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Summary 
 

Yeasts belonging to the genus of Hanseniaspora are widespread in nature and are generally 

part of the microbiome of ripe fruits, such as apples, pears and grapes. Hanseniaspora spp. 

form 50-75% of the microorganisms found at the onset of grape must fermentations, H. uvarum 

often being the most abundant. H. uvarum is also a common isolate from other fruits, such as 

oranges, pineapples, mangoes, apples and pears. Since H. uvarum, known for producing high 

amounts of acetic acid and ethyl acetate, dominates the onset of spontaneous grape must 

fermentations, it greatly influences the aroma profile of wines. Besides its important role in 

fermentations, more biotechnological research has been reported in recent years, highlighting 

the universal value of H. uvarum beyond the beverage industry. 

In this thesis, I characterized the aroma-production profile of seven different Hanseniaspora 

spp. in simultaneous co-fermentations with Saccharomyces cerevisiae. Significant differences 

could be detected between fermentations using Hanseniaspora spp. belonging to the fast-

evolving lineage (FEL) and the slow-evolving lineage (SEL). Fermentations with yeasts of FEL 

showed increased amounts of ethyl acetate, whereas yeasts belonging to SEL revealed no 

meaningful difference compared to the pure S. cerevisiae fermentation. Furthermore, co-

fermentations resulted in lactic acid depletion (H. osmophila), extremely high isoamyl acetate 

levels (H. guilliermondii), reduction in glycerol (H. occidentalis), increased terpenols (H. 

opuntiae) as well as esterified terpenes (H. guilliermondii and H. uvarum). This is the first study 

to investigate the use of H. nectarophila and H. meyerii in relation to wine, of which 

fermentations using H. nectarophila revealed high levels of acetate esters. 

Nitrogen sources in form of amino acids have a major impact on the resulting aroma-production 

profile of yeasts as they serve as backbones for several volatile organic compounds. I explored 

amino acid uptake preferences of Hanseniaspora spp. of both lineages (H. uvarum = FEL; H. 

osmophila = SEL), S. cerevisiae (all glucophilic), as well as the fructophilic yeasts Starmerella 

bacillaris and Zygosaccharomyces rouxii in synthetic must, spiked with single amino acids. 

Among yeasts investigated, H. uvarum showed the most rapid amino acid uptake. Additional 

research on yeast fermentations with synthetic must supplemented with an amino acid mix 

resulted in amino acid-dependent synthesis of specific aroma compounds by the respective 

yeast. This study reveals similarities in both preferences in amino acid uptake and nitrogen 

source depending aroma compound synthesis of H. osmophila and S. cerevisiae. 

I investigated the transcriptomic profile of H. uvarum and S. cerevisiae to gain insight into the 

different regulation mechanisms involved in the synthesis of aroma compounds. Furthermore, 

I explored the impact of different levels of nitrogen (nitrogen deficiency/ diammonium hydrogen 
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phosphate (DAHP) supplemented must) within the grape must on the gene expression profile 

and therefore on the resulting aroma profile. Even though the different nitrogen regimes did 

not significantly affect transcriptional levels, a major impact on both fermentation kinetics and 

the aroma profile could be monitored. H. uvarum unravelled possessing additional genes 

including alcohol acetyltransferase activity leading to a rapid esterification of higher alcohols 

to acetate esters. In addition, the lack of genes involved in the synthesis of higher alcohols and 

ethyl esters, as well as an up-regulation of genes responsible for the synthesis of acetyl-coA 

and acetate esters favour the high acetate ester production. 

In this study, I developed the first genetic modification tool for H. uvarum by constructing a 

synthetic marker gene encoding the hygromycin marker under the control of a H. uvarum 

promoter, flanked by ~1 000 bp homology region to the target locus, enabling the knock-out of 

one copy of the alcohol acetyltransferase 1 (ATF1) gene. By increasing the concentration of 

the antibiotic during selection, I could identify a knock-out of both ATF1 alleles in the diploid 

yeast, generating a homozygotic atf1 mutant. Fermentations resulted in a significant reduction 

of the acetate ester synthesis, proving the function of ATF1 as an important gene involved in 

the ester synthesis in H. uvarum. 

Genetic modification of H. uvarum was optimized by establishing a rapid PCR-based gene 

targeting approach for one-step gene replacement. Generation of two novel synthetic antibiotic 

resistance genes (pFA-hygXL and pFA-clnXL) provided resistance against hygromycin and 

nourseothricin, respectively. Short flanking-homology regions of 56-80 bp added to these 

selection markers via PCR enabled gene targeting and the deletion of both the H. uvarum 

LEU2 and LYS2 genes via two rounds of consecutive transformations, generating a leucine 

auxotrophic leu2/leu2 mutant and a lysine auxotrophic lys2/lys2 mutant, respectively. The 

genetic modification approach of H. uvarum using PCR-based gene targeting was further 

validated by targeted complementation of the auxotrophic leu2/leu2 strain. 
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Zusammenfassung 
 

Hefen der Gattung Hanseniaspora sind in der Natur weit verbreitet und gehören im 

Allgemeinen zum Mikrobiom von reifen Früchten wie Äpfeln, Birnen und Trauben. 

Hanseniaspora spp. machen 50-75% der Mikroorganismen aus, die zu Beginn der Gärung von 

Traubenmost gefunden werden, wobei H. uvarum oft am häufigsten vorkommt. H. uvarum ist 

auch ein häufiges Isolat aus anderen Früchten, wie Orangen, Ananas, Mangos, Äpfeln und 

Birnen. Da H. uvarum, bekannt für die Herstellung großer Mengen an Essigsäure und 

Ethylacetat, den Beginn der spontanen Gärung von Traubenmost dominiert, haben sie großen 

Einfluss auf das Aromaprofil von Weinen. Neben ihrer wichtigen Rolle bei der Gärung wurde 

in den letzten Jahren auch über weitere biotechnologische Forschungen berichtet, die den 

universellen Wert von H. uvarum über die Getränkeindustrie hinaus unterstreichen. 

In dieser Arbeit habe ich das Profil der Aromaproduktion von sieben verschiedenen 

Hanseniaspora spp. in simultanen Co-Fermentationen mit Saccharomyces cerevisiae 

charakterisiert. Es konnten signifikante Unterschiede zwischen Gärungen mit Hanseniaspora 

spp. der sich schnell entwickelnden Linie (FEL) und der sich langsam entwickelnden Linie 

(SEL) festgestellt werden. Gärungen mit Hefen der FEL zeigten erhöhte Mengen an 

Ethylacetat, während Hefen der SEL keinen signifikanten Unterschied im Vergleich zur reinen 

S. cerevisiae-Fermentation aufwiesen. Darüber hinaus führten Co-Fermentationen zu einem 

Abbau von Milchsäure (H. osmophila), zu extrem hohen Isoamylacetatwerten (H. 

guilliermondii), zu einer Verringerung des Glycerins (H. occidentalis), zu erhöhten 

Terpenolen (H. opuntiae) sowie zu veresterten Terpenen (H. guilliermondii 

und H. uvarum). Dies ist die erste Studie, in der die Verwendung von H. nectarophila und H. 

meyerii im Zusammenhang mit Wein untersucht wird, wobei bei der Gärung mit H. nectarophila 

ein hoher Gehalt an Acetatestern festgestellt wurde. 

Stickstoffquellen in Form von Aminosäuren haben einen großen Einfluss auf das resultierende 

Aromaprofil von Hefen, da sie als Grundgerüst für mehrere flüchtige organische Verbindungen 

dienen. Ich untersuchte die Aminosäureaufnahmepräferenzen von Hanseniaspora spp. beider 

Linien (H. uvarum = FEL; H. osmophila = SEL), S. cerevisiae (alle glucophil) sowie der 

fructophilen Hefen Starmerella bacillaris und Zygosaccharomyces rouxii in synthetischem 

Most, der mit einzelnen Aminosäuren versetzt war. Von den untersuchten Hefen nahm H. 

uvarum die Aminosäuren am schnellsten auf. Weitere Untersuchungen von Hefegärungen mit 

synthetischem Most, dem ein Aminosäuremix zugesetzt wurde, ergaben eine 

aminosäureabhängige Synthese von spezifischen Aromastoffen durch die jeweilige Hefe. 

Diese Studie zeigt Ähnlichkeiten sowohl in den Präferenzen bei der Aminosäureaufnahme als 
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auch bei der von der Stickstoffquelle abhängigen Synthese von Aromastoffen bei H. osmophila 

und S. cerevisiae. 

Ich untersuchte das Transkriptionsprofil von H. uvarum und S. cerevisiae, um Einblicke in die 

unterschiedlichen Regulierungsmechanismen bei der Synthese von Aromastoffen zu 

gewinnen. Darüber hinaus untersuchte ich die Auswirkungen unterschiedlicher 

Stickstoffgehalte (Stickstoffmangel/ mit Diammoniumhydrogenphosphat (DAHP) 

angereicherter Most) im Traubenmost auf das Genexpressionsprofil und damit auf das 

resultierende Aromaprofil. Obwohl die verschiedenen Stickstoffregime keinen signifikanten 

Einfluss auf die Transkriptionslevel hatten, konnte ein wesentlicher Einfluss sowohl auf die 

Fermentationskinetik als auch auf das Aromaprofil beobachtet werden. H. uvarum erwies sich 

als Träger zusätzlicher Gene, die eine Alkohol-Acetyltransferase-Aktivität aufweisen, welche 

eine schnelle Veresterung höherer Alkohole zu Acetatestern ermöglicht. Darüber hinaus 

begünstigt das Fehlen von Genen, die an der Synthese höherer Alkohole und Ethylester 

beteiligt sind, sowie eine Hochregulierung von Genen, die für die Synthese von Acetyl-CoA 

und Acetatestern verantwortlich sind, die hohe Acetatester-Produktion. 

In dieser Studie habe ich das erste Werkzeug zur genetischen Veränderung von H. uvarum 

entwickelt, indem ich ein synthetisches Marker Gen konstruiert habe, welches für den 

Hygromycin- H. uvarum-Promotors kodiert, der von einer 

~1 000 bp großen Homologie Region zum Ziellok -out einer 

1 (ATF1)-Gens ermöglicht. Durch die Erhöhung der 

-out beider ATF1-Allele 

in der diploiden Hefe identifizieren, wodurch eine homozygote atf1-Mutante entstand. Die 

Fermentationen führten zu einer deutlichen Verringerung der Acetatester-Synthese, was die 

Funktion von ATF1 als wichtiges Gen für die Ester-Synthese in H. uvarum beweist. 

Die genetische Veränderung von H. uvarum wurde durch die Einführung eines schnellen PCR-

basierten Gen-Targeting-Ansatzes für den Genaustausch in einem Schritt optimiert. Die 

Generierung von zwei neuen synthetischen Antibiotikaresistenzgenen (pFA-hygXL und pFA-

clnXL

Homologie Regionen von 56-80 bp, die mittels PCR an diese Selektionsmarker angefügt 

wurden, ermöglichten das Gen-Targeting und die Deletion der beiden H. uvarum-Gene LEU2 

und LYS2 durch zwei aufeinanderfolgende Transformationen, wodurch eine Leucin- bzw. 

Lysin-auxotrophe Mutante entstand. Der Ansatz zur genetischen Veränderung von H. uvarum 

mittels PCR-basiertem Gen-

auxotrophen leu2/leu2-Stammes validiert. 
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“The most beautiful thing we can experience is the mysterious.” 

~ Albert Einstein ~ 
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Introduction 

Winemaking 
Fermentation has been used in the preparation of food and beverages for thousands of years. 

Originally, fermentation was used to prepare or preserve food. Archaeological discoveries in 

China indicate the fermentative production of alcoholic beverages from fruits around 7 000 BC 

(McGovern et al. 2004). Wine is one of the earliest fermented products and remains popular 

among consumers to this day. Excavation sites from Egypt evidence the everyday production 

and use of wine around 4 000 BC. At that time, the cultivation of grapes as well as winemaking 

seemed to have been advanced and an important part of the culture (Poo 2013).  

Alcoholic beverages such as beer and wine have always been very popular. In the Middle 

Ages, for instance, between the 6th and 15th centuries, beer and wine were more popular for 

hygienic reasons, as they were considered cleaner than the water available (Unger 2004; 

Woolgar 2010). The widespread popularity of wine and beer prompted a more detailed 

research of the yeasts responsible for alcoholic fermentation in the 19th and 20th centuries. In 

1873, Louis Pasteur elucidated the bioconversion of grape must into wine, leading to extensive 

research of this complex process and the yeasts involved (Pasteur 1873). In the early 19th 

century, the genus name Saccharomyces appeared for the first time, describing fermentation 

yeasts (Meyen 1839). In 1879, Louis Pasteur developed methods for keeping beer free from 

contaminating moulds and bacteria (Pasteur 1876; Pasteur and Faulkner 1879). Emil Christian 

Hansen, working at the Carlsberg Laboratory in Copenhagen, developed methods to cultivate 

single colonies and isolated the first pure culture yeast, known as S. carlsbergensis (Hansen 

1883, 1896), while Øjvind Winge, who also worked at Carlsberg Laboratory in Copenhagen, 

elucidated the sexual cycle of S. cerevisiae (Winge 1935). Inspired by the work of Hansen, 

Julius Wortmann, founder of the `Hefereinzuchtstation´, 1894 in Geisenheim, Germany 

(nowadays called `Geisenheim Yeast Breeding Center´), promoted the use of pure yeasts in 

winemaking in the early 1890s (Wortmann 1895). The first two active dried wine yeasts 

(ADWY) were commercially produced in 1965 (Degré 1993). 

The production of wine is a complex process, where the grapes are harvested, destemmed 

and crushed prior to fermentation. A distinction is made between white wine and red wine 

production. In white wine production, the crushed berries are then macerated, pressed 

mechanically and the clarified must is fermented by microorganisms, more precisely by S. 

cerevisiae (Pretorius 2000). In general, yeasts convert the sugar present in the grape must 

into ethanol and carbon dioxide in a process called alcoholic fermentation (Racker 1974). At 
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the end of fermentation, the yeast cells flocculate and settle on the bottom, forming a sediment 

called lees. The fermentation supernatant is then decanted, clarified, matured, stabilised and 

finally filtered and bottled. Red wine is made in a similar way, but here the alcoholic 

fermentation already occurs after crushing and thus before pressing (Pretorius 2000). After 

pressing, a malolactic fermentation can take place if desired, where excess malic acid is 

converted to lactic acid primarily through the action of lactic acid bacteria. With the knowledge 

that yeasts are responsible for alcoholic fermentation, it is possible for winemakers to control 

the winemaking process from vineyard to bottling. Traditional winemaking is based on the use 

of the microflora of the grapes, the vineyard and the winery, so-called spontaneous 

fermentations. For larger, industrial production, however, it is essential to achieve consistent 

quality of the wine. For this, a basic understanding of the biology of yeasts and their 

fermentation process is of great importance. Spontaneous fermentations complicate the 

production of good quality wines. Therefore, yeasts with improved properties were selected 

and added to fermentations by Hermann Müller-Thurgau around 1890 as pure yeast cultures, 

enabling the production of predictable and reliable wines and improving both the quality (smell 

and taste of wine) and quantity (allowing industrial production scales of wine in large quantities) 

in winemaking (Pretorius 2000; Pretorius et al. 2003). Selection criteria for yeasts were the 

ability to quickly and completely convert sugars to ethanol and carbon dioxide, preventing stuck 

or sluggish fermentations, and sensory important metabolites without the appearance of off-

flavours (Pretorius 2000). This refers primarily to Saccharomyces cerevisiae, the so-called 

wine yeast, as it is a very strong fermenter and known to produce high amounts of ethanol 

(Rainieri and Pretorius 2000). Furthermore, sulphur dioxide (SO2) was added to the 

fermentations, since non-Saccharomyces yeasts are known to have a low tolerance to SO2, 

unlike S. cerevisiae (Jolly et al. 2014). In addition to Saccharomyces strains, some non-

conventional starter cultures have become commercially available in recent years (Roudil et 

al. 2020; van Wyk et al. 2021). In 2004, the first starter cultures including both S. cerevisiae 

and non-Saccharomyces yeast strains, i.e. Kluyveromyces thermotolerans or Torulaspora 

delbrueckii, provided by Chr. Hansen Holding A/S, came to the market (Roudil et al. 2020). 

These starter cultures with different yeast combinations are offered for both white and red wine, 

resulting in a more complex, fruity wine aroma. Between 2007 and 2018, several companies 

released pure non-Saccharomyces starter cultures, containing non-Saccharomyces yeast 

genera belonging to Candida spp., Schizosaccharomyces spp., Pichia spp., 

Wickerhamomyces spp., Metschnikowia spp., Lachancea spp., Kluyveromyces spp. and 

Torulaspora spp. (Roudil et al. 2020). Recently, a starter culture of Hanseniaspora vineae has 

become commercially available under the name Fermivin VINEAE supplied by Oenobrands 

(van Wyk et al. 2021; Carrau and Henschke 2021). 
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Nitrogen in winemaking 
The nitrogen status of the vine can be influenced by various factors, such as the cultivar and/ 

or rootstock, site – climate and soil, season, cultural practices, trellis system, canopy shading, 

canopy temperature, and nitrogen fertilization, timing and rate of application, as well as by 

infections, such as Botrytis infection (Bell and Henschke 2005). The total nitrogen 

concentration of grape berries increases during maturing, can plateau after initial increase and 

may decline towards the end of ripening (Bell and Henschke 2005). The nitrogen content in 

grape berries plays a major role in winemaking, since its management prevents stuck or 

sluggish fermentations (Bisson 1999). It is not only essential for the growth of yeasts to 

complete the alcoholic fermentation, but also provides the basic backbone for the production 

of many important aroma-relevant compounds (Mas et al. 2014). The yeast assimilable 

nitrogen (YAN) describes the nitrogen within grape must utilized by microbiota. YAN consists 

of ammonium ions (NH4+), and free amino nitrogen (FAN) derived from individual amino acids, 

as well as, to a lesser extent, small peptides, excluding the abundant amino acid L-proline as 

the yeasts are unable to assimilate these under anaerobic conditions. In general, the total 

amino acid concentration increases from veraison to harvest, but in some cases, it reaches a 

peak prior to harvest, and stabilizes or declines until harvest, whereas the ammonium 

concentration declines during maturing (Bell and Henschke 2005). YAN is taken up by the 

yeasts at the beginning of fermentation to meet the demand for amino acids necessary for 

growth and protein synthesis, while excess amounts of YAN are stored in the cell vacuole 

(Henschke and Jiranek 1993). YAN levels below 140 mg/L are considered insufficient for 

successful completion of the fermentation (Bell and Henschke 2005). A lack of assimilable 

nitrogen leads to lower yields of biomass resulting in slower fermentation rates (Varela et al. 

2004), which in turn bears the risk of stuck or sluggish fermentations (Alexandre and 

Charpentier 1998). The addition of inorganic nitrogen, such as diammonium phosphate (DAP), 

to the grape must can prevent nitrogen deficiency and the associated risk of stuck 

fermentations. Furthermore, the supplementation with inorganic nitrogen may have a positive 

impact on the reduced formation of undesirable volatile sulphur compounds (Jiranek et al. 

1995; Bell and Henschke 2005). Excessive YAN levels, however, can lead to an increase in 

biomass yield as well as higher fermentation vigour related heat output, microbial instability, 

increased haze formation, increased biogenic amine levels, increased synthesis of ethyl 

acetate and volatile acidity, and could also favour atypical aging properties (Bell and Henschke 

2005). 

It is known that climate change has a great influence on the chemical composition of grape 

musts due to warmer climates and the associated longer maturing periods. In addition to the 

associated increase in sugar content (van Leeuwen and Destrac-Irvine 2017), higher 
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temperatures and limited irrigation also lead to reduced production of amino acid levels in the 

grape berries (Gutiérrez-Gamboa et al. 2018; Gutiérrez-Gamboa et al. 2020). 

Wine flavour 
The flavour of the wine is a key element in contributing towards the quality of wine. Wine flavour 

is very complex due to the interaction of chemical compounds with the consumers´ sense of 

taste and smell. Volatile compounds create the odour while non-volatiles are responsible for 

the taste impression, such as sweetness or sourness. Hundreds of different compounds form 

the flavour of wine with concentrations ranging from 10-1 to 10-10 g/kg (Rapp and Mandery 

1986). 

The flavour is shaped by four main factors: the grape's own varietal aromas, the so-called 

primary aroma; pre-fermentative flavours, as they arise from the extraction and processing of 

the must; fermentative flavours caused by yeasts and lactic acid bacteria during alcoholic and 

malolactic fermentation (secondary aromas) and post-fermentative flavours (tertiary aromas or 

bouquet). The latter can result from maturation in vessels made of wood, primarily oak, 

concrete or stainless steel, for instance, with changes in the wine´s composition depending on 

the maturing time. However, the post-fermentative flavours of the wine are affected by 

enzymatic or physiochemical processes that occur on contact with wood during ageing, leading 

to a typical woody note (Lambrechts and Pretorius 2000). Moreover, these post-fermentative 

flavours can be influenced by exposure to light, oxygen and high storage temperatures (Garde-

Cerdán and Ancín-Azpilicueta 2006).  

Flavour formation through fermentation 
The volatile substances that are formed by yeasts during fermentation represent the largest 

proportion of volatile compounds in wine. Besides ethanol, carbon dioxide and glycerol, the 

major volatiles produced by yeasts, the “fermentation bouquet” is mainly contributed by organic 

acids, higher alcohols, esters as well as aldehydes (Figure 1; Figure 2; Rapp and Versini 1995; 

Sumby et al. 2010).  
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Figure 1. Chemical composition and average quantities of major components in (a) wine and (b) volatile compounds 
of wine. The values vary between the wine type and the extraction technique. All components are represented as 
weight per volume (w/v), with ethanol being equivalent to 14% (v/v). Tannins would be present at 0.4% in red wine 
(modified from Sumby et al. (2010)).

Esters are of particular relevance due to their low aroma threshold (Swiegers and Pretorius 

2005). However, if individual substances of this fermentation bouquet occur in too high 

concentrations, they are quickly considered as undesirable and are called off-flavours. These

include acetic acid, ethyl acetate, higher alcohols, aldehydes, diacetyl and especially sulphur-

containing compounds (Lambrechts and Pretorius 2000). The aroma profile of the wine is 

mainly affected by the yeast strain used for fermentation, e.g. wines produced with yeast 

strains demanding greater nitrogen, show higher concentrations of esters, while those 

demanding less nitrogen, show increased levels of higher alcohols (Pérez-Coello et al. 1999; 

Torrea et al. 2003). Besides the wine yeast S. cerevisiae, however, non-Saccharomyces

yeasts, the so-called non-conventional yeasts, add to the diversity of aroma compounds and 

to a complex aroma profile of wines (Figure 2; Domizio et al. 2011). These non-conventional 

yeasts dominate the microflora on grapes in vineyards and are thus also the predominant yeast 

species found at the beginning of spontaneous grape must fermentations, such as 

Hanseniaspora, Metschnikowia and Candida (Heard and Fleet 1985; Lema et al. 1996; 

Combina et al. 2005). Since the first days of fermentation are crucial for the formation of volatile 

compounds, the non-conventional yeasts have a great influence on the aroma of the wine. In 

order to control the fermentation process and thus also the formation of aroma components in 

winemaking, pure culture yeasts are often added at the beginning of fermentation. These

starter cultures, as well as adding SO2, inhibit the growth of non-conventional yeasts and thus 

prevent the occurrence of off-flavours.

86.80%  Water

Wine components

11.20%  Ethanol
1.00%  Trace components
0.50%  Acids
0.50%  Volatiles

51.17% Fusel alcohols

Volatiles

35.73% Esters

1.52% C13 Norisoprenoids
1.34% Fatty acids
1.94% Phenols, amides, others

(a ) (b )
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Figure 2. Scheme of the synthesis of aromatic compounds by yeasts contributing to the aroma profile of wines 
(modified from Lambrechts and Pretorius (2000)).

Ehrlich Pathway
Higher alcohols, containing a backbone with more than two C-atoms, form the largest 

component of volatile compounds. They are produced via two synthesis pathways during 

alcoholic fermentation in the yeast cells. In the catabolic Ehrlich pathway, named after the 

biochemist Felix Ehrlich (Ehrlich 1907), amino acids are broken down to higher alcohols via 

three successive reactions, a transamination of the amino acid to an -keto acid, 

decarboxylation into aldehydes and finally reduction to higher alcohols (Figure 3, Dzialo et al. 

2017). Anabolically, higher alcohols can be generated from the -keto acid pyruvate, which is 

produced from glucose through glycolysis. Research showed that the process of both the 

catabolic and anabolic pathways are depending on the YAN level in form of amino acids

available during fermentations (Äyräpää 1971; Schulthess and Ettlinger 1978). Low amino acid 

levels lead to the synthesis of higher alcohols through the anabolic pathway, while higher 

amino acid levels favour the process of the catabolic pathway. Higher alcohols are categorised 

into two groups, namely aliphatic alcohols, including e.g. propanol, isoamyl alcohol, isobutanol 

and 2-methylbutanol, and aromatic alcohols, such as 2-phenyl ethanol and tyrosol

(Lambrechts and Pretorius 2000). Concentrations of higher alcohols below 300 mg/L have a 

positive impact on the aroma and complexity of the wine, whereas contents exceeding 400 

mg/L negatively affect the aroma profile (Rapp and Mandery 1986). Besides the nitrogen 

source, also the temperature affects the synthesis of higher alcohols. Fermentations with S. 
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cerevisiae performed at 15 °C show a higher production of isobutanol, isoamyl alcohol and 2-

methyl butanol, whereas higher amounts of 2-phenyl ethanol were detected in fermentations 

conducted at 28 °C (Molina et al. 2007). Besides higher alcohols, fusel acids, so-called volatile 

organic acids, can be derived from aldehydes through the Ehrlich pathway. This oxidative 

reaction is catabolized by aldehyde dehydrogenases. While higher alcohols simply diffuse into 

the medium, the acids are released from the cell via active transporters (Hazelwood et al. 

2008). Hereby, the redox status of the cell determines whether higher alcohols or volatile 

organic acids are formed. In the case of anaerobic fermentative conditions, as found in grape 

must fermentations, the production of higher alcohols is favoured (Vuralhan et al. 2003). 

Esterification of higher alcohols enables the formation of the respective acetate esters by 

condensation of the higher alcohol and a coenzyme-A activated acid (acetyl-CoA), catalysed 

by an alcohol acetyltransferase (Verstrepen et al. 2003; Sumby et al. 2010). Besides the higher 

alcohols, also branch-chain acids can be formed through Ehrlich Pathway by oxidation of the 

aldehydes (Dickinson et al. 1997). Acyltransferases are involved in the synthesis of ethyl esters 

using acyl-CoA and ethanol (Saerens et al. 2008). 

Figure 3. Synthesis of aroma compounds via Ehrlich Pathway including additional esterification. Conversion of 
amino acids into fusel aldehydes, fusel alcohols and acetate esters. Enzymes and encoding genes known in S. 
cerevisiae to catalyze the reactions are indicated. Specific molecular groups are highlighted  (modified from Badura 
et al. (2023b)).

Esters
Grape musts already contain small amounts of esters. During alcoholic fermentation, however, 

the concentrations of ethyl esters and acetate esters increase in parallel with the ethanol 

concentration (Rapp and Mandery 1986). Even if esters remain below a concentration of 100 

mg/L in general, they form the next largest group of volatiles present in wines, after ethanol, 

organic acids and higher alcohols (Etiévant 1991; Sumby et al. 2010), forming the primary 

source of fruity aroma compounds (Gürbüz et al. 2006). Therefore, they significantly contribute 

to the character of young wines. Many of the esters derived from higher alcohols contribute a 

fruity note to the aroma profile of the wine, such as isoamyl acetate or hexyl acetate (Ebeler 

2001; Gürbüz et al. 2006). Others are known to quickly develop a strong solvent-like odour in 

higher concentrations and tend to spoil the wine. Besides a fruity aroma, in lower 

concentrations, ethyl acetate, which is the main ester formed by yeasts, is characterised by 

this solvent-like odour occurring particularly in excess concentrations. Production of esters, not 
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only depends on the different yeast species, but is also influenced by the temperature of 

fermentation. Low fermenting temperatures are known for their positive effect on the ester 

production, in form of isoamyl acetate, isobutyl acetate, ethyl butyrate or hexyl acetate, 

regarding its quantity and thus contributing to the typical fruity and soapy aroma of esters 

. In contrast, higher fermentation temperatures lead 

to the increased production of more aromatic, “heady” esters, such as ethyl octanoate, 2-

phenylethyl acetate or ethyl decanoate . 

Since the concentrations of esters have an enormous influence on the quality of the wine, it is 

particularly important to understand the synthesis of the esters. Esters are obtained from the 

reaction of functional groups of alcohol and carboxylic acid under the elimination of a water 

molecule. Esterification occurs mainly via alcohol-O-acetyltransferases, encoded by ATF1, 

ATF2 and EAT1 (Figure 3) or acyltransferases, catalysed by EHT1 and EEB1 in S. cerevisiae, 

resulting in acetate and ethyl esters, respectively. While acetate esters, such as ethyl acetate 

and isoamyl acetate, are comprised of an acid group (acetate) and an alcohol group (ethanol 

or higher alcohol), ethyl esters, such as ethyl hexanoate, ethyl octanoate and ethyl decanoate, 

are solely derived from ethanol and medium-chain fatty acids (Saerens et al. 2008). It is 

assumed, that acetate esters of higher alcohols, ethyl esters of organic esters (C4-C10 ethyl 

esters) as well as ethyl esters derived from fatty acids (mainly straight chain fatty acids, 

branched-chain fatty acids to a lesser extent) are the main compounds responsible for the 

fruity aroma of wine (Ebeler 2001).  

In addition to the amount of esters already developed in grapes, esters are formed both 

enzymatically during fermentation and chemically through esterification during the ageing 

process of bottled wine (Margalit 2012). In addition to acetyltransferases and acyltransferases, 

esters can also be catalysed enzymatically by esterases and lipases (Sumby et al. 2010). 

Among the esters produced enzymatically, ethyl acetate occurs in the highest concentrations 

(Margalit 2012). In low concentrations with an odour threshold value of 7.5 mg/L, ethyl acetate 

has a fruity character (at 100 mg/L; Swiegers and Pretorius 2005; Sumby et al. 2010). 

However, if the concentration exceeds 100 mg/L, the fruity note quickly changes to a 

penetrating, solvent/nail varnish-like odour (Swiegers and Pretorius 2005).  

Volatile fatty acids 
Besides volatile organic acids derived through the Ehrlich pathway, yeasts also produce 

volatile fatty acids contributing to the aroma profile of wines. While short-chain fatty acids, such 

as acetic acid, propanoic acid and butanoic acid, are by-products of fermentation, long-chain 

fatty acids (C16 and C18) serve as precursors, essentially for the synthesis of many lipid 

components within yeasts. Long-chain fatty acids are usually found as esters, e.g. of glycerol 
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or sterols (Paltauf et al. 1992), with unsaturated long-chain fatty acids being an integral part of 

the yeast plasma membrane. Therefore, these fatty acids are normally not appearing as yeast 

derived products in wine (Lambrechts and Pretorius 2000). Medium-chain fatty acids, such as 

hexanoic acid, octanoic acid or decanoic acid, however, which are intermediate products of 

the biosynthesis of long-chain fatty acids, as well as their ethyl esters, occur naturally in 

alcoholic beverages. The amount of medium-chain fatty acids released to the fermentation 

supernatant varies depending on the yeast strain, the mediums´ composition as well as 

fermentation conditions, such as pH, temperature and aeration (Lambrechts and Pretorius 

2000). 

