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A B S T R A C T

The wine yeast Saccharomyces cerevisiae forms an integral part of wine production by converting relatively
‘neutral’ flavoured grape must into varietal aromatic wines. Additionally, non-Saccharomyces strains can be used
with S. cerevisiae for the production of wines with more complexity. Yeast strains, to varying extents, produce
and/or mediate the release of a whole range of key metabolites, which in turn contribute to enhanced aroma and
flavour of the final wine, especially Sauvignon blanc. These metabolites viz. thiols are dependent on yeast-
expressed enzymes during fermentation. Inoculation with an appropriate yeast will, therefore, lead to more
commercial wine sales due to resultant wines with sought-after aroma and flavour. Likewise, inoculation with
the incorrect yeast will have a negative effect on sales. It is also important to have quality control measures in
place to ensure that the inoculated yeast strain quickly dominate, and is present throughout the fermentation
process. Traditionally, the laborious contour clamped homogeneous electric field (CHEF) DNA karyotyping
technique was shown to be reliable in this regard, however cutting-edge matrix-assisted laser desorption/ioni-
sation-time of flight mass spectrometry (MALDI-TOF MS) biotyping is proving to be a faster alternative. As both
methods have advantages and disadvantages, they should be used in complementary as opposed to competi-
tively. Standard chemical and descriptive sensory analyses of wine also serve as evaluation and/or character-
isation tools of yeast starter cultures. Additionally, metabolomic and proteomic profiling using gas chromato-
graphy (GC) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) of final wines was shown to be
instrumental yeast evaluation tools. Therefore, this review highlights the importance and practicality of a more
inclusive approach to evaluate and characterise novel yeast strains used for winemaking by deploying traditional
and modern chemical and organoleptic evaluation techniques of wines in conjunction with cutting-edge omics
approaches towards enhancing white wine varietal aroma.

1. Introduction

The production of varietal wines with enhanced aromatic char-
acteristics from relatively ‘neutral’ flavoured grape must (juice) is re-
latively easily achieved by deploying the wine yeast Saccharomyces
cerevisiae (Swiegers et al., 2009; King et al., 2011; Erten et al., 2006).
Subsequently, final wine aroma and flavour can be attributed to the
yeast starter culture’s metabolism during alcoholic fermentation
(Nedović et al., 2015). Saccharomyces cerevisiae is, therefore, important
for the production of varietal aromatic white wines from grapes of non-
aromatic cultivars such as Sauvignon blanc (Lambrechts and Pretorius,
2000; Cadière et al., 2012). Wine yeasts vary in their ability to develop
the full aroma potential of especially Sauvignon blanc, due to

differences in their ability to release bound volatile aromatic metabo-
lites, an important contributor to the tropical fruit and floral aromas
expected in these wines (Pinu et al., 2012; Van Wyngaard, 2013; Von
Mollendorf, 2013). However, the presence of naturally occurring
S. cerevisiae on wine grapes is negligible compared to other ubiquitous
non-Saccharomyces genera e.g. Cryptococcus spp., Rhodotorula spp.
Sporobolomyces spp., Candida spp., Hanseniaspora spp., Metschnikowia
spp., Pichia spp., Zygosaccharomyces spp., and Torulaspora spp. (Cray
et al., 2013; Jolly et al., 2014). This observation, therefore, highlights
the vigour of S. cerevisiae to be the dominant yeast strain at the end of
spontaneous fermentation and so be responsible for the organoleptic
quality and/or profile of the final wine (Álvarez-Pérez et al., 2014).
Furthermore, the organoleptic profile of wines produced by means of
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spontaneous fermentation varies between fermentations. For this
reason, commercial S. cerevisiae starter cultures are used to ensure
consistent results.

The aforementioned non-Saccharomyces spp. nonetheless are still
being explored for the production of wine with more complexity (Fleet,
2003; Ocón et al., 2010). However, the use of non-Saccharomyces
commercial yeast starter cultures still requires co-fermentation with an
S. cerevisiae strain to complete fermentation, as most non-Saccharomyces
strains are not able to completely ferment grape must due to lower
alcohol tolerance (Wang et al., 2016). As mentioned above, sponta-
neous fermentations then again have shortcomings as resultant wine
chemical and sensory profiles are unpredictable, and in some instances
less preferred than wines produced solely with S. cerevisiae strains
(Navarrete-Bolaños, 2012; Velázquez et al., 2015). Furthermore,
spontaneous fermentations also open the doors for spoilage organisms
(e.g. Brettanomyces) to proliferate, resulting in wines with undesirable
metabolites (e.g. 4-ethylphenol, acetic acid, etc.). Van Breda et al.
(2013) did, however, report that some non-Saccharomyces spp. pro-
duced wine with similar chemical and sensory quality compared to
wines produced with S. cerevisiae strains renowned for producing wine
with good organoleptic properties. Subsequently, non-Saccharomyces
(viz. Torulaspora delbrueckii) yeast starter cultures became commercially
available and proved useful to enhance wine complexity.

