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Abstract

The model yeast, Saccharomyces cerevisiae, is a popular object for both fundamental and applied research, including the
development of biosensors and industrial production of pharmaceutical compounds. However, despite multiple studies explor-
ing S. cerevisiae transcriptional response to various substances, this response is unknown for some substances produced in
yeast, such as D-lactic acid (DLA). Here, we explore the transcriptional response of the BY4742 strain to a wide range of
DLA concentrations (from 0.05 to 45 mM), and compare it to the response to 45 mM L-lactic acid (LLA). We recorded a
response to 5 and 45 mM DLA (125 and 113 differentially expressed genes (DEGs), respectively; >50% shared) and a less
pronounced response to 45 mM LLA (63 DEGs; >30% shared with at least one DLA treatment). Our data did not reveal natu-
ral yeast promoters quantitatively sensing DLA but provide the first description of the transcriptome-wide response to DLA
and enrich our understanding of the LLA response. Some DLA-activated genes were indeed related to lactate metabolism,
as well as iron uptake and cell wall structure. Additional analyses showed that at least some of these genes were activated
only by acidic form of DLA but not its salt, revealing the role of pH. The list of LLA-responsive genes was similar to those
published previously and also included iron uptake and cell wall genes, as well as genes responding to other weak acids. These
data might be instrumental for optimization of lactate production in yeast and yeast co-cultivation with lactic acid bacteria.

Key points

e We present the first dataset on yeast transcriptional response to DLA.

e Differential gene expression was correlated with yeast growth inhibition.
e The transcriptome response to DLA was richer in comparison to LLA.

Keywords D-lactate - L-lactate - Lactic acid - Budding yeast - RNA-seq - Low pH stress

Introduction to various substances, for example, heavy metals or estro-

gens (Martin-Yken 2020). The compounds produced in yeast

The model yeast species Saccharomyces cerevisiae is used
in many fundamental and applied research applications,
such as production of many industrially relevant com-
pounds (Krivoruchko and Nielsen 2015) and as biosensors
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include D-lactic acid (DLA) (Baek et al. 2016), which is
used for production of stereocomplex type poly-lactic acid,
a promising biodegradable polymer (de Albuquerque et al.
2021). Genetically engineered yeast strains produce up to
112 g/L (1.24 M) of DLA in neutralizing conditions or over
53.2 g/L (0.59 M) of this substance without neutralizing
agents (Ishida et al. 2006, 2011; Baek et al. 2016; Yamada
et al. 2017; Mitsui et al. 2020). Efficient sensing systems for
DLA would also be relevant in medicine, as D-lactic acido-
sis is a rare but serious neurologic condition specific to indi-
viduals with short bowel syndrome (Kowlgi and Chhabra
2015; Petersen 2005).

However, a systematic evaluation of yeast cell response is
scarce not only for DLA but even for its incomparably more
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common enantiomer L-lactic acid (LLA). The response to
LLA has been studied in several yeast strains on the levels
of viability or growth rate reduction, as well as transcription.
Specifically, it was found that lactic acid (LA) in industrially
relevant concentrations of 90 or even 280 mM LA (presum-
ably LLA) had a rather limited effect on the metabolism of
S. cerevisiae in thermostat cultures but did affect the energy
status of the cell by provoking a reduction in the ATP con-
tent (Thomsson and Larsson 2006). Another study estimated
the minimal inhibitory concentration of LA (presumably
LLA) as 2.5% w/v (278 mM), while 0.2% began to stress the
cells (Narendranath et al. 2001). There are also two studies
on the transcriptional effect of LLA. One of them dealt with
LLA in comparison with acetic and hydrochloric acids with
DNA microarrays in shake flask cultures. The authors found
that these organic acids triggered relatively similar gene
expression perturbations and affected cell wall and metal
metabolism; the latter was intermediated by the Atplp tran-
scription factor (Kawahata et al. 2006). Another study, using
chemostat cultures, also found iron metabolism remodeling;
it was very pronounced at pH 5 and 500 mM LLA and much
less severe at pH 3 and 900 mM LLA (Abbott et al. 2008).
To the best of our knowledge, there is no published data on
the effect of DLA on yeast transcriptome or proteome.

In this study, we evaluated the transcriptional response
of S. cerevisiae to varying concentrations of DLA (from
0.05 mM to 45 mM) and 45 mM of LLA in order to check
if this model species possessed any promoters that would
quantitatively respond to DLA but not LLA and could thus
be promising for designing a yeast-based stereo-specific bio-
sensor to lactic acid. Such transcriptome-based approach has
already been successfully applied to find a 1-butanol sensing
promoter in S. cerevisiae (Shi et al. 2017). In addition, we
aimed at enriching the data on transcriptional response to
DLA in comparison to LLA. We found that the concentra-
tions of DLA of 0.05 or 0.5 mM did not trigger any changes
in gene expression compared to the control samples. The
genes activated in response to 5 mM DLA were enriched
in those controlling cell wall organization, while the genes
upregulated upon 45 mM DLA treatment included several
genes functioning in lactate metabolism and iron uptake.
Finally, the genes responding to LLA contained many genes
known to respond to this and other weak acids.

Materials and methods

Yeast cultivation

The yeast strain used for this work was BY4742 (MATa
his3A1 leu2A0 lys2A0 ura3A0; Baker Brachmann et al.

1998). For the experimental exposures, overnight suspen-
sion cultures were inoculated from an independent BY4742
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colony on solid YPD medium (1% yeast extract, 2% peptone,
2% D-glucose, and 2% agar) and grown in synthetic medium
containing 0.67% (w/v) yeast nitrogen base, 2% (w/v) glu-
cose, 150 mM NaCl, 20 mg/L L-histidine HCI, 100 mg/L
L-leucine, 30 mg/L L-lysine HCI, and 20 mg/L uracil at
28 °C with orbital shaking (120 rpm). The addition of NaCl
had the purpose of mimicking the conditions in the blood
plasma for further use in sensor applications. The next day,
approximately 1.5 optical density units of each culture were
collected by centrifugation (1700 X g for 5 min at room tem-
perature) and resuspended in 3 ml of the same media (con-
trol) or media with lactic acid. OD600 was recorded at the
beginning of the exposure and in 3—4 h. After this time, the
experimental cultures were collected by centrifugation and
frozen at -80 °C for RNA extraction. The relative growth rate
was calculated as the difference between logarithmic (base
2) final OD600 and initial OD600 divided over incubation
time in hours. This experiment was performed in total seven
times with independent suspension cultures with 0.05, 0.5,
5, or 45 mM DLA, or 45 mM LLA and a control medium;
three of these replicates were used for the RNA sequenc-
ing. Moreover, similar exposures were performed with eight
independent suspension cultures with 45 mM DLA, 45 mM
sodium D-lactate (DLS), and a control medium; five of these
replicates were used for qPCR testing.

RNA extraction, sequencing, and quantitative PCR
(qPCR)

RNA extraction, library construction, and sequencing were
performed by the CeGaT company (Tiibingen, Germany).
RNA isolation was performed with the RNeasy kit (Qia-
gen, Hilden, Germany) according to manual (RNeasy Mini
Handbook) with slight modifications. Cells were homog-
enized by mechanical disruption. After the addition of RLT
buffer (Qiagen, Hilden, Germany) and glass beads, the
samples were vortexed three times for 3 min. After each
vortexing step, the samples were cooled on ice. Then, the
lysate was centrifuged for 2 min at maximum speed, and the
supernatant was transferred to new microcentrifuge tubes,
combined with the same volume of 70% ethanol and mixed
by pipetting. Sequencing libraries were prepared with the
TruSeq Stranded mRNA kit (Illumina Inc., CA, USA) and
sequenced at 2x 100 bp with a NovaSeq 6000 (Illumina
Inc., USA). Demultiplexing of the sequencing reads was
performed with [llumina bcl2fastq v2.20, and adapters were
trimmed with Skewer v 0.2.2 (Jiang et al. 2014). For each
sample, between 2.8 and 7.4 Gb were sequenced.

