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É Saccharomyces cerevisiae a única levedura capaz de produzir vinho? Exploração de 

Torulaspora delbrueckii na vinificação 

Resumo 

O vinho é uma bebida única e complexa resultante da combinação de diversos fatores, com as leveduras 

a terem um papel fundamental no seu desenvolvimento. As leveduras não Saccharomyces foram 

consideradas, durante muitos anos, uma fonte de contaminação durante a produção e conservação de 

vinhos tendo sido rotuladas como microrganismos de deterioração. No entanto, mais recentemente, o 

uso destes microrganismos não convencionais em fermentações vínicas tem sido amplamente 

investigado e discutido, devido ao seu impacto na complexidade do perfil organoléptico do produto final 

levando ao aparecimento de vinhos com características inovadoras neste mercado. Dentro deste grupo, 

Torulaspora delbrueckii tem vindo a ganhar destaque no setor enológico devido à sua contribuição de 

baixa acidez volátil, libertação de compostos de caráter doce, intensidade de cor e perceção sensorial 

dos vinhos. Neste trabalho, um conjunto de estirpes de T. delbrueckii com diferentes origens geográficas 

e tecnológicas foi utilizado para avaliar o comportamento fenotípico desta espécie através de um leque 

de testes com relevância biotecnológica do ponto de vista enológico. De seguida, avaliamos o caráter 

fermentativo dos isolados com maior heterogeneidade fenotípica, através de fermentações individuais 

em meio sintético para simular o mosto da uva. Além disso, o perfil metabólico das estirpes foi analisado 

por cromatografia líquida de alta eficiência no que diz respeito à glucose, etanol, acidez volátil, glicerol e 

ácidos orgânicos. As análises evidenciaram temperaturas acima de 37 ºC e concentrações de etanol de 

14 e 18 % (v/v) como fatores que afetaram significativamente o crescimento. Por outro lado, a maioria 

das estirpes compartilha uma grande resistência a ambientes promotores de stress, incluindo fungicidas. 

A análise por HPLC revelou resultados variáveis com a produção de etanol, grandes concentrações de 

glicerol e ácido cítrico a contribuir com maior importância para a variabilidade entre as estirpes. Contudo, 

foi detetada uma produção de ácido acético elevada (0,44 a 3,17 g/L) contrariando descrições presentes 

na literatura, que descrevem T. delbrueckii uma produtora inferior a S. cerevisiae. Os nossos resultados 

revelaram três estirpes de T. delbrueckii, isoladas de ambientes naturais, exibiram uma combinação de 

elevado poder fermentativo, libertação de altas concentrações de glicerol e ainda elevada resistência e 

produção de etanol, destacando o seu potencial enológico. 

 

Palavras-chave: leveduras não-Saccharomyces, Torulaspora delbrueckii, vinho, Saccharomyces 
cerevisiae, perfil organoleptico 
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Is Saccharomyces cerevisiae the only yeast capable of producing wine? Exploitation of 

Torulaspora delbrueckii for winemaking 

Abstract 

Wine is a unique and complex beverage resulting from the combination of several factors, with yeasts 

playing a fundamental role in its development. Non-Saccharomyces yeasts were considered, for many 

years, a source of contamination during production and conservation of wines, which labelled them as 

spoilage microorganisms. However, more recently, the use of these unconventional microorganisms for 

wine fermentation has been widely investigated and discussed, due to their impact on the complexity of 

the organoleptic profile of the final product. Among this group, Torulaspora delbrueckii has been gaining 

prominence in the winemaking sector owing to its contribution with low volatile acidity, the release of 

sweet compounds, colour intensity and sensory perception of wines. In this work, a set of T. delbrueckii 

strains with different geographical and technological origins were used to evaluate the phenotypic 

behaviour of this species through a battery of tests with biotechnological relevance from an oenological 

point of view. Then, the fermentative character of the isolates with greater phenotypic heterogeneity was 

evaluated, through individual fermentations in synthetic medium simulating the grape must. Furthermore, 

strains’ metabolic profile was assessed by high-performance liquid chromatography (HPLC) on glucose 

(found to be a strain-dependent feature), ethanol content, volatile acidity, glycerol and organic acids 

concentrations. These analyses showed that temperatures above 37 ºC and 14 and 18 % (v/v) ethanol 

concentrations, significantly affected T. delbrueckii’s growth. On the other hand, the majority of the strains 

shared a great resistance to stress environments, including in the presence of fungicides. HPLC analysis 

reflected variable results with ethanol production, glycerol and citric acid concentrations contributing the 

most for inter-strain variability. However, a higher production of acetic acid (0.44 to 3.17 g/L) was 

observed, going against literature reports that describe a lower production of T. delbrueckii in comparison 

with S. cerevisiae. Our results disclosed three T. delbrueckii strains, isolated from natural environments, 

and that combine a great fermentative power, the release of high contents of glycerol, and a high 

resistance and production of ethanol, highlighting their oenological potential. 

 

 

 

Keywords: non-Saccharomyces yeasts, Torulaspora delbrueckii, wine, Saccharomyces cerevisiae, 

organoleptic profile 
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Chapter 1: Introduction 

2 

1. Introduction 

Winemaking is an activity with great economic value in which the oenological core techniques 

have evolved and improved rapidly in order to provide quality and diversity of wines. These technologies, 

developed over decades, intend to enlighten the influence and importance of microorganisms regarding 

wine’s sensorial features. As complex entities, yeasts are commonly used in this sector, being selected 

according to multiple criteria to ensure control of the winemaking processes. Saccharomyces is the main 

genus explored in this field to carry out alcoholic fermentation as it owes suitable adaptation to high sugar 

must concentrations and consequently converts it into a panoply of desired organoleptic compounds. The 

variety of species within this group confers peculiar traits and properties to wines –one, in particular, 

Saccharomyces cerevisiae. Besides its application in the production of wine and other fermented 

products, this species has been historically used as a model organism for research of the eukaryotic cell 

in the biological field. The renown of this yeast precedes from molecular studies to the food industry, in 

which its use led to a standardization of organoleptic traits of the final product, such as beverages and 

bread. On the other hand, the “non-Saccharomyces” yeasts are being probed as ideal candidates to 

expand and bring success in modern oenology since they form a considerable part of the natural flora of 

grapes and are active at the beginning of alcoholic fermentation (Castellucci, 2012). The usage of these 

unconventional yeasts tends to provide alternatives and improve the final product through the introduction 

of novel aroma profiles, decrease the spoilage risk, and complement Saccharomyces performance 

(Benito, 2018). 

Before implementation at a large industrial scale, the main operation parameters associated with 

the wine fermentation must be optimized at a small-scale, in a laboratory environment. Thereby, the 

development of a complex synthetic growth medium, which simulates the grape must medium, intends 

to increase the knowledge regarding yeast physiology and behaviour allowing consistency and 

reproducibility of the processes. 

 

1.1. Wine fermentation 

Wine is a peculiarly complex beverage and its production involves knowledge from different fields 

such as biology, chemistry, and microbiology, all contributing to the quality of the final product. The aroma 

and flavour are the foundation of wine sensory perceptions resulting from complex chemosensory 

interactions between the compounds present in wine that are difficult to predict and, therefore, depend 
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on several variables, such as the individual and his consumer experience context and the chemical 

composition (Romano, Ciani & Fleet, 2019). Thus, the consumer’s final response ends up being a 

personal experience. 

At a sensorial level, wines can be particularized due to their colour, aroma (smell) and mouthfeel, 

or at a chemical level, due to the alcoholic strength, aromatic profile, acidity, pigments, fruity flavour 

compounds and polyalcohols (Belda et al., 2017; Goold et al., 2017; Loira et al., 2014) giving rise to a 

wide range of wine styles: red, white, sparkling, sherry, port, fruit, and brandy, among others (Amerine, 

1980). This extensive variability is generally influenced by the geographical and vinicultural conditions 

when growing grapes, alongside their variety, the microbial community of these fruits, fermentation 

processes, and winemaking practices (Romano, Ciani, & Fleet, 2019). 

Wine production is commonly attributed to the use of one particular fruit: grapes, although 

fermented beverages can be made by using any fruit (e.g. apples, cranberries, etc), despite not being 

called “wine” in these cases (Eliodório et al., 2019). Grape berries hold a microenvironment rich in water 

and nutrients alongside a microbial ecosystem on their surface comprising diverse microorganisms such 

as yeasts, bacteria, and fungi (Russo et al., 2019; Terpou et al., 2019). However, some fungi act as 

spoilage agents due to the release of mycotoxins and off-flavours leading to the appearance of harmful 

diseases that contribute to significant economic losses in vineyards. Because of these issues, some 

methods are implemented in the pre-harvesting of grapes with the purpose of controlling fungal 

contaminations before the production of wines, namely through the application of fungicides. A very 

concerning downside of the use of these chemicals is the permanence of some organic residues in musts 

influencing negatively the yeast population dynamics due to the non-specificity of target and, therefore, 

compromising the biological structure and metabolism of indigenous microorganisms, and ultimately 

affecting yeast fermentation performance (Terpou et al., 2019, Russo et al., 2019). 

The liberalization of international trades has enabled the globalization of the wine business to 

become an economic powerhouse that represents a quarter of the global market of alcoholic beverages. 

This allowed for an economic affirmation of several countries, especially those from Europe, being this 

continent the largest wine producer and exporter (Correia, Gouveia, & Martins, 2019; Mariani, Pomarici, 

& Boatto, 2012). Regarding all the procedures behind winemaking, it involves a series of phases, 

beginning in the vineyard with the harvesting, and proceeding in the cellar with crushing and pressing of 

the collected grapes, followed by grape juice fermentation carried out by inoculated or ambient yeasts 

(spontaneous fermentation). In order to prepare the product for the market, some clarifications and 
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stabilizations are necessary. Before wine’s bottling, labelling, and packaging, the wine requires a period 

of maturation and ageing to enhance its organoleptic attributes (Eliodório et al., 2019). Depending on the 

type of wine the producer wants to obtain, the temperature is an essential parameter to be considered 

since red wines are subjected to higher temperatures (18 ̶ 30 ̊ C), while white wines are processed under 

lower temperatures (12 ̶ 18 ˚C). According to Belda et al. (2017), a great amount of fermentative aroma 

compounds does not individually contribute, profusely, to the distinct characteristics of wines, but their 

combination lays down the basic matrix of wine aroma. To complete the trial of improving the taste, wine 

ageing is a key process (Belda et al., 2017; Ebeler, 2001). This step is accomplished in oak barrels since 

the wood transfers a set of aromatic compounds mainly furfural substances, such as guaiacol, vanillin, 

syringaldehyde contributing to wine composition along with some microbial-derived compounds 

(polysaccharides, amino acids, peptides, and some enzymes) (Camarasa, et al., 2011; Nissen, Nielsen, 

& Arneborg, 2003). 

Alcoholic fermentation is a metabolic process normally performed by S. cerevisiae strains with the 

conversion of sugars, mostly glucose and fructose into ethanol, carbon dioxide (a by-product), and volatile 

flavour compounds, with the latter playing a fundamental role in the wine aroma profile. Usually, 

fermentation is carried out in a bioreactor that provides favourable environmental conditions (pH, 

temperature, drying, among others) for the occurrence of this process (Belda et al., 2017; Johnson & 

Echavarri-Erasun, 2011; Kabbaj et al., 2001; Lu et al., 2017). Since this procedure implicates a 

combination of distinct stress factors (osmotic/saline stress, low pH, high ethanol content, nutrient 

limitation, high salt and sulphite levels, acidic conditions and limited trace elements) to which yeasts are 

exposed, it can be very stressful and demands that cells are able to adapt to those conditions (Marsit & 

Dequin, 2015). 

 

1.2. Saccharomyces cerevisiae: the main wine yeast 

By the 19th century, humankind discovered yeasts, such as S. cerevisiae, as fermentative 

microorganisms and, since then, this species has been isolated and extensively studied. The natural 

environments where yeasts can be found can be as diverse as soil, fruits, cacti, nectars, insects and the 

bark of oak trees, the latter believed to be the probable wild habitat where S. cerevisiae was originated. 

However, nowadays this species is most commonly found in association with human activities like baking, 

brewing, preservation of food or winemaking and other beverages production (Belda et al., 2017; 
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Camarasa et al., 2011; Legras et al., 2007; Mendes et al., 2013; Pacheco et al., 2012). For this reason, 

S. cerevisiae is usually called “wine yeast”, “baker yeast”, “brewer yeast” or “distiller yeast”. According 

to the diverse genetic backgrounds, and possible applications, this yeast can be grouped in different 

categories: laboratory, vineyard, clinical, natural environments  ̶  soil, plants – bread, sake, and 

commercial strains (Camarasa et al., 2011; Mendes et al., 2013).  

The S. cerevisiae metabolic profile during fermentation is well described in the literature since this 

yeast is preferably used by winemakers. This preference is due to its fast and consistent fermentation of 

grape musts, leading to the production of wine with desirable and pleasant organoleptic attributes, 

through successive batches and harvests (Belda et al., 2017; Briones et al., 1995; Ramírez, Peréz, & 

Regodón, 1998; Schuller, 2010). Regarding sugar catabolism, S. cerevisiae belongs to the facultative 

aerobic group, meaning that it is capable of performing both aerobic and anaerobic fermentation 

(Lambrechts & Pretorius, 2000). 

So, interesting questions here to be made are: Why was S. cerevisiae the only yeast used for 

centuries?! What makes this species so desirable for this type of industry?! The tangency of 

Saccharomyces yeasts with physical and chemical abiotic factors present in grape must (low pH, high 

sugar content, the high acidity of the medium, temperature fluctuations, among others) was imperative 

for the adaptability of this yeast in biotechnological industries, since these conditions are very similar to 

those present in fermentation processes. So, the development of some characteristics required to perform 

this activity is one of the reasons why Saccharomyces yeasts acquired high efficiency and are still the 

most important group quested in winemaking. Eliodório et al., (2019) describe some beneficial 

adaptations from these species in this domain like the high fermentation power in the presence of oxygen, 

high tolerance to osmotic stress mainly caused by the presence of increased levels of sugars, such as at 

the beginning of the fermentation process, being translated not only in adaptive characteristics but also 

in intrinsic features of S. cerevisiae. Saccharomyces yeasts show increased resistance to sulphites in 

wine due to an amplification of two genes  ̶  FZF and SSU  ̶  or even to the inactivation of a set of other 

genes involved in the encoding of aquaporins (AQY genes) in order to obtain better adaptability to sugar-

rich media, high osmolarity and growth at higher temperatures (> 40 ºC). These are some examples that 

highlight the remarkable versatility of the model yeast in industrial environments owing to the cells’ ability 

to change its physiology according to the conditions to which they are subjected. 
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1.3. Yeast metabolism 

During wine fermentation, a set of compounds can be produced by yeasts, with two major groups 

standing out: higher alcohols and esters, which contribute with 30 to 80 % to the aroma profiles of wine 

(Wei et al., 2019). The formation of flavour compounds can be achieved via different enzymatic pathways: 

the Ehrlich pathway, being responsible for the formation of higher alcohols, and a pathway for the 

formation of esters. These pathways are mainly described for Saccharomyces species while there is 

limited information for non-Saccharomyces species (Belda et al., 2017). 

