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Abstract

Toxic concentrations of monocarboxylic weak acids present in lignocellulosic hydrolyzates affect cell integrity and fermen-
tative performance of Saccharomyces cerevisiae. In this work, we report the deletion of the general catabolite repressor
Miglp as a strategy to improve the tolerance of S. cerevisiae towards inhibitory concentrations of acetic, formic or levulinic
acid. In contrast with the wt yeast, where the growth and ethanol production were ceased in presence of acetic acid 5 g/L
or formic acid 1.75 g/L (initial pH not adjusted), the m9 strain (Amigl::kan) produced 4.06+0.14 and 3.87 +0.06 g/L of
ethanol, respectively. Also, m9 strain tolerated a higher concentration of 12.5 g/L acetic acid (initial pH adjusted to 4.5)
without affecting its fermentative performance. Moreover, m9 strain produced 33% less acetic acid and 50-70% less glycerol
in presence of weak acids, and consumed acetate and formate as carbon sources under aerobic conditions. Our results show
that the deletion of Miglp provides a single gene deletion target for improving the acid tolerance of yeast strains significantly.

Keywords Acid tolerance - Catabolite repression - Ethanol - Weak acids - Hydrolysates - Saccharomyces cerevisiae - MIG1

Introduction

Utilization of lignocellulosic biomass for biofuel and bio-
chemical production offers social, economic and energetic
benefits compared to sucrose and starch-based feedstocks.
These plant residues can contain up to 75% fermentable
sugars in the form of cellulose and hemicellulose, where
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D-xylose, L-arabinose, D-galactose, b-mannose and D-glu-
cose are the main sugar monomers [51]. Pre-treatment
methods are required to disrupt the lignocellulose matrix
for improved hydrolytic enzyme accessibility; however, this
inevitably causes some degree of degradation of the three
major components of lignocellulosic biomass, and gener-
ates a broad diversity of toxic compounds such as ketones,
aldehydes, phenols and organic acids [20]. These toxic com-
pounds can negatively affect the enzyme hydrolysis and fer-
mentation; first with the reduction of soluble sugar yield
in enzyme hydrolysis, and second, with a reduction in the
growth rate and ethanol yield in the fermentation stage with
Saccharomyces cerevisiae [3, 6, 46].

There are at least 18 different inhibitory compounds
released from conventional pre-treatment methods [20], but
the type and concentration of the released inhibitory com-
pounds strongly depend on the nature of the lignocellulosic
biomass. However, acetic, formic and levulinic acid are the
three most abundant monocarboxylic acids found in the lig-
nocellulosic hydrolysates. Acetic acid is formed when amor-
phous hemicellulose is degraded and releases acetyl side
chains, while formic acid and levulinic acid are degrada-
tion products from furfural and hydroxymethylfurfural [49].
Concentrations of acetic acid in lignocellulosic hydrolyzates
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typically range between 1 and 5 g/L [20, 24] and in some
cases up to 10 g/L have been reported [57]. Although formic
acid can be found in concentrations 10-times lower than ace-
tic acid, its lower pKa of 3.77 compared to acetic acid’s pKa
of 4.75, and its smaller size, are responsible for the increased
toxicity [26]. The next most commonly found weak acid in
hydrolysates is levulinic acid with a pKa of 4.62, and is often
found in the range of 1.1-2.6 g/L [20, 26, 47].

When in a pH-environment below to an acid’s pKa, the
acid predominantly exists in its undissociated form. Many
weak organic acids such as acetic, benzoic or sorbic, have a
lipophilic nature, which favours its diffusion across the cell
membrane until equilibrium is reached [15]; alternatively it
can be transported in its acid form through a plasma mem-
brane channel (Fpslp) or in its anionic form via a proton
symporter (Ady2p, Jenlp) in absence of glucose [5]. The
pH of the cytosol is typically higher than the extracellu-
lar environment in exponentially growing cells, causing
the dissociation of the weak acid, raising the concentration
of protons and charged anions, and decreasing the cell’s
internal pH [47, 48]. S. cerevisiae responds to restore the
intracellular pH by activating the plasma membrane ATPase
(Pmalp) to pump out protons [10, 61]; however, this defense
mechanism demands ATP hydrolysis, and it is known that
this H* translocator enzyme can consume up to 60% of total
cellular ATP under some acidic conditions [1, 14]. Thus,
higher acid concentrations will lead to less ATP available
for cell growth and compromising its development [18, 62].
We have recently characterized this ATP requirement using
genome-scale modelling [17]. Moreover, accumulation of
high intracellular concentrations of the weak acid’s anion
will raise the cytoplasm’s osmolarity [22], causing elevated
water inflow to restore homeostasis, and resulting in a poten-
tially lethal increase in the internal pressure of the cell [23].
High acetate concentration (~ 12 g/L) causes elevation in
the levels of oxidatively modified proteins and in the activ-
ity of antioxidant enzymes in yeast cells, demonstrating its
prooxidant effects [24]. As described, acidic stressors have
a broad impact of adverse effects, thus in order to improve
the overall cell robustness a more comprehensive strategies
are required. For example, the manipulation of transcription
factors that will results in the modification of the expression
patterns of its target genes whose activity might generate
an improved tolerance phenotype. For example the over-
expression of transcriptional activator HAA I, demonstrated
the regulation of a set of genes required for S. cerevisiae
tolerance to weak acid stress [58].

Interestingly, in the absence of fermentable sugars, acetate
can be assimilated as carbon source by S. cerevisiae under
aerobic conditions, requiring the anaplerotic enzymes in the
glyoxylate cycle and gluconeogenesis encoded by ACSI,
ICLI, MLS1, PCK1, and FBPI [24-27]. These genes contain
a carbon source-responsive element in their promoters that
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are activated by Cat8p, which itself is regulated by carbon
catabolite repression (CCR) [27, 28]. When glucose is avail-
able at high concentrations, the general catabolite repres-
sor Miglp (YGLO35C; a Cys,His, zinc finger protein) binds
to the CAT8 promoter and recruits the repressor complex
Ssnlp-Tuplp, blocking its expression [29, 30]. During low
glucose levels, Miglp is phosphorylated by the serine—threo-
nine kinase Snflp complex, a central component in the CCR
signalling pathway, and then is exported to the cytosol, lib-
erating the exerted repression of CATS [31, 32]. Also, yeast
has two other zinc finger proteins that are closely related to
Miglp, namely, Mig2p and Mig3p. Mig2p seems to be a
minor player in glucose repression. Some glucose-repressed
genes are synergistically repressed by Miglp and Mig2p,
while others are repressed only by Miglp. Mig3p does not
seem to overlap in function with Miglp and Mig2p [33].
This transcriptional control, exerted by the CCR network,
helps to coordinate the adaptive response towards alternative
carbon sources [32, 34, 35]. Interestingly, the Mig1p repres-
sor not only regulates the expression of genes with meta-
bolic functions, but also has been described to repress the
expression of genes related with stress tolerance and other
diverse functions [37, 38]. For example, the metal toxicity
stress-inducible metallothionein Cupl-1p and the salt stress-
inducible P-type ATPase sodium pump Enalp are also over-
expressed when Miglp repressor is deleted or under glucose
starvation conditions (Miglp inactive) [39—41]. This cross
talk among stress responsive elements (transcription factors
and genes) suggests that Miglp extensively regulates gene
expression to cope with the imposed stress, and to improve
the tolerance/survival success. This indicates the contribu-
tion of Snflp/Miglp pathway in cell survival during several
types of starvation and environmental stress.