The use of a non-Saccharomyces starter culture, namely T. delbrueckii
was shown to be advantageous as it resulted in wines with lower vo-
latile acidity (VA) levels, and thereby enhance final wine organoleptic
quality (Jolly et al., 2014). This yeast was also shown to produce wine
with enhanced varietal aromas as a single inoculum or in conjunction
with S. cerevisiae (Van Breda et al., 2013; Belda et al., 2015; Renault
et al., 2016). Therefore, T. delbrueckii is also a good candidate to be
utilised in a breeding program to develop new yeast strains for the
production of aromatic white wines with lower VA, a yeast criterion
reported by Hart et al. (2016). Likewise, an S. cerevisiae/T. delbrueckii
inter-genus hybrid was also reported to have a positive effect on wine
flavour due to its metabolic activity (Santos et al., 2008). Indications,
therefore, are that T. delbrueckii in conjunction with S. cerevisiae has a
role to play in the production of varietal aromatic white wines with low
VA. As S. cerevisiae intra-genus and T. delbrueckii inter-genus hybrids
bred through classical mating/breeding (Fig. 1) for the commercial
production of aromatic wines were previously identified as an industry
priority, the ARC Infruitec-Nietvoorbij microbiology-group initiated a
new hybrid breeding program that saw the development of S. cerevisiae/
T. delbrueckii inter-genus hybrids.

Yeast strains were also reported to produce a whole range of me-
tabolites during fermentation, referred to as its metabolome, which
includes monosaccharide sugars, organic acids, fatty acids, amino acids,
volatile thiols (imparts tropical fruit aromas and flavour), esters (im-
parts fruity aroma and flavour), and higher alcohols which contribute
to the organoleptic characteristics of the final wine (Varela, 2016).
Wine can, therefore, be seen as the ‘metabolic footprint’ of the yeast
strain that carried out the fermentation (Chambers et al., 2009). Wine
yeast, however can also produce undesirable metabolites (e.g. acetic
acid and/or VA) which impart unpleasant vinegar-like off-flavours
(Vilela-Moura et al., 2010; Luo et al., 2013) which will affect wine
organoleptic negatively.

It is noteworthy that yeast derived and mediated metabolites
(aroma and flavour enhancing compounds) are dependent on enzymes
expressed by yeasts during fermentation (Holt et al., 2011). As a result,
different yeast strains will produce wines with different sensory prop-
erties, since expressed proteins will influence metabolite release re-
sponsible for final wine organoleptic quality (Moreno-García et al.,
2015). Moreover, different yeast strains were also observed to express
proteins differentially even though they were cultivated in the same
growth medium (Abrahams et al., 2017), hence the association between
wine yeast expressed and/or released proteins and metabolites present
at the end of fermentation, and their effect on Sauvignon blanc wine

chemical and sensory profiles will be discussed. Therefore, the objective
of this review is to encourage a paradigm shift by emphasising the
importance and practicality of a more inclusive approach to breed,
characterise and evaluate novel yeast strains by deploying traditional
and modern chemical and organoleptic evaluation techniques of white
wines in conjunction with cutting-edge metabolomic and proteomic
analytical approaches towards enhancing white wine varietal aroma.

2. Wine yeast evaluation and/or characterisation

The use of commercial wine yeast starter cultures, S. cerevisiae, in
particular, has revolutionised earlier methods of winemaking by al-
lowing winemakers to consistently produce wines with comparable
organoleptic properties (Mateo et al., 2001; Meersman et al., 2015;
Pretorius, 2016). The wine yeast S. cerevisiae, whether natural isolates
or hybrids has unsurpassed fermentation ability when compared to
yeasts from other genera due to viz. higher alcohol tolerance. Yeast
starter cultures commercially available undergo a thorough evaluation
that involves fermentation trials, classical and molecular characterisa-
tion prior to commercialisation and/or release (García et al., 2012;
Bonciani et al., 2016). Currently, enologists and/or wine technologists
have a large variety of molecular tools at their disposal for the rapid
characterisation of food-related microbes viz. wine yeast strains (Ivey
and Phister, 2011).

Wine organoleptic quality varies based on the yeast starter culture
used to conduct the fermentation as reported (Usbeck et al., 2014).
Furthermore, some wine microorganisms are implicated in spoilage of
final wine, resulting in financial loss (Loureiro and Malfeito-Ferreira,
2003; Bartowsky, 2009). Differentiation of yeast strains during wine-
making, therefore, is of utmost importance as final wine organoleptic
quality is dependent on the yeast starter culture (Sharma et al., 2012).
Inoculation with the incorrect starter culture can result in wine with
undesirable chemical parameters and sensory flavours, which in turn
will have undesirable financial implications. Similarly, inoculation with
a starter culture resulting in wines with sought-after aroma and flavour
is always lucrative, since millions of litres of wines are annually pro-
duced and sold on a commercial scale in South Africa (SAWIS, 2015).
South Africa produced a staggering 10.5. and 10.8 million hectolitres of
wine during the 2016 and 2017 vintages, respectively (International
Organisation of Vine and Wine (OIV), 2018). International wine pro-
duction during the 2017 vintage was estimated to be 250 million hec-
tolitres, with South Africa being the eight highest contributor behind
Italy, France, Spain, United States of America, Australia, Argentina, and
China. Some of these wines are also exported. It is also noteworthy, that
yeast manufacturers benefit from increased commercial sales of yeast
starter cultures, especially those exhibiting characteristics to produce
sought-after varietal aromatic wines (M. Fundira, Personal commu-
nication, 2015). Therefore, a reliable and fast differentiation method is
a useful tool to ensure the correct identification of microorganisms
during the production of varietal wines (Chovanová et al., 2011; Panda
et al., 2015).