In the beverages industry, the formation of higher alcohols holds a great impact. However, the 

chain’s size of these molecules affects differently the wine taste: medium-chain alcohols have a pleasant 

impact, even at low concentrations, while high-chain alcohols, at high contents, are thought to promote 

off-flavours (Belda et al., 2017). According to Ebeler (2001), higher alcohols yields, also termed fusel 

alcohols, range from 140 to 420 mg/L but concentrations over 300 mg/L start contributing negatively to 

aroma quality. Isobutanol, phenyl ethanol, and isoamyl alcohol are the main fusel alcohols reported to be 

present in concentrations ranging from 1.41 mg/L to 9.2 mg/L in wine scent (Belda et al., 2017). The 

amino acids present in must, have an important role as the precursors of higher alcohols representing 

the major source of assimilable nitrogen. This involves a transfer of an amino group from the amino acid 

to an α-keto acid through a transamination reaction. The resulting molecule endures decarboxylation, 

with the release of carbon dioxide (CO2) followed by reduction, involving a molecule of NADH (nicotinamide 

adenine dinucleotide) resulting in the formation of fusel alcohols and fusel acids via the Ehrlich pathway 

(Belda et al., 2017; Hazelwood et al., 2008). The type of amino acids metabolized can be as diverse as 

aromatic amino acids (phenylalanine), branched-chain amino acids (leucine, isoleucine, valine), and 

sulfur-containing amino acids (methionine) (Belda et al., 2017; Hazelwood et al., 2008). Mechanisms 

involved in the Ehrlich pathway are applied for Saccharomyces species, but further studies should be 

conducted for non-Saccharomyces species since they may diverge from Saccharomyces genera (Gamero 

et al., 2016). 

Besides fusel alcohols, the aromatic matrix of wine is composed of other groups of compounds, 

such as esters that are formed during malolactic fermentation, ageing, and, most relevant in this context, 

alcoholic fermentation. During these processes, esters reach maximum concentrations when yeasts 

achieve the stationary growth phase (Belda et al., 2017). These molecules are by-products of yeast 

metabolism having a greater impact than their corresponding higher alcoholic precursor, alongside with 

a usually less toxic influence on wine (Belda et al., 2017). Two main esters classes are presented in wine: 
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the ethyl esters (formed from fatty acids) and the acetate esters (formed from higher alcohols by 

esterification). The contribution of the latter encompasses desirable floral and fruity sensory properties in 

wine, contributing with about 75 % to the flavour profile (Belda et al., 2017; Ebeler, 2001; Lee et al., 

2004; Wei et al., 2019). As stated by Belda et al., (2017), wines holding concentrations of ethyl acetate 

higher than 90 mg/L or 200 mg/L of the total esters are considered to be faulty. 

Among the wide set of metabolites involved in wine’s aroma produced by yeasts, the sulphur-

containing compounds have a greater impact on the organoleptic properties in this sort of beverage. The 

majority of metabolites from this group such as hydrogen sulphide, dimethyl sulphide, and methanethiol, 

are characterized by unpleasantly affecting the quality of wine through the production of off-flavours 

described as onion, garlic, rotten eggs, and cabbage odours (Moreira et al., 2002). However, according 

to Smith et al., (2015), small amounts of these negative compounds can be advantageous to the 

complexity of the wine. Last, another important group is formed by the fatty acids detected in alcoholic 

beverages that are mainly straight-chain and saturated, with palmitoleic acid being considered the most 

relevant unsaturated fatty acid. The volatile acid content in wine usually represents 10 – 15 % of the total 

acid content, with more than 90 % of this group being acetic acid. Other fatty acids with different chain 

lengths are part of the wine compounds profile but prevailing in small amounts, not being so significant 

as the previous ones (Lambrechts & Pretorius, 2000). 

 

1.4. Importance of non-Saccharomyces species in winemaking 

In the recent years, many research groups have been paying attention to non-Saccharomyces 

yeasts to improve wine quality. This is due to their physiological and metabolic properties, revealing 

potential positive roles in wine characteristics, in terms of consumption of sugars and acids and 

enhancement of aroma complexity through the production of important metabolites (Azzolini et al., 2015; 

Belda et al., 2015; Benito, 2018; Lonvaud-Funel et al., 2009; Lu et al., 2017; Romano et al., 2019; Wei 

et al., 2019). An additional application of these species as a biotechnological tool addresses the control 

of spoilage microflora during the different stages of the fermentation process. Brettanomyces is described 

as responsible for undesired odours, which is a major issue for winemakers. However, additives 

containing sulphur dioxide can inhibit its growth. The disadvantage of using this chemical agent, as 

described by Romano, Ciani, & Fleet (2019), is that it has considerable negative effects, such as allergic 

reactions, headaches and asthma in wine consumers. Therefore, biopreservation or biocontrol are 
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attractive alternatives, as they refer to the use of microorganisms to act as antimicrobial agents and 

improves the safety of food and beverages. These non-Saccharomyces yeasts, so-called non-conventional 

yeasts, comprise Torulaspora delbrueckii (Benito, 2018; Gamero et al., 2016), Kloeckera apiculata, 

Hanseniaspora uvarum, Hanseniaspora vineae, Candida zemplinina, Candida pulcherrima, Candida 

stellata, Schizosaccharomyces pombe, Hansenula anomala, Metschnikowia pulcherrima, Lachancea 

(Kluyveromyces) thermotolerans, and Kazachstania aerobia. In wine fermentation, spontaneous or 

inoculated, the initial steps of the processes are performed by non-Saccharomyces yeasts, leading to the 

production of higher levels of alcohols derived from the Ehrlich pathway, of ethyl esters and acetate esters 

in greater yields than those achieved by Saccharomyces yeasts. However, some unpleasant flavours are 

also associated with the presence of some non-Saccharomyces species (Belda et al., 2015, 2017). 

At an industrial scale, the use of non-Saccharomyces yeasts can be complex and present some 

problems, since these species have a low to moderate capacity of alcoholic fermentation, which limits 

the performance of a complete and proper fermentation process suitable for wine, beer or other high-

alcohol beverages production (Benito, 2018). Due to this restriction, when non-Saccharomyces cultures 

are used, they are usually mixed with S. cerevisiae, referenced as a powerful fermentative yeast, to 

improve wine features/attributes (Bely et al., 2008; Benito, 2018; Simonin et al., 2018). The quality of 

some grape’s varieties, like Muscat, Sauvignon blanc, Gewurztraminer, and Verdejo, comes from the 

presence of specific non-Saccharomyces strains that are responsible for the release of varietal aromas 

(Benito, Calderón, & Benito, 2019). 

Winemakers seek to respond to the demands of the consumers for products with low content of 

ethanol, along with innovative and differentiated wines. In this context, non-Saccharomyces stand out for 

the reduction of initial ethanol content by about 1 ̶ 2 % (v/v), having into account the species and the 

conditions in which fermentations are performed, and for the introduction of new flavours (Benito, 

Calderón, & Benito, 2019). Among the wide range of non-Saccharomyces yeasts, T. delbrueckii is the 

most studied, commercialized and used yeast species in industrial wine fermentations, due to its 

advantageous features, like positive contribution to the wine organoleptic properties, alongside with its 

evolutionary proximity with S. cerevisiae (Belda et al., 2017; Benito, 2018; Ramírez & Velázquez, 2018). 

However, further research is still needed to understand the true capacity of this yeast and how the intra-

strain variability can be used to improve biotechnological processes. 
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1.5. Torulaspora delbrueckii: the next bet in winemaking? 

1.5.1. Morphological traits 

The genus Torulaspora can be found in a wide variety of habitats such as fruits, malt, and soil 

environments, among others, that may overlap with other fermentative yeasts like Saccharomyces and 

Zygosaccharomyces species (Bely et al., 2008; Renault et al., 2015). Species of Torulaspora genus can 

reproduce asexually by cell division (budding division) or sexually through asci containing one to four 

spherical ascospores, characteristic in ascomycetous yeasts (Benito, 2018; Hendriks et al., 1992; 

Wahyono, Kang, & Park, 2015). Torulaspora is able to produce pseudohyphae structures but not true 

hyphae, although this is a very rare feature. This group is discerned by spherical and ellipsoidal cells, with 

dimensions of approximately 2-6 x 3-7 μm, that are smaller than those of S. cerevisiae. During many 

years, T. delbrueckii was described as a haploid yeast, essentially because of its small cell size and due 

to the rare detection of tetrads in sporulation media (Ramirez & Velásquez, 2018). However, Albertin et 

al. (2014) suggested that this species may be mainly diploid which, in this situation, the reduced size 

may be explained by the fact that T. delbrueckii only possesses 16 chromosomes in the diploid phase, 

while S. cerevisiae diploid yeasts contain 32 chromosomes (Ramirez & Velásquez, 2018). As reviewed 

by Ramírez & Velázquez (2018), besides T. delbrueckii, this genus includes five more species: T. 

franciscae, T. pretoriensis, T. microellipsoides, T. globosa, and T. maleeae. T. delbrueckii species was 

one of the first non-Saccharomyces species to be released in the market, although only a few strains 

(designed as commercial strains) are accessible to be used for industrial purposes: PreludeTM, BiodivaTM, 

Zymaflore® Alpha, Vinifer NS TD, and Primaflora® VB BIO (Benito, 2018).  

T. delbrueckii (anamorph form Candida colliculosa (Loira et al., 2014) is also known for a wide 

range of nomenclatures described by Kurtzman, Fell, & Boekhout (2011), Loira et al. (2014) and Benito 

(2018), being S. delbrueckii, T. rosei, T. fermentati or T. vafer  the most frequent ones. To identify species, 

in particular for yeasts, two different sequencing methods can be adopted: sequencing of D1/D2 LSU 

rRNA genes, or sequencing of the internal transcribed spacer (ITS) region, located between the 18S and 

28S rRNA genes (Benito, 2018). 
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1.5.2. Fermentative behaviour 

As previously mentioned, T. delbrueckii is phylogenetically close to S. cerevisiae, which may 

contribute to the main reason why this was the first non-Saccharomyces yeast suggested to be used for 

industrial purposes, such as wine fermentation. However, despite the proximity between these species, 

T. delbrueckii behaviour cannot be directly inferred from the one of S. cerevisiae (Pacheco et al., 2012). 

Curiously, both species behave quite particularly concerning the oxygen content. As the oxygen feed rate 

decreases, T. delbrueckii is able to maintain full respiration under these conditions which translates to a 

lower fermentation strength and a slower growth rate, compared to S. cerevisiae which tends to switch to 

a respiro-fermentative metabolism (Alves-Araújo et al., 2007). This event could be a considerable issue 

since winemaking is usually performed under strictly anaerobic conditions (e.g. white and sparkling wine) 

or in the presence of very low oxygen concentrations (e.g. red wines) (Velázquez et al., 2019). Regarding 

the ethanol content, Velázquez et al., (2019) stated that T. delbrueckii is less resistant than S. cerevisiae 

when in high ethanol environments influencing the fermentation performance, which translates into low 

fermentation rates, and increases in cell death after inoculation in sugar-rich musts. On the other hand, 

Santos et al., (2008) reported T. delbrueckii as being not less resistant to ethanol, but instead, the glucose 

transport is more sensitive in this condition which, therefore, influences the fermentation power of this 

species. 

T. delbrueckii revealed positive effects regarding the optimization of some wine parameters due to 

its high fermentability (Benito, 2018; Renault et al., 2015), low production of ethyl acetate, acetaldehyde, 

and acetoin (Bely et al., 2008; Ciani & Maccarelli 1997; Ciani & Picciotti 1995; Loira et al., 2014; Renault 

et al., 2015), high osmotic and sulfur dioxide resistance (Belda et al., 2015; Ciani & Picciotti, 1995; Loira 

et al., 2014), ability in the biotransformation of terpenes (King & Dickinson, 2000; Loira et al., 2014), 

high competence to produce lactic and succinic acids (Ciani & Maccarelli, 1997; Loira et al., 2014), and 

great tolerance to freezing and freeze-thawing (Almeida & Pais, 1996; Alves-Araújo et al.,2004). The 

volatile acidity associated with wine is due to the presence of acetic acid which, according to most of the 

consumers, above a threshold of 0.8 g/L is considered to negatively affect the quality of the product with 

vinegar characteristics. Therefore, T. delbrueckii presents a huge advantage towards S. cerevisae due to 

the typically low ability to produce this type of acid (Benito, Calderón, & Benito, 2019), even in high-sugar 

fermentations, while under the same conditions the reference yeast produces high amounts of this 

compound (Velázquez et al., 2019). 
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Studies report acetaldehyde as an oxidative descriptor in fermented beverages, especially in red 

winemaking in order to produce increased levels of vitisin B, a red stable phenol compound (Benito, 

2018). In fact, vitisin B belongs to the group of the most stable anthocyanins, which are normally used 

as a strategy to increase the colour of red wines. T. delbrueckii is a lower producer of acetaldehyde, 

compared to the reference yeast, which is a great advantage because concentrations of this compound 

above 125 mg/L detains a negative effect on wine’s flavour, being often described as oxidized (Benito, 

Calderón, & Benito, 2019). T. delbrueckii culture fermentations are stated to present reductions on the 

levels of acetaldehyde that can explain the final lower amounts of sulfur dioxide since these two 

components easily combine. This effect could be advantageous, in terms of food safety, regarding the 

production of wines with reduced levels of sulfur dioxide for which people with asthma constitute the main 

group of risk (Belda et al., 2015; Benito, Calderón, & Benito, 2017; Benito, 2018). Beyond this strategy, 

colour perception can be increased through a reduction of the pH (Benito, Calderón, & Benito, 2019). 