In this work, we report the deletion of the general repres-
sor Miglp as a strategy to improve the tolerance of S. cer-
evisiae towards acidic (low pH) stress, imposed by weak
organic acids (acetic, formic and levulinic acid) during aero-
bic, oxygen limiting, and anaerobic growth. We further dis-
cuss metabolic causes for improved tolerance and the impact
of the initial culture pH on the concentrations tolerated.

Materials and methods
Strains and plasmids used

Laboratory strain S. cerevisiae CEN.PK 113-7D (MATa
MAL2-8¢ SUC2) [42], kindly provided by Prof. Vincent
J. J. Martin (Concordia University), was used as reference
strain. The MIG1 (YGL035C) gene, encoding the CCR-
general repressor Miglp, was disrupted from parental
strain to generate S. cerevisiae CEN.PK 113-7D m9 (MATa
MAL2-8c SUC2 migl::kanMX6). Plasmids pUG6 (carrying
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loxP-KanMX-loxP, kan") and pSH65 (Cre-expressing,
GALI promoter, ble”, used to recombine the loxP-marker
gene—loxP and remove the marker gene) were purchased
from EUROSCAREF [43]. Escherichia coli DH5a was used
for general cloning and molecular procedures.

MIG1 gene deletion

Gene deletion was performed using the standard PCR-medi-
ated gene insertion protocol [43]. Disruption cassette was
generated by PCR using primers migl-F 5'-GAGTATAGT
GGAGACGACATACTACCATAGCCatgcaaagCAGCTG
AAGCTTCGTACGC-3' and migl-R 5-ATTTATCTGCAC
CGCCAAAAACTTGTCAGCGTAtcagtccGCATAGGCC
ACTAGTGGATCTG-3' and plasmid pUG6 as template.
The bolded regions indicate homology to the plasmid pUG6,
non-bolded regions to MIG1 gene, and lowercase letters to
the MIGI CDS. Gene deletion was confirmed by PCR analy-
sis and Sanger sequencing using primers migl-FCK 5'-TCG
CGAGAGACTGCGGACTGC -3’ and migl-RCK 5'- AGA
ACAATTAATTATCTCTGCGG -3’ and genomic DNA of
possible MIG1 disruptant.

Growth media

Yeast peptone dextrose (YPD) was used for regular main-
tenance of yeast strains. Solid YPD contains, per liter, 10 g
yeast extract, 20 g peptone, 20 g agar, and 10 g glucose. For
selection of MIG1 disruptants, YPD-agar was supplemented
with 200 pg/mL G418 and plates were incubated at 30 °C.
For screening acid-tolerant strains, solid YPD was supple-
mented with 10 g/L of acetic acid using a 20% (V/V) glacial
acetic acid stock (filter-sterilized); pH was not adjusted after
acid addition. Stain m9 was further analysed in solid YPD
and liquid YPD (supplemented with 20 g/L of glucose) con-
taining 1.75 g/L of formic acid (final-pH was not adjusted),
or 20 g/L of levulinic acid (final-pH was not adjusted), or
in YPD with adjusted pH of 8.0 (using NaOH 1 N) or 3.2
(using HCI 1 N). The evaluated concentrations of acetic
and formic acid were selected based on previously reported
concentrations found in hydrolysates [20, 26]. For levulinic
acid, concentrations were ramped increased, until the growth
of the wr strain ceased. Strain wt was used as reference in
all the tolerance-screening assays. For experiments in solid
YPD, both strains were serially diluted (10°-10~%) using
an overnight-grown YPD liquid culture, plates were incu-
bated at 30 °C for 3-5 days. For acid-tolerance screening
experiments using liquid medium, YPD was supplemented
with 20 g/L of glucose, cultures were started with an initial
ODgs0nm ©f 0.1 (= 0.15 gpcw/L biomass), and incubated at
30 °C and 200 rpm. Samples were taken under sterile condi-
tions every 24 h until 5 days, for determination of biomass
and ethanol concentration.

Pre-culture preparation

Independent yeast colonies of CEN.PK 113-7D (wt) and
CEN.PK 113-7D m9 (m9) strains, isolated from YPD-agar
plates, were first cultivated in 50 mL conical tubes contain-
ing 15 mL YPD medium and overnight-grown at 30 °C,
200 rpm. Inoculum cultures were started by transferring 500
pL of the tube-grown cultures into 250 mL flasks containing
25 mL YPD medium and incubated for 24 h at 30 °C and
200 rpm. The cells from these precultures were harvested by
centrifugation at 18,000g for 5 min at 4 °C, washed twice
with sterile YPD media, and then used to inoculate final
batch fermentations at an initial optical density at 620 nm
(ODgy0nm) ©f 0.1 (% 0.15 gpcyw/L biomass).

Aerobic batch fermentation in presence of weak
acids

Aerobic batch fermentations were performed using 250 mL
flasks containing 50 mL of YPD supplemented with the
correspondent weak acid concentration. For acetic acid, the
evaluated concentrations were 0.0, 5.0, and 6.0 g/L. Formic
acid was evaluated at 0.0, 1.75, and 2.1 g/L. Levulinic acid
was evaluated at concentrations of 0.0, 20 and 25 g/L. The
pH media after the acid supplementation was not adjusted.
All the flasks cultures were started with an initial ODgy,,,,0f
0.1 (=0.15 gpcw/L biomass), and incubated at 30 °C and
200 rpm. Samples for determination of biomass and extra-
cellular metabolite concentration were periodically with-
drawn under sterile conditions.

