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Abstract
Alcoholic fermentation is a crucial step of winemaking, during which yeasts convert sugars to alcohol and also produce or
biotransform numerous flavour compounds. In this context, nutrients are essential compounds to support yeast growth and
ultimately ensure complete fermentation, as well as optimized production of flavour compounds over that of off-flavour com-
pounds. In particular, the vitamin thiamine not only plays an essential cofactor role for several enzymes involved in various
metabolic pathways, including those leading to the production of wine-relevant flavour compounds, but also aids yeast survival
via thiamine-dependent stress protection functions. Most yeast species are able to both assimilate exogenous thiamine into the
cell and synthesize thiamine de novo. However, the mechanism and level of thiamine accumulation depend on several factors.
This review provides an in-depth overview of thiamine utilization and metabolism in the model yeast species Saccharomyces
cerevisiae, as well as the current knowledge on (1) the intracellular functions of thiamine, (2) the balance between and regulation
of uptake and synthesis of thiamine and (3) the multitude of factors influencing thiamine availability and utilization. For the latter,
a particular emphasis is placed on conditions occurring during wine fermentation. The adequacy of thiamine concentration in
grape must to ensure successful fermentation is discussed together with the effect of thiamine concentration on fermentation
kinetics and on wine sensory properties. This knowledge may serve as a resource to optimise thiamine concentrations for optimal
industrial application of yeasts.

Key points
• Thiamine uptake is preferred over biosynthesis and is transcriptionally repressed.
• Multiple factors affect thiamine synthesis, availability and uptake for wine yeast.
• Thiamine availability impacts fermentation kinetics and wine’s sensory properties.
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Introduction

Yeasts require certain nutrients to be able to grow, reproduce
and maintain metabolism. These nutrients are generally divid-
ed into the broad groups of organic carbon sources, nitroge-
nous compounds, lipids, vitamins and trace elements.
Historically, yeast requirements of organic carbon and nitrog-
enous compounds have been prioritised, because the majority

of yeast species are heterotrophic for nitrogen and chemo-
organotrophs, thereby requiring organic carbon substrates as
a source of energy (Amata 2013; Broach 2012; Joslyn 1951).
Other yeast nutrients such as vitamins are also known to sig-
nificantly affect yeast metabolism and deficiencies thereof
may result in cell death (Ough et al. 1989). One such vitamin
essential for yeast metabolism is the water-soluble thiamine.
This vitamin has been isolated from yeast cultures from as
early as 1932 (Begley 1996). Thiamine and its phosphorylated
biologically active forms are essential cofactors for the activity
of several metabolic enzymes involved in central carbon me-
tabolism pathways such as glycolysis, the pentose phosphate
pathway and the tricarboxylic acid cycle (Hohmann and
Meacock 1998). Various thiamine-dependent stress protection
functions have also been proposed, which may aid yeast cells
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to survive under stressful conditions (Kowalska et al. 2012;
Wolak et al. 2014). Most yeast species are able to assimilate
exogenous thiamine into the cell via an active transport sys-
tem, but unlike animals, they also possess the metabolic ma-
chinery to synthesize their own thiamine (Hohmann and
Meacock 1998), albeit at a very large energy cost, as reviewed
by Perli et al. (2020). These yeasts generally assimilate all
exogenous thiamine before initiating biosynthesis in order to
save energy (Suomalainen and Oura 1971; Praekelt et al.
1994). A weak ability of yeast to synthetize their own thia-
mine under specific environmental conditions, such as those
present during wine fermentation, causes yeast to be partially
reliant on the availability of exogenous thiamine for maximum
growth and metabolism rates (Bataillon et al. 1996; Hohmann
and Meacock 1998; Nosaka 2006; Wightman and Meacock
2003).

Under oenological conditions, thiamine deficiency is
regarded as a major factor that may cause impaired growth,
cell death and subsequently fermentation arrests, whereas
increased thiamine availability has been shown to improve
yeast cell growth and fermentation rate (Alexandre and
Charpentier 1998; Bataillon et al. 1996; Bisson 1999;
Ough et al . 1989; Ribéreau-Gayon et al . 2006).
Premature arrest of fermentation, generally referred to as
a stuck fermentation in the oenological jargon, is a major
recurring problem in the wine industry. If yeasts do not
acquire certain nutrients such as thiamine early in fermen-
tation, they may fail to grow at a maximum rate, maintain
metabolic activity during the stationary phase and ulti-
mately struggle to utilize all available sugars to complete
successful alcoholic fermentation (Bataillon et al. 1996;
Bisson 1999). The thiamine content of grape must vary
extensively (Peynaud and Lafourcade 1958); however, it
is reported that yeasts can utilize more thiamine than what
grape must contains (Ribéreau-Gayon et al. 2006). In ad-
dition, a few hours of contact with even a small population
of indigenous yeast species, such as Kloeckera apiculata,
has proven to deplete thiamine in must (Bataillon et al.
1996). Subsequently, the supplementation of thiamine in
musts is a common practice in most winemaking countries
in order to sustain cell growth until fermentations are com-
pleted. In addition to the positive effect of thiamine avail-
ability on fermentation kinetics, it may also alter com-
pounds produced by yeast during fermentation. This in-
cludes various aroma compounds, which play an important
role in the quality and character of finished wines (Kneen
et al. 2011; Müller 2014).

To induce successful fermentation, it is therefore necessary
for winemakers to determine whether thiamine and other nu-
trients are present in sufficient concentrations in must.
Literature investigating thiamine and other nutrient deficien-
cies in grape must is limited. This is most likely due to chal-
lenges regarding the analytical determination of such

compounds within a complex medium such as grape must,
as well as the complexity of factors aside from the grape
derived contents itself that affect the amount of specific nutri-
ents present in different grape musts. The latter includes
among others, the native yeast population and winery treat-
ments such as juice clarification and duration of skin contact
(Houtman and Du Plessis 1986). Apart from the technical
issues linked to accurate quantification of thiamine in grape
juice, the multifactorial nature of thiamine requirements by
yeast under various environmental conditions, the factors in-
volved in the molecular stability of thiamine and regulation of
uptake and biosynthesis of yeast have so far not been holisti-
cally characterised.

Saccharomyces cerevisiae is being used extensively as a
model yeast species in and beyond the realm of oenology. For
this reason, research on yeast thiamine requirements has most-
ly focused on this species. However, other yeast species (in-
digenous or inoculated) are present and active during
winemaking, especially in the first few hours of fermentation.
Their thiamine uptake may therefore impact the availability of
thiamine for S. cerevisiae and ultimately the fermentation
success.

This review explores the current knowledge on thiamine
utilization and metabolism in S. cerevisiae. The biological
functions of thiamine, as well as its biosynthesis, uptake and
the regulation thereof in yeast are discussed. A particular em-
phasis is placed on thiamine as a nutrient under oenological
conditions. The effect of thiamine availability on oenological
fermentation is discussed in terms of fermentation kinetics, as
well as the sensorial impact on wine. Furthermore, adequacy
of thiamine concentration in grape must to ensure successful
fermentation, as well as factors that may impact thiamine
availability, uptake and biosynthesis for yeast under oenolog-
ical conditions are reviewed.

Thiamine: more than just a cofactor

Intracellular forms of thiamine

Thiamine, also referred to as thiamin, aneurin and vitamin B1
(Bhagavan 2002), is a water-soluble B complex vitamin with
the following chemical formula: C12H17N4OS. The structure
of thiamine is composed of a pyrimidine and a thiazole ring
connected by a methylene bridge. The thiazole ring is
substituted with methyl and hydroxyethyl side chains
(Fig. 1a). Intracellular thiamine consists of free thiamine, thi-
amine monophosphate, thiamine triphosphate and thiamine
pyrophosphate (TPP). The majority of yeast intracellular thi-
amine is present in the latter form (Makarchikov et al. 2003),
which contains a diphosphate functional group connected to
the thiazole ring of thiamine (Fig. 1 b).
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Reaction mechanism of thiamine pyrophosphate

TPP is the most biologically active form of thiamine and
fulfils a fundamental function as a cofactor for several en-
zymes involved in major metabolic pathways including gly-
colysis, the tricarboxylic acid cycle and the pentose phosphate
pathway, as reviewed by Perli et al. (2020). TPP catalyses the
reversible decarboxylation reaction for these enzymes by the
five following steps: carbon 2 of the thiazole ring of TPP,
which is deemed the reactive site of the molecule (Fig. 1 b),
may donate a proton to form a nucleophilic carbanion. This
carbanion binds to a carbonyl functional group of the substrate
molecule with a single carbon–carbon bond. Next, a single
bond on the substrate molecule is broken, releasing electrons
which causes a double carbon–carbon bond to form between
TPP and the substrate and reduces the nitrogen atom of TPP to
a neutral state. In a following reverse reaction, the electrons
are transferred back towards the substrate, causing a new
carbon-hydrogen bond to form on the substrate molecule,
leaving again a single bond between TPP and the substrate.
The TPP-substrate bond is finally broken, reforming the TPP
carbanion and the new substrate-carbonyl compound (Dyda
et al. 1993;Malandrinos et al. 2006; Pohl et al. 2004). For TPP
to correctly situate in the enzyme cofactor site, the negatively
charged phosphate groups of TPP are coordinated by a diva-
lent metal ion such as magnesium or calcium (Schellenberger
et al. 1997).