Regarding other compounds, such as malic acid, there are some contrasting reports since some studies 

revealed that T. delbrueckii consumed between 20  ̶  25 % of this acid (Belda et al., 2015; Chen et al., 

2018), while another study did not detect any consumption (Loira et al., 2014). At the same time, it was 

suggested that malic acid degradation is strain-dependent. T. delbrueckii is described as a higher 

producer of succinic acid compared to S. cerevisiae, being able to reach concentrations above 1 g/L 

depending on the oxygen availability during fermentation (Contreras et al., 2014). Besides, this species 

also generates notable amounts of mannoprotein, during alcoholic fermentation or during the ageing 

processes (Benito, Calderón, & Benito, 2019), and high polysaccharides yields, high contents of glycerol 

that can increase the softness of wine (Benito, Calderón, & Benito, 2019; Benito, 2018), low yields of 

ethanol (Barry et al., 2018; Benito, 2018), when compared to traditional fermentations carried out by S. 

cerevisiae, as well as great mouthfeel properties (Bely et al., 2008), having, therefore, a wide potential in 

winemaking (Barry et al., 2018; Loira et al., 2014; Simonin et al., 2018). Regarding higher alcohols, 

several authors presented contradictory results related to high and low levels of these compounds 

produced by T. delbrueckii, depending on the strain and the inoculation protocol used (Azzolini et al., 

2015; Belda et al., 2015; Comitini et al., 2011). T. delbrueckii, commercially available as dry yeast, is 

equally characterized by a high “fermentation purity” (Ciani & Picciotti, 1995), demonstrating fewer 

tolerance to low-oxygen conditions (Bely et al., 2008; Holm et al., 2001). Concerning nutrients 

metabolism, T. delbrueckii demonstrated some deviations from S. cerevisiae, which suggests the need 

for further optimization. In particular, regarding nitrogen metabolism, Bely et al. (2008), detected levels 
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of residual nitrogen in pure fermentation with T. delbrueckii higher than those obtained with S. cerevisiae. 

This increase may be due to the fact that this species is less demanding for amino acids. 

Belda et al. (2015, 2017) indicate decreases in the viability of T. delbrueckii cells when alcohol 

levels exceeded 8 %, although some remained viable. Another reason leading to the increasing curiosity 

about T. delbrueckii is the small fructose and glucose consumption, under high ethanol and moderate 

acetic acid conditions, due to the sensitivity of glucose transport to the inhibitory effect of ethanol (Pacheco 

et al., 2012; Santos et al., 2008). Santos et al. (2008) created a hybrid strain by protoplast fusion that 

combined the advantageous characteristics of high tolerance to ethanol and acetic acid of T. delbrueckii 

and the high fructose consumption of S. cerevisiae. This hybrid demonstrated a fructose consumption 

comparable to that of the S. cerevisiae strain and revealed higher resistance to ethanol and acetic acid, 

presenting a lower cell death rate under the harsh conditions – high ethanol and moderate acetic acid 

content – present in stuck fermentations. However, due to the lack of information on this theme, there is 

still no consensus regarding the fermentative power of T. delbrueckii. According to the authors Azzolini et 

al. (2015); Bely et al., 2008; Benito (2018) and Ramírez & Velázquez (2018), this yeast is characterized 

with a powerful fermentation performance, with Bely et al. (2008) categorizing this performance in up to 

9  ̶  10 % among the non-Saccharomyces, while Belda et al. (2015) and Loira et al. (2014) referring to 

Torulaspora spp, as possessing lower fermentative power.  

Although the production of T. delbrueckii wines can be more expensive and time-consuming when 

compared to those produced with S. cerevisiae (Velázquez et al., 2019), the grape juice resulted from 

the fermentation of the first tends to originate wines with a lower content of alcohol and, at the same 

time, higher levels of glycerol. These features are advantageous for full-bodied and well-structured red 

wines from grapes with increased maturity. Since global warming is a concerning and alarming issue at 

different levels, namely with regard to viniculture, it is important to note that this situation has an impact 

in the accelerated ripening of grapes promoting a faster increase in their sugar content which, ultimately, 

will result in the production of wines with higher alcohol content (Eliodório et al., 2019; Jones et al., 

2005). Thus, the search for new yeasts that completely consume sugars, and have the ability to decrease 

the final ethanol content and increase glycerol concentrations, is imperative for the construction of 

organoleptically improved wines, as alternatives for the standardization of the food industry. 
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1.5.3. Industrial applications  

In the wine industry, the use of active dry yeasts in fermentation is increasing considerably as it 

guarantees a reproducible product and minimizes the lag phase and the risk of wine spoilage (Beltran et 

al., 2002). In order to protect the properties of wine, sulphur dioxide is a very common preservative 

compound in oenology, as it acts as an antioxidant, antimicrobial, and antioxidasic (Simonin et al., 2018). 

The implementation of T. delbrueckii during the pre-fermentation process is reported as advantageous 

due to its capability to reduce the development of spoilage microorganisms, as well as protecting the 

must and wine from oxidation. So, this yeast could be used as a bio-protection agent in winemaking as 

an alternative to sulphites. 

In industries producing other alcoholic beverages besides wine, T. delbrueckii can also be 

implemented to improve beverages characteristics, such as beer and sparkling wine. During beer 

production, biotransformation reactions may occur during the fermentation of this beverage, particularly 

of monoterpenoids compounds. As shown by King & Dickinson (2000) and Michel et al., (2016), these 

reactions lead to increases in the levels of linalool which has a significant role in the organoleptic 

properties of beer. Accompanied by a low concentration in alcohol content, these features contribute to 

a fruity and floral aroma. Recently, the use of T. delbrueckii has also been proposed for sparkling wine 

production. Among the several published studies, González-Royo et al., (2015) and Medina-Trujillo et al., 

(2017) reported increases in glycerol levels and reduced volatile acidity, concluding that T. delbrueckii is 

a suitable yeast to improve the sensory and analytical profile distinct from those of the S. cerevisiae. 

S. cerevisiae, as it is repeatedly referred to in the literature, is the yeast of excellence in several 

biochemical processes, namely in the production of chocolate. However, Visintin et al., (2017) show the 

involvement of T. delbrueckii in the fermentation of cocoa beans, in which the author produced chocolate 

through a combination of S. cerevisiae and T. delbrueckii, unusual in this industry, resulting in a good 

influence on its analytical profile. Results showed that the consumers were able to distinguish the 

samples, having mentioned some as fruitier (corresponding to the S. cerevisiae and T. delbrueckii 

inoculated chocolate). Thus, the use of the unconventional yeast demonstrated a positive contribution to 

the development of the final product aroma (Afoakwa et al., 2008; Visintin et al., 2017). 

The high osmotic stress resistance of T. delbrueckii and great tolerance to freezing and freeze-thawing 

makes it also a good candidate for bread production (Almeida & Pais, 1996; Bely et al., 2008; Pacheco 

et al., 2012). In addition to the prementioned biotechnological applications, T. delbrueckii can also be 

used in the honey and mead industry (Barry et al., 2018). 
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Albeit all the positive properties mentioned above, the small size of T. delbrueckii is a huge 

disadvantage concerning industrial dehydration system, since it is a time-consuming process and still 

cannot be carried out continuously, since the filters used for dehydration become clogged and need to be 

changed several times (Pacheco et al., 2012). 

 

1.5.4. T. delbrueckii vs other non-Saccharomyces species 

Each wine style presents a peculiar set of features that producers try to improve or at least 

maintain. However, the constant increase of information on this matter also increases the confusion 

among wine producers on which should be the best choice to expand the quality of this type of product. 

In addition to the growing interest that T. delbrueckii has been arousing, another non-Saccharomyces 

yeast is enticing the attention of wineries and, therefore, some examples of comparisons between these 

unconventional yeasts were gathered from the literature. M. pulcherrima is usually employed at the early 

stages of the fermentation processes, similarly to T. delbrueckii, with a great capacity to produce 

polysaccharides, high β ̶ glycosidase activity, reduced volatile acidity, antimicrobial activity and 

contributing to relevant effects in other wine analytical properties, such as increased production of 

glycerol, fatty acids, higher alcohols and esters (González-Royo et al., 2015). Another unconventional 

studied yeast was S. pombe. This species is adopted with multiple winemaking purposes: improvement 

of colour intensity (particularly associated with red wines) by the release of vitisins and other highly stable 

pigments; production of high contents of polysaccharide during fermentation and ageing stages; and 

ability to convert very acidic wines into smoother ones through actions of deacidification by conversion of 

L-malic acid into ethanol (Benito, Calderón, & Benito, 2017). One the other hand, L. thermotolerans is 

generally used to produce more acidic wines with greater flavour complexity. Therefore, this species is 

employed in more warm regions (Benito, Calderón, & Benito, 2017; Gobbi et al., 2013). According to 

Chen et al., (2018), T. delbrueckii, M. pulcherrima, and L. thermotolerans revealed similar levels of 

consumption of malic acid (approximately 25 %), although less than S. pombe in which values close to 

100 % were detected. T. delbrueckii produced low content of anthocyanins in contrast to M. pulcherrima 

and L. thermotolerans, and similar values compared to S. pombe. On the other hand, the ethanol yield 

production of T. delbrueckii showed higher values than M. pulcherrima and L. thermotolerans but lower 

than those of S. pombe. 

 



Is Saccharomyces cerevisiae the only yeast capable of producing wine? Exploitation of Torulaspora delbrueckii for winemaking 

15 

1.6. T. delbrueckii and S. cerevisiae: mixed versus single cultures 

Even though S. cerevisiae has been the main yeast in winemaking for many years, today's growing 

pursuit and demand for higher quality from consumers, have led wine producers to search for alternative 

yeast species with particular properties. In the literature, non-Saccharomyces species are described as 

unable to complete alcoholic fermentations which has prompted many studies to analyse possible 

fermentation combinations using T. delbrueckii and S. cerevisiae: i) a multi-starter fermenter; ii) 

fermentations carried out by T. delbrueckii strains alone; iii) mixed inoculations by sequential 

fermentations, and iv) fermentation with S. cerevisiae alone (Azzolini et al., 2015; Barry et al., 2018; 

Belda et al., 2015; Contreras et al., 2014). Both Saccharomyces and the non-Saccharomyces yeast 

groups exhibited characteristic growth kinetics during alcoholic fermentation. In conditions of high ethanol 

and moderate acetic acid concentrations, T. delbrueckii can preserve viability longer than S. cerevisiae 

(Pacheco et al., 2012; Santos et al., 2008).  

Sequential inoculation usually implants non-Saccharomyces species, such as T. delbrueckii, at the 

first stages of the fermentative process. During the fermentation progress, the growth of T. delbrueckii 

decreases, while the S. cerevisiae one continues to increase (Figure 1), leading to the replacement of the 

non-Saccharomyces yeasts with the high ethanol-tolerant one. This happens because of the nutrients’ 

competition and inhibitory effect of ethanol levels produced by S. cerevisiae on non-Saccharomyces 

species, whereby the development of the former yeast is favoured (Belda et al., 2015; Ciani & Picciotti,  

 

Figure 1 - Cell development (CFU.mL-1) of Torulaspora delbrueckii and Saccharomyces cerevisiae 
(C) in mixed-culture fermentations, along with glucose and ethanol concentrations (D). Adapted from 
Nissen, Nielsen, & Arneborg (2003). 



Chapter 1: Introduction 

16 

1995; Gamero et al., 2016; Renault et al., 2015). Additionally, and according to Visser et al. (1990), S. 

cerevisiae is able to grow under anaerobic conditions, while the genera Torulaspora grows poorly under 

the same conditions. Thus, according to the experiences performed by Nissen, Nielsen, & Arneborg 

(2003) in mixed cultures, the introduction of viable S. cerevisiae cells at high concentrations induced the 

growth arrest of T. delbrueckii. As sugar is being consumed, the concentration of ethanol increases (Figure 

1), reaching values between 7 and 12 % (v/v) in the case of mixed cultures with non-Saccharomyces and 

S. cerevisiae species (Loira et al., 2012; Renault et al., 2015).  

In this context, T. delbrueckii originated a decrease in volatile acidity and a reduction in ethanol 

concentrations ranging from 0.2 to 0.7 % (v/v) in co-inoculation or sequential inoculation when compared 

to S. cerevisiae fermentations alone (Comitini et al., 2011). The combination of S. cerevisiae and T. 

delbrueckii in mixed culture proved to be the best strategy for improving the organoleptic profile of wines, 

particularly those with a sweeter character (González-Royo et al., 2015).  
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The main objective of this work was the assessment of phenotypic technological-relevant features 

of different Torulaspora delbrueckii yeast strains, to evaluate their potential role under wine production 

conditions, and, in parallel, to compare those results with those established in the literature for S. 

cerevisiae. In particular, the specific aims on which this work is focused were: 
 

I. Constitution of a set of T. delbrueckii isolates, comprising strains from different 

geographical locations and technological groups. 

II. Phenotypic characterization of T. delbrueckii strains, using a battery of phenotypic tests, 

with biotechnological relevance, and performed in liquid media. 

III. Growth assessment of all isolates in chemical defined media and high-performance liquid 

chromatography (HPLC) evaluation of reducing sugars, ethanol content, volatile acidity, total acidity, 

glycerol, and organic acids concentrations. 

IV. Data analysis and assessment of the industrial potential of the T. delbrueckii strains. 
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3.1. Torulaspora delbrueckii strain set 

A T. delbrueckii set of 44 strains from different geographical environments and technological 

application was constituted, gathering strains available at CBMA and strains kindly provided by Carole 

Camarasa (INRA, Montpellier), Filomena Duarte (INIA, Dois Portos), Javier Ruiz (Facultad de Biología, 

Universidad Complutense de Madrid) and José Paulo Sampaio (FCT; UNL). Strains were categorized in 

different groups according to their biotechnological status or origin: wine (12 isolates), natural habitats – 

water (2 isolates), vascular plants or mosses (8 isolates), soil (4 isolates)  ̶  food (5 isolates), other 

beverages (2 isolates), bakery (2 isolates), clinical (1 isolate) and 8 with an unknown background (Table 

1). Each strain was conserved at – 80 ºC in cryotubes containing 1 mL of glycerol (30 %, v/v), to maintain 

membranes’ integrity. 