Anaerobic batch fermentation in presence of weak
acids

Aerobically precultured wt and m9 cells were transferred
into modified Hungate-type tubes containing 10 mL of YPD
medium. Medium and headspace were sparged with nitrogen
air to purge oxygen; tubes were capped with rubber stoppers
and crimped with aluminum seal. These anaerobic precul-
tures were overnight incubated in a rotary shaker at 30 °C
and 200 rpm and used to inoculate anaerobic batch cultures.
Anaerobic fermentation was carried out in 150 mL serum
bottles containing 75 mL of YPD medium supplemented
with the correspondent weak acid concentration. Acetic
acid was evaluated at 0.0 and 5.0 g/L, and formic acid at
0.0 and 1.75 g/L concentrations. Medium and headspace
were sparged with nitrogen air to ensure anaerobic ambi-
ence, bottles were capped with rubber stoppers and crimped
with aluminum seals. All the anaerobic cultures were started
with an initial ODg,g,, 0f 0.1 (2 0.15 gpw/L biomass), and
incubated at 30 °C and 200 rpm. Samples for determination
of biomass and extracellular metabolite concentration were
periodically withdrawn under sterile conditions using needle
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syringes. Anaerobic batch cultivations were also performed
using a 1.5 L stirred tank bioreactors (Applikon, The Neth-
erlands), using a working volume of 1 L of YPD medium
with a higher concentration of glucose (20 g/L total), supple-
mented with 5 g/L of acetic acid (pH was not adjusted after
acid addition). Cultures were inoculated at an initial ODgg,,
of 0.5 (= 0.75 gpcw/L biomass). pH was monitored but not
controlled during the entire cultivation. Temperature was
controlled at 30 °C. Nitrogen flow was set to 0.5 vvm. Dis-
solved oxygen tension was measured with a polarographic
oxygen electrode (Applisens, Applikon), the impeller speed
was maintained at 150 rpm.

Microaerobic batch fermentation with initial pH
adjusted to 4.5

A set of microaerobic batches were carried out using 50 mL
conical tubes containing 25 mL of YPD medium supple-
mented with 20 g/L of glucose and with increasing concen-
trations of acetic acid: 5.0, 7.5, 10.0, and 12.5 g/L. After
acetic acid was added, medium pH was adjusted to 4.5 using
KOH 3 M. Once pH was settled, culture medium was filter
sterilized. Culture tubes were started with an initial ODgj, .
of 0.1 (=0.15 gpcw/L biomass), and incubated at 30 °C and
200 rpm. 500 pL samples for determination of biomass and
ethanol concentration were periodically withdrawn under
sterile conditions.

Calculation of initial ratio of undissociated form
(iRUF) of acetic acid

The initial ratio of undissociated form (iRUF) of acetic acid
for the different working pH used in this work was calcu-
lated using the Henderson-Hasselbalch equation (Eq. 1).
pKa=4.75 was used for acetic acid.

[dissociated acid]

H = pKa +1
P phaiog [undissociated acid] M

Kinetic parameters calculation

The data plotted were recorded by reading until the maxi-
mum concentration of ethanol observed. The specific rates
of growth (u), glucose consumption (gg,.), ethanol produc-
tion (ggop)- and yield of ethanol on glucose (YgopG10)> Were
determined. The u and g, values were calculated during
exponential growth phase. Because growth rates and etha-
nol production kinetics differed among studied strains and
culture conditions, ggon and Ygopyqic Were calculated con-
sidering only the ethanol production phase, defined as the
period from starting one sample before ethanol was detected
up to the point when a sharp decrease in ethanol accumula-
tion was observed. Following the same criteria, plots were
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constructed using only the data corresponding to the ethanol
production phase. Cultivations were performed in triplicate.
The values reported represent the means of the experiments
performed.

Analytical methods

Cell growth was followed as optical density at 620 nm (spec-
trophotometer GENESYS20, Thermo Fisher Scientific). Bio-
mass was determined as dry-cell weight (DCW) as described
previously [43]. Samples taken during cultivation period
were centrifuged at 10,000 rpm for 2 min. Supernatant was
filtered using 0.45 pm syringe-filter and stored at — 20 °C
for subsequent analysis. Glucose, ethanol, acetate, formate,
levulinate and glycerol were analysed by high-performance
liquid chromatography (HPLC) (Ulti-Mate 3000, Dionex)
with refractive index detector (Shodex). Filtered samples
were loaded onto an Aminex HPX-87H ion exchange col-
umn (Bio-Rad) operated at 42 °C and eluted with 5 mM
H,SO, at a flow rate of 0.4 mL/min.

Results

Disruption of MIG1 causes an acetic acid resistance
phenotype

The CCR-general repressor MIG1 gene was deleted from S.
cerevisiae CEN.PK 113-7D (wt) strain to evaluate its possi-
ble participation in acidic stress response. The MIGI mutant,
m9, and the wt strain were plated onto YPD-agar containing
10 g/L of acetic acid. The wt strain did not show any growth
after 5 days of incubation (Fig. 1a); in contrast, the MIG]
disruptant was able to grow by the third day of incubation
(Fig. 1a). For further characterization, m9 strain was also
cultivated in presence of different stressors such as 1.75 g/L
of formic acid, or 20 g/L of levulinic acid, or alkaline (pH
of 8.0), or acidic (pH of 3.2) environment. As observed in
Fig. 1a, m9 strain showed an improved growth performance
towards all the tested stressors in comparison with the wt
strain; especially with formic acid (1.75 g/L), where the
growth of the wt strain was completely inhibited compared
to the robust growth of m9 strain (Fig. 1a). Similar results
were observed with acetic acid (Fig. 1a). Liquid YPD cul-
tures of m9 and wt strains under the same concentrations of
stressors tested in solid YPD, showed that m9 strain was also
fermentative active and ethanol was produced even under
high concentrations of the stressors (Fig. 1b). For example,
m9 strain showed some growth and ethanol production even
in the presence of 10 g/L of acetic acid until the fifth day of
cultivation (Fig. 1b), in comparison with the null growth or
ethanol production by the wt strain.
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Fig. 1 Effect of different stressors on the growth and fermentative
profiles of the yeast S. cerevisiae CEN.PK 113-7D m9 in a solid
and b liquid YPD media. a Overnight cultures of S. cerevisiae CEN.
PK 113-7D (wt) and S. cerevisiae CEN.PK 113-7D m9 (m9) were
diluted from 10° to 107* and spotted on solid YPD media (control)
and YPD supplemented with 1.75 g/L of formic acid (final-pH was
not adjusted), or 20 g/L of levulinic acid (final-pH was not adjusted),
or 10 g/L of acetic acid (final-pH was not adjusted), or in YPD with

Characterization of m9 strain in aerobic batch
cultures in presence of toxic concentrations of weak
acids