Moreover, chemical and sensory analyses of final ferments (wine)
are routinely conducted and fundamentally serve as a means of evalu-
ating and characterising experimental yeast strains used for wine pro-
duction (Ezeama and Ebia, 2015; Hart et al., 2016). Coupled to this are
metabolomic and proteomic characterisation, as yeast-expressed pro-
teins during fermentation are responsible for the release and mediation
of sought-after and undesirable metabolites, which in turn have an ef-
fect on wine organoleptic quality as, previously reported (Moreno-
García et al., 2015). Previously mentioned yeast evaluation and/or
characterisation tools will further be discussed.
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2.1. Molecular characterisation

2.1.1. Contour-clamped homogeneous electric field (CHEF) DNA
karyotyping

Pulsed-field gel electrophoresis (PFGE), a popular molecular-based
tool to characterise wine yeast has been used for decades for the eva-
luation of experimental yeast strains (Van der Westhuizen and
Pretorius, 1992). Contour-clamped homogeneous electric field (CHEF)
DNA karyotyping, a variation of PFGE is a reliable technique to dis-
tinguish between yeast strains based on chromosomal DNA karyotypes
(Hoff, 2012). The CHEF system comprises electrodes that are hex-
agonally arranged (Carle and Olson, 1985; Parizad et al., 2016). Sub-
sequently, DNA stationed in an agarose gel is separated by sequentially
alternating the electric field between electrodes based on pre-pro-
grammed pulse times (Fig. 2). Subsequently, smaller and larger DNA is
efficiently separated as the latter requires more time to re-orientate and
migrate every time the electric field is alternated, whilst the reverse
applies to the former.

Other gel electrophoresis-based yeast differentiation tools that in-
volves alteration of the electric field during separation of DNA include
orthogonal field alternation gel electrophoresis (OFAGE), field inver-
sion gel electrophoresis (FIGE), and transverse alternating field elec-
trophoresis (TAFE), programmable autonomously controlled gel elec-
trophoresis (PACE), pulsed homogeneous orthogonal field gel
electrophoresis (PHOFE) and rotating gel electrophoresis (REG) (De
Jonge et al., 1986). However, CHEF DNA karyotyping was successfully
deployed to differentiate closely related yeasts to ensure that the cor-
rect yeast strain is used to inoculate and complete the fermentation
(Hage and Houseley, 2013). Subsequently, a positive association be-
tween final wine organoleptic quality and yeast starter culture/s could
be established. It is noteworthy that CHEF DNA karyotyping is a lengthy
process, which requires up to 8 days to yield the identity of a pure
culture (Van Breda et al., 2013).

2.1.2. Polymerase chain reaction (PCR) based characterisation
Polymerase chain reaction (PCR) amplification of targeted genes is a

faster molecular characterisation tool compared to CHEF DNA kar-
yotyping (Hoff, 2012; Colabella and Libkind, 2016). However, PCR of
e.g. internal transcribed spacers (ITS) was repeatedly shown to have a
limitation in differentiating closely related strains as rDNA amplicons
every so often have similar sizes that can’t be resolved by gel electro-
phoresis (Hierro et al., 2004). A relatively old technique i.e. restriction
fragment length polymorphism (RFLP) of PCR amplification products is
a fast method to determine yeast population dynamics during wine
fermentation (Chial, 2008). Nevertheless, this approach cannot differ-
entiate between closely related strains, especially in the absence of
sequence data. Even though cloning can be used to bypass this limita-
tion, it is not recommended due to the fact that it can be a lengthy
process, as genotypes or species mixtures with two or more restriction
patterns within the same profile first need to be purified and cloned into
an appropriate plasmid vector prior to isolation and sequencing of
plasmid DNA. Sequencing of PCR amplicons can be done relatively fast,
however, this exercise can be time-consuming due to sequencing fa-
cilities running thousands of samples a day (Vaudano and Garcia-
Moruno, 2008).

Variations of the PCR technique i.e., random amplified polymorphic
DNA (RAPDs), amplified fragment length polymorphism (AFLPs) and
simple sequence repeats (SSRs) are frequently used to study population
dynamics (Chial, 2008). A major advantage of RAPDs is that it does not
require knowledge of the target genome sequence. However, the low-
specificity PCR conditions used for RAPDs does not yield reproducible
results. The AFLP approach contrariwise yields reproducible results,
due to the stringent PCR annealing temperatures. A major drawback of
AFLP is that it requires high molecular weight purified DNA. The use of
SSRs is more advantageous in terms differentiating different yeast
strains, however, this approach requires familiarity with the target
genome sequence in order to design the primers for PCR (Bhattramakki
et al., 2000). Overall, the accuracy of differentiating between strains
using PCR-based approaches is dependent on the primer pair used
(Hansen et al., 1998; Klindworth et al., 2013; Hulin and Wheals, 2014).
Primers were also reported to be biased towards genomic DNA with
matching sequences, especially with higher primer annealing

Fig. 1. Schematic depiction of inter-genus (inter-genus) hybrid yeast breeding between Saccharomyces cerevisiae and Torulospora delbrueckii by deploying the pro-
toplast fusion technique (Hart, 2018, PhD dissertation).
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temperatures which increases binding specificity (Sipos et al., 2007;
Naqib et al., 2019). Moreover, PCR at times cannot show sufficient
polymorphism to enable differentiation of closely related S. cerevisiae
strains. It is noteworthy that, CHEF DNA karyotyping does not have
these limitations, and the time required from PCR primer design, DNA
purification, PCR amplification, cloning, and sequencing will be similar
if not more to that required for CHEF DNA karyotyping.

