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Abstract Saccharomyces cerevisiae strains used for win-
emaking show a wide range of fermentation phenotypes,
and the genetic background of individual strains contrib-
utes significantly to the organoleptic properties of wine.
This strain-dependent impact extends to the organic acid
composition of the wine, an important quality parameter.
However, little is known about the genes which may impact
on organic acids during grape must fermentation. To gener-
ate novel insights into the genetic regulation of this meta-
bolic network, a subset of genes was identified based on a
comparative analysis of the transcriptomes and organic acid
profiles of different yeast strains showing different produc-
tion levels of organic acids. These genes showed significant
inter-strain differences in their transcription levels at one
or more stages of fermentation and were also considered
likely to influence organic acid metabolism based on exist-
ing functional annotations. Genes selected in this manner
were ADH3, AAD6, SER33, ICLI, GLYI, SFCI, SERI,
KGDI, AGXI1, OSMI and GPD2. Yeast strains carrying

Communicated by M. Kupiec.

Electronic supplementary material The online version of this
article (doi:10.1007/s00294-015-0498-6) contains supplementary
material, which is available to authorized users.

D4 Florian F. Bauer
fb2@sun.ac.za

Boredi S. Chidi
chidi@sun.ac.za

Debra Rossouw
debra@sun.ac.za

Department of Oenology and Viticulture, Private Bag X1,
Institute for Wine Biotechnology, Stellenbosch University,
Stellenbosch 7600, South Africa

deletions for these genes were used to conduct fermenta-
tions and determine organic acid levels at various stages of
alcoholic fermentation in synthetic grape must. The impact
of these deletions on organic acid profiles was quantified,
leading to novel insights and hypothesis generation regard-
ing the role/s of these genes in wine yeast acid metabolism
under fermentative conditions. Overall, the data contribute
to our understanding of the roles of selected genes in yeast
metabolism in general and of organic acid metabolism in
particular.

Keywords Wine - Yeast - Transcriptomics - Organic acids

Introduction

Wine acidity is influenced by the level of organic acids in
grape berries at harvest, as well as the organic acids pro-
duced or utilised during alcoholic fermentation. Grape-
derived organic acids include primarily tartaric, malic and
citric acid. They contribute the highest proportion of titrat-
able acidity in wines (Defilippi et al. 2009). Yeast-derived
organic acids, primarily succinic, acetic and pyruvic acid,
also contribute significantly to the sensorial properties and
organoleptic characteristics of wines (Lambrechts and Pre-
torius 2000). Importantly, individual acids not only con-
tribute to general or total acidity but also have their own
sensory character when present above individual perception
thresholds. While most organic acids are considered as pos-
itive contributors to wine flavour and aroma when present
at levels above their sensory thresholds, high concentra-
tions of individual acids may lead to undesirable sensory
profiles. Succinic acid may for example be perceived as bit-
ter or metallic, acetic acid as vinegary and pyruvic acid as
slightly sour (Mato et al. 2005).
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The metabolic pathways responsible for the produc-
tion of these acids are primarily linked to central carbon
metabolism but are also impacted by nitrogen and phos-
phate metabolic pathways in particular. While these meta-
bolic pathways have been well studied and mapped, little
information exists on which genes might be responsible
for the significant differences in acid production observed
among different yeast strains (Magyar et al. 2014; Eras-
mus et al. 2004; Pigeau et al. 2007; Rossouw et al. 2009).
Understanding the roles of these genes will lead to a better
understanding of the genetic regulation of acid metabolis-
ing pathways and could aid the selection of yeast strains
for the production of wines with well-balanced organic
acids levels to achieve desirable sensory outcomes in a
given scenario.

In S. cerevisiae, central carbon metabolism has been
studied in depth; however, organic acid metabolism and
the production and release of these acids under fermen-
tative conditions (as well as the regulation of the meta-
bolic networks involved) are not fully understood. Met-
abolic pathways such as glycolysis, the glyoxylate cycle

Glucose
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F-1,6-P

G-3-P

and Krebs cycle (TCA) all have organic acids as inter-
mediates or by-products and therefore have the poten-
tial to impact on the concentration of organic acids in
wine. Besides carbon metabolism, nitrogen metabo-
lism-related pathways may also act as a major source
of acids such as pyruvic and succinic acid (Camarasa
et al. 2003; Magyar et al. 2014; Torrea and Henschke
2004; Vilanova et al. 2007). Figure 1 presents an over-
view of the major pathways involved in organic acid
metabolism.

Transcriptomic studies provide useful informa-
tion regarding the specific function of genes or groups
of genes and their characteristics (Hirasawa et al.
2010). Transcriptomic studies of wine yeast have been
employed successfully to identify genes that influence
the production of volatile aroma compounds during fer-
mentation (Rossouw et al. 2008). The aim of our study
was to identify genes which may have an impact on
organic acid production during alcoholic fermentation
using a similar approach. For this purpose, previously
generated transcriptomic data of five industrial yeast
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Fig. 1 Diagrammatic representation of pathways associated with
organic acid production under anaerobic conditions. (Gene names
encoding the relevant enzymes are indicated in bold italics, and only
those genes that were targeted in the deletion study are indicated on
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the pathway maps). The diagram also shows specific points that are
required for organic nitrogen fixation as well as metabolic pathways
that are discussed in this study
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strains at three different time points were analysed in
order to identify differentially expressed genes that may
be linked to changes in organic acid profiles. From the
list of candidate genes identified in this unbiased man-
ner, target genes for further experimentation were subse-
quently selected based on their known roles in or associ-
ation with carbon and/or nitrogen metabolism in order to
narrow down the list of candidate genes for experimental
validation.