Role of thiamine pyrophosphate as cofactor for
central carbon metabolism

The cofactor function of thiamine pyrophosphate extends to
several essential enzymes involved in central carbon metabo-
lism, including pyruvate dehydrogenase, pyruvate decarbox-
ylase, acetolactate synthase, α-ketoglutarate dehydrogenase,
branched chain α-keto acid dehydrogenase and transketolase
(Bunik et al. 2013; Hohmann and Meacock 1998). TPP used
to be referred to as co-carboxylase, as it was originally recog-
nized as the coenzyme of pyruvate decarboxylase (Pdc),
which catalyses the conversion of pyruvate to acetaldehyde
and CO2 (Trevelyan and Harrison 1954; Muller et al. 1999).
Acetaldehyde is thereafter either reduced to ethanol via alco-
hol dehydrogenase, oxidised via aldehyde dehydrogenase to
acetate, which can subsequently serve as an intermediate to
form acetyl coenzymeA (acetyl-CoA), or converted to acetoin
and subsequently reduced to 2,3-butanediol (Cambon et al.
2006). TPP is also a cofactor for pyruvate dehydrogenase
(Pdh), which facilitates oxidative decarboxylation of pyruvate
to produce CO2 and acetyl-CoA (Patel et al., 2014). Acetyl-
CoA can be used to synthesize citrate for the tricarboxylic acid
cycle (TCA cycle) for the production of adenosine triphos-
phate (ATP). Therefore, Pdh links glycolysis to the TCA cycle
(Remize et al., 2000). Both acetyl-CoA and CoA participate in
amino acid, lipid and sulphur metabolism. Subsequently, the
availability of TPP can also indirectly alter these processes
(Nielsen, 2014).

Transketolase (Tkl) converts fructose-6-phosphate into
xylose-5-phosphate and catalyses the production of ribose
during the non-oxidative branch of the pentose phosphate
pathway (PPP) (Schenk et al. 1998). The PPP is essential for
the biosynthesis of intermediates for aromatic amino acid
synthesis, as well as generation of reducing equivalents
such as the reduced form of nicotinamide adenine dinucle-
otide phosphate (NADPH), which is involved in maintain-
ing redox balance. The PPP is also involved in the biosyn-
thesis of lipids and the production of ribose-5-phosphate is
essential for DNA and RNA synthesis (Dobrowolski and
Mirończuk 2020; Rapala-Kozik et al. 2008). Thiamine-
dependent Tkl is therefore pivotal for biosynthesis of pro-
teins, lipids, DNA, RNA and alleviation of oxidative stress,
which are critical processes for maintaining cell growth and
reproduction. Acetolactate synthase (Als) and branched
chain α-keto acid dehydrogenase (Bckdh) catalyses the re-
spective biosynthesis and catabolism processes of branched
chain amino acids, valine, leucine and isoleucine (Bussey
and Umbarger 1969; Dickinson and Dawes 1992). The
branched chain amino acids are valuable amino acids which
aid in protein synthesis, and many yeasts can utilize these
branched chain amino acids as their sole nitrogen sources
(Large 1986). The penultimate intermediate for valine syn-
thesis, α-keto isovalerate, is also a precursor for

Fig. 1 Chemical structure of a thiamine and b thiamine pyrophosphate. A
single asterisk (*) indicates proton donating reactive carbon 2 of the
thiazole ring. Created with BioRender.com
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biosynthesis of the essential vitamin pantothenate, which is
indicative of a link between the thiamine and pantothenate
metabolisms. The enzyme α-keto acid dehydrogenase
(Kdh) catalyses the oxidative decarboxylation of α-
ketoglutarate to succinyl-coenzyme A and carbon dioxide
(CO2) in an essential reaction to ensure the functioning of
the TCA cycle, which produces ATP (Holz et al. 2011). Kdh
is also involved in maintenance of redox balance within the
cell (Bunik 2003). A schematic summary of the main path-
ways and enzymes dependent on thiamine as a cofactor is
provided in Fig. 2.

Thiamine-dependent protection against stress

The cofactor function of TPP is critical for facilitating
various metabolic processes essential for the survival of
yeast cells. This includes maintaining the cellular redox
balance under redox stress. It has been demonstrated that
TPP-dependent Tkl activity is involved in the cell’s oxi-
dative stress response by means of flux into the PPP, to
produce necessary the NADPH and glutathione to miti-
gate oxidative stress (Kowalska et al. 2012; Stincone
et al. 2015). Thiamine deficiency is indeed regarded as a
major cause of systemic oxidative stress (Wang et al.
2005). Several additional stress protection functions of
TPP, in addition to its cofactor function have been pro-
posed. TPP has shown to serve an antioxidant function

via interaction with free radicals and hydroperoxides,
yielding thiochrome and thiamine disulphide. This oxida-
tion effect is hypothesised to be a result of the transfer of
two protons from the pyrimidine ring and one proton from
the thiazole ring to these reactive molecules (Lukienko
et al. 2000). A study using S. cerevisiae revealed that
the presence of thiamine did indeed decrease the free rad-
ical levels, as well as protein oxidation under various
stress conditions (Wolak et al. 2014).

Another study investigating thiamine triphosphate (TTP)
assimilation in response to amino acid deficiency suggested
the first physiological role of thiamine triphosphate (TTP)
to be a universal signalling molecule under stress conditions
(Lakaye et al. 2004). An additional link between thiamine
and stress resistance involves the protein Thi4, which is
known to facilitate thiazole synthesis during thiamine bio-
synthesis. In addition to its role in thiamine biosynthesis,
Thi4 has shown to be essential to maintain adequate oxygen
consumption of cells, which prevents formation of high
levels of reactive oxygen species, which may become toxic
for yeast. Increased levels of Thi4 have also shown to in-
crease mitochondrial stability under heat stress (Medina-
Silva et al., 2005). Additionally, Thi4 may assist in the re-
pair of mitochondrial DNA damage following ultraviolet
radiation (Machado et al. 1997). The synthesis of this mul-
tifunctional protein therefore provides a link between thia-
mine synthesis and mitochondrial stress tolerance.

Fig. 2 Thiamine-dependent
enzymes in yeast metabolism.
Thiamine-dependent enzymes
(blue), central metabolic path-
ways (black), peripheral metabol-
ic pathways (grey). Pdh, pyruvate
dehydrogenase; Pdc, pyruvate
decarboxylase; Als, acetolactate
synthase; Tkl, transketolase; Kdh,
⍺-ketoglutarate dehydrogenase;
Bckdh, branched chain α-keto
acid dehydrogenase; TCA cycle,
tricarboxylic acid cycle; AAs,
amino acids. Redox reactions in-
volving the oxidized and reduced
forms of nicotinamide adenine
dinucleotide (NAD+/NADH),
nicotinamide adenine dinucleo-
tide phosphate (NADP+/
NADPH) and flavin adenine di-
nucleotide (FAD+/FADH2) are
displayed
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Biosynthesis and uptake mechanisms

Thiamine biosynthesis and origins of thiamine
precursors

Thiamine biosynthesis is achieved in yeasts through the ini-
tial synthesis of thiazole and pyrimidine, which are subse-
quent ly phosphorylated to 5-(2-hydroxyethyl)-4-
methylthiazole phosphate (HET-P) and 4-amino-5-hy-
droxymethyl-2-methylpyrimidine diphosphate (HMP-PP),
respect ively , and amalgamated to form thiamine
monophosphate (TP) (Estramareix 1996; Nosaka 2006).
Biosynthesis of thiazole requires 2-pentulose-5-phosphate,
either xylulose-5-phosphate or ribulose-5-phosphate, which
is provided by the PPP and glycine (White and Spenser
1982). Cysteine is required to serve as a sulphur donor. The
exact process for thiazole biosynthesis is not fully under-
stood, but a mechanism has been suggested where NAD+

serves as a substrate for the Thi4 enzyme, which in turn ca-
talyses the production of adenosine diphosphate-ribulose
and release of nicotinamide (Chatterjee et al. 2007). In a
subsequent step, a decarboxylation and dehydration reaction
forms thiazole phosphate, which can combine with the py-
rimidine subunit to form thiamine. Yeasts also possess the
ability to assimilate external thiazole, in the form of
hydroxyethylthiazole,which can subsequently be phosphor-
ylated intracellularly (Nosaka et al. 1994). Thiazole is assim-
ilated via diffusion and trapped within the cell cytoplasm by
phosphorylation (Iwashima et al. 1986).

The substrates for pyrimidine synthesis include histidine
and pyridoxal-5-phosphate, the latter derived from ribose 5-
phosphate and glutamine glyceraldehyde 3-phosphate (Hanes
et al. 2008; Tazuya et al. 1995a, 1995b). Yeasts can also
acqu i r e exogenous py r im id in e i n t h e f o rm of
hydroxymethylpyrimidine (HMP) by utilizing the same active
transport as for free exogenous thiamine. However, a phenom-
enon where assimilated HMP is expelled from the cell due to
excessive uptake has been documented for Saccharomyces
cerevisiae, whereas this in not the case for free thiamine
(Iwashima et al. 1990). Pyrimidine is finally subjected to
two phosphorylation steps, catalysed by pyrimidine kinase
and pyrimidine phosphate kinase, to form pyrimidine diphos-
phate, before combining with thiazole phosphate to produce
TP (Llorente et al., 1999). More recently, a new thiamine
salvage pathway from base degraded forms of thiamine has
been reported. The base degraded thiamine analogues, such as
formylaminopyrimidine, may be transported into the cell via a
ThiXYZ active transport system, deformylated by an
aminohydrolase, and hydrolyzed to HMP for thiamine biosyn-
thesis (Jenkins et al. 2007). A similar thiamine salvage reac-
tion by the hydrolysation of thiamine antimetabolites,
pyrithiamine and oxythiamine to form HMP has been demon-
strated for S. cerevisiae (Onozuka et al. 2008).

