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Abstract
Resistance to weak organic acids is important relative to both weak organic acid
preservatives and the development of inhibitor tolerant yeast as industrial production
organisms. The ABC transporter Pdr12 is important for resistance to sorbic and
propionic acid, but its role in tolerance to other weak organic acids with industrial
relevance is not well established. In this study, yeast strains with altered expression
of PDR12 and/or CMK1, a protein kinase associated with post-transcriptional negative
regulation of Pdr12, were exposed to seven weak organic acids: acetic, formic, glycolic,
lactic, propionic, sorbic and levulinic acid. These are widely used as preservatives,
present in lignocellulosic hydrolysates or attractive as chemical precursors.
Overexpression of PDR12 increased tolerance to acids with longer chain length, such
as sorbic, propionic and levulinic acid, whereas deletion of PDR12 increased tolerance
to the shorter acetic and formic acid. The viability of all strains decreased dramatically
in acetic or propionic acid, but the Δpdr12 strains recovered more rapidly than other
strains in acetic acid. Furthermore, our results indicated that Cmk1 plays a role in weak
organic acid tolerance, beyond its role in regulation of Pdr12, since deletion of both
Cmk1 and Pdr12 resulted in different responses to exposure to acids than were
explained by deletion of Pdr12 alone. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Weak organic acid tolerance is a key trait in
resistance of fungi to preservatives such as sorbic
acid, and in tolerance towards inhibitors present in
lignocellulosic hydrolysates, which are being used
in second-generation bioprocesses. In addition, in-
creasing the biotechnological production of organic
acids, which are useful as industrial precursors for
bio-based polymers, requires production hosts that
are tolerant towards the acids produced. Several
yeasts, including Saccharomyces cerevisiae, have
been genetically engineered to produce organic
acids, such as lactic (Skory, 2003), xylonic (Toivari
et al., 2010; Toivari et al., 2012) and glycolic acid
(Koivistoinen et al., 2013). In order to engineer

fungal production hosts with improved weak
organic acid tolerance, acid tolerance needs to be
better understood.
The inhibition of growth by weak organic acids

may result from alterations in the structure of the
plasma membrane or cell wall, from challenges to
cellular energy balance while maintaining the in-
tracellular pH, and from intracellular accumulation
of anions or decrease in intracellular pH (Ray,
1996; Bracey et al., 1998; Piper et al., 2001; Ullah
et al., 2013). For example, Pma1 is the major
cytosolic proton pump in yeast (Serrano et al.,
1986) and an increase in H+-ATPase activity
occurred in cells challenged with sorbic acid at
low pH (Holyoak et al., 1996). Maintenance of a
constant cytosolic pH via the export of protons is
crucial for sorbic acid adaptation (Holyoak et al.,
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Materials and methods

Strains and strain construction

S. cerevisiae CEN.PK2-1D (VW-1B, H1346)
(MATα, leu2-3/112 ura 3–52 trpl-289 his3Δ1
MAL2-8cSUC2; Boles et al., 1996) was used as
the parental strain. All yeast strains used in the study
are listed in Table 2. Strains fromwhich PDR12was
deleted gained a genomic LEU2 gene, whereas the
other strains carried the LEU2 gene in the modified
pYX242 vector B2158 (R&D Systems, UK; modifi-
cations described by Toivari et al., 2010). All yeast
transformations were carried out using the method
described by Gietz et al. (1992).
For the PDR12 overexpression plasmid

(pPDR12), two ~2500 bp, partially overlapping,

PCR fragments of PDR12were amplified from a ge-
nomic DNA template using primers (Table 3)
Pdr12_pYX_F and Pdr12_rec1_R for the 5′-proxi-
mal part of the gene and Pdr12_rec2_F and
Pdr12_pYX_R for the 3′-proximal part of the gene.
The modified pYX242 plasmid was linearized with

Table 1. Description of the acids studied

Compound Chemical structure Molecular formula pKa

Formic acid C1H2O2 3.77

Acetic acid C2H4O2 4.79

Glycolic acid C2H4O3 3.84

Propionic acid C3H6O2 4.87

Lactic acid C3H6O3 3.86

Levulinic acid C5H8O3 4.62

Sorbic acid C6H8O2 4.76

Table 2. Strains used in the study

Strain Modifications

Control CEN.PK2-1D, TRP1+modified pYX242
Δcmk1 Δcmk1::TRP1
Δcmk1 + pPDR12 Δcmk1::TRP1+ pPDR12
Ctrl + pPDR12 CEN.PK2-1D, TRP1+ pPDR12
Δpdr12 Δpdr12::LEU2, TRP1
Δpdr12Δcmk1 Δpdr12::LEU2;Δcmk1::TRP1

Role of Pdr12 in resistance to weak organic acids
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1996), and ATP depletion has been observed in
acetic or sorbic acid-stressed S. cerevisiae cells,
particularly in concentrations which reduced,
rather than completely inhibited, growth (Piper
et al., 1997; Ullah et al., 2013). Bracey et al.
(1998) suggested that the inhibitory action of
sorbic acid resulted from the activation of energy-
consuming mechanisms to maintain pH homeosta-
sis, and thus less energy was available for cell
growth. In line with this, ATP depletion during
sorbic acid stress resulted from sorbate anion
pumping, rather than proton-pumping activity
(Ullah et al., 2013). Sorbic and benzoic acid have
also been shown to cause oxidative stress and
increase free radical formation (Peter, 1999).
Nonetheless, Stratford and Anslow (1998) proposed
that sorbic acid acts primarily as a membrane active
compound, inhibiting yeast in a manner comparable
to that of sorbic alcohol and sorbic aldehyde, unlike
inhibition by other weak acid preservatives, such as
propionic and acetic acid.
Pdr12 is an ATP-binding cassette (ABC)

transporter localized in the plasma membrane,
which has been shown to be involved in resistance
to several weak organic acids (Piper et al., 1998;
Holyoak et al., 1999; Bauer et al., 2003; Ullah
et al., 2012). PDR12 is highly induced by moder-
ately lipophilic acids, such as sorbic and benzoic
acid, and also by low pH (Piper et al., 2001;
Hatzixanthis et al., 2003), but not by acetic or
formic acid (Hatzixanthis et al., 2003). Exposure
to sorbic acid and/or low pH dramatically
increased the cellular level of Pdr12 (Piper et al.,
1998), which is one of the most abundant proteins
in cells adapted to sorbic acid stress (Piper et al.,
2001). Holyoak et al. (1999) showed that Pdr12
exported fluorescein from the cytosol by an
energy-dependent mechanism, which was inhibited
by sorbic or benzoic acid. They concluded that
Pdr12 transported water-soluble weak organic acids
with short chain length (C1–C7) and that its activity
led to exhaustion of intracellular ATP (Holyoak
et al., 1999).
An important feature in organic acid tolerance is

adaptation; after adaptation, cells are more tolerant
to subsequent acid stress. Piper et al. (2001) con-
cluded that cells adapted to growth in the presence
of weak organic acids limit the diffusional entry of
the acid. This response mechanism is poorly
understood. Cell wall mannoproteins are known
to limit the porosity of the yeast cell wall