A final set of 10 genes identified in this manner were
evaluated in our study using the corresponding knockout
strains from the EUROSCAREF deletion library. Fermenta-
tions were carried out using these strains to determine the
metabolic impact of gene deletion on the organic acid pro-
files produced by these strains.

Materials and methods
Strains, media and culture conditions

Five commercial wine yeast strains were selected based
on their divergent fermentation properties (Rossouw
et al. 2008). The deletion mutants used in this study were
obtained from the EUROSCARF deletion library. The
genes and their current annotation (obtained from Sac-
charomyces Genome Database) describing likely or estab-
lished roles in cellular metabolism are listed in Table 1.
Cells were maintained on solid medium YPD which was
supplemented with 2 % agar (Biolab, South Africa). Pre-
cultures were carried out in 50 ml shake-flasks at 30 °C,
250 rpm in YPD synthetic media containing 1 % yeast

Table 1 Subset of genes selected for their potential impact on yeast-derived organic acid levels in wine (gene descriptions were obtained from

the Saccharomyces Genome Database)

Target gene Accession numbers Description

Mitochondrial succinate-fumarate transporter; transports succinate into and fumarate out of the mitochon-

Fumarate reductase; catalyses the reduction of fumarate to succinate, required for the reoxidation of intracel-

lular NADH under anaerobic conditions; mutations cause osmotic sensitivity. Previously shown to affect

Isocitrate lyase; catalyses the formation of succinate and glyoxylate from isocitrate, a key reaction of the

glyoxylate cycle; expression of ICL1 is induced by growth on ethanol and repressed by growth on glucose

Component of the mitochondrial alpha-ketoglutarate dehydrogenase complex, which catalyses a key step in

the tricarboxylic acid (TCA) cycle, namely the oxidative decarboxylation of alpha-ketoglutarate to form
succinyl-CoA. Reportedly known to affect organic acid production in alcoholic beverages (Arikawa et al.

Alanine: glyoxylate aminotransferase; catalyses the synthesis of glycine from glyoxylate, which is one of

three pathways for glycine biosynthesis in yeast; has similarity to mammalian and plant alanine: glyoxylate
aminotransferases. Previously shown to play a significant role in organic acid metabolism in yeast (Porro

Threonine aldolase; catalyses the cleavage of L-allo-threonine and L-threonine to glycine; involved in glycine

3-Phosphoglycerate dehydrogenase; catalyses the first step in serine and glycine biosynthesis; isozyme of

SER3p. Reportedly plays a fundamental role in succinate (Otero et al. 2013) and acetate (Albers et al. 2003)

NAD-dependent glycerol 3-phosphate dehydrogenase; homologue of Gpdlp, expression is controlled by an

oxygen-independent signalling pathway required to regulate metabolism under anoxic conditions; located
in cytosol and mitochondria. Plays a significant role in cellular redox balance (De Barros Lopes et al. 2000;

Phenylpyruvate decarboxylase; catalyses decarboxylation of phenylpyruvate to phenylacetaldehyde, which is

Mitochondrial alcohol dehydrogenase isozyme III; involved in the shuttling of mitochondrial NADH to the

cytosol under anaerobic conditions and ethanol production. It is regarded as one of the key enzymes which

Putative aryl-alcohol dehydrogenase with similarity to P. chrysosporium aryl-alcohol dehydrogenase,

3-Phosphoserine aminotransferase; catalyses the formation of phosphoserine from 3-phosphohydroxypyru-

vate, required for serine and glycine biosynthesis; regulated by the general control of amino acid biosynthe-

SFCI Y 16907

drion; required for ethanol and acetate utilisation (Fernandez et al. 1994)
oSM1 Y14216

organic acid profiles of alcoholic beverages (Arikawa et al. 1999)
ICLI Y10202

(Otero et al. 2013)
KGDI Y 12284

1999)
AGX1 Y 15649

et al. 1995)
GLY1 Y 10287

biosynthesis (Monschau et al. 1997)
SER33 Y 11467

production during fermentation
GPD2 Y11751

Prior et al. 2000)
ARO10 Y14216

the first specific step in the Ehrlich pathway (Romagnoli et al. 2012)
ADH3 Y16217

affect growth and glycerol production (Drewke et al. 1990)
AADG6 Y15677

involved in the oxidative stress response (Ivanov et al. 2013)
SERI Y 12440

sis mediated by Gendp (Melcher et al. 1995)
BY4742

Haploid laboratory strain (control). Genotype: MATa his3A 1 leu2 A0 lys2A0 ura3 A0
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extract (Biolab, South Africa), 2 % peptone (Fluka, Ger-
many) and 2 % dextrose (Sigma, Germany). Fermentations
were inoculated at an ODg, of 0.1 (i.e. a final cell density
of approximately 10° cfu.ml-1) after harvesting and wash-
ing pre-cultured cells with sterile distilled water.