Fatty acid synthesis in yeasts proceeds through several successive enzyme-catalysed steps. 

First, acetyl-coA is oxidatively decarboxylated from pyruvate and then converted into malonyl-

coA by acetyl-coA carboxylase. In the fatty acid synthase complex, saturated fatty acids are 

then formed by repetitive condensation of enzyme-bound acetyl-CoA and malonyl-CoA 

(Paltauf et al. 1992). Acetyl-coA is replaced by propionyl-coA in the production of odd 

numbered fatty acids. Double bonds are introduced into saturated fatty acids in an oxidative 

desaturation step catalysed by a fatty acid desaturase, forming long-chain, mono-unsaturated 

fatty acids. Under oxygen limiting conditions, as found in wine fermentations, yeasts are 

dependent on the uptake of essential exogenous unsaturated fatty acids or ergosterol 

(Lambrechts and Pretorius 2000). 

Influence of nitrogen sources on wine flavour 
YAN is not only affecting yeast growth and fermentation kinetics, but it can also influence the 

regulation of other yeast metabolisms, such as those involved in the synthesis of volatile and 

non-volatile metabolites contributing to the wine flavour (Garde-Cerdán and Ancín-Azpilicueta 

2008; Badura et al. 2023b). Both the amount of nitrogen and the type of nitrogen source have 

a significant influence on the aroma profile of the wine (Albers et al. 1996). The synthesis of 

branched-chain fatty acids and esters in S. cerevisiae is favoured by lower nitrogen 

concentrations, whereas higher nitrogen concentrations lead to the formation of medium-chain 

fatty acids and acetic acid, depending on the type of nitrogen source present (Mas et al. 2014; 

Torrea et al. 2011). Furthermore, a correlation between the synthesis of higher alcohols and 

the YAN level is observed. Higher alcohols such as tyrosol, isoamyl alcohol and 2-phenyl 

ethanol are produced proportionally to the initial amount of YAN in the must, while propanol 

and isobutanol are produced in an inverse proportion (Garde-Cerdán and Ancín-Azpilicueta 

2008). Among the different aroma-relevant compounds synthesized during alcoholic 

fermentation, volatiles such as acetate and ethyl esters, higher alcohols, medium-chain fatty 

acids as well as branched-chain acids are the ones the most affected by the nitrogen source 
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present within the grape must. Since various amino acids serve as backbones for the volatile 

aroma compounds formed, the aroma profile of the wine strongly depends on the amino acid 

composition of the grape must. However, the supplementation of inorganic nitrogen, such as 

DAP, leads to a higher production of esters like ethyl propionate, isoamyl acetate or ethyl 

acetate in grape must fermentations (Miller et al. 2007; Unterfrauner et al. 2009; Bell and 

Henschke 2005). The presence of moderate ammonium levels favours the inhibition of 

hydrogen sulphide (H2S) production during alcoholic fermentation (Jiranek et al. 1995). The 

addition of amino acids to double its initial concentration in grape must fermentations, reduces 

the levels of 2-phenyl ethanol, methionol and isoamyl alcohol, whereas it leads to an increasing 

level of propionic acid, -butyrolactone and isobutanol (Hernández-Orte et al. 2005). The 

nitrogen dependent production of aroma compounds is especially reflected in the sensory 

aroma profile of the wines. Low nitrogen wines show less floral/ fruity aroma, moderate nitrogen 

wines are well balanced in desirable and less desirable aromas, and high nitrogen wines are 

either related to an acetic/ solvent character or high floral/ fruity attributes (Torrea et al. 2011).  

Influence of non-conventional yeasts on wine flavour 
For a long time, non-conventional yeasts were considered to be spoilage yeasts whose 

metabolites had a negative impact on the taste and quality of the wine (Jolly et al. 2014). 

Therefore, in the past, the growth of non-conventional yeasts, and thus, their influence in 

winemaking was inhibited by the addition of pure culture yeasts (Andorrà et al. 2010) and the 

supplementation of SO2 (Jolly et al. 2014). In recent years, non-conventional wine yeasts have 

increasingly become the focus of research because of the benefits they contribute to the quality 

of wine (Gil et al. 1996; Jolly et al. 2003a; Wang et al. 2016). The metabolites produced by 

these yeasts in mixed fermentations with S. cerevisiae contribute to the complexity of the wine 

(Domizio et al. 2011; van Wyk et al. 2019). Also the amount of aroma compounds produced 

differs between the yeast species (Herraiz et al. 1990; Sponholz and Dittrich 1974). 

Wine yeasts are not only found in the vineyard soil or on the surface of ripe, intact grape berries 

but are also part of the natural flora of wine cellars, having an oenological impact on wine 

fermentations, especially at the onset of fermentations as well as in spontaneous fermentations 

(Martini 1993). In addition to S. cerevisiae, which only represents a small proportion, the 

microflora of grape berries mainly includes non-Saccharomyces yeasts such as the largely 

aerobic yeasts belonging to Pichia spp., Debaryomyces spp., Rhodotorula spp., and Candida 

spp. or yeasts with fermentative metabolism, such as Kluyveromyces marxianus, Torulaspora 

delbrueckii, Metschnikowia pulcherrima, and Zygosaccharomyces bailii as well as the 

apiculate yeasts with low fermentative activity Hanseniaspora uvarum, H. guilliermondii, and 

H. occidentalis (Jolly et al. 2014). Yeasts of the genus Hanseniaspora (asexual anamorph 
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Kloeckera) are likely to have a major influence in spontaneous fermentations. They are the 

most common yeasts found at the onset of grape must fermentations representing more than 

half of the yeast flora on grape berries (Pretorius et al. 2017) and up to 75% of the yeast 

population in the early stages of spontaneous grape must fermentations (Jolly et al. 2003a; 

Romano et al. 2006). Therefore, as the predominant yeast species in grape must, 

Hanseniaspora spp. are expected to have a major impact on subsequent wine fermentations 

and the resulting wine quality (Jolly et al. 2003b). At the beginning of fermentations, mainly 

spontaneous fermentations, where the initial concentration of S. cerevisiae is very low, the 

non-Saccharomyces yeasts dominate. In the progress of the fermentation, however, S. 

cerevisiae takes over and finishes the fermentation (Di Maro et al. 2007; Moreira et al. 2008). 

The dominance at the beginning of wine fermentations allows non-conventional yeasts to 

influence the quality of the wine (Romano et al. 1997; Rojas et al. 2001). The use of non-

Saccharomyces yeasts in winemaking can result, for instance, in the reduction of acetic acid 

(Bely et al. 2008) or malic acid (Snow and Gallander 1979), the increase of glycerol (Ciani and 

Ferraro 1996), mannoproteins (Domizio et al. 2014), pleasant acetate esters (Moreira et al. 

2008; Viana et al. 2009) and varietal thiols (Anfang et al. 2009). 

Nevertheless, research has shown that it is possible for non-conventional yeasts to persist to 

the end of a fermentation despite the dominance of S. cerevisiae (Jolly et al. 2003a). It is 

assumed that non-conventional yeasts are inhibited in their tendency to spoilage by 

modification through metabolites produced by S. cerevisiae (Ciani and Comitini 2011). 

Excessive ethanol contents can mask the aroma of wine (Guth and Sies 2002). It is assumed 

that non-conventional yeasts can influence the ethanol content, which could be an alternative 

to expensive physical processes such as reverse osmosis, adsorption, distillation, extraction 

and others, involving the risk of loss or modification of aroma compounds (Longo et al. 2017; 

Liguori et al. 2019; Sam et al. 2021). Lower alcohol wines are becoming more popular with 

consumers and their demand on the market is increasing, leading to growing interest in the 

development of wine yeasts for the production of low alcohol wines by the wine industry (de 

Barros Lopes et al. 2003). 

The importance of Hanseniaspora uvarum in winemaking 
Hanseniaspora uvarum is a lemon-shaped apiculate yeast, closely related to the genera of 

Nadsonia and Saccharomycodes (Martin et al. 2018). Yeasts of the species Hanseniaspora 

are distributed widely. H. uvarum are mainly found on ripe fruit. They are among the most 

commonly-isolated yeasts from grapes (Drumonde-Neves et al. 2021). Accordingly, in addition 

to grapes, H. uvarum also belongs to the microflora of oranges (Arias et al. 2002), pineapples 

(Dellacassa et al. 2017), mangoes (Ramírez-Castrillón et al. 2019), apples and pears (Pelliccia 
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et al. 2011). They are also found in fermentations of beer, tequila and coffee beans, where 

they contribute positively to the aroma (van Wyk et al. 2023). In recent years, an increasing 

number of biotechnological applications of H. uvarum have been reported, including its use as 

a biocontrol agent (Long et al. 2007), for the removal of nitrogen from waste water systems 

(Zhang et al. 2018) or for the development of fly traps (Bueno et al. 2020). 

H. uvarum is considered to be a slow-fermenting yeast, which often gets dominated by 

Saccharomyces yeasts. But it has been reported that the inoculation of Saccharomyces yeast 

not necessarily led to an inhibition of the growth of H. uvarum (Heard and Fleet 1985; Lema et 

al. 1996). They are able to grow both aerobically and anaerobically and have been detected 

throughout the fermentation process (Zott et al. 2008) and can even persist until the end of the 

fermentation (Lema et al. 1996). In that case, they compete with Saccharomyces yeasts for 

nutrients, thus leading to an inhibited fermentation activity, and continue to produce aroma-

relevant compounds, such as higher alcohols and esters. The growth of non-conventional 

yeasts is often inhibited by increasing ethanol concentrations. H. uvarum, in contrast, shows 

increased ethanol tolerance in low temperature fermentations (10-15 °C; Heard and Fleet 

1988). Furthermore, H. uvarum is capable of producing up to ~10% ethanol itself, so the impact 

of high ethanol concentrations in the must on its growth is unclear (Grangeteau et al. 2015; 

Akan et al. 2020; Feng et al. 2021). 

H. uvarum is known for its high synthesis of ethyl acetate (Ciani et al. 2006), acetic acid as 

well as acetaldehyde (Romano et al. 2003). Concentrations of higher alcohols, serving as 

precursors for esterification, remain low in pure H. uvarum fermentations (Moreira et al. 2008). 

H. uvarum may also contribute to the aroma profile of wines, due to increased production of 

isoamyl acetate (Moreira et al. 2008), polyphenols (Testa et al. 2021), 2-phenylethyl acetate 

and terpineol (López et al. 2016), as well as decreased production of ethanol (Mestre et al. 

2019) and volatile acidity (Tristezza et al. 2016). Furthermore, H. uvarum shows high potential 

in reducing biogenic amines, such as putrescine, in wines (Han et al. 2022). 

Yeasts belonging to the genus Hanseniaspora are divided into two main lineages: the fast-

evolving lineage (FEL), the so-called `fruit clade´ and the slow-evolving lineage (SEL), the so-

called `fermentation clade´ (Steenwyk et al. 2019). Members of FEL, such as H. uvarum and 

H. nectarophila, are mostly adapted to fruit niches, while members of SEL, such as H. vineae 

or H. osmophila, are known for their fermentation capabilities. Yeasts belonging to 

Hanseniaspora, especially belonging to the FEL, are lacking genes involved in the DNA repair 

pathways, such as genes responsible for cell-cycle-checkpoints (Steenwyk et al. 2019). The 

loss of cell-cycle checkpoint genes could indicate a rapid growth advantage over competitors. 

A possible link to the lack of sporulation as described for H. uvarum, remains unestablished 

(Albertin et al. 2015). Recently published studies show similarities in metabolism between 
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yeasts of the SEL and S. cerevisiae (Lleixà et al. 2018; Valera et al. 2020; Badura et al. 2023b). 

However, yeasts belonging to FEL seem to behave differently in their metabolism than S. 

cerevisiae (Valera et al. 2020). The activity of pyruvate kinase, a key enzyme within glycolysis, 

shows to be ~10-fold lower in H. uvarum than in S. cerevisiae, for instance, suggesting that 

this may be a reason for its low fermentative capacity (Langenberg et al. 2017). 

The use of transcriptomics during wine fermentations 
Metabolic pathways as well as the genes involved are very well studied in Saccharomyces 

yeasts. In non-conventional yeasts, however, this knowledge is limited (Carrau et al. 2015; 

Masneuf-Pomarede et al. 2015). Since the latter ones are known for their great potential in 

aroma synthesis during winemaking, elucidating the genes involved in these metabolic 

pathways are of particular value. The impact of non-conventional yeasts on the complexity of 

the aroma profile of wines can be analysed by multidisciplinary studies, consisting of genetic 

studies, metabolomic studies and transcriptomic studies. In recent years, genomes of 

Hanseniaspora spp. relevant to wine have been sequenced via next generation sequencing 

(Giorello et al. 2014; Sternes et al. 2016; Seixas et al. 2019). Genomic studies along with 

functional gene analysis are an important fundamental for clarifying gene functions. Combining 

genetic studies with transcriptomics allows drawing precise conclusions about the individual 

functions of genes and their role in metabolism (Giorello et al. 2019). Transcriptomics 

technologies enable the research of the transcriptome, the expression profile of genes, more 

precisely the sum of all ribonucleic acid (RNA) transcripts within an organism. Research on 

transcriptomics can provide fundamental information about the activity of cellular processes, 

their regulation and reveals information about the function of unknown genes. The most 

commonly used transcriptomic technologies include the quantification of predetermined 

sequences, the so-called microarrays (Nelson 2001), and RNA-Seq, in which all transcripts 

are recorded by means of high-throughput screening (McGettigan 2013). 

Such multidisciplinary studies performed with H. vineae revealed the identification of six novel 

proteins with alcohol acetyltransferase (AATase) domains, as well as the absence of a 

branched-chain amino acid transaminase (BAT2) and an acyl-CoA/ ethanol O-acyltransferase 

(EEB1) gene, which is in accordance with its extremely high levels of acetate esters and the 

decreased synthesis of branched-chain higher alcohols, fatty acids, and ethyl esters, 

respectively (Giorello et al. 2019). Besides the high relevance for the elucidation of aroma-

relevant metabolic pathways, these multidisciplinary studies also provide insights into other 

important processes in winemaking. Just recently, a study has been published showing the 

high potential of H. uvarum as a promising strategy to reduce biogenic amines in wines (Han 

et al. 2022). 
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Possibilities of genetic modification 
Genetic modification is essential for gene-to-function analyses. This involves, for instance, the 

insertional inactivation or complete deletion of genes, their regulated expression or 

overexpression, localization of gene products via GFP-fusion or the study of mutations in 

genes or alleles. For each yeast species, a genetic modification toolkit is required in order to 

carry out these studies.  

Since metabolic pathways of non-conventional yeasts have not been extensively studied, 

knowledge on their role in wine related fermentations is still rudimentary. Genetic modification 

of candidate genes, putatively involved in important metabolic pathways such as glycolysis or 

aroma synthesis, can elucidate their function and their contribution to wine fermentations. 

Overexpression of a gene occurs through the change of the transcriptional regulation of the 

gene expression. This is often achieved by placing the gene of interest under the transcriptional 

control of a promoter known to be strongly expressed. The overexpression is usually done in 

combination with the insertion of a selection marker. This can be an auxotrophic selection 

marker or a dominant selection marker, e.g. an antibiotic resistance, for selecting genetically 

modified strains. The deletion of a gene, the so-called knock-out, is also achieved by using 

selection markers. For each deleted gene, a selection marker is needed replacing the gene of 

interest. Usually, only one gene can be deleted per transformation step. The higher the ploidy 

of the yeast strain, i.e. the more alleles there are, the more different selection markers are 

required. When using removable selection markers, flanked by repeat sequences, the 

selection marker integrated into the genome can be recycled by homologous recombination-

based “loop out” (Walker et al. 2003). In general, two main transformation methods for genetic 

modification of yeasts are established. One option is the transformation of chemically 

competent yeast cells for introducing exogenous DNA. Chemical transformation is done using 

lithium acetate/single-strand DNA/polyethylene glycol 4 000 (Gietz and Schiestl 2007). Another 

approach is the transformation of electrocompetent yeast cells by electroporation (Thompson 

et al. 1998). In both cases, the cell wall of the yeast cells is permeabilised so that exogenous 

DNA can be introduced into the cell. The DNA used for transformation can either be a plasmid 

containing an autonomous replication sequence allowing propagation or a linear DNA 

sequence flanked by homology regions to the target locus, which is integrated into the genome 

via homologous recombination (Bergkessel and Guthrie 2013).  

These genetic modification tools are well established in S. cerevisiae. There are libraries of all 

the viable deletion strains available to e.g. determine genes with wine relevant functions, such 

as genes involved in the aroma synthesis or ethanol production. The latter is especially 

important for S. cerevisiae since it is known for its strong fermentative capacity producing high 

amounts of ethanol. Genetic modification of Saccharomyces wine yeasts has been attempted 
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in a number of ways (Schuller and Casal 2005; Cebollero et al. 2007), with two genetically 

modified wine yeast strains having been approved for use in the winemaking industry by the 

Food and Drug Administration (FDA) in the United States of America (van Wyk et al. 2021). 

The genetically modified yeast ML01 is able to transport malate and convert it to lactate due 

to the insertion of two heterologous genes: a malolactic conversion gene from Oenococcus 

oeni and a malate transport gene from Schizosaccharomyces pombe (Volschenk et al. 1997; 

Husnik et al. 2006). This was the first time that S. cerevisiae could be used for a meaningful 

malolactic fermentation, eliminating the need for lactic acid bacteria (Husnik et al. 2006). Apart 

from being approved for commercial winemaking in the USA in 2003 and in Canada in 2006, 

Moldova is the only country in Europe to allow its use. ECMo01, the second authorized yeast 

strain, is a self-cloned strain containing an extra copy of the urea amidolyase gene DUR1,2, 

which catalyses the hydrolysis of urea, enabling this strain to degrade urea consistently 

(Coulon et al. 2006). ECMo01 has been approved for use in the USA and Canada since 2006. 

Several genetic modification methods have been developed for non-conventional yeast, such 

as Debaryomyces spp. (Minhas et al. 2009), Metschnikowia spp. (Moreno-Beltrán et al. 2021), 

Torulaspora spp. (Hernandez-Lopez et al. 2003), Kluyveromyces spp. (Spencer et al. 2002; 

van Ooyen et al. 2006), Pichia spp. (Peña et al. 2018), Candida spp. (Gola et al. 2003) or 

Ashbya gossypii (Wendland et al. 2000). However, genetic modification tools are not well 

established for most non-conventional yeasts commonly found in winemaking, including 

Lachancea spp., Starmarella spp., and Hanseniaspora spp. The development of genetic 

modification tools for Hanseniaspora spp. helps elucidating similarities in the metabolism of 

Hanseniaspora spp. belonging to SEL and S. cerevisiae, as well as determining differences 

between FEL and S. cerevisiae. Initial studies on the genetic modification of H. uvarum have 

been carried out, using plasmids containing autonomous replicating sequences from the 

species (Bink 2010). Nevertheless, until the beginning of this thesis, no reliable transformation 

system has been developed for yeasts belonging to the genus of Hanseniaspora. 
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Structure and aims of the thesis 
 

In the past, the demand on yeasts for wine fermentation was to completely convert the grape 

sugar into ethanol and carbon dioxide, without producing off-flavours. All these properties have 

been found in the so-called wine yeast Saccharomyces cerevisiae, which is why there have 

been many studies to elucidate the various metabolic pathways of this species. In recent 

decades, more and more studies have been published on the use of non-Saccharomyces 

yeasts, the non-conventional yeasts, in co-fermentations with S. cerevisiae in winemaking. 

They are known for contributing to a more complex aroma profile of wines due to their abilities 

in increasing volatile organic compound levels and lowering ethanol concentrations. Yeasts 

belonging to the genus of Hanseniaspora have been considered spoilage yeasts for a long 

time, especially H. uvarum, which is the most abundant found at the beginning of spontaneous 

grape must fermentations. H. uvarum is well-known for the synthesis of high levels of 

acetaldehyde, acetic acid and ethyl acetate, exceeding the odour threshold of these 

compounds, leading to a penetrant, solvent-like smell and taste of the wine. More promising 

research on biotechnological uses of H. uvarum have been published in the past few years, 

demonstrating the universal potential of this yeast species and highlighting the importance of 

the scientific investigation of metabolic pathways, as well as their regulation and genetic 

modification. 

One aim of this thesis was the characterization of the synthesis of aroma compounds in non-

conventional wine yeasts, focussing on yeast species belonging to the genus of 

Hanseniaspora. Characterizing the aroma synthesis of non-conventional yeasts is an 

important basis for further research into the individual metabolic pathways and the elucidation 

of their regulatory mechanisms. Chapter 1, “Exploring future applications of the apiculate yeast 

Hanseniaspora”, provides a comprehensive overview about the use of Hanseniaspora spp. in 

winemaking, its impact on co-fermentations with S. cerevisiae in terms of aroma formation, 

and its role in other biotechnological applications. In Chapter 2, the impact of seven 

Hanseniaspora spp. on the aroma profiles of wines derived from co-fermentations with S. 

cerevisiae was investigated. The resulting aroma profiles allow a precise characterization of 

the respective Hanseniaspora spp. revealing information about their influence on the amount 

of volatile compounds in the wine, such as acids, higher alcohols, esters or terpenes. The 

amount of yeast assimilable nitrogen as well as the type of nitrogen source has a significant 

influence on the aroma synthesis during the fermentation of the grape must by the yeasts. 

Rising temperatures due to climate change as well as lacking irrigation not only influence the 

sugar content of the berries, but also the nitrogen levels in the grapes. Consequently, in 
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addition to the amount of ethanol produced during fermentation, the variety and amount of 

aroma compounds in the final wine product is also affected. In Chapter 3, “Synthesis of aroma 

compounds as a function of different nitrogen sources in fermentations using non-

Saccharomyces wine yeasts”, fundamental insight into the preferences of amino acid uptake 

of S. cerevisiae and various non-conventional yeasts (glucophilic yeasts: H. uvarum and H. 

osmophila, fructophilic yeasts: Starmerella bacillaris and Zygosaccharomyces rouxii), 

respectively, by synthetic must fermentations supplemented with an amino acid mix is 

provided. Furthermore, synthetic must fermentations spiked with single amino acids using H. 

uvarum, H. osmophila and Z. rouxii, enabled a characterization of the amino acid-dependent 

synthesis of aroma compounds by these yeasts. By using members of different lineages found 

within the Hanseniaspora spp., as well as both Saccharomyces yeasts and fructophilic non-

conventional yeasts, differences and similarities could be elaborated allowing a classification 

of Hanseniaspora yeast strains. 

The aroma profiles of wines produced by S. cerevisiae strains differ significantly from those 

made with non-conventional yeast strains. Research on the transcriptional profile of aroma 

relevant metabolisms in yeasts is essential for understanding their regulatory mechanisms 

during grape must fermentations. In Chapter 4, multidisciplinary studies containing genomics, 

metabolomics and transcriptomics unravel the time point of aroma formation during grape must 

fermentations with H. uvarum and S. cerevisiae, as well as differences in the expression levels, 

and thus, the regulation of genes involved in the synthesis of aroma compounds. In addition, 

fermentations using grape must containing different ammonia concentrations revealed 

potential variations in both the gene expression levels and the resulting aroma profile. 

While gene functions as well as their role in various metabolisms are well studied within the 

Saccharomyces yeast strains, most of this information is still lacking in non-conventional wine 

yeasts, such as H. uvarum. In Chapter 5, the development of genetic modification tools for H. 

uvarum, based on the use of a selection marker, encoding for an antibiotic resistance gene, 

flanked with long homology regions, is reported. Thus, enabling the identification of genes 

essential for the synthesis of aroma compounds, as well as their impact on the phenotype in 

terms of winemaking. A PCR-based approach on the genetic modification of H. uvarum, as 

described in Chapter 6, “PCR-based gene targeting in Hanseniaspora uvarum”, simplifies the 

time-consuming generation of selection markers. The inability of H. uvarum to form viable 

spores complicates both the identification of gene-to-function and yeast breeding. Therefore, 

the establishment of a second selection marker is essential for genetically modifying diploid 

yeast strains, such as H. uvarum. 
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Characterization 
 

 

~ Characterizing the synthesis of aroma compounds in non-conventional wine yeasts ~ 
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ABSTRACT
As a metaphor, lemons get a bad rap; however the proverb ‘if life gives you lemons, make lemon-
ade’ is often used in a motivational context. The same could be said of Hanseniaspora in wine-
making. Despite its predominance in vineyards and grape must, this lemon-shaped yeast is
underappreciated in terms of its contribution to the overall sensory profile of fine wine. Species
belonging to this apiculate yeast are known for being common isolates not just on grape berries,
but on many other fruits. They play a critical role in the early stages of a fermentation and can
influence the quality of the final product. Their deliberate addition within mixed-culture fermen-
tations shows promise in adding to the complexity of a wine and thus provide sensorial benefits.
Hanseniaspora species are also key participants in the fermentations of a variety of other food-
stuffs ranging from chocolate to apple cider. Outside of their role in fermentation, Hanseniaspora
species have attractive biotechnological possibilities as revealed through studies on biocontrol
potential, use as a whole-cell biocatalyst and important interactions with Drosophila flies. The
growing amount of ‘omics data on Hanseniaspora is revealing interesting features of the genus
that sets it apart from the other Ascomycetes. This review collates the fields of research con-
ducted on this apiculate yeast genus.
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Introduction

In Pasteur’s sketches and notes on the early stages of a
grape must fermentation he observed small, lemon-
shaped yeast cells that he named Saccharomyces apicu-
latus, which disappeared as fermentation progressed
and were replaced with bigger, round-shaped yeast
cells [1]. The term ‘lemon-shaped’ is not often used to
describe ‘wine yeast’ (i.e., members of the
Saccharomyces genus) and it is evident that Pasteur
observed what we now call Hanseniaspora (Figure 1).
The lemon-shape denotes the bipolar budding that is a
distinctive feature of the apiculate yeast which, besides
Hanseniaspora, also include the related genera of
Nadsonia, Saccharomycodes and Wickerhamia.
Hanseniaspora yeasts are widely known for their preva-
lence on ripe fruits, following a comprehensive survey
cataloguing yeast isolation campaigns from several con-
tinents and viniviticultural settings and spanning deca-
des [2]. Although the majority of isolation studies were
conducted in wine milieu, Hanseniaspora spp. are also
commonly isolated from apple and pear cider [3–6], as
well as from a variety of other fruits [7–10]. Not just

their prevalence, but their general abundance is quite
noteworthy, as at least 50-75% of the general yeast
population at the onset of a grape must fermentation
can be comprised of members of the Hanseniaspora
genus [11,12]. One species in particular is that of H. uva-
rum, which is generally considered to be the most com-
monly-isolated yeast from grapes [2]. In general,
Hanseniaspora spp. are not good fermenters and are
often dominated by fermenting yeast belonging to the
Saccharomyces genus. Assessing the influence that
Hanseniaspora can have on a fermentation is complex
and dependent on many variables.

There is a stark contrast in the trajectories of scien-
tific interest in Hanseniaspora and Saccharomyces, the
most common and the most important yeast genera
found in must, respectively. Saccharomyces is by far the
best-studied yeast. Not only because it is the main
player in beer, wine and bread production, along with
myriad other biotechnological applications, but these
studies laid the groundwork for our fundamental
understanding of how a eukaryotic cell operates [13].
With Hanseniaspora, research has been focused on its
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role in fermentation beverages and as a possible
copartner with Saccharomyces cerevisiae [14], along
with possible application in biocontrol trials as well as
other biotechnological ventures. Despite a blooming
interest in applications for Hanseniaspora there is still a
big gap in understanding its biology. Recent genomic
analyses have unveiled interesting features of this
genus that will provide insights into its lifestyle, which
we will discuss.

Members of the genus

The name Hanseniaspora was first coined in 1912 to
describe the apiculate yeasts commonly found in fer-
menting fruit juices [15]. Cells tend not to be uniform
but often display a distinct lemon-shape morphology in
routine culturing media. Cells can also be ovoid, long-
ovoid or elongate and sometimes form pseudohyphae.
The use of standard molecular techniques for the classi-
fication of yeast species resolved the issue of its incon-
sistent ability to form ascospores and allowed for the
merging with the anamorphic genus Kloeckera. At the

time of writing (2022), 22 species have been recognized
including four new species described during the past
four years [16–19]. Phylogenetic analyses further divide
the genus into two major clades: the ‘fermentation
clade’ and the ‘fruit clade’ (Figure 2). The ‘fermentation
clade’, which has fewer members, includes H. vineae
and H. osmophila for their stronger fermentative capa-
bilities, whereas the ‘fruit clade’ contains members
mostly adapted to fruit niches [20].

Role in fermentations

Impact on wine

By far the most studied aspect of Hanseniaspora is its
role within a grape must fermentation as discussed in
previous reviews [14,21,22]. Due to their sheer numbers
at the onset of a fermentation, Hanseniaspora could
have an impactful role in the early development of a
wine. It should be noted that although trends exist
regarding the general role of Hanseniaspora within fer-
mentation settings, their contribution is shrouded with

Figure 1. Species belonging to the genus Hanseniaspora. These lemon-shaped yeasts are prevalent on ripe fruits and have been
isolated from a diverse range of environments. Some of these apiculate species are associated with grapes and wine; grains and
beer; agave plants and tequila; and cacao and coffee beans; as well as apple and pear cider.
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contradictions. Hanseniaspora has been labeled a
‘spoilage yeast’ as it can produce compounds like acetic
acid, acetaldehyde and ethyl acetate in excess amounts
that could cause wine faults [23,24]. Hanseniaspora spe-
cies are known to consume sufficient amounts of thia-
min or other nutrients early in a fermentation leading
to a stuck or sluggish fermentation [25,26]. Conversely,
different Hanseniaspora species have been successfully
implemented as a copartner with a Saccharomyces
starter culture in a mixed-culture fermentation, with
many reports showing a positive impact on the final
wine product. Figure 3 shows some of the beneficial
attributes of using Hanseniaspora spp. as a starter cul-
ture for winemaking.

When inoculated alone, Hanseniaspora spp. tend to
display a glucophilic nature and do not completely con-
sume the sugars in grape must [27]. There are, however,
members of the ‘fermentation clade’, particularly H.
osmophila, which is able to ‘finish’ fermentation, and
can produce a significant amount of ethanol of over
11% [28]. Hanseniaspora’s production of the

compounds acetic acid, acetoin, acetaldehyde, ethyl
acetate and glycerol is often significantly higher than
the amounts produced by any wine strain of S. cerevi-
siae, yet the interspecies and inter-strain variation is
striking [29–36].

An important consideration is their interaction with
Saccharomyces spp. within a fermentation. In spontan-
eous fermentations, i.e., where no starter culture is
added, a dramatic shift in the populations of
Hanseniaspora (as well as other non-Saccharomyces
yeast or NSY) and Saccharomyces is often observed. As
Hanseniaspora cell numbers decline rapidly in the first
couple of days of fermentation, those of Saccharomyces
increase [37–41]. This is, of course, exacerbated when a
Saccharomyces starter culture is added [42,43]. Most
wine strains of Saccharomyces produce a wide array of
so-called ‘killer factors’ that limit the viability of other
members of the wine microbiota [44]. These factors
include antimicrobial peptides encoded on RNA virus-
like particles [45–47]. Killer activity requires cell-to-cell
contact as a membrane separation between

Figure 2. A phylogenetic tree of members of the genus Hanseniaspora. Using maximum-likelihood analysis of the internal tran-
scribed sequences of one representative of each Hanseniaspora species divides the genus into two large clades, a fast-evolving
fruit clade and a slow-evolving fermentation clade. MEGA 11 software was used to draw the tree [218].
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Saccharomyces and non-Saccharomyces strains within a
fermentation vessel curbs cell death of the non-
Saccharomyces yeast cells [48–51]. Although ethanol
production by Saccharomyces can also be considered as
a ‘zymostatic agent’, Hanseniaspora strains can often
withstand ethanol levels of �10%, and it is thus unclear
to what extent ethanol affects Hanseniaspora viability
[52–56]. Standard SO2 additions at the onset of a fer-
mentation have a negative impact on the viability of
most non-Saccharomyces yeasts, yet studies on how it
specifically affects Hanseniaspora spp. have shown
contradictory results [28,57–62]. Killer ability, particu-
larly RNA viruses, have also been identified in H. uvarum
strains. These killer H. uvarum cultures inhibit a number
of yeasts in vitro, including S. cerevisiae, yet its role in a
fermentation setting remains unexplored [63–66].