(De Nobel and Barnett, 1991) and a large number
of cell wall-related proteins play a role in the resis-
tance to organic acids by yeast (Fernandes et al.,
2005; Simões et al., 2006; Mira et al., 2009, 2010).
The Pdr10 transporter acts as a negative regulator
of the microenvironment of Pdr12 (Rockwell et al.,
2009). Cells lacking Pdr10 had increased resistance
to sorbic acid and increased amounts of Pdr12 lo-
cated in the detergent-resistant membrane fraction
(lipid rafts) (Rockwell et al., 2009). Although the ex-
pression and abundance of Pdr12 in the presence of
sorbic, propionic or acetic acid has been studied, less
is known about its role in the tolerance to other
industrially relevant acids. In addition, the effect of
Pdr12 deletion on tolerance to weak organic acids
is still being investigated. A recent patent application
claims that deletion of Pdr12 improved isobutanol
production (Dundon et al., 2013).
Pdr12 is associated with negative, post-tran-

scriptional regulation by Cmk1 and deletion of
CMK1 can improve resistance to weak organic
acid stress by shortening the lag phase of cells in
their presence (Holyoak et al., 2000). Cmk1 is a
Ca2+–calmodulin-dependent protein kinase with
broad substrate specificity (Londesborough and
Nuutinen, 1987). The calmodulin–Ca2+ complex
regulates a large variety of cellular functions
(reviewed by Cyert, 2001, among others). There
are three genes homologous to CMK1 in S.
cerevisiae: CMK2 (Ohya et al., 1991; Pausch
et al., 1991), RCK2 (alias CLK1 and CMK3) and
RCK1 (Melcher and Thorner, 1996). Deletion of
all four genes, including CMK1, encoding these
Ca2+–calmodulin-activated protein kinase (CaMK)
homologues was not detrimental, even though they
are thought to play important roles in adaptation to
environmental stress (Melcher and Thorner, 1996).
In the present study, we investigated the role of

Pdr12 and Cmk1 in resistance to seven weak or-
ganic acids which are widely used as preservatives,
present in lignocellulosic hydrolysates or attractive
as industrial precursors: acetic, formic, glycolic,
lactic, propionic, sorbic and levulinic acid
(Table 1). These acids differ in size (C1–C6) and
pKa (3.77–4.87). Pdr12 and Cmk1 encoding genes
were deleted either individually or from the
same strain to address their additive effect on
weak acid resistance. Additionally, PDR12 was
overexpressed in the parental and Cmk1-deficient
strains. The effect of pre-adaptation to sorbic or
acetic acid on growth was also assessed.
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Materials and methods

Strains and strain construction
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to growth in the presence of acetic acid was studied
by using precultures supplemented with 50 mM
acetic acid. Growth in 50 mM acetic acid was
severely inhibited. Although all strains were growing
after 16 h incubation, the ODs were only 1.6–3.
SCD – leu medium with various acids added was

used for growth assays in a Bioscreen apparatus
(Bioscreen C MBR automated turbidometric
analyser, Growth Curves Ltd, Finland). Formic,
acetic, lactic, glycolic, propionic, sorbic and
levulinic acid were prepared as 200 mM stocks with
no pH adjustment. Medium (270 μl), containing
medium components and concentrations of the acid
leading to final acid concentrations as described in
the results and undiluted media, was added to the
wells of a Bioscreenmicrotitre plate (100-Well Hon-
eycomb plate). Cells from precultures were diluted
into deionized water to OD=0.5 and 30 μl cell
suspension was inoculated into the wells containing
the medium, to give initial OD=0.10. Growth at 30°
C with continuous, extra-intensive shaking was
monitored by measuring the OD at 600 nm. The
pH of the medium without added acid was 6.0,
whereas the pH of acid-containing media was< 4,
except for the medium containing sorbic acid
(5–15 mM), in which the pH was 6.0. At pH< 4,
at least 50% of the acids studied here would have
been undissociated, whereas at pH 6, sorbic acid
would be mostly dissociated. Since these acids are
toxic at different concentrations at different pH
values, they were not compared under the same
conditions. Rather, we assessed growth in several
concentrations of each acid to determine the concen-
trations which were inhibitory for the control and
compared all strains to the control under these
conditions. Results in representative, inhibitory

concentrations are shown. The effect of inorganic
acid on growth was assessed at pH 4.5 by addition
of HCl.
Cells were defined as growing from the time

when the OD of the suspension exceeded 0.2. Each
condition assessed in the Bioscreen was performed
in at least four replicates and statistical differences
between the control and other strains were assessed
using Student’s t-test.

Determination of viability of cells exposed to
acetic or propionic acid

The viability of cells exposed to acids was
determined by comparing the number of viable
colony-forming units (CFUs) from Bioscreen cul-
tures which grew within 48 h on agar-solidified
SCD – leu medium to the total cell number
determined microscopically, using a Cellometer
Auto T4 cell counter (Nexcelom Bioscience LLC,
USA).