Fermentation medium

Fermentation experiments using wine Yyeast strains
BM45, EC1118, 285, DV10 and VIN13 were conducted
in the synthetic must MS300 which resembles a natu-
ral must as previously described (Bely et al. 1990). The
medium contained equivalent amounts of 100 g/L each
of glucose and fructose (total sugars of 200 g/L), and the
pH was set to 3.5 using sodium hydroxide. Fermentations
were carried out under anaerobic conditions in 250 ml
Erlenmeyer flasks (containing 100 ml of the fermentation
medium) at a temperature of 25 °C. Flasks were sealed
with rubber stoppers with a CO, opening, and no stirring
was done during the course of the fermentation. These
batch fermentations were carried out in triplicate. The
fermentation progress was monitored by daily weight
measurements to determine CO, loss, and samples from
these fermentations were taken at days 2 (exponential
phase), 5 (early stationary) and 14 (late stationary phase).
Likewise, fermentations inoculated with deletion strains
were conducted in synthetic must MS300 at 200 g/L, pH
3.5 and 25 °C. Fermentations were monitored by weight
loss and samples were taken at days 3, 6, 12, 16, 22 and
30 for chemical analysis. These sampling days were
selected to cover the range of growth phases of the yeast
(exponential, early and late stationary), which in the case
of the deletion strains followed a more extended cycle
across a longer period of time compared to the wine
yeast strains. For most of the deletion strains, fermenta-
tions were complete by day 30 as opposed to day 14 as in
the case for the industrial yeasts. This is due to the lower
fermentative capacity of the haploid laboratory strain
BY4742 which serves as the genetic background for all
the gene knockouts in our study. Cell growth was moni-
tored at 2 day intervals by measuring the optical density
(at 600 nm) using a spectrophotometer (PowerwaveX,
Bio-Tek Instruments).

Chemical analyses

High-performance liquid chromatography

Culture supernatants were obtained and analysed for
glucose, fructose, glycerol and ethanol by high-perfor-
mance liquid chromatography (HPLC) on an AMINEX

HPX-87H ion exchange column at 55 °C using 5 mM
H,SO, as the mobile phase at a flow rate of 0.5 ml
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min~!. Agilent RID and UV detectors were used for
detection and quantification. Analyses were carried out
using the HP Chemstation software package (Eyeghe-
Bickong et al. 2012).

Enzymatic assays

Culture supernatants were filtered through 0.45 uM
nylon membranes and analysed by an enzyme robot
(Arena 20XT; Thermo Electron, Finland) using the Enzy-
tec™ Fluid Acetic acid test kit (Thermo Fisher Scien-
tific, Finland) for acetic acid quantification, Boehringer
Mannheim/R-Biopharm Succinic acid kit (R-Biopharm
AG, Darmstadt) for succinic acid determination as well as
the Megazyme Pyruvic acid kit (Megazyme International
Ireland) for pyruvic acid quantification. NADH consump-
tion in these assays was measured by the decrease in
absorbance at 340 nm.

Microarray analysis and data processing

Microarray data generated for the five yeast strains under
similar fermentation conditions at identical sampling
points (days 2, 5 and 14) were generated by Rossouw et al.
(2008). The transcript data can be obtained from the Gene
Expression Omnibus (GEO) repository under Accession
Number GSE11651.

Principal component analysis

Principal component analysis (PCA; Latentix 2.0, BRAN-
DON GRAY INTERNET SERVICES, INC. DBA) was
used in order to evaluate the impact of gene deletions on
glycerol, succinic, acetic and pyruvic acid production at
different physiological stages of yeast during fermentation
(days 3, 6, 12, 16, 22 and 30). The transformation of the
data was carried out using the autoscale function with no
validation.

Statistical analysis

SAM (Significance Analysis of Microarrays) version 2
was used to determine the differential gene expression
between experimental parameters as described by Ros-
souw et al. (2008). Genes with a Q value less than 0.5
were regarded as differentially expressed using the two-
class, unpaired setting. Consideration was given to those
genes with a fold change higher than two (positive or neg-
ative) for inter- and intra-strain comparisons. Statistical
analysis of differences in organic acid concentrations was
performed by means of T tests (Excel), tail 1 (directional
test/one tailed distribution) and type 1 (repeated measure
design/paired test).
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Results

Fermentation Kinetics and organic acid profiles of wine
yeast

The selected commercial wine yeast strains were inoculated to
ferment synthetic must under representative winemaking con-
ditions. The strains show some variation in their fermentation
kinetics (Fig. 2), which is in line with previous observations
(Rossouw et al. 2008). For the purpose of this study, fermenta-
tion conditions similar to those of Rossouw et al. (2008) were
selected for the acid analysis and subsequent identification
and modelling of key genes. The only difference between the
fermentation conditions used in our study and those of Ros-
souw et al. (2008) was that the initial sugar concentration was
200 g/L as opposed to 250 g/L. However, the fermentation
kinetics (and total duration of fermentation) were similar in
our fermentations suggesting that the alignment of transcrip-
tome and organic acid production was feasible. Sampling for
organic acids was conducted at the same time points and phys-
iological stages (days 2, 5 and 14) of fermentation in our study
to replicate the experiments of Rossouw et al. (2008).

Carbon dioxide release (indicative of the rate of fer-
mentation) was similar in fermentations with BM45, 285,
VIN13 and EC1118, while DV10 released less carbon
dioxide (Fig. 2a). Higher biomass formation (measured
as optical density) was observed for strain 285, while less
biomass formation was observed for strain DV10 (Fig. 2b).
Growth rates and biomass formation of the other three
strains were similar in the conditions used.
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Differences in organic acid concentrations produced by
the five strains at different time points were investigated
(Fig. 3). The concentrations of fermentation-derived organic
acids (succinic, pyruvic and acetic acid) were evaluated at
day 2 (exponential phase), day 5 (early stationary phase)
and day 14 (late stationary phase). All strains behaved simi-
larly with regard to acetic, succinic and pyruvic acid pro-
duction trends though the absolute concentrations of acids
produced varied between strains. A continuous increase
in succinic acid throughout fermentation was noted in all
strains. The levels of pyruvic and acetic acid remained more
or less constant across time points for all strains indicat-
ing that acetic and pyruvic acid production by these strains
occurred mostly during the early stages of fermentation.