Acetic acid

While anaerobic conditions are used for ethanol production
in S. cerevisiae, the production of organic acids, such as adi-
pic acid, are favourable under aerobic conditions [2]. Hence,
we wanted to evaluate the acid tolerance of m9 strains under
aerobic conditions. The performance of strains wt and m9
was characterized in aerobic batch cultures by means of its
kinetics of growth, substrate consumption, and ethanol and
by-product formation. Cultivations of w¢ and m9 strains
carried out in YPD media containing 10 g/L of glucose
and no weak acid addition generated similar profiles of
growth, sugar consumption, and ethanol production (Fig. 2a,
b). After 12 h of cultivation, glucose was completely

m9 8.0

wt LEVUL  m9 LEVUL wt ACE m9 ACE wt FORM  m9 FORM

adjusted pH of 8.0 or 3.2. Growth was recorded after 3 days. b Final
concentration of biomass (filled bars) and ethanol (empty bars) from
microaerobic cultures of S. cerevisiae CEN.PK 113-7D (wt) and S.
cerevisiae CEN.PK 113-7D m9 (m9), in liquid YPD media (control,
CTRL) and YPD supplemented with stressors as indicated in a. Each
data point represents the mean+SD from triplicate experiments.
Growth and ethanol concentrations were recorded after 3 days, or
5 days for the culture with acetic acid (10 g/L)

consumed and maximum biomass (6.7 gpcw/L) and eth-
anol (= 3.4 g/L) production were reached for both strains
(Table 1) around the 12th hour. A slight decrease in the final
concentrations of glycerol and acetate was observed for the
m9 strain (0.596 +0.047 and 0.472 +0.030 g/L, respectively)
in comparison with the parental strain (0.663 +0.027 and
0.711+0.020 g/L, respectively) (Fig. 2b). Supplementation
of 5 g/L of acetic acid caused complete growth inhibition of
wt strain, consistent with the previous observations in the
low oxygen cultures (Supplementary Fig. 1a and 1b). The
presence of 5 g/L of acetic acid in the m9 culture extended
the lag phase of growth by 2 h (Fig. 2¢), in comparison with
the control conditions (without weak acid). Kinetic param-
eters were also affected by the imposed acidic stress; spe-
cific growth rate (u), glucose consumption (g,), and ethanol
formation (g,) were 32.8, 30.4 and 41.25% lower than the
obtained in the unstressed cultures (Table 1). Despite a lag
phase and decreased growth rate, final biomass and ethanol
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«Fig. 2 Aecrobic characterization of S. cerevisiae CEN.PK 113-7D m9
in presence of inhibitory concentrations of different organic weak
acids. Growth and fermentation profiles of S. cerevisiae CEN.PK
113-7D m9 during aerobic batch cultivation in glucose (10 g/L), in
presence of acetic acid 5 g/L (c) and 6 g/L (d); formic acid 1.75 g/L
(e) and 2.15 g/L (f); and levulinic acid 20 g/L (g) and 25 g/L (h).
Controls of S. cerevisiae CEN.PK 113-7D (a) and S. cerevisiae CEN.
PK 113-7D m9 (b) without acid addition are also included. Biomass
(empty square), glucose (empty circle), ethanol (filled diamond),
glycerol (empty down triangle), acetate (empty up triangle), formate
(filled up triangle) and levulinate (filled down triangle). Each data
point represents the mean +SD from triplicate experiments

were comparable to media without weak acids (Table 1).
Interestingly, the final concentration of excreted glycerol
was 50% lower than the obtained titer when no acid was
added in the m9 cultures (Fig. 2¢). No acetic acid was co-
consumed with glucose during the initial growth phase, but
after glucose was almost depleted (cultivation time > 12 h),
cells started to co-consume the produced ethanol and the
supplemented acetic acid as carbon sources; this caused an
increase in the biomass during the subsequent 6 h after glu-
cose exhaustion. With this, final acetate concentration was
only 1.9 g/L of the 5 g/L added at the beginning of the cul-
tivation (Fig. 2¢). Then, m9 cells were subjected to 6 g/L of
acetic acid and kinetic parameters were calculated (Fig. 2d).
This high concentration of acetic acid caused a prolonged
lag phase; approximately 12 h were needed for m9 strain to
show progression into growth phase (Fig. 2d). As expected,
a more drastic reduction in kinetic parameters were observed
with p, g, and g, values being 57.8, 72.0 and 57.9% lower
than non-acidified cultures (Table 1). Despite this long lag
phase, m9 cells produced around 3.2 g/L of ethanol, quite
similar to the production observed in control cultures. The
acetate-ethanol co-utilization phase was also observed after
glucose exhaustion (Fig. 2d).

Formic acid

Rates of growth, substrate consumption and ethanol forma-
tion were also characterized for the m9 strain in presence of
toxic concentrations of formic acid in aerobic batch cultures.
1.75 g/L of formic acid proved to be a lethal concentration
for the wt strain. In contrast, m9 strain aerobically cultured
at this concentration of formic acid suffered a slight inhibi-
tory effect on its growth rate, showing a 4 =0.194/h. This
is 37% slower than the non-acidified m9 cultures (Table 1),
yet it produced as much biomass (6.6 gncyw/L) and ethanol
(3.6 g/L) as the m9 control cultures at 12 h of cultivation.
Formic acid was co-consumed with glucose during the expo-
nential growth phase and at the end of the cultivation (16 h)
only 38.8% of the added formate remained in the culture
(Fig. 2e). The toxic effect of a higher concentration of formic
acid, 2.1 g/L, was also evaluated under aerobic batch cultiva-
tion. Acidic stress caused a lag phase of 10 h (Fig. 2f), where

neither growth nor glucose consumption was observed;
however, m9 reached a maximum biomass of 6.5 gpcw/L,
similar to the reference cultivations of m9. The maximum
ethanol concentration obtained was 3.0 g/L, only 8.5% less
than the maximum reported for m9 at non-acidified condi-
tions, although this maximum level was reached after 31 h
of cultivation (Fig. 2f), almost 20 h of delay. As observed
for acetic cultivations, addition of formic acid resulted in a
decreased production of glycerol; 73 and 41% less glycerol
were produced at the end of the fermentation when 1.75 or
2.1 g/L was added, respectively (Table 1).

Levulinic acid

A final set of aerobic batches was done in presence of toxic
concentrations of levulinic acid. Neither growth nor ethanol
production were observed in the wt strain, after 19 h of culti-
vation in YPD medium supplemented with 10 g/L of glucose
and 20 g/L of levulinic acid. Although m9 strain grew 43 and
69% slower than the growth rate of m9 under control condi-
tions (Table 1), was able to tolerate concentrations of 20
and 25 g/L of the acid (Fig. 2g, h), respectively. A striking
difference was observed for the production of ethanol by m9
strain when levulinic acid was added, 4.3 g/L. and 4.2 g/L of
ethanol (Fig. 2g, h) were accumulated; 1.3- and 1.28-times
higher than the ethanol produced in m9 control conditions
(Fig. 2b) and the highest obtained from all aerobic cultiva-
tions performed (Table 1). This high ethanol concentration
was accompanied by high ethanol production rates, and high
values of ethanol yield on glucose; the highest obtained by
far (Table 1). As observed for the acetic and formic acid
cultivations, final concentration of glycerol was reduced by
60% when levulinic acid was added to the culture medium
(Fig. 2g, h). These results indicate that addition of high
concentrations of levulinic acid caused a positive effect in
the fermentative performance of m9 strain. However, these
high concentrations of levulinic acid (20-25 g/L) never have
been described as part of lignocellulosic hydrolysates, thus
no further characterization was done for the toxic effects of
this acid.