Exogenous thiamine uptake: a less energy
demanding alternative to biosynthesis

Yeasts favour the assimilation of exogenous thiamine be-
fore initiating thiamine biosynthesis in order to conserve
energy. This may be attributed to the fact that thiamine bio-
synthesis requires several more phosphorylation reactions
and therefore more energy in the form of ATP compared to
exogenous thiamine uptake (Suomalainen and Oura 1971;
Praekelt et al. 1994). In addition, two suicide enzymes (Thi4
and Thi5) are involved in thiamine biosynthesis. Therefore,
two entire proteins need to be synthesized and degraded for
each thiamine molecule produced, making this process en-
ergetically expensive (Chatterjee et al. 2011;Wightman and
Meacock 2003).

There are two main proteins involved in thiamine uptake.
The first is a thiamine-repressible acid phosphatase (Pho3)
located in the cell periplasm which serves to dephosphory-
late thiamine phosphates before active uptake of the free
thiamine (Enjo et al. 1997; Nosaka et al. 1989). This active
uptake into the cytoplasm is facilitated by a second
membrane-bound transporter protein (Thi7/Thi10), which
is able to bind free thiamine (Iwashima et al. 1979;
Singleton 1997). This transporter protein presumably rec-
ognises the pyrimidine moiety of thiamine since pyrimidine
is also actively transported into cells, unlike free thiazole
(Iwashima and Nose 1976). The Km value, an indicator of
the affinity of the transporter protein for the transported
substrate, of thiamine is measured at 0.18 mM, which is
very similar to the dissociation constant Kd, for thiamine
binding to the membrane protein (Iwashima et al. 1979).
Two additional membrane proteins, Thi71 and Thi72, have
more recently shown to facilitate transport of thiamine
(Enjo et al. 1997; Mojzita and Hohmann 2006). However,
Thi7 facilitates the majority of thiamine uptake and may be
exclusively responsible for transport at low exogenous con-
centrations, whereas Thi71 and Thi72 are low affinity and
low capacity transport systems. Another uncharacterised
protein, Thi73, is known to be upregulated during thiamine
deficiency and has been proposed as an additional transport-
er, but this is yet to be established (Mojzita and Hohmann
2006; Nosaka et al. 2005). Once thiamine is assimilated into
the cell, yeasts do not possess the ability to phosphorylate
TP directly to the biologically active TPP. TP is first de-
phosphorylated to free thiamine, which is then subjected
to a single-step diphosphorylation to form TPP (Nosaka
et al. 1993). TPP functions not only in the cytosol, but also
in the mitochondrion of cells, for example as a cofactor for
⍺-ketoglutarate dehydrogenase involved in the TCA cycle.
An energy-dependent mitochondrial membrane protein,
Tpc1, facilitates transport of cytosolic TPP into the mito-
chondria (Marobbio et al. 2002). A schematic summary of
thiamine biosynthesis and uptake is provided in Fig. 3.
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The active, early and rapid nature of exogenous
thiamine transport

Exogenous thiamine assimilation by yeast is an energy-
dependent carrier-mediated process in which thiamine is
retained against a concentration gradient. S. cerevisiae accu-
mulates thiamine by an irreversible active transport system,
which allows for the accumulation of intracellular thiamine up
to approximately 10,000 times the extracellular concentration
(Iwashima et al. 1973; Nakamura et al. 1982). However, thi-
amine transport by S. cerevisiae does exhibit saturation kinet-
ics, as high exogenous thiamine concentrations (40 μM) have
shown to result in a saturated intracellular concentration of
1600 pmol/107 cells, roughly 180 times the intracellular con-
centration of cells grown without thiamine. Assimilation
causes a rapid rise of intracellular thiamine concentration, at
which point transport and biosynthesis is repressed, and a
subsequent gradual decrease of intracellular thiamine concen-
tration is observed as a result of dilution during growth
(Praekelt et al. 1994).

S. cerevisiae starts to accumulate thiamine within 15 min
following inoculation into a medium-containing glucose. This
short lag period of thiamine transport is attributed to the lack
of sufficient energy supply to maintain the thiamine transport
rate at this early stage. Indeed, pre-incubation of cells in media
with glucose has been shown to enable the cells to assimilate
thiamine without any appreciable lag phase, even in the ab-
sence of glucose (Ziro 1955). Maximum thiamine accumula-
tion levels are observed before appreciable growth of cells
occurs, demonstrating the priority for cells to utilize energy
for accumulation during early stages after inoculation
(Nakamura et al. 1982). The lag before initiation of thiamine

uptake was found to be independent of the thiamine and
oxygen concentration present in the medium and solely
dependent on glucose concentration. Praekelt et al. (1994)
reported that a low concentration of exogenous thiamine
(1 μM) was completely assimilated from a molasses medium
within 30 min and a high level of exogenous thiamine
(40 μM) was assimilated within 2 h. Moreover, an early study
determined that for S. cerevisiae incubated in 0.1M phosphate
buffer, pH 5.0, at 27 °C, under both aerobic- and anaerobic
conditions; the concentration of thiamine assimilated by cells
was equal to the concentration of thiamine lost from the me-
dium. This demonstrated that the thiamine removed from the
medium was neither broken down nor converted, but entirely
accumulated by the yeast cells (Ziro 1955).

Factors that affect thiamine uptake and biosynthesis:
a lasting impact of preculture conditions

Transport of exogenous thiamine across the cell membrane
has proven to be pH and temperature sensitive, with the trans-
porter operating optimally at a pH of 4.5 at both 27 °C and
37 °C. The rate of exogenous thiamine uptake by S. cerevisiae
is roughly proportional to the cell concentration present
(Bataillon et al. 1996), but independent of the exogenous thi-
amine concentration, since thiamine is transported via an ac-
tive transport system (Hucker et al. 2016; Iwashima et al.
1973; Ziro 1955). However, exogenous thiamine assimilation
is known to be inhibited when cells are first precultured in
thiamine-rich media with maximum assimilation rates ob-
served for cells pre-cultured in thiamine-limited media before
inoculation into another medium (Bataillon et al. 1996;
Iwashima and Nose, 1976). This inhibition effect can be

Fig. 3 Thiamine biosynthesis and
uptake in yeast. G-3-P,
glyceraldehyde 3-phosphate; R-5-
P, ribose 5-phosphate; HMP,
hydroxymethylpyrimidine; HMP-
PP, hydroxymethylpyrimidine
pyrophosphate; HET,
hydroxyethylthiazole; HET-P,
hydroxyethylthiazole phosphate;
NAD+, nicotinamide adenine di-
nucleotide; NTA, nicotinamide;
TP, thiamine monophosphate;
TPP, thiamine pyrophosphate;
Mt, mitochondria
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attributed to the fast uptake of thiamine and subsequent
sustained repression of thiamine biosynthesis and transport
genes as a result of increased TPP levels (Praekelt et al.
1994; Nosaka 2006). Indeed, it has been observed that cells
pre-cultured in excess thiamine displayed an absence of thia-
mine transporter proteins and that intracellular accumulation
of thiamine induces endocytosis of the Thi7 thiamine trans-
porter (Iwashima et al. 1979; Savocco et al. 2019).

Pre-culture harvest time significantly affects thiamine as-
similation. Cells harvested near the end of the exponential
growth phase of the yeast population, 15 h after inoculation,
display maximal thiamine uptake (Bataillon et al. 1996).
Thiamine is assimilated at a maximum rate for actively grow-
ing cells (Iwashima and Nose 1976). Indeed, it has been re-
ported that the activity of the thiamine-binding protein and
thiamine transport protein in S. cerevisiae is maximal in the
early logarithmic phase of growth (Iwashima et al. 1979).
Under thiamine-deficient conditions, the thiamine biosynthe-
sis rate too has been determined to be maximal during early
logarithmic phase of growth. However, the same study also
recorded the activation of thiamine biosynthesis during late
logarithmic phase, after the initially supplemented exogenous
thiamine was depleted. This confirms the requirement of cells
to maintain adequate thiamine levels, either to sustain meta-
bolic enzyme activity and/or as a function of thiamine-
dependent protection against stress factors later in the fermen-
tation process (Kowalska et al. 2012).

Additional factors that influence thiamine uptake and bio-
synthesis include dissolved oxygen concentration, level of
yeast agitation in growth media and the presence of pyridox-
ine and short-chain fatty acids. These factors are discussed in a
separate paragraph below with a particular focus placed on
wine fermentation conditions.