Strain identity significantly affected the level of indi-
vidual organic acid production, with some strains consist-
ently producing higher or lower levels of specific acids.
For example, VIN13 produced significantly higher succinic
acid concentrations throughout fermentation, while DV10
produced significantly lower succinic acid concentrations
across all time points compared to the other strains. VIN13
showed significantly higher pyruvic acid levels throughout
fermentation, while concentrations in DV10 fermentations
were the lowest compared to other strains. Strain 285 also
produced significantly higher pyruvic acid levels compared
to DV10, EC1118 and BM45 at day 2 (Fig. 4a) and day 5
(Fig. 4b). The levels of acetic acid at days 2 and 5 were
higher for fermentations conducted by strain 285 compared
to the other strains tested. DV 10 showed slightly lower ace-
tic acid levels at all three time points considered.
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Fig. 2 Anaerobic fermentation weight loss (frame A) and growth rates (frame B) of five strains under simulated winemaking conditions: sugar
(200 g/L), pH (3.5) and temperature (25 °C). Results are the average of three biological repeats £ standard deviation
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Fig. 3 Organic acid profiles of EC1118, DV10, BM45, VIN13
and 285 at the exponential (day 2), early (day 5) and late stationary
phase (day 14). Fermentation conditions were set at 200 g/L sug-

It is evident from these data that organic acid profiles
of the fermenting wines are both strain and time point
dependent. These variations present the opportunity to
establish genetic and metabolic relationships between
relevant genes and organic acids for the yeast at different
time points.

Transcriptional analysis
Considering the central metabolic pathways that are pri-

marily producing organic acids as intermediates or some-
times end-products, it is obvious that a very large number
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of metabolic enzymes could potentially impact the produc-
tion and release of these compounds during fermentation.
In order to limit the number of target genes and to iden-
tify likely role players in the context of wine fermenta-
tion conditions, we analysed previously generated gene
expression data for differential gene expression between
strains showing different production levels of wine-rele-
vant acids. Genes were first identified based on the intra-
and inter-strain comparisons of expression levels obtained
from the transcriptome data of BM45, VIN13, 285, DV10
and EC1118 (Rossouw et al. 2008). A large number of
metabolic genes were identified which showed differential
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Fig. 4 Organic acid profiles of five strains in synthetic must under simulated winemaking conditions, i.e. sugar (200 g/L), pH (3.5), temperature
(25 °C) at day 2 (frame A), day 5 (frame B) and day 14 (frame C). Results are the average of three biological repeats & standard deviations

expression (between strains) at one or more stages of fer-
mentation, or between time points. To narrow down these
outputs, a subset of genes was selected from the differ-
entially expressed gene list based on their known link to
glycerol or organic acid metabolism, organic acid trans-
portation, amino acid metabolism and redox balance. Nine
organic acid-related transcripts/genes that were signifi-
cantly up/down regulated based on the microarray analysis
at days 2, 5 and 14 (Tables 2, 3; Supplementary Tables S1,
S2) were selected in this manner for further investigation
and experimentation. An additional three genes (OSMI,
SERI1 and SER33) were selected based solely on a pri-
ori knowledge of gene function. This was done to ensure
that the selected gene set was representative of a num-
ber of major acid contributing pathways. The inter-strain
fold changes of the total set of 12 selected genes (Table 2
and Supplementary Table S1) highlight the differences in
expression of these genes between strains at the different
time points, while Table 3 (and Supplementary Table S2)
shows the fold changes for the selected genes across time
points for each of the five strains.

Some of the genes with the greatest up/down regula-
tion between the five different industrial yeast were ARO10

(—19.7 fold for 285 vs BM45) and AAD6 (24.7 fold for
BM45 vs VIN13) at day 2 of fermentation (Table 2a).
Genes such as GPD2 (7.99-fold increase for DV10 com-
pared to 285) and AAD6 (6.89-fold increase for BM45 vs
VIN13) also showed high fold change differences in the
inter-strain comparisons at day 5 (Table 2b). Of interest to
the current study, AROI0 exhibited the highest fold change
between days 5 and 2 for VIN13 (—9.42), 285 (14.27),
BM45 (—12.15), DV10 (—3.94) and EC1118 (—9.86-fold
change; Table 3). At day 14, some of the genes with the
highest differential expression between strains were AAD6
(—19.97-fold change for DV10 vs BM45), ARO10 (—5.04-
fold change for DV10 vs VIN13) and GLYI (3.17 for DV10
vs 285 and EC1118; Supplementary Table S1).