RNA extraction for gPCR-based gene expression analysis
was performed with the RNASwift method according to the
original protocol (Nwokeoji et al. 2016) using GeneJET spin
columns (Thermo Scientific, Waltham, MA, USA) and buff-
ers provided with the RNeasy kit (Qiagen, Hilden, Germany)
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at the last step. RNA purification was performed according
to the recommendation of the buffer manufacturer. Then,
RNA was treated with RapidOut DNA removal kit (Thermo
Scientific, Waltham, MA, USA) to remove residual genomic
DNA. Then, RNA concentration was measured with the
Nano-300 (Allsheng, Hangzhou, China) micro-spectropho-
tometer, and approximately 60—70 ng of DNA-free RNA was
used for reverse transcription, which was performed with
RevertAid reverse transcriptase and the corresponding buffer
(Thermo Scientific, Waltham, MA, USA), RiboLock RNase
inhibitor (Thermo Scientific, Waltham, MA, USA), dNTPs
and Oligo(dT)18 primers (Thermo Scientific, Waltham, MA,
USA) according to the recommendation of the enzyme man-
ufacturer. Then, 1 pL of the resulting cDNA of the result-
ing solution was used for 10-pL qPCR. The amplification
was performed using a StepOne Plus instrument (Thermo
Scientific, Massachusetts, USA) with the 5X qPCRmix-
HS SYBR Hi-Rox (Evrogen, Moscow, Russia) and prim-
ers (5 pmol each) specific for the following genes: ACTI
and CDC19 used as reference genes; AQRI; DLD3; FIT2,
and YPS3. Primer sequences (Supplemental Table S1) for
ACTI and CDC19 were taken from the work by Cankorur-
Cetinkaya et al. (2012); the other primer pairs were designed
with NCBI Primer Blast (Ye et al. 2012). Amplification effi-
ciency was tested for each primer pair with serial dilutions
of a control cDNA sample and lied in the range of 88—100%
(Supplemental Table S1).

Data analysis and availability

Quality control of raw data was performed with FastQC
v0.11.9 and summarized with MultiQC v1.13 (Ewels et al.
2016). The R64-1-1 release of S. cerevisiae strain S288C
genome (Engel et al. 2014) was downloaded from Ensembl
(Cunningham et al. 2022) release 108 and used as a ref-
erence. The reads were aligned to the genome with hisat2
(Kim et al. 2019) v2.2.1, sorted with samtools (Li et al.
2009) v1.9 and quantified with featureCounts (Liao et al.
2014) from subread v2.0.4.

The resulting count table was further processed with the
DESeq2 (Love et al. 2014) v1.34.0 for R (R Core Team
2022) v4.1.2 to compare expression levels. The figures
were prepared using the ggplot2 (Wickham 2016) v3.4.2,
enhancedVolcano (Blighe et al. 2023) v1.12.0 and DEGRe-
port (Pantano et al. 2023) v1.30.3 packages for R. The data
from the Abbott et al. (2008) manuscript, which were used
for comparison, were downloaded from the NCBI GEO
database (accession number GSE10066) with the script
generated by the GEO2R service (Edgar et al. 2002), which
utilizes the GEOquery (Davis and Meltzer 2007) 2.62.2,
limma (Ritchie et al. 2015) 3.50.3, and DESeq2 packages
for R. Gene ontology (GO) term and publication enrichment

analyses were performed with YeastMine (Balakrishnan
et al. 2012; Cherry et al. 2012) using the database of 1 Apr
2023.

All the code used is available at GitHub (Drozdova 2023).
The raw and processed RNA sequencing data are also avail-
able from the NCBI GEO repository under the accession
number GSE231937.

Results

Overview of transcriptional response to lactic acid
enantiomers

The performed analysis revealed differentially expressed
genes (hereafter DEGs; absolute log2 fold change > 1 and
adjusted p-value <0.05) only in the case of the two high-
est DLA concentrations (5 mM and 45 mM), as well as
in the case of 45 mM LLA (Fig. 1a—c). The concentra-
tions of 0.5 mM DLA and below did not produce any sig-
nificant transcriptional response (Fig. 1d, e). Overall, the
presence/absence of DEGs correlated with the growth
inhibition: whenever growth was inhibited, we recorded
differential expression (Supplemental Fig. S1; Supplemen-
tal Table S2). Finally, there were 10 genes that were dif-
ferentially expressed between the maximal concentration
of DLA and the same concentration of LLA (see below in
the section “Transcriptional response to LLA and search for
DLA-specific genes”).

Furthermore, we functionally characterized DEG lists
with gene ontology terms using YeastMine (Table 1). We
found that the genes upregulated in response to 45 mM were
enriched with those participating in lactate biosynthesis
and metabolism (these genes will be characterized in detail
below) and siderophore transport. The genes upregulated
in response to a lower concentration of DLA (5 mM) were
connected to the cell wall, while those downregulated in
these conditions contained three genes regulating leucine
biosynthesis. In the case of 45 mM LLA, we only found one
very general enriched GO term for downregulated genes,
generation of precursor metabolites, and energy.

Transcriptional response to DLA

In the case of the highest concentration of DLA, we found
significant enrichment of two GO terms connected to lac-
tate (Table 1). The DEGs annotated with the terms “lac-
tate metabolic process” (GO:0006089) and “lactate bio-
synthetic process” (G0:0019249) largely overlapped and
contained DLD1 (YDL174C), DLD3 (YELO71W), SNO4
(YMR322C), and HSP32 (YPL280W). The former two
genes indeed encode D-lactate dehydrogenases, mitochon-
drial D1d1 and cytoplasmic D1d3 (Pallotta 2012); according

@ Springer



121 Page 4 of 12

Applied Microbiology and Biotechnology ~ (2024) 108:121

a b
45 mM DLA vs. control 5 mM DLA vs. control
20 4 [ [
bl 20 1
15 L o
° I e 1 I
2 oo 151 R
2 KD LI
8 101 P e 101 ol e
\ 4ok PRI

[
45 mM LLA vs. control

«Q

Upregulated genes

d e
0.5 mM DLA vs. control 0.05 mM DLA vs. control
10,0 L e
L 751 -
7.54 ! ! | 1
e RE |
é’ 5.0 1 i E@ ° 501 i 5
= . o 1°
| 55 | ° i si 25 } i )
o L <
0.0 1 —ve 0.0 1 : -

h

Downregulated genes

5 mM{’LA

50 25 OTO 2?5 5?0
Log, fold change

-6 -3 0 3 6
Log, fold change

Fig.1 Overview of gene expression changes in all comparisons.
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gene). g, h show intersections of the lists of genes upregulated and
downregulated, respectively, in response to different treatments, rep-
resented as Venn diagrams. Full expression data are available in Sup-
plemental Table S3 and from the GEO database (GSE231937)

Table 1 Significantly (p <0.05)

overrepresented GO terms 45 mM DLA vs. control

Upregulated (82 genes)

Lactate metabolic process (GO:0006089)
Siderophore transport (GO:0015891)

Downregulated (31 genes)

No enrichment found

Lactate biosynthetic process (GO:0019249)

5 mM DLA vs. control
Upregulated (74 genes)

Cell wall organization or biogenesis (GO:0071554)

Downregulated (51 genes)
Leucine biosynthetic process (GO:0009098)

External encapsulating structure organization (GO:0045229)
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Cell wall organization (GO:0071555)

Fungal-type cell wall organization or biogenesis (GO:0071852)
Fungal-type cell wall organization (GO:0031505)

Cell wall biogenesis (GO:0042546)

45 mM LLA vs. control
Upregulated (17 genes) Downregulated (45 genes)

No enrichment found Generation of precursor metabolites and energy

(G0O:0006091)

45 mM DLA vs. 45 mM LLA
Upregulated (8 genes) Downregulated (2 genes)

No enrichment found No enrichment found
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to the literature, DId3 can also oxidize D-2-hydroxyglutarate
to a-ketoglutarate (Becker-Kettern et al. 2016). The latter
two are specific small chaperones (Gong et al. 2009). Unfor-
tunately, none of these four genes was both DLA-specific
and quantitatively responding to DLA (Fig. 2a).