Results

Modulated expression of PDR12 or CMK1 affects
growth

Overexpression of PDR12 had a negative impact
on the specific growth rate in both the control
and the Δcmk1 background, even in the absence
of acid (Table 4). Deletion of CMK1 also reduced
the specific growth rate on D-glucose, compared
to the control strain (Table 4). Strains in which
PDR12 had been deleted by the integration of
LEU2 had slightly higher specific growth rates

Table 4. Specific growth rate of S. cerevisiae strains in SCD – leu medium with 20 g/l D-glucose, 300 μl cultures in Bioscreen
microtitre plates

Strain Initial pH 6 Initial pH 4.5
Pregrowth with sorbic acid,

initial pH 6
Pregrowth with acetic acid,

initial pH 6

Control 0.32 ± 0.004 0.34 ± 0.004 0.31 ± 0.002 0.32 ± 0.001
Δcmk1 0.26* ± 0.004 0.29* ± 0.002 0.30 ± 0.008 0.32*,† ± 0.001
Δcmk1 + pPDR12 0.25* ± 0.004 0.26* ± 0.005 0.24* ± 0.003 0.25* ± 0.002
Ctrl + pPDR12 0.25* ± 0.004 0.26* ± 0.001 0.24* ± 0.003 0.21* ± 0.001
Δpdr12 0.34* ± 0.003 0.36* ± 0.004 0.35* ± 0.003 0.35* ± 0.001
Δpdr12Δcmk1 0.34* ± 0.004 0.36 ± 0.004 0.34* ± 0.003 0.36* ± 0.001

Strains were pregrown in SCD – leu medium or in SCD – leu medium with 0.45 mM sorbic acid or 50 mM acetic acid. Data shown are mean± SEM for
four to five or 31 (initial pH 6) cultures. pH refers to the pH of the medium at the time of inoculation.
*Significantly different (p< 0.05, Student’s t-test) from the control strain in the given condition.
†Grows 2.7% slower than the control strain.

Role of Pdr12 in resistance to weak organic acids
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SmaI (New England Biolabs, USA) and introduced,
together with the PCR products, with overlapping
flanks into the parental strain H1346 to combine
the fragments with homologous recombination,
placing the PDR12 gene between the TPI1 promoter
and terminator. The modified pYX242 plasmid with
the PDR12 insert was named pPDR12 and the
parental strain overexpressing PDR12 was anno-
tated as Ctrl + pPDR12. Overexpression of PDR12
was verified by quantitative PCR.
Deletion of the PDR12 gene was achieved by

replacement of the ORF by the LEU2 gene. The
LEU2 gene, with its endogenous promoter and
terminator sequences, was amplified from plasmid
p425MET25 (Mumberg et al., 1994), using the
Pdr12_Leu2_F and Pdr12_Leu2_R primers, which
have flanks overlapping the 5′-and 3′-regions of
the PDR12 gene (Table 3). The parental strain was
transformed with the PCR product, generating the
Δpdr12::LEU2 strain, here referred to as Δpdr12
(Table 2).
Deletion of the CMK1 gene was achieved by

replacement of the ORF by the TRP1 gene. The
TRP1 gene was amplified with endogenous pro-
moter and terminator sequences, using genomic
DNA (of a CEN.PK strain) as template. The
Cmk1_Trp1_F and Cmk1_Trp1_R primers were
used for amplification of the TRP1 gene
(Table 3). The primers were designed with flanks
overlapping sequences in the 5′- and 3′-regions
of the CMK1 gene. The PCR products were then
introduced to the parental strain, Δpdr12, or the

parental strain overexpressing pPDR12, generating
strains Δcmk1::TRP1, Δpdr12::LEU2;Δcmk1::TRP1
and Δcmk1::TRP1 + pPDR12 (Table 2). All dele-
tions were verified by PCR.
The parental strain and the parental strain +

pPDR12 were cured to tryptophan prototrophy by
transforming with a TRP1 fragment, amplified from
genomic DNA template using the Trp1_F and
Trp1_R primers (Table 3). Transformants were
selected by growth in medium lacking tryptophan.
The modified pYX242 plasmid without an insert

was introduced into all strains except those with
deleted PDR12 and those containing plasmid
pPDR12 to obtain leucine prototrophic strains.
The parental strain cured to tryptophan prototro-
phy and containing the empty, modified pYX242
plasmid is referred to as the control strain (Ctrl).

Media and culture conditions

Modified synthetic complete (SC) medium
(Sherman et al., 1983; Richard et al., 2000),
lacking leucine, with 20 g/l D-glucose (SCD – leu
medium) was used for cultivations. Overnight
precultures (20 or 50 ml) were grown in 100 or 250
ml Erlenmeyer flasks at 250 rpm and 30○C. To test
the effect of prior induction of the endogenous
PDR12 gene, 0.45 mM sorbic acid was added to the
preculture medium. This concentration of sorbic acid
should induce PDR12 without affecting growth
(Holyoak et al., 2000); all strains grew to OD 8–9
during 16 h of incubation. The effect of adaptation

Table 3. Primers used in the study

Primer Sequence (5’→ 3’)

Pdr12_pYX_F TTTTGTTTGTATTCTTTTCTTGCTTAAATCTATAACTACAAAAA
ACACATACAGGAATTCATGTCTTCGACTGACGAACATATTG

Pdr12_rec1_R ATATAACAGCAAGTCACCTC
Pdr12_rec2_F GTGTGAACATTGTGTGGAC
Pdr12_pYX_R AGTTAGCTAGCTGAGCTCGAGATATCATGCGTAGTCAGGCACA

TCATACGGATACCCGGGTTATTTCTTCGTGATTTTATTTTCG
Pdr12_Leu2_F TAATTTTCACTTAAAAAAAAGGTTTACAGATTTATTGTTA

TTGTTCTTATTAATAAAAAATCGAGGAGAACTTCTAGTAT
Pdr12_Leu2_R AAAATTGAAAATAAAAATTGTGTGTTAAACCACGAAATA

CAAATATATTTGCTTGCTTGT TCGACTACGTCGTTAAG
Cmk1_Trp1_F TAGAGAACTCACAATTATATAATATTGGAAGACACCAGA

AAAAATAACGAGTCAATTACTTAAAACTTTTCAAACGGC
Cmk1_Trp1_R TTCGAGCTTACAAAGTCATTGAAGATTTATTCGCCAGT

GTGGTAAAACGGCATACTGTTATTATATACTAAGCTGCCGG
Trp1_F TAAAACTTTTCAAACGGC
Trp1_R TTATATACTAAGCTGCCGG

Y. Nygård et al.

Copyright © 2014 John Wiley & Sons, Ltd. Yeast 2014
DOI: 10.1002/yea



V/5
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leading to final acid concentrations as described in
the results and undiluted media, was added to the
wells of a Bioscreenmicrotitre plate (100-Well Hon-
eycomb plate). Cells from precultures were diluted
into deionized water to OD=0.5 and 30 μl cell
suspension was inoculated into the wells containing
the medium, to give initial OD=0.10. Growth at 30°
C with continuous, extra-intensive shaking was
monitored by measuring the OD at 600 nm. The
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colony-forming units (CFUs) from Bioscreen cul-
tures which grew within 48 h on agar-solidified
SCD – leu medium to the total cell number
determined microscopically, using a Cellometer
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Results
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and the Δcmk1 background, even in the absence
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LEU2 had slightly higher specific growth rates