2.1.3. Whole genome sequencing of wine yeast
Whole Genome Sequencing is routinely used to conduct in-depth

comparisons between genetically related yeast species (Chen et al.,
2016). It was also applied to successfully sequence whole genomes of
numerous Saccharomyces sensu stricto species viz. S. cerevisiae and
S. bayanus var. uvarum (Borneman and Pretorius, 2015; Naseeb et al.,
2018). It is noteworthy that, whole-genome sequencing studies on in-
dustrial strains used haploid representations of diploids, due to genomic
complexity in terms of genotypic heterogeneity between strains and
heterozygosity within strains. It can, therefore, be tentatively said that
whole genome sequencing is not an everyday approach to rapidly
identify wine yeast starter cultures during fermentation. As CHEF DNA
karyotypes are not affected by small genetic insertions and deletions, it
still remains a reliable technique to distinguish between yeast strains
(Van der Westhuizen and Pretorius, 1992; Van Breda et al., 2013; Hart
et al., 2016). Nonetheless, genome sequencing provides a comprehen-
sive understanding of the genomic make-up of industrial yeast strains
that is useful to study population dynamics.

2.1.4. Genotyping by sequencing (GBS)
A simpler alternative to Whole Genome Sequencing i.e. genotyping

by sequencing (GBS) shares the same advantage as RAPDs, due to the
fact that it does not require knowledge of the target genome sequence
(Elshire et al., 2011). However, as with Whole Genome Sequencing GBS
more useful to study population dynamics, as opposed to rapid identi-
fication of wine yeast starter cultures (Drozdova et al., 2016). This

approach can be time-consuming due to local sequencing facilities
running numerous of samples a day as mentioned above and, therefore,
not as advantageous as e.g. CHEF DNA karyotyping and MALDI Bio-
typing for relatively fast identification of yeast starter cultures.

2.1.5. Multi-locus sequence typing (MLST)
Another PCR-based technique i.e. multilocus sequence typing

(MLST) analysis was previously reported to differentiate between wine
yeast strains (Muñoz et al., 2009). As MLST also involves RFLP of PCR
amplicons of selected genes, it can be used as a fast method to de-
termine yeast population dynamics (Ivey and Phister, 2011). However,
MLST is less discriminatory than SSRs mentioned above, as target genes
used for wine yeast typing and resultant genotypes for the same strain
will vary (Jubany et al., 2008). Therefore, the use of MLST to differ-
entiate between closely related yeast strains, especially hybrids bred
from mutual parental strains is not recommended. Nonetheless, MLST is
a reliable tool to construct phylogenetic trees of wine yeasts.

2.2. Classical characterisation

2.2.1. Morphological characterisation
Morphological characterisation of new yeasts isolate involves viz.

sub-culturing on appropriate growth media to obtain a pure culture,
followed culturing on different growth media to investigate macro-
scopic and microscopic characterisation, etc. This approach is still
practical and was also shown to be a relatively cheaper alternative
compared to molecular characterisation e.g. CHEF DNA karyotyping
(Van Breda et al., 2013). However, morphological characterisation has
limitations, as it can be laborious. Moreover, some of these techniques
are also susceptible to misidentification, and can only differentiate
between genera (Ciardo et al., 2006).

2.2.2. Biochemical characterisation
A commonly used biochemical characterisation approach, namely

Fig. 2. Schematic depiction of principle behind pulsed-field
gel electrophoresis (PFGE)/contour clamped homogeneous
electric field (CHEF) used to separate large chromosomal DNA
bands by alternating the direction of the electric field at an
angle of 120° which is regulated by programmed pulse times
(Hart, 2018, PhD dissertation).
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ID 32 C AUX system (BioMérieux, South Africa) in conjunction with
apiweb™ identification software was previously shown to differentiate
yeasts on a genus level (Van Breda et al., 2013). However, the ID 32 C
approach is known for misidentification of some yeast strains used for
wine production, hence it is advised that the technique be used in
conjunction with other complementary yeast differentiation tools.

2.3. Unconventional characterisation

2.3.1. Classical capillary gas chromatography (GC)
Cellular fatty acids analyses (CFAA) by means of coupled capillary

gas chromatography-mass spectrometry (GC-MS) proved to be a reli-
able tool to differentiate between closely related yeast strains
(Augustyn and Kock, 1989). However, the physiological conditions are
to be completely rigid for successful differentiation. As a result, the
cellular fatty acid profile of any given yeast will vary, which essentially
means that a single strain will have different profiles in different fer-
mentation matrixes. Therefore, CHEF DNA karyotyping still remains a
practical and reliable characterisation method as this level of rigidity is
not required.