In the case of 5 mM DLA, the main groups of upregu-
lated genes were those associated with cell wall biogenesis
(Table 1; Supplemental Table S4). This effect is not probably
specific for DLA, as a similar effect was found for different
organic acids (Kawahata et al. 2006). These genes also reacted
to 45 mM DLA, even though less strongly (Supplemental
Fig. S2). Overall, the transcriptional responses to S mM DLA
and 45 mM DLA correlated quite well (Fig. 2b, c).

Transcriptional response to LLA and search
for DLA-specific genes

We found fewer DEGs in response to LLA in comparison to
DLA; moreover, there were no overrepresented GO terms for
upregulated genes and only a rather vague term “generation of
precursor metabolites and energy” in the case of downregulated

genes. However, the lists of genes differentially expressed
in response to LLA were associated with many (over 20)
publications enriched in some of these genes (Supplemental
Table S4). Impressively, four of the six manuscripts enriched
in LLA-upregulated genes dealt with the Haal transcription
factor, which was indeed shown to mediate the adaptation of
yeast cells to lactic and other weak acids (Fernandes et al. 2005;
Mira et al. 2010, 2011; Sugiyama et al. 2014).

Generally, the changes triggered by LLA correlated well
to the changes observed in response to the same concentra-
tion of DLA (Fig. 3a, b). In order to reveal if there were
any genes that quantitatively responded to DLA and did
not respond to LLA, we performed a clustering analysis of
214 genes that were differentially expressed in at least one
condition. Within the obtained six clusters, none had the
desired pattern for a DLA sensor, i.e., monotonous increase
or decrease in response to DLA and absence or very slight
response to LLA (Fig. 3c). It is worth mentioning that the
first cluster featured genes which were seemingly affected
more by the high concentrations of DLA than by LLA, but
in fact, the changes were very subtle (Supplemental Fig. S3).
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Fig.2 Overview of transcriptional response to DLA. Shown are a
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in response to 45 mM DLA and annotated with the GO terms “lac-
tate metabolic process” or “lactate biosynthesis process” (ORF (open
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reading frame) symbols and gene names shown in the titles of the
panels), as well as the correlation between expression changes in
response to 5/45 mM DLA of shared DEGs (b) and all genes (c).
Pearson’s correlation coefficient=0.99 for (b) and 0.72 for (c¢)
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In addition, we analyzed the genes differentially
expressed between 45 mM DLA and 45 mM LLA (Fig. 1f).
There were ten such genes, YHL0O28W (WSC4), YLR054C
(OSW2), YLRI121C (YPS3), YGR189C (CRHI), YGR146C
(ECLI), YGL255W (ZRT1), YHR209W (CRG1), YLR205C
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¢ Clustering of expression profiles does not reveal any groups with
quantitative response to DLA. d Expression profiles of potential qual-
itative sensors, genes responding to DLA but not LLA. The vertical
axis shows logarithmic (base 2) normalized expression counts of the
genes

(HMX1), YKRO91W (SRL3), and YCRO05C (CIT2). Some
of these genes (WSC4, YPS3, CHRI1, and OSW2) regulate
cell wall assembly. Wsc4, Yps3, and Crhl have functions
in maintaining cell wall integrity (Verna et al. 1997; Kry-
san et al. 2005; Cabib et al. 2007). Osw2 is a protein of
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unknown function, which is putatively involved in spore
wall assembly (Coluccio et al. 2004). Several genes (ZRT1,
ECLI, and HMX]) are implicated in metal transport. Zrt1
is a zinc transporter (Zhao and Eide 1996). Ecll is a protein
of unknown function upregulated by overexpression of the
other iron deprivation-responding transcription factor, Aft2
(Rutherford et al. 2003). HMX1 encodes a heme oxygenase,
and expression of this gene is regulated by the iron dep-
rivation-responding transcription factor Aftl (Protchenko
and Philpott 2003). Finally, the link between some of the
genes and LA stress was unclear. Crgl is a small molecule
methyltransferase regulating lipid homeostasis in response
to a drug cantharidin (Lissina et al. 2011), Cit2 is a citrate
synthase (Kim et al. 1986), and Srl3 (or Whi7) participates
in cell cycle regulation (Gomar-Alba et al. 2017). Of these
genes, five reacted to both 5 mM and 45 mM DLA but not
to 45 mM LLA (Fig. 3d). These could be candidates for
qualitative sensors for DLA but required further exploration.

Neutralization compensates for the effect
of the DLA on growth rate and transcription
of selected genes

During all previous analyses, we found several groups of
genes that reacted to one (45 mM) or two (5 and 45 mM)
concentrations of DLA, and we also found that these treat-
ments slowed down yeast growth (Supplemental Fig. S1).
In order to check if the slow growth was caused by the
lower pH values, we performed the same treatment but with
45 mM sodium D-lactate (DLS) obtained with addition of
the same amount of NaOH (the concentration of additional
NaCl in the media was adjusted to sum up to 150 mM)

and indeed observed compensation of the growth defect
(Fig. 4a). Thus, the observed slow growth in yeast treated
with 45 mM DLA is explained by pH shift and not by the
influence of the D-lactate ion.

Moreover, we checked if the expression of several genes
that we found to be DLA-responsive changed in response
to DLS. For this analysis, we chose the AQRI, DLD3, and
FIT2 genes, which were activated to 45 mM DLA but did
not respond to 5 mM DLA, as well as the YPS3 gene that
responded to both concentrations of DLA. These genes
belong to different functional groups. AQRI (YNLO65W)
encodes a membrane protein from the major facilitator
superfamily, which provides the cells with resistance to
short-chain monocarboxylic acids (Tenreiro et al. 2002).
FIT2 (YOR382W) is a cell wall mannoprotein involved in
the siderophore transport (Protchenko et al. 2001), and we
chose it as a representative of a larger group of iron uptake-
related proteins (Table 1). DLD3 (YELO71W) codes for a
protein with D-lactate dehydrogenase activity in vitro, but
there is evidence that in vivo it contributes to D-lactate syn-
thesis (Chelstowska et al. 1999; Becker-Kettern et al. 2016).
Finally, YPS3 (YLR121C) encodes an aspartic protease
required for cell wall integrity (Olsen et al. 1999), and we
chose it as a representative of the cell wall integrity-related
genes and also because it had strong changes in expression
in response to both DLA concentrations but not to LLA
(Fig. 3d) and thus could act as qualitative DLA sensor.
However, we found that the relative expression levels of all
of these genes were very similar in the control samples and
in those treated with 45 mM DLS. Taken together, our data
suggest that the expression changes in response to DLA were
mostly triggered by the change in the pH value.

a o0.25- . * b YNLO65W, AQR1 YEL071W, DLD3 YOR382W, FIT2 YPL280W, YPS3
1
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— == I
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Control 45 mM 45 mM Control 45 mM Control 45 mM Control 45 mM Control 45 mM
DLA DLS DLS DLS DLS DLS