Table 4. Specific growth rate of S. cerevisiae strains in SCD – leu medium with 20 g/l D-glucose, 300 μl cultures in Bioscreen
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Δcmk1 0.26* ± 0.004 0.29* ± 0.002 0.30 ± 0.008 0.32*,† ± 0.001
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the Δcmk1 strain, was more pronounced in 40 mM
propionic acid (8 h difference in lag phase) than in
35 mM. Even when exposed to 35 mM propionic
acid, the Δcmk1 strain overexpressing PDR12
resumed growth 2 h earlier than the strain only
overexpressing PDR12 and 5 h earlier than the
Cmk1-deficient strain (Figure 1b). This additive
effect of PDR12 overexpression in the Δcmk1
strain on tolerance was seen with propionic acid,
but not with the other acids tested.

Effect of PDR12 deletion or overexpression on
resistance to acetic, formic, lactic and glycolic
acid

In contrast to the sensitivity of the Δpdr12 and
Δpdr12Δcmk1 strains to propionic, sorbic and

levulinic acid, these strains were more tolerant to
acetic and formic acid than the control strain
(Figure 2a, b), with shorter lag phases in the
presence of 100 mM acetic or 25 mM formic acid
(Figure 2a, b) and higher final biomass concentra-
tions within the 70 h experiments. Cells growing in
100 mM acetic acid did not consume the acetic acid
(as measured by HPLC; Toivari et al., 2010; data
not shown). The Δpdr12Δcmk1 strain also showed
a somewhat improved tolerance to glycolic acid
when compared to the control strain (Figure 2c).
Overexpression of PDR12 made cells more

sensitive to acetic and formic, and also to lactic
and glycolic acid (Figure 2a–d), both in the control
and Cmk1-deficient backgrounds, in contrast to
their improved tolerance to propionic, sorbic or
levulinic acid. The specific growth rate in the
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Figure 1. Measurement of biomass in bioscreen cultures of Ctrl (open squares), Δcmk1 (open circles), Δcmk1+ pPDR12
(solid triangles), Ctrl + pPDR12, (open triangles), Δpdr12 (solid squares) and Δpdr12Δcmk1 (solid circles) grown in SCD –
leu medium containing 20 g/l D-glucose in the presence of: (a) 20 mM sorbic acid, pH 6.0; (b) 35 mM propionic acid, pH
3.9; (c) 40 mM propionic acid, pH 3.9; and (d) 130 mM levulinic acid, pH 3.1. Symbols show every 10th measurement; dashed
lines represent SEM of five replicates
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(~6%; p< 0.05) than the control strain, probably
reflecting the reduced metabolic burden of having
LEU2 integrated, rather than on a plasmid (Karim
et al., 2013). Interestingly, deletion of CMK1 did
not reduce the specific growth rate in the pdr12
background (Table 4). When determining the effect
of the various acids on Δpdr12 strains, the improved
growth in the absence of acids was taken into
account, i.e. improved growth was attributed to the
deletion when> 6% higher than the control, while
reduced growth was always attributed to the deletion.
When inocula were grown in media containing

0.45 mM sorbic or 50 mM acetic acid to allow
adaptation to weak organic acid stress, the specific
growth rate on D-glucose was generally not af-
fected, even though growth had been inhibited in
50 mM acetic acid. However, the growth rate of
the Δcmk1 strain was comparable to that of the
control strain (p> 0.05; Table 4). Likewise, when
the pH of the medium was adjusted to 4.5, the spe-
cific growth rate of the Δcmk1 strain was greater
than at initial pH 6.0 (p< 0.05), but the specific
growth rates of the other strains were not affected.

Overexpression of PDR12 improved tolerance,
whereas deletion of PDR12 decreased tolerance
to sorbic, propionic and levulinic acid

Strains overexpressing PDR12 (Δcmk1+ pPDR12,
μ = 0.08 h�1, and Ctrl + pPDR12, μ = 0.09 h�1)
had higher specific growth rates (p< 0.05) than the
control strain (μ=0.05 h�1) and reached a higher
final OD (> 0.5) compared to the control strain
(final OD< 0.4) when exposed to 20mM sorbic acid
(Figure 1a). The strains overexpressing PDR12 also
had shorter lag phases, compared to the control
strain, in the presence of 35 or 40 mM propionic acid
(Figure 1b, c) or 130 mM levulinic acid (Figure 1d).
Deletion of PDR12 resulted in strains unable to

grow in the presence of 70 (data not shown) to
130 mM levulinic acid (Figure 1d), although the
control did. When exposed to lower concentrations
of levulinic acid (10–60 mM), the Δpdr12 and
Δpdr12Δcmk1 strains had longer lag phases and
lower specific growth rates than the control strain
(data not shown). The Δpdr12Δcmk1 strain started
to grow 1.5 and 3.5 h before the Δpdr12 strain in
the presence of 30 and 40 mM levulinic acid,
respectively. In these conditions, the difference
between the Δpdr12Δcmk1 and the control strain
was 5.5 h.

When exposed to 40 mM propionic acid, the dif-
ference in the lag phase between the control and
the Δpdr12 strains was 5 h (Figure 1c). No growth
occurred during 100 h of incubation when the
Pdr12-deficient strains were exposed to 45–50
mM propionic acid. The Pdr12-deficient strains
barely doubled their biomass when exposed to 20
mM sorbic acid (Figure 1a).