Characterization of m9 strain in anaerobic batch
cultures in presence of toxic concentrations of weak
acids

The effect of acidic stress on the fermentative performance
of wt and m9 strains was also characterized. Thus batch
cultures under fully anaerobic conditions were performed,
using YPD with 10 g/L of glucose. Reference cultures of wt
and m9 strains were carried out with no weak acid supple-
mentation (Fig. 3a, b). After 12 h of cultivation both strains
consumed completely 10 g/L of glucose at similar rate of
consumption (Table 2), producing % 3.5 gpw/L of biomass
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and a maximum of & 4.5 g/L of ethanol. As expected, in
comparison with aerobic fermentations, anaerobic cultiva-
tion of wt and m9 strains produced less biomass and high
ethanol concentrations at the end of fermentation (Table 2).

Formic acid

Anaerobic fermentation of wt strain in presence of 1.75 g/L.
of formic acid confirmed the high acidic stress exerted at
this concentration, causing total inhibition of growth and
fermentative capabilities of wt strain (data not shown). In
contrast, the same formic acid concentration caused a minor
toxic effect on the fermentative performance of m9 strain.
Although growth performance of m9 strain was highly
affected (Fig. 3c), with a final biomass concentration of
1.098 gpew/L, a decrease of almost 66%, this was the lowest

C))

10

Biomass, Glucose (g/L)
Glycerol, Acetate, Ethanol (g/L)

Biomass, Glucose (g/L)

Formate, Glycerol, Acetate, Ethanol (g/L)

Time (h)

Fig.3 Anaerobic characterization of S. cerevisiae CEN.PK 113-7D
m9 in presence of inhibitory concentrations of different organic weak
acids. Growth and fermentation profiles of S. cerevisiae CEN.PK
113-7D m9 during anaerobic batch cultivation in glucose (10 g/L), in
presence of 1.75 g/L of formic acid (c), or 5 g/L of acetic acid (d).
Controls of S. cerevisiae CEN.PK 113-7D (a) and S. cerevisiae CEN.

biomass concentration obtained from all the anaerobic char-
acterizations of m9 strain (Table 2). Despite the reduced
biomass yield, m9 strain was able to produce 3.87 g/L of
ethanol; a slight 17% decrease compared to the levels pro-
duced by m9 in the control conditions (Table 1).

Acetic acid

Either growth or glucose consumption were observed after
20 h of cultivation of wt strain in presence of a concentration
of 5 g/L of acetic acid. Interestingly, m9 strain was able to
tolerate the toxicity of 5 g/L of the acetic acid under anaero-
bic conditions (Fig. 3d). After 6 h of cultivation, growth and
ethanol production showed progression and maximum levels
of biomass and ethanol were reached at 20 h of fermentation
(Fig. 3d); 8 h delayed from the reference m9 cultivations
without acetic acid (Fig. 3b). Acidic stress caused m9 strain

Biomass, Glucose (g/L)
Glycerol, Acetate, Ethanol (g/L)

Time (h)

Biomass, Glucose (g/L)
Glycerol, Acetate, Ethanol (g/L)

PK 113-7D m9 (b) without acid addition are also included. Biomass
(empty square), glucose (empty circle), ethanol (filled diamond),
glycerol (empty down triangle), acetate (empty up triangle), and for-
mate (filled up triangle). Each data point represents the mean+SD
from triplicate experiments
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to produce 59% less biomass at the end of fermentation L E
(Table 2), with a y=0.141/h, 51% slower than the growth 2~ S = 2173
rate from non-acidified m9 cultures. Despite this low bio- g § :v' :v‘ g :L E
mass production, m9 strain produced 4.06 g/L of ethanol _;;S k: 28 8 B =
(Fig. 3d), only 13% less than m9 under control anaerobic 2le 199 9 %=
conditions. As observed in aerobic m9 cultivations, supple- § g $8a8 0% :“
mentation of the culture medium with acetic acid caused § ” Semes=e %
a drastic reduction of 72% in the final levels of produced g == i:T 2:7 g
glycerol (Table 2) under anaerobic environment. Consump- “é aa i\ i\ E)
tion of acetate or ethanol after glucose exhaustion was not § 5 I T = %
observed in anaerobic experiments (Fig. 3d). .%’ @ = E z & =
sz (22 § Il
Characterization of m9 strain in anaerobic HENEEEEEE: g
fermenter batch cultures in presence of toxic Zg <
concentration of acetic acid gl |22 = =%
212 |22 ¢ 9|3
A set of anaerobic batch bioreactor cultivations, with 1.0 L of % Ng ; D:Z § é %
YPD and 20 g/L of glucose, were carried out in presence of i;’ % % % %l % E
5 g/L of acetic acid to evaluate the performance of m9 strain b 2 g o «f B 8
in a controlled anaerobic environment. As observed in Fig. 4, S S S % s g s g j:j
after 4 h of cultivation, biomass and ethanol production 2 P § g
showed progression, reaching its maximum value at 15 h. % E ; § § g =
After 32 h of cultivation, m9 strain produced 4.17 +0.16 g = ldd & 4 % g
gpcew/L of biomass with a ¢ =0.135/h. Glucose was com- Z |8 g2 & 4| & B
pletely consumed at 18 h with a ¢.=0.345g5, /gpcw h- Rl E. 3 3 E E E
Whereas the final ethanol concentration was 9.488 g/L. with g2 23528 5 A
a q,=0.144 ggop/gpew h, and a Y= 0.422 gpon/gaLc s Seme=e § g
that is 83% close to the theoretical ethanol yield on glucose. § == = —::‘ g é
The pH of the YPD medium decreased from 6.5 to 4.2 after Tl |3 i i iy = g‘
the addition of acetic acid (5 g/L), and it remained at the g % ;Vr g o Bt X §
same value for the entire cultivation, indicating the toler- : Q\%) S3 S g k= S
ance of m9 strain to acidic environments. Consumption of SR é' 5' l[;' 2 ,i -%
acetate or ethanol after glucose exhaustion was not observed a% e y9838 2 % E
in anaerobic experiments (Fig. 4). é - = = E 5
Results from these batch culture characterizations of 2| =3 X 5, § ﬁ
m9 strain confirmed that the increased robustness towards 215 4 o O_i a| Z2 8
acidic stress of the Mig1p disrupted-yeast is still maintained < 3,5 ; \é 8 é é %
under fully anaerobic conditions, indicating that m9 strain S ) <9 S Sle o E
conserved its fermentative characteristics despite varying E % 8508 = % 4
oxygen levels. ~l G el = 8 g
2 =2 = =2|E8%§ &
Initial pH cultivation is determinant for acidic stress Sg i‘ i i i % = & E
response E Ss & = gé % E
S s :|E87% 3
As the results from previous experiments indicated, 4.0 g/L. :} = g' gé' :t' g' 2o o B
of acetic acid exerted a high acidic stress causing full growth 5|2 $3683s83 % %) g é
inhibition of wt strain (Supplementary Fig. 1a). Initial pH § g2 H 2 o
from those experiments was not adjusted. The pH of the § sd o o E -Z & E g
medium added with 4.0 g/L of acetic acid was 4.27, favour- 5|53 22 E E 5§38 z 2 3
ing the undissociated form of the weak acid to be trans- 3 E g EEpw| B2 2 £ g
ported across the membrane by lipophilic diffusion or via O|=E|eoevnyv =~ 2 :% g g é
a channel (e.g., Fpslp), since the media pH is lower than 9 5 % § g = %
the acid’s pKa (4.75). We carried out a set of microaerobic 2|z :2:2:%5E§58°7
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Biomass, Glucose (g/L)
Glycerol, Acetate, Ethanol (g/L)
5]
pH, dO2(%)