Fig.4 Addition of 45 mM sodium D-lactate compensates for the
growth defect caused by 45 mM DLA treatment (a) and does not
trigger changes in the expression of selective DLA-responsive genes
(b). a Relative growth rate (the difference between logarithmic (base
2) final OD600 and initial OD600 divided over incubation time in
hours) of cultures incubated for 3 h in the media with 45 mM DLA

or DLS. *p <0.05; ns, not significant (paired pairwise Wilcoxon rank
sum test). b Expression levels of the AQRI, DLD3, FIT2, and YPS3
genes relative to the geometric mean of the reference genes ACT/ and
CDC19 measured with quantitative PCR. Raw qPCR data are pre-
sented in Supplemental Table S5
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Discussion

In this study, we explored the transcriptional response of S.
cerevisiae to LA enantiomers. One of the goals of this work
was to find genes that would specifically and quantitatively
respond to DLA but not to LLA. We did not find such genes.
In general, we found that the response to high concentra-
tion of DLA and LLA was quite similar and even more pro-
nounced to DLA than to LLA. It is possible that the reason
for this difference is that LLA is metabolized faster. There
was no response to the concentrations of DLA of 0.5 mM
and below. It is possible that higher DL A concentrations
(>50 mM) or longer exposures (about a day) could have
made the effect more pronounced and reveal differentially
expressed genes. However, higher concentrations would be
outside the range of DLA concentrations typically found
in biological fluids. While normal levels of LLA in mam-
mal blood plasma are about 1-2 mM, the levels of DLA
are about two orders of magnitude lower, 0.01-0.07 mM
(Ewaschuk et al. 2005). In general, the levels of < 0.2 mM
are considered normal (Zhang et al. 2003). The most well-
known condition leading to D-lactic acidosis in human is
short bowel syndrome, during which plasma DLA levels
may reach millimolar concentrations (Zhang et al. 2003;
Yilmaz et al. 2018). Similar symptoms in ruminants appear
upon elevated carbohydrate level in their diet (Lorenz and
Gentile 2014) and may lead to DLA plasma levels as high as
about 25 mM (Ewaschuk et al. 2005). Thus, an ideal biosen-
sor for DLA should be sensitive at 0.1-5 mM concentration
range. Similarly, the need to use longer exposures of sensor
yeast would also hinder its usage in biosensor applications.
So, we find it unlikely that a quantitative yeast sensor to
DLA may be constructed based on the native yeast tran-
scriptional networks, but the possibility of integrating a het-
erologous cassette remains open. Such a cassette has been
described for Pseudomonas, but its sensitivity starts from
about 20 mM DLA (Singh et al. 2019), which is also far
from ideal for monitoring DLA levels in biological fluids.
Importantly, we present the first dataset on yeast tran-
scriptional response to DLA. Generally, we found that if
the particular concentration did not inhibit growth, we did
not see a transcriptional response either. This result is very
similar to the study, in which the authors compared the tran-
scriptome-wide responses to different alcohols in search for
1-butanol sensor and found that the samples treated with
ethanol, which did not cause significant growth inhibition,
clustered with the control samples, while samples treated
with 1-butanol and 1-propanol, which were much more
toxic, clustered separately (Shi et al. 2017). Intriguingly,
the response to 5 mM and 45 mM was seemingly different
if judging by enriched GO terms (5 mM DLA caused over-
expression of cell wall-related genes, while 45 mM led to
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increased expression of lactate metabolism and siderophore
transport genes), but the transcriptional profiles in response
to 5 mM and 45 mM DLA were highly correlated (Fig. 2¢),
and more than half of the DEGs were shared between the
two comparisons (Fig. 1g, h).

In general, the groups of cell-wall related genes and genes
of iron/siderophore uptake have already been described to
respond to weak acid stress (Kawahata et al. 2006; Abbott
et al. 2007, 2008), so our findings fully corroborate the pre-
viously published data but at the same time suggest that this
response might be pH-dependent rather than specific for
the lactic acid. However, comparison of four weak acids,
benzoate, sorbate, acetate, and propionate, showed that the
transcriptional responses were largely specific (Abbott et al.
2007), proving that the response to pH was not the only
reason for gene expression changes. We have checked this
hypothesis for the FIT2 gene, which codes for cell wall man-
noprotein involved in the siderophore transport (Protchenko
et al. 2001) as a representative of the iron/siderophore uptake
functional group and YPS3, the gene encoding an aspartic
protease required for cell wall integrity (Olsen et al. 1999), as
a representative of the cell wall genes group. Both genes did
not respond to D-lactate treatment if pH was compensated
(Fig. 4b). Moreover, in this experiment we also measured the
expression levels of the AQRI gene. It encodes a membrane
protein from the major facilitator superfamily, which pro-
vides the cells with resistance to short-chain monocarboxylic
acids (Tenreiro et al. 2002). We found that AQR] also only
responded to DLA at low pH. Interestingly, the authors of the
original manuscript noted that the expression of this gene was
not stimulated by weak acid stress (Tenreiro et al. 2002). We
found that it was upregulated in response to 45 mM DLA,
while Abbott et al. (2007) found it as a common gene down-
regulated in response to the four weak organic acids they
tested. Agrl has not been shown to have a role in lactic acid
transport, but it acts as a lactic acid exporter and has been
shown to be important for yeast co-cultivation with lactic
acid bacteria (Velasco et al. 2004; Kapetanakis et al. 2021).

While the transcriptional response to DLA has not been
explored before, there are studies on transcriptional changes
in response to LLA (Kawahata et al. 2006; Abbott et al.
2008). We have compared the changes in the genes differ-
entially expressed in response to 45 mM LLA according to
our data and each of the two studies and found substantial
positive correlation (Supplemental Fig. S4), even though all
experimental designs were different.

In the case of the work by Kawahata et al. (2006), experi-
mental exposures were performed in shake flask cultures
with 0.3% LLA (about 33 mM), and the S288C strain
(parental to BY472) was used. Two experimental designs
were used. First, acid shock was performed by pre-grow-
ing the cultures to the optical density at 660 nm (OD660)
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of 1.0 and exposing them to LLA for 30 min. The second
design, acid adaptation, involved diluting overnight cultures
to the OD660=0.1 in the media with LLA and growing
until OD660 reached 1. The number of overlapping DEGs
was quite low in both cases (five genes), but the changes in
the transcription of these genes were mostly similar to our
results (Supplemental Fig. S4a, b).

In the study by Abbott et al. (2008), chemostat cultures
of the CEN.PK 113-7D strain (not closely related to S288C
and BY4742) were subjected to quite high concentrations of
LLA, namely, 500 mM LLA at pH 3 and 900 mM LLA at
pH 5. The lists of DEGs shared in our results and these data
were larger (over 30 genes in each case), and the correlation
of our 45 mM-LLA exposure was much higher with 500 mM
LLA than with 900 mM LLA.

We were particularly interested in the D-lactate metabo-
lism genes DLD1 and DLD3. Originally, both of these genes
were shown to code for a mitochondrial and cytoplasmic
D-lactate dehydrogenases, respectively (Lodi and Ferrero
1993; Chelstowska et al. 1999). According to our results
(Fig. 2a; Supplemental Table S3), DLDI was upregulated
in response to 5 mM DLA (fold change=1.92 and adjusted
p=0.04), as well as in response to 45 mM DLA (fold
change =2.76 and adjusted p=0.0001) and had a similar
trend in response to 45 mM LLA, even though the differ-
ence did not reach statistical significance (fold change=1.85
and adjusted p=0.06). Interestingly, Abbott et al. (2008)
also found upregulation of DLD] to the highest LLA con-
centration used in their experimental design, 900 mM (fold
change =4 and adjusted p =0.0002). This non-stereo-spe-
cific regulation could be interesting to explore further.