Regulation of thiamine biosynthesis and uptake

Thiamine biosynthesis and uptake are mainly regulated via
transcriptional repression. Evidence of post-transcriptional
regulation mechanisms such as riboswitches, which are pres-
ent in some yeast species, have not been reported for
S. cerevisiae (Cressina et al. 2011). Transcriptional repression
has shown to be initiated by small changes in intracellular
thiamine levels. The presence of intracellular thiamine causes
the expression of all annotated genes encoding proteins in-
volved in biosynthesis (THI80, THI4, THI5 and THI6)
(Praekelt et al. 1994; Nosaka et al. 1994) and uptake (THI7
and PHO3) (Singleton 1997) of thiamine to be repressed.
Activation of THI4 involved in thiazole synthesis is for in-
stance initiated when the intracellular thiamine concentration
descends below 20 pmol/107 cells. This gene is completely
repressed when an exogenous thiamine concentration of 1 μM
is available, but displays a high level of constitutive expres-
sion when there is no exogenous thiamine available (Praekelt

et al. 1994). A decrease in available exogenous thiamine for
yeast cells during fermentation is also known to initiate a high
level of expression for other THI genes. Indeed, conditions
where exogenous thiamine is absent have shown to trigger
transcript level increases of between 10- and 90-fold for the
THI genes involved in thiamine biosynthesis and uptake in
S. cerevisiae (Nosaka et al. 2005).

THI genes are positively regulated by three genes, namely
THI2 (Nishimura et al. 1992b), THI3 (Nishimura et al. 1992a)
and PDC2 (Burrows et al. 2000). The expression of the THI
genes is therefore terminated when these regulator genes are
not present or expressed. Other genes involved in thiamine
biosynthesis, for example SNZ2/3 genes involved in
pyridoxal-5-phosphate synthesis, are also regulated via THI2
and THI3 (Rodríguez-Navarro et al. 2002). Thi3 is a TPP-
binding protein which serves as a sensor for TPP, which sub-
sequently induces transcriptional modulation. This was dem-
onstrated using mutant cells that possess Thi3 proteins lacking
the ability to bind to TPP. For these cells, the THI genes were
expressed irrespective of the thiamine concentration present,
thereby confirming that TPP binding to Thi3 causes transcrip-
tional regulation observed for normal cells. The deletion of the
THI3 gene has proven to decrease activation of THI2 and
THI3 promoter activities, demonstrating an auto-regulatory
role of THI3, which may in part account for the substantial
differences in expression of THI genes in conditions of vary-
ing thiamine availability. Additionally, Thi2 and Thi3 have
shown to bind to one another, stimulating the expression of
the THI genes as a complex. This binding activity is decreased
with increased levels of thiamine, believed to be a result of
increased TPP which binds to Thi3 and hinders formation of
this Thi2/Thi3 complex. The expression levels of THI2 and
THI3 increase dramatically under thiamine-deficient condi-
tions (Nosaka et al. 2005). PDC2 is also involved in the ex-
pression of the THI genes, as well as expression of structural
pyruvate decarboxylase genes (Raghuram et al. 1994), provid-
ing a possible link between the regulation of TPP-dependent
enzyme synthesis as well as synthesis of TPP itself. An inter-
action between Pdc2 and Thi3 has also been documented and
has shown to be stronger and more sensitive to thiamine defi-
ciency than the earlier mentioned interaction between Thi2
and Thi3. This interaction catalyses a conformational change
in Pdc2, making full transactivation activity of the protein
possible and effectuating upregulation of the THI genes dur-
ing thiamine deficiency. It is postulated that Thi2, Thi3 and
Pdc2 may together form a complex that activates the expres-
sion of THI genes and that the formation of this complex is
disrupted by TPP, which binds Thi3 (Brion et al. 2014;
Nosaka et al., 2005).

It has subsequently been determined that the intracellular
NAD+ concentration is also involved in the regulation of sev-
eral THI genes in S. cerevisiae. This regulation is facilitated by
the NAD+-dependent histone deacetylases, Hst1 and Sir2,
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which may repress THI genes as transcription factors which
are independent of the Thi2/Thi3/Pdc2 regulatory system.
Hst1 and Sir2 are supposedly bound upstream of the
Thi2/Thi3/Pdc2-binding site as the respective protein com-
plexes Hst1/Rfm1/Sum1 and Sir2/Sir3/Sir4 and impose regu-
lation of THI genes by local histone deacetylation activity
triggered by low NAD+ concentration. The peak association
for each complex occurs at the same gene region, suggesting
that these complexes are alternative repression complexes that
do not bind at the same time. Under conditions of decreased
intracellular concentration of NAD+, Hst1 deacetylation activ-
ity is reduced by bound Hst1/Rfm1/Sum1or Sir2/Sir3/Sir4
complexes, which promotes increased THI gene expression
(Li et al., 2010). Full expression of THI genes is therefore a
function of both low thiamine and low NAD+ concentrations
and full repression of THI genes are observed at high thiamine
and high NAD+ concentrations. The mechanisms of THI gene
regulation driven by thiamine and NAD+ concentrations are
detailed in Fig. 4.

Thiamine as nutrient for alcoholic
fermentation

Adequacy of thiamine concentration in grape must

The thiamine concentration present in grapes increases during
grape maturation, particularly during ripening (Peynaud and
Lafourcade 1958). It has been reported that the thiamine con-
centration of grapes continues to increase even after sugar

formation in the berry ceases, which likely indicates a contin-
uation of the photosynthetic action on thiamine accumulation
of berries until the time of harvest (Daudt and Parizzi 1995).
Literature on specific viticultural practices and thiamine con-
tent of resulting harvested grapes is lacking. It is, however,
known that the thiamine content of must varies greatly.
Studies investigating thiamine content of several musts of var-
ious origin, cultivar and vintage, displayed thiamine concen-
trations between 120 and 650 μg/L directly after pressing.
Across all studies, white cultivars average lower thiamine
concentrations compared to red cultivars. The results of these
studies are summarized in Table 1.

The variations in thiamine concentrations between studies
are likely due to environmental and varietal influences, but the
use of different quantification methods and the accuracy of
these methods may also contribute to the variance observed.

The methods employed in these thiamine quantification
studies rely either on oxidation to the thiochrome and subse-
quent fluorescence detection or microbiological assays
(Table 1) that monitor the growth of microorganisms such as
Lactobacillus fermentum in response to thiamine concentra-
tion. These methods are still in use today as a result of their
relative accuracy and ease of use, although various other high-
performing methodologies have since been developed. For a
detailed review, refer to Edwards et al. (2017). When compar-
ing these methods, fluorescence detection allows for direct
quantification of various thiamine phosphate forms, whereas
microbiological assays are subject to the utilization of these
forms by the microorganism employed.

S. cerevisiae strains are reportedly able to assimilate up to
800 μg/L of thiamine during fermentation (Ribéreau-Gayon
et al. 2006), which is even more than what the grape musts
with the highest concentration of thiamine in the studies men-
tioned above, contained. The average thiamine concentration
in grape must, as well as reported levels of thiamine assimila-
tion by S. cerevisiae, are broad estimations and may be altered
by various factors that will be reviewed below. Yeasts prefer-
entially assimilate thiamine at the start of wine fermentation
and all thiamine is assimilated within 6 h after inoculation of
S. cerevisiae (Bataillon et al. 1996). As a result, the addition of
thiamine hydrochloride (thiamine HCl) or complex nutrients
that contain thiamine to grape musts is commonly practiced in
numerous cellars. Thiamine HCl dissociates in solution to
form the free thiamine cation, referred to simply as thiamine,
and two chloride anions (Voelker et al. 2018). Thiamine HCl
has a molecular weight of 337.3 g/mol, whereas free thiamine
has a molecular weight of 265.4 g/mol. Therefore, an addition
of one unit of thiamine HCl to must equals 0.787 units of free
thiamine available for yeast. The addition of thiamine to must
for winemaking purposes is legal in the European Union and
South Africa at a concentration of 600 μg/L thiamine HCl,
according to the International Code of Oenological Practices
2020 Issue (OIV 2020).

Fig. 4 Hypothetical model of the THI gene regulatory system of
S. cerevisiae (based on models of Li et al., 2010 and Nosaka, 2006).
Created with BioRender.com
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Factors influencing the availability of thiamine for
S. cerevisiae during winemaking

Indigenous yeast and fungi

A deficiency of thiamine (considered to be < 250 μg/L) in
grapes and grape musts may be caused by growth of fila-
mentous fungi such as Botrytis cinerea (Dittrich and
Sponholz 1975) on grapes before harvest, or by growth of
native contaminant yeast species such as Kloeckera
apiculata, Metschnikowia pulcherrima and Candida
stellata, which are present in must at high population levels
(ordinarily 103–105 viable cells/ml) before inoculation oc-
curs in cellars. Indeed, the thiamine consumption of
K. apiculata, which may make up 90% of the total native
yeast present in must (Schütz and Gafner 1993), com-
mences at a faster rate than for the same amount of viable
S. cerevisiae cells in grape must (Bataillon et al. 1996).
Consequently, K. apiculata is able to effectively deplete
thiamine from must after a few hours of growth, even when
present at very low cell concentrations. Additionally,
K. apiculata can accumulate an amount of exogenous thia-
mine up to one-tenth of its dry cell weight (Kawasaki et al.
1967). This rapid accumulation of large portions of avail-
able thiamine by native yeast species at the start of alcoholic
fermentation influences the availability thereof for subse-
quent assimilation of inoculated S. cerevisiae. Co- or se-
quential inoculation regimes may cause a similar problem,
where inoculated non-Saccharomyces yeasts assimilate
available thiamine (Julies 2019). This may cause a lack of
thiamine to sustain growth of subsequently inoculated
S. cerevisiae, which is employed specifically to complete
fermentation. Indeed, competition for vitamins such as thi-
amine has been proposed to cause stuck fermentation of
Zygoascus meyerae/S. cerevisiae sequential cultures in syn-
thetic grape must (Rollero et al. 2018).