Deletion studies

In order to further investigate the metabolic roles of
these potentially important acid-related genes, the cor-
responding deletion strains were selected to conduct fer-
mentations in synthetic must. The aim was to evaluate
the impact of gene deletion on pyruvic, succinic and ace-
tic acid production during fermentation. While complete
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Table 2 List of organic acid compound-related transcripts significantly up/down regulated between different strains at day 2 (A) and day 5 (B)

(A) Day 2 fold change
Gene name BMA45 vs BMA45 vs ECI118vs DV10 vs 285 vs DV10 vs DVI0 vs 285 vs 285 vs DV10 vs
ECI118 VINI3 VINI3 VINI3 VINI3 ECI118 BM45 ECI118  BM45 285

SFCI 1.14 1.26 1.11 —1.06 1.93 —1.18 —1.34 1.75 1.53 -2.05
OSM1 —1.06 1.08 1.15 1.14 1.09 —1.00 1.06 —1.25 —1.177 1.24
ICLI —1.39 1.19 1.65 1.07 2.66 —1.54 —1.11 1.62 224 249
KGDI —1.39 —1.19 1.17 —1.13 1.95 —1.32 1.05 1.67 2.32 —2.20
AGX1 1.19 248 2.08 2.05 3.01 —1.01 —1.21 1.45 1.21 —1.47
GLYI 2.27 2.56 1.13 1.09 1.66 —1.03 —2.33 1.48 —1.54 —1.52
SER33 1.13 1.12 —1.01 1.02 —1.10 1.03 —1.10 —1.09 —1.23 1.12
GPD2 1.23 4.23 3.44 1.20 1.16 —2.86 —-3.51 -2.97 -3.65 1.04
AROI0 2.18 1.31 —1.67 —1.60 —15.11 1.04 —-2.09 —9.05 —19.78 9.45
AADG6 9.35 24.71 2.64 1.21 11.64 —2.18 —-20.35 4.41 -212 -9.59
SERI —1.15 —1.03 1.11 —1.07 —1.24 —1.19 —1.04 —1.38 —1.2 1.15
ADH3 —1.06 —1.05 1.01 —1.12 —1.66 —1.13 —1.07 —1.68 —1.58 1.48
(B) Day 5 fold change

Gene name BMA45 vs BMA45 vs ECI118vs DVI0 vs 285 vs DVIO vs DV10 vs 285 vs 285 vs DVIO0 vs

ECI1118 VINI3 VINI3 VINI3 VINI3 ECI1118 BM45 ECI1118  BM45 285

SFCI —1.22 1.26 1.54 1.87 —1.20 1.21 1.48 —1.85 —1.51 2.24
OSM1 1.14 —1.10 —1.25 —1.05 —1.15 1.19 1.04 1.09 —1.05 1.09
ICL1 —1.10 1.02 1.11 1.04 —1.09 —1.07 1.03 —1.21 —1.11 1.13
KGDI —1.03 1.10 1.13 1.26 —1.17 1.11 1.15 —1.33 —-1.29 1.48
AGX1 —1.13 1.04 1.18 1.65 —1.02 1.40 1.58 —1.20 —1.06 1.68
GLYI 1.49 1.60 1.08 —1.03 1.16 —1.11 —1.66 1.08 —1.38 —1.20
SER33 1.33 1.38 1.04 —1.06 1.34 —1.10 —1.46 1.29 —1.03 —1.42
GPD?2 —1.42 —1.58 —1.11 1.71 —4.66 1.89 2.70 —4.22 —2.96 7.99
AROI10 1.77 1.02 —1.74 —1.92 —1.60 —1.11 —1.96 1.09 —1.63 —1.21
AAD6 6.03 6.89 1.14 1.11 5.82 —1.03 —6.19 5.09 —1.18 —5.22
SERI 1.53 1.13 —1.35 —1.07 —1.01 1.25 —1.22 1.33 —1.15 —1.06
ADH3 1.02 1.03 1.01 1.20 —1.16 1.19 1.17 —1.17 —1.19 1.38

Positive fold changes >2 (increase in expression) are indicated by bold italics font and negative fold changes <—2 (decrease in expression) by

bold font

deletion of a gene does present an extreme scenario
and may lead to metabolic impacts that are not directly
related to the genetic perturbation in some cases, gene
deletion still presents the standard approach to provide
preliminary insights into the role of a gene or genes in a
particular context.

BY4742 is the haploid laboratory strain which serves as
the genetic background for all the deletions investigated in
this study. Due to its ease of use and genetic manipulation,
the availability of databases and tools for this strain, and
the large amount of published research related to this yeast,
it is a favourite model yeast strain in wine research. Numer-
ous studies in the field of wine and fermentation research
have been conducted using this laboratory strain as a model
for wine yeast primary and secondary metabolism (Styger
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et al. 2011; Rossouw et al. 2013). BY4742 is a slow grow-
ing and fermenting strain under wine-like anaerobic fer-
mentation conditions. As previously stated, the fermen-
tation timescales for this strain are different to those of
commercial wine yeast strains. Based on growth curves,
day 6 of BY4742 fermentation is similar to day 2 (expo-
nential phase) of most commercial yeast fermentations, and
16 fall comparable to day 5 in commercial yeast fermen-
tations (early stationary phase). Day 30 corresponds to the
end of fermentation for the deletion strains, comparable to
day 14 in the case of the commercial wine yeast fermenta-
tions. While organic acid concentrations were determined
at various time points (days 2, 6, 12, 16, 22 and 30), most
of our discussion is focussed on data obtained at days 6, 16
and 30 for this reason.
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Fermentation kinetics and organic acid profiles produced
by deletion mutants

Kinetics of growth and carbon dioxide release (indicative
of the rate of fermentation) of all deletion mutants showed
similar trends (Fig. 5). Compared to the control strain

Table 3 List of organic acid compound-related transcripts signifi-
cantly up/down regulated within each strain between days 2 and 5 of
fermentation