While the DId1 enzyme is the major D-lactate dehydroge-
nase, DId3 is a minor D-lactate dehydrogenase and mostly acts
as a transhydrogenase coupling D-2-hydroxyglutarate degra-
dation to DLA synthesis (Lodi and Ferrero 1993; Chestowska
et al. 1999; Becker-Kettern et al. 2016). In our experiment,
DLD3 was only upregulated in response to 45 mM DLA but
not 5 mM DLA or lower concentrations and did not react to
DLS, also corroborating the idea of its very minor role as a
D-lactate dehygrogenase. It is possible that this protein acts at
high DLA concentrations to prevent cell damage by low pH.

In general, our data enrich our understanding of the yeast
transcriptome-wide response to LLA and provide the first
description of the response to DLA. We found that even
though the response to different stereoisomers of lactic acid
had quite significant similarities to the response to other
weak acids tested previously and largely dependent on pH,
there are large differences between DLA and LLA responses,
which probably reflect the difference in their role in yeast
biology. The role of pH in the DLA response highlights the
importance of controlling and optimizing lactic acid produc-
tion in yeast under neutralizing and non-neutralizing con-
ditions separately, which is also corroborated by a recent

work on a recombinant yeast strain with improved lactic
acid tolerance and lactic acid yield under non-neutralizing
conditions (Yamada et al. 2021).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-023-12863-z.

Author contribution PD, AG, MT, and EB designed the research. PD,
AS, AV, and EI performed the experiments. PD, AG, AV, and EZ ana-
lyzed the data and prepared text and figures. MT and EB supervised the
project. All authors read and approved the final manuscript.

Funding The work was supported by the Russian Science Founda-
tion (interdisciplinary project 20-64-47011 performed in association
with the Petrozavodsk State University, Petrozavodsk, Russia; link to
information about the project:https://rscf.ru/en/project/20-64-47011/).

Data availability The datasets generated during and analyzed during
the current study are available in the GitHub repository, https://github.
com/drozdovapb/S_cerevisiae_lactate_transcriptome and the NCBI
GEO repository under the accession number GSE231937.

Declarations

Ethics approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abbott DA, Knijnenburg TA, De Poorter LM, Reinders MJ, Pronk
JT, Van Maris AJ (2007) Generic and specific transcriptional
responses to different weak organic acids in anaerobic chemostat
cultures of Saccharomyces cerevisiae. FEMS Yeast Res 7:819—
833. https://doi.org/10.1111/j.1567-1364.2007.00242.x

Abbott DA, Suir E, van Maris AJA, Pronk JT (2008) Physiological and
transcriptional responses to high concentrations of lactic acid in
anaerobic chemostat cultures of Saccharomyces cerevisiae. Appl
Environ Microbiol 74:5759-5768. https://doi.org/10.1128/ AEM.
01030-08

Baek S-H, Kwon EY, Kim YH, Hahn J-S (2016) Metabolic engineering
and adaptive evolution for efficient production of D-lactic acid in
Saccharomyces cerevisiae. Appl Microbiol Biotechnol 100:2737—
2748. https://doi.org/10.1007/s00253-015-7174-0

Baker Brachmann C, Davies A, Cost GJ, Caputo E, Li J, Hieter P,
Boeke JD (1998) Designer deletion strains derived from Saccha-
romyces cerevisiae S288C: a useful set of strains and plasmids

@ Springer


https://doi.org/10.1007/s00253-023-12863-z
https://rscf.ru/en/project/20-64-47011/
https://github.com/drozdovapb/S_cerevisiae_lactate_transcriptome
https://github.com/drozdovapb/S_cerevisiae_lactate_transcriptome
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1567-1364.2007.00242.x
https://doi.org/10.1128/AEM.01030-08
https://doi.org/10.1128/AEM.01030-08
https://doi.org/10.1007/s00253-015-7174-0

121 Page 10 of 12

Applied Microbiology and Biotechnology ~ (2024) 108:121

for PCR-mediated gene disruption and other applications. Yeast
14:115-132. https://doi.org/10.1002/(SICI)1097-0061(19980130)
14:2%3¢115::AID-YEA204%3¢3.0.CO;2-2

Balakrishnan R, Park J, Karra K, Hitz BC, Binkley G, Hong EL, Sul-
livan J, Micklem G, Michael Cherry J (2012) YeastMine — an
integrated data warehouse for Saccharomyces cerevisiae data as
a multipurpose tool-kit. Database 2012:bar062. https://doi.org/
10.1093/database/bar062

Becker-Kettern J, Paczia N, Conrotte J-F, Kay DP, Guignard C, Jung
PP, Linster CL (2016) Saccharomyces cerevisiae forms D-2-hy-
droxyglutarate and couples its degradation to D-lactate formation
via a cytosolic transhydrogenase. J Biol Chem 291:6036-6058.
https://doi.org/10.1074/jbc.M115.704494

Blighe K, Rana S, Lewis M (2023) EnhancedVolcano: publication-ready
volcano plots with enhanced colouring and labeling. https://github.
com/kevinblighe/EnhancedVolcano. Accessed 06 June 2023

Cabib E, Blanco N, Grau C, Rodriguez-Pefia JM, Arroyo J (2007)
Crhlp and Crh2p are required for the cross-linking of chitin to
B(1-6)glucan in the Saccharomyces cerevisiae cell wall. Mol
Microbiol 63:921-935. https://doi.org/10.1111/§.1365-2958.2006.
05565.x

Cankorur-Cetinkaya A, Dereli E, Eraslan S, Karabekmez E, Dikicioglu
D, Kirdar B (2012) A novel strategy for selection and validation of
reference genes in dynamic multidimensional experimental design
in yeast. PLoS ONE 7:e38351. https://doi.org/10.1371/journal.
pone.0038351

Cherry JM, Hong EL, Amundsen C, Balakrishnan R, Binkley G, Chan
ET, Christie KR, Costanzo MC, Dwight SS, Engel SR, Fisk DG,
Hirschman JE, Hitz BC, Karra K, Krieger CJ, Miyasato SR, Nash
RS, Park J, Skrzypek MS, Simison M, Weng S, Wong ED (2012)
Saccharomyces Genome Database: the genomics resource of bud-
ding yeast. Nucleic Acids Res 40:D700-D705. https://doi.org/10.
1093/nar/gkr1029

Coluccio A, Bogengruber E, Conrad MN, Dresser ME, Briza P, Nei-
man AM (2004) Morphogenetic pathway of spore wall assembly
in Saccharomyces cerevisiae. Eukaryot Cell 3:1464—1475. https://
doi.org/10.1128/ec.3.6.1464-1475.2004

