metabolism was
more pronounced than the sum of individual inhibitors
with acetic acid playing a key role in the combined inhi-
bition (Ding et al. 2011).

Evolutionary engineering is a useful tool to obtain a
desired phenotype by acquiring a stable genotype in an
organism by applying constant or increasing selection
pressure (Almario et al. 2013; Sauer 2001). The natural
evolution process towards desirable properties like adapt-
ability to low pH and inhibitor tolerance is prominent
among industrial yeast strains where cells are repeatedly
washed with dilute H,SO, and recycled in the fermenta-
tion process along with pre-cultures as observed with the
PE-2 strain used in Brazilian ethanol production plants
(Della-Bianca et al. 2014). Exposure of strain TMB3500
to step-wise reduction in pH from 5 to 3.7 over 3600 h
in a chemostat led to successful growth and ethanol pro-
duction in the presence of inhibitory concentrations of
acetic acid, furfural, HMF and vanillin over the whole pH
range. Interestingly, at pH 4.1, biofilm was formed in the
fermentor, possibly to protect the cells against harsher
conditions as was observed for Zymomonas mobilis on
rice bran hydrolysate forming a protective layer around
cells (Todhanakasem et al. 2014). Yeast cells form biofilm
through cell-cell adhesion in response to stress through
triggering the Ras/cAMP/protein kinase A (PKA) and
mitogen activated protein kinase pathways and express-
ing the FLO genes (Verstrepen and Klis 2006). Hence,
the biofilm might have contributed to the majority of
the detoxification and cell proliferation. In addition, cells
released from the biofilm into the liquid suspension may
have contributed to ethanol production, but without pro-
liferation. Therefore, when the cell suspension was trans-
ferred into another chemostat under the same condition,
the culture simply washed out immediately, adding cred-
ibility to this interpretation.

Surprisingly, characterisation of the adapted strain
acquired from the suspension after 709 generations
showed that it possessed a similar phenotype as the
parental strain TMB3500 in response to the expo-
sure of low pH and the IC. The apparent robust pheno-
type had disappeared as soon as the adapted strain was
exposed again to the harsh conditions as seen by Wright
et al. (2011) when adapting for acetic acid tolerance.
However, one drawback of the experimental setup of
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characterisation could have been the low inoculum size
of OD 0.5 (OD of 2.5 corresponds to 1 gdw L™ of strain
TMB3500) used to start the aerobic and anaerobic liquid
batches, which may very well have been below the criti-
cal cell mass to initially detoxify the inhibitors at low pH
when compared with the size of inoculum in the chemo-
stat (Fig. 6a).

All in all, this study indicated that the phenotype of
both the short-term and long-term adaptation, i.e. growth
at pH 3.7 with inhibitors, turned out to be similar with no
rigorous genetic changes. Copy number variations of spe-
cific genes and single nucleotide polymorphisms obtained
from 5 months of evolution might be very specific to be
visualised in the broad genomic DNA fingerprinting tech-
niques used for the current analysis. Indeed, short-term
adaptation at acidic pH might have a positive influence in
epigenetic expression of various stress response genes and
transcription factors/activators including YAPI, HAAI
(Anneli et al. 2006; Modig et al. 2008; Wright et al. 2011).
Moreover, De Melo et al. (2010) used an industrial strain
named JP1 to show that an acidic environment affected
cell growth and induced general stress response. The cell
tolerance to acidic environment may involve down regu-
lation of transcription and protein synthesis due to PKA
based glucose signalling (De Melo et al. 2010). Interest-
ingly, a cross-tolerance phenomenon has been observed
in S. cerevisiae, meaning that tolerance acquired to one
stress enhances resistance to other forms of stress (Gib-
son et al. 2007). For instance, low pH stress due to inor-
ganic and weak organic acids induces the expression of
genes involved in tolerance to heat shock, cell wall assem-
bly, trehalose biosynthesis, tolerance to osmotic stress and
glycerol production (Kapteyn et al. 2001; Kawahata et al.
2006). Also, the resulting enhancement in population per-
formance that we observed in ALE could be due to poly-
genic response as observed by Meijnen et al. (2016) in the
case of tolerance towards acetic acid, preserving beneficial
mutations and by avoiding any undesirable pleiotropic
response as in case of any targeted genetic manipulation
(Sauer 2001).

The adaptation patterns observed in our study, includ-
ing the long-term adaptation, could thus be due to a
combination of a variety of genetic changes and sto-
chastic switching that are either triggered by the harsh
environment (Acar et al. 2008) or are already present in
a subpopulation (Delvigne and Goffin 2014; Levy et al.
2012). In the latter case, phenotypic variability or plas-
ticity exhibited in the subpopulation might enhance the
survival of the species when confronted with diverse
hostile environments (Delvigne and Goffin 2014; Levy
et al. 2012). Most likely, in TMB3500 cultures only the
subpopulation readily adapted to the inhibitors at low
pH were selected for, which is underlined by the need
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to apply thick inocula to provide a critical mass of this
subpopulation.

We have performed a short-term adaptation and an
ALE of an industrial S. cerevisiae strain to grow and
produce ethanol at low pH in the presence of lignocel-
lulosic inhibitors. The next step would be to perform fer-
mentations with yeast and simulated contaminations of
bacteria in a medium stressed with inorganic and weak
organic acids in the presence of lignocellulosic inhibitors
to analyze the effect of low pH fermentations. This might
be a key step towards reduction of bacterial contamina-
tion in large-scale lignocellulosic ethanol production.
Though the evolved strain obtained from long-term evo-
lution did not maintain stable inhibitor robustness, the
short-term adaptation strategy to pH 5 and all inhibitors
made it possible for the first time to successfully ferment
glucose to ethanol at pH 3.7 in the presence of lignocel-
lulosic inhibitors. Inhibitor tolerance and cell growth in
yeast is thus achieved through phenotypic plasticity, i.e.
a delicate phenotypic balance underlined by expression
of genes relating to stress tolerance, growth and fermen-
tation. Understanding the complex genetic regulation
behind phenotypic plasticity and stochastic expression in
adaptive evolution might enable us to steer the yeast cells
to desirable metabolic responses.

Additional file

Additional file 1: Figure S1. DNA fingerprinting with genomic DNA
extracted from parental strain TMB3500 (first column of gel), evolved
strain CC156 (middle column of gel) and biofilm (third column of gel).
Primers used include a) (GACA), b) (GTG);5 ¢) S1254 random primer d) TY1
primer €) TY3 primer f) TY1 4+ TY3 primer. One gel is displayed from each
strain as a representative from triplicate analysis.
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