0 5 10 15 20 25 30
Time (h)

Fig.4 Fermenter anaerobic characterization of S. cerevisiae CEN.
PK 113-7D m9 in presence of inhibitory concentration of acetic acid.
Growth and fermentation profiles of S. cerevisiae CEN.PK 113-7D
m9 during fermenter anaerobic batch cultivation in glucose (20 g/L),
in presence of acetic acid (5 g/L). Biomass (empty square), glucose
(empty circle), ethanol (filled diamond), glycerol (empty down trian-
gle), acetate (empty up triangle), % dissolved oxygen (dotted line),
pH (dashed line). Each data point represents the mean + SD from trip-
licate experiments

(oxygen-limiting) cultures in which the medium-pH was
adjusted to 4.5 after weak acid addition. Acetic acid was
evaluated at 5.0, 7.5, 10.0 and 12.5 g/L concentrations; the
medium-pH decreased from 6.5 to 4.2, 4.12, 4.02, and 3.85,
respectively. After the pH of the medium was adjusted to
4.5, cultivations of wt and m9 strains were carried out and
their growth and ethanol production were monitored. In con-
trast with the previous experiments, an initial pH cultivation
of 4.5 allowed wt strain to grow and produce ethanol even
in presence of 7.5 g/L of acetic acid (Fig. Sa—c). Specific
growth rate of wt strain decreased in a stepwise fashion as
the concentration of acetic acid increased (Fig. 5a); however,
even in a medium with a pH of 4.5, the toxicity exerted by
acetic acid at 12.5 g/L caused full inhibition of wt growth
(Fig. 5a), showing no progression after 50 h of cultivation.
Values of final concentration of maximum produced etha-
nol and ethanol yield followed a similar trend than growth
profile (Fig. 5c, d), remaining undetermined in the cultures
added with 12.5 g/L of the acid.

With an initial pH cultivation of 4.5, increasing the acetic
acid concentration had a less drastic effect on the specific
growth rate of m9 compared to wt strain (Fig. 5a). The pres-
ence of 10 g/L of acetic acid caused a lag phase of 18 h
in the growth of wr strain; whereas, the lag for m9 strain
was only 6 h. In contrast to the lethal effect observed on wt
growth, m9 strain grew in presence of acetic acid at 12.5 g/LL
with a growth rate of 0.12/h (Fig. 5a). Although the decrease
in the final biomass levels produced by m9 strain was minor
(Fig. 5b), m9 produced similar concentrations of ethanol
(~5.5 g/L) in presence of all the evaluated concentrations
of acetic acid (Fig. 5c¢).
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Biomass (gpcw/L)

Ethanol (g/L)
(=} 5] B (=)} 0w © = N W K WL &
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(d) o6

0.5
0.4 1
0.3 1
0.2 1
0.1 A
0.0 -

0 5 7.5 10 12.5
[Acetic acid] (g/L)

Yeon (8ron/8c10)

Fig.5 Effect of initial pH (adjusted to 4.5) on the growth, fermenta-
tive capacities and tolerance to acetic acid of the yeast CEN.PK 113-
7D m9. Specific growth rate; u (a), final biomass concentration (b),
final ethanol concentration (c¢), and ethanol yield; Yzpop (d), from
microaerobic cultures of S. cerevisiaeCEN.PK 113-7D (filled bars)
and S. cerevisiaeCEN.PK 113-7D m9 (empty bars), in presence of
different concentrations of acetic acid (0, 5, 7.5, 10 and 12.5 g/L).
Medium initial pH was adjusted to 4.5 after acid addition. Each data
point represents the mean + SD from triplicate experiments

Discussion

Toxic concentrations of monocarboxylic weak acids will
affect cell integrity of yeast at multiple levels of organiza-
tion including membrane structure destabilization, inactiva-
tion of key metabolic enzymes, cytosol acidification, and
energetic drain by ATP depletion, intracellular accumula-
tion of weak acid anion, increased intracellular turgor pres-
sure by weak acid anion accumulation, oxidative stress, and
apoptosis [39, 52]. Various mechanisms have been found
that play a role in its tolerance to weak acids but they can
either be summarized as preventing weak acids from enter-
ing the cell or mitigating their effects once inside the cell
[11]. Interestingly, few of the approaches focused to improve
tolerance to acetic acid have shown improvement in toler-
ance to other weak organic acids, especially those found in
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lignocellulosic biomass such as formic or levulinic acid [13,
27, 43, 53]. Among these strategies is the manipulation of
transcription factors in order to modify the expression of
sets of genes whose activity possibly result involved in an
improved tolerance. For example the elimination of RIM101
(Cys,His, zinc-finger transcriptional repressor) proved to
be responsible for an increasing sensitivity in S. cerevisiae
BY4741 towards 3.6 g/L acetic acid, but also revealed a set
of 22 new Rim101p-regulated genes that might be involved
in a robust adaptive response and resistance to the imposed
stress by propionic acid [37]. S. cerevisiae cells treated with
weak organic acids, rapidly accumulated the transcription
factors Msn2p and Msn4p in the nucleus and activated a
relative large regulon of common stress responsible genes
[54]. In another example, S. cerevisiae transformed with an
artificial zinc finger protein transcription factor (ZFP-TFp)
library helped to screen strains with improved tolerance
towards 5 g/L of acetic acid, and identify novel functional
genes ODR3 (multidrug transporter of the major facilitator
superfamily) and /KS/ (protein kinase of unknown cellular
role) whose elimination improved stress tolerance [32]. In
this work, elimination of general repressor Miglp resulted
in a phenotype with tolerance against the three main toxic
acids found in lignocellulosic biomass; acetic, formic and
levulinic acid. m9 strain robustness was attested under aero-
bic and anaerobic conditions; tolerating 5 g/L of acetic acid,
or 2.15 g/L of formic acid or 25 g/L of levulinic acid; and
even 12.5 g/L of acetic acid when initial pH was raised to
4.5. Also, under anaerobic conditions, m9 strain produced
4.058 +0.138 and 3.871 +0.058 g/L of ethanol in presence
of lethal concentrations of acetic acid (5 g/L) or formic acid
(1.75 g/L), respectively. This is the first report that shows
the participation of the CCR-general repressor Miglp in
the tolerance of S. cerevisiae to acidic stress imposed by
monocarboxylic weak acids. The deletion of MIGI rescued
an almost 100% the defects in the growth of the yeast, that
was completely repressed in the parental strain under toxic
concentrations of acetic, formic and levulinic acids. Besides
the high tolerance to acidic stress showed by m9 strain as
observed by the kinetic parameters reported, m9 strain main-
tained its respiro-fermentative capabilities in presence of the
tested acid concentrations.