Strains from three Hanseniaspora species have been
extensively explored in a mixed-culture fermentation
namely H. guilliermondii, H. uvarum and H. vineae

(Figure 3). Although many trials have been conducted
in which the performance of these Hanseniaspora
species have been studied and tested on a pilot-scale
[67–71], at the time of writing, no Hanseniaspora strain
has been commercially sold as a starter culture [72,73].
There are many beneficial aspects attributed to the
addition of Hanseniaspora starter cultures, ranging from
lowering the ethanol levels [74–76], modulating the
acid composition [77] to an increase in anthocyanin
content [78,79], but arguably their biggest contribution
is toward the aroma profile. Although every aroma
component has been modulated by the addition of
Hanseniaspora starter cultures, the majority of mixed-
culture fermentations highlight a meaningful increase
in the acetate ester content (Figure 4). Acetate ester
synthesis is largely catalyzed by alcohol acetyltransfer-
ases (AAFs or ATFs), which condenses primary alcohols
with the carboxylic group from acetyl-coenzyme A.
Three of the five main acetate esters found in wine:

Figure 3. Effect of Hanseniaspora-initiated cultures in mixed-culture wine fermentations. Increases and decreases in metabolite
concentrations are shown relative to the levels of those metabolites produced in fermentations conducted with a pure culture of
Saccharomyces cerevisiae. References for Hanseniaspora uvarum [67,76,85,104,219–224], Hanseniaspora guilliermondii
[31,220,221,225], Hanseniaspora vineae [68,69,75,79,85,105,226] and other Hanseniaspora species [75,223,227–229].
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2-methyl butyl acetate, isoamyl acetate (both imparting
a fruity, banana-like aroma) and 2-phenethyl acetate
(honey, flower-like aroma) obtain their alcohol part
from the breakdown of the corresponding amino acids
via the Ehrlich pathway [80]. Hexyl acetate (apple-like
aroma) obtains its alcohol from hexanol, which is found
in grape must and the most common acetate ester in
wine, ethyl acetate, is largely synthesized via the con-
densation of ethanol and acetyl-coenzyme A. This ester
lends pleasant fruity aromas at concentrations below
50mg/L, but above this concentration can mask other
aromas and is considered a sensory defect at concen-
trations above 150mg/L, imparting a solvent-like, nail
polish aroma [81]. These levels are often exceeded with
Hanseniaspora additions. Alcohol acetyltransferases can
also catalyze the esterification of other wine alcohols,
most notably varietal thiols like 3-sulfanylhexan-1-ol or
terpene alcohols like geraniol, leading to their corre-
sponding acetate esters [82,83].

All Hanseniaspora species are capable of growing in
media containing cellobiose as the sole carbohydrate
source, implying that they possess b-glucosidase activity

[15,84]. b-Glucosidases are useful enzymes in winemaking
as they can release certain aroma compounds from
bound sugar moieties like terpenes [85–88].
b-Glucosidases from some Hanseniaspora release import-
ant, but non-aromatic, compounds from glycosylated pre-
cursors like the polyphenol resveratrol [89,90] and
anthocyanins [78]. Strong b-xylosidase, polygalacturonase
and protease activities have been identified in
Hanseniaspora strains which could also enhance the flavor
profile of wines [90–93]. In addition, the protease activity
could be useful in the reduction of haze formation [94].

The deliberate use of non-Saccharomyces yeast
strains as starter cultures have enjoyed a large appeal
in winemaking and are a key force in the current elab-
oration of wine profiles [95–97]. The Hanseniaspora spe-
cies with arguably the most potential in winemaking is
that of H. vineae, as has been discussed in several
reviews [98–100]. Even though the general acetate ester
production of H. vineae strains are still pronounced,
high levels of desirable benzenoids, including 2-phenyl
ethanol and 2-phenethyl acetate, have often been
stated [69,101,102].

Figure 4. Biosynthesis pathways of fermentation-derived aroma compounds produced by grape-related Hanseniaspora species
during winemaking [14,80].
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The mode of inoculation, i.e., whether the
Hanseniaspora starter culture is added at the same time
as Saccharomyces or prior (normally three days before
Saccharomyces addition), has a dramatic influence on
the final wine composition [102–105]. The addition of
oxygen also plays an important role, particularly due to
most Hanseniaspora spp. showing limited fermentative
capabilities [106]. Thus, fine-tuning the culturing condi-
tions, along with strain and/or species selection, are key
determinants in order to reliably display beneficial wine
attributes in mixed-culture fermentations.

Impact on other fermentations

Like with grape berries, members of the Hanseniaspora
genus are also frequently isolated on a wide variety of
ripe fruit and would be present at the onset of the
respective fruit wine fermentation. These include the
fruit or resulting juices from agave [107], apple [10,108–
111], mango [112], orange [7,113,114], pineapple
[113,115,116] and plum [10,117] – by no means an
exhaustive list. Their role in these different fruit juice
matrices are not as extensively studied as in wine, but,
in general, their populations decline as the fermenta-
tion progresses, as seen in grape must [5,118].

Researchers have also explored the effect of the
deliberate addition of Hanseniaspora spp. to the start of
a fermentation in order to augment the aromatic con-
tent of the resulting fruit wine. Figure 5 gives examples
of outcomes of different Hanseniaspora starter cultures
when added to a given non-grape starting material. As
observed in wine, every aroma compound can be
affected when compared to the pure inoculation of the
fermenting Saccharomyces strain, but what stands out
is the consistent increase in acetate ester content
[4,108,119].

Populations of Hanseniaspora spp. (particularly H.
guilliermondii, H. opuntiae and H. uvarum) are also fre-
quently isolated from beans of coffee and cocoa, as has
been discussed in previous reviews [120–125]. Yeasts
are critical for the successful fermentation of these
beans, as suppressing their growth via the addition of
an antizymotic agent led to a much lower quality bean
prior to roasting [126,127]. The complex role of yeasts
within bean fermentation includes ethanol production;
acid modulation; and the production of volatile compo-
nents, proteases and pectinases. Although both bean
fermentations are still largely driven by actions of the
natural microbiota, starter cultures have been added to
accelerate the fermentation or to direct the flavor pro-
file into a certain direction, including Hanseniaspora cul-
tures which are also mentioned in Figure 5.

Hanseniaspora spp. lack the ability to utilize maltose
and lactose and only a few members (belonging to the
‘fermentation clade’) can utilize sucrose [15]. Thus, they
do not normally form part of the natural yeast micro-
biota of fermentations that are grain- or dairy-based, or
fermentations where sucrose or molasses are added.
Recently though, Hanseniaspora spp. have been added
to beer fermentations owing to its ester-producing abil-
ities, yet they were unable to utilize the maltose within
the fermentation (Figure 5). This forms part of the
growing trend in beer brewing where low or non-alco-
hol beers are preferred among consumers [128,129].

Hanseniaspora as a biocontrol agent

Fruits and vegetables farmed on a large-scale and in
monoculture are particularly susceptible to the colon-
ization by undesired microbiota or phytopathogens of
fungal origin, which negatively impact the quality and
yield of the harvest and their subsequent storage [130].
Current practices to mitigate the growth of these micro-
biota consist mainly of chemical interventions or fungi-
cides. Despite success in controlling disease, their
negative long-term impact on the environment [131],
resistance being developed by fungi [132], as well as
growing consumer pressure to reduce their usage
[133], prompted investigations into alternative solutions
[134]. Yeast associated with fruit and that show antag-
onistic action against the growth of these fungal phyto-
pathogens have long been considered as potential
biocontrol agents [135]. As common isolates from these
niches, Hanseniaspora strains have been extensively
employed in biocontrol trials to prevent fungal disease
on a variety of fruit. Table 1 lists examples where
Hanseniaspora yeast cultures were successfully imple-
mented in a range of biocontrol experiments to prevent
fungal disease, especially caused by Penicillium spp.,
Aspergillus spp. and Botrytis spp.

Although the majority of these reports was primarily
concerned in the outcome, i.e., whether a meaningful
reduction in phytopathology was observed, some
reports have attempted to explain the mode of inhib-
ition caused by Hanseniaspora. The killer activity identi-
fied in Hanseniaspora has been attributed to its
biocontrol ability [136]. Interestingly, multiple reports
have attributed the biocontrol to the production of vol-
atiles, particularly phenylethanol [137,138]. Another
volatile, trans-cinnamaldehyde, produced by a H. uva-
rum strain, was shown to be the main volatile respon-
sible for inhibiting fungal growth [139]. Moreover, the
inoculation of Hanseniaspora induced the expression of
defence-related genes in table grapes, strawberries,

38



oranges and Arabidopsis thaliana [140–143]. The inhib-
ition effect was enhanced with the addition of other
compounds like b-aminobutyric acid [144], phosphat-
idylcholine [145], ammonium molybdate [146], trehal-
ose [140,147], salicylic acid and sodium bicarbonate
[148]. Interestingly, with the combination of an acetic
acid bacteria, Gluconobacter cerinus, H. osmophila
showed an increased biocontrol effect leading to a bio-
product patent [149]. Hanseniaspora cultures also have
been shown to degrade mycotoxins, which are import-
ant carcinogenic compounds produced by infections
caused by strains belonging to Aspergillus [150–153].

Despite the promise of using Hanseniaspora or any
other yeast antagonist in the biocontrol of fungal
growth, it should be noted that strain-specific variability
do exist, because Hanseniaspora cultures can also dis-
play no meaningful fungal inhibition [154,155]. Most of
the reports, especially on post-harvest applications on
fruit, appear to show a clear path forward in this
research field, yet it would be interesting to see how
effective and realistic it would be for large-scale

implementations of spraying Hanseniaspora yeast cul-
tures in a field.

Associations with Drosophila

Members of the fruit-fly genus Drosophila co-inhabit
the same ephemeral fruit niches as yeast [156].
Moreover, yeast cells are an important food source for
both larva and adult drosophila and greatly influence
its development time, body weight, egg-laying behav-
ior (or oviposition) and survival [157–159]. Two note-
worthy members of this genus include the vinegar fly
(D. melanogaster)—a well-studied commensal fruit fly
that swarms vineyards and orchards as fruit ripens and
lays their eggs in rotten fruit—and the spotted wing
fruit-fly (D. suzukii). The latter is a major insect pest cap-
able of ovipositing in healthy ripe fruit. This causes
major damage to the harvest of a wide range of fruit
crops, including grapes, where it contributes to sour rot
disease [160–162].

Figure 5. Effect of the deliberate addition of Hanseniaspora starter cultures on a diverse set of foodstuffs. References for beer
[4,128,129,230–232], cocoa [233–235], coffee [236,237], citrus [238–240], apple [241–245], tequila [118,246,247], other [248–252].
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As one of the more common yeasts found on fruit, it
is not a surprise that members of the Hanseniaspora
genus are also often isolated from Drosophila fruit-flies
with H. uvarum reported as being the most common
isolate [156,163–166]. Although not conclusively pro-
ven, it is conceivable that Drosophila fruit-flies are an
important vector for the dispersal of the non-motile
Hanseniaspora cells within their environment, which
could explain their relative abundance on ripe fruit.
Some members, such as H. occidentalis, survive the ali-
mentary tract of Drosophila adults [167]. Several studies

have looked at the effect of single-yeast diets on life
traits of Drosophila fruit-flies including that of H. uva-
rum. A H. uvarum-rich diet shortened the ‘egg-to-pupa’
period [168], increased larva survival [159], and pro-
moted fecundity [169], yet has also shown poor larval
development despite H. uvarum being the most attract-
ive [170]. These results underscore the pivotal role this
yeast has on the life quality of Drosophila.

It is well-established that Drosophila fruit-flies are sig-
nificantly more attracted to partially-fermented juices
than sterile or unfermented juices [158,171–173]

Table 1. Summary of biocontrol trials where Hanseniaspora strains were employed.
Species Effect Reference

H. clermontiae Strong protease activity along with inhibitory action against B. cinerea and P. expansum growth on lab media [135]
H. guilliermondii Inhibits mycelial growth of Aspergillus spp.-infected grapes [136]
H. guilliermondii Inhibits the growth of the pineapple pathogen F. guttiforme [253]
H. guilliermondii Reduces incidence of disease caused by P. digitatum on various citrus fruits [254]
H. guilliermondii Displays in vitro antifungal activity against F. graminearum [255]
H. opuntiae Releases compounds inhibiting B. cinerea and C. cassiicola growth on Arabidopsis thaliana and Glycine max [143]
H. opuntiae Inhibits growth and mycotoxin production of A. flavus attributed to its volatile organic compounds [151]
H. opuntiae Inhibits the growth of A. flavus which is enhanced when co-cultured with lactic acid bacteria [256]
H. opuntiae Produces volatiles inhibiting mycelial growth of P. italicum and B. cinerea [257]
H. opuntiae Reduces radial growth of fig pathogens P. expansum, C. cladosporoides, B. cinerea, and M. laxa on lab media [258]
H. opuntiae Displays in vitro antifungal activity against B. cinerea [259]
H. osmophila Produces an array of diffusible compounds capable of inhibiting the growth of several fungal pathogens of table grapes [260]
H. osmophila Together with G. cerinus inhibits in vitro mycelial growth of Botrytis, Aspergillus, Penicillium, and Rhizopus [261]
H. uvarum Exhibits strong inhibitory action against A. carbonarius, B. cinerea, and P. expansum growth on lab media [135]
H. uvarum Inhibits growth of P. digitatum and P. italicum attributed to its phenyl ethanol production promoting adhesion [137]
H. uvarum Inhibits P. digitatum and P. italicum growth attributed to its 2-phenylethanol production [138]
H. uvarum Produces trans-cinnamaldehyde which were shown to inhibit B. cinerea-infection in cherry tomatoes [139]
H. uvarum Supplemented with trehalose induces defence-related enzyme activities in table grapes combatting A. tubingensis [140]
H. uvarum Produces volatile organics and induce defence-related enzyme production in strawberries [141]
H. uvarum With b-aminobutyric acid shows inhibition against the growth of B. cinerea and A. alternata in kiwifruit [144]
H. uvarum Together with phosphatidylcholine inhibits spore germination and mycelial growth of P. digitatum in oranges [145]
H. uvarum With the addition of ammonium molybdenum reduces grey mold caused by B. cinerea in grapes [146]
H. uvarum With the addition of trehalose reduces grape rot caused by A. tubingensis and P. commune [147]
H. uvarum Along with salicylic acid or sodium bicarbonate shows decreased disease incidence of grape berries infected with B. cinerea [148]
H. uvarum Certain strains reduce ochratoxin levels within a grape must fermentation [150]
H. uvarum Inhibits growth and mycotoxin production of A. flavus attributed to its volatile organic compounds [151]
H. uvarum Inhibits the growth of mycotoxigenic fungi and detoxify the major mycotoxins aflatoxin B1 and ochratoxin in grape berries [152]
H. uvarum Reduces incidence of disease caused by P. digitatum on various citrus fruits [254]
H. uvarum Displays in vitro antifungal activity against B. cinerea [259]
H. uvarum Reduces postharvest mold decay in strawberries [262]
H. uvarum Reduces natural decay development caused by B. cinerea on grape berries [263]
H. uvarum Limits blue mold decay caused by P. italicum on navel orange fruit [264]
H. uvarum Produces volatile compounds capable of inhibiting growth of A. ochraceaus in coffee beans [265]
H. uvarum Provides effective control against rot caused by Rhizopus of postharvest stone fruits [266]
H. uvarum Reduces decay caused by the green and blue molds caused by P. digitatum and P. italicum on a commercial scale [267]
H. uvarum Reduces postharvest decay of grapes and peach caused by R. stolonifera and grey mold by B. cinerea [268]
H. uvarum Controls brown rot in postharvest plum caused by M. fructicola attributing to chitinase activity and volatile organic compounds [269]
H. uvarum Reduces disease caused by P. expansum, M. fructicola and B. cinerea in peaches and nectarines [270]
H. uvarum Reduces the incidence of decay, caused by B. cinerea in strawberries [271]
H. uvarum Shows inhibition of B. cinerea-infections on grape, apples, and peaches [272]
H. uvarum Shows reduction in chili fruit rot caused by C. capsici [273]
Full species names of fungal pathogens
Aspergillus
A. alternata
A. carbonarius
A. flavus
A. ochraceaus
A. tubingensis

Botrytis
B. cinerea

Cladosporium
C. cladosporoides

Colletotrichum
C. capsici

Corynespora
C. cassiicola

Fusarium
F. graminearum
F. guttiforme

Monilinia
M. fructicola
M. laxa

Penicillium
P. commune
P. digitatum
P. expansum
P. italicum

Rhizopus
R. stolonifera
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suggestive of the important role that volatile organic
compounds, produced by yeast, can have on the olfac-
tory attraction of Drosophila. As a pure culture, H. uva-
rum-initiated fermentations significantly attract
Drosophila fruit-flies [169,171,174,175].

The infestation of Drosophila peaks at fruit maturity,
thus just prior to harvest, making chemical manage-
ment undesirable, and leading to many investigations
to develop microbial-based traps or lures [176–178].
Exploiting the attraction that Drosophila fruit-flies have
for Hanseniaspora-inoculated substrates, various studies
have shown the successful implementation of attract-
and-kill strategies using Hanseniaspora-cultures as ‘bait’
in both laboratory and field experiments [172,179–183].
These findings show formulations using Hanseniaspora
cultures as a promising and cost-effective ‘attracticide’
and can dramatically lower the use of insecticides to
control D. suzukii-infestations [184]. Research still needs
to be done to improve selectivity as current formula-
tions attract all species of Drosophila.

Whole-cell biotransformation of chemical
compounds

Using intact cells to act as so-called whole-cell biocata-
lysts has been useful in providing alternatives for the
chemical synthesis or conversion of many compounds
[185]. This method provides many benefits, as it can be
highly selective, catalytically efficient and conducted in
milder conditions. In addition, whole-cell catalysts can
conduct multi-step reactions within ‘one pot’ and is
also preferred for its environmentally-friendly
approaches. Hanseniaspora cells (particularly H. guillier-
mondii) are often candidates to be screened for the bio-
conversion of many different chemicals [186]. H.
guilliermondii has been used for the reduction of the
flavor molecules (4 R)-(�)-carvone and (1 R)-(�)-myrte-
nal, presumably by the catalytic action of ene-reduc-
tases and/or carbonyl reductases [187–189]. H.
guilliermondii cells reduce the C¼C bonds of some chal-
cones [190]. In one study, a H. guilliermondii strain was
shown to possess high levels of phytase activity and
was able to effectively break down phytate in a cereal-
based gruel [191]. In another study, it was reported that
a yeast consortium consisting of, amongst others, a H.
valbyensis and/or a H. opuntiae strain degraded the 5-
and 6-ring structures of perylene and benzo[ghi]pery-
lene often found at oil spills [192,193]. Interestingly, a
H. uvarum strain was found to possess exceptional
denitrification capabilities and could be used in the
removal of nitrogen from wastewater systems [194].

‘Omics-based research

As with all biological research, large-scale genomic
sequencing of Hanseniaspora strains, coupled with tran-
scriptomic, proteomic, and biochemical data, have
greatly contributed to our understanding of this genus
and made studies on this yeast far more intriguing due
to some surprising discoveries.

The mitochondrial genome sequence of a H. uvarum
strain was first published in 2005 [195] and showed a
strikingly compact linear molecule, which is the smallest
among sequenced Ascomycetes with only 5.1% of non-
coding regions [196]. In 2014, the first whole-genome
sequence of a H. vineae strain was published [197] fol-
lowed by many other well-known Hanseniaspora mem-
bers in subsequent years: H. guilliermondii, H. opuntiae,
H. osmophila, H. uvarum and H. valbyensis [198–201].
Most of the accepted species within Hanseniaspora
have at least one represented genome sequenced.

Perhaps the most instructive genomic work on
Hanseniaspora was done by Steenwyk and colleagues
[202]. Their phylogenomic analyses divided
Hanseniaspora into two main lineages: the faster-evolv-
ing lineage (FEL), which encompasses the ‘fruit clade’,
and a slower-evolving lineage (SEL), which corresponds
to the ‘fermentation clade’. Closer inspection on the
genomic content of Hanseniaspora indicated that many
genes associated with DNA repair pathways and main-
tenance, i.e., genes involved in cell cycle-checkpoints,
were absent from the genomes – especially from mem-
bers belonging to the FEL. It was already shown with
comparative genome-scale analyses of members within
the subphylum Saccharomycotina that species within
Hanseniaspora are characterized by very long branches
[203,204]. This feature resembles the long branches of
fungal hypermutator strains belonging to cryptococci
[205,206]. Hanseniaspora spp. also possess a low guan-
ine-cytosine content, small genome sizes as well as
lower gene numbers compared to other members of
Saccharomycotina [203,204]. These features are quite
remarkable and could explain the lifestyle of these
yeasts, as they are abundant on ripe fruits or flowers
where simple sugars are available as a food source for
one period in a year [16]. A loss of cell-cycle checkpoint
genes has also been suggested to give Hanseniaspora
spp. a rapid growth advantage over competitors. There
could also be a link to the lack of sporulation that has
been reported for H. uvarum strains, yet this remains
unestablished [207]. Interestingly, H. vineae strains have
been shown to undergo arrest at G2 cell cycle during
the stationary phase, an extremely uncommon phe-
nomenon among eukaryotes in general [208].
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In one study it was shown that multigene compari-
sons of different strains belonging to the same species
displayed a sizable level of intraspecific nucleotide
diversity [209]. Flow cytometry analysis has also shown
a fairly dynamic ploidy architecture within the genus
with allodiploids, allotriploids and allotetraploids being
identified. Even interspecies hybridization between H.
opuntiae and H. pseudoguilliermondii has been reported.
Upon comparison among eight genomes of H. uvarum
strains, genes involved in flocculation as well as oligo-
peptide transport were found to be missing in some
strains, which could predict their fermentation perform-
ance, but reaffirmed the remarkable genomic variation
found within one species [210].

In another study, it was demonstrated that in H. uva-
rum, the enzymatic function of a key enzyme within
glycolysis—pyruvate kinase—is �10-fold lower than its
counterpart in S. cerevisiae, which could explain its low
fermentative capacity [198]. This was further substanti-
ated with a study that showed that differences in pyru-
vate kinases could be the reason for H. vineae’s limited
fermentative capability [20]. Yet, interestingly, members
of the SEL have enzymes involved in the glycolytic
pathway that are more closely related to S. cerevisiae
than members belonging to the FEL. Transcriptome
analysis on H. vineae also showed a marked upregula-
tion of the aroma-related genes [211]. This, combined
with genome data, which showed duplications of the
ARO8 and ARO9 genes, which encodes amino acid ami-
notransferases, and the ARO10 gene phenylpyruvate
decarboxylase, along with multiple ATF-like genes,
could explain H. vineae’s capability of producing mean-
ingful amounts of phenyl ethanol and phenethyl acet-
ate. Within the genome of H. guilliermondii, four
putative ATF-like genes have been identified which
could explain the high acetate ester content often asso-
ciated with H. guilliermondii-initiated cultures [200].
Owing to its strong ester-forming capabilities, the ethyl
acetate transferase gene of H. uvarum was overex-
pressed in S. cerevisiae in order to improve its ethyl
acetate production capability [212].

Transcriptomic data of a H. uvarum strain used in
biocontrol studies have identified genes involved in
ABC transport and ribosome biosynthesis to be upregu-
lated when cultivated at a low temperature. The data
also identified genes involved in the synthesis of the
amino acids arginine, phenylalanine and lysine to be
upregulated when co-incubated with P. digitatum [213].
Transcriptomic data of H. vineae strains revealed that
the genes upregulated upon amino acid and ammo-
nium consumption are similar to what is known from

S. cerevisiae under similar conditions, suggesting a
shared nitrogen catabolism mechanism [214].

Using H. vineae as model organism, an alternative
pathway for the synthesis of benzenoid-derived com-
pounds was discovered via the mandelate pathway
[215]. This could account for the lack of phenylalanine
ammonia lyase and tyrosine ammonia lyase pathways
in ascomycetes yet they are capable of synthesizing
benzenoids.

Attempts have been made to genetically modify H.
uvarum by constructing plasmids containing autono-
mous replicating sequences from the species [216].
Recently, the first tools to knock out the genes of H.
uvarum have been developed [217]. The two copies of
the ATF-encoding gene (HuATF) were genetically
removed, which led to a strain with much lower acetate
ester production. This paves the way for further gene
function studies in the Hanseniaspora genus.

Conclusions

A surge in applied research exploiting the interesting
qualities of Hanseniaspora has occurred over the past
decade – not just in fermentation settings, but also in
the biocontrol of fungal and insect phytopathogens
and as a whole-cell biocatalyst. This underlines the tre-
mendous biotechnological potential of this genus that
is still poorly understood regarding its ecological func-
tion, interstrain and intraspecies variation. The emer-
gence of ‘omics-based data has already shown
fascinating aspects of this genus and will continue to
help elucidate this apiculate yeast.
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Abstract: In this study, the aroma-production profiles of seven different Hanseniaspora strains, namely
H. guilliermondii, H. meyeri, H. nectarophila, H. occidentalis, H. opuntiae, H. osmophila and H. uvarum were
determined in a simultaneous co-inoculation with the wine yeast Saccharomyces cerevisiae Champagne
Epernay Geisenheim (Uvaferm CEG). All co-inoculated fermentations with Hanseniaspora showed a
dramatic increase in ethyl acetate levels except the two (H. occidentalis and H. osmophila) that belong to
the so-called slow-evolving clade, which had no meaningful difference, compared to the S. cerevisiae
control. Other striking observations were the almost complete depletion of lactic acid in mixed- 
culture fermentations with H. osmophila, the more than 3.7 mg/L production of isoamyl acetate with
H. guilliermondii, the significantly lower levels of glycerol with H. occidentalis and the increase in
certain terpenols, such as citronellol with H. opuntiae. This work allows for the direct comparison of
wines made with different Hanseniapora spp. showcasing their oenological potential, including two
(H. meyeri and H. nectarophila) previously unexplored in winemaking experiments.
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1. Introduction
Yeasts belonging to the genus Hanseniaspora are among the most commonly isolated in 

vitivinicultural settings, and their role within grape must fermentations has been the topic 
of investigation among wine microbiologists for many years [1–3]. They are also common 
isolates on other fruits and have an influential role on the outcomes of fermentations, 
ranging from apple cider to coffee and chocolate [4–6]. During grape must fermentations, 
in general, the population of Hanseniaspora spp. drops significantly within the first couple 
of days due to a number of factors, including the accumulative exposure to an anaerobic 
environment and, intriguingly, the killer ability of fermenting yeast, such as S. cerevisiae [7–9].
Nevertheless, their impact on the final wine product can be meaningful as they compete 
for nutrients needed for fermenting yeasts to complete the fermentation, and most im- 
portantly, are capable of producing a large array of important aroma-active compounds. 
Hanseniaspora spp. are well-known for their production of high-levels of acetate esters, 
particularly ethyl acetate, which would often exceed concentrations deemed to be pleasant 
(~150 mg/L) and imparting a solvent or nail polish remover aroma [10]. Although 
Hanseniaspora has often been cited as being a spoilage yeast within winemaking [11,12], 
researchers are re-evaluating the overall impact that some species of Hanseniaspora can have 
as co-partners with S. cerevisiae in mixed-culture fermentations, with many reporting on the 
beneficial effects in adding to the aroma complexity of a wine [2]. Hanseniaspora-initiated 
fermentations have also been shown to reduce final ethanol levels [13], increase overall

,,,,, ,,,,,,,,,
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glycerol concentration [14], modulate acid composition [15], as well as causing a change in 
anthocyanin content and therefore the colour of the wine [16,17]. One species in particular, 
namely H. vineae, has shown repeatedly to provide several oenological benefits, which led 
to the development of a commercially available starter culture by the name of Fermivin 
VINEAE supplied by Oenobrands [18]. 

In mixed-culture fermentations, the most popular inoculation modality is a so-called 
sequential inoculation where the non-Saccharomyces yeast (NSY) starter culture is inoculated 
at the onset, allowing for NSY to exert an effect without the influence of S. cerevisiae [19]. 

One to three days later or once the sugar consumption has reached a certain level, the 
Saccharomyces culture is normally added. Alternatively, both starter cultures can be added 

simultaneously at the onset of fermentations. Studies where both modalities were con- 
ducted show the dramatic difference in the final outcome of the wine, which emphasizes 
the complexity and unpredictability of the interaction between the different yeasts [20–23]. 

The recent influx of whole-genome sequencing of representatives of each species 
within the Hanseniaspora genus, along with accompanying comparative studies, have 
revealed interesting data regarding the genomic make-up of this genus. Phylogenetic 

analyses have separated Hanseniaspora into two major clades, namely the fast-evolving 
lineage (FEL) and the slow-evolving lineage (SEL) [24,25]. Genes involved with cell cycle 
and genome integrity, thought to be conserved within ascomycetes, are not present within 
the genus. These genomic features of Hanseniaspora could assist in explaining the biology 
of the genus that becomes rapidly abundant as the sugar content in fruits increases during 
ripening [26]. Moreover, H. vineae was recently shown to undergo a rapid loss in cell 
viability during the stationary phase warranting more in-depth research in this genus, in 

particular how the two different lineages differ from each other [27]. 
In this study, we report on the co-fermentation of seven different Hanseniaspora spp. 

(two belonging to the SEL and five to the FEL) and how the respective species affected the 
aroma profile of a Gewürztraminer wine. 

2. Materials and Methods
2.1. Yeast Strains Used in the Study

The Hanseniaspora strains H. guilliermondii NRRL-Y 1625, H. meyeri NRRL-Y 27,513 and 
H. osmophila NRRL Y-1613 were obtained from the Agriculture Resource Service Culture
Collection (NRRL) (Peoria, IL, USA). The strain H. uvarum DSM2768 was a gift from
Professor Jürgen Heinisch (University Osnabrück). The strains H. nectarophila GYBC-283,
H. occidentalis GYBC-211 and H. opuntiae GYBC-284 were obtained from the Geisenheim
yeast breeding culture collection. The S. cerevisiae strain Uvaferm CEG (Eaton, Nettersheim,
Germany) was used as the fermenting yeast.