Deletion of CMK1 increased resistance to
propionic and levulinic acid, but decreased
tolerance to other acids

The deletion of CMK1 alone improved the resis-
tance to propionic and levulinic acid (Fig. 1b, d).
The Δcmk1 cells resumed growth earlier than the
control cells when exposed to 30 (data not shown)
or 35 mM propionic acid (Figure 1b), but not when
exposed to 40 mM propionic acid (Figure 1c). In
the presence of 130 mM levulinic acid, the
Δcmk1 strain and the PDR12-overexpressing
strains had similar lag phases, which were ~20 h
shorter than for the control strain (Figure 1d).
The difference in the lag phase between Δcmk1
and the control strain increased with increasing
concentration of levulinic acid (data not shown).
In the presence of 20 mM sorbic acid the strain

with CMK1 deleted barely doubled its biomass
during 70 h (Fig. 1a).
In contrast, deletion ofCMK1 had a negative effect

on resistance to acetic (100 mM), glycolic (120 mM)
and, in particular, to formic acid (25 mM), in which
the lag phase of Δcmk1 was increased ~15 h com-
pared to the control strain (Figure 2b). With 20 mM
formic acid the difference in lag phase between the
Δcmk1 strain and the control strain was 5 h but with
15 mM formic acid no difference in lag phase was
seen. Acetic acid did not affect the length of the lag
phase at concentrations< 100 mM.

Improved tolerance to propionic acid by
overexpression of PDR12 was further enhanced
by deletion of CMK1

The Cmk1-deficient strain overexpressing PDR12
(Δcmk1+pPDR12) was more tolerant to 35–40 mM
propionic acid than the strain only overexpressing
PDR12 (Ctrl + pPDR12) (Figure 1b, c). The
difference between overexpression of PDR12 in
the control strain, compared to overexpression in
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the Δcmk1 strain, was more pronounced in 40 mM
propionic acid (8 h difference in lag phase) than in
35 mM. Even when exposed to 35 mM propionic
acid, the Δcmk1 strain overexpressing PDR12
resumed growth 2 h earlier than the strain only
overexpressing PDR12 and 5 h earlier than the
Cmk1-deficient strain (Figure 1b). This additive
effect of PDR12 overexpression in the Δcmk1
strain on tolerance was seen with propionic acid,
but not with the other acids tested.

Effect of PDR12 deletion or overexpression on
resistance to acetic, formic, lactic and glycolic
acid

In contrast to the sensitivity of the Δpdr12 and
Δpdr12Δcmk1 strains to propionic, sorbic and

levulinic acid, these strains were more tolerant to
acetic and formic acid than the control strain
(Figure 2a, b), with shorter lag phases in the
presence of 100 mM acetic or 25 mM formic acid
(Figure 2a, b) and higher final biomass concentra-
tions within the 70 h experiments. Cells growing in
100 mM acetic acid did not consume the acetic acid
(as measured by HPLC; Toivari et al., 2010; data
not shown). The Δpdr12Δcmk1 strain also showed
a somewhat improved tolerance to glycolic acid
when compared to the control strain (Figure 2c).
Overexpression of PDR12 made cells more

sensitive to acetic and formic, and also to lactic
and glycolic acid (Figure 2a–d), both in the control
and Cmk1-deficient backgrounds, in contrast to
their improved tolerance to propionic, sorbic or
levulinic acid. The specific growth rate in the
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Figure 1. Measurement of biomass in bioscreen cultures of Ctrl (open squares), Δcmk1 (open circles), Δcmk1+ pPDR12
(solid triangles), Ctrl + pPDR12, (open triangles), Δpdr12 (solid squares) and Δpdr12Δcmk1 (solid circles) grown in SCD –
leu medium containing 20 g/l D-glucose in the presence of: (a) 20 mM sorbic acid, pH 6.0; (b) 35 mM propionic acid, pH
3.9; (c) 40 mM propionic acid, pH 3.9; and (d) 130 mM levulinic acid, pH 3.1. Symbols show every 10th measurement; dashed
lines represent SEM of five replicates
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Effect of adaptation in sorbic or acetic acid on
tolerance to weak organic acids

Exposure of precultures to 0.45 mM sorbic acid did
not affect the growth of control cells in 20 mM sorbic
acid, but reduced the growth of all the other strains in
medium supplemented with sorbic acid (Figure 4).
When strains expressing PDR12 were pregrown in
the presence of 0.45 mM sorbic acid, they adapted
more rapidly to growth in the presence of 40 mM
propionic (~12–40 h faster, depending on the strain)
or 100 and 120mMacetic acid (at least 25 h faster) com-
pared to the same strains pregrown in amediumwithout
added acid (Table 5, Figures 1b, c, 2a, 4b, d, e). The
control and the Cmk1-deficient strain that had been
grown in 0.45 mM sorbic acid were as resistant to
propionic acid as the strains overexpressing PDR12
(Δcmk1+pPDR12 and Ctrl + pPDR12), which had
shown the highest tolerance when not pre-adapted
(Figures. 1b, c, 4b). The same phenomenon was
observed when cells were transferred to 140 mM
levulinic acid; the control strain resumed growth at
the same time as the strains overexpressing PDR12
and the Δcmk1 strain (Figures 1d, 4c). Pregrowth
in 0.45 mM sorbic acid had a negative impact on
the subsequent growth of strains from which
PDR12 was deleted. When these cells were trans-
ferred to medium with 40 mM propionic acid they
did not grow (Figure 4b, Table 5). The Cmk1-
deficient strain produced slightly more biomass in
20 mM sorbic acid when the cells were first exposed
to 0.45 mM sorbic acid (Figures 1a, 4a).