The general catabolite repressor Miglp is responsible
for the regulation of approximately 153 genes, most of
them related to metabolic activities for the consumption of
alternative carbon sources [21, 44]. However, Miglp also
interacts with other genes and transcription factors that are
involved in response to other types of stresses, such as DNA
replication, osmotic, hyperosmotic and oxidative [44]. In
addition, the Snflp-Miglp signalling pathway is involved
in the regulation of genes related to other types of stress-
ors, such as oxidative stress, heat shock, alkaline pH and
NaCl [55]. Thus in this work, the approach to eliminate

@ Springer

the general catabolite repressor Miglp was motivated by
the idea that the modification of their regulation activities
would generate a strain with a supple genetic background;
in terms of removing repression of target genes that might
help in the tolerance towards the stress imposed by weak
organic acids. Our results suggest that the Miglp, as part of
the SNF1/AMPK signalling pathway, might be involved in
the tolerance response of S. cerevisiae to weak acid stress.
Mira et al. [38] genome-wide identified approximately 490
determinants that are required for tolerance to acetic acid.
Among these, a set of 25 genes that confers tolerance to ace-
tic acid was clustered by being regulated by Miglp; genes
that are related to mitochondrial and cell wall integrity, DNA
replication stress, redox balance maintenance, alkaline pH
response, including others. Also, in the same report Snflp
was induced in response to acetic acid stress and this activa-
tion is apparently non-dependent of the acetic acid-inhibi-
tion of glucose uptake. Also, a higher Snflp phosphoryla-
tion level was observed in cells incubated for 30 min with
4.2 g/L acetic acid (at pH 4.0), compared to control cells.
These results are in agreement with our experimental find-
ings that elimination of MIGI is responsible for tolerance
to weak monocarboxylic acids in S. cerevisiae, since the
reported higher activity of Snflp in response to acetic acid
stress would cause the phosphorylation of Miglp targeting
it to exit the nucleus and release its inhibitory regulation on
potential stress responsive genes [38]. Moreover, Miglp was
found to be a negative regulator of lifespan of yeast cells
via the proteasome. Cells with increased proteasome activ-
ity exhibit reduced Miglp levels, increased expression of
genes required for the induction of respiratory metabolism,
enhanced oxidative stress response and elevated respira-
tory capacity [64]. The SNFI1/AMPK signalling pathway is
highly conserved, representing a key sensor of the cellular
energy level that regulates metabolic adaptation and oxida-
tive stress response. Thus, since weak monocarboxylic acid
stress results in a high AMP/ATP ratio, especially for acetic
acid stress, this would induce Snflp with the concomitant
phosphorylation of Miglp, in order to trigger a vast tran-
scriptional and metabolic reprograming that restores energy
homeostasis and promotes tolerance to adverse conditions
[7]. However, in order to identify the exact genes that were
activated by the elimination of Miglp and that are responsi-
ble for the tolerance towards weak organic acids more com-
prehensive analyses are required.

Besides improved tolerance to formic acid, strain m9 was
able to co-consume this acid with glucose during aerobic
conditions (Fig. 2e) and anaerobic conditions (Fig. 3c). In
the case of formic acid, cytosolic formate dehydrogenase
(Fdhlp) yields CO, and cytosolic NADH [45]; then NADH
can be oxidized by external NADH dehydrogenase (Ndelp)
and generate additional ATP via oxidative phosphorylation
[31] under aerobic conditions. This dissimilation pathway
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is independent of the Tri-Carboxylic Acid (TCA) cycle
but requires electron transport chain capacity. In the case
of absence of oxygen, formate in addition to provide an
auxiliary energy source [promoting NAD(P)H formation]
for cell anabolism, it also contributes with carbon back-
bones via folate-mediated C1 pathways [50]. On the other
hand, acetate co-consumption with glucose would require
an increase in TCA flux, generation of additional matrix
NADH, and demand electron transport chain capacity start-
ing with internal NADH dehydrogenase, assuming NADH
is not shuttled across the mitochondrial membrane [33, 34,
63]. Also, will require to cope with the stronger Crabtree-
effect phenotype with glucose [36, 60]. Zygosaccharomyces
bailii exposed to acetic acid in the presence of glucose has
been shown to increase its expression of enzymes involved
in TCA (Acolp, Citlp, Idh2p) and energy generation (Atplp
and Atp2p) [12]. This response has the benefit for eliminat-
ing intracellular acetate and supplying ATP to restore pHi
via proton-pumping ATPase (Pmalp).

In all control experiments (without weak acid), m9 strain
showed no significant reduction in growth rate, or biomass
or ethanol yields, under aerobic or anaerobic conditions,
suggesting no futile cycling between glycolytic and glucone-
ogenic enzymes, and a possible Mig2p-compensated repres-
sion of CATS8 [59], as previously observed [9]. Under aerobic
conditions, m9 strain was able to start consuming acetate
almost immediately after glucose was completely consumed,
indicating the possible de-repressed state of ACS/ brought
about by Miglp inactivation, as previously described [66].
Also, in order to improve the ethanol yields it is important
to consider the redirection of the carbon flow that goes in the
synthesis of glycerol, which can be accumulated as a non-
desirable by-product. Several strategies have been consid-
ered in order to decrease the amount of glycerol accumulated
by S. cerevisiae [25, 42, 65]. In this work, elimination of
MIG1 in S. cerevisiae caused a 10% reduction in the glycerol
production under aerobic conditions. Interestingly, addition
of weak acids in m9 strain cultivations, especially for lev-
ulinic acid, caused a reduction of glycerol accumulation in
the range of 50-70%, under aerobic and anaerobic condi-
tions. Reduced glycerol excretion was a common outcome
in these experiments raising several possible mechanisms:
repression or degradation of Fpslp [40, 56]; a change in
redox levels from increased ATP hydrolysis [60]; inhibi-
tion of NADH utilization by the electron transport chain
in the mitochondria so that the cells are forced to consume
NADH through glycerol production [16], a change in plasma
membrane composition requiring glycerol in glycolipids and
sphingolipids, or decreasing glycerol permeability [28, 29].
Along with the observed decrease of glycerol production, m9
strain produced 33.6% less acetate in comparison with the wz
strain, under aerobic conditions. Elimination of the Miglp
repressor as a strategy to reduce the carbon flow through

acetate has been previously described, with decreases of
26% [23], 42.7% [4] and 71.4% [22].Still, with the decrease
in glycerol and acetate accumulation, a slight increase in the
ethanol final concentration and ethanol yield by m9 fermen-
tation was observed, compared with the wt strain.