2.2. Microvinification 
Pasteurised Gewürztraminer (GT) grape must (harvested from the vineyards belong- 

ing to the Geisenheim University in the Rheingau wine region of Germany) were used in 
the study. The GT must had a total sugar concentration of 247.8 g/L (123.3 g/L glucose 
and 124.5 g/L fructose). The main wine acids, tartaric and malic acid, were measured to be 
3.7 g/L and 2.1 g/L, respectively. The must also had a citric acid content of 0.18 g/L. Its 
yeast available nitrogen was calculated as 65 mg/L by determining the primary free amino 
acid content using the spectrophotometrically-based nitrogen by the o-phthaldialdehyde 
method [28] and the free ammonium content using the rapid ammonium kit (Megazyme, 
Bray, Ireland). Opti-MUM WhiteTM (Lallemand, Montreal, QC, Canada), at a concentra- 
tion of 20 g/hL, was added as a supplement. Fermentations were conducted in 250 mL 
Schott Duran flasks filled with 150 mL of GT must. All yeasts were precultured in YPD 
medium (20 g/L glucose, 20 g/L peptone, 10 g/L yeast extract) and washed once with 
phosphate-buffered saline. The Hanseniaspora cultures were inoculated at a concentration of 
~1 × 107 cells/mL, as determined by haemocytometer, whereas the S. cerevisiae strain was 
inoculated at a concentration of 1 × 106 cells/mL. Airlocks were added to the flasks filled 
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with approximately 3 mL of water. Fermentations were conducted at 22 C and flasks were 
weighed daily until no further mass-loss was recorded. Samples were then centrifuged 
and subsequently prepared for high-performance liquid chromatography (HPLC) and 
gas-chromatography mass-spectrometry (GC-MS) analyses. 

A one-day fermentation was also conducted where 1 μL of citronellol (Thermo Fisher 
Scientific, Geel, Belgium) was added to pure inoculations of H. guilliermondii and H. uvarum. 

2.3. Analysis of the Must and Wines 
Standard operating procedures, as established by the analysis team at the Institute of 

Microbiology and Biochemistry at Hochschule Geisenheim University, were followed to 
analyse the grape must and final wines produced in the study. 

2.3.1. HPLC 
For the quantification of the major organic acids, sugars, ethanol and glycerol of the 

wines and must, HPLC was implemented with a method previously described [29]. An 
HPLC Agilent Technologies Series 1100 (Agilent Technologies, Steinheim, Germany) was 
used built-in with an autosampler, a multi-wavelength (MWD) and refractive index (RID) 
detector and a binary pump. An HPLC column, 250 mm in length (Allure Organic Acids 
Column, Restek, Bad Homburg v. d. Höhe, Germany), with an inside diameter of 4.6 mm 
and a particle size of 5 μm was used for the separation of the different analytes. The MWD 
was set at a wavelength of 210 nm for the detection of organic acids and the RID was used 
to detect the sugars, organic acids, glycerol and ethanol. The isocratic eluent was comprised 
of deionized water with 0.5% ethanol and acidified with 0.0139% concentrated sulphuric 
acid (95–97%). The flow rate was 0.6 mL/min and column temperatures were 29 C and 
46 C. Chemstation software (Agilent, Steinheim, Germany) was used to analyse, integrate 
and determine the concentrations of each analyte. 

2.3.2. GC-MS 
Aroma Bouquet Analysis 

To detect and quantify the so-called aroma bouquet of the final wines comprising 
of expected higher alcohols; medium-chain fatty acids; and acetate and ethyl esters, a 
targeted headspace solid-phase micro-extraction gas-chromatography mass spectrometry 
analysis (HS-SPME-GC-MS) was employed using a protocol, as previously outlined [30]. 
Sample preparation entailed pipetting 5 mL of wine samples along with adding 1.7 g NaCl 
to a 20 mL headspace vial. Two internal standards, 1-octanol (600 mg/L) and cumene 
(52 mg/L), were also added. The GC-MS used was a GC 7890 A, equipped with an MS 
5975 B (both Agilent, Santa Clara, CA, USA), an MPS robotic autosampler and a CIS 4 (both 
Gerstel, Mülheim an der Ruhr, Germany). A 65 μm fibre coated with polydimethylsiloxane 
crosslinked with divinylbenzene (Supelco, Merck, Darmstadt, Germany) was used to carry 
out the solid-phase microextraction. Separation of the volatiles was performed with a 
60 m × 0.25 mm × 1 μm gas chromatography column (Rxi®-5Si1 MS w/5 m Integra-Guard, 
Restek, Bad Homburg v. d. Höhe, Germany) with helium as a carrier gas. Split mode 
injection was employed (1:10, initial temperature 30 C, rate 12 C/s to 240 C, hold for 
4 min). The initial temperature of the GC run was 40 C for 4 min, and then increased 
to 210 C at 5 C/min and raised again to 240 C at 20 C/min and held for 10.5 min. 
Mass spectral data were acquired in a range of mass-to-charge ratio (m/z) of 35 to 250 and 
used to determine the concentration values. A 5-point calibration curve was used for each 
volatile compound within a wine model solution of 12% ethanol with 3% tartaric acid at 
pH 3. 

Terpenes 
Free terpenes and C13-norisoprenoids expected in wines were also measured by means 

of HS-SPME-GC-MS, as detailed previously [29,31]. A GC 6890 and a 5973 N quadrupole 
MS (Agilent Technologies, Palo Alto, CA, USA) equipped with a Gerstel MPS2 autosampler 
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(Gerstel, Mülheim an der Ruhr, Germany) was used. Similar to the aroma bouquet sample 
preparation, 5 mL of wine samples with 1.7 g of NaCl were added to a 20 mL headspace 
amber vial, along with 10 μL of the internal standard, which contained 30 μg/L 3-octanol, 
30 μg/L linalool-d3, 40 μg/L -terpineol-d3, 10 μg/L -damascenone-d4, 16 μg/L 

-ionone-d3 and 12.5 μg/L of naphthalene-d8 in ethanol solution (Sigma-Aldrich, Merck 
KGaA, Darmstadt, Germany). 

A 100 μm polydimethylsiloxane fibre (Supelco, Merck, Darmstadt, Germany) was 
used to carry out the headspace solid-phase microextraction. Separation of the volatiles was 
performed with a 30 m × 0.25 mm × 0.5 μm gas chromatography column (DB-Wax, J & W 
Scientific, Agilent Technologies, Palo Alto, CA, USA) with helium as a carrier gas. Splitless 
mode injection was employed (injector temperature: 240 C). The initial temperature of the 
GC run was 40 C for 4 min, and then increased to 190 C at 5 C/min and raised again to 
240 C at 10 C/min and held for 15 min. Mass spectral data were acquired in SIM mode 
with characteristic ions for each analyte and used to determine the concentration values. 
Calibration was performed by means of the standard addition in Riesling wine. For both 
the aroma bouquet and terpene analysis, Masshunter workstation software version B.09.00 
(Agilent Technologies, Palo Alto, CA, USA) was used to calculate the concentrations of the 
aroma compounds. 

2.4. Statistical Analysis 
All fermentations were conducted in triplicate. Results from the fermentation analyses 

that are shown in the Tables are the average value of the triplicates followed by the standard 
deviation of the mean (±). All statistical analyses were performed using Graphpad Prism 
version 9.4.1 (GraphPad Software, San Diego, CA, USA). The control experiment in all 
cases was the fermentation inoculated with only S. cerevisiae. Principal component analyses 
were performed on the fermentation data using RStudio (version 2022.07.0) along with the 
packages factoextra (version 1.0.7), ggbiplot (version 0.55) and ggplot2 (version 3.3.6). 

3. Results and Discussion
3.1. Fermentation Curves

Co-fermentations using Hanseniaspora strains with S. cerevisiae were carried out at 22 C 
using 10:1 ratios of starting cultures. The progression of these fermentations was followed 
by daily measurements of CO2 mass-loss (Figure 1). All fermentations were completed by 
13 days, which was also confirmed by the HPLC analysis indicating that all fermentations 
reached dryness (Table 1). There were some deviations in the mass-loss patterns, with some 
co-fermentations (H. occidentalis, H. osmophila and H. nectarophila) exhibiting slightly less 
mass-loss throughout the fermentation, yet no notable fermentation burden was observed 
with any of the co-inoculations. This is in concurrence with previous Hanseniaspora-initiated 
fermentations, where no meaningful influence on the fermentation rate of S. cerevisiae was 
observed [32]. CEG is known for its slow fermentation performance. This was also the 
reason why we decided to use this Saccharomyces yeast. 

3.2. Organic Acids 
Organic acids, such as tartaric acid, malic acid, lactic acid, acetic acid and citric acid, 

play a major role in the aroma profile and the mouthfeel of the wine. Table 1 shows the 
content of the major organic acids of the final GT wines, as determined via HPLC. All 
fermentations, including the pure S. cerevisiae inoculation, led to a reduction in malic acid, 
yet in some cases (with H. occidentalis and H. opuntiae) the malic acid content was indeed 
higher than the control. This observation, especially with H. occidentalis, was surprising as 
it was recently shown that H. occidentalis can consume malic acid within grape must [15]. In 
that study, H. occidentalis consumed malic acid in a sequential-type of inoculation modality 
without an airlock, suggestive of the importance of oxygen in the consumption of malic 
acid. 
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Figure 1. The mass-loss curves (g/L) of the co-fermentations of Hanseniaspora spp. conducted in GT must. 

Table 1. The major organic acids, ethanol, glycerol and total sugar levels (all g/L) of the GT wines 
co-fermented with different Hanseniaspora spp., as determined with HPLC. Values are the means of 
three replicate fermentations followed by its standard deviations (±). Two-tailed unpaired t-tests 
with Welch’s correction were conducted to compare values to the pure S. cerevisiae inoculum control. 
 indicates significantly more than the control (p < 0.05),  indicates significantly less than the control 

(p < 0.05). nd: not detected. 

S. cerevisiae H. guilliermondii H. meyeri H. nectarophila H. occidentalis H. opuntiae H. osmophila H. uvarum 
Total sugars nd nd nd nd nd nd nd nd 
Tartaric acid 2.60 ± 0.12 2.40 ± 0.09 2.53 ± 0.03 2.59 ± 0.01 2.52 ± 0.07 2.45 ± 0.09 2.75 ± 0.02 2.56 ± 0.05 
Malic acid 1.48 ± 0.06 1.35 ± 0.02 1.48 ± 0.02 1.57 ± 0.01 1.71 ± 0.05  1.65 ± 0.03  1.56 ± 0.02 1.55 ± 0.01 
Lactic acid 0.25 ± 0.02 0.23 ± 0.01 0.23 ± 0.01 0.20 ± 0.01  0.22 ± 0.00 0.22 ± 0.02 0.04 ± 0.00  0.22 ± 0.01 
Acetic acid 0.84 ± 0.04 0.75 ± 0.01 0.75 ± 0.03  1.10 ± 0.01  0.56 ± 0.01  0.94 ± 0.02  1.23 ± 0.01  0.68 ± 0.02  
Citric acid 0.14 ± 0.01 0.12 ± 0.00  0.12 ± 0.00  0.13 ± 0.01 0.14 ± 0.00 0.11 ± 0.01  0.14 ± 0.00 0.10 ± 0.01  

Ethanol 117.10 ± 3.20 114.67 ± 1.39 115.75 ± 0.91 117.35 ± 1.34 116.65 ± 2.74 116.37 ± 1.62 118.56 ± 0.59 116.31 ± 0.61 
Glycerol 9.39 ± 0.35 9.28 ± 0.15 10.17 ± 0.05 10.05 ± 0.08 7.80 ± 0.12  10.10 ± 0.22  8.25 ± 0.08  9.98 ± 0.02 

Regarding acetic acid, Hanseniaspora-inoculated fermentations resulted in both a re- 
duction and an increase, depending on the species: for H. nectarophila, H. opuntiae and 
H. osmophila, co-fermentations led to a significant increase, whereas co-fermentations with
H. occidentalis and H. uvarum led to a reduction. Acetic acid is the main contributor of
volatile acidity in wine and along with its activated thioester acetyl-coenzyme (acetyl-CoA)
are key participants within the central metabolism of cells. They directly take part in
acetate ester formation as acetyl-CoA condenses with ethanol and other higher alcohols,
which could explain the reduction in acetic acid in H. uvarum co-fermentations, which
made the highest levels of ethyl acetate (Table 2). The divergent acetic acid levels with
different Hanseniaspora spp. additions are consistent with the literature where no clear
pattern emerges to what effect it has on the volatile acidity in wine [15,33].

Strikingly, lactic acid (the minor acid) was almost completely consumed within the 
co-fermentation with H. osmophila. It is unclear why this occurred as this has, to our 
knowledge, not been reported before. 

3.3. Ethanol and Glycerol 
A microbially-facilitated strategy to reduce ethanol levels in wine is by implementing 

NSY in co-culturing set-ups [34]. The strategy is based on the idea that the NSY would 
consume a portion of the initial sugars leaving less sugars to be fermented to ethanol by 
Saccharomyces. With the experimental set-up presented here, no significant reduction of 
ethanol was observed in any of the Hanseniaspora co-inoculums. Even though there have 
been reports of a reduction in ethanol in final wines with Hanseniaspora additions [13,20,35,36], 
fermentations, especially with simultaneous inoculation modalities did not observe ethanol 
reductions [37,38]. 
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As with acetic acid, the co-fermentations produced both significantly more (H. opuntiae) 
or less glycerol (the two members of the SEL, H. occidentalis and H. osmophila) than the 
control. Glycerol levels are often elevated with NSY additions [39] and often coincide 
with an increase in acetic acid [40]. This is often explained within the context of cofactor 
maintenance, as the enzymes directly responsible for glycerol and acetic acid produc- 
tion, glycerol-3-phosphate dehydrogenase and acetaldehyde dehydrogenase, respectively, 
require and produce NADH. Curiously, in this experiment, the co-fermentation with 
H. occidentalis led to an unexpected reduction in both acetic acid and glycerol, a finding
which was not observed when the same yeast was co-fermented in a sequential-type
inoculation [15].

3.4. Aroma Analysis 
Since Hanseniaspora is known for acetate ester formation and produces large amounts of 

ethyl acetate, a solvent-like odour, too much of which can quickly spoil the wine, the volatile 
aroma compounds (VOC) were measured. Table 2 shows the concentrations of many of the 
expected esters, medium-chain fatty acids, and higher alcohols in the final wines co-cultured 
with Hanseniaspora spp. With regards to the ethyl esters and medium-chain fatty acids, 
little modulation was observed with the Hanseniaspora co-cultured fermentations, when 
compared to the S. cerevisiae control, apart from the concentration of ethyl propionate (an 
aroma compound imparting a pineapple-like odour). The ethyl propionate concentrations 
in wines fermented with H. occidentalis and H. uvarum were measured to be more than 
double than that of the control. 

As expected, a large level of variability was measured looking at acetate esters. For 
all of the five acetate esters, the concentrations were significantly more in H. guilliermondii 
co-fermentations, whereas four of the five acetate esters were higher with H. nectarophila 
and H. uvarum. An increase in all of these esters within a wine will generally be considered 
as an oenological benefit as they contribute to a fruity or flowery aroma, except for ethyl 
acetate. Ethyl acetate measured in the five FEL members were approximately three times 
more than the control with H. uvarum co-fermentations achieving levels of more than 
500 mg/L. All of these levels far exceed what is considered to be pleasant (<100 mg/L). 
With the ethyl acetate levels obtained from the two members of the SEL, no significant 
difference with the control was observed. Yet for H. osmophila, more than six times more 2- 
phenethyl acetate, a key rose-like aroma component, was recorded. Furthermore, of note are 
the quantitatively high levels of the beneficial acetate esters produced by H. guilliermondii. 

The majority of the higher alcohols were either unchanged or comparatively lower 
than the control. This is directly connected with their conversion to their corresponding 
acetate esters. Only co-fermentations with H. occidentalis, however, showed to have higher 
amounts of one of the higher alcohol than the controls, namely 2-phenyl ethanol. 

3.5. Terpenes 
Typical of GT must is that it has a high terpene potential. Terpenes are often bound to 

sugar moieties in grape must and require deglycosylation for their release, in order to be 
perceived. This release can be facilitated enzymatically via the action of -glucosidases or 
non-specific -glucanases and it has been shown that NSY, including Hanseniaspora spp., 
have superior terpene-releasing abilities than Saccharomyces [38,41–43]. The conversion 
of terpenes can also occur, which can be catalyzed by several enzymes, including dehy- 
drogenases, oxygenases and reductases [44]. Table 3 shows the terpene content of the GT 
wines co-fermented with the different Hanseniaspora spp. We observed in certain cases 
significant modulation of the terpenes within the co-fermentations. With H. opuntiae, in 
particular, many of the terpenes were significantly affected like citronellol and -myrcene, 
which is suggestive of the release of terpenes from sugar moieties. Curiously, with some 
co-fermentations (H. guilliermondii, H nectarophila and H. uvarum) citronellol levels were 
significantly lower than those of the control. A short fermentation of must spiked with 
higher levels of citronellol in wines co-fermented with H. guilliermondii and H. uvarum 
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was conducted to see if other peaks related to citronellol could be observed. A peak cor- 
responding to the acetate ester of citronellol (i.e., citronellyl acetate) was detected in the 
GC-MS chromatograms (Figure 2). This strongly suggests that these Hanseniaspora strains 
converted citronellol (which is a terpenol with a primary alcohol functional group) to its 
acetate ester, presumably via the same action as the esterification of other alcohols.

3.6. PCA
To analyse the overall outcome of VOC production in the different co-fermentations, a 

principal component analysis was conducted, including aroma compounds, organic acids, 
ethanol and glycerol (Figure 3). Large variations, especially in the ethyl ester content, 
of co-fermentations with H. nectarophila and H. meyeri replicates caused the overlaps of 
the data points with other groups. The PCA indicated that the two members of the SEL 
separated from the other groups regarding their wine profiles. It is also noteworthy that 
the bulk of the acetate esters production was associated with members of the FEL, such
as H. guilliermondii and H. uvarum. The PCA also shows the noteworthy acid modulation 
displayed by the fermentation with H. osmophila with its high production of acetic acid 
coinciding with the possible consumption of lactic acid.

Table 3. Terpene and norisoprenoid content (all μg/L) of the GT wines, as measured with HS-SPME- 
GC-MS. Values are the means of three replicate fermentations followed by the standard deviations 
(±). Unpaired t-test with Welch’s correction was conducted to compare values with the pure S. 
cerevisiae inoculum control. indicates significantly more (<0.05) than the control (S. cerevisiae) 
indicates significantly less (<0.05) than the control (S. cerevisiae). 

oxide

oxide

oxide

damascenone

Figure 2. GC-MS chromatograms of the one-day must fermentations with H. guilliermondii and
H. uvarum supplemented with higher levels of citronellol.

S. cerevisiae H. guilliermondii H. meyeri H. nectarophila H. occidentalis H. opuntiae H. osmophila H. uvarum
-myrcene 6.71 ± 0.31 9.82 ± 1.26 7.87 ± 1.05 9.37 ± 0.58 7.95 ± 1.74 9.13 ± 0.17 8.87 ± 0.67 9.06 ± 0.24
limonene 0.96 ± 0.01 0.99 ± 0.02 0.97 ± 0.02 0.99 ± 0.01 0.96 ± 0.03 1.01 ± 0.01 0.98 ± 0.01 1.02 ± 0.01

cis-rose oxide 0.42 ± 0.03 0.24 ± 0.03 0.35 ± 0.07 0.38 ± 0.04 0.19 ± 0.07 0.36 ± 0.03 0.24 ± 0.04 0.45 ± 0.02
trans-rose 0.15 ± 0.01 0.09 ± 0.01 0.14 ± 0.02 0.15 ± 0.01 0.09 ± 0.02 0.13 ± 0.01 0.11 ± 0.01 0.17 ± 0.01
cis-linalool 19.74 ± 1.03 19.68 ± 0.13 19.11 ± 0.19 18.37 ± 0.24 18.13 ± 0.54 18.84 ± 1.43 18.54 ± 0.65 19.12 ± 0.68
nerol oxide 1.29 ± 0.04 1.35 ± 0.07 1.27 ± 0.11 1.32 ± 0.09 1.25 ± 0.18 1.45 ± 0.05 1.29 ± 0.16 1.38 ± 0.07

trans-linalool 6.20 ± 0.67 5.75 ± 0.18 5.43 ± 0.34 5.77 ± 0.21 5.45 ± 0.20 5.72 ± 0.25 5.63 ± 0.52 5.52 ± 0.03
vitispirane 0.56 ± 0.01 0.54 ± 0.00 0.55 ± 0.01 0.54 ± 0.01 0.54 ± 0.01 0.55 ± 0.01 0.52 ± 0.01 0.57 ± 0.00

linalool 72.43 ± 3.71 72.93 ± 1.80 71.43 ± 0.69 72.13 ± 3.01 71.18 ± 2.51 73.91 ± 3.70 72.04 ± 5.49 72.50 ± 0.45
hotrienol 36.61 ± 6.24 29.52 ± 1.85 31.48 ± 4.25 28.38 ± 3.47 39.98 ± 3.95 43.04 ± 3.24 35.04 ± 0.35 31.78 ± 1.97
-terpineol 55.46 ± 9.81 47.13 ± 2.74 50.75 ± 6.32 46.91 ± 5.59 68.66 ± 7.75 72.42 ± 4.46 69.19 ± 2.49 49.01 ± 3.90

citronellol 26.97 ± 4.40 9.52 ± 0.56 18.96 ± 4.08 13.83 ± 1.22 27.37 ± 4.97 38.08 ± 1.52 20.31 ± 2.57 13.85 ± 1.88
0.46 ± 0.01 0.56 ± 0.04- 0.53 ± 0.05 0.61 ± 0.04 0.64 ± 0.14 0.69 ± 0.03 0.70 ± 0.10 0.55 ± 0.06
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Figure 3. PCA of the final wines co-fermented with Hanseniaspora spp. All of the measured wine 
parameters, excluding the terpene data, were used to compose the PCA. Score plot (A) in the first 
two PCs: fermentation replicates are shown with the same shape and colour. The blue-and-white 
separation indicates the division of the two lineages (FEL and SEL). (B) Corresponding loading map. 
Each arrow relates to the tip of a vector starting from the origin. The closer the variable is to the circle, 
the better it is explained by the components. Contribution values (%) are shown in a gradient scale of 
colours with corresponding values. Numbers in the loading map correspond to: (1) ethyl acetate,
(2) isobutanol, (3) ethyl propionate, (4) isoamyl alcohol, (5) 2-methyl-1-butanol, (6) ethyl butanoate,
(7) hexan-1-ol, (8) isoamyl acetate, (9) 2-methyl-1-butyl acetate, (10) hexanoic acid, (11) ethyl hex- 
anoate, (12) hexyl acetate, (13) 2-phenylethanol, (14) octanoic acid, (15) ethyl octanoate, (16) 2- 
phenylethyl acetate, (17) ethyl decanoate, (18) tartaric acid, (19) malic acid, (20) lactic acid, (21) acetic
acid, (22) citric acid, (23) ethanol, (24) glycerol.
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4. Conclusions
Even though non-Saccharomyces yeasts are increasingly used in wine fermentations, 

reproducibility is a concern. This is not only evident in our study, but also emerges from 
the literature on mixed-culture fermentations. The interaction of different yeast species 
is complex and strongly dependent on the initial conditions in the must. In conclusion, 
the different Hanseniaspora species contributed in various ways to the aroma profile of 
the wine. The SEL yeasts (H. occidentalis and H. osmophila) showed little change in ethyl 
acetate formation, which is typical for Hanseniaspora, in contrast to the control fermentation 
with S. cerevisiae. In addition, some of the Hanseniaspora spp. contributed significantly 
to the complex aroma profile through the depletion of lactic acid, an increase in acetate 
esters or terpenols, or through the conversion of citronellol to citronellyl acetate. Finally, 
this study shows for the first time the use of H. nectarophila and H. meyerii in winemaking 
and the characterization of the resulting wine. In particular, the wines fermented with 
H. nectarophila showed increased amounts of acetate esters, compared to the control wine.
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Abstract: Non-Saccharomyces yeasts are prevalent at the onset of grape must fermentations and can 
have a significant influence on the final wine product. In contrast to Saccharomyces cerevisiae, the biosyn- 
thetic pathways leading to aroma compound formation in these non-conventional yeasts, in particular 
those that are derived from amino acid metabolism, remains largely unexplored. Within a synthetic 
must environment, we investigated the amino acid utilization of four species (Hanseniaspora uvarum, 
Hanseniaspora osmophila, Zygosaccharomyces rouxii, Starmerella bacillaris) and S. cerevisiae. We report on 
the differential uptake preferences for amino acids with H. uvarum displaying the most rapid uptake 
of most amino acids. To investigate the fate of amino acids and their direct contribution to aroma 
synthesis in H. uvarum, H. osmophila and Z. rouxii, musts were supplemented with single amino acids. 
Aroma profiling undertaken after three days showed the synthesis of specific aroma compounds by 
the respective yeast was dependent on the specific amino acid supplementation. H. osmophila showed 
similarities to S. cerevisiae in both amino acid uptake and the synthesis of aroma compounds depend- 
ing on the nitrogen sources. This study shows how the uptake of specific amino acids contributes to 
the synthesis of aroma compounds in wine fermentations using different non-Saccharomyces yeasts.
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1. Introduction
Managing the nitrogen content in grape must is essential to prevent stuck or sluggish 

fermentations [1]. The forms of nitrogen utilized by the microbiota within grape must are 
collectively known as the yeast assimilable nitrogen (YAN) and consist of ammonium ions 
(NH4

+) and free amino nitrogen (FAN). FAN is a combination of individual amino acids 
and small peptides and most notably excludes the abundant amino acid L-proline as it 
cannot be utilized by yeast under anaerobic conditions. Insufficient starting levels of YAN
(below 100 mg/L for red wines and 150 mg/L for white wines) can be remedied by the 
addition of inorganic forms of nitrogen like diammonium phosphate (DAP) or even more 
complex protein supplementations. Increased levels of YAN in must directly contribute 
to greater fermentation vigour, yet often lead to increased microbial instability, increased 
haze formation, increased biogenic amine levels, and could also contribute to atypical 
aging properties [2]. It is thus pivotal to provide the optimal amount of YAN to ensure a 
successful fermentation without causing any type of wine faults.

Most of our understanding of how nitrogen is consumed during wine fermentation 
is obtained from studies conducted with S. cerevisiae, which is mainly responsible for the

,,,,,,,,,,
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alcoholic fermentation. Nitrogen utilization is a highly regulated process and at least four 
different regulatory mechanisms have been described: the Ssy1-Ptr3-Ssy5 system (SPS), 
the nitrogen catabolic repression (NCR), the retrograde signalling pathway (RTG) and the 
general amino acids control (GAAC) [3]. All the above-mentioned mechanisms are in turn 
governed by the target of rapamycin (TORC1) signalling pathway. Several allelic variants 
in key genes involved in the TORC1 signalling pathway have been identified to explain 
possible adaptations of wine strains of S. cerevisiae and their consumption preference for 
specific amino acids during wine fermentation [4]. Nitrogen, both form and quantity, also 
has a major impact on the aroma profile and thus the sensorial characteristics of the final 
wine product [5,6]. The breakdown of amino acids via the Ehrlich pathway results in 
the production of higher alcohols like isoamyl alcohol and 2-phenylethyl alcohol which 
are some of the key aroma determinants in wine along with their corresponding acetate 
esters (Figure 1, Table 1) [7]. With regards to wine aroma, insufficient YAN has also been 
implicated in excessive H2S production, yet excessive YAN has been shown to lead to 
increased volatile acidity and increased ethyl acetate production [8,9]. 

Figure 1. The Ehrlich pathway. Conversion of amino acids into fusel aldehydes, fusel alcohols and 
acetate esters. Enzymes and encoding genes known in S. cerevisiae to catalyze the reactions are 
indicated. Specific molecular groups are highlighted. Modified from Hazelwood et al. [10]. 

At the onset of a grape must fermentation, the microbial population structure is par- 
ticularly heterogeneous consisting of numerous yeast genera. It is often the case that only 
a small proportion of the population is comprised of Saccharomyces spp. [11]. This is why 
commercial winemaking largely employs starter cultures of S. cerevisiae, as this ensures 
early onset of fermentation, successful conversion of the grape must sugars, and repro- 
ducible fermentation results. With spontaneous fermentations, when no starter culture 
is added, the S. cerevisiae population tends to not just increase, but manages to suppress 
the non-Saccharomyces yeast (NSY) populations. Yet, spontaneous fermentations are at a 
far greater risk of becoming stuck due to the initial competition for nutrients among the 
different yeast species. Nevertheless, many of the NSY have enjoyed increasing popularity 
in recent years as co-partners with S. cerevisiae wine yeasts in so-called mixed-culture fer- 
mentations [12]. Their deliberate additions provide many beneficial attributes ranging from 
lower alcohol levels to more complex aroma profiles [13] and currently several different 
NSY starter cultures have become commercially available, e.g., Torulaspora delbrueckii and 
Pichia kluyveri [14]. 

It is important not to study S. cerevisiae in isolation but to consider the NSY populations 
and their roles in nitrogen consumption during winemaking. A major uptick in studies 
on this topic has occurred over the past couple of years, where the nitrogen metabolism 
of key NSYs has been investigated. Studies ranged from the nitrogen preference of NSYs 
under winemaking conditions to comparing their nitrogen regulation mechanisms to that of 
S. cerevisiae [15–17]. The amino acid preferences can vary significantly depending on many
environmental parameters [18]. For S. cerevisiae, diverse amino acid preferences have been
reported in fermentations of grape must and beer wort [19,20]. For example, it was found
that, in grape must fermentations, Lys was the most preferred amino acid to be utilized,
followed by early consumption of Asp, Thr, Glu, Leu, His, Met, Ile, Ser, Gln, and Phe [19].
The amino acids Val, Arg, Ala, Trp, and Tyr were consumed slower. In beer wort, the most
preferred amino acids that were the first to disappear in the medium were Glu, Asp, Asn,
Gln, Ser, Thr, Lys and Arg, followed by the branched-chain amino acids Ile, Leu and Val as
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acetat

acetat

e
 
thana acetat

acetat

banana 

well as Met and His [20]. The amino acids Gly, Ala and the aromatic amino acids Phe, Tyr 
and Trp were detected longer in the fermentation supernatant and disappeared before the 
amino acid Pro. 

Table 1. Ehrlich pathway intermediates and derivates of branched-chain amino acids (Leu, Val, 
Ile), aromatic amino acids (Phe, Tyr, Trp), the sulfur-containing amino acids (Met, Cys) and the 
polar-uncharged amino acid (Thr) as well as the odor descriptors of their acetate esters. Modified 
from Dzialo et al. [7], Valera et al. [21] and Vermeulen et al. [22]. 

Amino 
Acid -Keto Acid Fusel

Al
 
dehy d

Fusel 
Alcohol 

Odor Descriptor 
of Acetate Ester 

Leu -Keto-isocaproate 3-Methyl- 
butana

Isoamyl 
alcohol 

Isoamyl 
acetate 

Banana, sweet, 
fruity 

Val  -Keto-isovalerate 

Ile -Keto-3-methylvalerate 

2-Methyl-
p

 
ropana Isobutanol Isobutyl 

2- Methylbutanol 2-Methylbutyl 

Sweet, fruity, 
tropical 

Fruity, tropical, 
overripe fruit 

Phe Phenylpyruvate 2-Phenyl-
e
 
thana

2-Phenyl
ethanol

2-Phenylethyl
acetate

Floral, rose, 
honey 

2-(4- 
Tyr 4-Hydroxyphenylpyruvate Hydroxyphenyl) 

ethanal 

Trp Indol-3-pyruvate 2-(Indol-3-yl) 

Tyrosol 
acetate 

Tryptophol Tryptophol 

Fruity, flowery 

Fruity, flowery 

2-Keto-4-methylthio-2-
oxobutyrate

3-(Methylthio) 
propanal Methionol Methionyl Cabbage, potato, 

mushroom 

Thr -Keto-butyrate Butanal Butanol Butyl acetate Solvent, fruity, 

3- Mercapto- 
pyruvate

2- 
Mercaptoacetaldehyde 2-Mercaptoethanol Mercaptoethyl 

acetate 
Roasted 

In this study, we determined amino acid consumption profiles for one S. cerevisiae 
commercial wine strain (Geisenheim/Uvaferm GHM) and the non-Saccharomyces yeast 
species Hanseniaspora uvarum, H. osmophila, Zygosaccharomyces rouxii and two strains of 
Starmerella bacillaris, that can be found at the onset of grape must fermentation. Subse- 
quently, we carried out fermentations with three of the non-Saccharomyces yeast strains 
(H. uvarum, H. osmophila and Z. rouxii) in synthetic musts that were spiked with one amino 
acid as an additional nitrogen source in order to determine the amino acid-dependent 
production of aroma compounds. 