The lag phase of all strains in medium
supplemented with 100 mM acetic acid was shorter
after pregrowth in the presence of 0.45mM sorbic acid
(cf. Figures 2, 4). None of the strains were able to
grow in 110 mM acetic acid without pregrowth in
0.45 mM sorbic acid (data not shown). Only Δpdr12
and the Δpdr12Δcmk1 cells were able to grow in
the presence of 120 mM acetic acid after sorbic acid
pretreatment, the Δpdr12Δcmk1 strain having a
shorter lag phase than theΔpdr12 strain (Figure 4e).
When sorbic acid pregrown cells were exposed to

25 mM formic acid, the Δpdr12Δcmk1 strain had a
slightly shorter lag phase compared to cells pregrown
without sorbic acid. The Δpdr12 and the control
strains had longer lag phases and produced less
biomass within 72 h after pregrowth in sorbic acid,
compared to pregrowth without sorbic acid. Again,
the strains overexpressing PDR12 did not grow
within this time frame (Figures 2b, 4f).
When the strains were pregrown in the presence

of 50 mM acetic acid, only the Pdr12-deficient
strains (Δpdr12 andΔpdr12Δcmk1) had improved
growth (~25 h shorter lag phase) when subsequently
exposed to 100 mM acetic acid (Figures 2a, 5a). The
Δpdr12Δcmk1 strain also had higher tolerance to 25
mM formic acid (10 h shorter lag phase) when the
cells were pregrown in the presence of 50 mM acetic
acid, compared to cells pregrown in a medium
without added acetic acid (Figures. 2b, 5b). Other
strains did not grow in 100 mM acetic acid after
incubation in 50 mM acetic acid or 25 mM formic
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presence of 100 mM acetic acid, 25 mM formic
acid, 120 mM glycolic acid or 140 mM lactic acid
was lower and the lag phase longer than that of
the control strain, and the length of the lag phases
increased with increasing acid concentration (data
not shown).

Exposure to inhibitory concentrations of acetic
or propionic acid resulted in reduced strain
viability

When exposed to 100 mM acetic acid or 40 mM
propionic acid, the viability of all the strains
studied was reduced; < 1% of the cells were viable

within 24 h of incubation (Figure 3). The percent-
age of viable cells of the control, Δpdr12 and
Δpdr12Δcmk1 strains had increased within 40 h
in the presence of 100 mM acetic acid (Figure 3a).
The increase in viability corresponded to the length
of the lag phase, for the latter two strains in partic-
ular (Figure 2a). After 72 h, when Δpdr12 and
Δpdr12Δcmk1 had grown to OD= 0.7–0.9
(Figure 2a), approximately 70% of the cells of
these strains were viable. In contrast, the Cmk1-
deficient strains and the control strain were more
viable after 72 h in 40 mM propionic acid than
either of the Δpdr12 strains or the strain
overexpressing PDR12 (Figure 3b).
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Figure 2. Measurement of biomass in bioscreen cultures of Ctrl (open squares), Δcmk1 (open circles), Δcmk1+ pPDR12
(solid triangles), Ctrl + pPDR12, (open triangles), Δpdr12 (solid squares) and Δpdr12Δcmk1 (solid circles) grown in SCD –
leu medium containing 20 g/l D-glucose in the presence of: (a) 100 mM acetic acid, pH 3.3; (b) 25 mM formic acid, pH 3.1;
(c) 120 mM glycolic acid, pH 3.1; and (d) 140 mM lactic acid, pH 3.0. Symbols show every 10th measurement; dashed lines
represent SEM of (a) 15, (b) 20 or (c, d) five replicates

Y. Nygård et al.

Copyright © 2014 John Wiley & Sons, Ltd. Yeast 2014
DOI: 10.1002/yea



V/9

Effect of adaptation in sorbic or acetic acid on
tolerance to weak organic acids

Exposure of precultures to 0.45 mM sorbic acid did
not affect the growth of control cells in 20 mM sorbic
acid, but reduced the growth of all the other strains in
medium supplemented with sorbic acid (Figure 4).
When strains expressing PDR12 were pregrown in
the presence of 0.45 mM sorbic acid, they adapted
more rapidly to growth in the presence of 40 mM
propionic (~12–40 h faster, depending on the strain)
or 100 and 120mMacetic acid (at least 25 h faster) com-
pared to the same strains pregrown in amediumwithout
added acid (Table 5, Figures 1b, c, 2a, 4b, d, e). The
control and the Cmk1-deficient strain that had been
grown in 0.45 mM sorbic acid were as resistant to
propionic acid as the strains overexpressing PDR12
(Δcmk1+pPDR12 and Ctrl + pPDR12), which had
shown the highest tolerance when not pre-adapted
(Figures. 1b, c, 4b). The same phenomenon was
observed when cells were transferred to 140 mM
levulinic acid; the control strain resumed growth at
the same time as the strains overexpressing PDR12
and the Δcmk1 strain (Figures 1d, 4c). Pregrowth
in 0.45 mM sorbic acid had a negative impact on
the subsequent growth of strains from which
PDR12 was deleted. When these cells were trans-
ferred to medium with 40 mM propionic acid they
did not grow (Figure 4b, Table 5). The Cmk1-
deficient strain produced slightly more biomass in
20 mM sorbic acid when the cells were first exposed
to 0.45 mM sorbic acid (Figures 1a, 4a).

The lag phase of all strains in medium
supplemented with 100 mM acetic acid was shorter
after pregrowth in the presence of 0.45mM sorbic acid
(cf. Figures 2, 4). None of the strains were able to
grow in 110 mM acetic acid without pregrowth in
0.45 mM sorbic acid (data not shown). Only Δpdr12
and the Δpdr12Δcmk1 cells were able to grow in
the presence of 120 mM acetic acid after sorbic acid
pretreatment, the Δpdr12Δcmk1 strain having a
shorter lag phase than theΔpdr12 strain (Figure 4e).
When sorbic acid pregrown cells were exposed to

25 mM formic acid, the Δpdr12Δcmk1 strain had a
slightly shorter lag phase compared to cells pregrown
without sorbic acid. The Δpdr12 and the control
strains had longer lag phases and produced less
biomass within 72 h after pregrowth in sorbic acid,
compared to pregrowth without sorbic acid. Again,
the strains overexpressing PDR12 did not grow
within this time frame (Figures 2b, 4f).
When the strains were pregrown in the presence

of 50 mM acetic acid, only the Pdr12-deficient
strains (Δpdr12 andΔpdr12Δcmk1) had improved
growth (~25 h shorter lag phase) when subsequently
exposed to 100 mM acetic acid (Figures 2a, 5a). The
Δpdr12Δcmk1 strain also had higher tolerance to 25
mM formic acid (10 h shorter lag phase) when the
cells were pregrown in the presence of 50 mM acetic
acid, compared to cells pregrown in a medium
without added acetic acid (Figures. 2b, 5b). Other
strains did not grow in 100 mM acetic acid after
incubation in 50 mM acetic acid or 25 mM formic
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the portfolio of acids (Table 1), tested both dele-
tion and overexpression of PDR12 and evaluated
the role of Cmk1 in weak organic acid tolerance.
The role of Pdr12 in response to weak organic acid
stress was dependent on the acid. The effect of
Pdr12 deletion or overexpression on tolerance/sen-
sitivity to the short-chain, hydrophilic acids,
formic, acetic, lactic and glycolic acid, was to a
large extent opposite to that of the longer sorbic,
propionic and levulinic acid (Table 1). The
differing effects of pre-adaptation to sorbic and
acetic acid was consistent with this.