2.3.2. Protein fingerprinting
Protein fingerprinting based on yeast cellular proteins following

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), is a relatively fast method to differentiate yeast isolates to a
genus level (Dowhanick et al., 1990). As the protein fingerprint of a
specific isolate was reported to correlate with gene expression of that
particular isolate, it can be envisioned that the establishment of a da-
tabase of commercially available yeast strains similar to a DNA fin-
gerprinting database will be useful to rapidly classify an unknown
isolate to genus-level or even study population dynamics during a fer-
mentation. Mitterdorfer et al. (2002) reported that various Sacchar-
omyces isolates had identical protein fingerprints following SDS-PAGE,
however native polyacrylamide gel electrophoresis was successfully
used to group isolates. This approach can, therefore, be advantageous
compared to molecular methods, as results can be obtained within a
shorter period. However, as matrices affect yeast protein expression,
protein fingerprints for the same strain might show variations, resulting
in poor reproducibility. Nonetheless, two-dimensional polyacrylamide
gel electrophoresis (2D-PAGE) was reported to differentiate S. cerevi-
siae strains (Mitterdorfer et al., 2002).

2.3.3. Matrix-assisted laser desorption/ionisation-time of flight mass
spectrometry (MALDI-TOF/TOF MS) biotyping

Matrix-assisted laser desorption/ionisation-time of flight mass
spectrometry biotyping is a relatively new technique for wine yeast
characterisation, and was shown to be a relatively fast, accurate and
dependable method to differentiate between closely related micro-
organisms (Moothoo-Padayachie et al., 2013; Deak et al., 2015; Hart
et al., 2016). Biotyping involves the extraction of ribosomal protein and
subsequent generation of peptide mass spectral fingerprints using
tandem mass spectrometry (Fig. 3). Peptide spectra are automatically
processed with the software package MALDI Biotyper Real-Time Clas-
sification (Bruker Daltonics, Bremen, Germany). The software performs
smoothing and baseline correction using Savitsky-Golay, Multipolygon
algorithms. Identification of unknown microorganisms is achieved by
comparing their mass spectra to a database containing more than 4100
reference microorganisms (Rizzato et al., 2016). Moreover, Gekenidis
et al. (2014) and Emami et al. (2015) reported that ribosomal protein
mass spectra are not influenced by the microbial growth medium and
growth phase. This is advantageous, since anecdotal evidence showed
that cultivation of a single yeast strain on complete, e.g. yeast extract,
peptone, and dextrose (YPD), and selective, e.g. yeast extract, malt
extract, dextrose, and peptic digests of animal tissue (YM) media re-
sulted in differential protein expression (C. Abrahams, Personal com-
munication, 2016). Therefore, a single yeast strain isolated from

different matrices, e.g. wine, beer or synthetic medium, etc., will be
accurately identified. Moreover, yeasts are known to display different
phenotypes when subjected to different physiological conditions, a
difficulty that is easily circumvented by deploying MALDI-TOF MS
biotyping (Gekenidis et al., 2014). Another advantage is that the da-
tabase includes both the anamorphic and teleomorphic species name
(Turvey et al., 2016; Du Plessis et al., 2017). Despite the faster yeast
identification obtainable with MALDI-TOF MS biotyping, this method
still remains relatively expensive, especially if the unknown isolate is
not in the database (Croxatto et al., 2012; Panda et al., 2015). Singhal
et al. (2015) also highlighted that identification of the unknown isolate
is highly unlikely if the database does not contain a peptide mass
spectral fingerprint of the relevant strain. Nevertheless, MALDI-TOF-MS
biotyping provides fast and reliable differentiation of microorganisms,
more so in circumstances where molecular differentiation of different
isolates is impractical due to identical internal transcribed spacer (ITS)
regions (Korabecná et al., 2003; Emami et al., 2015).

2.4. Characterisation based on fermentation kinetics

2.4.1. Fermentation potential
Evaluating the fermentation potential of promising experimental

yeast strains is critical before commencing commercial trials and sub-
sequent commercialisation of the yeast (Gonzalez et al., 2007; Pérez-
Torrado et al., 2015). However, determining the fermentation potential
of yeast strains through a series of lab- (≤ 1 L), small- (≤ 20 L), pilot-
(≤ 100 L) and semi-commercial (≥ 1000 L) scale vinification (wine-
making) trials has drawbacks, and can easily take up to 10 years to
identify an experimental yeast strain worthy for commercialisation
purposes (Hart and Jolly, 2008). The process starts with the identifi-
cation of a new criterion for yeast development by industry, whereafter
trials are initiated using a large number of experimental and commer-
cial reference yeast strains (Hart and Jolly, 2008; Heymann et al., 2013;
Hart et al., 2016). Promising experimental yeast strains will be re-
evaluated during subsequent trials and/or vintages to establish that
results obtained are repeatable. Subsequently, trails will be scaled-up to
e.g. semi-commercial scale in conjunction with a commercial cellar/s
once observations during re-evaluations are promising. This approach
in all probability ensures the development and/or identification of the
most promising yeast strains with the ability to produce good quality
wines irrespective of vintages, since different vintages are known to
result in wines with different organoleptic profiles (Von Mollendorf,
2013; Canonico et al., 2015; Padilla et al., 2016). Establishment of the
fermentation potential of a yeast strain involves various criteria (e.g.
determination of fermentation rate, measurement of wine chemical and
sensory parameters, metabolite levels) which will be briefly discussed.