Cunningham F, Allen JE, Allen J, Alvarez-Jarreta J, Amode MR,
Armean IM, Austine-Orimoloye O, Azov AG, Barnes I, Ben-
nett R, Berry A, Bhai J, Bignell A, Billis K, Boddu S, Brooks L,
Charkhchi M, Cummins C, Da Rin FL, Davidson C, Dodiya K,
Donaldson S, El Houdaigui B, El Naboulsi T, Fatima R, Giron
CG, Genez T, Martinez JG, Guijarro-Clarke C, Gymer A, Hardy
M, Hollis Z, Hourlier T, Hunt T, Juettemann T, Kaikala V, Kay M,
Lavidas I, Le T, Lemos D, Marugén JC, Mohanan S, Mushtaq A,
Naven M, Ogeh DN, Parker A, Parton A, Perry M, PiliZota I, Pros-
ovetskaia I, Sakthivel MP, Salam AIA, Schmitt BM, Schuilenburg
H, Sheppard D, Pérez-Silva JG, Stark W, Steed E, Sutinen K,
Sukumaran R, Sumathipala D, Suner M-M, Szpak M, Thormann
A, Tricomi FF, Urbina-Gémez D, Veidenberg A, Walsh TA, Walts
B, Willhoft N, Winterbottom A, Wass E, Chakiachvili M, Flint B,
Frankish A, Giorgetti S, Haggerty L, Hunt SE, IIsley GR, Love-
land JE, Martin FJ, Moore B, Mudge JM, Muffato M, Perry E,
Ruffier M, Tate J, Thybert D, Trevanion SJ, Dyer S, Harrison
PW, Howe KL, Yates AD, Zerbino DR, Flicek P (2022) Ensembl
2022. Nucleic Acids Res 50:D988-D995. https://doi.org/10.1093/
nar/gkab1049

Davis S, Meltzer PS (2007) GEOquery: a bridge between the Gene
Expression Omnibus (GEO) and BioConductor. Bioinformatics
23:1846-1847. https://doi.org/10.1093/bioinformatics/btm254

de Albuquerque TL, Marques Junior JE, de Queiroz LP, Ricardo ADS,
Rocha MVP (2021) Polylactic acid production from biotechno-
logical routes: a review. Int J Biol Macromol 186:933-951. https://
doi.org/10.1016/j.ijpbiomac.2021.07.074

@ Springer

Drozdova P (2023) S. cerevisiae response to lactic acid enanthiomers.
https://github.com/drozdovapb/S_cerevisiae_lactate_transcript
ome. Accessed 26 May 2023

Edgar R, Domrachev M, Lash AE (2002) Gene Expression Omnibus:
NCBI gene expression and hybridization array data repository.
Nucleic Acids Res 30:207-210. https://doi.org/10.1093/nar/30.1.207

Engel SR, Dietrich FS, Fisk DG, Binkley G, Balakrishnan R, Cos-
tanzo MC, Dwight SS, Hitz BC, Karra K, Nash RS, Weng S,
Wong ED, Lloyd P, Skrzypek MS, Miyasato SR, Simison M,
Cherry JM (2014) The reference genome sequence of Saccha-
romyces cerevisiae: then and now. G3-Genes Genom Genet
4:389-398. https://doi.org/10.1534/g3.113.008995

Ewaschuk JB, Naylor JM, Zello GA (2005) D-Lactate in human and
ruminant metabolism. J Nutr 135:1619-1625. https://doi.org/
10.1093/jn/135.7.1619

Ewels P, Magnusson M, Lundin S, Killer M (2016) MultiQC: sum-
marize analysis results for multiple tools and samples in a single
report. Bioinformatics 32:3047-3048. https://doi.org/10.1093/
bioinformatics/btw354

Fernandes AR, Mira NP, Vargas RC, Canelhas I, Sa-Correia I (2005)
Saccharomyces cerevisiae adaptation to weak acids involves the
transcription factor Haalp and Haalp-regulated genes. Biochem
Biophys Res Commun 337:95-103. https://doi.org/10.1016/j.
bbrc.2005.09.010

Gomar-Alba M, Méndez E, Quilis I, Baii6 MC, Igual JC (2017)
Whi7 is an unstable cell-cycle repressor of the Start transcrip-
tional program. Nat Commun 8:329. https://doi.org/10.1038/
s41467-017-00374-1

Gong Y, Kakihara Y, Krogan N, Greenblatt J, Emili A, Zhang Z,
Houry WA (2009) An atlas of chaperone—protein interactions
in Saccharomyces cerevisiae: implications to protein folding
pathways in the cell. Mol Syst Biol 5:275. https://doi.org/10.
1038/msb.2009.26

Ishida N, Suzuki T, Tokuhiro K, Nagamori E, Onishi T, Saitoh S,
Kitamoto K, Takahashi H (2006) D-lactic acid production by
metabolically engineered Saccharomyces cerevisiae. J Biosci
Bioeng 101:172-177. https://doi.org/10.1263/jbb.101.172

Ishida N, Suzuki TM, Ohnishi T (2011) Development of a metaboli-
cally engineered yeast for efficient production of pure D-lactic
acid. R&D Rev Toyota CRDL 42:83-89

Jiang H, Lei R, Ding S-W, Zhu S (2014) Skewer: a fast and accu-
rate adapter trimmer for next-generation sequencing paired-end
reads. BMC Bioinformatics 15:182. https://doi.org/10.1186/
1471-2105-15-182

Kapetanakis GC, Gournas C, Prévost M, Georis I, André B (2021) Over-
lapping roles of yeast transporters Aqrl, Qdr2, and Qdr3 in amino
acid excretion and cross-feeding of lactic acid bacteria. Front
Microbiol 12:752742. https://doi.org/10.3389/fmicb.2021.752742

Kawahata M, Masaki K, Fujii T, Iefuji H (2006) Yeast genes involved
in response to lactic acid and acetic acid: acidic conditions
caused by the organic acids in Saccharomyces cerevisiae cul-
tures induce expression of intracellular metal metabolism genes
regulated by Aftlp. FEMS Yeast Res 6:924-936. https://doi.org/
10.1111/5.1567-1364.2006.00089.x

Kim K-S, Rosenkrantz MS, Guarente L (1986) Saccharomyces cerevi-
siae contains two functional citrate synthase genes. Mol Cell Biol
6:1936-1942. https://doi.org/10.1128/mcb.6.6.1936-1942.1986

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL (2019) Graph-based
genome alignment and genotyping with HISAT2 and HISAT-
genotype. Nat Biotechnol 37:907-915. https://doi.org/10.1038/
s41587-019-0201-4

Kowlgi NG, Chhabra L (2015) D-lactic acidosis: an underrecognized
complication of short bowel syndrome. Gastroenterol Res Pract
2015:e476215. https://doi.org/10.1155/2015/476215


https://doi.org/10.1002/(SICI)1097-0061(19980130)14:2%3c115::AID-YEA204%3e3.0.CO;2-2
https://doi.org/10.1002/(SICI)1097-0061(19980130)14:2%3c115::AID-YEA204%3e3.0.CO;2-2
https://doi.org/10.1093/database/bar062
https://doi.org/10.1093/database/bar062
https://doi.org/10.1074/jbc.M115.704494
https://github.com/kevinblighe/EnhancedVolcano
https://github.com/kevinblighe/EnhancedVolcano
https://doi.org/10.1111/j.1365-2958.2006.05565.x
https://doi.org/10.1111/j.1365-2958.2006.05565.x
https://doi.org/10.1371/journal.pone.0038351
https://doi.org/10.1371/journal.pone.0038351
https://doi.org/10.1093/nar/gkr1029
https://doi.org/10.1093/nar/gkr1029
https://doi.org/10.1128/ec.3.6.1464-1475.2004
https://doi.org/10.1128/ec.3.6.1464-1475.2004
https://doi.org/10.1093/nar/gkab1049
https://doi.org/10.1093/nar/gkab1049
https://doi.org/10.1093/bioinformatics/btm254
https://doi.org/10.1016/j.ijbiomac.2021.07.074
https://doi.org/10.1016/j.ijbiomac.2021.07.074
https://github.com/drozdovapb/S_cerevisiae_lactate_transcriptome
https://github.com/drozdovapb/S_cerevisiae_lactate_transcriptome
https://doi.org/10.1093/nar/30.1.207
https://doi.org/10.1534/g3.113.008995
https://doi.org/10.1093/jn/135.7.1619
https://doi.org/10.1093/jn/135.7.1619
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1016/j.bbrc.2005.09.010
https://doi.org/10.1016/j.bbrc.2005.09.010
https://doi.org/10.1038/s41467-017-00374-1
https://doi.org/10.1038/s41467-017-00374-1
https://doi.org/10.1038/msb.2009.26
https://doi.org/10.1038/msb.2009.26
https://doi.org/10.1263/jbb.101.172
https://doi.org/10.1186/1471-2105-15-182
https://doi.org/10.1186/1471-2105-15-182
https://doi.org/10.3389/fmicb.2021.752742
https://doi.org/10.1111/j.1567-1364.2006.00089.x
https://doi.org/10.1111/j.1567-1364.2006.00089.x
https://doi.org/10.1128/mcb.6.6.1936-1942.1986
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1155/2015/476215