Overexpression of PDR12 has been challenging
to achieve, but when constitutively expressed, the
cells have improved tolerance to propionate
(Kuchler et al., 1999). We found that
overexpression of PDR12 improved tolerance to
sorbic, propionic and levulinic acid, suggesting that
the protein was functional and that the level of pro-
tein had been increased in the overexpression
strains, even though integration of additional
Pdr12 in the cell membranes was not confirmed.
As previously shown, deletion of PDR12was detri-
mental for growth in the presence of sorbic (Bauer

Table 5. Effect of adaptation in sorbic or acetic acid on tolerance to weak organic acids

0.45 mM sorbic acid adaptation 50 mM acetic acid adaptation

Strain FA AA PA LA SA FA AA PA SA

Control – + + + no – – – –
Δcmk1 – + + + + – – – –
Δcmk1 + pPDR12 – + + + – – – – –
Ctrl + pPDR12 – + + no – – – – –
Δpdr12 – + – no – + + – –
Δpdr12Δcmk1 + + – no – + + – –

Cells were pregrown in SCD – leu medium supplemented with 0.45 mM sorbic acid or 50 mM acetic acid for 16 h and then transferred to new me-
dium supplemented with acid.
FA=25 mM formic acid; AA=100 mM acetic acid; PA=40 mM propionic acid; LA=140 mM levulinic acid; SA=20 mM sorbic acid.
+, Pre-adaptation increased tolerance to the acid; �, tolerance was decreased; no, tolerance was not affected.
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Figure 5. Measurement of biomass in bioscreen cultures of cells pregrown in SCD – leu medium supplemented with 50 mM
acetic acid. Ctrl (open squares), Δcmk1 (open circles), Δcmk1+ pPDR12 (solid triangles), Ctrl + pPDR12, (open triangles),
Δpdr12 (solid squares) and Δpdr12Δcmk1 (solid circles) cells were subsequently grown in SCD – leu medium containing
20 g/l D-glucose in the presence of: (a) 100 acetic acid, pH 3.3; and (b) 25 mM formic acid, pH 3.1. Symbols show every
10th measurement; dashed lines represent SEM of (a) eight or (b) four replicates
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acid. The Pdr12-deficient strains did not grow
in propionic or sorbic acid after exposure to
acetic acid.
Less than 1% of the populations were viable

after 8 h of incubation in medium supplemented
with 100 mM acetic acid, when precultures were
grown in 50 mM acetic acid (40–100% viable at
the time of inoculation). The Δpdr12 strains
had regained viability within ~24 h and the
Cmk1-deficient strain within ~72 h, whereas the

control and PDR12-overexpressing cultures
contained essentially no viable cells during the
interval studied.

Discussion

Previous studies of the Pdr12 ABC transporter
have focused on tolerance/sensitivity to only one
or a few acids. In the current study, we expanded
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Figure 4. Measurement of biomass in bioscreen cultures of cells pregrown in SCD – leu medium supplemented with 0.45
mM sorbic acid. Ctrl (open squares), Δcmk1 (open circles), Δcmk1+ pPDR12 (solid triangles), Ctrl + pPDR12, (open triangles),
Δpdr12 (solid squares) and Δpdr12Δcmk1 (solid circles) cells were subsequently grown in SCD – leu medium containing 20 g/l
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(d) 100 mM acetic acid, pH 3.3; (e) 120 mM acetic acid, pH 3.3; and (f) 25 mM formic acid, pH 3.1. Symbols show every 10th
measurement; dashed lines represent SEM of 4–10 replicates
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the portfolio of acids (Table 1), tested both dele-
tion and overexpression of PDR12 and evaluated
the role of Cmk1 in weak organic acid tolerance.
The role of Pdr12 in response to weak organic acid
stress was dependent on the acid. The effect of
Pdr12 deletion or overexpression on tolerance/sen-
sitivity to the short-chain, hydrophilic acids,
formic, acetic, lactic and glycolic acid, was to a
large extent opposite to that of the longer sorbic,
propionic and levulinic acid (Table 1). The
differing effects of pre-adaptation to sorbic and
acetic acid was consistent with this.

Overexpression of PDR12 has been challenging
to achieve, but when constitutively expressed, the
cells have improved tolerance to propionate
(Kuchler et al., 1999). We found that
overexpression of PDR12 improved tolerance to
sorbic, propionic and levulinic acid, suggesting that
the protein was functional and that the level of pro-
tein had been increased in the overexpression
strains, even though integration of additional
Pdr12 in the cell membranes was not confirmed.
As previously shown, deletion of PDR12was detri-
mental for growth in the presence of sorbic (Bauer

Table 5. Effect of adaptation in sorbic or acetic acid on tolerance to weak organic acids

0.45 mM sorbic acid adaptation 50 mM acetic acid adaptation

Strain FA AA PA LA SA FA AA PA SA

Control – + + + no – – – –
Δcmk1 – + + + + – – – –
Δcmk1 + pPDR12 – + + + – – – – –
Ctrl + pPDR12 – + + no – – – – –
Δpdr12 – + – no – + + – –
Δpdr12Δcmk1 + + – no – + + – –