 

Identification of yeast isolates at species level was confirmed by polymerase chain reaction (PCR) 

amplification of the internal transcribed spacer (ITS) regions – ITS1 and ITS2 - and the 5.8S rRNA of each 

isolate to confirm their identification. The ITS region is the most used for yeast identification due to their 

presence in all organisms, being variable from species to species, but conserved within the same species. 

Thus, the rDNA-ITS sequences of all isolates under study (obtained according to White et al. (1990) 

colony-PCR) were amplified by PCR using universal primers ITS1 (ITS1: TCCGTAGGTGAACCTGCGG), 

forward, and ITS4, reverse (ITS4: CCTCCGCTTATTGATATGC) at 10 μM each. For the sequencing of the 

PCR products, a PCR mix (Table 2) was prepared considering the samples and two controls: positive 

(DNA of a known species - Candia albicans) and negative (without the presence of DNA). 
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Table 1 - Yeast strains. Each yeast has attributed a letter “T” for being part of the collection of Torulaspora delbrueckii available at 
CBMA. 

 
Code Internal code Substract of isolation Category of substrate Country 

 
T01 ISA 1229 Unknown Unknown Unknown 

 
T02 PYCC 3209 Potato starch factory Food Netherlands 

 
T03 PYCC 2916 Rhagi Other beverages Indonesia 

 
T04 PYCC 2477 Type 

strain 

Unknown Unknown Unknown 

 
T05 ISA 1549 Unknown Unknown Unknown 

 
T08 PYCC 5323 Homemade corn and rye bread 

dough 

Bakery Portugal 

 
T09 PYCC 5321 Homemade corn and rye bread 

dough 

Bakery Portugal 

 
T10 Biodiva Unknown Winemaking Unknown 

 
T11 TB193 / V187 / 

Fv 15,7 

Green beans Food Portugal 

 
T13 TB509 / V393 / A 

0.47 

Artichoke Food Portugal 

 
T14 TB522 / V405 / 

Fru 0.2 

Strawberry Food Portugal 

 
T15 MTF 1142 Grape berries Winemaking France 

 
T19 MTF 3799 Fermenting grape juice (Sauvignon) Winemaking France 

 
T20 MTF 3861/CBS 

1146 

Unknown Unknown Unknown 

 
T22 MTF 3985 Unknown Unknown Unknown 

 
T23 MTF 3987 Unknown Unknown Unknown 

 
T25 MTF 4188 Grape juice Winemaking France 

 
T26 MTF 4301 Green oak bark Natural environments France 

 
T27 MTF 4303 Pedunculated oak bark Natural environments France 

 
T28 MTF 4307 Pedunculated oak bark Natural environments France 

 
T30 Zymaflore Alpha Unknown Winemaking Unknown 

 
T34 EVN 1129 Grape must of portuguese wine 

Castelão 

Winemaking Portugal 

 
T35 EVN 1141 Grape must of portuguese wine 

Castelão 

Winemaking Portugal 

 
T36 EVN 1155 Grape must of portuguese wine 

Castelão 

Winemaking Portugal 

 
T38 NS-G-9 Grape must of Prieto Picu Winemaking Spain 

 
T39 NS-G-62 Grape must of Prieto Picu Winemaking Spain 

 
T40 NS-G-72 Grape must of Prieto Picu Winemaking Spain 

 
T41 NS-PDC-169 Grape must of Tempranillo Winemaking Spain 

 
T42 PYCC 2478 Unknown Unknown unknown 

 
T43 PYCC 2713 Unknown Unknown unknown 

 
T44 PYCC 2844 Skin lesion, on a 3-month old girl Clinical Brazil 

 
T45 PYCC 2913 Sorghum brandy (kaoliang-chui) Other beverages China 

 
T46 PYCC 2999 Sea water Natural environments USA 

 
T47 PYCC 4739 Sea water Natural environments Portugal 

 
T49 PYCC 6792 Cheese (Queijo da Ilha) Food Portugal 

 
T50 PYCC 6819 Soil Natural environments Portugal 

 
T51 PYCC 7193 Fallen leaves from olive tree (Olea 

europaea) 

Natural environments Portugal 

 
T56 PYCC 8309 Olives washing water Natural environments Portugal 

 
T57 PYCC 8413 Bark of Quercus rubra Natural environments Canada 

 
T58 PYCC 8414 Bark of Quercus acutissima Natural environments Japan 

 
T59 PYCC 8415 Bark of Quercus velutina Natural environments Canada 

 
T60 PYCC 8416 Soil Natural environments Portugal 

 
T63 PYCC 8419 Soil Natural environments France 

 
T64 PYCC 8420 Soil Natural environments Romania 
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The process was conducted in a thermocycler according to the parameters described by White et 

al., (1990). Samples (5-6 μL of PCR product) were then loaded in a 1.5 % agarose gel in 1x Tris-acetate-

EDTA (TAE) buffer, along with 1 μL of loading dye and 9 μL of Midori green, to visualize the bands under 

UV light, and submitted to 100 V and 400 mA, for 45 min. After, PCR products were purified using the 

NZYGelpure kit with further quantification in a Nanodrop TM ND-1000 spectrophotometer (2 μL of DNA 

sample). Results were then compared to sequences deposited in databases, such as the NCBI 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

 

3.2. Culture media 

Cultures were pre-inoculated in YPD medium (2 % glucose, 1 % bacto-peptone and 0.5 

% yeast extract) and incubated at 30 ºC, 200 rpm, for approximately 24 h, before each of the 

further tests. The culture media used in all tests performed in this work are described in  

 

Table 3. However, depending on the test, some adjustments were made to satisfy the conditions 

of the required tests. Overall, the preparation of all media latter described was similar and demanded two 

separated steps: i) autoclaving of the compounds along with the adjustment of the pH in a range of 3.3–

3.4; ii) addition of amino acids, trace elements, anaerobic factors and vitamins (MSA, MST, MSV and 

MSF) to the previous solutions by filtration (0.22 μm), to avoid heat denaturation.  

 

 

Table 2 - Mix for the PCR reaction of the rDNA-ITS sequences of Torulaspora delbrueckii isolates. 

Reagent Concentration 1x (µL) 
Sequencing Mix 

(µL) 

H2O up* - 16.2 32.4 

Tampão 10x 1x 2.5 5 

MgCl2 (25 mM) 2 mM 2 4 

Primer Fw (10 µM)* 0.4 µM 1 2 

Primer Rev (10 µM)* 0.4 µM 1 2 

dNTPs (10 mM)* 0.2 mM 0.5 1 

Taq 5 U* 1.5 U 0.3 0.6 

*up - ultrapure; dNTPS - desoxirribonucleotides; Primer Fw - Primer foward; Primer Rev - Primer reverse; Taq - Taq 

polimerase enzyme 

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 3 - Composition of synthetic complex media. The pH of all media was adjusted to 3.3-3.4. 

Medium Composition 

M1 Glucose 200 g/L + Malic acid 6 g/L + Citric acid 6 g/L + KH2PO4 0.750 g/L +  

K2SO4 0.500 g/L + MgSO4.7H2O 0.250 g/L + CaCl2.2H2O 0.155 g/L + NaCl 0.200 g/L + 

NH4Cl 0.460 g/L + MSA 13.09 mL/L + MST 1 mL/L + MSV 10 mL/L + MSF 1 mL/L 

M2 M1 (except glucose) + 200 g/L Fructose  

M3 M1 (except glucose) + 200 g/L Maltose 

M4 M1 (except glucose) + 200 g/L Sucrose 

M5 M1 + Ethanol 18 %, v/v 

M6 M1 + 1.5 M NaCl 

M7 M1 + 1 M KCl 

M8 M1 + 2 mM H2O2 

M9 M1 + 5 mM CuSO4 

M10 M1 + 0.5 mg/mL Fungicides 

 

Carbon sources 

To test the ability of yeasts to grow in the presence of different carbon sources, 4 different 

media were prepared varying the carbon source, as described in  

 

Table 3, considering 3 other carbon sources, distinct from glucose (M1): fructose (M2), maltose 

(M3) and sucrose (M4).  

 

 

Ethanol tolerance 

Ethanol tolerance was assessed using different ethanol concentrations (5, 10, 14, and 18 %, v/v). 

Absolute ethanol was added to the M1 medium to prepare each solution. 

 

 

(Appendix 1) – MSA – Mother Solution of Amino acids; MST – Mother Solution of Trace elements; MSV – Mother Solution of Vitamins; MSF – Mother Solution of 

Anaerobic Factors 
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Temperature 

To assess the optimal growth temperature of T. delbrueckii, and evaluate inter-strain variability, 

yeasts were subjected to grow in M1 medium at different temperatures (15, 25, 30, and 37 ºC). 

 

Tolerance to stress conditions 

The tolerance to stress conditions, such as osmotic, saline, and oxidative stress was tested by 

complementing the M1 medium with NaCl, KCl, and H2O2. The M6 and M7 media were prepared by 

adding 1.5 M NaCl and 1M KCl, respectively, to the M1 medium before autoclaving, while the M8 medium 

containing 2 mM H2O2 was prepared the same way as the M1 medium but complementing it with H2O2 

after autoclaving to avoid volatilization.  

 

Resistance to fungicides 

To test strains’ resistance to fungicides, yeasts were grown in the presence of the compounds 

fluconazole, tebuconazole, metalaxyl, and myclobutanil. Since these compounds don’t dissolve well in 

the M1 medium it was necessary to prepare a stock solution of 2 mg/mL of each dissolved in the 

minimum volume of acetone. To avoid heat-induced degradation or alterations of their properties, each 

was added to M1 medium after autoclaving and diluted to obtain the final concentrations of 0.5 mg/mL, 

0.1 mg/mL, and 0.01 mg/mL. After performing the optimization tests using all the mentioned 

concentrations, and based on the obtained results, it was decided to continue the experiments with the 

entire group of T. delbrueckii yeasts, using a 0.5 mg/mL concentration of all fungicides. 

 

3.3. Phenotypic characterization 

Phenotypic screenings were performed taking into account a wide range of physiological traits 

relevant in a winemaking context. To perform phenotypic assays, isolates were grown overnight (30 ºC, 

200 rpm) in YPD prior to each experiment. After washing the cells with PBS 1X, 13.3 μL of this suspension 

were inoculated in quadruplicate in 96-well microplates containing 186.7 μL of media (A640 nm = 0.1). 

Optical density was determined after 22 h, 25 h, and 46 h (30 ºC, 200 rpm) in a StectraMax Plus 384 

microplate reader. All microplates were sealed with a microporous sealing film to avoid evaporation and 

cross-contamination between wells.  
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3.4. Individual fermentations and HPLC quantification 

Each strain of the set under study was subjected to individual fermentations carried out in 

Erlenmeyer flasks (100 mL) at 18 ºC using a ratio of 1:2 of MS medium to void volume in the flasks 

(Franco-Duarte et al., 2016), with two biological replicates being conducted. 

The fermentative profile of T. delbrueckii was evaluated by HPLC. Samples were treated with 

perchloric acid, at a final concentration of 2 % (v/v), on ice for 30 min, for deproteinization. After, samples 

were centrifuged at 12000 G for 10 min, and 2 replicates of 1.5 mL of supernatant were transferred to 

new tubes. Prior to analysis, supernatant samples were filtered through a 0.22 μm pore filter and, 

subsequently, they were analyzed in a Carbohydrate H+ 9 μm HyperRez XP column in order to quantify 

ethanol, sugar (glucose), glycerol and organic acids (acetic acid, citric acid, malic acid, formic acid and 

succinic acid). The column’s temperature was 40 ºC and the flow was 0.5 mL/min, constant during the 

race time of 30 min. To determine the concentration of the detected compounds, an internal standard 

method was applied with arabinose (20 g/L) as standard, and a Chromeleon 7.2.9 software for data 

collection was used. 

 

 

3.5. Data Analysis 

Microplate experiments were conducted in quadruplicates and results were compiled in a matrix, 

presented as mean ± standard deviation (SD). The differences between strains in the set under study 

were assessed using a one-way analysis of variance (ANOVA) and through a Fisher LSD method according 

to Minitab 19 (version 19.2020. 1, Minitab LLC) statistical software, in which each parameter was always 

compared against a control. For all phenotypic tests, asterisks indicate differences considered statistically 

significant when compared to the respective controls (* corresponds to p < 0.005 and ** corresponds to 

p < 0.001). 

A principal component analysis (PCA), available in the Orange data mining suite software (version 

3.25.0; Demsar, Zupan, & Leban, 2005), was used to assess the inter-strain variability of T. delbrueckii. 

This evaluation was applied to the set of tests, using phenotypic and HPLC data, to find correlations 

between the strain’s geographical origin or technological application and metabolic information, 
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catalogued in four growth classes (Class 0: A640 = 0.1; Class 1: 0.2 < A640 > 0.4; Class 2: 0.5 < A640 > 

1.0; Class 3: A640 > 1.0). At the same time, the software was used to infer prediction models of growth. 
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4.1. Appraisal of yeasts growth in YPD and M1 media 

A T. delbrueckii strain set was compiled taking into account the diversity of geographical origins 

and technological groups associated to each strain (Table 1): food (5 isolates), wine (12 isolates, 2 of 

which are commercial strains) and other beverages (2 isolates), bakery (2 isolates), natural environments 

(14 isolates), clinical (1 isolate) and 8 with an unknown origin. From this group of 44 T. delbrueckii 

strains, 12 isolates were randomly selected with the objective of evaluating and optimizing the growth of 

these species in standard conditions. Strains were grown in Erlenmeyer flasks, in YPD medium for 40 

h/50 h, after adjusting the initial optical density (A640 nm) to 0.1. Appendix 2 - Figure A1.2 illustrates a 

diversified growth profile among the tested isolates, reaching the stationary phase after 24 h of incubation 

with a maximum optical density of, approximately, 6.0. 

A similar approach was applied using MS medium (Appendix 2 - Figure A2.2), synthetically 

designed to mimic the composition of grapes must, contributing to the creation of a winemaking 

environment (Bely, Sablayrolles & Barre, 1990). In this condition, a similar inter-strain profile was 

observed during the 50 h incubation, where a range of 9.6 and 14.2. for the optical density was detected. 