Day 5 vs day 2

Gene name VINI13 285 BM45 DVIO ECI118
SFCI1 2.32 —-2.70 231 5.86 3.22
OSM1 1.06 1.29 —1.12 —1.16 —1.35
ICLI 2.90 —2.68 248 2.74 1.96
KGDI 2.28 —2.58 2.99 3.06 2.22
AGX1 3.06 —1.94 1.29 2.19 1.73
GLYI 1.43 1.17 —1.12 1.27 1.37
SER33 —1.47 1.13 —1.19 —1.47 —1.41
GPD2 541 —1.06 —1.23 11.21 1.42
ARO10 —9.42 14.27 —12.15 —3.94 —9.86
AADG6 2.00 1.82 —1.79 1.60 —1.16
SERI —1.23 1.15 —1.05 —1.12 —1.83
ADH3 —1.44 1.63 —1.33 1.01 —1.44

Positive fold changes >2 (increase in expression) are indicated by
bold italics font and negative fold changes less than —2 (decrease in
expression) by bold font
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(BY4742), some deletion mutants exhibited significant
changes to their glycerol and organic acid profiles, while
others did not show any notable differences by the end of
fermentation (Figs. 6, 7; Supplementary Figs. S1-S3).

As a product of fermentation, pyruvic acid can be found
in small quantities in wine. Compared to other acids, pyru-
vic acid production was significantly influenced by the
deletion of most genes (Fig. 7c). The deletion of redox-
related genes such as KGDI, AAD6, AROI0 and SER33
resulted in less pyruvic acid production compared to the
control at the end of fermentation. Other deletion strains
which showed a significant decrease in pyruvic acid pro-
duction during fermentation were ICLI (isocitrate lyase)
and AGX! (alanine: glyoxylate aminotransferase). These
genes are directly involved in the glyoxylate pathway dur-
ing yeast growth. GLYI (L-threonine aldolase) and OSM1
(fumarate reductase) deletion significantly increased pyru-
vic acid production at the end of fermentation, as well as
at the earlier time points of fermentation (Supplementary
Fig. S3).

Compared to the reference strain, osmIA, kgdiA,
aad6 A, icll A, agxI A and arolOA mutants resulted in fer-
mentations with slightly higher acetic acid levels at the end
of fermentation (Fig. 7a). Similar trends were also observed
at other time points (i.e. days 12, 16 and 22; Supplementary
Fig. S2).

The most significant increase in succinic acid produc-
tion was observed in the case of SER33 and KGD/ deletion
(Fig. 7b). Strains iclIA and serlA (Supplementary Fig.
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Fig.5 CO, release (frame A) and growth (frame B) of the deletion strains during alcoholic fermentation. Values are the average of three biologi-

cal repeats + standard deviation
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S1C) resulted in fermentations with increased succinic acid
production at day 12 of fermentation while gly/ A mutants
led to increased concentrations of this acid at day 6 (Sup-
plementary Fig. S1B).

The impact of gene deletion on glycerol levels in wine
is shown in Fig. 7d. Although several deletion strains (i.e.
adh3A, sfclA and serlA) appeared to produce slightly
higher concentrations of glycerol compared to the control,
these differences were not statistically significant at the end
of fermentation. Only the deletion of GLY! led to signifi-
cantly increased glycerol levels, while GPD2 deletion led
to the expected decrease in glycerol concentrations.

Principal component analysis

Principal component analysis was carried out using organic
acid data for the five strains at different time points (days 2,
6, 12, 16, 22 and 30). The results show a clear separation of
samples into time point clusters (data not shown). To high-
light strain-dependent groupings, the PCA plot below (Fig. 8)
shows sample groupings based on organic acid concentrations
at two time points only (days 6 and 16) for all 12 deletion
strains. Groupings were observed based on the two different
stages of fermentation as well as acid-gene relationships.

@ Springer

The PCA in Fig. 8 accounts for 91.55 % of the total
explained variance in the dataset. Separation along the
first principal component axis was dominated by differ-
ences in glycerol, succinic and acetic acid concentrations.
As expected the time point, stage of fermentation was the
main factor driving the separation of clusters in the first
principal component, which accounts for the majority
(73 %) of explained variance. Differences in pyruvic acid
between treatments were clearly a strong contributor to
variance explained by both the first and second principal
components.

In terms of strain impacts, glylA, icllA, gpd2A and
osmIA mutants formed clearly distinct groupings at the
exponential phase (day 6), while adh3 A, arol0A and ser33A
mutants were separated from the rest of the strains based on
organic acid profiles at early stationery phase (day 16).

Discussion

In the current study, efforts have been applied to under-
stand organic acid metabolism in yeast through explora-
tion of yeast strains carrying deletions for genes which
may contribute towards acidity in wine. These genes were
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identified through a combination of biased and un-biased
methods. Firstly, we analysed transcriptional differences
between strains displaying differences in acid production
but focused on genes with known or expected impacts
on carbon and nitrogen metabolism. Genes selected in
this manner were AROI10, SERI, SER33, GPD2, OSM1,
AGXI, KGDI, GLY1, ADH3, SFCI, ICLI and AADG6. The
impact of the deletion of these 12 differentially expressed
metabolic genes on organic acid metabolism was inves-
tigated in fermentation studies using the corresponding
deletion strains. The deletion of several genes affected
organic acid metabolism, while a few did not appear to
impact acid production during fermentation in a signifi-
cant manner. A summary of the organic acid outcomes
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the average of three independent repeats + standard deviation. The
asterix indicates those values that are statistically significantly differ-
ent from the control (p < 0.05)

for the deletions throughout fermentation are shown in
Fig. 9 below. Only those genes which showed a signifi-
cant impact on glycerol and/or organic acid concentra-
tions at either the exponential (day 6), early stationary
(day 16) and late stationary (day 30) growth phases are
indicated in the figure.