2.5. Fermentation rate

A classical method to investigate the fermentation rate following
inoculation with an experimental yeast strain involves the labour-in-
tensive weighing of the fermentation vessels to monitor CO2-weight loss
(Fairbairn, 2012; Parcunev et al., 2012). However, technological ad-
vances allow for monitoring of fermentation rate and wine parameters
by deploying state of the art bioreactors (fermenters) in conjunction
with computer software (Sonego et al., 2016). This approach is ad-
vantageous since data are rapidly generated and physical weighing
circumvented. However, installation and operation of bioreactors are
expensive, making this approach expensive especially in developing
countries where budget constraints apply (Hashimura et al., 2012;
University world news [UWN], 2013). Therefore, traditional mon-
itoring of CO2-weight loss still remains a viable and/or cheaper option.
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2.6. Characterisation based on wine organoleptic quality

2.6.1. Chemical analyses
Monitoring of chemical parameters (e.g. sugar utilisation, alcohol

production, progression of pH, free amino nitrogen (FAN), yeast as-
similable nitrogen (YAN), total sulphur (SO2) etc.) of ferments con-
stitutes chemical characterisation of the wine yeast strain used to
conduct the alcoholic fermentation (Heymann et al., 2013; Cramer
et al., 2014). Traditionally, analyses of fermenting grape must and/or
wine chemical parameters (e.g. residual sugar) involved wet chemistry
(e.g. Rebelein titrations) (Jolly et al., 2008; Hoon, 2015). Wet chemistry
techniques are advantageous because it does not require expensive
state-of-the-art equipment (e.g. density meter, alcoholyzer, OenoFossTM

Fourier transform infrared spectrophotometer (King and Heymann,
2014; Friedel et al., 2016). However, the key disadvantages of de-
ploying wet-chemistry techniques are that they have variances as the
perception of critical colour changes during titrations, for instance,
differs between technicians. This will result in inconsistencies for a
specific parameter measured. Nonetheless, insufficient calibrations and
servicing of the aforementioned modern equipment can produce in-
accurate results. Therefore, one or the other analytical chemistry
technique has advantages and disadvantages, hence respective techni-
ques should be used in a complementary manner.

2.6.2. Sensory analyses
Sensory evaluation of fermented must (wine) by a panel of trained

judges also constitutes sensory characterisation of the wine yeast strain
used to conduct the alcoholic fermentation (Molina et al., 2009; Campo
et al., 2010). Arroyo et al. (2009), and Bhattacharyya and
Bandhopadhyay (2010) reported that the human olfactory system has a
wider range for detecting aroma and flavour compounds compared to
sophisticated analytical gas chromatographic equipment. Perception of
wine aroma and flavour involves smelling and tasting of wines, which
enables multiple nerve fibres (filaments) within the olfactory system
referred to as the olfactory bulb (receptor) cells that detect aroma
compounds (e.g. esters, thiols). Thereafter, in conjunction with various

regions within the brain an association is made with preconceived ar-
omas and/or flavours (e.g. banana, passionfruit) as schematically de-
picted (Fig. 4) (Swiegers et al., 2005; Shepherd, 2006; Tham et al.,
2009; Bushdid et al., 2014). Various approaches are deployed to con-
duct experimental wine sensory analyses e.g. descriptive sensory ana-
lyses using an intensity scale, unipolar numerical scale, multi-wine
preference sorting. Descriptive sensory evaluation involves visual
(colour), aroma (nose) and flavour (taste) characterisation of wine
based on the perceived intensity of aroma and flavour descriptors (e.g.
fruitiness, herbaceous, berry, vegetative, citrus, acidity, mouthfeel).
Sensory evaluation using a unipolar numerical scale is conducted in a
similar manner, whilst multi-wine preference sorting, on the other
hand, is a discriminative analysis which involves sorting of wines in two
groups based on liking and disliking. This is a useful approach to ra-
pidly determine whether treatments (e.g. yeast inoculum) differ or are
similar (Weightman et al., 2016). Favoured wines can subsequently be
subjected to descriptive sensory evaluation in order to generate data
that can be statistically analysed.

2.7. Omics-based characterisation

2.7.1. Metabolomic analyses
Wine contains various metabolites (e.g. monosaccharide sugars,

organic acids, fatty acids, amino acids, volatile thiols, esters, higher
alcohols), some of which are yeast-derived referred to as the yeast’s
exo-metabolome (Hart et al., 2016; Varela, 2016). A bottled wine with a
desirable organoleptic profile can mostly be attributed to the yeast
starter culture produced and/or mediated metabolites that contribute to
viz. tree and tropical fruit aroma of white wines, especially Sauvignon
blanc wines (Rollero et al., 2016; Hart et al., 2017a). Yeast produced
and/or mediated metabolites can either be sought-after (contributes to
tropical fruit, floral, vegetative fresh aromas and flavour) or undesir-
able (contributes to vinegar-like, bruised-apple, rotten egg off-flavours).
Sensorial detectable levels of undesirable metabolites are known to
lower wine chemical and sensory quality and, therefore, consumer
preference. Consequently, financial loss will be incurred by wine