Once a stationary behaviour in both media was reached at different time points, 3 reading points were 

chosen to proceed with the phenotypic studies: 22 h, 25 h and 46 h. With the aim of reducing the amount 

of reagents used and making tests more expedite, the growth of yeasts in both media was repeated in 

96-well microplates. Results showed no significant differences between growth profiles in any of the 

media. Regardless of whether the cells grew in Erlenmeyer flasks or microplates, the profiles turned out 

to be similar, which can also be applied to both YPD and M1 media (Appendix 2 - Figure A1.2 and 

Appendix 2 - Figure A2.2). Therefore, the remaining tests were performed in 96-well microplates, using 

the conditions described in the material and methods section. 
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4.2. T. delbrueckii behavioural assessment 

Phenotypic tests are commonly used to assess strain-specific patterns when subjected to 

divergent environments and, therefore, a set of phenotyping screenings was performed in 96-well 

microplates supplemented according to  

 

Table 3, with four replicates per test. According to the values of optical density achieved at the 

different time points, each strain was assigned to a class (A640 nm): Class 0: A640 = 0.1; Class 1: 0.2 < 

A640 > 0.4; Class 2: 0.5 < A640 > 1.0; Class 3: A640 > 1.0. A similar approach was already used in the 

past with success to characterize a set of Saccharomyces cerevisiae wine yeasts (Franco-Duarte et al., 

2016, 2017; Mendes et al., 2013). Globally, the majority of the strains showed a variable growth trend 

in all the tested conditions as shown in Table 4. For winemaking production, several parameters have to 

be carefully considered when performing strain selection, being the growth temperature a very important 

one, once it influences the style of wine to be produced. Thus, the versatility of T. delbrueckii species 

regarding this feature was evaluated under different temperatures (Appendix 3 - Fig. A1.3) with a large 

number of yeasts being labelled in class 0, at the time point of 22 h, which represents absence of growth, 

when exposed to 15 and 37 ºC, while at 30 ºC the majority grew well. On the other hand, after 46 h of 

incubation, growth at 15 ºC displayed an increased number of strains reaching class 2 (Table 4 and 

Appendix 3 – Fig. A1.3), showing that this condition does not inhibit the growth of the isolates under study 

but seems to delay it.  

At a milder temperature (25 ºC) the number of isolates from 22 h and 46 h of growth almost 

doubled from class 2 to class 3, revealing an upward trend (Table 4 and Appendix 3 – Fig. A1.3). Overall, 

and at a strain-specific level, the temperature range between 25 – 30 ºC appears to be the optimum 

point for the T. delbrueckii growth.  

Carbon metabolism is also essential for the survival and development of all living organisms, from 

yeasts to more complex multicellular organisms. Thus, the ability of T. delbrueckii to grow in glucose was 

assessed alongside assays comprising alternative carbon sources such as fructose, maltose and sucrose. 

The choice of these compounds was essentially based on the fact that grapes, the fruit of excellence used 

in the wine industry, accumulates sugars formed during the photosynthesis process, namely sucrose, 

which when hydrolysed yields fermentable sugars such as glucose and fructose. In addition to these, 

maltose is a compound also found in some wines (Batistote, da Cruz & Ernandes, 2006), as well as in 
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other industries and, for this reason, it was also tested. Results of Appendix 3 - Figure A1.3 confirm the 

metabolic flexibility of yeasts since they were able to process all carbon sources (glucose, fructose, 

sucrose, and maltose) perceived by the fact that all reached classes 2 and 3, and none was detected in 

class 0, after 46 h of incubation (Table 4). 

 

 

Table 4 - Number of yeasts distributed by 4 phenotypic classes according to optical density values (Class 0: A640 = 0.1; Class 1: 0.2 

< A640 > 0.4; Class 2: 0.5 < A640 > 1.0; Class 3: A640 > 1.0) after 46 h of incubation for each phenotypic test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, and particularizing for maltose, greater heterogeneity was noted regarding cells' ability 

to process this sugar as they were observed in all growth classes, prevailing in class 2 (Table 4). Although 

Phenotypic test 
Class of growth 

0 1 2 3 

15 ºC 4 5 29 5 

25 ºC 2 0 1 40 

30 ºC 0 0 0 43 

37 ºC 38 1 2 2 

Ethanol 5 % (v/v) 1 1 3 38 

Ethanol 10 % (v/v) 25 10 6 2 

Ethanol 14 % (v/v) 37 4 0 2 

Ethanol 18 % (v/v) 38 5 0 0 

Glucose 2 % (w/v) 0 0 0 43 

Fructose 2 % (w/v) 0 0 3 40 

Maltose 2 % (w/v) 0 8 28 7 

Sucrose 2 % (w/v) 0 0 1 42 

NaCl (1.5 M) 2 8 27 6 

KCl (1 M) 0 0 1 42 

CuSO4 (5 mM) 19 13 9 2 

H2O2 (2 mM) 13 0 2 28 

Fluconazole (0.5 mg/mL) 0 0 10 33 

Myclobutanil (0.5 mg/mL) 0 5 27 11 

Metalaxyl (0.5 mg/mL) 0 0 0 43 

Tebuconazole (0.5 mg/mL) 0 3 20 20 
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T. delbrueckii used a variety of alternative carbon sources, it appears to have less preference for maltose 

compared to the other alternative tested sources. Another compound that can be metabolized as an 

alternative carbon source is ethanol. However, the aim of using the latter was to assess the concentration 

at which T. delbrueckii viability is affected and, for that, different concentrations of ethanol (5, 10, 14 and 

18 %, v/v) were tested by addition to the culture medium. From a global vision of the data at both 22 and 

46 h time points (Appendix 3 – Fig. A1.3), most yeasts were grouped in class 0, except for the condition 

of 5 % (v/v) of ethanol where a great number of isolates were found in class 3, which indicates that above 

this concentration cell’s growth was severely affected. 

The effect of fungicides on the growth of T. delbrueckii was assessed, in particular myclobutanil, 

metalaxyl, tebuconazole, and fluconazole, as these compounds are widely used in vineyards. For this 

reason, their toxicity profile was evaluated. Preliminary tests were carried out with the purpose of 

understanding the concentration that promoted a high inter-strain behaviour variability, exposing cells to 

a range of 3 different concentrations of the selected fungicides: 0.05, 0.1 and 0.5 mg/mL. Tests were 

performed in 96-well microplates choosing 3 strains with the most different growth rates to proceed. 

Based on these preliminary results (data not shown), the concentration of 0.5 mg/mL revealed the 

greatest behavioural heterogeneity and, therefore, was selected for further analysis and applied to the set 

of 44 strains. In a global vision, and after compiling data according to the aforementioned classes (Table 

4), most strains revealed to be able to grow in environments containing these fungicides, although with 

different growth rates. Myclobutanil and tebuconazole were the ones with the most variable data obtained. 

The last phenotypic assay included the assessment of T. delbrueckii growth when exposed to stress 

conditions which, as for the previous assays, revealed a wide heterogeneity, as expected. In the presence 

of NaCl (1.5 M), an osmotic stress inducer, strains were distributed through all classes with the majority 

centred in class 2, while under saline stress with KCl (1 M) almost all cells reached class 3 of growth 

(Table 4). In the presence of other stress-inducing compounds, such as copper (5 mM) and hydrogen 

peroxide (2 mM), yeasts revealed a high variability being distributed through all classes for the former 

compound, while the exposition to the latter exhibited a concentration of cells in classes 1 and 3, as 

exposed in Table 4 and Appendix 3 – Fig. A2.3.  

 

The global profile of phenotypic variation was evaluated using principal component analysis (PCA). 

The employed screening approach carried out considering 20 phenotypic tests and 4 replicates, resulted 

in a total of 2580 data points from a set of 44 strains. PCA results showed the segregation of all 44 
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isolates (Figure 2A  ̶  scores) and the phenotypic variables (Figure 2B  ̶  loadings), in the first two PCA 

components (Figure 2). Strain variability was explored using the first two principal components, which 

explained a total of 34.3 % of variability, establishing a pattern to each strain according to their phenotypic 

behaviour in these two components – PC1 (20.1 %) and PC2 (14.2 %). A larger number of components 

were also considered (data not shown), although it did not add any relevant information to explain strain 

variability and, so, only the first two components were considered. At 22 h of growth, no variability patterns 

were observed in the multivariance analysis. However, at 46 h some patterns were detected, as displayed 

in Figure 2. 

The phenotypes responsible for the highest observed diversity between the strains were related to 

the growth in the presence of the two highest concentrations of ethanol (14 and 18 % (v/v)), wide-range 

temperatures (15 and 37 ºC), and when the medium was supplemented with NaCl (1.5 M) and H2O2 (2 

mM), even though all features contributed to the cells’ growth in some way (Figure 2).  

The group of winemaking strains ( ) showed a slight dispersion in all quadrants although they 

accumulate in the left part of the PCA, with 2 strains standing out from the remaining: T30 (located on 

the upper right side) and T41 (positioned in the lower part of the PCA) (Figure 2). The natural isolates      

( ) were located in the centre and in the right part of the PCA. A separation, not total, but representative 

between the aforementioned groups showed one winemaking strain (T30) mixing with the naturals’ group, 

while one isolate with natural origin (T29) mixes with the winemaking yeasts, when analysed by PC1 

component. Yeasts from other beverages ( ) grouped with the ones from wine’s origin, as expected. As 

demonstrated in Figure 2A, the bakery group ( ) is concentrated in the central region of the PCA, in the 

transition between the winemaking and the natural isolates. In the central region is located one clinical 

yeast ( ), but due to the unrepresentative number of strains from this technological group further 

analysis will be needed with more clinical isolates. Strains from unknown origin ( ) didn’t group in a 

well-defined cluster, being dispersed throughout the PCA, as expected since they could have multiple 

origins. 
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30 ºC 
Glucose 

Metalaxyl (0,5mg/mL) 

 

B 

 

A 

Figure 2 - Principal component analysis (PCA) of phenotypic data from 44 strains of Torulaspora delbrueckii, after 46 h of incubation.  A: Scores - 60 
strains distribution. Colours represent the technological applications or origin of the isolates:    – winemaking;     – natural environment      – food;      – 
other beverages;     – bakery;     – clinical and       – unknown biological origin. B: 20 phenotypic tests. 
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From this group, T20 and T23 are positioned on the left part of the PCA which correlates with a 

good ability to grow in the presence of H2O2, NaCl, KCl, as well in the presence of sugars (sucrose, 

maltose and glucose). However, these two strains showed poor ability to grow at 37 ºC, at the highest 

tested ethanol concentrations and had moderate growth in the presence of fungicides. With regards to 

the loadings (Figure 2B), glucose and 30 ºC tests data overlapped near the origin of the PCA, which would 

be expected, since they represent tests performed in the exact same conditions, and were used as control. 

However, metalaxyl growth data overlapped in this central area alongside the previous tests, showing that 

this fungicide has a neutral influence on the strains’ behaviour. The group of fungicides, except for 

metalaxyl as previously mentioned, are grouped at the lower right part of the PCA with tebuconazole 

imposing a greater heterogeneity in the isolates. Comparing these results with the strains positioning 

(Figure 2A – scores), one can conclude that strains farthest to the right in the PCA have a higher resistance 

to the presence of sucrose, maltose, KCl, and to the temperature of 15 ºC than those farthest to the left, 

as shown by PC1 component scrutiny. However, these compounds are not the ones that display the 

major influence on cells, since their location is close to the axis. At the same time, T64, T59 and T30 

detain a high resistance to fungicides and ethanol in a range of 14 to 18 % (v/v). On the other hand, the 

natural isolates show greater growth in tests associated with high temperatures, high concentrations of 

ethanol and fungicides.  

The wine strains, located on the left part of the PCA visualization showed higher growth in NaCl, 

H2O2, and CuSO4, that are located in the negative part of the PC1 in the loadings’ analysis, which are the 

tests most affiliated with wine production. As the wine is being produced, the ethanol content increases, 

which would imply greater resistance from strains, in order to adapt to the environment and be able to 

survive in the environment. Therefore, ethanol would be expected to be in this part of the PCA. However, 

winemaking strains were not able to tolerate high ethanol concentrations, with the exception of T30. 

Despite having an unknown biological background, T42 strain appears to be a strain of interest as it 

displayed not only good resistance to low temperatures, but also positive growth in the presence of 

fungicides when analysed by the second component. 

 

 

4.3. Analysis of fermentation metabolites by HPCL 

The metabolic profile of T. delbrueckii was evaluated by high-performance liquid chromatography 

(HPLC), with a subgroup composed of 13 strains chosen within the larger set of isolates, due to their 
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more heterogeneous behaviour. For this, duplicate fermentations were carried out and samples of the 

latter stages of the process (120 h and 192 h after incubation) obtained for further analyses. Good 

reproducibility was observed between the two replicates. The methodology adopted for the HPLC analysis 

was based on the method of internal standard, using arabinose (20 g/L) to quantify the different detected 

compounds. Inter-strain differences were observed regarding several chemical compounds like organic 

acids (citric, malic, succinic, acetic and formic acids), glycerol and glucose (Figure 3 and Figure 4). PCA 

visualization of HPLC data at the end of fermentation (192 h of incubation) explained 65.5 % of strain 

variability in the first two components (PC1 –  37.5 % and PC2 –  28.0 %), showing that strain variance 

was mainly influenced by ethanol, glycerol and citric acid, and malic acid concentrations. The further 

principal components were disregarded as they did not enhance the explanation of variability. Strains 

were distributed throughout the PCA, but a clear separation of the isolates according to their technological 

origin are disclosed in Figure 4A: winemaking isolates ( ) were located on the right part, while the 

natural isolates ( ) and most of the strains with unknown origin ( ) were predominant in the left part, 

under the effect of the first component. Strains originating from food ( ), bakery ( ) and other beverages 

( ) were in the lower part of the PCA, under the influence of the second PCA component. Regarding the 

analysed metabolites (Figure 4B), acids were predominantly focused on the right part of the PCA, except 

for formic acid that was detected alongside with glycerol on the left part, determined by the first 

component. Acids, predominantly malic and citric acids, discriminate strains (in the right part of the PCA, 

separated by the first component) with high concentrations for one particular winemaking isolate (T41) 

and lower contents for the food strains ( ) and for the isolates with unknown biological origin                         

( ), especially strain T20. Citric and malic acids are the only acids composing the MS medium (6 g/L 

each), so it is crucial to have this factor in consideration when analysing their production or consumption 

by yeasts. Detailing to the natural isolate (T60), with the highest detected concentrations of acids, this 

isolate showed a decrease of 44.7 % and 45.7 % (Table 5), for malic and citric acids respectively, after 

120 h of incubation revealing a consumption of both acids (Figure 3A). On the other hand, in the range 

from 120 h and 192 h of fermentation an increase of 20.7 % and 39.6 % (Table 5) of, respectively, malic 

and citric acids was also observed demonstrating ability of T. delbrueckii strains to produce both acids. 