Impact of deletion of redox-related genes on growth,
organic acids and glycerol production

The fermentation kinetics of the deletion strains that
were selected in this study showed similar trends in
the fermentation conditions used. However, the GPD2
mutant showed reduced glucose/fructose consumption

@ Springer
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Fig. 8 Principal component analysis of succinic, acetic, pyruvic acid
and glycerol data at different time points (day 6; purple and day 16;
green). Samples are labelled based on the gene name and day of sam-

and ethanol and glycerol production (Fig. 6). This can be
explained by the growth-inhibiting accumulation of glyc-
erol-3-phosphate in the cells in the absence of GPD2, as
proposed by Pahlman et al. (2001). Relative to the ref-
erence (BY4742) strain, the gpd2A deletion mutants
showed lower glycerol production at the end of fermen-
tation (Fig. 7d) confirming the importance of GPD2
for glycerol production. Overexpression of this gene
is indeed well characterised in terms of increased glyc-
erol production in S. cerevisiae (Michnick et al. 1997,
Remize et al. 1999; De Barros Lopes et al. 2000). These
authors also reported significant increases in acetic acid
when GPD2 is over-expressed. In our study, however,
GPD?2 deletion only led to a small, though statistically
insignificant, decrease in acetic acid levels at days 12
(Supplementary Fig. S2C) and 16 (Supplementary Fig.
S2D), suggesting that the production of acetic acid in this
mutant may not be stringently linked to redox balanc-
ing. Otherwise, the GPD2 mutation did not significantly
affect any of the other organic acids considered.

@ Springer

pling (e.g. GLY1-6 represents the GLY1 deletion strain at day 6 of
fermentation). Biological repeats (in triplicate) are shown

The role of SER33 and SER1 on organic acid
metabolism in yeast

SER33 and SERI deletion led to an increase in succinic acid
levels at the end of fermentation (Fig. 7b). This is in line
with the results of a previous study attempting to increase
succinic acid concentrations. Otero et al. (2013) noted
higher yields of succinic acid in a chemically defined mini-
mal medium in shake flask cultures when ser33A, ser3A
and sdhlA deletion mutants were tested. Ser33p plays an
important role in the biosynthesis of amino acids and is one
of the key enzymes in the glyoxylate pathway. A possible
explanation for this increase in succinic acid in our study is
based on the disruption of serine and glycine biosynthesis
in ser33A mutants. Under these conditions, cells will use
the alternative pathway from isocitrate to produce glycine
and serine. In this pathway, isocitrate is converted to gly-
oxylate and succinate by Icl/p. Succinate is thus indirectly
produced as a by-product of the reaction, which accounts
for the increased succinate concentrations when serine and
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acid metabolism of the genes which were absent in the deletion
strains used to conduct fermentations. The data boxes for each gene
highlight statistically significant changes (up arrow for an increase
and down arrow for a decrease) in the levels of the organic acids at

glycine biosynthesis are forced to proceed via isocitrate
(Fig. 1). Serlp is likewise responsible for catalysing one of
the final reactions in serine biosynthesis. Disruption of this
gene would be expected to have the same metabolic impact
as SER33 deletion in terms of increasing succinic acid pro-
duction as a by-product of glyoxylate and ultimate serine
biosynthesis from isocitrate.

The role of KGD1 on organic acid metabolism in yeast
KGDI (alpha-ketoglutarate dehydrogenase) encodes a

key enzyme of the TCA cycle. Some work has been done
to assess the potential roles of KGDI on succinic acid

the exponential phase (day 6), early stationary phase (day 16) and end
of fermentation (day 30) for the deletion strain compared to the con-
trol (BY4742). The width of the arrows represents the magnitude of
the increase/decrease relative to the control

production under fermentative conditions. Arikawa et al.
(1999) showed 1.5-fold higher succinic acid production by
kgdI A mutants compared to the wild-type strain K901 dur-
ing sake (Japanese alcoholic beverage) fermentation. The
increased succinic acid observed in our study confirms this
observation (Fig. 7b).

Our findings may be linked to the fact that KGDI cataly-
ses the conversion of alpha-ketoglutarate to isocitrate and
deletion results in the interruption of the oxidative branch
of the TCA cycle. This means that carbon entering the TCA
cycle would likely be channelled to succinate via the reduc-
tive branch of the TCA cycle as an alternative pathway.
Alpha-ketoglutarate is required for ammonium fixation and
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biomass formation during fermentation. This would mean
that KGD1 disruption during the exponential growth phase
of the yeast would result in a build-up of alpha-ketoglut-
arate, which could be partially channelled to ammonium
fixation and growth during the earlier stages of fermenta-
tion. This would explain why no increase in succinate (via
the reductive branch of the TCA cycle) was observed dur-
ing the early stages of fermentation (Supplementary Fig.
S1; Fig. 9). However, when active biomass formation has
ceased and no ammonium fixation takes place, carbon
entering the TCA from glycolysis might be redirected to
succinate via the reductive branch to avoid accumulation
of alpha-ketoglutarate (Fig. 1). This again accounts for the
increase in succinate concentrations towards the later stages
of fermentation by the KGDI deletion strain (Fig. 7b).