Fig. 3. Schematic depiction of steps involved during matrix-assisted laser desorption/ionisation-time of flight mass spectrometry (MALDI-TOF/TOF MS) biotyping
(Hart, 2018, PhD dissertation).
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producers, firstly due to lower wine sales and secondly by deploying
expensive reverse osmosis to remove excessive VA from wine (Vilela
et al., 2013). Worst case scenario would be to discard the entire affected
tank, which will also result in financial loss due to production costs
involved during viticultural procedures in the vineyard and wine-
making processes in the cellar up to the point where excessive VA was
detected. Furthermore, commercial yeast manufacturers will also incur
financial losses if and when a commercial yeast strain is implicated in
excessive VA formation. Preventative measures involve the use of wine
yeast strains that are known to be low VA producers. Said strains will
also inhibit the growth of acetic acid bacteria (AAB) that have the
ability to produce acetic from glucose and ethanol. It is, therefore, of

paramount importance to utilise appropriate analytical tools for meta-
bolite identification in order to characterise yeast starter cultures (Sirén
et al., 2019).

Various gas chromatographic (GC) based techniques (e.g. gas chro-
matography coupled to a flame ionisation detector [GC-FID], gas
chromatography-mass spectrometry [GC-MS], solid-phase extraction
[SPE] coupled with GC-MS/MS analysis, and ultra-pressure liquid
chromatography-tandem mass spectrometry [UPLC-MS/MS]) are rou-
tinely deployed to measure those metabolite levels in final wines fol-
lowing fermentation (Schueuermann et al., 2016). This process, in es-
sence, constitutes metabolomic characterisation of the yeast starter
culture used to produce the wine (Sirén et al., 2019).

Fig. 4. Schematic depiction of the human olfactory system and the process of olfaction that allows for the perception of wine aroma and flavour. The olfactory bulb
(receptor) consisting of multiple fibers transfer regular ortho-nasal (blue arrow) and retro-nasal (orange arrow) smell to the brain for interpretation and/or iden-
tification (Hart, 2018, PhD dissertation). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Aggio et al. (2014) and Savolainen et al. (2016) reported that GC-
MS based methods are advantageous since it allows for the simulta-
neous identification and quantification of various volatile thiols in
Sauvignon blanc wines. Gas chromatography coupled with mass spec-
trometry also complements descriptive analyses, since correlations be-
tween detection thresholds and sensory perception thresholds can ea-
sily be established (Schmidtke et al., 2013). Canuti et al. (2009) also
reported that capillary GC-MS in conjunction with solid-phase micro-
extraction (SPME) allows for fast and reliable characterisation of me-
tabolites in wines. Another advantage of GC-MS based metabolite
analyses is that it can distinguish between wines produced from dif-
ferent cultivars (e.g. Chardonnay, Sauvignon blanc, Chenin blanc) as
well as wine produced from the same cultivar grown in different ter-
roirs (Sagratini et al., 2012).

2.7.2. Proteomic evaluation
Wine yeast expressed proteins are instrumental in the production of

varietal aromatic wines, as yeast derived and/or mediated aroma
compounds (metabolites) are reliant on said proteins which play a key
role in metabolic pathways of yeast cells (Moreno-García et al., 2015;
Hart et al., 2017a, 2017b). It was also reported that yeast strains dif-
ferentially express proteins even though a standard medium or grape
juice was used for fermentation (Mostert, 2013). Additionally, proteins
that are always associated with a certain physiological condition (e.g.
high aroma compounds), can be used as biomarkers for said condition
(Parker and Borchers, 2014). The advantage of using a protein bio-
marker above a gene biomarker is that an organism’s genome is rela-
tively constant, irrespective of the physiological condition, whilst pro-
tein expression varies based on physiological condition (Gómez-Pastor
et al., 2010). Transcriptomics is also a viable characterisation tool,
however, mRNA which is directly transcribed from an expressed gene is
less stable compared to proteins and are degraded more rapidly than
proteins (Parker, 2014). Furthermore, mRNA was shown to be trans-
lated into more than one protein, each with a different function fol-
lowing post-translational modification (Gibson et al., 2017). It is,
therefore, evident that proteomic analyses of wine yeast can be used as
a practical characterisation tool to differentiate fermenting yeast strains
(Hansen et al., 2006; Salvado et al., 2008; Mostert, 2013).

Proteomic characterisation involves qualitative and quantitative
analyses of protein extracts (Gillet et al., 2012). Protein quality, on the
other hand, can be determined using basic gel-based approaches in
conjunction with innovative liquid chromatography-tandem mass
spectrometry (LC-MS/MS) techniques (Milac et al., 2012; Nowakowski
et al., 2014). The most basic gel-based proteomic analyses involve one-
dimensional (1D) SDS-PAGE, whereby extracted proteins are resolved
based on their molecular weight (MW) (Kolkman et al., 2006). How-
ever, the disadvantage of 1D-PAGE is that proteins with a similar mo-
lecular weight cannot be separated and are visualised as one protein
band. This predicament is easily circumvented by means of two-di-
mensional (2D) PAGE, whereby proteins are separated in two steps
based on two independent properties (Ndimba et al., 2010). The first
step entails the separation of proteins according to their isoelectric
points (pH where the protein has a neutral net charge) followed by the
second step which is a basic SDS-PAGE. Individual proteins normally
manifest as different spots on polyacrylamide gels following a staining
technique using e.g. Coomassie blue, Silver staining (Westermeier,
2006). It is improbable that two or more expressed proteins from the
same organism will have identical molecular weight and isoelectric
points (Shevchenko et al., 1996a, 1996b). Differentially expressed
proteins are then excised and characterised by means of peptide mass
fingerprinting (PMF) using MALDI-TOF/MS (Sutton et al., 1995;
Shevchenko et al., 1996a, 1996b; Gevaert et al., 1997; Jimenez et al.,
2001; Zhou et al., 2012). The major drawback of gel-based proteomics
is that protein identification is limited to a specific molecular weight-
and pH-range. Nonetheless, 2D-PAGE is a useful tool to identify and
characterise single proteins associated with certain wine chemical