Cells were pregrown in SCD – leu medium supplemented with 0.45 mM sorbic acid or 50 mM acetic acid for 16 h and then transferred to new me-
dium supplemented with acid.
FA=25 mM formic acid; AA=100 mM acetic acid; PA=40 mM propionic acid; LA=140 mM levulinic acid; SA=20 mM sorbic acid.
+, Pre-adaptation increased tolerance to the acid; �, tolerance was decreased; no, tolerance was not affected.
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Figure 5. Measurement of biomass in bioscreen cultures of cells pregrown in SCD – leu medium supplemented with 50 mM
acetic acid. Ctrl (open squares), Δcmk1 (open circles), Δcmk1+ pPDR12 (solid triangles), Ctrl + pPDR12, (open triangles),
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biofuels or chemicals. Acetic (e.g. 27–73 mM) and
formic (30–67 mM) acids are the most common
acids in most lignocellulosic hydrolysates
(Almeida et al. 2007) and growth inhibition due
to presence of these acids has been linked to
reductions in, for example, ethanol production
(Larsson et al., 1999). Deletion of Pdr12 and/or
Cmk1 may thus provide a novel approach to im-
prove productivity in lignocellulosic hydrolysates
and should be investigated further. The data also
suggest that deletion of PDR12 could be beneficial
in glycolic or lactic acid production processes.
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et al., 2003; Ullah et al., 2012) and propionic acid
(Holyoak et al., 1999). This also applied to
levulinic acid (Figure 1d). The deletion of Cmk1
from the ΔPdr12 strain further decreased the
tolerance to sorbic, propionic and levulinic acid
(Figure 1 and unpublished data).
Cmk1 is a negative regulator of Pdr12 (Holyoak

et al., 2000), so deletion of CMK1 was expected to
generate a phenotype similar to that of PDR12
overexpression. Deletion of CMK1 led to
decreased resistance to formic, acetic, glycolic
and lactic acid, as was seen with strains
overexpressing PDR12, and improved growth in
the presence of levulinic and 35 mM propionic
acid, but not 40 mM propionic or sorbic acid
(Figure 1). Overexpression of PDR12 in the
Δcmk1 strain further increased tolerance to
propionic acid (Figure 1c). Holyoak et al. (2000)
only compared the growth of a tryptophan proto-
trophic CMK1 deletion strain with the tryptophan
auxotrophic parent, which would be more sensitive
to propionic acid (Bauer et al., 2003). We found
that tryptophan prototrophy increased tolerance to
all the acids we studied (data not shown).
Although some early reports suggested that

deletion of PDR12 would increase sensitivity to
acetic acid, this was later shown to be an artefact
from the use of a trp1-deficient strain, since the
uptake of tryptophan can be inhibited by sorbic
or acetic acid (Bauer et al., 2003). Leucine uptake
has also been shown to be inhibited by acetic acid,
whereas histidine and uracil transport was not
expected to be affected (Guillem et al., 2012).
We used leucine and tryptophan prototrophic
strains and medium lacking leucine to avoid sec-
ondary effects from its transport. We confirmed
that Pdr12 was undesirable for growth in acetic
acid and showed that this also applied to formic
and glycolic acid.
Overexpression of PDR12 reduced the tolerance

of cells to acetic, formic, glycolic and lactic acid.
This low tolerance to acetic and other small acids
was partly diminished by sorbic acid adaptation
(incubation of the cells in 0.45 mM sorbic acid,
prior to exposure to acetic acid) of the cells, similar
to the effect of incubation at pH 3 with HCl (Bauer
et al., 2003), even though incubation in 0.45 mM
sorbic acid was expected to induce PDR12
(Holyoak et al., 2000). Ullah et al. (2013)
suggested that adaptation to sorbic acid also
reduced diffusional entry of acids to the cell by

altering the plasma membrane or cell wall compo-
sition, or by improving intracellular buffering.
Alterations of the cell wall and plasma membrane
in response to adaptation to weak organic acids
(Stratford and Anslow, 1998) may be affected by
the overexpression of PDR12. Thus, altering the ex-
pression of PDR12 may affect the tolerance to acids
indirectly, by altering the composition of the cell
membrane. It will also affect the ATP demand of
the Pdr12 pump, depleting (overexpression) or
conserving (deletion) energy for other cellular
processes, including the ATP-utilizing Pma1 proton
pump, which is important in tolerance to acetic acid
(Ullah et al., 2012). Similarly, an increased produc-
tion of Pdr12 could create a metabolic burden
which would contribute to acid intolerance (i.e. to
acetic or formic acid), but this should affect cells
equally in the presence of propionic, levulinic or
sorbic acid, which it did not.
Acetic and propionic acid caused cell death

(Giannattasio et al., 2005; Lourenço et al., 2011;
and Figure 3). Deletion of PDR12 did not reduce
cell death in the presence of acetic acid, as suggested
by Bauer et al. (2003), but rather increased the rate
of recovery of the small surviving population on
acetic, but not on propionic, acid. Based on the spe-
cific growth rates of strains which grew,< 3% of the
original population (~1 × 105 cells) survived in these
populations, which corresponded well with the
survival observed in the viability tests.
Holyoak et al. (2000) claimed that the improved

resistance to acids of the Δcmk1 strain was depen-
dent on the activity of Pdr12. However, improved
tolerance to acetic or formic acid in the Δpdr12
strain was further improved by deletion of
CMK1, in cells which had been precultured in the
presence of either 0.45 mM sorbic acid or 50 mM
acetic acid (Figure 4d–f). Thus, it is clear that the
role of Cmk1 in acetic or formic acid tolerance is
not solely linked to regulation of Pdr12. Cmk1
apparently acts as a negative regulator of other
defence mechanisms involved in resistance to
acetic or formic acid. The improved tolerance to
propionic acid seen in the Cmk1-deficient strain
overexpressing PDR12 may also result from
combined effects of non-Pdr12-related regulation
and the removal of regulation of Pdr12 by Cmk1.
The improved tolerance to acetic and formic acid

in the Δpdr12 and Δpdr12Δcmk1 strains makes
these strains interesting for use in conversion of
sugars from lignocellulosic hydrolysates to
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biofuels or chemicals. Acetic (e.g. 27–73 mM) and
formic (30–67 mM) acids are the most common
acids in most lignocellulosic hydrolysates
(Almeida et al. 2007) and growth inhibition due
to presence of these acids has been linked to
reductions in, for example, ethanol production
(Larsson et al., 1999). Deletion of Pdr12 and/or
Cmk1 may thus provide a novel approach to im-
prove productivity in lignocellulosic hydrolysates
and should be investigated further. The data also
suggest that deletion of PDR12 could be beneficial
in glycolic or lactic acid production processes.
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