2. Materials and Methods
2.1. Yeast Strains and Media

The following yeast strains were used: the commercial S. cerevisiae wine yeast strain 
Geisenheim/Uvaferm GHM (Lallemand, Montreal, Canada), H. uvarum DSM2768, 
H. osmophila NRRL Y-1613T, S. bacillaris GYBC-240 and GYBC-241 as well as the Z. rouxii
GYBC-242. The latter three strains were obtained from the Geisenheim Yeast Breeding
Center culture collection.

Yeasts were routinely cultured in YPD medium (20 g/L glucose, 20 g/L bacto peptone 
and 10 g/L yeast extract). For the preparation as preculture for fermentation experiments, 
yeast strains were grown in synthetically defined (SD) media (20 g/L glucose, 0.17 g/L 
yeast nitrogen base and 0.23 g/L ammonium chloride [16]) and washed in a sterilized 
9 g/L NaCl solution. 

Acetate  

Tyrosol 

Me

Cy
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The synthetic grape must (SM) medium was prepared according to Bely et al. [23], with 
adjustments from Su et al. [24] and Seguinot et al. [25]. The composition of the synthetic 
grape must, without the addition of the amino acids (AA), can be found in Table 2. 

Table 2. Composition of the synthetic must base without the added amino acids. All chemicals were 
obtained from Merck (Darmstadt, Germany). 

Component Concentration 

Sugars [g/L] 
Glucose 100 
Fructose 100 

Acids [g/L] 
DL-Malic acid 5 

Citric Acid 0.5 
L-(+)-Tartaric acid 3 

Minerals [mg/L] 
KH2PO4 750 
K2SO4 500 
MgSO4 250 
CaCl2 160 
NaCl 200 

Trace elements [mg/L] 
MnSO4 4 
ZnSO4 4 
CuSO4 1 

KI 1 
CoCl2 0.4 
H3BO3 1 

(NH4)6Mo7O24 1 
Vitamins [mg/L] 

Myo-inositol 20 
Calcium pantothenate 1.5 

Nicotinic acid 2 
Thiamine hydrochloride 0.25 

Pyridoxine hydrochloride 0.25 
Biotin 0.003 

Phytosterol solution for 100 L of SM 
-Sitosterol 500 mg 
Tween 80 16.7 mL 

Ethanol pure 16.7 mL 

The pH of the SM medium was adjusted to pH 3.3 using 5N NaOH. The nitrogen 
content was 140 mg/L of YAN. For experiments using an amino acid mixture (SM-mix), 
amounts of amino acids resembling the natural composition found in grapes were added, 
with 70% of the nitrogen coming from amino acids and 30% from ammonium chloride. For 
experiments with single amino acid fermentations (SM-AA), amino acids were added in 
amounts derived from their molecular mass and number of assimilable nitrogen atoms in 
the molecule. The concentrations of amino acids used were taken from Su et al. [16]. The 
concentrations of the added amino acids for the fermentations with the amino acid mixture 
and the addition of individual amino acids are listed in Table 3. All amino acids used were 
purchased either from Merck (Darmstadt, Germany) or Carl Roth (Karlsruhe, Germany). 
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Table 3. Amino acid and ammonium concentrations of the synthetic must with amino acid mix 
(SM-mix) and when used individually in the single amino acid fermentations (SM-AA). 

Amino Acid SM-mix [mg/L] * SM-AA [mg/L] * 
L-alanine 48 891 
L-arginine 123 581 

L-asparagine 0 661 
L-aspartic acid 15 1331 

L-cysteine 4 1212 
L-glutamine 40 1471 

L-glutamic acid 166 731 
Glycine 6 751 

L-histidine 11 1552 
L-isoleucine 11 1312 

L-leucine 16 1312 
L-lysine 6 731 

L-methionine 10 1492 
L-phenylalanine 13 1652 

L-proline 202 1151 
L-serine 26 1051 

L-threonine 25 1191 
L-tryptophan 59 2042 

L-tyrosine 6 1812 
L-valine 15 1172 
NH4Cl 151 535 

* The respective concentrations were taken from Su et al. [16]. 

2.2. Fermentation Experiments 
We followed three experimental lines in our fermentation experiments. On the one 

hand, fermentation kinetics of all individual yeast strains in SM-mix were determined using 
the ANKOM Rf Gas Production system (ANKOM Gesellschaft für Analysentechnik—HLS, 
Salzwedel, Germany) as described previously [26]. Therefore, 150 mL of SM-mix were trans- 
ferred into a modified 250 mL borosilicate bottle sealed with a lid containing the Rf sensor 
module  of  the  ANKOM  Rf  Gas  Production  system  and  inoculated  with 
1 × 106 cells/mL. The bottles were equipped with appropriate magnetic stirrer bars before 
placing on magnetic stirrer pads, enabling constant stirring. The interval for measuring the 
prevailing pressure was set to 30 min. The pressure was measured for 237.5 h (~10 days). 

Secondly, the rate at which each amino acid was consumed within a mixture of amino 
acids was evaluated. All six yeast strains were used to ferment the 150 mL SM-mix (in 
300 mL Erlenmeyer flasks) with the nitrogen content as described in Tables 2 and 3. The 
yeast pitching rate was 1 × 106 cells/mL. Appropriate dilutions of starting cultures were 
prepared according to cell numbers determined by haemocytometer cell counts. Flasks were 
covered with aluminium foil. Fermentations were conducted in a temperature-controlled 
shaking incubator at 25 C and shaken at 120 min 1. Samples (2 mL) were removed every 
8 h for the first 32 h, pelleted by centrifugation at 13.000 min 1 for 1 min and stored at 

80 C for later analysis of the amino acid composition via ion exchange chromatography
(IEC). After 72 h, samples were also prepared for aroma compound analysis via gas
chromatography/mass spectrometry (GC/MS) and quantification of organic acids, ethanol,
and sugar concentrations via high-performance liquid chromatography (HPLC).

The last line of experiments evaluated the aroma compound formation of must 
fermen- tations that were enriched with individual amino acids. The strains H. uvarum 
DSM2768, H. osmophila NRRL Y-1613T and Z. rouxii GYBC-242 were used in this 
experiment. High- throughput fermentations were carried out at 25 C in 35 mL of SM-
AA (see Table 3) in 50 mL conical fermentation tubes fitted in tube racks to allow stirring 
at 120 min 1. The nitrogen content of SM-AA totalled 140 mg/L of YAN. Tubes were 
sealed with alu- minium foil. Fermentations were carried out for 72 h. Samples were 
analysed via GC/MS and HPLC.
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2.3. Analysis of Amino Acid Uptake with Ion Exchange Chromatography (IEC) 
Concentrations of amino acids were undertaken on an ARACUS Amino Acid Ana- 

lyzer Advanced (membraPure GmbH, Hennigsdorf, Germany). The analyser uses post- 
column derivatisation with ninhydrin and cation exchange chromatography [27]. Sam- 
ples were prepared by mixing 600 μL of sample buffer (lithium-citrate solution 0.12 M, 
pH 2.2, 26.23 μg/mL norleucine as internal standard; Sykam, Eresing, Germany) with 
600 μL of the sample. Samples were passed through a nylon filter (syringe filter, nylon, 
0.45 μm, MS Scientific, Berlin, Germany) into glass vials to analyse free amino acids. Prior 
to photometric detection of primary and secondary amino acids via UV/VIS-detector at 
570 nm and 440 nm, respectively, automatic post-column ninhydrin derivatisation at 130 C, 
leading to a colourisation of the amino acids, was performed for quantification according 
to Krause and Löhnertz [28]. This treatment dyes primary amino acids blue-violet and 
secondary amino acids (i.e., Pro) yellow. Samples up to and including the 32 h timepoint 
were analysed for each strain. 

Since cysteine is not stable in solution and oxidizes to form cystine, cysteine could 
not be detected in the fermentation supernatant. Due to the deamination of glutamine to 
glutamic acid and asparagine to aspartic acid, neither glutamine nor asparagine could be 
measured in the fermentation supernatants. Accordingly, the glutamic acid values contain 
the sum of glutamine and glutamic acid at the respective time of sampling. The same 
applies to the values of aspartic acid and asparagine. 

2.4. High-Performance Liquid Chromatography (HPLC) Analysis 
Sugars (glucose and fructose), organic acids (tartaric acid, malic acid, lactic acid, acetic 

acid and citric acid) and ethanol were measured by HPLC using a method as described 
previously [29,30]. An Agilent Series 1100 (Agilent Technologies Inc., Santa Clara, CA, 
USA) HPLC with UV/VIS (at 210 nm) and Refractive Index (35 C) detectors and an Allure 
Organic Acids 5 μm particle size (length 250 mm, diameter 4.6 mm; Restek GmbH, Bad 
Homburg vor der Höhe, Germany) column was used. As eluent, a 0.5% ethanol/ 0.0139% 
H2SO4 solution was used at a flowrate of 0.5 mL/min at 46 C. Quantification was aided by 
the use of external standards. For sample preparation, thawed samples were centrifuged at 
13,000 min 1 for 10 min and the supernatant subsequently diluted fourfold with ultrapure 
water along with the addition of 55 μL of 10% ethanol. 

2.5. Analysis of VOCs with Head-Space Solid Phase Microextraction Gas Chromatography 
(HS-SPME-GC-MS) 

The concentrations of volatile aroma compounds were measured by head-space 
(HS) solid phase microextraction (SPME) GC/MS (HS-SPME-GC-MS) as previously de- 
scribed [31,32]. A 7890 A gas chromatograph with a 5975-B mass spectrometer (both Agilent 
Technologies Inc., USA) was utilised. SPME was undertaken with a 1 cm length and 65 μm 
particle size polydimethylsiloxane and divinylbenzol fiber (Merck, Germany) at 40 C and 
10 min incubation time. Extraction was performed at 500 min 1 for 20 min. For the GC a 
Rxi®-5Si1 MS (Restek GmbH, Germany) column of 60 m length, 0.25 mm diameter and 1 
μm particle size was used with helium as the carrier gas. Sample injection was performed 
1:10 split mode and heating from 30 C to 240 C with a 12 C/s raise and a 4 min hold. The 
GC run started with an initial 4 min hold at 40 C after which the temperature was raised 
to 210 C at a 5 C/ min rate and to 240 C with 20 C/ min and a final 10.5 min hold. Data 
from the mass spectrometer used for the concentration values were in the range of 35 to 
250 of the m/z masses to charge ratio. For the calibration of each measured compound a 
5-point curve was made with a 3%, 6%, 9% or 12% ethanol, respectively, and 3% tartaric
acid solution at pH 3, depending on the ethanol content of the samples. Samples were
prepared by adding 1.7 g NaCl to 5 mL of sample in a 20 mL brown head-space glass vials.
Two internal standard solutions (10 μL) were also added, namely 600 mg/L 1-octanol and 
52 mg/L cumene. 
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2.6. Statistical Evaluation and Software
All fermentation experiments were performed in triplicates. For the statistical eval- 

uation two-tailed unpaired t-test with Welch’s correction was used to analyse the data 
in GraphPad PRISM software (Version 9.4.1) and significance was set at p < 0.05 to the 
control (GraphPad Software, San Diego, CA, USA). HPLC data were analysed using the 
software ChemStation for LC systems from Agilent (Agilent, Santa Clara, CA, USA). Agi- 
lent’s MassHunter software (Agilent, Santa Clara, CA, USA) was used for analysing the 
HS-SPME-GC-MS data. IEC data were analysed by Clarity chromatography software 
(DataApex, Prague, Czech Republic).

3. Results
3.1. Fermentation Kinetics

Fermentations of all individual yeast strains in SM-mix were performed to analyze 
the fermentation kinetics and evaluate their fermentation performance within this must 
(Figure 2). The cumulative pressure of fermentations using H. osmophila reached a plateau 
phase after ~180 h (~7.5 days) indicating the end of fermentation. Fermentations with the 
other yeast strains showed slightly increasing pressure until the end of the experiment, 
with S. cerevisiae having a steadier increase reaching the highest value of cumulative 
pressure measured. In contrast, the fermentations with H. uvarum yielded the lowest value 
of cumulative pressure, which was about half of the pressure achieved by S. cerevisiae. 
Fermentations using both Z. rouxii and the S. bacillaris strains showed similar patterns 
in fermentation performance, slightly resembling in appearance to that of H. osmophila. 
Among all yeasts, S. cerevisiae was the first one reaching a cumulative pressure of one bar 
(~18.75 h) in the SM-mix fermentations, followed by S. bacillaris GYBC-240 (~20.67 h) and
H. uvarum (~21 h). Z. rouxii and S. bacillaris GYBC-241 (both ~23.67) were found to exceed
this value even before H. osmophila (~29.67 h).

40,000

30,000

20,000

10,000

0 

H. uvarum DSM2768
T

H. osmophila NRRL Y-1613

S. cerevisiae GHM

Z. rouxii GYBC-242

S. bacillaris GYBC-240

S. bacillaris GYBC-241

0 50 100 150 200 250

Time [h]

Figure 2. Fermentation kinetics of fermentations with SM-mix. Cumulative pressure was mea- 
sured using ANKOM Rf Gas Production system. Data are the mean of three independent 
experiments ± SEM. Dashed lines indicate the standard deviation.
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3.2. Evaluation of Amino Acid Consumption Rate
To evaluate the consumption rate of 17 amino acids (Cys, Asn and Gln could not 

be measured), we generated a synthetic must supplemented with defined amounts of 
these amino acids (Table 2). Fermentations of these musts by H. uvarum, H. osmophila, Z. 
rouxii GYBC-242 and S. bacillaris GYBC-240 & GYBC-241 were carried out over a duration 
of 32 h (Figure 3, Figure S1) and the amino acid concentrations in the supernatants of 
these fermentations were quantified in eight-hour intervals. The results of the amino
acid uptake of the yeasts at the individual time points compared to the initial values are 
described below.

Figure 3. Amino acid concentration (%) present in the medium at different time points of the alcoholic 
fermentation in SM-mix. The initial concentration of each amino acid is expressed as 100%. It should 
be noted that the values of Glu also contained Gln and Asp also contained Asn. Cys could not 
be measured.
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Eight hours after inoculation, the concentrations of the individual amino acids in the 
fermentation supernatant ranged from 83% to 100% for all yeast cultures. In the fermenta- 
tions with H. uvarum, Lys (87%) and Met (88%) were present in the lowest concentrations. 
In both the fermentations with H. osmophila and S. cerevisiae, the lowest concentrations of 
amino acids were Met (H. osmophila: 83%, S. cerevisiae: 84%), followed by Trp (both 85%). 
The concentration of Trp had decreased the most after eight hours in the fermentations with 
Z. rouxii (87%) and both S. bacillaris strains (GYBC-240: 83%, GYBC-241: 85%), followed by
Met (Z. rouxii GYBC-242: 89%, S. bacillaris GYBC-240 & GYBC-241: 86%).

Sixteen hours after inoculation, the branched-chain amino acids (Ile, Leu and Val) as 
well as Lys and Met were completely depleted in the fermentations with H. uvarum, while 
the concentrations of Glu and Thr were below 6%. Additionally, the concentrations of Ala, 
Asp, His, Phe and Ser diminished to 15–50%. Arg, Gly, Pro, Trp and Tyr were still present 
at more than 50%. In the fermentations with the other yeasts, however, the amino acids 
were present in much higher concentrations at 16 h. Only Lys was completely utilized in 
the fermentations with H. osmophila and also S. cerevisiae after 16 h. The concentrations of 
the other amino acids in these cultures ranged from 30% to 95%. An exception was Trp, 
which was present in both cultures at higher concentrations than the initial concentration 
at this time (120%). In the fermentations with both Z. rouxii and the two S. bacillaris 
strains, it was also Lys that was present in the lowest concentration 16 h after the start of 
fermentation (Z. rouxii GYBC-242: 46%, S. bacillaris GYBC-240: 25%, S. bacillaris GYBC-241: 
50%). The concentrations of the other amino acids in these cultures ranged from 60% to 
100%. Histidine was present in all three cultures at slightly higher than initial concentrations 
at that time (105–111%). The concentration of Trp was also increased in the cultures with 
Z. rouxii (110%), as with the cultures of H. osmophila and S. cerevisiae. Twenty-four hours
after inoculation, almost all amino acids were consumed in the cultures with H. uvarum.
Only 12% of Arg and 10% of Pro were still present. In the fermentations with H. osmophila
and S. cerevisiae, on the other hand, a Pro concentration of 97% and 83%, respectively, was
still measured after 24 h. Furthermore, the following amino acids were detected at this
time in H. osmophila: Ala, Gly, His, Ser, Thr, Trp and Tyr (see also Figure S1). Glycine, Trp
and Tyr were also measured in fermentations with S. cerevisiae 24 h after inoculation. The
concentrations of the measured amino acids in the fermentations with Z. rouxii and the two
S. bacillaris strains at the 24 h time point, ranged from completely depleted to unconsumed.
After 24 h, the concentration of Lys was below 2% in all three cultures. In the fermentations
with S. bacillaris GYBC-240, only very low amounts of Arg, Leu, Met and Phe were detected
(1–3%). Thirty-two hours after the start of fermentation, all amino acids were used up in all
yeast cultures.

3.3. Analysis of Sugar Content 
To evaluate the sugar consumption of the six different yeast strains, the sugar con- 

centrations were determined via HPLC analysis and are listed in Table 4. In the SM-mix 
fermentations with 200 g/L starting sugar concentration, those with H. osmophila and 
S. cerevisiae showed a residual sugar concentration below 100 g/L, while H. uvarum,
Z. rouxii and the two S. bacillaris strains contained sugar levels above 100 g/L. As glucose
and fructose were initially present in equal amounts, the rate of assimilation of these
sugars is of interest. Comparing glucose to fructose, the glucose concentrations in the
fermentation supernatants of S. cerevisiae and both Hanseniaspora species were lower than
the fructose concentrations. In contrast, glucose was barely utilized in the fermentation
supernatant in the fermentations with Z. rouxii and both S. bacillaris strains. Looking at the
ratio of glucose to fructose, apart from the original must (SM), it was most balanced in the
H. uvarum fermentations.

Ethanol production and formation of acetic acid during fermentation with individually
supplemented amino acids are given in Figure 3. 
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Table 4. Analysis of glucose, fructose and total sugar in yeast fermentations with SM-mix a, b. 

Strain Glucose [g/L] Fructose [g/L] Total Sugar [g/L] Glucose * [%] Fructose * [%] 
H. uvarum DSM2768 52.46 ± 0.74 62.67 ± 1.70 115.13 ± 2.45 45.57 54.43 

H. osmophila NRRL Y-1613T 33.29 ± 0.79 55.79 ± 0.71 89.08 ± 1.36 37.37 62.63 
S. cerevisiae GHM 30.70 ± 0.80 68.83 ± 0.90 99.54 ± 1.70 30.84 69.15 

Z. rouxii GYBC-242 98.18 ± 1.31 20.09 ± 0.86 118.26 ± 2.17 83.02 16.99 
S. bacillaris GYBC-240 95.06 ± 0.84 19.84 ± 0.68 114.90 ± 0.17 82.73 17.27 
S. bacillaris GYBC-241 97.18 ± 0.94 22.46 ± 1.00 119.65 ± 0.49 81.22 18.77 

SM c 101.24 ± 2.17 102.06 ± 2.20 203.30 ± 4.36 49.80 50.20 
a Samples were analysed via HPLC three days after inoculation. b Data are the mean of three indepen- 
dent experiments ± SD. c Synthetic must (SM) was analysed to measure the initial concentration of sugars. 
* The percentage of each sugar remaining in the supernatant. 

3.4. Volatile Organic Compounds Produced during Single Amino Acid Fermentations 
Fermentations using H. uvarum, H. osmophila and Z. rouxii in SM were spiked with 

single amino acids (SM-AA) to analyse their impact on volatile aroma compound synthesis. 
A fermentation with the respective yeast with the addition of an amino acid mix served as 
a control (Ctrl.). Figure 4 shows the amounts of ethanol and acetic acid formed. SM-mix 
fermentations with yeasts achieved the highest concentration of ethanol. Except for SM-AA 
fermentations with H. osmophila with Ala and Gln, significantly less ethanol was measured 
in the SM-AA fermentations with all three yeast strains. H. uvarum produced the least 
ethanol when Cys (~7 g/L), Ile (~5 g/L) or Thr (~5 g/L) were added and the most when 
Arg or Gln (both ~30 g/L) were added [Figure 4a]. The lowest ethanol concentrations 
were also found in fermentations using Z. rouxii when Cys (~3 g/L), Ile (~4 g/L) or 
Thr (~4 g/L) were added. The highest ethanol concentration was measured when Gln 
(~21 g/L) was added [Figure 4c]. Fermentations with H. osmophila showed the lowest 
ethanol concentrations when Cys (~1 g/L), Gly (~3 g/L), His (~1 g/L), Lys (~4 g/L) and 
Thr (~5 g/L) were added and the highest when only Ala (~37 g/L) was added [Figure 4b]. 
Figure 4d shows that in all SM-AA fermentations using H. uvarum acetic acid was detected. 
Besides the control, the highest acetic acid values occurred in Arg and Gln (both ~0.5 g/L) 
fermentations. Apart from the SM-AA Trp fermentations, which showed the highest acetic 
acid concentrations (~0.2 g/L), lower amounts of acetic acid were detected in all other 
SM-AA fermentations with H. osmophila than in the corresponding fermentations using 
H. uvarum [Figure 4e]. H. osmophila did not produce acetic acid in the SM-AA fermentations
with Cys. Z. rouxii produced the highest amount of acetic acid when Phe was added
(~0.2 g/L), even significantly exceeding the amount of acetic acid formed in the control
[~0.17 g/L; Figure 4f].

Ethyl acetate, 2-phenylethyl acetate and isoamyl acetate are among the most aroma- 
relevant acetate esters produced during wine fermentation. In Figure 5a it can be seen 
that ethyl acetate was detected in all fermentations using H. uvarum. Besides the control 
(~1163 mg/L), the highest values were measured with the addition of Arg (~470 mg/L) or 
Glu (~478 mg/L). However, when only Ile or Ser was added, relatively small amounts of 
ethyl acetate were formed (Ile: ~11 mg/L; Ser: ~4 mg/L). 
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Figure 4. Ethanol production and formation of acetic acid during fermentation with individually 
supplemented amino acids. Ethanol production [g/L] in fermentations using (a) H. uvarum DSM2768, 
(b) H. osmophila NRRL Y-1613T and (c) Z. rouxii GYBC-242. Formation of acetic acid [g/L] in fermen- 
tations using (d) H. uvarum DSM2768, (e) H. osmophila NRRL Y-1613T and (f) Z. rouxii GYBC-242.
Fermentations using the respective yeast with SM-mix served as control (Ctrl.). Ethanol and acetic
acid concentrations were measured via high performance liquid chromatography (HPLC) analysis.
Data are the mean of three independent experiments ± SEM, two-tailed unpaired t test with Welch’s
correction, * p < 0.05 as compared to the control. Error bars indicate the standard deviation.
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Figure 5. Production of acetate esters during fermentation with individually supplemented 
amino acids. Ethyl acetate production [mg/L] in fermentations using (a) H. uvarum DSM2768, 
(b) H. osmophila NRRL Y-1613T and (c) Z. rouxii GYBC-242. Isoamyl acetate production [μg/L]
in fermentations using (d) H. uvarum DSM2768, (e) H. osmophila NRRL Y-1613T and (f) Z. rouxii
GYBC-242. 2-Phenylethyl acetate production [μg/L] in fermentations using (g) H. uvarum DSM2768, 
(h) H. osmophila NRRL Y-1613T and (i) Z. rouxii GYBC-242. Fermentations using the respective yeast 
with SM-mix served as control (Ctrl.). Acetate esters were measured via HS-SPME-GC-MS analysis.
Data are the mean of three independent experiments ± SEM, two-tailed unpaired t test with Welch’s
correction, * p < 0.05 as compared to the control. Error bars indicate the standard deviation;
«: not quantifiable.
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Z. rouxii was also able to produce ethyl acetate in all SM-AA fermentations [Figure 5c].
In contrast to H. uvarum, however, no ethyl acetate was quantifiable in the control. The 
highest amount of ethyl acetate was formed when Glu was added (~365 mg/L) and 
the lowest when Cys was added (~22 mg/L). Many of the SM-AA fermentations using 
H. osmophila resulted in low ethyl acetate levels [below 10 mg/L; Figure 5b]. The addition of
Ala yielded the highest amount of ethyl acetate (~245 mg/L). In all three yeast strains, the
highest concentration of isoamyl acetate was obtained in fermentations with the addition
of Leu [Figure 5d–f]. Compared to the other two yeast strains, H. uvarum was able to
use almost all amino acids for the production of isoamyl acetate, apart from four amino
acids, which were not quantifiable. Figure 5g–i shows that the addition of Phe resulted in
the highest production of 2-phenylethyl acetate in all three yeast strains. Except for the
SM-AA fermentations using H. osmophila with Cys and His and the control fermentation
using Z. rouxii, 2-phenylethyl acetate was detected in all fermentations with the three yeast
strains. In addition to the control, fermentations with H. osmophila with the addition of
eight single amino acids, respectively, showed 2-phenylethyl acetate levels higher than
500 μg/L. In contrast, only the addition of Phe in the fermentations using H. uvarum and 
Z. rouxii resulted in 2-phenylethyl acetate amounts of this quantity.

Besides the acetate esters, the higher alcohols also play a major role in the aroma
profile during wine fermentation. All three yeast strains showed the highest isobutanol 
amounts when Val was added [>700 mg/L; Figure 6a,e,i]. H. osmophila did not produce 
isobutanol when Cys or His was added. Apart from this, isobutanol was detected in all 
fermentations with the different yeasts. In the fermentations with the addition of Leu, 
H. uvarum, H. osmophila and Z. rouxii produced large amounts of isoamyl alcohol [<700 mg/L;
Figure 6b,f,j)]. Besides Leu, the addition of Asp in fermentations using H. osmophila also
showed significantly higher levels of isoamyl alcohol than the control. When Cys, Ile
or Thr were added, isoamyl alcohol was not quantifiable in any fermentation using the
various yeast strains. In Figure 6c,g,k) it can be seen that an addition of Ile led to a higher
increase of 2-methyl butanol in all three yeast strains. Among the yeast strains tested, Z.
rouxii produced significantly less 2-methyl butanol (~66 mg/L), in contrast to H. uvarum
(~166 mg/L) and H. osmophila (~484 mg/L). In addition, the fermentations with Z. rouxii
and Ala also produced significantly more 2-methyl butanol (~42 mg/L) than the control
(~26 mg/L). Additional Phe led to significantly increased 2-phenyl ethanol production
in all yeast strains [Figure 6d,h,l)]. A higher concentration of 2-phenyl ethanol than in
the control (~46 mg/L) was also found in the single amino acid fermentations using
H. osmophila with Leu (~67 mg/L).

The measured ethyl esters ethyl propionate and ethyl isobutyrate, as well as the
acetate ester 2-methylbutyl acetate of the SM-AA fermentations are shown in Figure S2. It 
shows that SM-AA fermentations with Val resulted in significantly higher levels of ethyl 
propionate and ethyl isobutyrate in all yeast strains studied. In addition, elevated ethyl 
propionate levels were measured in the SM-AA Thr fermentations using all yeasts. When 
Ile was added, ethyl propionate was not found in fermentations using either H. uvarum 
or Z. rouxii. In comparison, less ethyl propionate was produced in SM-AA fermentations 
with H. osmophila with the respective nitrogen source. Besides Val, a significant increase 
in ethyl isobutyrate was also observed in fermentations using H. osmophila when Ala was 
added. In the SM-AA Cys fermentations, ethyl isobutyrate was not detected for any of the 
yeasts. The addition of Ile yielded higher concentrations of 2-methylbutyl acetate. Higher 
concentrations of 2-methylbutyl acetate were measured in the SM-AA fermentations with 
H. uvarum in the case of most nitrogen sources than in the respective fermentations using
the other two yeasts.

79



*

«
* 
*

*
*
*

*
*
*
*

*
«

« *

*
*

H. uvarum DSM2768 H. uvarum DSM2768 H. uvarum DSM2768 H. uvarum DSM2768

Ctrl.
Ala
Arg
Asp
Cys
Gln
Glu
Gly
His
Ile

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Ctrl.
Ala
Arg
Asp
Cys
Gln
Glu
Gly
His
Ile

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Ctrl.
Ala
Arg
Asp
Cys
Gln
Glu
Gly
His

Ile *
* Leu

Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Isobutanol [mg/L]

(a)
Isoamyl alcohol [mg/L]

(b)

2-Methyl-butanol [mg/L]

(c)

2-Phenyl ethanol [mg/L]

(d)

H. osmophila NRRL Y-1613T H. osmophila NRRL Y-1613T H. osmophila NRRL Y-1613T H. osmophila NRRL Y-1613T

Ctrl.
Ala
Arg
Asp
Cys
Gln
Glu
Gly
His
Ile

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Ctrl.
Ala
Arg
Asp
Cys
Gln
Glu
Gly
His
Ile

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Ctrl.
Ala
Arg
Asp
Cys
Gln
Glu
Gly
His
Ile

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Ctrl.
Ala
Arg
Asp
Cys
Gln
Glu
Gly
His

* Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Isobutanol [mg/L]

(e)
Isoamyl alcohol [mg/L]

(f)

2-Methyl-butanol [mg/L]

(g)
2-Phenyl ethanol [mg/L]

(h)

Z. rouxii GYBC-242 Z. rouxii GYBC-242 Z. rouxii GYBC-242 Z. rouxii GYBC-242

Ctrl.
Ala
Arg
Asp
Cys
Gln
Glu
Gly
His
Ile

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Ctrl.
Ala
Arg
Asp
Cys
Gln
Glu
Gly
His
Ile

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Ctrl.
Ala
Arg
Asp
Cys
Gln
Glu
Gly
His
Ile

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Ctrl.
Ala
Arg
Asp
Cys
Gln
Glu
Gly
His
Ile

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Isobutanol [mg/L]

(i)
Isoamyl alcohol [mg/L]

(j)

2-Methyl-butanol [mg/L]

(k)

2-Phenyl ethanol [mg/L]

(l)

Figure 6. Formation of higher alcohols during fermentation with individually supplemented amino 
acids. Formation of isobutanol [mg/L] in fermentations using (a) H. uvarum DSM2768, (e) H. osmophila 
NRRL Y-1613T and (i) Z. rouxii GYBC-242. Formation of isoamyl alcohol [mg/L] in fermentations 
using (b) H. uvarum DSM2768, (f) H. osmophila NRRL Y-1613T and (j) Z. rouxii GYBC-242. Formation 
of 2-methyl butanol [mg/L] in fermentations using (c) H. uvarum DSM2768, (g) H. osmophila NRRL 
Y-1613T and (k) Z. rouxii GYBC-242. Formation of 2-phenyl ethanol [mg/L] in fermentations using
(d) H. uvarum DSM2768, (h) H. osmophila NRRL Y-1613T and (l) Z. rouxii GYBC-242. Fermentations
using the respective yeast with SM-mix served as control (Ctrl.). Higher alcohols were measured via
HS-SPME-GC-MS analysis. Data are the mean of three independent experiments ± SEM, two-tailed
unpaired t test with Welch’s correction, * p < 0.05 as compared to the control. Error bars indicate the
standard deviation; «: not quantifiable.
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Malic acid and isovaleric acid were also measured (Figure S3). Isovaleric acid could 
only be detected in the SM-AA Leu fermentations with all yeast strains [Figure S3d–f]. 
Isovaleric acid was not quantifiable in any of the SM-mix fermentations (Ctrl.). Malic acid 
was found in each of the culture supernatants [Figure S3a–c]. When Pro was added as the 
only nitrogen source, significantly less malic acid was found in fermentations of all three 
yeast strains. When Thr was added, however, higher malic acid values than in the SM-mix 
fermentations were measured in all different yeast fermentations. 