Applied Microbiology and Biotechnology ~ (2024) 108:121

Page110f12 121

Krivoruchko A, Nielsen J (2015) Production of natural products through
metabolic engineering of Saccharomyces cerevisiae. Curr Opin
Biotechnol 35:7-15. https://doi.org/10.1016/j.copbio.2014.12.004

Krysan DJ, Ting EL, Abeijon C, Kroos L, Fuller RS (2005) Yapsins
are a family of aspartyl proteases required for cell wall integrity
in Saccharomyces cerevisiae. Eukaryot Cell 4:1364—1374. https://
doi.org/10.1128/ec.4.8.1364-1374.2005

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth
G, Abecasis G, Durbin R, 1000 Genome Project Data Process-
ing Subgroup (2009) The Sequence Alignment/Map format and
SAMtools. Bioinformatics 25:2078-2079. https://doi.org/10.
1093/bioinformatics/btp352

Liao Y, Smyth GK, Shi W (2014) featureCounts: an efficient gen-
eral purpose program for assigning sequence reads to genomic
features. Bioinformatics 30:923-930. https://doi.org/10.1093/
bioinformatics/btt656

Lissina E, Young B, Urbanus ML, Guan XL, Lowenson J, Hoon S,
Baryshnikova A, Riezman I, Michaut M, Riezman H, Cowen LE,
Wenk MR, Clarke SG, Giaever G, Nislow C (2011) A systems
biology approach reveals the role of a novel methyltransferase in
response to chemical stress and lipid homeostasis. PLoS Genet
7:€1002332. https://doi.org/10.1371/journal.pgen.1002332

Lodi T, Ferrero I (1993) Isolation of the DLD gene of Saccharomyces
cerevisiae encoding the mitochondrial enzyme D-lactate ferri-
cytochrome c¢ oxidoreductase. Molec Gen Genet 238:315-324.
https://doi.org/10.1007/BF00291989

Lorenz I, Gentile A (2014) D-lactic acidosis in neonatal ruminants. Vet
Clin North Am Food Anim Pract 30:317-331. https://doi.org/10.
1016/j.cvfa.2014.03.004

Love MI, Huber W, Anders S (2014) Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol 15:550. https://doi.org/10.1186/s13059-014-0550-8

Martin-Yken H (2020) Yeast-based biosensors: current applications
and new developments. Biosensors 10:51. https://doi.org/10.3390/
bios10050051

Mira NP, Becker JD, Sa-Correia I (2010) Genomic expression pro-
gram involving the Haalp-regulon in Saccharomyces cerevisiae
response to acetic acid. OMICS J Integr Biol 14:587-601. https://
doi.org/10.1089/0mi.2010.0048

Mira NP, Henriques SF, Keller G, Teixeira MC, Matos RG, Arraiano
CM, Winge DR, Sa-Correia I (2011) Identification of a DNA-
binding site for the transcription factor Haal, required for Saccha-
romyces cerevisiae response to acetic acid stress. Nucleic Acids
Res 39:6896-6907. https://doi.org/10.1093/nar/gkr228

Mitsui R, Yamada R, Matsumoto T, Yoshihara S, Tokumoto H, Ogino
H (2020) Construction of lactic acid-tolerant Saccharomyces
cerevisiae by using CRISPR-Cas-mediated genome evolution
for efficient d-lactic acid production. Appl Microbiol Biotechnol
104:9147-9158. https://doi.org/10.1007/s00253-020-10906-3

Narendranath NV, Thomas KC, Ingledew WM (2001) Effects of acetic
acid and lactic acid on the growth of Saccharomyces cerevisiae
in a minimal medium. J Ind Microbiol Biotechnol 26:171-177.
https://doi.org/10.1038/sj.jim.7000090

Nwokeoji AO, Kilby PM, Portwood DE, Dickman MJ (2016) RNAS-
wift: A rapid, versatile RNA extraction method free from phenol
and chloroform. Anal Biochem 512:36-46. https://doi.org/10.
1016/j.ab.2016.08.001

Olsen V, Cawley NX, Brandt J, Egel-Mitani M, Loh YP (1999) Identifi-
cation and characterization of Saccharomyces cerevisiae yapsin 3,
a new member of the yapsin family of aspartic proteases encoded
by the YPS3 gene. Biochem J 339:407—411. https://doi.org/10.
1042/6j3390407

Pallotta ML (2012) Mitochondrial involvement to methylglyoxal detox-
ification: D-lactate/malate antiporter in Saccharomyces cerevisiae.

Antonie Van Leeuwenhoek 102:163-175. https://doi.org/10.1007/
$10482-012-9724-0

Pantano L, Hutchinson J, Barrera V, Piper M, Khetani R, Daily K,
Perumal TM, Kirchner R, Steinbaugh M (2023) DEGreport:
report of DEG analysis. https://www.ncbi.nlm.nih.gov/geo/geo2r/.
Accessed 26 May 2023

Petersen C (2005) D-lactic acidosis. Nutr Clin Pract 20:634-645.
https://doi.org/10.1177/0115426505020006634

Protchenko O, Philpott CC (2003) Regulation of intracellular heme
levels by HMX1, a homologue of heme oxygenase, in Saccharo-
myces cerevisiae. ] Biol Chem 278:36582-36587. https://doi.org/
10.1074/jbc.M306584200

Protchenko O, Ferea T, Rashford J, Tiedeman J, Brown PO, Bot-
stein D, Philpott CC (2001) Three cell wall mannoproteins
facilitate the uptake of iron in Saccharomyces cerevisiae. ]
Biol Chem 276:49244-49250. https://doi.org/10.1074/jbc.
M109220200

R Core Team (2022) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. https://www.R-project.org/. Accessed 01 July 2023

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK
(2015) limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res 43:e47.
https://doi.org/10.1093/nar/gkv007

Rutherford JC, Jaron S, Winge DR (2003) Aftlp and Aft2p mediate
iron-responsive gene expression in yeast through related promoter
elements. J Biol Chem 278:27636-27643. https://doi.org/10.1074/
jbc.M300076200

Shi S, Choi YW, Zhao H, Tan MH, Ang EL (2017) Discovery and
engineering of a 1-butanol biosensor in Saccharomyces cerevisiae.
Bioresour Technol 245:1343-1351. https://doi.org/10.1016/j.biort
ech.2017.06.114

Singh K, Ainala SK, Kim Y, Park S (2019) A novel D(—)-lactic acid-
inducible promoter regulated by the GntR-family protein D-LIdR
of Pseudomonas fluorescens. Synth Syst Biotechnol 4:157-164.
https://doi.org/10.1016/j.synbio.2019.08.004

Sugiyama M, Akase S-P, Nakanishi R, Horie H, Kaneko Y, Harashima
S (2014) Nuclear localization of Haal, which is linked to its phos-
phorylation status, mediates lactic acid tolerance in Saccharomy-
ces cerevisiae. Appl Environ Microbiol 80:3488-3495. https://
doi.org/10.1128/AEM.04241-13