In this work, the importance of initial pH cultivation
and its impact on acidic stress tolerance was also proven
under conditions of non-adjusted initial pH. The growth
of wt strain was fully arrested in presence of 5 g/L of ace-
tic acid with no initial pH adjustment (initial pH 4.2), but
when initial pH was adjusted from 4.2 to 4.5, wt yeast was
able to growth and produced ethanol at the same concentra-
tion when no acid was added. Correction in the initial pH
cultivation allowed wt strain to growth even in presence of
7.5 and 10 g/L of acetic acid. Using the Henderson—Has-
selbalch equation, we determined the initial ratio of the
undissociated form (iRUF) of acetic acid at different work-
ing pH used. When 5 g/L of acetic acid was supplemented
to batch cultures, the medium pH decreased to 4.2, at this
working pH, acetic acid will have an iRUF of 0.28, indicat-
ing that 72% of the acid will be undissociated and able to
be transported by lipophilic diffusion or by facilitated diffu-
sion through channels (FPS1) or permeases (ADY2, JEN2).
Contrastingly, for the case, when medium pH was adjusted
to 4.5, the iRUF of acetic acid increased to 0.56, meaning
that only 44% of the acid will be in its lipophilic form and
cross the yeast cell wall. These differences in the values of
iRUF for the same concentration of weak acid might explain
why wt strain grew in presence of 5 g/L of acetic acid, or
even higher concentrations, when pH was adjusted to 4.5.
Thus, a pH of 4.5 represents a more permissive condition for
yeast growth since decreases the concentration of the toxic
undissociated form of acetic acid. These results show the
impact that initial pH has over the availability of acetic acid
to S. cerevisiae, since a lower pH increases the undissociated
form of acetic acid that will be available to enter the cells
and cause their inhibitory effects [41]. With this observa-
tion, especial attention must be taken since some of previous
reports have used an adjustment of initial pH, to working
pH’s equal or higher than acetic acid’s pKa; even higher than
5.0 (Fig. 6), to report tolerant phenotypes of S. cerevisiae,
but the observed tolerance might be an effect of the lower
availability of acetic acid. In this context, several industrial
S. saccharomyces strains have been reported as acetic acid
tolerant, for example strain ER HAA1-OP (constructed from
the industrial strain ER) tolerates 5 g/L of acetate (pH 4.5)
[19]. Strain GSE16-T18-HAA1 (which contains the HAAI
allele of industrial strain Ethanol Red) is reported to tolerate
20 g/L of acetic acid (pH 5.2) [35]. Strain YZ2 (derived by
drug resistance marker-aided genome shuffling from indus-
trial strain 308) is capable to grow in presence of 5 g/L of
acetic acid (pH 4.5) [67]. Strain R32 (obtained from the
industrial strain CE25 by diethyl sulphate treatment and
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Fig.6 Comparison of the initial ratio of the undissociated form
(iRUF) of acetic acid for the concentrations and correspondent pH
values reported for acetic tolerant S. cerevisiae industrial strains and
CEN.PK 113-7D m9 strain. Concentration of dissociated (white bars)
and undissociated (black bars) forms of acetic acid were calculated
using the Henderson-Hasselbalch equation and a pKa=4.75 for ace-
tic acid. Strain ER HAA1-OP (tolerates 5 g/L of acetic acid, pH 4.5)

genome shuffling) showed tolerance to 6 g/L of acetic acid
(YPD plates, pH 4.5) [30]. Another example of reported
tolerance is for the strain GSE16 (a hybrid from industrial
strain Ethanol Red) showed tolerance to acetic acid 6 g/L.
(pH4.5) and inhibitors in spruce hydrolysate (80% of the
liquid portion of spruce hydrolysate, pH5.0) [8]. In com-
parison with our results, m9 strain showed similar tolerance
towards acetic acid than the reported for industrial strains,
since it can tolerate 5 g/L (at pH 4.2) or even 12.5 g/L (at
pH 4.5). As observed in Fig. 6, comparing the values of the
iRUF for the different concentrations reported for acidic-
tolerance and their related working pHs at which the experi-
ments were done, the fraction of undissociated acid that is
readily to enter the cells decreases as the pH of the medium
increases. Also, we can observe that m9 strain was exposed
to a higher concentration of undissociated acetic acid than
the industrial tolerant strains, confirming the significance
of the deletion of MIG1 as a strategy for tolerance to acetic
acid. Additionally, the mentioned industrial strains, in the
best of our knowledge, are not described as tolerant for other
weak monocarboxylic acids, such as formic or levulinic acid,
as m9strain is. These results indicate that Miglp plays a
central role in the tolerance of S. cerevisiae to acidic stress
imposed by different types of weak organic acids, and that
m9 strain has the potential to increase tolerance to weak
acids in lignocellulosic hydrolysates.

Conclusions

In this work, the manipulation of yeast Snflp/Miglp tran-
scriptional regulation machinery was found to be a success-
ful novel approach to improve the tolerance and fermentative
performance of S. cerevisiae at toxic concentrations of ace-
tic, formic and levulinic acids. The change in downstream

@ Springer

GSE16

ER HAA1-OP m9 pH4.1 m9 pH4.5

[19]. Strain GSE16-T18-HAA1 (tolerates 20 g/L of acetic acid, pH
5.2) [35]. Strain YZ2 (tolerates 5 g/L of acetic acid, pH 4.5) [66].
Strain R32 (tolerates 6 g/L of acetic acid, pH 4.5) [30]. Strain GSE16
(tolerates 6 g/L of acetic acid, pH4.5) [8]. Strain m9 4.2 (tolerates
5 g/L, pH 4.2), and strain m9 4.5 (tolerates 12.5 g/L of acetic acid,
pH4.5)

targets of Miglp could generate a more permissive genetic
background in m9 strain that caused the resistance to acidic
stress; however, further comprehensive analysis, such as
transcriptomics and metabolomics approaches, is required
in order to gain a deeper knowledge of the molecular traits
responsible of the tolerance phenotype.
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