The calculation of total alcohols, total acetate esters and total ethyl esters provides in- 
formation about their synthesis depending on the SM-AA fermentations using the various 
yeast strains. Table 5 shows the total alcohols and total acetate esters, produced through 
the Ehrlich pathway (see also Table 1), and total ethyl esters formed in the SM-mix fermen- 
tations (Ctrl.) and SM-AA fermentations using the individual yeast strains. In the SM-mix 
fermentations, Z. rouxii formed more total alcohols than H. uvarum and H. osmophila. The 
latter produced the highest amounts of total acetate esters, while H. uvarum produced the 
most total ethyl esters. 

Table 5. Overview of the production of total alcohols, total acetate esters and total ethyl esters in 
SM-mix (Ctrl.) and SM-AA fermentations using H. uvarum DSM2768 (H.u.), H. osmophila NRRL 
Y-1613T (H.o.) and Z. rouxii GYBC-242 (Z.r.). Darker colours indicate higher concentrations within the
total alcohols, total acetate esters and total ethyl esters, lighter colours indicate lower concentrations
within the respective group.

Total Alcohols a [g/L] Total Acetate Esters b [mg/L] Total Ethyl Esters c [mg/L] 
H.u. H.o. Z.r. H.u. H.o. Z.r. H.u. H.o. Z.r. 

Ctrl. 0.44 0.39 1.01 3.47 3.58 0.01 1.88 0.78 0.28 
Ala 0.31 0.53 0.16 0.43 1.45 0.10 0.50 0.26 0.43 
Arg 0.20 0.08 0.06 0.26 0.50 0.04 0.36 0.07 0.34 
Asp 0.20 0.50 0.06 0.62 1.96 0.26 0.44 0.25 0.40 
Cys 0.01 0.00 0.00 0.08 0.00 0.02 0.08 0.00 0.03 
Gln 0.22 0.26 0.08 0.27 0.66 0.19 0.45 0.15 0.46 
Glu 0.17 0.22 0.05 1.47 1.21 0.49 0.45 0.03 0.37 
Gly 0.13 0.02 0.11 0.13 0.03 0.09 0.06 0.00 0.09 
His 0.10 0.00 0.09 0.41 0.00 0.20 0.17 0.00 0.25 
Ile 0.18 0.69 0.07 0.23 2.57 0.17 0.00 0.01 0.00 

Leu 1.06 1.00 0.79 6.40 4.08 5.92 0.38 0.03 0.34 
Lys 0.13 0.01 0.09 0.51 0.05 0.15 0.22 0.04 0.24 
Met 0.14 0.35 0.08 0.06 2.30 0.03 0.14 0.05 0.28 
Phe 0.68 0.76 0.43 3.15 7.99 2.68 0.18 0.08 0.24 
Pro 0.09 0.09 0.06 0.41 0.44 0.15 0.26 0.00 0.34 
Ser 0.20 0.19 0.14 0.13 0.35 0.68 0.00 0.00 0.06 
Thr 0.07 0.05 0.04 0.40 0.12 0.11 0.52 0.49 0.77 
Trp 0.05 0.11 0.03 0.06 0.04 0.10 0.19 0.07 0.28 
Tyr 0.17 0.10 0.10 0.47 0.09 0.47 0.26 0.00 0.40 
Val 0.84 0.90 0.82 0.41 0.36 0.34 5.25 3.30 13.68 

a Total alcohol produced through Ehrlich pathway including isobutanol, isoamyl alcohol, 2-methyl butanol and 2- 
phenyl ethanol. b Total acetate esters produced through Ehrlich pathway including isoamyl acetate, 2-methylbutyl 
acetate and 2-phenylethyl acetate. c Total ethyl esters including ethyl propionate and ethyl isobutyrate. 
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Comparing the SM-AA fermentations using all three strains, H. uvarum formed the 
highest amounts of total alcohols (1.06 g/L) when Leu was added. All three strains formed 
high amounts of total alcohols when Leu, Phe or Val were added. In fermentations with 
Cys, on the other hand, only very low or no alcohols were formed. In 53% of the nitrogen 
sources tested in the SM-AA fermentations, H. osmophila produced more total alcohols than 
the other two yeast strains, followed by H. uvarum with 47%. 

The highest amount of total acetate esters formed was detected in the SM-AA Phe fer- 
mentations using H. osmophila at 7.99 mg/L. The highest total acetate esters were measured 
in fermentations with Phe and Leu in all three yeast strains. Whereas the lowest concen- 
trations were found in the fermentations with Cys. H. uvarum formed higher amounts of 
total acetate esters in 45% of the nitrogen sources tested and H. osmophila in 42%. Z. rouxii 
was found to be the highest total acetate ester producer in 13% of the nitrogen sources 
tested. Z. rouxii showed poorly measurable total acetate esters in the SM-mix fermentations 
(0.01 mg/L), whereas high amounts were formed in the SM-AA fermentations with Leu 
(5.92 mg/L) and Phe (2.68 mg/L). 

When Val was added, all three yeast strains showed the highest total ethyl ester 
values, with Z. rouxii producing significantly more than H. uvarum and H. osmophila. The 
lowest amounts of measured ethyl esters were formed when Ile was added. H. osmophila 
produced more total ethyl esters in 5% of the nitrogen sources tested and H. uvarum in 
32%. Z. rouxii formed more total ethyl esters than H. uvarum and H. osmophila in 63% of the 
SM-AA fermentations. 

4. Discussion
From a winemaking perspective, nitrogen has a dual role, by being essential for yeast 

growth to complete the alcoholic fermentation and by providing the backbone structures 
for many important wine aroma compounds [33]. The alarming world-wide trend in 
increased weather temperatures directly affects the development of the grape berry leading 
to earlier harvest times and higher sugar content [34]. Apart from eventually leading to 
increased alcohol levels in the final wines, this also leads to a bigger imbalance in the sugar 
to nitrogen levels in the must. Also, higher temperatures and limited irrigation water are 
associated with lower amino acid levels in grape berries [35,36]. Furthermore, the nitrogen 
content can also influence the formation of volatile and non-volatile components. Lower 
nitrogen levels are associated with the synthesis of branched-chain fatty acids and esters in 
S. cerevisiae, while high nitrogen levels lead to the formation of medium-chain fatty esters
and acetic acid, depending on the nitrogen source added [33,37]. In order to prevent the
associated fermentation problems, it is important to gain more insight in the exact nitrogen
requirements of the common non-Saccharomyces yeasts that are present in the must.

In order to investigate the fermentation performance of the different yeast strains, 
fermentations were carried out in SM-mix, measuring the cumulative pressure over a period 
of ten days. Among all yeasts tested, only H. osmophila was able to finish the fermentation 
although S. cerevisiae showed the steadiest pressure increase thus reaching the highest value 
of cumulative pressure. The fructophilic yeasts (Z. rouxii and S. bacillaris) showed similar 
fermentation behaviour, with a slightly lower cumulative pressure formation than in the 

fermentations with H. osmophila. However, in the SM-mix fermentations, H. uvarum showed 
by far the lowest fermentation performance. The results are in accordance to previous 

studies. S. bacillaris as well as H. uvarum are known to be slow fermenting yeasts, with H. 
uvarum showing even lower fermenting performances in synthetic must fermentations [38]. 
Whereas H. osmophila proved to be a good fermenter in synthetic must fermentations [39]. 

From our second experiment, we observed that the H. uvarum DSM strain, an apiculate 
yeast, often cited as the most abundant yeast at the onset of a fermentation, consumed 

the amino acids the quickest of all the yeasts in this study. Similarly, Roca-Mesa et al. [15] 
observed that H. uvarum and S. bacillaris utilized amino acids faster in the absence of am- 
monium and behave similarly in terms of amino acid uptake in anaerobic fermentations. 
In contrast to H. uvarum, H. osmophila had a similar amino acid utilization profile than 
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S. cerevisiae. H. uvarum and H. osmophila belong to different lineages within the Hanseniaspora
genus, namely the fast-evolving lineage (FEL) and the slow-evolving lineage (SEL), respec- 
tively and it has been shown, at least within the genes involved in the glycolytic pathway
that members of SEL are closer in enzyme identity to S. cerevisiae [40]. Moreover, transcrip- 
tome data of H. vineae (another member of SEL) showed a similar gene upregulation pattern
regarding their nitrogen utilization than that of S. cerevisiae which suggest these latter two
yeast species share a similar nitrogen catabolism mechanism [17]. Contrary to the findings
of Roca Mesa et al. [15], the two S. bacillaris strains and Z. rouxii performed similarly in
terms of amino acid utilization and were significantly slower in degradation performance
than S. cerevisiae and H. osmophila. Lysine was preferentially consumed by all yeast strains.
This finding is consistent with previously published data [19]. Barrajón-Simancas et al. [41],
however, demonstrated that different S. cerevisiae strains all preferred cysteine and tyrosine,
but also glycine and alanine. Thirty-two hours after inoculation of the media with different
yeast strains, amino acids were not detected in the fermentation supernatant, including
proline, which was one of the last amino acids still to be found in the fermentation medium.
Gobert et al. [42] reported that S. bacillaris did not consume histidine, methionine, threo- 
nine or tyrosine. Our study shows that although these amino acids were depleted after
32 h, they were among the last amino acids to be assimilated. The intermediate increase
of tryptophan in the medium in fermentations with fructophilic yeasts and especially
H. osmophila and S. cerevisiae was remarkable. It is known that yeasts release amino acids
into the medium especially towards the end of fermentation or also in the presence of
higher salt concentrations in the medium [41,43,44].

Generalising for all yeast strains investigated, lysine was most strongly preferred by all 
yeasts, as already described by Crépin et al. [19]. Next was a strong preference of all yeasts 
for Ile, Leu and Met. Besides Phe, Ser, Thr, Glu and Asp, also Ala and Val were among the 
preferred amino acids. Gly, Arg, His, Pro, Trp and Tyr, on the other hand, were taken up 
more slowly. H. uvarum stood out particularly in amino acid uptake. It was interesting that 
H. uvarum had already completely consumed seven of the amino acids examined within
16 h after inoculation. Most of the remaining amino acids in the fermentation supernatant
were also found in significantly lower concentrations than in the fermentations with the
other yeasts.

S. cerevisiae strains are known for their strong glucophilic properties [45]. The results
of this study also show the preference for glucose by H. uvarum and especially H. osmophila. 
Among these three glucophilic yeasts, S. cerevisiae showed the strongest glucophilic proper- 
ties, followed by H. osmophila. H. uvarum, showing to be moderately glucophilic, absorbed 
proportionally more fructose compared to the other two yeast strains. In contrast, both Z.
rouxii and the two S. bacillaris strains displayed a strong fructophilic phenotype [46,47]. Of 
the three, Z. rouxii consumed proportionally more fructose than glucose.

For further analyses of the single amino acid fermentations and the synthesis of aroma 
relevant compounds, we selected H. uvarum, H. osmophila and Z. rouxii. H. uvarum plays 
a major role in spontaneous fermentations as it is abundant in the grape microbiome. 
Moreover, H. uvarum stood out in amino acid uptake and sugar degradation. Due to the 
similarities to S. cerevisiae in terms of sugar degradation and amino acid degradation, we 
decided to investigate amino acid metabolism and the resulting alcohols and esters in 
fermentations with H. osmophila in more detail. H. uvarum and H. osmophila are two differ- 
ent yeasts of one yeast genus, which also correspond to different lineages (FEL and SEL), 
that can be compared with each other. Since all fructophilic yeast strains tested, showed 
a similar behaviour regarding both the amino acid uptake and the sugar degradation, 
Z. rouxii was chosen for further experiments as Z. rouxii revealed slightly stronger fruc- 
tophilic properties.

The Ehrlich pathway-mediated catabolism of the branched chain amino acids (Val, 
Leu and Ile), the aromatic amino acids (Phe, Tyr and Trp) and the sulphur-containing amino 
acid Met produces compounds that are the main yeast-derived aroma contributors in wine 
and other alcoholic beverages [10,48,49]. As expected, feeding leucine led to an increase 
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in isoamyl alcohol and isoamyl acetate in all three yeast strains studied. Isoleucine was 
converted to 2-methyl butanol and 2-methylbutyl acetate as predicted. Valine is converted 
to isobutanol and isobutyl acetate in the Ehrlich pathway leading to a pineapple and 
banana-like aroma. The SM-AA fermentations using the various yeast strains with valine 
addition showed the increased production of isobutanol, ethyl isobutyrate as well as ethyl 
propionate. -Keto isovalerate, which is formed from valine in a transaminase reaction, 
can not only be converted to isobutanol or isobutyrate via 2-methylpropanal, but can also 
be converted into -keto-isocaproate and then introduced into the leucine catabolism [7]. 
There, it is converted into isoamyl alcohol or isoamyl acetate. Thus, in the SM-AA Val 
fermentations using the three yeast strains, significant amounts of isoamyl alcohol and, 
in the case of H. uvarum, isoamyl acetate were also detected. Compared to the other two 
yeasts, H. uvarum was able to form isoamyl acetate from almost all amino acids tested 
in the SM-AA fermentations. This was also observed previously for S. cerevisiae [50]. In 
contrast to our studies, in addition to leucine, it was also isoleucine that led to a higher 
production of isoamyl acetate and isoamyl alcohol in fermentations using S. cerevisiae. 
Threonine is first converted to -ketobutyrate and then further to either 1-propanol or 1- 
butanol. -ketobutyrate can also be converted to alpha-keto-3-methylvalerate, which is then 
introduced into the isoleucine catabolism and further converted to 2-methyl-butanol [7]. 
This can be seen in this experiment from the amount of 2-methyl butanol formed in the 
SM-AA Thr fermentations using the three yeast strains. Of the three strains, H. uvarum 
produced the largest amounts of both 2-methyl butanol in the SM-AA Thr and isoamyl 
alcohol in the SM-AA Val fermentations. The aromatic amino acid phenylalanine also led 
to the production of large amounts of 2-phenyl ethanol and 2-phenylethyl acetate, which 
are known for producing the typical rose-like aroma. Even though methionine is known to 
be converted into methionol and 3-(methylthio) propanoate, within the Ehrlich pathway, it 
also had a general influence on the formation of alcohols and esters. This is particularly seen 
in fermentations inoculated with H. osmophila. In addition to phenylalanine, methionine 
as well as isoleucine appeared to have a particularly strong influence on the formation 
of 2-phenylethyl acetate and the corresponding alcohol. This is in contrast to previously 
published studies on fermentations with S. cerevisiae [50]. Fairbairn et al. [50] showed that 
only the addition of phenylalanine led to the production of 2-phenylethyl acetate. 

The SM-AA fermentations with leucine led not only to the strong production of 
isoamyl alcohol in H. osmophila, but also to the formation of 2-methyl butanol and 2-phenyl 
ethanol. This discovery was also made by Espinosa Vidal et al. [51] in fermentations using S.
cerevisiae with an oversupply of leucine, as the only nitrogen and carbon source. They
proposed that these substances are biosynthesised de novo as outflows of valine, isoleucine
and phenylalanine in S. cerevisiae. We did not observe this in the SM-AA Leu fermentations
using H. uvarum and Z. rouxii. This finding supports our assumption that H. osmophila and S.
cerevisiae have a similar amino acid metabolism, as both yeasts show a similar amino
acid degradation profile in the SM-mix fermentations. H. osmophila showed no fermenting
activity in the SM-AA fermentations with only lysine or histidine as amino acid source,
conforming to its reported similarities with S. cerevisiae [52].

It is noticeable that Z. rouxii formed only a few (quantifiable) acetate- and ethyl 
esters under the fermentation conditions of the SM-mix fermentations. In the SM-AA 
fermentations, on the other hand, compared to the other yeast strains, it produced more 
total ethyl esters in most of the nitrogen sources tested. H. uvarum formed the highest 
amounts of total ethyl esters in the SM-mix fermentations. Interestingly, Z. rouxii was able 
to form high amounts of total acetate esters in the SM-AA fermentations, especially with 
leucine and phenylalanine, although this was not observed in the SM-mix fermentations. 
This suggests that there is some kind of inhibition of acetate ester production in the 
presence of all amino acids. Even though H. osmophila formed the highest amounts of total 
acetate esters in the SM-mix fermentations and also in SM-AA fermentations (with Phe 
added), H. uvarum formed more acetate esters in the fermentations in most of the nitrogen 
sources tested. 
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As a typical feature of H. uvarum, it produced the highest level of ethyl acetate, which is 
by far the most abundant ester found in alcoholic fermentations. In contrast to H. osmophila, 
which displayed relatively weak ester formation, ethyl acetate was detected in every SM- 
AA fermentation using H. uvarum and Z. rouxii. The amino acids Ala, Arg, Asp, Gln and 
Glu, which are not primarily associated with the production of aromatic acetate esters 
in the Ehrlich pathway, appear to have an important role not only in the formation of 
ethyl acetate, but also in total acetate ester formation. Even though H. osmophila is rather 
weak in terms of total ester production, in addition to SM-AA Phe fermentations, SM-AA 
fermentations with seven other amino acids reached 2-phenylethyl acetate values of over 
1000 μg/L. While H. osmophila uses many amino acids for a strong 2-phenylethyl acetate 
formation, no 2-phenylethyl acetate was detected in the SM-AA fermentations with cysteine 
and histidine. 

Regarding the SM-mix fermentations, Z. rouxii showed an increased formation of total 
alcohols. In the SM-AA fermentations, however, they always produced fewer total alcohols 
than the Hanseniaspora strains. Although the highest level of total alcohol was detected 
in the SM-AA fermentations with H. uvarum (with the addition of leucine), H. osmophila 
produced the highest levels of total alcohols in most fermentations with different nitrogen 
sources. In addition to the amino acids known to be relevant for the Ehrlich pathway, 
arginine and aspartic acid also appeared to have an influence on total alcohol production, 
especially by H. osmophila. 

Our data show that leucine and phenylalanine have a significant influence on total al- 
cohol and total acetate ester production in all yeast strains tested. Valine leads to an increase 
in total alcohol and total ethyl ester synthesis. Comparing the SM-AA fermentations with 
each other, it is noticeable that cysteine leads to a low yield of total alcohols, total acetate 
esters and total ethyl esters in all yeast strains. This could be explained by the inhibited 
growth of yeasts in SM-AA fermentations spiked with cysteine, as already reported by 
Su et al. [16]. In the SM-AA fermentations with H. osmophila, histidine also leads to inhibited 
growth and the absence of total alcohols and total esters in the fermentation supernatant. 
Su et al. [16] showed that the growth of S. cerevisiae was also inhibited by the addition of 
histidine as the sole nitrogen source. Due to the similarity in amino acid uptake and similar 
behaviour in amino acid-related aroma synthesis of H. osmophila and S. cerevisiae, this is 
according to the observations of Su et al. [16]. 

H. uvarum produced the highest amounts of acetic acid in both the SM-mix and SM-AA
fermentations. In contrast to H. osmophila and Z. rouxii, acetic acid levels in H. uvarum 
were only very low (<0.1 g/L) in the SM-AA fermentations with glycine and threonine. 
Interestingly, SM-AA fermentations with proline, which led to significant amounts of 
ethanol in all yeast strains, resulted in a very low amount of acetic acid in fermentations 
using the various yeast strains. The presence of oxygen enables its degradation and makes 
it “yeast-available” [53]. This is also evident in the results of this study. In the fermentations 
with proline, the yeasts studied showed an increased production of total esters. 

In a comparison of all amino acids as the only nitrogen source of the yeasts tested, 
leucine and phenylalanine are the most desirable in conferring general benefits to wine 
fermentations. Not only are they particularly strong in the production of aromatic com- 
ponents and contribute to the quality of the aroma profile of alcoholic end products, but 
they also enable the yeasts to run a strong fermentation when they are the only source of 
nitrogen. Isoleucine is also important in terms of flavour diversity, but leads to a weaker 
fermentation progress if no other nitrogen sources are available. 

5. Conclusions
In conclusion, nitrogen requirements of non-Saccharomyces yeasts, as well as their 

utilization, are species dependent. Even yeasts belonging to the same genus may have 
different nitrogen uptake and utilization profiles. Also, glucophilic and fructophilic yeasts 
can produce similar aroma profiles as a function of different nitrogen sources. This work 
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highlights information about the amino acid preferences of selected NSY and how it 
influences the production of aroma compounds relevant in a winemaking context. 

Supplementary Materials: The following supporting information can be downloaded at: 
https: //www.mdpi.com/article/10.3390/microorganisms11010014/s1, Figure S1: Amino acid 
concen- tration (%) present in the medium at different time points of the alcoholic fermentation 
in SM- mix. The initial concentration of each amino acid is expressed as 100%. It should be 
noted that the values of Glu also contained Gln and Asp also contained Asn. Cys could not be 
measured.; Figure S2: Formation of ethyl- and acetate esters during fermentation with 
individually supplemented amino acids. Formation of ethyl propionate [μg/L] in fermentations 
using (a) H. uvarum DSM2768, (b) H. osmophila NRRL Y-1613T and (c) Z. rouxii GYBC-242. 
Formation of ethyl isobu- tyrate [μg/L] in fermentations using (d) H. uvarum DSM2768, (e) H. 
osmophila NRRL Y-1613T and (f) Z. rouxii GYBC-242. Formation of 2-methylbutyl acetate [μg/
L] in fermentations using (g) H. uvarum DSM2768, (h) H. osmophila NRRL Y-1613T and (i) Z. rouxii
GYBC-242. Fermentations using the respective yeast with SM-mix served as control (Ctrl.). Higher
alcohols were measured via HS-SPME-GC-MS analysis. Data are the mean of three independent
experiments ± SEM, two- tailed unpaired t test with Welch’s correction, * p < 0.05 as compared
to the control. Error bars indicate the standard deviation; «: not quantifiable.; Figure S3: Acid
production during fermentation with individually supplemented amino acids. Malic acid
production [g/L] in fermentations using (a) H. uvarum DSM2768, (b) H. osmophila NRRL Y-1613T
and (c) Z. rouxii GYBC-242. Isovaleric acid production [μg/L] in fermentations using (d) H. uvarum 
DSM2768, (e) H. osmophila NRRL Y-1613T and (f) Z. rouxii GYBC-242. Fermentations using the 
respective yeast with SM-mix served as control (Ctrl.). Higher alcohols were measured via HS-
SPME-GC-MS analysis. Data are the mean of three independent experiments ± SEM, two-tailed 
unpaired t test with Welch’s correction, * p < 0.05 as compared to the control. Error bars indicate 
the standard deviation; «: not quantifiable.
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Supplementary Materials: 

Figure S1. Amino acid concentration (%) present in the medium at different time points of the alco-
holic fermentation in SM-mix. The initial concentration of each amino acid is expressed as 100%. It 
should be noted that the values of Glu also contained Gln and Asp also contained Asn. Cys could 
not be measured. 
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Figure S2. Formation of ethyl- and acetate esters during fermentation with individually supple-
mented amino acids. Formation of ethyl propionate [μg/L] in fermentations using (a) H. uvarum 
DSM2768, (b) H. osmophila NRRL Y-1613T and (c) Z. rouxii GYBC-242. Formation of ethyl isobutyrate 
[μg/L] in fermentations using (d) H. uvarum DSM2768, (e) H. osmophila NRRL Y-1613T and (f) Z. 
rouxii GYBC-242. Formation of 2-methylbutyl acetate [μg/L] in fermentations using (g) H. uvarum 
DSM2768, (h) H. osmophila NRRL Y-1613T and (i) Z. rouxii GYBC-242. Fermentations using the re-
spective yeast with SM-mix served as control (Ctrl.). Higher alcohols were measured via HS-SPME-
GC-MS analysis. Data are the mean of three independent experiments ± SEM, two-tailed unpaired 
t test with Welch´s correction, * p < 0.05 as compared to the control. Error bars indicate the standard 
deviation; «: not quantifiable. 

0
50

0
10

00
15

00
20

00

Val
Tyr
Trp
Thr
Ser
Pro
Phe
Met
Lys
Leu

Ile
His
Gly
Glu
Gln
Cys
Asp
Arg
Ala

Ctrl.

60
00
12

00
0

18
00

0

H. uvarum DSM2768

Ethyl propionate [ /L]

*
*
*

*
*
*

*
*

*
*
*
*
*

*
*
*

(a)

0 50 10
0

15
0

20
0

Val
Tyr
Trp
Thr
Ser
Pro
Phe
Met
Lys
Leu

Ile
His
Gly
Glu
Gln
Cys
Asp
Arg
Ala

Ctrl.

H. uvarum DSM2768

Ethyl isobutyrate [ /L]

(d)

0
10

0
20

0

Val
Tyr
Trp
Thr
Ser
Pro
Phe
Met
Lys
Leu

Ile
His
Gly
Glu
Gln
Cys
Asp
Arg
Ala

Ctrl.

40
0

60
0

80
0

H. uvarum DSM2768

2-Methylbutyl acetate [ /L]

*
*
*

*
*

*
*

*
*
*
*

*

*

*
*

(g)

0
50

0
10

00
15

00
20

00

Val
Tyr
Trp
Thr
Ser
Pro
Phe
Met
Lys
Leu

Ile
His
Gly
Glu
Gln
Cys
Asp
Arg
Ala

Ctrl.

60
00
12

00
0

18
00

0

H. osmophila NRRL Y-1613T

Ethyl propionate [ /L]

*
*
*

*
*

*
*
*
*

*
*

*

(b)

0 50 10
0

15
0

20
0

Val
Tyr
Trp
Thr
Ser
Pro
Phe
Met
Lys
Leu

Ile
His
Gly
Glu
Gln
Cys
Asp
Arg
Ala

Ctrl.

H. osmophila NRRL Y-1613T

Ethyl isobutyrate [ /L]

*

*

*

*

*

(e)

0
10

0
20

0

Val
Tyr
Trp
Thr
Ser
Pro
Phe
Met
Lys
Leu

Ile
His
Gly
Glu
Gln
Cys
Asp
Arg
Ala

Ctrl.

40
0

60
0

80
0

H. osmophila NRRL Y-1613T

2-Methylbutyl acetate [ /L]

*

*
*

*
*

*
*

*
*

*
*
*

(h)

0
50

0
10

00
15

00
20

00

Val
Tyr
Trp
Thr
Ser
Pro
Phe
Met
Lys
Leu

Ile
His
Gly
Glu
Gln
Cys
Asp
Arg
Ala

Ctrl.

60
00
12

00
0

18
00

0

Z. rouxii GYBC-242

Ethyl propionate [ /L]

*
*
*

*
*

*
*

*

*

*

*

*

(c)

0 50 10
0

15
0

20
0

Val
Tyr
Trp
Thr
Ser
Pro
Phe
Met
Lys
Leu

Ile
His
Gly
Glu
Gln
Cys
Asp
Arg
Ala

Ctrl.

Z. rouxii GYBC-242

Ethyl isobutyrate [ /L]

*

*

*

(f)

0
10

0
20

0

Val
Tyr
Trp
Thr
Ser
Pro
Phe
Met
Lys
Leu

Ile
His
Gly
Glu
Gln
Cys
Asp
Arg
Ala

Ctrl.

Z. rouxii GYBC-242

2-Methylbutyl acetate [ /L]

*
*
*

*

*
*

*
*

*

*
*

*

(i)

92



Figure S3. Acid production during fermentation with individually supplemented amino acids. 
Malic acid production [g/L] in fermentations using (a) H. uvarum DSM2768, (b) H. osmophila NRRL 
Y-1613T and (c) Z. rouxii GYBC-242. Isovaleric acid production [μg/L] in fermentations using (d) H.
uvarum DSM2768, (e) H. osmophila NRRL Y-1613T and (f) Z. rouxii GYBC-242. Fermentations using
the respective yeast with SM-mix served as control (Ctrl.). Higher alcohols were measured via HS-
SPME-GC-MS analysis. Data are the mean of three independent experiments ± SEM, two-tailed un-
paired t test with Welch´s correction, * p < 0.05 as compared to the control. Error bars indicate the
standard deviation; «: not quantifiable.
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Regulated Gene Expression of Flavour Relevant Genes in 
Hanseniaspora uvarum 
 

Abstract 
Non-Saccharomyces wine yeasts contribute to a more complex aroma profile of wines, but 

their metabolic pathways as well as the regulation of the genes involved in the synthesis of 

aroma compounds still remain unclear. In this study, multidisciplinary studies elucidate the 

expression levels of genes and their regulation within Müller-Thurgau grape must 

fermentations conducted with different nitrogen regimes to investigate differences in aroma 

relevant metabolic pathways of S. cerevisiae and Hanseniaspora uvarum. Nitrogen regimes 

had an impact on both fermentation kinetics and the aroma profiles. However, differences in 

gene expression levels were not observed. In contrast to S. cerevisiae, H. uvarum has a 

different ester profile, producing 62.2-77.5-fold increased acetate ester levels, depending on 

nitrogen availability. In addition to ATF1 and the up-regulated EAT1, H. uvarum possesses 

four other genes with putative alcohol acetyltransferase activity, which, combined with lacking 

certain genes involved in the production of higher alcohols and ethyl esters and an up-

regulated acetyl-coA synthesis, lead to rapid esterification of higher alcohols to acetate esters. 

Keywords: non-Saccharomyces, Hanseniaspora uvarum, transcriptomics, aroma compound 

synthesis, flavour, differential gene expression, Ehrlich pathway, fermentation, nitrogen 

Introduction 
Yeast of the genus Hanseniaspora are widespread in the environment and are present on 

many different fruits. Hanseniaspora uvarum is one of the most abundant yeast species found 

on grapes in vineyards (Drumonde-Neves et al. 2021). Accordingly, this species often 

dominates the onset of spontaneous grape must fermentations but is displaced by 

Saccharomyces cerevisiae during later stages of fermentation (Di Maro et al. 2007). H. 

uvarum, which is known to be a slow fermenting yeast, has been monitored throughout all 

stages of fermentation (Zott et al. 2008). Therefore, H. uvarum can greatly influence wine 

fermentations and contribute to the aroma profile of the final product. In particular, H. uvarum 

is known for the production of large amounts of ethyl acetate (Ciani et al. 2006), which imparts 

a solvent-like odour, which is unpleasant when present in wine in excessive concentrations. In 

addition, grape must fermentations with H. uvarum contained increased levels of acetic acid 

and acetaldehyde (Romano et al. 2003). Hence, H. uvarum was considered a spoilage yeast 

for a long time, and its appearance in fermentations was suppressed by the addition of both 

sulphur dioxide (SO2) and S. cerevisiae starter cultures (Pretorius 2000). In recent years, the 

use of so-called co-fermentations with Saccharomyces wine strains and non-Saccharomyces 
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yeasts, also called non-conventional yeasts, has gained in popularity (Jolly et al. 2014; Mas et 

al. 2016; Comitini et al. 2017). Wines produced by co-fermentations benefit from a more 

complex aroma profile due to a higher variety of aroma compounds added by non-conventional 

yeasts (Masneuf-Pomarede et al. 2015; Lleixà et al. 2016).  