(lower VA) and sensory profiles (enhanced tropical fruit aroma), and
these proteins can serve as biomarkers for experimental yeast starter
cultures during winemaking trials.

Protein quantitation can be conducted by subjecting protein lysate
to a rapid and simple spectrophotometric analyses (e.g. Bradford
Coomassie G-250 assay) (Ngara et al., 2012). A major drawback of
protein quantitation using a spectroscopic based assay is that complex
protein lysates might have different adsorption properties compared to
bovine serum albumin (BSA) protein used to construct the standard
curve. As a result, various proteins will bind differently to the Coo-
massie G-250 compared to BSA, therefore giving incorrect measure-
ments when extrapolated on a BSA-based standard curve (Zaia et al.,
2005).

Cutting-edge liquid chromatography-mass spectrometry (LC-MS)
based isobaric peptide tags for relative and absolute quantification
(iTRAQ), where unknown protein peptides are tagged with reporter
molecules that allows for quantification is a practical alternative (Kim
et al., 2012; Nie et al., 2013). A key advantage of iTRAQ is that complex
protein samples originating from different yeast strains, can be analysed
simultaneously (Latosinska et al., 2015). Therefore, protein expression
of an experimental yeast strain can simultaneously be compared to
various commercial yeast strains, respectively. Furthermore, unlike gel-
based proteomics, iTRAQ protein identification is not limited to a given
molecular weight (MW)- and pH-range, thereby allowing for quantifi-
cation and identification of vast numbers of proteins during a single
analysis. This approach does, however require expensive state-of-the-
art equipment (e.g. Linear trap quadrupole [LTQ] Orbitrap Velos MS)
that is not always readily available, especially in developing countries.
Label-free MS, contrariwise to iTRAQ-labelling is also a practical al-
ternative for identifying complex protein samples originating from
different sources simultaneously, but also requires above-mentioned
LTQ Orbitrap Velos MS (Li et al., 2012; Latosinska et al., 2015). Label-
free approaches though are significantly cheaper, since the use of ex-
pensive iTRAQ labels is not required (M. Vlok, Personal communica-
tion, 2016). Quantitative and qualitative proteomic analysis procedures
discussed are graphically illustrated (Fig. 5).

2.8. Conclusions and future remarks

The wine industry is an important contributor to the South African
economy as wine forms an integral part of exports from the agricultural
sector. Furthermore, anecdotal evidence suggests that many of the
yeasts commercially available are inadequate to fulfil to the changing
requirements of not only South African winemakers, but international
winemakers as well. Therefore, South African oenologists are con-
tinually striving to increase wine quality in an ever increasing compe-
titive market, especially in light of varietal aromatic new world wines,
lower in VA becoming increasingly popular. However, yeasts strains
with sought-after characteristics can be generated by deploying genetic
modification (GM). However, the use of genetically modified organisms
(GMO) for wine production is illegal to date (Hart, 2018). Furthermore,
the Cape Winemakers Guild (CWG) and South African Wine Industry
Council (SAWIC) is also largely against the use of GMO in wine pro-
duction (CWG, 2015), as both emphasised the dependence of the SA
wine industry on the highly sensitive European market which are lar-
gely against GM food products. Nonetheless, improvements in yeast
starter cultures used for the wine production is of utmost importance, as
it is directly linked to wines with improved organoleptic quality. Failure
to improve yeast strains as industry criteria are changing will result in
financial loss due to lower wine and yeast sales. In future, climate
change with its impact on viticulture and possibly grape physiology will
create new fermentation challenges for the winemaker. As a result,
continuous yeast breeding by means of classical mating, as well as
characterisation of novel hybrids by deploying traditional and modern
chemical and organoleptic evaluation techniques of white wines in
conjunction with cutting-edge metabolomic and proteomic analytical
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Fig. 5. Schematic depiction of qualitative and quantitative proteomic analysis tools. A) Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), followed by
peptide mass fingerprinting (PMF) using matrix-assisted laser desorption ionization-time of flight coupled mass spectrometry (MALDI-TOF/MS) to identify differ-
entially expressed proteins; and B) quantification and identification of proteins using liquid chromatography-mass spectrometry (LC-MS) based isobaric peptide tags
for relative and absolute quantification (iTRAQ) (Hart, 2018, PhD dissertation).

R.S. Hart, et al. Journal of Microbiological Methods 165 (2019) 105699

9



approaches towards enhancing white wine varietal aroma is important
and relevant in order for the SA industry to remain globally competi-
tive.
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