Therefore, almost all strains revealed good capacity to consume malic and citric acids (reaching maximum 

consumptions of almost 50 %), while the majority did not show increases of concentration for these at 

the end of fermentation, which translates into limited production aptitudes. Exceptionally 7 strains 

produced citric acid (ranging from 9.6 % - 41.3 %) whereas only 4 strains produced malic acid (range 

between 8.5 % and 24.5 %). Food ( ) and other beverages ( ) strains were positioned near the PCA 
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origin and in the lower part revealing inferior glycerol and ethanol concentrations, determined by the 

second component, inferring about a poorly capacity to produce these compounds, since they were not 

present in the tested medium. On the other hand, 3 strains, with biological niches different from the latter 

ones (T23, T63 and T64), appear to release great contents of glycerol, as they are located in the upper 

part of the PCA. Two strains belonging to different technological groups (T09 and T45), revealed the 

highest production of succinic acid within the set of the analysed metabolites. Formic acid showed no 

significant influence on strains since it was not detected on almost any strain, as it can be seen in Figure 

3 and Figure 4, except for two isolates (T13 and T60) with the highest release from T13. Regarding acetic 

acid, which ranged at the end of fermentation between 0.44 – 3.27 g/L (Figure 3), it’s production revealed 

to be a strain-dependent feature as one winemaking isolate had the highest level of production of this 

compound, 6.11 g/L, (T41), while two natural isolates (T63 and T64) and two isolates with unknown 

origin (T20 and T23) showed the lowest ability to produce it (Figure 4). Strains positioned on the farthest 

to the right part of the PCA, such as T09, T41, T42 and T45, alongside with the ones located on the 

lowest part like T13, revealed the highest concentrations regarding glucose. Of particular relevance is the 

fact that this sugar was present in the tested medium at a concentration of 200 g/L, which could evidence 

a poor fermentative capacity of these isolates, combined with a low production of ethanol for T13, T20 

and T22, contrary to T41 and T42 that released considerable ethanol levels. On the other hand, three 

natural isolates (T60, T63, T64) showed a great ability to entirely consume the glucose in the medium 

(Figure 3B) at a more advanced fermentation stage, data reinforced by the PCA visualization (Figure 4) 

in which they are located on the upper part, under the effect of the second component. This highlights a 

great fermentative capacity of T60, T63 and T64 strains isolated from natural environments. In addition 

to this feature, T63 and T64 strains demonstrated high production capacity regarding glycerol, together 

with T23. 
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Figure 3 - HPLC analysis results of a subgroup of 13 strains of Torulaspora delbrueckii after 120 h (blue bars) and 192 h (orange bars) of incubation of the respective individual fermentations. A: Concentration (g/L) of citric, malic, 
succinic, acetic and formic acids and glycerol. B: Concentration (g/L) of glucose and ethanol. 
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Table 5 - Torulaspora delbrueckii consumption and production of malic and citric acids, in percentage, ranging between 0 – 120 h and 120 – 192 h in MS medium supplemented with both acids at 
a concentration of 6 g/L. 

Strain 

Malic acid Citric acid 

Δ 0 -120h Δ 120h-192h Δ 0-120h Δ 120h-192h 

Consumption Production Consumption Production Consumption Production Consumption Production 

T09 nd 13.6 19.4 nd 2.1 nd 13.7 nd 

T13 15.7 nd 11.0 nd 25.5 nd 7.6 nd 

T14 20.4 nd 33.0 nd 19.1 nd 21.0 nd 

T20 26.4 nd 37.5 nd 27.5 nd 21.2 nd 

T22 37.5 nd 5.2 nd 41.6 nd nd 10.5 

T23 26.9 nd nd 12.8 30.1 nd nd 9.6 

T36 31.4 nd nd 24.5 39.2 nd nd 41.3 

T41 nd 7.8 nd 8.5 4.2 nd nd 15.7 

T42 3.7 nd 3.5 nd nd n0.3 nd 6.5 

T45 nd 9.3 14.2 nd 0.8 nd 14.8 nd 

T60 44.7 nd nd 20.7 45.7 nd nd 39.6 

T63 13.0 nd 26.3 nd 27.6 nd 2.6 nd 

T64 9.8 nd 8.0 nd 23.0 nd nd 25.2 

nd – not detected 



Is Saccharomyces cerevisiae the only yeast capable of producing wine? Exploitation of Torulaspora delbrueckii for winemaking 

39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 4 - Principal component analysis (PCA) of HPLC data from 13 strains of Torulaspora delbrueckii, after 192h of individual fermentations 
incubation. A: scores - 13 strains segregation. Colours represent the technological applications:      – winemaking;     – natural environments;      
– food;      – other beverages;     – bakery;     – clinical and      – unknown biological origin. B: Metabolites from fermentation. 
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Further analysis combining phenotypic and metabolic data (Figure 5) with the purpose to 

highlight the strains with a favourable blend of features, confirmed a clear segregation of strains 

from different origins, under the influence of the first two principal components (PC1 – 25.6 % and 

PC2 – 23.9 %), explaining conjointly 49.5 % of the data variability, as strains isolated from natural 

environments are located on the right part of the PCA, while the ones related to food, wine, other 

beverages, bakery and strains with unknown origin are distributed on the left part. T60, T63 and 

T64 revealed high ethanol resistance, great adaptability to grow at 37 ºC and in the presence of 

fructose, and even showed a considerable amount of produced glycerol, with the latter quantified 

by HPLC. On the other hand, strains T41 from wine-related environments, and T42, with an 

unknown biological origin, revealed phenotypic traits recognized as positive, by growing well in the 

presence of the fungicides tebuconazole, myclobutanil and fluconazole, at both 15 and 25 ºC 

temperatures and produced high contents of citric acid and ethanol. The remaining unknown 

classified strains  ̶  T20, T22 and T23  ̶   represented on the downside of the PCA, under the effect 

of the second component, showed a good production of succinic acid, and high ability of growth in 

the presence of different compounds: CuSO4, NaCl, KCl and H2O2, sucrose, maltose and low 

ethanol concentrations (5 %, v/v). 
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Figure 5 - Principal component analysis (PCA) combining the phenotypic tests and HPLC data from 13 strains of Torulaspora 
delbrueckii.  A: scores - 13 strains segregation. Colors represent the technological applications:      – winemaking;     – natural 
environments;      – food;      – other beverages;     – bakery;     – clinical and      – unknown biological origin. B: Loadings: 
combination of phenotypic tests and metabolites evaluated from HPLC.  

30 ºC 
Glucose 
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4.4. Statistical data analysis 

Differences between the extended data set were assessed through variance tests (one-way 

ANOVA) using the Fisher LSD method, in which each parameter was always compared against a 

control. A global view of one-way analysis of variance tests regarding each phenotypic group is 

shown in Figure 6 and Figure A1.5 (appendix). Since at 46 h of incubation (Figure 6) inter-strain 

differences were not as pronounced when compared to data from 22 h of incubation (Appendix 5), 

only the former results will be discussed. Focusing on the temperature essay (Figure 6A), the three 

tested temperatures triggered differences in comparison with growth at 30 ºC, which was 

designated as control. While the 25 ºC assay revealed to be significantly different from the control 

(p < 0.001), so did both 15 and 37 ºC with the same level of significance. The last two mentioned 

temperatures displayed differences when comparing with the remaining temperatures, except for 

the direct comparison between themselves. Further comparisons, regarding this time point of all 

percentages of ethanol tested, showed significant differences (p < 0.001) when compared with the 

medium without this compound (control test) (Figure 6B). Nevertheless, considering the two 

highest concentrations of ethanol, no difference was detected (p > 0.001) when comparing 

between each other, meaning that at 14 % of ethanol the cells’ growth was already significantly 

affected. Another peculiar case was the set of the carbon sources (Figure 6C) in which sucrose 

was the only sugar showing no significant difference in comparison with the control (growth in 

glucose), meaning that the behaviour of yeasts was quite similar in the presence of both sugars. 

However, at 46 h, fructose no longer presented statistically significant differences from the control, 

as observed at 22 h (p < 0.005), with maltose being the only sugar that maintains a significant 

variance (p < 0.001) comparing with glucose growth. In the set of tests associated with stressful 

conditions (Figure 6D), all of them showed the same level of significance (p < 0.001) at both time 

points, except for KCl which revealed no significant differences (p > 0.001), meaning that at the 

concentration of 1 M this compound does not influence T. delbrueckii growth. 

In the last trial, considering yeast growth in the presence of fungicides (Figure 6E), statistical 

analysis demonstrated a significant effect of these compounds on the yeasts’ growth, except for 

metalaxyl, which showed no significant differences (p > 0.001)  at both 22 h and 46 h. This may 

indicate that the presence of 0.5 mg/mL of metalaxyl does not affect yeast growth and that this 

compound may affect in a concentration-dependent manner. 
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Figure 6 - Effects of the phenotypic variables on Torulaspora delbrueckii strains, during 46 h of incubation, taking into account 4 phenotypic classes (Class 0: A640 = 0.1; Class 1: 0.2< A640 >0.4; Class 2: 0.5< 
A640 >1.0; Class 3: A640 >1.0). A – Temperature; B – Ethanol content; C – Carbon sources; D – Stress conditions; E – Fungicides. For all tests it was applied one-way ANOVA (Fisher LSD Method) (* corresponds 
to p <0.005; ** corresponds to p < 0.001). 
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For thousands of years, microorganisms have been explored by humans for the production of wine 

through traditional winemaking practices based on the native microflora of grapes. In the past decades, 

evolution forced an optimization and modernization of these processes to be carried out by specialized 

wine strains with particular traits, such as Saccharomyces cerevisiae, in order to obtain the desired 

product. However, the growing economic interest in this product has led to the exploitation of a large 

spectrum of non-conventional species, such as non-Saccharomyces yeasts, formerly considered as 

spoilage and undesired microorganisms, but showing potential to enhance the analytical composition and 

aromatic profile of wines (Ivit, Longo, & Kemp, 2020; Jolly, Varela, & Pretorius, 2014). Within this large 

group, Torulaspora delbrueckii stands out for its flowery and fruity aroma influence on wine sensory profile 

(Benito, Calderón, & Benito, 2019).  

Differences in cells or organisms’ phenotypes are due to individual genetic variations (and of its 

interactions with environmental factors) that promote the appearance of particular characteristics. 

Although the ability to predict how a deviation at the genome level can influence or cause a certain 

phenotypic variability persists limited, different phenotypic screening studies have been conducted using 

all types of model systems. One such model organism is the yeast S. cerevisiae since it can provide 

relevant information on different thematic like the growth of cell populations in different conditions, which 

allow to infer about gene function or biological networks that might be involved (Mattiazzi et al., 2020; 

Tian et al., 2020). In a similar way to S. cerevisiae, which has been tested in various conditions, and in 

a large scale regarding distinct ethanol concentrations, temperatures, stress environments and resistance 

to fungicides (Mendes et al., 2013), T. delbrueckii strains were also assessed on these topics in this 

thesis. A battery of phenotypic tests, with a biotechnological relevance, was employed to a set of 44 

isolates of T. delbrueckii with the purpose to acknowledge singular properties of this species. Synthetic 

must media (MS), used to simulate the composition of grape must, was employed to evaluate strains 

ability to grow at different temperatures, and revealed that temperature above 37 ºC largely affects the 

growth of this species, conditioning its fermentative performance. According to the literature (Mendes et 

al., 2013; Walsh & Martin, 1977), S. cerevisiae optimum growth temperature is within the range of 30 – 

35 ºC, while T. delbrueckii ideal temperature, according to the results obtained in this work, appeared to 

be between 25 and 30 ºC, being in this way slightly lower than the reported for S. cerevisiae. Nonetheless, 

the ability to grow under lower temperatures can be an advantageous feature for the manufacture of 

specific wines, such as rosé and white wines, whose conditions contribute to an increase in the production 

of volatile compounds alongside a fresh character during yeast fermentation (García-Ríos, Ramos-Alonso, 

& Guillamón, 2016). As shown in the results section (Table 4), some strains exhibited good growth 
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capacity at 15 ºC, which could be applied in the aforementioned wine styles, suggesting a phenotypic 

adaptation, similar to what was reported for S. cerevisiae, which synthesizes proteins involved in the 

response to low temperatures (Rodriguez-Vargas, Estruch, & Randez-Gil, 2002; Sahara, Goda, & Ohgiya, 

2002). Response to temperature was not the only behaviour assessed in this study, and the carbon-

source-dependent growth of T. delbrueckii species was another evaluated parameter. The use of different 

sugars is part of the basic tests for species classification, as described by Kurtzman, Fell, & Boekhout 

(2011). Glucose is the preferable used carbon source for S. cerevisiae yeasts, as this sugar is channelled 

into the glycolysis pathway, although other sugars are also used by yeasts as carbon sources. Our data 

demonstrated a similar phenotypic behaviour between T. delbrueckii and reports on S. cerevisiae, as the 

former grew in the presence of glucose, fructose, sucrose and maltose, even though revealing less 

preference for maltose degradation, confirmed by the comparative statistical analysis presented in Figure 

6C. These findings are in agreement with reports by Kurtzman, Fell, & Boekhout (2011) in which the 

authors describe a positive growth of T. delbrueckii in the presence of glucose and variable for maltose. 