Yeast assimilable nitrogen present in grape must is a major determinant of the production of 

aroma compounds during alcoholic fermentation by yeasts. Yeast assimilable nitrogen 

consists of ammonium ions (NH4
+), free amino nitrogen (FAN) derived from individual amino 

acids, and small, low molecular peptides. FAN, serving as basis for proteins and various 

cellular functions, can either be directly derived from the medium or the essential amino acids 

can be synthesised by the yeast cells from NH4
+ (Henschke and Jiranek 1993). Amino acids 

serve as backbones for the synthesis of several volatiles, such as 2-phenyl ethanol, isoamyl 

alcohol or 2-methyl butanol, as well as their respective esters (Dzialo et al. 2017), thus the 

higher the concentration of the initial amino acids (precursors), the more precursor-derived 

volatiles can be synthesized (Schulthess and Ettlinger 1978). Increasing temperatures and 

decreasing irrigation lead to a reduction of nitrogen levels in the form of amino acids in grape 

berries (Gutiérrez-Gamboa et al. 2018; Gutiérrez-Gamboa et al. 2020), resulting in enhanced 

biosynthesis of amino acids by yeasts. A lack of YAN bears the risk of lower biomass yields, 

slower fermentation rates (Varela et al. 2004) and stuck or sluggish fermentations (Alexandre 

and Charpentier 1998). The addition of inorganic nitrogen, such as diammonium phosphate 

(DAP), is a common practice in winemaking to prevent associated fermentation problems. 

However, excessive YAN levels not only lead to rising biomass yield, but also favour the 

increase of microbial instability, fermentation vigour related heat output, haze formation, 

biogenic amine levels, as well as an increased synthesis of volatiles and formation of atypical 

aging properties (Bell and Henschke 2005). 

Several multidisciplinary studies elucidating metabolic pathways involved in the synthesis of 

aroma compounds by S. cerevisiae have been published. A study of the impact of genes 

responsible for ester production unravelled a shift in the expression of 1 124 genes implicated 

in nitrogen and lipid metabolism, as well as chromatin organization and histone acetylation, in 

atf1 atf2/ eeb1/ eht1 S. cerevisiae strain that lacks genes encoding alcohol 

acetyltransferases as well as ethanol acyltransferases responsible for ester synthesis, 

suggesting regulatory effects in the genome expression through ester metabolism (Marullo et 

al. 2021). Mendes et al. (2017) revealed an up-regulation of the genes ADH6, ADH7 and 

AAD6, encoding alcohol dehydrogenases and an aryl-alcohol dehydrogenase, respectively, 

leading to an increased synthesis of higher alcohols in S. cerevisiae.  

In recent years, more and more studies on transcriptome analyses of Hanseniaspora spp., 

including H. uvarum, have been published (Giorello et al. 2019; Valera et al. 2020; Han et al. 
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2022). Giorello et al. (2019) reported on high expression of duplicated genes (ARO8 and 

ARO9, encoding aromatic aminotransferases I and II; ARO10, encoding a phenylpyruvate 

decarboxylase) in H. vineae, when reaching the plateau phase, coupled to an increased 

production of their related compounds, such as higher alcohols and esters derived from the 

degradation of branched-chain amino acids and aromatic amino acids (e.g. isoamyl acetate or 

2-phenylethyl acetate). In addition, increased levels of acetate esters and decreased levels of 

branched chain higher alcohols, fatty acids, and ethyl esters, are consistent with six novel 

proteins containing alcohol acetyltransferase (AATase) domains and the absence of BAT1 and 

EEB1, respectively (Giorello et al. 2019). Valera et al. (2020) suggest a differentiation of H. 

uvarum from H. osmophila and H. vineae due to the similarity in fermentation enzyme 

sequences of the latter two species to S. cerevisiae. Furthermore, the potential of H. uvarum 

to reduce biogenic amines in wine was demonstrated by the overexpression of copper amine 

oxidase 1 (CuAO1) in H. uvarum following the addition of putrescine, an amine with 

toxicological risk to consumer health that can occur in wine (Han et al. 2022). 

Aroma profiles of wines resulting from fermentations using S. cerevisiae differ from those 

fermented with non-conventional yeasts. The mechanisms involved in the aroma formation by 

S. cerevisiae are well-studied. However, transcriptome studies in non-conventional yeast, such 

as H. uvarum, providing information on the metabolic pathways for the synthesis of aroma 

compounds, the expression levels of genes involved as well as their regulation, during wine 

fermentation are still lacking. In this study, multidisciplinary studies, comprising genome, 

metabolome and transcriptome analyses, were performed investigating the relative 

contributions of fermentation progress and nitrogen availability to gene expression, as well as 

their regulation, in H. uvarum DSM2768 and S. cerevisiae EC1118. Different nitrogen regimes 

were analysed to investigate its impact on gene expression relevant for synthesis of aroma 

compounds during early, middle and late stages of wine fermentations. 

Materials and Methods 

Yeast strains and media 
Strains used in this study were a derivate of Hanseniaspora uvarum DSM2768 (Langenberg 

et al. 2017) and the Saccharomyces cerevisiae wine yeast strain Lalvin EC-1118TM (Lallemand, 

Montreal, QC, Canada). Yeasts were cultivated routinely in YPD medium (20 g/L glucose, 20 

g/L Bacto peptone and 10 g/L yeast extract). 

Fermentation experiments were carried out using pasteurised Müller-Thurgau (MT) grape must 

(harvested from the vineyards of Hochschule Geisenheim University in the Rheingau wine 

region of Germany in 2019; pH 3.1). The grape must was autoclaved at 110 °C for 20 min prior 



99 
 

to the experiments. The sugar concentration of the must is shown in Table 1. The experiments 

were carried out with nitrogen-deficient pure must (Ctrl) and must supplemented with 667 mg/L 

diammonium hydrogen phosphate (DAHP). Yeast assimilable nitrogen (YAN) levels of the MT 

must, containing the free amino nitrogen (FAN), ammonium ions (NH4
+) and the total YAN are 

listed in Table 1. FAN was measured by the spectrophotometrically-based method using o-

phthaldialdehyde/N-acetyl-L-cysteine (OPA/NAC) reagent for derivatization of primary amino 

groups (Dukes and Butzke 1998), while the NH4
+ content was determined using the rapid 

ammonium kit (Megazyme, Bray, Ireland). The FAN content is listed in Table S1. 

Table 1. Concentration of initial sugar (glucose, fructose, total sugars; all g/L) and initial YAN (free amino nitrogen 
(FAN), ammonium ions (NH4+), total YAN; all mg/L) in Müller-Thurgau (MT) must. 

 MT (110 °C) a MT (110 °C, DAHP)b 

Glucose 87.60 ± 0.42 88.64 ± 1.25 

Fructose 92.64 ± 1.43 93.63 ± 1.76 

Total sugars 180.24 ± 1.81 182.27 ± 2.80 

FAN 44.38 ± 1.78 46.16 ± 1.52 

NH4+ 16.10 ± 2.30 57.91 ± 2.69 

Total YAN 60.48 ± 3.86 104.07 ± 3.02 
a MT must, autoclaved at 110 °C for 20 min 
b MT must, autoclaved at 110 °C for 20 min, supplemented with 667 mg/L DAHP 

Fermentation experiments 
Fermentations were conducted in 500 mL Erlenmeyer flasks containing 300 mL of the 

autoclaved MT must. Precultures were centrifuged and the pellet was washed twice with sterile 

distilled water. The main cultures were inoculated to yield 1x106 cells/mL. Appropriate dilutions 

of the main cultures were prepared according to the cell numbers determined by 

haemocytometer cell counts. The fermenting flasks were sealed with aluminium foil and 

incubated in a temperature-controlled shaking incubator at 17 °C and 120 min-1. Samples were 

removed for high-performance liquid chromatography (HPLC; 1 mL; daily), YAN analysis (1 

mL; daily), cell counting (1 mL; RNA-Seq sampling days), gas chromatography/ mass 

spectrometry (GC/MS; 12 mL; daily) and RNA-Seq (3x 1 mL; RNA-Seq days). 

Sampling for RNA-Seq 
Samples for RNA-Seq were taken during the lag phase (early), the logarithmic phase (mid) 

and at the beginning of the plateau phase (late; Figure 1), representing the different 

transcriptome sampling time points (TSTP). Daily measurements of the CO2 mass-loss 

enabled the determination of the stages of fermentation process. Thus, the sample day was 

determined individually for each fermentation, which leads to possible variations in the 

fermentation days of the sampling. Sampling days of fermentation are shown in Table S2. 
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These samples were centrifuged immediately, frozen in liquid nitrogen and stored at -80 °C 

until they were shipped for RNA isolation and transcriptome analyses. 

 

Figure 1.  RNA-Seq sampling days according to daily mass-loss CO2 [g/L] illustrated by a model fermentation. 
Sample “early” was taken during the lag phase, “mid” at the highest peak of daily mass-loss CO2 and “late” when 
reaching the plateau phase (0 g/L daily mass-loss CO2).  

Genome sequencing and annotation of H. uvarum DSM2768 
A draft genome sequence was assembled for the derivative of the yeast strain Hanseniaspora 

uvarum DSM2768 (Langenberg et al. 2017) using 2x150 nucleotides (nt) paired-end reads by 

Illumina NextSeq 2000 sequencing system. Pre-processing of raw reads was conducted using 

tools from the BBMap bioinformatics suite version 38.84 (Bushnell et al. 2017); 24 651 256 

reads with an insert size interdecile range of 108 nt to 246 nt were used for genome assembly 

with SPAdes version 3.14.1 (Nurk et al. 2013). SPAdes ran in only-assembler mode and using 

all kmer lengths ranging from 37 to 127 increasing by increments of 10. Contigs were ordered 

by whole-genome-alignment to H. uvarum AWRI3580 genome assembly (GCA_001747055.1; 

ASM174705v1) using Mauve Contig Mover (Darling et al. 2004). 

Open reading frames (ORFs) were annotated using the Find ORFs tool of Geneious Prime 

2022 (Biomatters Ltd., Auckland, New Zealand). Model-based gene prediction was performed 

using BRAKER version 2.1.6 (Hoff et al. 2019) in ES mode (ab initio prediction, Ter-

Hovhannisyan et al. 2008) and in EP mode (gene-model training based on protein sequences, 

); training data for EP mode comprised 36 951 protein sequences from 

Saccharomycodaceae (The UniProt Consortium 2023; 36 951 sequences). Additional training 

of gene models using our RNA-Seq read alignments (BRAKER ET mode) repeatedly failed to 

complete successfully for H. uvarum DSM2768. We therefore annotated split genes and 

introns manually based on splice junctions detected during mapping of our RNA-Seq reads 

(see below). Intron boundaries were confirmed by visual inspection of RNA-Seq read depth at 

the implicated loci and additionally, when deemed necessary, DNA sequence alignment to 

Saccharomyces cerevisiae S288C R64-3-1 homologous genes. Gene identity was established 

by comparison to S. cerevisiae S288C R64-3-1 genome annotation using blastp version 2.9.0 
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(Camacho et al. 2009) and by protein profile search using HMMER version 3.3.2 (Eddy 2011). 

Gene set completeness was estimated via Benchmarking Universal Single-Copy Orthologs 

(BUSCO) version 5.4.2 (Simão et al. 2015) against OrthoDB (Kuznetsov et al. 2023) version 

10 Saccharomycetes database comprising 2 317 BUSCOs. 

Transcriptome sequencing 
Transcriptome sequencing comprised 2x 150 nt paired-end read sequencing on an Illumina 

HiSeq sequencing system with an estimated yield of 15-20 Mio reads per transcriptome. RNA 

extraction from frozen cells, library preparation with polyA selection and sequencing were 

conducted by GENEWIZ Germany GmbH (Leipzig, Germany).  

RNA-Seq reads were error-corrected using Rcorrector (Song and Florea 2015). Additional pre-

processing, such as adapter clipping, PhiX removal, quality trimming and read 

decontamination were conducted using tools from the BBMap bioinformatics suite version 

38.84 (Bushnell et al. 2017). Pre-processed reads were mapped onto corresponding reference 

genomes and fragments-per gene were counted using STAR version 2.7.8a in 2-pass mode 

(Dobin et al. 2013). Reference genomes were our H. uvarum DSM2768 draft genome and 

annotation, and GenBank Assembly accession GCA_000218975.1 for S. cerevisiae EC1118, 

respectively.  

Differential gene expression analysis 
We conducted differential gene expression analysis for both yeast strains using package 

DESeq2 version 1.30.1 (Love et al. 2014) with independent hypothesis weighing (Ignatiadis et 

al. 2016). Gene expressions with log2fold changes > 1 and a corresponding p-value p < 0.01 

were considered differentially expressed genes. Analyses were performed in R version 4.0.3 

(R Core Team R version 4.0.3 2020). Comparisons among conditions (e.g. TSTP) were 

performed using DE2Seq´s median of ratios (MoR; Anders and Huber 2010). 

Multivariate analysis of raw fragment counts 
Information on performing multivariate analysis of raw read counts can be found in the 

Supplementary Material (see Supplementary material on the multivariate analysis of raw 

fragment counts). 

High-Performance Liquid Chromatography (HPLC) Analysis 
Ethanol, sugars (glucose and fructose) and organic acids (tartaric acid, malic acid, lactic acid, 

acetic acid and citric acid) were measured by HPLC. The method applied was previously 

described (Badura et al. 2021). For analysis, an Agilent Series 1 100 (Agilent Technologies 
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Inc., USA) HPLC with UV/VIS (at 210 nm) and Refractive Index (35 °C) detectors and an Allure 

m, diameter 4.6 mm; Restek GmbH, Germany) 

column was ap-plied. An Ethanol (0.5%)/H2SO4 (0.0139%) solution was used as eluent at a 

flowrate of 0.5 mL/min at 46 °C. For quantification, external standards were utilized. Samples 

were centrifuged at 1 3000 min-1 for 10 min. The supernatant was diluted fourfold with ultrapure 

water and 55 μL of 10% ethanol were added. 

Analysis of VOCs with Head-Space Solid Phase Microextraction Gas 

Chromatography (HS-SPME-GC-MS) 
Volatile aroma compounds were measured by head-space (HS) solid phase microextraction 

(SPME) GC/MS (HS-SPME-GC-MS) as described previously (Badura et al. 2023a) using a 

7890 A gas chromatograph equipped with a 5975-B mass spectrometer (both Agilent 

Technologies Inc., USA). SPME was performed with a polydimethylsiloxane and divinylbenzol 

fibre (length: 1 c Merck, Germany) for 10 min at 40 °C. Extraction was 

conducted at 500 min 1 for 20 min. A Rxi®-5Si1 MS (Restek GmbH, Germany) column (length: 

60 m; diameter: 0.25 mm; particle size: ) with helium as carrier gas was used for the GC. 

Samples were injected using 1:10 split mode and heating from 30 °C to 240 °C and raised by 

12 °C/s with 4 min hold. The GC run was started by a 4 min hold at 40 °C prior to raising 

temperature up to 210 °C at a 5 °C/min rate and to 240 °C with 20 °C/min, ending with a 10.5 

min hold. Mass spectrometer data ranging from 35 to 250 of the m/z masses to charge ratio 

was used for the concentration values. Each compound was calibrated using a 5-point curve 

made with a 3%, 6%, 9% or 12% ethanol, respectively, and 3% tartaric acid solution at pH 3, 

regarding to the ethanol content of each sample. For sample preparation, 1.7 g NaCl to 5 mL 

of sample were transferred into a 20 mL brown head-space glass vial, added with two internal 

, namely 600 mg/L 1-octanol and 52 mg/L cumene. 

Analysis of Amino Acid Uptake with Ion Exchange Chromatography (IEC) 
The amino acid content of the MT grape must (Ctrl and DAHP) was analysed after autoclaving 

using a method described previously (Badura et al. 2023b). Amino acid analysis was 

performed by the use of ARACUS Amino Acid Analyzer Advanced (membraPure GmbH, 

Hennigsdorf, Germany). The method applied comprises post-column derivatisation with 

ninhydrin and cation exchange chromatography (Csapó et al. 2008). For sample preparation 

-citrate solution 0.12 M, pH 2.2, 26.23 μg/mL norleucine as 

internal standard; Sykam, Eresing, Germany) were mixed 

were filtered using , 

and filled into glass vials to analyse free amino acids. Colourization of the amino acids was 

achieved by automatic post-column ninhydrin derivatisation at 130 °C, prior to photometric 
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detection of the primary and secondary amino acids using a UV/VIS-detector at 570 nm and 

440 nm, respectively (Krause and Löhnertz 2017). With this method, primary amino acids are 

coloured in blue-violet and secondary amino acids (i.e., Pro) in yellow.  

Statistical evaluation and Software 
All fermentation experiments were performed in triplicates, in three separate batches. For the 

statistical evaluation of mass-loss, HPLC and HS-SPME-GC-MS analysis, two-tailed unpaired 

t-tests with Welch’s correction were applied to analyse the data in GraphPad PRISM software 

(version 9.5.0) and significance was set at p < 0.05, p < 0.01, p < 0.001 or p < 0.0001, 

respectively, to the control (GraphPad Software, San Diego, CA, USA). HPLC data were 

evaluated by the software ChemStation for LC systems from Agilent (Agilent, Santa Clara, CA, 

USA), whereas HS-SPME-GC-MS data were analysed using Agilent’s MassHunter software 

(Agilent, Santa Clara, CA, USA). By using Clarity chromatography software (DataApex, 

Prague, Czech Republic) IEC data were assessed. Bioinformatic analyses were performed 

using Geneious prime (version 2023.0.1; Biomatters Ltd., Auckland, New Zealand) and R 

version 4.0.3 (R Core Team R version 4.0.3 2020). GO-enrichment analysis (Carbon and 

Mungall 2018) was performed using PANTHER 17.0 (released 20221013) provided by 

GeneOntology (The Gene Ontology Consortium et al. 2000, 2021; Carbon et al. 2009; Mi et 

al. 2019). 

Results 

Fermentation kinetics 
The fermentation kinetics were analysed daily to determine the time point of the lag phase, 

logarithmic phase and the beginning of the plateau phase of each fermentation culture for 

RNA-Seq sampling (Figure 2, see also Figure S1). The fermentations of both nitrogen regimes 

(Ctrl and DAHP) with H. uvarum reached the plateau phase at about the same time (9-11 days 

after inoculation). The DAHP fermentation curve of H. uvarum shows an almost sigmoidal 

pattern, while that of the control is more compressed. In contrast, DAHP fermentations with S. 

cerevisiae reached the plateau phase after 7 days of fermentation, whereas the fermentations 

of the ones conducted with the nitrogen deficient must (Ctrl) were finished 20 days after the 

beginning of fermentation. Here, the DAHP fermentation curves show a steady, linear 

increase, whereby the control fermentations are flattened. 
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Figure 2. Fermentation kinetics (cumulative mass-loss CO2 [g/L]) of fermentations with (a) H. uvarum DSM2768 
and (b) S. cerevisiae EC1118 using MT must (Ctrl) and MT must supplemented with DAHP (DAHP). Data are the 
mean of three independent experiments ± SEM. Dashed lines indicate the standard deviation. 

DAHP supplementation resulted in an increase of fermentation vigour (Figure 2). The effect 

was statistically significant for both yeast strains: 50% of total observed mass-loss was 

achieved after 3.86 days of fermentation in fermentations with H. uvarum DSM2768 

supplemented with DAHP, one day in advance of control fermentations: t(3 8059) = 7 5577, p 

= 0.002 (two-sided, unpaired t-test with Welch correction); for S. cerevisiae EC1118 50 % of 

total observed mass-loss in supplemented fermentations was achieved after 3.86 days, 2.9 

days ahead of control fermentations: t(3 8634) = 23 205, p < 0.001 (two-sided, unpaired t-test 

with Welch correction). 

Genome sequence and annotation of H. uvarum DSM2768 
To facilitate the evaluation of the transcriptome analyses, the genome of the H. uvarum was 

sequenced and annotated. The H. uvarum DSM2768 draft genome comprised 141 contigs > 

299 nt adding to a total assembly size of 8 776 415 nt. Contig N50 and L50 were 8 and 371 197 

kb, respectively. The longest Contig comprised 993 972 nt and 96% (8 436 531 nt) of the 

genome was represented in contigs > 50 kb (31 contigs). The GC content was 31.95%. The 

genome annotation comprised 4 322 genes, of which 58 genes were split genes comprising 1 

(56 genes) or 2 introns (2 genes). For 3 651 genes (84.5%) a match to Saccharomyces 

cerevisiae was achieved by blastp search (e-value < 1e-3); 3 403 (78.7%) genes returned 

credible matches in protein profile search (domain independent e-value < 1e-3). The results are 

summarized in supplementary table (see H. uvarum_feature_table_MASTER in the 

supplemental materials). 

BUSCO analysis recovered 1 764 complete BUSCOs for H. uvarum DSM2768: 1 763 complete 

and single copy BUSCOs (82.5%); 1 complete and duplicated BUSCO and 17 fragmented 

BUSCOs (0.8%). 356 BUSCOs (16.7%) of a total of 2 317 BUSCOS (OrthoDB 10: 
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Saccharomycetes) were missing. H. uvarum gene content may be substantially higher than 

reported previously (63.79% completeness reported in Steenwyk et al. 2019): Our genome 

annotation in conjunction with version 10 of OrthoDB resulted in an increase of gene set 

completeness of more than 18%. 

Transcriptome sequencing 
The numbers of mapped reads are given in Table S3. The results show a strong drop-off in 

on-feature, i.e. on-gene, RNA-Seq reads in late stage fermentations. 

Multivariate analysis of raw fragment counts 
The results of the multivariate analysis of the raw fragment counts can be seen in the 

Supplementary Material (see Supplementary material on the multivariate analysis of raw 

fragment counts, Figure S15). 

Differential gene expression 
Differential gene expression describes the expression of genes from the genotype to the 

phenotype. First, genes are transcribed into RNA by enzymes and these are then translated 

into proteins. Since each gene is essential for executing a specific function within the organism, 

there are no situations in which all the genes of a cell are active at the same time. Differential 

gene expression provides an overview of the gene activity and their regulation at a specific 

point in time. 

The differentially expressed genes (DEGs) in MT fermentations with and without DAHP 

supplementation using H. uvarum and S. cerevisiae comparing different stages of grape must 

fermentation are shown in Table 2. In fermentations with H. uvarum with and without DAHP 

addition, more genes are up-regulated than down-regulated in the comparison of mid to early 

and also late to mid. When comparing the time points of the fermentations of both nitrogen 

regimes, more genes are upregulated in the logarithmic phase of the fermentation than in the 

lag phase. Likewise, more genes are up-regulated in the plateau phase than in the logarithmic 

phase. In addition, in fermentations with S. cerevisiae with and without DAHP supplementation, 

more genes are up-regulated in the logarithmic phase than in the lag phase. In the comparison 

of the time points late to mid, also more genes are up-regulated in the fermentations without 

DAHP addition, i.e. more active at the late time point (plateau phase). Whereas in the 

fermentations supplemented with DAHP, more genes are down-regulated at the late time point, 

i.e. they are more inactive compared to the logarithmic phase (l/m, DAHP: 122, 137). It is 

noticeable that, when comparing the DEGs of the control and DAHP fermentations of H. 

uvarum at the respective time points, more DEGs are up-regulated in the DAHP fermentations 
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(m/e: 130 (DAHP), 114 (Ctrl); l/m: 168 (DAHP), 88 (Ctrl)). The same applies to the 

time point m/e for the fermentations with S. cerevisiae ( 513 (DAHP), 484 (Ctrl)), but not for 

the time point l/m ( 122 (DAHP), 412 (Ctrl)). During the fermentations with both nitrogen 

regimes using S. cerevisiae as well as the control fermentations with H. uvarum, the number 

of up-regulated DEGs decreases as the fermentation progresses. In the H. uvarum 

fermentations with additional DAHP, however, the number of up-regulated DEGs increases as 

the fermentation proceeds (DAHP: 130 (m/e), 168 (l/m)). The number of down-regulated 

DEGs decreases over time in all fermentations using both yeast strains. 

Table 2. Number of differentially expressed genes (DEGs) in fermentations with H. uvarum DSM2768 and S. 
cerevisiae EC1118 using Müller-Thurgau (MT) must comparing different stages of grape must fermentations. A 
DEG scored an adjusted p-value < 0.001 when testing if absolute log2 fold change was > 1. 

Contrast H. uvarum 
DSM2768  

H. uvarum 
DSM2768  S. cerevisiae EC1118 S. cerevisiae EC1118 

 Ctrla DAHPb Ctrla DAHPb 

mid fermentation/ 
early fermentationc 

up : 114 
down : 40 

up : 130 
down : 24 

up : 484 
down : 338 

up : 513 
down : 469 

late fermentation/ 
mid fermentationd 

up : 88 
down : 6 

up : 168 
down : 18 

up : 412 
down : 311 

up : 122 
down : 137 

 total: 4.322 genes total: 4.322 genes total: 6.045 genes total: 6.045 genes 
a MT must fermentations without diammonium hydrogen sulphate (DAHP) supplementation (Ctrl) 
b MT must fermentations supplemented with DAHP 
c Comparison between time points mid (logarithmic phase) and early (lag phase) of fermentation 
d Comparison between time points late (plateau phase) and mid (logarithmic phase) of fermentation 

 
Besides the comparison at different time points, a comparison of the DEGs between the 

different nitrogen regimes of the MT fermentations with H. uvarum and S. cerevisiae is also of 

interest (Table 3). While there are no DEGs in the lag phase as well as in the logarithmic phase 

of the H. uvarum fermentations when comparing DAHP to control fermentations, 13 genes are 

up-regulated in the stationary phase in the DAHP fermentations, i.e. more active than in the 

control fermentations. In contrast, in fermentations with S. cerevisiae, more genes are down-

regulated at all different time points in DAHP fermentations compared to the control 

fermentations (early: 2; mid: 7; late: 111, 153), thus showing lower gene activity in the 

DAHP fermentations than in the control fermentations. 
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Table 3. Numbers of differentially expressed genes (DEGs) between different stages during grape must 
fermentations with H. uvarum DSM2768 and S. cerevisiae EC1118 using Müller-Thurgau (MT) must with different 
total nitrogen supply. A DEG scored an adjusted p-value < 0.001 when testing if absolute log2 fold change was > 1. 

Contrast H. uvarum DSM2768 S. cerevisiae EC1118 

 
DAHP/ 

Ctrla 
DAHP/ 

Ctrla 

early fermentation 
up : 0 

down : 0 
up : 0 

down : 2 

mid fermentation 
up : 0 

down : 0 
up : 0 

down : 7 

late fermentation 
up : 13 

down : 0 
up : 111 

down : 153 

 total: 4.322 genes total: 6.045 genes 

a Comparison between fermentations using MT must supplemented with diammonium hydrogen sulphate (DAHP) 
and without DAHP supplementation (Ctrl) 

 

DEGs can either be shared when comparing different conditions or unique for one of the 

conditions analysed (Figure 3; see also Figure S6). We intersected DEGs observed between 

sampling times under different nitrogen regimes to identify those shared or unique. In 

fermentations with both yeast strains, identical genes are up- and down-regulated in both the 

control and DAHP fermentations as the fermentations proceed. In addition, genes are uniquely 

up- or down-regulated in fermentations only conducted with MT must with or without additional 

DAHP. Table S6 shows the original number of regulated genes and the number of genes 

identified. The difference is due to the fact that not all DSM2768 genes could be homologised 

with EC1118. 

When comparing the early and middle stage of fermentations with both yeast strains, more 

DEGs are being shared between both nitrogen regimes (H. uvarum: 62%, S. cerevisiae: 58%), 

than being uniquely regulated in the control (H. uvarum: 19%, S. cerevisiae: 14%) or DAHP 

(H. uvarum: 19%, S. cerevisiae: 28%) fermentations. However, in the comparison of the middle 

and late stage of fermentations, the highest amount of DEGs are found in DAHP fermentations 

with H. uvarum (58%) or the control fermentations with S. cerevisiae (71%), respectively. 
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Figure 3. Venn diagrams of differentially up- and down regulated genes in fermentations with H. uvarum DSM2768 
and S. cerevisiae EC1118. Differentially expressed genes (DEGs) shared between and unique to nitrogen regimes 
(supplemented with diammonium hydrogen phosphate (DAHP) and without DAHP (Ctrl)) in fermentations with (a-
b) H. uvarum and (c-d) S. cerevisiae between different fermentation points: (a, c) early/ mid-stage transition or (b, 
d) mid/ late stage transition. numbers of up-regulated genes, numbers of down-regulated genes. Percentages 
indicate the proportion of DEGs in that fraction.

GO-enrichment analysis revealed, that shared up-regulated genes of H. uvarum at early to 

mid-stage transition (Figure 3a) are involved in carbohydrate metabolic processes, nitrogen 

compound metabolic processes and gene expression, whereas genes found to be down-

regulated in both the control and DAHP fermentations of H. uvarum are involved in the lysine 

biosynthetic process. Among the DEGs, that are jointly up-regulated in H. uvarum (DAHP and 

Ctrl fermentations; early to mid-stage transition) is EAT1, an ethanol acetyltransferase, which 

is putatively involved in the esterification of higher alcohols into acetate esters (Kruis et al. 

2017; Kruis et al. 2018), while ARO8 is one of the commonly down-regulated genes in H. 

uvarum (DAHP and Ctrl fermentations). ARO8 encodes an aromatic aminotransferase, 

responsible for the degradation of aromatic amino acids into -keto acids. DEGs down-

regulated in H. uvarum (Ctrl fermentation) are involved in biosynthetic processes of lysine, 

serine and sulphur compounds. These down-regulated genes include MET17, HOM3 and 

ILV5, catalysing reactions of the biosynthesis of methionine, isoleucine and valine. Genes 

uniquely up- or down-regulated in DAHP fermentations and up-regulated in control 
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fermentations with H. uvarum at early to mid-stage transition unravelled no results in the GO-

enrichment analysis. HOM6 (homoserine dehydrogenase) is one of the five down-regulated 

genes found in H. uvarum (DAHP fermentations), which is involved in the biosynthesis of 

methionine and threonine. GO-enrichment analysis did not reveal GO-terms for unique and 

joined genes differentially up- or down-regulated in H. uvarum (DAHP and Ctrl) at the mid to 

late stage transition (Figure 3b, see also GO_enrichment_analysis in the supplemental 

materials). 

Genes, which are down-regulated in S. cerevisiae with both DAHP and control fermentations 

during the logarithmic phase, compared to the lag phase (Figure 3c), are involved in biological 

processes such as lysine/ serine/ nucleotide biosynthesis, rRNA export from nucleus, 

ribosomal small/ large subunit assembly, cytoplasmic translation, regulation of transcription, 

tRNA aminoacylation for protein translation, protein modification processes and protein 

transport. Examples for shared down-regulated genes are LEU9, ARO8, ILV5, CYS3, HOM2, 

involved in the biosynthesis or degradation of amino acids, and ALD5, encoding an aldehyde 

dehydrogenase, converting acetaldehyde to acetic acid. Commonly up-regulated genes of S. 

cerevisiae in fermentations with both nitrogen regimes at the early to mid-stage transition are 

involved in biological processes, such as aldehyde catabolic processes, glycogen biosynthetic 

processes, sugar metabolic processes, regulation of metabolic processes, DNA repair, 

translation and transcription. ALD2, ALD3, ALD4, responsible for the oxidation of acetaldehyde 

into acetic acid, and EEB1, encoding an ethanol O-acyltransferase, catalysing the formation 

of ethyl esters, are found to be up-regulation in S. cerevisiae, for instance. GO-enrichment 

analysis revealed that uniquely down-regulated genes in S. cerevisiae (Ctrl fermentations) are 

involved in mitotic cell cycle processes, while genes that are found to be down-regulated in 

DAHP fermentations are involved in biological processes, such as cytoplasmic translation, 

DNA repair, signal transduction, modification/ localization/ transport of proteins and translation.  