Tenreiro S, Nunes PA, Viegas CA, Neves MS, Teixeira MC, Cabral
MG, Sa-Correia I (2002) AQR1 gene (ORF YNL0O65w) encodes
a plasma membrane transporter of the major facilitator super-
family that confers resistance to short-chain monocarboxylic
acids and quinidine in Saccharomyces cerevisiae. Biochem
Biophys Res Commun 292:741-748. https://doi.org/10.1006/
bbrc.2002.6703

Thomsson E, Larsson C (2006) The effect of lactic acid on anaerobic
carbon or nitrogen limited chemostat cultures of Saccharomyces
cerevisiae. Appl Microbiol Biotechnol 71:533-542. https://doi.
org/10.1007/500253-005-0195-3

Velasco I, Tenreiro S, Calderon IL, André B (2004) Saccharomyces
cerevisiae Aqrl is an internal-membrane transporter involved in
excretion of amino acids. Eukaryot Cell 3:1492—1503. https://doi.
org/10.1128/ec.3.6.1492-1503.2004

Verna J, Lodder A, Lee K, Vagts A, Ballester R (1997) A family
of genes required for maintenance of cell wall integrity and
for the stress response in Saccharomyces cerevisiae. Proc Natl
Acad Sci 94:13804-13809. https://doi.org/10.1073/pnas.94.
25.13804

Wickham H (2016) Programming with ggplot2. In: Wickham H (ed)
ggplot2: elegant graphics for data analysis. Springer International

@ Springer


https://doi.org/10.1016/j.copbio.2014.12.004
https://doi.org/10.1128/ec.4.8.1364-1374.2005
https://doi.org/10.1128/ec.4.8.1364-1374.2005
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1371/journal.pgen.1002332
https://doi.org/10.1007/BF00291989
https://doi.org/10.1016/j.cvfa.2014.03.004
https://doi.org/10.1016/j.cvfa.2014.03.004
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3390/bios10050051
https://doi.org/10.3390/bios10050051
https://doi.org/10.1089/omi.2010.0048
https://doi.org/10.1089/omi.2010.0048
https://doi.org/10.1093/nar/gkr228
https://doi.org/10.1007/s00253-020-10906-3
https://doi.org/10.1038/sj.jim.7000090
https://doi.org/10.1016/j.ab.2016.08.001
https://doi.org/10.1016/j.ab.2016.08.001
https://doi.org/10.1042/bj3390407
https://doi.org/10.1042/bj3390407
https://doi.org/10.1007/s10482-012-9724-0
https://doi.org/10.1007/s10482-012-9724-0
https://www.ncbi.nlm.nih.gov/geo/geo2r/
https://doi.org/10.1177/0115426505020006634
https://doi.org/10.1074/jbc.M306584200
https://doi.org/10.1074/jbc.M306584200
https://doi.org/10.1074/jbc.M109220200
https://doi.org/10.1074/jbc.M109220200
https://www.R-project.org/.
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1074/jbc.M300076200
https://doi.org/10.1074/jbc.M300076200
https://doi.org/10.1016/j.biortech.2017.06.114
https://doi.org/10.1016/j.biortech.2017.06.114
https://doi.org/10.1016/j.synbio.2019.08.004
https://doi.org/10.1128/AEM.04241-13
https://doi.org/10.1128/AEM.04241-13
https://doi.org/10.1006/bbrc.2002.6703
https://doi.org/10.1006/bbrc.2002.6703
https://doi.org/10.1007/s00253-005-0195-3
https://doi.org/10.1007/s00253-005-0195-3
https://doi.org/10.1128/ec.3.6.1492-1503.2004
https://doi.org/10.1128/ec.3.6.1492-1503.2004
https://doi.org/10.1073/pnas.94.25.13804
https://doi.org/10.1073/pnas.94.25.13804

121 Page 12 of 12

Applied Microbiology and Biotechnology ~ (2024) 108:121

Publishing, Cham, pp 241-253. https://doi.org/10.1007/978-3-
319-24277-4_12

Yamada R, Wakita K, Mitsui R, Ogino H (2017) Enhanced D-lactic
acid production by recombinant Saccharomyces cerevisiae
following optimization of the global metabolic pathway. Bio-
technol Bioeng 114:2075-2084. https://doi.org/10.1002/bit.
26330

Yamada R, Kumata Y, Mitsui R, Matsumoto T, Ogino H (2021)
Improvement of lactic acid tolerance by cocktail 8-integration
strategy and identification of the transcription factor PDR3
responsible for lactic acid tolerance in yeast Saccharomyces
cerevisiae. World J Microbiol 37:19. https://doi.org/10.1007/
s11274-020-02977-1

Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden T
(2012) Primer-BLAST: A tool to design target-specific primers
for polymerase chain reaction. BMC Bioinform 13:134. https://
doi.org/10.1186/1471-2105-13-134

Yilmaz B, Schibli S, Macpherson AJ, Sokollik C (2018) D-lactic acido-
sis: successful suppression of D-lactate-producing Lactobacillus
by Probiotics. Pediatrics 142:¢20180337. https://doi.org/10.1542/
peds.2018-0337

@ Springer

Zhang DL, Jiang ZW, Jiang J, Cao B, Li JS (2003) D-lactic acidosis
secondary to short bowel syndrome. Postgrad Med J 79:110-112.
https://doi.org/10.1136/pmj.79.928.110

Zhao H, Eide D (1996) The yeast ZRTI gene encodes the zinc trans-
porter protein of a high-affinity uptake system induced by zinc
limitation. Proc Natl Acad Sci 93:2454-2458. https://doi.org/10.
1073/pnas.93.6.2454

Chelstowska A, Liu Z, Jia Y, Amberg D, Butow RA (1999) Signal-
ling between mitochondria and the nucleus regulates the expres-
sion of a new d-lactate dehydrogenase activity in yeast. Yeast
15:1377-1391. https://doi.org/10.1002/(SICI)1097-0061(19990
930)15:13%3C1377::AID-YEA473%3E3.0.CO;2-0

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/978-3-319-24277-4_12
https://doi.org/10.1007/978-3-319-24277-4_12
https://doi.org/10.1002/bit.26330
https://doi.org/10.1002/bit.26330
https://doi.org/10.1007/s11274-020-02977-1
https://doi.org/10.1007/s11274-020-02977-1
https://doi.org/10.1186/1471-2105-13-134
https://doi.org/10.1186/1471-2105-13-134
https://doi.org/10.1542/peds.2018-0337
https://doi.org/10.1542/peds.2018-0337
https://doi.org/10.1136/pmj.79.928.110
https://doi.org/10.1073/pnas.93.6.2454
https://doi.org/10.1073/pnas.93.6.2454
https://doi.org/10.1002/(SICI)1097-0061(19990930)15:13%3C1377::AID-YEA473%3E3.0.CO;2-0
https://doi.org/10.1002/(SICI)1097-0061(19990930)15:13%3C1377::AID-YEA473%3E3.0.CO;2-0

	Transcriptional response of Saccharomyces cerevisiae to lactic acid enantiomers
	Abstract 
	Key points
	Introduction
	Materials and methods
	Yeast cultivation
	RNA extraction, sequencing, and quantitative PCR (qPCR)
	Data analysis and availability

	Results
	Overview of transcriptional response to lactic acid enantiomers
	Transcriptional response to DLA
	Transcriptional response to LLA and search for DLA-specific genes
	Neutralization compensates for the effect of the DLA on growth rate and transcription of selected genes

	Discussion
	References