Sulphur dioxide

Some winemaking practices may affect the thiamine levels of
must before inoculation occurs. As mentioned, growth of na-
tive yeasts in must may deplete available thiamine. Therefore,
the time elapsed from initial crushing of grapes to final inoc-
ulation of the must, as well as antimicrobial measures taken
during this period such as sulphur dioxide addition, may affect
the concentration of thiamine assimilated by native yeasts.
While sulphur dioxide (SO2) may inhibit growth of native
yeast and other contaminant organisms that assimilate avail-
able thiamine, it is also known to cause degradation of avail-
able thiamine. Thiamine is cleaved at the methylene bridge in
a linear fashion dependent on SO2 concentration (Leichter and
Joslyn 1969; Dwivedi and Arnold 1973). A decrease in free
thiamine as a result of high SO2 additions to must or extended
must storage periods in the presence of SO2 may attribute to
sluggish fermentation (Boulton et al. 1996). It has been pre-
viously observed that 8 days after sulfiting grape must to a
level of 0.5 g/L, half of the initial thiamine concentration was
destroyed and all thiamine was destroyed after a month in
these conditions (Peynaud and Lafourcade 1958).
Nevertheless, the abovementioned SO2 concentration is
higher than what would typically be supplemented to must
and the effect of more standard SO2 concentrations still needs
to be investigated.

Temperature and pH

The molecular stability of thiamine may be compromised by
various other factors. The structural integrity of thiamine is
known to be susceptible to degradation by particularly high
temperatures and high pH. Destruction of thiamine by high
pH and temperature can result from simple hydrolytic cleav-
age or oxidation by available hydroxyl groups. Thiamine deg-
radation generally results in cleavage of its pyrimidine and

Table 1 Thiamine concentration of grape musts

Type of wine (cultivar) Average concentration (μg/L) Quantification method Reference

Red: Piros tramini, Kekfrankos, Zweigelt,
Biborkadarka, Rubintos

White: Chasselas, Hárslevelű, Olaszrizling,
Rizlingszilváni, Füszeres tramini

Red - 198
White - 138

Microbiological assay Juhász et al. (1987)

Red: Aramon, Carignan, Alicante Bouschet, Cinsault
White: Terret Blanc, Carignan Blanc, Macabeo

Red - 246
White - 185

Fluorescence detection Ournac and Flanzy (1958)

Red: Tinta Madeira, Xeres, Zinfandel
White: Palomino, White Riesling

Red - 500
White - 340

Fluorescence detection Hall et al. (1956)

Various red and white cultivars 160–450 Microbiological assay Peynaud and Lafourcade (1958);
Ribéreau-Gayon et al. (1975)
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thiazole constituents, by separation at the methylene bridge
that connects these segments. Thiamine is chemically stable
at an acidic pH but is unstable in alkaline solutions and a
marked increase in the rate of thiamine degradation has been
observed at pH values above 6 (Mauri et al. 2007;
Tanphaichitr 1999). The proton on the carbon 2 of the thiazole
ring is acidic and may dissociate at pH values above 5.5 to
form a carbanion which may bind to carbonyl groups.
Thiamine also becomes unstable at increasing temperatures,
but stable from 0 °C up to at least 25 °C (Dwivedi and Arnold
1973; Haddad and Loewenstein 1983). Thiamine suspensions
stored at both 4 °C and 25 °C exhibit less than 5% loss of an
original concentration of 100 g/L for up to 91 days (Ensom
andDecarie 2005). Grape must pH usually ranges between 3.0
and 4.5, which is favourable for thiamine stability. The rec-
ommended maximum fermentation temperature for
winemaking is 25 °C, but in some wine-producing regions,
the temperatures reached during grape pressing may reach up
to 40 °C (Moreno and Peinado 2012). It is, therefore, unlikely
that these temperature levels would cause significant thiamine
destruction over such a relatively short time period.

Thiaminases

Thiaminase enzymes have shown to break down thiamine in a
similar fashion. There are two known types of thiaminases,
thiaminase I and thiaminase II, both of which require electron
donation from nucleophiles. Thiaminase II utilizes water as its
nucleophile, while thiaminase I may utilize various nucleo-
philes, including nicotinic acid, amino acids such as lysine
and cysteine, sulphhydryl compounds such as dithiothreitol
and β-mercaptoethanol and organic bases such as pyridine
and quinoline. Thiaminase I is present in certain plants and
microorganisms, whereas thiaminase II has only been isolated
from microorganisms (Campobasso et al. 1998). Some bacte-
rial species of Bacillus and Clostridium sporogenes, as well as
yeast species Candida aneurinolytica and Trichosporon
aneurinolyticum have displayed thiaminase activity
(Shimazono and Katsura 1965). Literature investigating the
presence and effect of thiaminases in grape must is absent,
although higher activity of thiaminases have been reported
in grapes compared to other fruit (Okonji and Agboola
2014). Its impact on thiamine levels of grape must for yeast
utilization thus warrants investigation.

The pyrimidine and thiazole products of thiamine cleavage
can be assimilated by yeast through the salvage thiamine bio-
synthesis pathway, but as stated above, exogenous accumula-
tion of thiamine is preferred over biosynthesis of thiamine to
conserve energy. It has recently been suggested that a thiami-
nase II is involved predominantly in the pyrimidine salvage
pathway rather than in thiamine degradation. Studies on the
substrate specificity of thiaminase II have revealed that it only
catalyses the hydrolysis of thiamine and not the synthesised

biologically active phosphorylated forms of thiamine.
Additionally, the hydrolysis of base degraded forms of thia-
mine, such as aminopyrimidine, is catalysed approximately
100-fold faster than thiamine (Jenkins et al. 2007). It has been
reported that the Thi20 enzyme produced by S. cerevisiae,
w h i c h c a t a l y s e s t h e p h o s p h o r y l a t i o n o f
hydroxymethylpyrimidine (HMP) during thiamine biosynthe-
sis, serves a dual role as a thiaminase II (Haas et al. 2005).
Indeed, Thi20 participates in the mentioned thiamine salvage
reaction by the hydrolysation of thiamine antimetabolites,
such as pyrithiamine and oxythiamine to form HMP, which
is subsequently phosphorylated by the same enzyme to yield
the thiamine precursor HMP pyrophosphate (Onozuka et al.
2008). The physiological function of the thiaminase II activity
of Thi20 is supported by the fact that the expression of the
THI20 gene is only activated in response to thiamine depriva-
tion (Llorente et al. 1999).

Thiamine analogues

A high concentration of thiamine analogues, such as
oxythiamine, pyrithiamine, chloroethylthiamine and
dimethialium may affect thiamine uptake and biosynthesis
of yeast. Each may inhibit thiamine uptake to a different de-
gree. For S. cerevisiae, a ratio of analogue to thiamine of 1:1
resulted in the inhibition of thiamine uptake of between 38 and
43%. This is because the thiamine transport system of
S. cerevisiae displays structural specificity, not only for thia-
mine but also for thiamine analogue compounds. S. cerevisiae
mutants defective in thiamine transport, for instance, display
greater resistance to the thiamine analogue, pyrithiamine
(Iwashima et al. 1973, 1975). Assimilated thiamine antime-
tabolites such as oxythiamine is phosphorylated intracellularly
and may bind to and inhibit TPP-dependent enzymes (Tylicki
et al. 2005). The thiamine antimetabolites pyrithiamine and
oxythiamine showed to both inhibit the binding and transport
of thiamine in S. cerevisiae, but notably thiamine phosphates
such as 2-methyl-4-amino-5-hydroxymethylpyrimidine and
O-benzoylthiaminedisulfide did not cause inhibition
(Iwashima et al. 1979). A recent study observed that
oxythiamine presence stimulates Thi7 endocytosis, similar to
what would be expected for thiamine presence, which would
account for the observed transport inhibition (Savocco et al.
2019). Pyrithiamine has not only shown to cause a reduction
o f t h i am i n e t r a n s p o r t b u t a l s o i n h i b i t i o n o f
pyrophosphokinase, which facilitates phosphorylation of thi-
amine to biologically active TPP (Iwashima et al. 1975;
Nosaka et al. 1993).

Thiamine antimetabolites

Some polyphenolic compounds known to be present in grape
must have proven to exhibit antimetabolic properties when
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interacting with thiamine, which may lead to thiamine defi-
ciency. These compounds include tannins and catechins, com-
posed of hydroxyl-substituted rings which may be oxidized to
form quinones. These quinones may oxidize thiamine,
forming thiamine disulfide (Panijpan and Ratanaubolchai
1980). This reaction is, however, dependent on pH and deg-
radation of thiamine is minimal at pH 5.5, but increases rap-
idly corresponding with an increase in pH (Yang and Pratt
1984). The low pH of grape must mitigates this issue under
most typical oenological conditions. Oxygenating species are
also known to accelerate thiamine loss in a pH-dependent
fashion. This reaction entails the conversion of thiamine into
oxythiamine, thiochrome or thiamine dimers by formation of a
disulfide bond (Dwivedi and Arnold 1973). Cysteine may also
participate in thiamine loss through the formation of mixed
disulfides. However, other amino acids and peptides seem to
protect thiamine from degradation, which would likely be the
case in grape must.