Despite presenting different structures, glucose and fructose share the same empirical formula (C6H12O6) 

and, are both used by T. delbrueckii as energy and carbon source as they can be transported across the 

yeast cell membrane through common carriers, enabling its ability to use both fermentable sugars in the 

wine must (Alves-Araújo et al., 2005; Pacheco et al., 2020), although sometimes this varies according to 

yeasts’ genetic background (Júnior, Batistote, & Ernandes, 2008). When present simultaneously in the 

media, glucose is described to be used at a faster rate than fructose, since carriers have higher affinity 

for glucose (Tronchoni et al., 2009). Despite T. delbrueckii glucophilic character described by Tronchoni 

et al. (2009) and Van Maris et al. (2006), differences in growth were not significant when testing media 

supplemented individually with fructose and glucose. Sucrose, a disaccharide, can be hydrolysed by S. 

cerevisiae into one molecule of glucose and another of fructose, through an extracellular invertase present 

in this yeast which enables the separation into these monosaccharides (Batista, 2004, Marques et al., 

2016). In this matter, T. delbrueckii ability to grow in MS medium supplemented with sucrose may 

suggest the presence of an invertase able to degrade this sugar in its monosaccharide units or an ability 

to integrate it in the cell in its complexed form. Additionally, HPLC analysis revealed the presence of 

residual contents of glucose at the end of fermentation, consistent with a poor fermentative performance 

of this species compared to S. cerevisiae, as reported in the literature (Belda et al., 2015; Escribano et 

al., 2018; Loira et al., 2014). However, three particular isolates (T60, T63 and T64) proved to be 

exceptions due to their apparent high fermentative power, strengthened by the non-detection of glucose 

at the end of fermentation, despite their origin in natural environments. These findings are validated by 
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reports from Azzolini et al. (2015), Bely, (2008), Benito (2018) and Ramirez & Velàzquez (2018). A 

correlation between glucose consumption and ethanol production was observed, as strains with the 

greatest residual glucose contents (designated as reduced fermentative power) translated in lower levels 

of ethanol production, while those with higher fermentative power released superior concentrations of 

ethanol. These descriptions are in accordance with those reported for S. cerevisiae since the biological 

process of alcoholic fermentation is based on the conversion of sugars into energy and ethanol (Escribano 

et al., 2018). However, work developed by Alves-Araújo et al. (2007) showed very similar behaviours 

between T. delbrueckii and S. cerevisiae with regard to sugar utilization and regulatory patterns. T. 

delbrueckii species is usually defined as a low ethanol producer (Barry et al., 2018; Benito, 2018; Ramírez 

& Velázquez, 2018), being this statement corroborated in this work by HPLC, an analysis that revealed a 

production range of 44.2 to 130.5 g/L of ethanol produced. This range of values was much wider than 

the one obtained before with S. cerevisiae strains  ̶   103 - 121 g/L (Franco-Duarte et al., 2016), which 

hypothesises a strain-dependent feature. Beyond ethanol production, differences regarding species 

resistance to stress environments proved to be significant between both species, as T. delbrueckii is 

reported to be a less resistant yeast in comparison with S. cerevisiae (Ramírez & Velázquez, 2018). Our 

data reflects this low tolerance, as the majority of T. delbrueckii strains had a growth in conditions of 10 

% and 14 % ethanol supplemented medium attributed to class 0 of phenotypic growth, with only three 

isolates achieving class 3. Mannazzu, Clementi, & Ciani (2002) mentioned high levels of ethanol as 

responsible for inhibiting cell growth and metabolism, in addition to an increase in plasma membrane 

infiltration presumably due to specific effects on membrane transport proteins. This idea is supported by 

Santos et al. (2008), as they reported an increase of sensitivity of glucose transporters, in high ethanol 

environments with cells maintaining their viability. Therefore, the use of T. delbrueckii species stands 

limited to wines with high amounts of ethanol.  

Yeasts exposed to stressful factors undergo modifications at distinct levels from metabolic and 

gene expression alterations to morphological and behavioural changes, which can interfere with the 

fermentation process (Diezmann & Dietrich, 2009; Kvitek, 2008). Nonetheless, these adaptations can 

lead to strain diversity as some species, namely S. cerevisiae, develop specific control mechanisms that 

trigger responses, for example, the activation of the HOG pathway, in order for them to survive. In this 

context, a balance is required by the cell once the overactivation of the aforesaid pathway could be lethal, 

while the lack of its activation turns the cells osmosensitive (Albertyn, Hohmann, & Prior, 1994; Tamás, 

& Hohmann, 2003). Osmotic and saline stress environments were simulated by the addition of 1 M of 

KCl and 1.5 M of NaCl to the tested medium, individually. Kvitek, Will, & Gasch (2008) linked strains 
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owing high phenotypic heterogeneity with resistance to environmental stress-inducers, suggesting a 

sharing of traits among those with similar geographical origins. These findings support the data variability 

observed in the results section, as strains of wine technological origin revealed higher facility of growth in 

these tests, compared to the natural isolates, which are those more affiliated to the conditions used in 

winemaking industries. S. cerevisiae osmoadaptation to the presence of these stress inducers is due to 

the activation of osmoregulatory mechanisms, signalling pathways to preserve cell integrity, regulation of 

transport channels and alterations of gene expression as several authors describe it (Dhar et al., 2011; 

Mager & Siderius, 2002; Tamás, & Hohmann, 2003). Overall, our results on T. delbrueckii revealed a 

good ability to grow in the presence of NaCl and KCl, which is validated by Hernandez, Prieto & Randez-

Gil (2003), hypothesizing this capacity as a strain-dependent feature. Noteworthy, NaCl presented a 

greater contribution to behavioural heterogeneity of strains than KCl (Figure 2 and Figure 5), which is 

corroborated by the same authors who highlighted a more toxic effect of NaCl than KCl, in equivalent 

concentrations. In this context, the adaptation process may be associated to common defence 

mechanisms in these strains in contrast to those with growth difficulties due to the possible lack of 

biological pathways, or even the fact that these processes have been affected by the environmental 

conditions. Beyond these, other stress-inducing compounds were tested such as copper (CuSO4) and 

H2O2 (oxidative stress). Some S. cerevisiae yeasts are characterized as flor strains due to their wide range 

of traits that allow them to adapt and develop during wine ageing. Budroni et al. (2005) and Capece et 

al. (2013) evaluated the formation of films by S. cerevisiae flor strains, as these can cover the surface of 

wine fluids modifying its properties. This ability to create films, according to the authors, seems to favour 

yeasts resistance to copper, oxidative stress and even ethanol environments. However, this particularity 

can be disadvantageous when introducing other carbon sources different from glucose, like sucrose or 

maltose. A high behavioural diversity of T. delbrueckii yeasts regarding the presence of copper and 

hydrogen peroxide chemical compounds was observed. Thus, T. delbrueckii specific adaptation when 

subjected to these factors deserves additional work, focusing on the formation of these films to confirm 

or contest this hypothesis. 

The climatic changes that vineyards have been exposed to over the years have provided an 

adequate habitat for the development of a large number of pests, responsible not only for the total loss 

of crops but also for the decrease of wines productivity. For this reason, control of undesirable 

microorganisms and diseases through the application of fungicides and pesticides is one of the major 

goals to protect wine production (Ortiz, Peñalver, & Navarro, 2010). However, chemical fungicides which 

are usually not specific for pests can lead to the presence of organic residues in the vineyards, which 
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remain in the must, affecting the biological function of other microorganisms, including those used in the 

fermentation of food and beverages (Russo et al., 2019). Therefore, studying the fungicides toxicity profile 

on wine microorganisms’ growth is crucial to reduce the risks associated with its use in winemaking 

activities (Kundu, Goon, & Bhattacharyya, 2014). In order to assess potential effects on T. delbrueckii 

growth, four of these chemical compounds ̶ fluconazole, tebuconazole, metalaxyl and myclobutanil  ̶  were 

tested. As reported in the literature, metalaxyl is one of the fungicides that display inhibitory effect on the 

growth of fungi (Davidse et al., 1988; Wang et al., 2019;). Yet, our results showed no effect of this 

fungicide on the growth or viability of T. delbrueckii at the concentration of 0.5 mg/L, since all strains 

reached class 3 of phenotypic growth, which could represent a low sensitivity of this species to this 

particular fungicide, not excluding the possibility that this antifungal agent induces a cellular response at 

other concentrations, for example. Russo et al. (2019) report T. delbrueckii as having higher resistance 

than strains of S. cerevisiae when inoculated in medium supplemented with a mixture of metalaxyl and 

folpet. The maximum residue level limit for metalaxyl present in wine grapes is currently set by the 

European Union at 1 mg/L (Russo et al., 2019). Fluconazole, myclobutanil, and tebuconazole induced 

inhibition of T. delbrueckii cell growth in a concentration-dependent manner, which is in accordance with 

reports by François et al. (2006). However, since only one concentration (0.5 mg/L) was tested for all 

four fungicides, we cannot exclude that metalaxyl could have an effect for higher concentrations, at least 

for some strains as our results showed that the isolates under study responded differently to the fungicides 

tests. 

Metabolic profile of T. delbrueckii species was evaluated through HPLC analysis. One of the 

analysed compounds was glycerol, one of the most abundant metabolic by-products, beyond carbon 

dioxide and ethanol, during fermentation, and reported one of the most important contributions of non-

Saccharomyces yeasts to the wine profile (Benito, Calderón, & Benito, 2019; Benito, 2018; Jolly, 

Augustyn, & Pretorius, 2006). Oenological importance of glycerol stands out for its smoothness and 

viscosity features, while other studies show a minimal influence on the quality of natural wines (Mbuyane 

et al, 2018; Nieuwoudt et al., 2002). However, wines fermented by non-Saccharomyces yeasts, such as 

T. delbrueckii, are agreed to produce levels slightly higher than those fermented by S. cerevisiae (Yalcin 

& Ozbas, 2008), concentrations ranging between 1 (Escribano et al., 2018) and 10.5 g/L (Ivit et al., 

2020), while for S. cerevisiae maximum levels of 9.1 g/L are reported, depending on the wine style. The 

heterogeneity of our results regarding glycerol content may indicate a strain-dependent characteristic with 

a maximum concentration detected for T64 isolate (7.2 g/L). In S. cerevisiae, glycerol is the main 

compatible solute as it plays a role in osmotic stress resistance and redox homeostasis (Blomberg & 
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Adler, 1992). In addition to the beverages application, glycerol can be applied in other economic 

industries as in food, personal care, tobacco, pharmaceutical (coupled with-silicone in adhesives to aid in 

wounds healing) and chemical industries (resins, detergents, explosives and cellophane manufacturing) 

(Chiaula et al., 2020; Katryniok et al., 2010; Scanes, Hohrnann, & Prior, 2017). In this matter, T64 strain 

revealed to be a higher glycerol producer with great potential to be used, not only in winemaking but also 

in glycerol production for the aforementioned industries. 

The complexity of wines also arises with the presence of other acids such as malic, citric and 

succinic acids, as they have a direct influence not only on the colour, taste and balance of the final product 

but also in the protection from bacteria that may exist in the environment. Regarding these organic acids, 

some production and consumption was detected, although not for all strains. Malic acid is the main 

organic acid found in grapes and the one used in a wide range of industries like food, beverage (including 

wine industry), chemical, medical and pharmaceutical fields (Chi et al., 2016). Decreases in malic acid 

levels (resulting from the consumption of this compound, as it was already present in the test medium  ̶  

6 g/L) are in agreement with studies performed by other authors who confirmed that it can be metabolized 

during T. delbrueckii fermentations, in a range that goes from 20 to 25 % (Belda et al., 2015; Escribano 

et al., 2018). These values are similar to the ones found in S. cerevisiae fermentations, with the two 

species sharing the ability to degrade this compound (Redzepovic et al., 2003; Schuller & Casal, 2005). 

Results obtained in this work evidenced minimum consumptions of malic acid of 0.8 %, reaching 

maximum degradation of almost 44.7 %, at the end of fermentation, which was a surprise since these 

values are superior to those reported in the literature. Apart from yeast’s ability to consume malic acid, 

they also have the ability to produce it, although being only detected on 3 strains after 120 hours of 

fermentation and reaching a maximum percentage of production of 13.6 %, for T09 strain, with 

biotechnological origin in bakery. Particularizing results of strains T60, T63 and T64, which were the ones 

with the highest fermentative power, they allowed to conclude about the good ability of these strains to 

degrade malic acid. In particular, strain T60 exhibited both degradation and production as at the range 

of Δ 0 – 120 h it displayed lower values at 120 h than at the beginning (0 h) which is accordance with 

degradation effects. And, at the range of Δ 120 – 192 h, obtained final values (192 h) higher than the 

initial ones (120 h), being in this way considered as production. However, we could not clarify if all the 

initial acid was consumed and then produced by the cells, or if only some part was consumed and, only 

after the end of glucose fermentation, there was an increase in the acid levels in the medium. So, a 

question that strands is: is malic acid consume during the fermentation process or does this occur only 

after fermentation ends?! These correlations are unclear and need further investigation. Similar results 
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were obtained for citric acid as this chemical compound was also degraded by almost all strains, in values 

ranging between 0.8 % and 45.7 %, slightly superiors in comparison with malic acid, but production 

activity was only significantly detected for 7 isolates at the range of Δ 120 – 192 h, with a maximum 

production of 41.3 %. Particularizing for the 3 natural isolates previously highlighted, they showed high 

values of citric acid consumption, although only T60 and T64 were able to produce it at the end of 

fermentation. The connection between citric acid degradation/production during/after the fermentation 

process stands the same as for malic acid, which requires further investigation. Citric acid is an organic 

acid produced through the TCA cycle pathway, like malic acid, that presents antimicrobial activity against 

bacteria and moulds. Due to its low toxicity and high solubility and palatability, this compound is used 

across a wide spectrum of biotechnological industries as in browning prevention, acting as metal ion 

chelating agent, acidulant, and buffering agent besides its valuable role in pharmaceutics, cosmetic, 

beverage and food industries. In addition, its contribution to wine aroma profile stands out for its pleasant 

citrus-like taste (Ciriminna et al., 2017; Hesham, Mostafa, & Alsharqi, 2020; Vilela, 2019). Liu et al. 

(2018) carried out individual fermentations for S. cerevisiae and T. delbrueckii and found similarities 

between both species regarding citric acid yields, as S. cerevisiae reached concentrations of 2.23 g/L 

and the two T. delbrueckii strains ranged from 2.18 to 2.36 g/L. In the present work, among the subgroup 

of 13 strains chosen to proceed with the metabolic analysis based on their behavioural variability, the 

values of production were lower than the ones reported in the literature. Overall, strains showed a good 

capacity to degrade both organic acids, although only 4 T. delbrueckii isolates revealed capacity to both 

consume and produce malic and citric acids. 