Other strains of interest

GLY1 deletion (threonine aldolase, a key enzyme involved
in glycine biosynthesis) significantly increased pyruvic
acid production throughout fermentation (Supplementary
Fig. S3). The link between pyruvic acid production and
GLY1 gene disruption has not received much consideration
in literature. Glycine is primarily synthesised from threo-
nine, which is derived from aspartate, which is derived
from oxaloacetate and which is in turn derived from pyru-
vate. The disruption of this chain of events could have led
to a build-up of pyruvic acid due to the disruption of gly-
cine biosynthesis. This and the previous examples highlight
the complexity of the metabolic interplay between reaction
networks involved in central carbon metabolism and amino
acid biosynthesis.

In the current study, other genes (ARO10, SERI, AGX1,
SFCI and OSMI) significantly affected pyruvic acid
metabolism throughout fermentation. Although their dele-
tion mutants showed different levels of pyruvic acid at dif-
ferent physiological stages, the deletion of AGXI, SFCI
and AROI10 genes resulted in significantly higher pyruvic
acid levels at the early stages of fermentation but these dif-
ferences diminished as fermentation progressed. These dif-
ferences at the later stages of fermentation were, however,
still statistically significant compared to the wild type.

There is no information available regarding how these
genes impact on pyruvic acid metabolism during fermen-
tation, however, previous reports have shown a 58.6 %
decrease in pyruvic acid yield when S. cerevisiae sfclA
deletion mutants were evaluated under micro-aerobic con-
ditions (Zhang et al. 2007). Interestingly, arol0A mutants
showed significantly lower pyruvic acid levels at all stages
of fermentation when compared to the wild type (Supple-
mentary Fig. S3). AROI0 is primarily responsible for the
decarboxylation of phenylpyruvate to phenyl acetalde-
hyde during fermentation. No plausible hypothesis for the
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possible indirect role of Arol0p in pyruvic acid metabolism
could be formulated. The disruption of OSM1 (Osmlp is
involved in the reoxidation of intracellular NADH under
anaerobic conditions) resulted in a remarkable increase in
pyruvic acid at the end of fermentation. This is not surpris-
ing considering that Osmlip plays a central role in TCA
cycle, which accounts for the build-up of pyruvate from
glycolysis as the TCA cycle is disrupted.

Apart from GPD2, the deletion of two other NADH
requiring genes (KGDI and ICLI) did not significantly
affect growth in this study. Famili et al. (2003) reported
increased growth on a defined complete glucose media
when osmlIA, kgdI A and icll A strains were assayed. In a
different study, the deletion of OSM1 did not affect anaero-
bic cell growth (Camarasa et al. 2007). In contrast, our data
showed a slight decrease in optical density throughout fer-
mentation by osmlA mutants (Fig. 5). OSM1 is one of the
genes required for the reoxidation of intracellular NADH
under anaerobic conditions. The disruption of this gene,
therefore, would result in an NAD'/NADH imbalance
which could eventually lead to reduced cell growth as a
result of the lack of ATP generation.

Conclusions

The current study is the first to utilise comparative tran-
scriptomic and organic acid datasets to identify genes
of interest in the context of wine yeast organic acid
metabolism. Deletion studies were carried out to fur-
ther improve our understanding of acid evolution during
fermentation. In some instances, gene deletion did not
lead to the expected outcomes, and results differed from
those obtained in previous studies. This is not surprising
since the use of wine-like anaerobic fermentation condi-
tions presents a different experimental framework for the
analysis of gene function. Moreover, unexpected results
are likely when considering the complex nature of cen-
tral carbon metabolism and associated pathways. Each
of the three acids considered in our study can indeed be
produced through several interconnected pathways. How-
ever, it is generally assumed that during fermentation, only
one or two major pathways are really responsible for the
production of these acids. For succinic acid, the reductive
branch of the TCA cycle has been proposed as the major
production pathway under fermentative conditions, which
agrees with our data. Likewise, our data showed that acetic
and pyruvic acids were primarily released during the early
stages of fermentation, which aligns with expectations as
acetic production is mostly attributed to cellular redox
balancing. Redox balancing is essential when cells are
engaged in active biomass formation in the earlier stages
of fermentation.
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As previously stated, the regulation of carbon flux
through the various interconnected pathways which
together influence the levels of organic acids is highly com-
plex and integrated. This means that expectation based on
single gene considerations are likely to underestimate the
integrated network response to the genetic perturbation
introduced by deletion of the target gene/s. Central carbon
metabolism is tightly regulated by external and internal fac-
tors. Organic acids, being mostly by-products or intermedi-
ates of these pathways, are therefore likely to be subject to
the same level of regulation.

In our study, analyses were carried out at three time
points during fermentation for the investigation of gene
expression and acid relationships. The datasets are thus
not continuous, and valuable information may be found
between the discrete time points selected in our study.

Despite these limitations and potential shortfalls, the use
of an approach aimed at incorporating both transcriptomic
and organic acid data aided our identification of genes
which play important roles in acid evolution in synthetic
must under fermentative conditions. For several genes
(most notably KGDI and SER33), interesting changes in
organic acid levels were observed in fermentations con-
ducted with the deletion strains. The data presented here
provide a useful platform for further investigations into the
genetic factors which are responsible for differences in acid
evolution between distinct wine yeast strains.
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