Oxygen availability

Some factors may specifically affect yeast thiamine transport
and biosynthesis during fermentation. One of these include
oxygen availability. High oxygen availability is known to be
associated with increased cell viability, metabolism and faster
fermentation rates (Aceituno et al. 2012; Rosenfeld et al.
2003). This increased metabolism and ATP production may
result in increased thiamine transport and biosynthesis. A par-
allelism between the assimilated thiamine concentration and
the rate of oxygen uptake has been reported (Ziro 1955).
Anaerobic conditions, which normally occur as a result of
fermentation under oenological conditions, may impose a
comprehensive metabolic response on yeast, which could af-
fect thiamine metabolism. Low oxygen concentrations have
shown to activate post-transcriptional upregulation of genes
involved in the TCA cycle and mitochondrial translation ma-
chinery for S. cerevisiae. This may alter ATP production and
thiamine metabolism (Rintala et al. 2009). Another study ob-
served that anaerobic conditions causes upregulation of a post-
translational mechanism for thiamine synthesis by the fila-
mentous fungus, Aspergillus nidulans (Shimizu et al., 2016).
For S. cerevisiae, activity of HMP biosynthesis was reported
to depend on oxygen availability (Wightman and Meacock
2003). Gene deletion studies suggest that S. cerevisiae is nev-
ertheless able to synthesize HMP under anaerobic conditions
using an alternative pathway which does not utilize pyridox-
ine and histidine as intermediates. This pathway is yet to be
determined. The pathway for thiazole biosynthesis is evident-
ly unaffected by oxygen concentration (Tanaka et al. 2000). A
study by Hucker et al. (2016) reported no influence of dis-
solved oxygen concentration on thiamine uptake of yeast dur-
ing fermentations in simulated brewing wort, but the pre-
culture of cells on malt extract agar which may contain

thiamine probably affected this result. It is clear that research
regarding the effect of oxygen availability on the regulation of
thiamine uptake and biosynthesis is lacking, especially under
oenological conditions (Nosaka et al., 2005; Hohmann and
Meacock 1998).

Agitation

The effect of agitation on thiamine assimilation under oeno-
logical conditions has also not been directly addressed in lit-
erature. One study did show that thiamine accumulation in
yeasts during fermentation in 250-mL Erlenmeyer flasks with
continuous shaking was more than two-fold greater than in 5-
L fermenters (Stieglitz et al. 1974). Leakage of small concen-
trations of intracellular thiamine from cells containing high
levels of thiamine has been observed after vigorous agitation,
but the addition of glucose terminated this leakage, which
suggests that sufficient generation of ATP is required to main-
tain accumulated thiamine in the cell (Ziro 1955).

Short-chain fatty acids

Under anaerobic conditions, short-chain fatty acids (SCFA)
and medium-chain fatty acids (MCFA) accumulate in the
yeast during fermentation and may become toxic for cells
(Bardi et al. 1999). An increase in SCFA may inhibit the
action of glycolytic enzymes, including Pdh and Pdc, as well
as inhibit phosphate uptake in yeast (Samson et al. 1955; Neal
et al. 1965). In addition, SCFA may inhibit thiamine uptake.
The addition of 20mMof the SCFA caproatemay for instance
trigger a rapid efflux of thiamine from S. cerevisiae cells
(Iwashima et al., 1973). An increase in SCFA causes a reduc-
tion in oxygen consumption rate and subsequently slower gly-
colytic metabolism of yeast, but the substantial suppression of
thiamine uptake cannot not only be ascribed to this, as it was
observed that SCFA inhibited anaerobic thiamine uptake
without a substantial decrease in the concentration of intracel-
lular ATP. It is now clear that SCFA may predominantly af-
fect the cell membrane by preventing the utilization of ATP
for the transport of thiamine, as well as preventing thiamine’s
coupling to the transport protein at higher SCFA concentra-
tions. The level of inhibition of thiamine uptake caused by a
certain concentration of SCFA is dependent on the carbon
chain length of the fatty acids. Shorter carbon chains induce
increased inhibition of thiamine uptake (Iwashima and Nose
1975).

Nitrogen

The effect of available thiamine concentration on the observed
fermentation rate and yeast growth of S. cerevisiae has proven
to be dependent on the concentration of yeast assimilable ni-
trogen (YAN) present in must (Bataillon et al. 1996). The
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effect of thiamine concentration on fermentation rate and yeast
growth was shown to be pronounced at a high nitrogen con-
centration (300 mg/L YAN), whereas only a marginal change
in fermentation rate was effectuated by different thiamine con-
centrations under conditions with a low nitrogen concentra-
tion (60 mg/L YAN). Another study demonstrated that this
nitrogen dependent effect is mitigated when thiamine is pres-
ent in must at saturating levels for yeast growth, which in the
case of this study equaled 0.2 mg/L thiamine (Xing 2007).

Other B complex vitamins

The presence of other B complex vitamins such as pyridoxine
may affect both thiamine metabolism, as well as the impact of
thiamine on yeast growth. Early studies postulate a symbiotic
relationship between thiamine and pyridoxine as it is sug-
gested that these vitamins assist in the biosynthesis of one
another (Leonian and Lilly 1942; Moses and Joslyn 1953).
For instance, pyridoxine is a precursor to HMP, which is uti-
lized for thiamine biosynthesis (Tazuya et al. 1995b; Zeidler
et al. 2003). Another study demonstrated that thiamine bio-
synthesis is terminated in correspondence to a decrease in
pyridoxine biosynthesis (Kamihara and Nakamura 1984). It
has been proposed that either one of the vitamins may serve as
a precursor for the synthesis of the other, as in the last-
mentioned case of HMP synthesis, or that one vitamin may
be able to functionally substitute the other. This was deduced
partly by the ability of S. cerevisiae to form carboxylase when
only one of thiamine or pyridoxine is available in the culture
medium (Moses and Joslyn 1953).

This symbiotic relationship between thiamine and pyridox-
ine would imply that yeast growth may be sustained as long as
one of these vitamins is available in sufficient concentrations.
Subsequent studies investigating the interaction effects be-
tween thiamine and pyridoxine have, however, demonstrated
that this is not always the case. Thiamine addition to a medium
deficient in pyridoxine may result in extended pyridoxine de-
ficiency and inhibition of yeast growth, rather than promotion
of growth. This extended pyridoxine deficiency leads to ter-
minated heme biosynthesis and respiratory deficiency
(Haskell and Snell 1970; Nakamura et al. 1981). The addition
of 0.02 μg/mL pyridoxine caused an almost immediate resto-
ration of respiration activity and increased heme production
which may facilitate normal growth (Nakamura et al. 1980).
The effectivity of thiamine may therefore depend on adequate
pyridoxine levels for yeasts in grape must.

A link between the biosynthesis of thiamine and biosyn-
thesis of another B complex vitamin, niacin, has been report-
ed. As discussed above, the HETmoiety may be produced in a
Thi4-mediated reaction which necessitates NAD+ as a sub-
strate and releases a form of niacin, namely nicotinamide
(Chatterjee et al. 2007). Therefore, Thi4 expression, which is

regulated by intracellular thiamine concentration, may affect
both thiamine and niacin biosynthesis (Li et al. 2010).

Winery treatments

In addition to the factors mentioned above, winery treatments
other than the addition of SO2, such as pressing, settling, skin
contact and racking may all affect the concentration of nutri-
ents in the juice. Approximately 75% of thiamine contents of
grapes are found in the juice, and 25% in the skin and pulp,
therefore vigorous pressing and extended skin contact may
increase must thiamine concentration (Ournac and Flanzy,
1958). Hall et al. (1956) reported that juice extraction from
grapes allow for 83% of the total grape thiamine constituent to
be available in white musts and all of the total grape thiamine
constituent to be available for red musts, most likely due to the
extended skin and seed contact implemented for red musts.
Juice clarification is another commonly employed practice
that is known to cause losses of water-soluble nutrients in
grape must (Houtman and Du Plessis, 1986).

Additionally, it has been shown that thiamine levels in-
crease with the addition of lees, as virtually all thiamine from
the dead yeasts is transferred to the must (Moreno and Peinado
2012). This implies that cells which die during fermentation
may aid other cells by supplying them with thiamine. Such a
phenomenon may be of significance during sequential inocu-
lation of S. cerevisiae to must initially containing a substantial
population of non-Saccharomyces yeast, which may die early
during fermentation, releasing thiamine into the must. The
addition of complex yeast nutrients in cellars may also in-
crease available thiamine concentration as many of these nu-
trients include inactive dry yeasts which contain vitamins
(Pozo-Bayón et al. 2009). In addition, some commercial yeast
nutrients added before inoculation, contain supplemented thi-
amine HCl (Jitjaroen et al. 2009). Managing yeast nutrition to
supply yeast with sufficient available thiamine in must is crit-
ical to ensure successful fermentation, taking into account all
the factors highlighted above and summarized in Fig. 5.