Succinic acid is a platform chemical compound with a major role in fields as the synthesis of 

biodegradable polyesters, resins, paints, pharmaceutical industries, chemical industries (surfactants, 

detergents, as ion chelator to prevent corrosion), food industry additive and even used as anti-microbial 

agent (Franco-Duarte et al., 2017; Morales et al., 2016; Yan et al., 2014; Zeikus, Jain, & Elankovan, 

1999). Currently, succinic acid is produced by petrochemical processes through the conversion of maleic 

anhydride (Ahn, Jang, & Lee, 2016), however, the continuous employment of this methodology displays 

high costs and environmental issues, which made investigators search for alternatives to produce succinic 

acid. The use of microorganisms to achieve it is being the main challenge for researchers as an 

environmentally friendly and cost-effectiveness source of succinic acid (Li et al., 2017). In winemaking 

context, this acid is claimed to contribute in a positive way to the analytical composition of wine as it 

increases wine’s acidity and antibacterial activity (Jolly, Varela, & Pretorius, 2014; Robles et al., 2019). 

S. cerevisiae is a very well-studied yeast due to its great acid production capacity (Agren, Otero, & Nielsen, 



Chapter 5: Discussion 

52 

2013; Cui et al., 2017) namely succinic acid. In fact, Franco-Duarte et al. (2017) using natural isolates 

of S. cerevisiae reached a maximum concentration of 1.13 g/L. However, Puertas et al. (2016) reported 

T. delbrueckii as a higher succinic acid producer with productions between 0.84 g/L and 1.11 g/L, in 

comparison with S. cerevisiae that only reached maximum values of 0.65 g/L in the same study. Findings 

by Contreras et al. (2014) and Liu et al. (2018) reinforced this statement by describing values greater 

than 1 g/L for T. delbrueckii depending on the availability of oxygen during the fermentation process. Our 

results were supported by the literature, as they evidenced a great heterogeneity regarding succinic acid 

values ranging between 0.29 and 0.93 g/L, with T09 standing out with a maximum yield of 1.5 g/L. In 

addition to the good fermentative capacity of T09 to be used in winemaking context, its great ability to 

produce succinic acid makes it also useful in industries based on succinic acid (mentioned above). One 

final assessment regarding T. delbrueckii ability to produce acids was performed with regard to formic 

acid. As highlighted in the results section, only two strains were able to produce this compound at a final 

stage of fermentation, in contents of 0.09 g/L and 0.18 g/L, revealing a poor or almost non-existent 

capacity of this species to release formic acid. Due to the limited information on T. delbrueckii production 

of this acid, to the extent of our knowledge, no studies were found for this non-Saccharomyces species. 

HPLC analysis emphasised an opposite contribution of succinic and acetic acid, which is in agreement 

with reported effects on the fermentation yields for S. cerevisiae (Franco-Duarte et al., 2016; Thomas, 

Hynes, & Ingledew, 2002). Acetic acid, a relevant end-product of fermentation, represents a key signature 

in volatile acidity of wines and, therefore, in its aroma profile. However, excessive concentrations of this 

chemical are highly detrimental to the quality of the wine. S. cerevisiae ability to produce acetic acid is 

described as strain-dependent (Paraggio & Fiore, 2004) with values ranging between 0.25  ̶  0.50 g/L, 

under specific fermentation conditions, but it may be greater in response to high-sugar levels reaching up 

to 1.8 g/L or even higher (Bely et al., 2008; Ramírez & Velázquez, 2018). On the other hand, T. 

delbrueckii is reported in the literature as a lower acetic acid producer (Bely et al., 2008; Benito, 2019; 

Escribano et al., 2018) in comparison with S. cerevisiae, even though our results were not in accordance 

with the literature. The lowest value of acetic acid detected was 0.53 g/L, associated with a strain of 

unknown origin, which is similar to the levels released by S. cerevisiae, but strains isolated from wine 

achieved superior values with a maximum concentration of 6.11 g/L, much higher than the described in 

the literature. On the other hand, Prior et al. (2000) reported that increases in glycerol production could 

be linked to increases in acetic acid content, for hybrid strains of S. cerevisiae. These findings could 

suggest a link between the metabolic pathways of glycerol and acetic acid. 
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Overall, inter-strain differences in the 46 h fermentation data were not so pronounced when 

compared to data from 22 h of incubation, confirmed by statistical analysis, since isolates had more time 

to adapt to the environmental conditions. On balance, T. delbrueckii fermentative capacity seems to be 

strain-dependent, due to the variable residual sugar detected at the end of fermentation, great production 

of glycerol, ability to degrade and produce both malic and citric acids, and promising production levels of 

succinic acid. However, on acetic acid regards, T. delbrueckii showed higher production levels of this 

acid, although the majority of studies describes it as an inferior producer compared to S. cerevisiae. 

Although some of the strains under study were isolated from alcoholic beverages fermentation, such as 

wine, they were derived from natural populations initially not associated with industrial processes (Fay & 

Benavides, 2005). So, despite our T. delbrueckii wine strains were apparently not the best candidates, 

others with natural geographical origin ̶ T60, T63 and T64  ̶  revealed a great potential to be further 

explored in winemaking activities, due to their highest fermentative power, great ethanol resistance, good 

temperature adaptation and also demonstrated high glycerol production which can be directed to 

investments in resins and chemical industries. Torulaspora delbrueckii fermentative profile evidences a 

great variability between strains. The isolates with higher glucose concentrations detected after 192 h of 

incubation (a final stage of fermentation) could be elucidated from two hypothesis: either strains are poor 

fermenters because they carried out the fermentation inefficiently; or fermentation is processed slowly 

and, as such, would require more time to be completed. T41, although being a wine strain, revealed to 

be a poor fermenter, although the levels of ethanol released were high. In this context, T41 may present 

a slow fermentation power which implied more time to entirely degrade the glucose presented in the 

medium. On the other hand, other strains stood out for their advantageous features: T13 and T20 have 

more potential to be used in industries that exploit succinic and formic acids. Therefore, more studies 

need to be carried out in order to reach a consensus information about T. delbrueckii since it clearly 

shows that, although regularly innovative data are being released around the world, our data is 

encouraging to deepen the area.  
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Over the last years, wine industries have been empowering the consumers in selecting a wine. The 

consistent growth of this industry has led producers to look for ways that contribute to the improvement 

of the organoleptic profile of wines. Studies outside the domain of Saccharomyces species have grown 

and confirmed the potential of the use of unconventional yeasts, such as Torulaspora delbrueckii for 

winemaking. Therefore, the purpose of the present study was to evaluate the phenotypic diversity and 

metabolic profile of the group of T. delbrueckii strains and establish links between the spectrum of data 

in order to assess the biotechnological potential of this species. The phenotypic characterization of the 

different isolates was performed through a vast battery of tests, important traits from an oenological point 

of view, in 96-well microplates. Results outlined the versatility of T. delbrueckii species towards the 

production of acids and glycerol, which is in accordance with the available information. The great ability 

feature to survive in stress-inducing environments, promoted by the presence of fungicides, copper, 

oxidative and osmotic conditions, and even adverse temperatures revealed by this work, translates into 

an advantage for the species since it is found in the natural flora of grapes, which are exposed to these 

abiotic factors.  

On one hand, our results were quite innovative but on the other hand, raised some doubts. T. 

delbrueckii is described as a low acetic acid producer, but our data is contrary to these findings. It is also 

curious the fact that some strains originating from natural environments demonstrate resistance to 

parameters more associated with wine practices, such as resistance to high contents of ethanol, 

compared to winemaking strains. Although the use of a synthetic medium to mimic grape must is a good 

approach to increase the consistency and reproducibility of data, the use of real must is a much more 

complex media in terms of richness of compounds that can be influenced by the environmental conditions 

and for that may not be directly translated into the obtained data. In this matter, future work should be 

performed using grape must to explore whether the results obtained in this work would approach reality, 

alongside with the inclusion of strains with a more diverse geographical and application origins, so the 

set of yeasts under study is more representative. Mathematical models and bioinformatic tools should be 

further exploited in order to be able to make predictions in terms of the evaluated phenotypic features 

and to expand the battery of tests.  

It would also be interesting to complement the results with mixed inoculations of T. delbrueckii 

and S. cerevisiae, in order to better understand the relationships between both yeasts, as each has 

peculiar but complementary traits. Another, although a more ambitious task, to be on the horizon of the 
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continuation of this study, would be the modulation of T. delbrueckii to create hybrids with desired 

characteristics. 
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Appendix 1 – Composition of the different mother solutions  ̶  amino acids, trace elements, vitamins, and 

anaerobic factors  ̶  that compose the M1 medium. 

 

Amino acids Amount in grams (1 L) 

L-Tyrosine 1.4 

DL- Tryptophan B 13.7 

L-Isoleucine 2.5 

L-Aspartic acid 3.4 

L-Glutaminic acid 9.2 

L-Arginine 28.6 

L-Leucine 3.7 

DL-Threonine 5.8 

Glycine 1.4 

L-Glutamine 38.6 

DL-Alanine 11.1 

L-Valine B 3.4 

DL-Methionine 2.4 

DL-Phenylalanine 2.9 

L-Serine B 6.0 

L-Histidine B 2.5 

L-Lysine B 1.3 

L-Cysteine 1.0 

L-proline B 46.8 

 

 

 

 

Table A1.1. Composition of the amino acid mother solution.  

 

Table A1.2. Composition of the amino acid mother solution.  
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Elements Amount in grams (1 L) 

MnSO4.H2O 4 

ZnSO4.7H2O 4 

CuSO4.5H2O 1 

Kl 1 

CoCl2.6H2O 0.4 

H2BO2 1 

(NH4)6.Mo7O24 1 

 

 

Elements Amount in grams (1 L) 

Myo-Inositol 2.0 

Pantothenic acid 0.15 

Thiamine, hydrochloride 0.025 

Nicotinic acid 0.2 

Pyridoxine 0.025 

Biotin 0.0003 

 

 

Elements Amount in grams (1 L) 

Ergosterol 1.5 

Oleic acid 0.5 

Pure ethanol + Tween 80 50 mL +50 mL 

Table A2.1. Composition of the trace elements mother solution.  

 

Table A2.2. Composition of the trace elements mother solution.  

Table A3.1. Composition of the vitamin mother solution.  

 

Table A3.2. Composition of the vitamin mother solution.  

Table A4.1. Composition of the anaerobic factors mother solution.  

 

Table A4.2. Composition of the anaerobic factors mother solution.  
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Appendix 2 – Growth curves of 12 Torulaspora delbrueckii strains in YPD and MS media carried out both 

in Erlenmeyer flasks and 96-well microplates. 
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Figure A1.2 - Growth curve of 12 Torulaspora delbrueckii strains (T02, T03, T04, T08, T09, T11, T14, T15, T19, T20, T23, T25) in YPD medium. Cell 
growth was evaluated until 40 h/50 h, in (A) erlenmeyer flasks and (B) 96-well microplates.  
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Figure A2.2 - Growth curve of 12 Torulaspora delbrueckii strains (T02, T03, T04, T08, T09, T11, T14, T15, T19, T20, T23, T25) in M1 medium. Cell 
growth was evaluated until 50 h, in (A) erlenmeyer flasks and (B) 96-well microplate. 
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Appendix 3 – Torulaspora delbrueckii strains distribution according to 4 phenotypic classes regarding all phenotypic tests: temperature, ethanol content, carbon 

sources, stress conditions and fungicides, after 22 h and 46 h of incubation. 
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Figure A1.3 - Number of strains according to 4 phenotypic classes (Class 0: A640 = 0.1; Class 1: 0.2<A640>0.4; Class 2: 0.5<A640>1.0; Class 3:A640 >1.0). Yeasts' growth after 22 h (upper row) and 46 h (lower row) of 
incubation for each phenotypic test: A – Temperature (    - 15 ºC;     - 25 ºC;     - 30 ºC;    - 37 ºC); B – Ethanol (    - 5%;    - 10%;    - 14%;    - 18%); C – Carbon sources (    - glucose;    - fructose;    - maltose;    - sucrose). 
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Figure A2.3 - Number of strains according to 4 phenoptypic classes (Class 0: A640 = 0.1; Class 1: 0.2<A640>0.4; Class 2: 0.5<A640>1.0; Class 3:A640 >1.0). Yeasts' growth after 22h 

(upper row) and 46 h (lower row) of incubation for each phenotypic test: D – Stress conditions (    - copper;     - NaCl;    - KCl;     - H2O2); E – Fungicides (    - Fluconazole;      
myclobutanil;    - metalaxyl;    - tebuconazole). 
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Appendix 4 – HPLC standard solutions and compound’s retention time and concentration. 

 

 

 

 

 

Table A1.4 - Concentrations and retention times of standard solutions used for HPLC sample analyses as described in the methodology section. 

Metabolites 
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Concentration 
(g/L) 

5 10 5 20 2 3 1 2 8 - 

Retention time 
(min) 

10.67 11.76 12.44 13.45 15.45 16.51 17.32 19.07 25.5 
 

*These concentrations were adjusted when MS medium was analysed due to its elevated contents of both compounds being used instead 100 g/L of glucose and 

40 g/L of arabinose. Arabinose was used as internal standard method. 

†MS medium is a very elaborated synthetic medium having been observed several peaks of the different compounds that compose it which did not allowed to obtain 

a single value corresponding to the retention time of this parameter. 
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Appendix 5 – Analysis of phenotypic and metabolite profile data, during 22 h and 120 h respectively, achieved through two statistical methods: ANOVA tests and 

Principal component analysis. 

Figure A1.5 - Effects of the phenotypic variables on Torulaspora delbrueckii strains, during 22 h of incubation, taking into account 4 phenotypic classes (Class 0: A640 = 0.1; Class 1: 0.2< A640 >0.4; Class 2: 0.5< A640 
>1.0; Class 3: A640 >1.0). A – Temperature; B – Ethanol content; C – Carbon sources; D – Stress conditions; E – Fungicides. For all tests it was applied one-way ANOVA (Fisher LSD Method) (* corresponds to p <0.005; 
** corresponds to p < 0.001). 
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A 

B 

Figure A1 - Principal component analysis (PCA) of HPLC data from 13 strains of Torulaspora delbrueckii, after 120 h of individual 
fermentations incubation. A: scores - 13 strains segregation. Colors represent the technological applications:      – winemaking;     – 
natural environment      – food;      – other beverages;     – bakery;     – clinical and       – unknown biological origin. B: Metabolites 
from fermentation. 