Impact of thiamine on fermentation kinetics and cell
viability

Thiamine deficiency is regarded as a major factor that may
cause impaired growth, cell death and eventually cessation of
fermentations (Alexandre and Charpentier 1998; Bisson 1999;
Ough et al. 1989; Ribéreau-Gayon et al. 2006). Indeed, elim-
ination of thiamine from grape must decreases yeast popula-
tion growth and fermentation rate (Bataillon et al. 1996). On
the other hand, the addition of thiamine in a thiamine-deficient
must has been shown to restore growth and fermentation rate
to the levels observed in the same grape must containing suf-
ficient levels of thiamine (Ough et al. 1989). Bataillon et al.
(1996) reported that the addition of 0.25mg/L thiamine before
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inoculation ensured adequate fermentation kinetics to com-
plete sugar utilization during oenological fermentation.
Moreover, the addition of 0.5 mg/L thiamine to grape must
has been reported to increase viable yeast population by up to
30% (Ribéreau-Gayon et al. 2006). Notably, the addition of
0.1 mg/L thiamine to fermentations, which already contained
0.24 g/L thiamine, has shown not to increase sugar utilization
or cell growth. This is indicative of a saturation threshold for
the effect of thiamine concentration on sugar utilization and
fermentation rate (Hucker et al. 2016). From previous litera-
ture, it is clear that the absence of exogenous thiamine impairs
yeast growth and fermentation kinetics, but it is unclear what
is the optimal concentration of thiamine is to maximize these
parameters under oenological conditions and to which degree
this is strain-dependent and/or subject to environmental con-
ditions. As mentioned in the previous section of this review,
most yeast species, including S. cerevisiae, are able to synthe-
size thiamine de novo in grape must deficient of thiamine, but
this may only facilitate a very slow fermentation rate and
limited cell growth, eventually leading to cessation of

fermentations. A low thiamine concentration of 0.025 mg/L
affects the length of the yeast growth lag phase in a strain-
dependent fashion. This effect is amplified at lower tempera-
tures, most likely as a result of slower metabolism, which may
reduce ATP production necessary for thiamine uptake
(Ferreira et al. 2017).

The beneficial effect of early thiamine supplementation for
yeast during wine fermentations may be attributed to one or a
combination of the following: an increase in metabolic en-
zyme activity as a result of the increased TPP to serve as
cofactors, or increased resistance to thermal, osmotic and ox-
idative stresses as a result of thiamine-dependent protection
against stress (Bunik et al. 2013; Wolak et al. 2014). The
cofactor function of TPP facilitates the activity of enzymes
such as Pdh and Pdc, which are intrinsically involved in glu-
cose utilization via glycolysis and acetaldehyde production
via alcoholic fermentation. Therefore, an increase in these
enzyme activities, mediated by increased TPP cofactors,
may result in increased fermentation rates. Additionally, thia-
mine is involved in the maintenance of intracellular redox

Fig. 5 Schematic summary of
factors influencing thiamine
availability for S. cerevisiae
during winemaking. Created with
BioRender.com
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balance via some TPP-dependent enzymes such as Tkl and
Kdh. These enzymes may increase production of NAPDH and
glutathione through flux into the PPP during the cells oxida-
tive stress response. Yeasts exhibit oxidative stress under oe-
nological conditions when fermentation conditions are mostly
anaerobic. The prevention of this oxidative stress may in-
crease the yeast cell viability (Bunik 2003; Landolfo et al.
2008). In accordance with this oxidative stress response, an
up to eight-fold activation of Tkl enzymes has been observed
under oxidative stress (Kowalska et al. 2012). Increased activ-
ity of enzymes such as Tkl may also aid in increased lipid
production to sustain cell viability in conditions of high etha-
nol during fermentation (Dobrowolski and Mirończuk 2020)
as well as increased RNA and DNA production to sustain cell
growth. Elevated Kdh activity may also facilitate increased
ATP production to sustain a greater fermentation rate and cell
growth. As mentioned previously, thiamine may also play a
more direct role in exerting protection against stress factors,
which may also occur during fermentation. This includes an
antioxidative function of thiamine and its derivatives as a re-
sult of their ability to interact with and reduce free radicals
(Lukienko et al. 2000).

In addition to the positive effects that thiamine availability
exhibits with regard to yeast population growth and fermen-
tation rate, it may also alter the production of certain com-
pounds during fermentation. Increased thiamine concentra-
tions in grape must may reduce the synthesis of carbonyl
compounds during fermentation, of which significant levels
may be produced by yeast. These compounds are known to
bind to free sulphur dioxide (SO2) (Tuite and Oliver 1991).
Indeed, addition of 0.5 mg/L thiamine has shown to facilitate
decarboxylation of ketone acids such as pyruvic acid and α-
ketoglutaric acid, effectively decreasing the accumulation of
ketonic compounds that may bind to SO2 (Lafon-Lafourcade
1983). This ensures increased availability of free SO2 which
can assist in controlling spoilage organisms and oxidation of
grape must (Ribéreau-Gayon et al. 2006).

Thiamine availability may ultimately impact wine’s
sensory properties

As reviewed above, adequate concentration of thiamine in
grape must is critical for maximal activity of TPP-dependent
enzymes, which in turn may enhance the ability of yeasts to
proliferate and complete fermentation at a fast rate. TPP-
dependent enzymes are, however, also involved in the forma-
tion of numerous compounds that may affect wine aroma. The
α-keto acid decarboxylases (Kdc) are important TPP-
dependent enzymes in the Ehrlich pathway, catalysing the
enzymatic breakdown of amino acid–derived α-keto acids to
aldehydes. In turn, these aldehydes can be reduced or oxidized
to fusel alcohols or fusel acids respectively (Hazelwood et al.
2008; Dickinson et al. 2003), as illustrated in Fig. 6. These

fusel alcohols can then react with carboxylic acids, to produce
acetate esters. Similarly, fusel acids can react with acetyl-CoA
to form fatty acid ethyl esters (Bakker and Clarke 2011;
Saerens et al. 2010). These fusel alcohols, fusel acids and their
respective esters are major contributors to wine aroma
(Lambrechts and Pretorius 2000), with both families of esters
imparting the most pleasant aromas. The availability of thia-
mine may impact the activity of these α-keto acid
decarboxylases and subsequently alter the aldehyde concen-
tration produced. If fewer aldehydes are produced there will
be less substrate available for the next reaction in the pathway.

As aldehydes may be oxidized or reduced, the cellular re-
dox state of the yeast may impact the fate of the α-keto acid.
The redox state may be affected by environmental conditions
during wine fermentation and when glucose is abundant and
conditions are for the most part anaerobic, α-keto acids are
reportedly converted primarily to fusel alcohols by
S. cerevisiae (Boer et al. 2007). It has been hypothesised that
the production of fusel alcohols via the reduction step plays a
role in maintaining intracellular redox balance during fermen-
tation in an energy efficient manner by oxidation of NADH to
NAD+ (Van dijken and Scheffers 1986). The redox status of
the cell has shown to be affected by thiamine availability and
the subsequent activity of TPP enzymes (Bunik 2003;
Kowalska et al. 2012). Thiamine availability in grape must
may therefore affect the yeasts’ intracellular redox balance
and the corresponding ratio of fusel alcohols to fusel acids

Fig. 6 Aroma formation via amino acid catabolism (Neubauer and
Fromherz 1911). Thiamine-dependent enzyme; Kdc, keto acid decarbox-
ylase, indicated in red; CoA, coenzyme A. Redox reactions involving the
oxidized and reduced forms of nicotinamide adenine dinucleotide
(NAD+/NADH) are displayed
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produced during fermentation. Indeed, it has been observed
that low thiamine availability reduces the relative ratio of fusel
alcohols to fusel acids during fermentation (Jackson 2008).

At least five genes of S. cerevisiae have revealed to encode
for TPP-dependent decarboxylases that are involved in decar-
boxylation of α-keto acids within the Ehrlich pathway. These
include PDC1, PDC5 and PDC6 which encode for pyruvate
decarboxylase, THI3 which encodes the decarboxylase in-
volved in leucine catabolism and ARO10which encodes other
another broad-spectrum decarboxylase (Brion et al. 2014;
Dickinson et al. 1997; Ter Schure et al. 1998; Vuralhan
et al. 2005). Together, these TPP-dependent enzymes catalyse
the decarboxylation of the α-keto acid intermediates of all
branched chain amino acids, aromatic amino acids and methi-
onine. As stated before, THI3 and PDC2 are known to be
involved in the regulation of thiamine uptake and biosynthesis
in S. cerevisiae, which is dependent on available exogenous
thiamine concentration (Nosaka et al. 2005, 2008). The acti-
vation of these genes is also involved in regulation of the main
pyruvate decarboxylase gene PDC1 (Brion et al. 2014). THI3
and PDC2 may therefore perform a regulatory role in the
Ehrlich pathway, which is subject to thiamine availability.

The α-keto acids that may be produced from the catabo-
lism of branched chain amino acids (leucine, isoleucine and
valine), aromatic amino acids (tyrosine, tryptophan and phe-
nylalanine), threonine and serine may also originate from cen-
tral carbon metabolism. Some of these keto acids originate
from reactions using pyruvate as precursor. Pyruvate may
condense with another pyruvate molecule via a carboligation
reaction mediated by the TTP-dependent enzyme, Als. The
acetaldehyde formed after this Als-mediated ligation, α-
acetolactate, may serve as the intermediate for the production
of α-ketoisovalerate and α-ketoisocaproate and subsequent

synthesis of respective fusel alcohols and fusel acids. α-
Acetolactate may also serve as an intermediate for the forma-
tion of aromatic compounds acetoin, 2,3-butanediol and
diacetyl. The role of thiamine as a coenzyme for Pdh, which
catalyses the conversion of acetaldehyde to acetyl-CoA, also
suggests that thiols can react to form aroma-active thiol esters
(Kageyama andMurata 2005). In addition, acetyl-CoA and its
derivative acyl-CoA may condense with higher alcohols and
ethanol respectively to form acetate esters and ethyl esters
(Saerens et al. 2010; Selvaraju et al. 2016). Other keto acids
from central carbon metabolism, excluding those mentioned
from pyruvate catabolism, originate from the shikimate path-
way. This pathway first requires flux into the pentose phos-
phate pathway, which is also facilitated by a TTP-dependent
enzyme, Tkl. Thiamine availability could therefore affect the
aroma production of yeast during fermentation of carbon
sources such as glucose and fructose. The potential impact
of TPP-dependent enzyme activity on wine aroma is summa-
rized in Table 2. It should nevertheless be noted that the stud-
ies mentioned above have not been performed under
winemaking conditions and further experimental work is re-
quired to confirm the actual impact on wine aroma.

A deficiency in available thiamine is known to cause
inhibited growth and fermentation of yeast, which is not only
undesirable for obtaining fast and complete fermentations but
may also contribute to synthesis of unwanted compounds for
wine aroma. This may result from accumulation of carbonyl
compounds, α-keto acids such as pyruvate and α-
ketoglutarate, as well as acetaldehyde and phosphoenolpyr-
uvate, which may react to form off-flavours. Increasing the
thiamine concentration in must has shown to successfully de-
crease keto acid concentrations via TPP-dependent decarbox-
ylation, preventing synthesis of these off-flavours (Lafon-

Table 2 Thiamine pyrophosphate–dependent enzymes and their potential impact on wine aroma (Bunik et al. 2013; Demir et al. 2007; Hohmann and
Meacock 1998; Kneen et al. 2011; Müller 2014; Valera et al. 2020)

Enzyme Substrate → product Impact on the wine aroma

Pyruvate dehydrogenase (Pdh) Pyruvate → acetyl-CoA Precursor to thioacetates, acetate esters and ethyl esters

Pyruvate decarboxylase (Pdc) Various keto acids → aldehydes Aldehydes and their catabolites from aromatic amino acids,
as well as threonine, serine and methionine

α-Ketoglutarate dehydrogenase (Kdh) α-Ketoglutarate → succinyl-CoA SO2 consumption

Transketolase (Tkl) Fructose-6 phosphate → xylose-5 phosphate Aldehydes and their catabolites derived from aromatic
amino acids, synthesized via the shikimate pathway

Acetolactate synthase (Als) Pyruvate + pyruvate → α-acetolactate Acetoin, 2,3-butanediol, diacetyl, compounds derived
from valine and leucine

Branched chain α-keto
acid dehydrogenase (Bckdh)

α-keto acids of branched chain amino
acids→ aldehydes

Aldehydes and their catabolites from branched chain
amino acids

Phenyl pyruvate decarboxylase Phenylalanine → 2-phenylethanol 2-phenylethanol

Indole pyruvate decarboxylase Indole pyruvate → indole acetaldehyde Indolyl acetic acid

Benzoylformate decarboxylase Phenylperuvic acid → phenylacetaldehyde Mandelic acid

Benzaldehyde-lyase Benzaldehyde + acetaldehyde→ acetoin Acetoin
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Lafourcade 1983; Ribéreau-Gayon et al. 2006). Reduction of
keto acids in must also prevents the reaction and binding of
these compounds to bisulfite, which is present in must after
SO2 addition (Tuite and Oliver 1991). The binding of bisulfite
to keto acids and free acetaldehyde molecules not only makes
it impossible for yeast to assimilate and metabolize these pre-
cursors to aroma-active compounds during the full duration of
fermentation (Ochando et al. 2020) but SO2 may be released
from this bound complex at a later stage during wine ageing,
which may be perceived as a sharp unpleasant odour above a
sensory threshold of 100 mg/L (Blesic et al. 2014).

In addition to accumulation of carbonyl compounds, a lack
of TPPmay affect the formation of hydrogen sulfide (H2S), an
undesirable compound which may impart off-flavours to wine
(Franco-Luesma et al. 2016; Mestres et al. 2000). H2S is or-
dinarily formed during oenological fermentation by the reduc-
tion of exogenous sulfate (Schütz and Kunkee 1977).
Sufficient thiamine concentration has shown to cause signifi-
cantly less H2S to be present in a synthetic grape juice medi-
um. This could be ascribed to the fact that under thiamine-
limited conditions, synthesis of acetyl-CoA is reduced, which
in turn reduces sulphur metabolism via amino acid synthesis,
allowing greater sulphide concentrations to be liberated as
H2S (Thomas and Surdin-Kerjan 1997; Xing 2007).
Additionally, it has been demonstrated that increased H2S
production is correlated with an increased expression of genes
involved in thiamine biosynthesis genes (Bartra et al. 2010).
Therefore, an abundance of exogenous thiamine which inac-
tivates expression of these genes (Nosaka et al. 2005) de-
creases H2S formation.

Conclusions and future outlooks

Nutrient availability is an essential factor that influences the
ability of yeasts to grow. Our understanding of yeast require-
ments for specific nutrients may determine the successful uti-
lization of yeasts for various commercial and industrial appli-
cations. Thiamine is one of the essential nutrients for metabol-
ic processes involved in growth and proliferation of yeast,
including carbon assimilation and the production of DNA,
RNA, several lipids, antioxidants and amino acids.
Additionally, thiamine may also serve an important role in
protection of yeast against external stress factors. From an
oenological point of view, it is well documented that yeasts
such as Saccharomyces cerevisiaemay benefit from increased
thiamine availability, which significantly increases growth
and fermentation rates. This review reiterates that the levels
of thiamine produced by prototrophic wine yeast are not ade-
quate for maximum fermentation benefits. Considering that
yeasts are able to synthesize as well as assimilate exogenous
thiamine, two possible routes for mitigation of this issue exist
in: optimized de novo synthesis, as well as optimized thiamine

assimilation in addition to ensuring sufficient assimilable ex-
ogenous thiamine.

Increased de novo synthesis of thiamine by S. cerevisiae
would reduce expenses involved with thiamine supplementa-
tion; however, seeing as yeasts are adapted to rapidly assimi-
late great amounts of exogenous thiamine early during fer-
mentation, it is often opted only to ensure that exogenous
thiamine concentration is sufficient. Many factors affect the
availability of exogenous thiamine in must including the grape
variety used and subsequent likely depletion of thiamine by
indigenous microorganisms (Bataillon et al. 1996). Several
abiotic physiochemical factors including must composition,
yeast-produced factors and winemaking practices may affect
the molecular stability of thiamine in must or alter thiamine
uptake and utilization thereof by yeasts after inoculation.
Many of the effects of these factors on thiamine availability,
uptake and synthesis are not yet fully understood or thorough-
ly researched. In particular, little is known about the effect of
various viticultural and winemaking practices on thiamine
concentration of grapes, at which levels thiaminases are pres-
ent in grape must, and what impact oxygen availability and
agitation have on thiamine uptake and synthesis.
Multifactorial studies investigating the impact of these factors
and their interactions on thiamine uptake and assimilationmay
aid in a better understanding of yeast thiamine metabolism
under oenological conditions.

One of the limitations for these studies includes the large
number of factors and their interactions which may affect
yeast thiamine metabolism. This is in part due to the complex-
ity of the grape must matrix, which itself poses the limitation
of obtaining accurate measurements of the nutrient content of
must during fermentation. At present, thiamine concentration
may be quantified using several techniques including fluores-
cence, colorimetric, electrochemical and biological methods,
but the development of faster, more accurate and more acces-
sible methods may aid research on yeast nutrition. Accurate
quantification of exogenous as well as intracellular thiamine
concentrations under oenological conditions is paramount for
future research investigating thiamine metabolism during
winemaking and will provide useful information for
optimising thiamine levels in must. At a more fundamental
level, an enhanced understanding of genetic regulation and
biochemistry of thiamine metabolism would aid in attempts
to increase thiamine metabolism of yeast. This review, for
instance, highlights that an alternative pathway involved in
the anaerobic biosynthesis of HMP, a precursor to thiamine,
remains to be determined. In addition, evidence implicating a
role of NAD+ metabolism and redox balance in thiamine gene
regulation adds to our incomplete understanding of thiamine
gene regulation.

This review focuses mainly on thiamine metabolism of
S. cerevisiae, on account of the limited research regarding
thiamine metabolism for other yeast species. It is known that

968 Appl Microbiol Biotechnol (2021) 105:953–973



some yeast species lack key genes required for thiamine bio-
synthesis and some species possess more copies of these
genes than found in S. cerevisiae (Perli et al. 2020). Future
studies may therefore investigate potential differences in thia-
mine metabolism of different yeast species. This may be of
particular interest for industrial applications such as
winemaking, as grape must contains various indigenous yeast,
and co- or sequential inoculation of S. cerevisiae with other
yeast species is a familiar practice. An enhanced understand-
ing of yeast thiamine requirements may allow for superior
management of yeast nutrition to ensure optimal fermentation
results.
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