Up-regulated genes in S. cerevisiae shared between DAHP and control fermentations 

when entering the plateau phase (Figure 3d) unravelled contribution in biosynthetic processes 

of cysteine, methionine, serine and aspartate, whereas shared down-regulated genes are 

responsible for carbohydrate metabolic processes, alcohol metabolic processes, biological 

regulation and the generation of precursor metabolites and energy. While genes, found to be 

uniquely down-regulated in S. cerevisiae (Ctrl fermentations), are part of biological processes, 

such as ergosterol biosynthesis, cytoplasmic translation and positive regulation of 

transcription, genes catalysing sulphate assimilation, iron-sulphur cluster assembly, 

proteasome-mediated ubiquitin-dependent protein catabolic processes and phosphate-

containing compound metabolic processes are up-regulated. In DAHP fermentations, 

however, genes involved in glycolytic processes, gluconeogenesis, Ehrlich pathway, 
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fermentation, and regulation of primary metabolic processes are found to be down-regulated 

in S. cerevisiae at the late stage of fermentation, while genes responsible for ornithine 

metabolic processes, arginine biosynthetic processes and tricarboxylic acid cycle are up-

regulated. 

In addition to the comparison of commonly and uniquely up- and down-regulated genes in one 

yeast species, performed in fermentations of both nitrogen regimes, jointly or individually up- 

and down-regulated genes can also be identified within both yeast species (Figure 4). H. 

uvarum and S. cerevisiae share two up-regulated genes in both the control and DAHP 

fermentations at early to mid-stage transition, respectively (Figure 4a). The two genes shared 

between the control fermentations are a putative protein of unknown function (YDL218W) and 

PIB1 (a RING-type ubiquitin ligase), whereas HSP104 (heat shock protein) and NCA3 (nuclear 

control of ATPase) are found to be up-regulated in the DAHP fermentations. H. uvarum and S. 

cerevisiae do not share down-regulated genes in either their control or DAHP fermentations 

(Figure 4b).  

Four genes are commonly up-regulated in H. uvarum and S. cerevisiae control fermentations 

at the mid to late stage transition (Figure 4c). Besides the alcohol dehydrogenase ADH7, also 

FLO11 (involved in flocculation), TRA1 (subunit of SAGA and NuA4 histone acetyltransferase 

complex; involved in DNA repair) and HBN1 (protein of unknown function; enables 

oxidoreductase activity) are up-regulated in yeasts cells of the control fermentations. DAHP 

fermentations with both yeast strains share two up-regulated genes when entering the plateau 

phase: CAT8 (catabolite repression; sequence-specific DNA binding transcription factor) and 

SDH2 (succinate dehydrogenase; involved in cellular respiration and tricarboxylic acid cycle). 

While H. uvarum and S. cerevisiae do not have down-regulated genes in common in the control 

fermentations at the mid to late stage transition (Figure 4d), both yeasts reveal a down-

regulation of ENO1 encoding a phosphopyruvate hydratase catalysing the hydrolysis of 2-

phosphoglycerate to phosphoenolpyruvate during glycolysis in the DAHP fermentations at that 

stage. 
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Figure 4. Venn diagrams showing joined differentially expressed genes (DEGs) in H. uvarum DSM2768 and S. 
cerevisiae EC1118. Jointly (a, c) up-regulated and (b, d) down-regulated genes in fermentations with both yeast 
strains during (a-b) early to mid-stage transition and (c-d) mid to late stage transition.

Each gene is responsible for fulfilling certain functions within a cell and thus within an organism.

Regarding the synthesis of compounds during alcoholic fermentation by yeasts, affecting the 

taste and mouthfeel of the wine, the conversion of pyruvate to acetyl-coA, ethanol and acetic 

acid, respectively, plays an important role (Table 4, Figure 5a).
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Table 4. Genes involved in the conversion of pyruvate to acetyl-coA and acetaldehyde, and the reduction of 
acetaldehyde to ethanol, as well as its oxidation to acetic acid. Differentially expressed genes are labelled (bold, 
pink). 

Pathway Reaction Genes involved 
-coA Oxidative decarboxylation PDB1, PDA1, LAT1, LPD1 

Pyruv  Decarboxylation PDC1,5,6 
 Reduction ADH1,2,3,5 

 Oxidation ALD2,3,4,5,6 
 

DAHP fermentations with H. uvarum resulted in up-regulated DEGs when comparing the late 

and mid time point (PDA1, LAT1; Figure 5b). Both genes encode pyruvate dehydrogenases, 

involved in the oxidative decarboxylation of pyruvate, which is derived from the glycolysis out 

of sugar, to acetyl-coA. When reaching the plateau phase, genes responsible for the formation 

of acetyl-coA are more active in H. uvarum using DAHP supplemented MT must for 

fermentations.  

Fermentations using H. uvarum show high expression levels of genes encoding the 

decarboxylation of pyruvate to acetaldehyde throughout all stages of fermentation, while the 

expression levels of the genes involved, namely PDC1 and PDC6, decrease in the plateau 

phase of fermentations with S. cerevisiae (Figure S2b). PDC1 is down-regulated at the late 

stage of DAHP fermentations, whereas PDC6 is found to be up-regulated at logarithmic phase 

(m/e) within both nitrogen regimes, revealing its highest activity at that time point, since PDC6 

is down-regulated at the late stage of both fermentations (Figure 5b).  

The same applies to ALD3, catalysing the oxidation from acetaldehyde to acetic acid. 

Additionally, the aldehyde dehydrogenases ALD2 and ALD4 are also up-regulated at the mid-

stage of the fermentations (Ctrl and DAHP) using S. cerevisiae, whereas ALD5 is down-

regulated. Analyses unravel high expression levels of individual genes, encoding for aldehyde 

dehydrogenases, at a certain stage of the fermentation process (early: ALD5, or mid: ALD3) 

in S. cerevisiae. In contrast to the control fermentations with S. cerevisiae, ALD3 is down-

regulated in the DAHP fermentations during logarithmic phase.  

With regard to the activity of alcohol dehydrogenases, which are responsible for the conversion 

of acetaldehyde to ethanol, it is remarkable that the responsible genes show high activity 

during the entire fermentation process, particularly evident by the expression levels of ADH1 

found in both yeast strains in fermentations with both nitrogen regimes (Figure S2b). 
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Figure 5. Conversion of pyruvate to acetyl-coA, ethanol and acetic acid, respectively, including genes involved as 
well as their differential expression (DE). (a) Conversion of pyruvate to acetyl-coA, ethanol and acetic acid, labelled 
with enzymes and encoding genes known to catalyse the reactions in S. cerevisiae. Specific molecular groups are 
highlighted (modified from Dzialo et al. (2017) and Heit et al. (2018)). Differentially expressed genes (DEGs) are 
marked (bold, pink). (b) DEGs (log2 fold change) involved in the conversion of pyruvate to acetyl-coA, ethanol and 
acetic acid in fermentations using Müller-Thurgau must with (DAHP) and without (Ctrl) diammonium hydrogen 
phosphate supplementation with H. uvarum DSM2768 and S. cerevisiae EC1118. m/e: DEGs at logarithmic phase 
(mid; m) compared to lag phase (early; e). l/m: DEGs at plateau phase (late; l) compared to logarithmic phase (mid; 
m). e/e: DEGs at DAHP early compared to Ctrl early. m/m: DEGs at DAHP mid compared to Ctrl mid. l/l: DEGs at 
DAHP late compared to Ctrl late. p < 0.01 of gene up-regulated w/ log2 FC > 2, p < 0.01 of gene down-
regulated w/ log2 FC > 2.

Higher alcohols form the largest group of volatile aroma compounds in wine, followed by 

esters. The latter, especially acetate esters, have a particular influence on the aroma profile of 

wine due to their low odour threshold. Higher alcohols can be synthesized from amino acids 

via the Ehrlich pathway (Table 5, Figure 6a). First, amino acids are transaminated to -keto 

acids, following a decarboxylation to aldehydes, before being reduced to higher alcohols. 

Subsequent esterification then leads to the formation of acetate esters.
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Table 5. Genes involved in Ehrlich pathway, as well as in the esterification of higher alcohols. Differentially 
expressed genes are labelled (bold, pink). 

Pathway Reaction Genes involved 
-Keto acid Transamination ARO8,9, BAT1,2 

-  Decarboxylation ARO10, PDC1,5,6, THI3 
Fus  Reduction SFA1, ADH1,3,4,5,6,7 

 Esterification ATF1,2, EAT1 
 Esterification EHT1, EEB1 

Putative H.u. pathways   

 Esterification ATF, PBI1, EAT2, IMO32 
 

Looking at the gene expression, again only minor differences can be seen between the 

fermentations of the two nitrogen regimes (Figure S3, Figure 6). Genes, encoding 

aminotransferases, such as ARO8 and BAT1, catalysing the transamination of amino acids to 

-keto acids, reveal to be highly expressed during the lag phase in both control and DAHP 

fermentations with S. cerevisiae, and are down-regulated at the logarithmic phase (Figure 6b). 

In fermentations using H. uvarum, however, these genes show similar expression levels 

throughout the entire fermentation (Figure S3b). When comparing control to DAHP 

fermentations, ARO9 is down-regulated at the late stage of DAHP fermentations with S. 

cerevisiae (Figure 6b). Gene duplications of ARO8 and ARO9 could be identified in H. uvarum 

and their expression levels as well as their DE is shown in Figure S4. One of the ARO8 

duplications is down-regulated in its expression during the logarithmic phase in fermentations 

with both nitrogen regimes, revealing its highest activity during the lag phase, similar to the DE 

of ARO8 found in S. cerevisiae (Figure 6).  

Genes involved in the conversion of -keto acids to aldehydes show to be expressed during 

all stages of fermentations with H. uvarum using both MT must with and without DAHP addition 

(Figure S3b). In fermentations with S. cerevisiae, in contrast, there is a decline in expression 

levels in the plateau phase, especially in the DAHP fermentations. PDC1 and PDC6 are down-

regulated when reaching the plateau phase in DAHP fermentations, while only the latter 

reveals to be down-regulated in the control fermentations at that stage (Figure 6b). 

Furthermore, DE analysis unravels an up-regulation of PDC6 at the mid-stage of fermentations 

(Ctrl and DAHP) with S. cerevisiae.  

Genes encoding for alcohol dehydrogenases enabling the reduction of aldehydes to higher 

alcohols are expressed at high levels throughout the entire fermentation process of 

fermentations using both yeast strains with and without DAHP supplemented, with a few 

genes, such as ADH1 and ADH4, showing a decrease in their expression towards the late time 

point of S. cerevisiae fermentations (Figure 6b, Figure S3b). Interestingly, ADH7 shows to be 
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very low expressed in fermentations with S. cerevisiae using both MT must control and DAHP 

addition at all stages of fermentation, except for up-regulated expression levels at the late 

stage of the control fermentation. In addition, SFA1 also shows to be up-regulated at the late 

stage of control fermentations with S. cerevisiae (Figure 6b). Following, SFA1 and ADH7 reveal 

to be down-regulated at the late stage of DAHP fermentations, compared to the control 

fermentations with S. cerevisiae, while ADH5 shows to be up-regulated in its expression levels 

in DAHP fermentations. Remarkably, ADH7 is found to be up-regulated at the late stage of 

fermentations with both nitrogen regimes using H. uvarum (Figure 6b).  

Aryl-alcohol dehydrogenases are putatively involved in the reduction of aldehyde to higher 

alcohols. No annotated genes encoding this enzyme were found in the genome of H. uvarum. 

In S. cerevisiae, however, AAD genes are up-regulated in their expression in control 

fermentations (mid: AAD10; late: AAD3, AAD4, AAD14) and in DAHP fermentations (late: 

AAD4; Figure S5). Comparing DAHP and control fermentations, AAD3, AAD4 and AAD14 are 

found to be down-regulated at the late stage of DAHP fermentations.  

Acetyltransferases are responsible for the esterification of higher alcohols to acetate esters. In 

general, expression levels reveal very low acetyltransferase activity in fermentations with S. 

cerevisiae (Figure S3b), with an up-regulation of ATF1 during the logarithmic phase when 

using MT must supplemented with DAHP (Figure 6b). However, the fermentations with H. 

uvarum show high expression of EAT1 in the logarithmic phase and plateau phase, being 

highly increased when entering the logarithmic phase in fermentations with both nitrogen 

regimes. Besides the genes involved in esterification known in S. cerevisiae, more genes could 

be identified in H. uvarum, revealing acetyltransferase activity. Genes labelled with AATase 

and PBI1, were identified by Seixas et al. (2019) as probable alcohol acetyltransferases in 

Hanseniaspora spp. (AWRI3580_g3168 = K68_g3477 (AATase); AWRI3580_g2249 = 

K68_g1493 (PBI1)). The genes named EAT1 (AWRI3580_g1230 = K68_g2129), EAT2 

(AWRI3580_g2626 = K68_g2090) and IMO32 (AWRI3580_g3433 = K68_g2510) were 

identified in H. uvarum using the protein sequences of EAT1 and its homologs described in 

Kruis et al. (2017). Gene alignments can be seen in Figure S6. While AATase, PBI1, EAT2 

and IMO32 show to be similar expressed during all stages of fermentations using H. uvarum, 

fermentations with S. cerevisiae unravel up-regulated expression of PBI1 at the mid-stage of 

both the control and DAHP fermentations (Figure 6b). 

In addition to acetate esters, ethyl esters can also be derived from higher alcohols, catalysed 

by acyltransferases encoded by EHT1 and EEB1. EHT1 is similarly expressed at all stages of 

fermentations using S. cerevisiae (Figure S3c), whereas EEB1 shows to be up-regulated at 

the mid-stage of fermentations (Ctrl and DAHP), with down-regulated expression found at the 

late stage of DAHP fermentations (Figure 6b). However, in fermentations using H. uvarum, 
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expression levels reveal similar activity of EEB1 throughout fermentations with both nitrogen 

regimes.

Figure 6. The Ehrlich Pathway with subsequent esterification and the genes involved as well as their differential 
expression (DE). (a) Conversion of amino acids into fusel aldehydes, fusel alcohols and acetate esters, indicated 
with enzymes and encoding genes known in S. cerevisiae to catalyse the reactions. Specific molecular groups are 
highlighted (modified from Badura et al. (2023b)). Differentially expressed genes (DEGs) are marked (bold, pink). 
(b) DEGs (log2 fold change) involved in the Ehrlich pathway and subsequent esterification in fermentations using 
Müller-Thurgau must with (DAHP) and without (Ctrl) diammonium hydrogen phosphate supplementation with H. 
uvarum DSM2768 and S. cerevisiae EC1118. m/e: DEGs at logarithmic phase (mid; m) compared to lag phase 
(early; e). l/m: DEGs at plateau phase (late; l) compared to logarithmic phase (mid; m). e/e: DEGs at DAHP early 
compared to Ctrl early. m/m: DEGs at DAHP mid compared to Ctrl mid. l/l: DEGs at DAHP late compared to Ctrl 
late. p < 0.01 of gene up-regulated w/ log2 FC > 2, p < 0.01 of gene down-regulated w/ log2 FC > 2.

Since H. uvarum is known for its high acetate ester production in wine fermentations, analysing 

genes involved in the biosynthesis or degradation of aroma-relevant amino acids is of particular 

interest. Amino acids, such as the branched-chain amino acids Ile, Val and Leu, the aromatic 

amino acids Phe, Trp and Tyr, as well as the sulphur containing amino acid Met and the polar 

uncharged amino acid Thr play a major role in the synthesis of aroma compounds, serving as 

backbones. Genes known to be responsible for the biosynthesis or degradation of these amino 

acids, investigated in this study, are listed in Table 6.

Looking at the expression levels of these aroma-relevant genes, contributing to the 

biosynthesis and/ or degradation of amino acids, the generally low activity of ARO9, ARO10

and PHA2 in fermentations of S. cerevisiae is remarkable, as well as the low expression levels 

of MET7, MEU1 and TYR1 in H. uvarum fermentations (Figure S7). Again, data reveal only 

slight differences in expressions of genes in fermentations with MT must with and without 

DAHP supplementation. Control fermentations using H. uvarum reveal a down-regulation at 
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the logarithmic phase of genes, involved in biosynthesis pathways of Ile, Val, Trp, Met and Thr, 

while the biosynthesis activity of Met and Thr is also decreased at the mid-stage of DAHP 

fermentations (Figure 7, Table 6). 

Table 6. Genes involved in the biosynthesis and degradation of branched-chain amino acids (Ile, Val, Leu), aromatic 
amino acids (Phe, Trp, Tyr), the sulphur containing amino acid Met and the polar uncharged amino acid Thr. 
Differentially expressed genes (DEGs) are marked (bold, pink). 

Amino acid Pathway Genes involved 
Branched-chain amino acids 
Ile L-Ile biosynthesis I (from Thr) ILV1,2,3,5,6; BAT1,2  Ile degradation BAT1,2; ARO10; SFA1; PDC1,5,6; THI3; ADH1,2,3,4,5 
Val L-Val biosynthesis ILV2,3,5,6; BAT1,2  Val degradation BAT1,2; ARO10; SFA1; PDC1,5,6; ADH1,2,3,4,5 
Leu L-Leu biosynthesis LEU1,2,4,9; BAT1,2  Leu degradation BAT1,2; ARO10; SFA1; THI3; ADH1,2,3,4,5 
Aromatic amino acids 
Phe Phe biosynthesis PHA2; ARO7,8,9  Phe degradation ARO8,9; HIS5; ARO10; PDC1,5,6; SFA1; ADH1,2,3,4,5 
Trp L-Trp biosynthesis TRP1,2,3,4,5  Trp degradation ARO8,9,10; PDC1,5,6; SFA1; ADH1,2,3,4,5 
Tyr Tyr biosynthesis ARO7,8,9; TYR1  L-Tyr degradation III ARO8,9; PDC1,5,6; ADH1,2,3,4,5 
Sulfur containing amino acid 
Met L-Met biosynthesis MET6,7  superpathway L-Met biosynthesis HOM2,3,6; MET2,6,7,17  Met salvage pathway MEU1; MRI1; MDE1; UTR4; ADI1; BAT1,2; ARO8,9 
Polar uncharged amino acid 
Thr L-Thr biosynthesis THR1,4  Thr degradation CHA1; CYS3  superpathway L-Thr biosynthesis AAT1,2; HOM2,3,6; THR1,4  superpathway Thr biosynthesis PYC1,2; AAT1,2; HOM2,3,6; THR1,4 
 

During the progress of S. cerevisiae fermentations, down-regulations of genes involved in 

several pathways, such as the biosynthesis and degradation of branched-chain amino acids, 

aromatic amino acids and Thr, as well as the biosynthesis of Met, are observed in both the 

control and DAHP fermentations (Figure 7). However, up-regulations of some of these genes 

can also be observed in fermentations with S. cerevisiae. At the late stage of fermentations, 

genes involved in the degradation of Thr (Ctrl) and branched chain amino acids (Ctrl), as well 

as the biosynthesis of Met (Ctrl and DAHP) are up-regulated in their expression levels (Figure 

7). DEGs catalysing the degradation of both branched-chain and aromatic amino acids, 

unravel to be up-regulated during the logarithmic phase in control and DAHP fermentations 

with S. cerevisiae. When comparing DAHP and control fermentations, differences in the 

regulation of genes can be seen at the late stage of S. cerevisiae fermentations (Figure 7).  
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Figure 7. Differentially expressed genes (DEGs; log2 fold change) involved in the biosynthesis and degradation of 
aroma-relevant amino acids in fermentations using Müller-Thurgau must with (DAHP) and without (Ctrl) 
diammonium hydrogen phosphate supplementation at different stages of fermentation (lag phase = early, 
logarithmic phase = mid, plateau phase = late) with H. uvarum DSM2768 and S. cerevisiae EC1118. m/e: differential 
expression of genes at logarithmic phase (mid; m) compared to lag phase (early; e). l/m: differential expression of 
genes at plateau phase (late; l) compared to logarithmic phase (mid; m). e/e: DEGs at DAHP early compared to 
Ctrl early. m/m: DEGs at DAHP mid compared to Ctrl mid. l/l: DEGs at DAHP late compared to Ctrl late. p < 0.01 
of gene up-regulated w/ log2 FC > 2, p < 0.01 of gene down-regulated w/ log2 FC > 2.

Nitrogen analysis
Since YAN plays a major role in the experimental set-up, concentrations of FAN and NH4

+ were 

determined in the fermentation supernatant at the respective times of transcriptome sampling.

As expected, total YAN content as well as NH4
+ content varied in fermentations with and 

without DAHP addition, being higher in fermentations using DAHP supplemented MT must 

(Figure 8). At the early stage of control fermentations with H. uvarum, the NH4
+ concentration 

was found to be ~13 mg/L, whereas it was already depleted in fermentations with S. cerevisiae

(see also Table S7). FAN concentration was relatively high in fermentations with both yeast 

strains in the lag phase, while it was almost depleted in the logarithmic phase. At the plateau 

phase, however, FAN levels have slightly increased again (see also Figure 9).
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Figure 8. Yeast assimilable nitrogen (YAN) in fermentations using Müller-Thurgau must with (DAHP) and without 
(Ctrl) diammonium hydrogen phosphate supplementation at different stages of fermentation (lag phase = early, 
logarithm phase = mid, plateau phase = late) with (a) H. uvarum DSM2768 and (b) S. cerevisiae EC1118. Free 
amino nitrogen (FAN), ammonium ions (NH4+) and total YAN (Total YAN) containing the sum of FAN and NH4+. 
FAN and NH4+ were measured using a spectrophotometrically-based method. Data are the mean of three 
independent experiments ± SEM. Error bars indicate the standard deviation. 

The FAN contents were not significantly different in most fermentations of both yeast strains 

at the respective time points, when comparing the two nitrogen regimes (Figure 9). The 

fermentations with H. uvarum at the late stage of fermentation showed to be an exception. 

Here, the concentration of FAN was significantly higher in the fermentations using the MT must 

supplemented with DAHP than in the control fermentations. 

 

Figure 9. Free amino nitrogen (FAN) in fermentations using Müller-Thurgau must with (DAHP) and without (Ctrl) 
diammonium hydrogen phosphate supplementation at different stages of fermentation (lag phase = early, logarithm 
phase = mid, plateau phase = late) with (a) H. uvarum DSM2768 and (b) S. cerevisiae EC1118. FAN was measured 
using a spectrophotometrically-based method. Data are the mean of three independent experiments ± SEM, two-
tailed unpaired t-test with Welch´s correction, ** p < 0.01, ns – not significant. Error bars indicate the standard 
deviation. 

Synthesis of aroma-relevant compounds 
Volatile compounds synthesized during alcoholic fermentation by yeasts essentially contribute 

to the aroma profile of wines, shaping its smell, taste and mouthfeel. During grape must 

early mid late
0

50

100

150

H. uvarum DSM2768
YA

N
 [m

g/
L]

early mid late
0

50

100

150

S. cerevisiae EC1118

YA
N

 [m
g/

L]

FAN Ctrl

NH4
+ Ctrl

Total YAN Ctrl
FAN DAHP

NH4
+ DAHP

Total YAN DAHP

(a) (b)

early mid late
0

20

40

60

H. uvarum DSM2768

Fr
ee

 a
m

in
o 

ni
tro

ge
n 

[m
g/

L] ns

ns

early mid late
0

20

40

60

S. cerevisiae EC1118

Fr
ee

 a
m

in
o 

ni
tro

ge
n 

[m
g/

L] Ctrl
DAHPns

ns
ns

(a) (b)



120 
 

fermentation, sugar is being consumed by yeasts and converted into ethanol and carbon 

dioxide.  

At the end of the fermentations with S. cerevisiae, the sugar was completely consumed (Figure 

10f). In contrast, the fermentations with H. uvarum still contained residual sugar when reaching 

the plateau phase, whereby the amount differed significantly between the fermentations of the 

different nitrogen regimes (Figure 10c). Ethanol was detected early in all fermentations and 

increased as the fermentation proceeded, reaching its highest level at the end of fermentation 

with significant higher concentrations in fermentations supplemented with DAHP (Figure 10b, 

e). While fermentations (Ctrl and DAHP) with S. cerevisiae showed ethanol levels of ~10%, 

fermentations with H. uvarum resulted in ~6% (Ctrl) and ~8% (DAHP), respectively (Figure 

S8a, c). Acetic acid was also measured in all fermentations at an early stage (Figure 10a, d). 

Surprisingly, significant higher concentrations of acetic acid were detected at the late stage of 

the control fermentations with S. cerevisiae, compared to the DAHP ones, reaching 

concentrations of ~0.8 g/L. Malic acid was found to decrease during the progress of 

fermentation, resulting in significant variations in concentration in DAHP and control 

fermentations at the late stage of fermentations, with higher concentrations in the control 

fermentations with H. uvarum and higher concentrations in the DAHP fermentations with S. 

cerevisiae, respectively (Figure S8b, d).  
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Figure 10. Concentration of acetic acid, ethanol and total sugars in fermentations using Müller-Thurgau must with 
(DAHP) and without (Ctrl) diammonium hydrogen phosphate supplementation at different stages of fermentation 
(lag phase = early, logarithm phase = mid, plateau phase = late) with (a-c) H. uvarum DSM2768 and (d-f) S. 
cerevisiae EC1118. Compounds were measured via HPLC analysis. Data are the mean of three independent 
experiments ± SEM, two-tailed unpaired t-test with Welch´s correction, * p < 0.05, ** p < 0.01, ns – not significant. 
Error bars indicate the standard deviation. 

Higher alcohols provide the largest group of volatile compounds in wine, thus having an 

essential impact on the sensory perception of the consumer.  

Figure S9 reveals the detection of the higher alcohols during fermentation and thus the time of 

their synthesis, whereas Figure 11 illustrates the levels of higher alcohols at the RNA-Seq 

sampling days, respectively. While 1-hexanol and isobutanol were already detected at the 

beginning of the fermentations with H. uvarum, higher alcohols such as isoamyl alcohol, 2-

methyl butanol and 2-phenyl ethanol were first being monitored in the logarithmic phase. There 

were no significant differences in the higher alcohol content observed in fermentations with H. 

uvarum in both the control and DAHP fermentations. Similar to the fermentations with H. 

uvarum, concentrations of 1-hexanol and isobutanol were already measured in the lag phase, 

while 2-methyl butanol was first being detected during logarithmic phase of fermentation. 

Although isoamyl alcohol and 2-phenyl ethanol were first measured in the logarithmic phase 

of the control fermentations, small amounts of these substances were already detected in the 

lag phase of the DAHP fermentations. In contrast to fermentations with H. uvarum, the control 

fermentations with S. cerevisiae resulted in significantly higher detection of isoamyl alcohol, 

isobutanol and 2-methyl butanol at the late stage of fermentations compared to the DAHP 
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fermentations. Concentrations of higher alcohols increased during fermentations with both 

yeast strains, except for 1-hexanol, which decreased towards the end of fermentation. 

 

Figure 11.  Higher alcohols synthesized in fermentations using Müller-Thurgau must with (DAHP) and without (Ctrl) 
diammonium hydrogen phosphate supplementation at different stages of fermentation (lag phase = early, logarithm 
phase = mid, plateau phase = late) with (a-e) H. uvarum DSM2768 and (f-j) S. cerevisiae EC1118. Higher alcohols 
were measured via HS-SPME-GC-MS analysis. Data are the mean of three independent experiments ± SEM, two-
tailed unpaired t-test with Welch´s correction, ** p < 0.01; *** p < 0.001; **** p < 0.0001, ns – not significant. Error 
bars indicate the standard deviation. 
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H. uvarum is known for producing high amounts of acetate esters, especially ethyl acetate. 

Due to the very low odour threshold of esters, excessive concentrations of acetate esters easily 

lead to the spoilage of wines. Therefore, they decisively affect the aroma profile of the wine. 

Except for the control fermentation with H. uvarum, where no isoamyl alcohol was detected 

during the lag phase, all acetate esters analysed were monitored at the early stage of H. 

uvarum fermentations (Ctrl and DAHP; Figure 12; see also Figure S10). Apart from hexyl 

acetate, which decreased, concentrations of all acetate esters increased during the progress 

of fermentations. Interestingly, significantly higher contents of isoamyl acetate, 2-methylbutyl 

acetate and 2-phenylethyl acetate were detected in the control fermentations at the late stage 

of fermentation compared to the DAHP fermentations. In contrast to the fermentations with H. 

uvarum, most of the acetate esters were first being detected at the late stage of fermentations 

using S. cerevisiae, namely ethyl acetate (Ctrl fermentations), hexyl acetate, isoamyl acetate 

(both DAHP fermentations) and 2-methylbutyl acetate (Ctrl and DAHP fermentations). Hexyl 

acetate and isoamyl acetate could not be monitored in the control fermentations. Ethyl acetate 

was recorded during the logarithmic phase (DAHP fermentation), whereas 2-phenylethyl 

acetate was already measured at early stage of fermentation (Ctrl and DAHP fermentation). 

Significantly higher amounts of 2-phenylethyl acetate were detected at the late stage of 

fermentations in DAHP fermentations than in the control fermentations with S. cerevisiae.  

Besides acetate esters, ethyl esters also influence the aroma profile of wines. These are 

usually produced in smaller quantities by H. uvarum than acetate ester. The contents of ethyl 

esters are shown in Figure S11 (see also Figure S12). Fermentations with H. uvarum revealed 

no detection of ethyl decanoate, ethyl hexanoate and ethyl octanoate and ethyl butyrate only 

being measured at the late stage of DAHP fermentations. Ethyl isobutyrate was first being 

monitored in the logarithmic phase of fermentations, whereas ethyl propionate was already 

detected at early stages (all Ctrl and DAHP), reaching concentrations varying between ~2-3 

mg/L. In comparison to the fermentations with H. uvarum, the ethyl esters already mentioned 

were detected in all S. cerevisiae fermentations, with most of them appearing during the 

logarithmic phase of fermentations. Ethyl isobutyrate was only monitored in the plateau phase, 

while quantities of ethyl octanoate were already measured during the early stage of DAHP 

fermentations. In the plateau phase, significantly higher levels of ethyl butyrate and ethyl 

hexanoate were detected in DAHP fermentations, while the amount of ethyl isobutyrate was 

significantly increased in the control fermentations.  

Fermentations using H. uvarum showed no detection of decanoic acid and isovaleric acid, 

whereas hexanoic acid and octanoic acid were measured at early stage or during logarithmic 

phase, respectively (Figure S13; see also Figure S14). In contrast, all of these fatty acids were 

already monitored during the lag phase of the S. cerevisiae fermentations, resulting in 
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significant increase in the concentrations of decanoic acid and octanoic acid in DAHP 

fermentations, compared to the control fermentations. 

 

Figure 12.  Acetate esters synthesized in fermentations using Müller-Thurgau must with (DAHP) and without (Ctrl) 
diammonium hydrogen phosphate supplementation at different stages of fermentation (lag phase = early, logarithm 
phase = mid, plateau phase = late) with (a-e) H. uvarum DSM2768 and (f-j) S. cerevisiae EC1118. Acetate esters 
were measured via HS-SPME-GC-MS analysis. Data are the mean of three independent experiments ± SEM, two-
tailed unpaired t-test with Welch´s correction, * p < 0.05; ** p < 0.01; *** p < 0.001, ns – not significant. Error bars 
indicate the standard deviation. 
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Discussion 
During alcoholic fermentation, hundreds of aroma compounds are being produced by yeasts 

(Rapp and Mandery 1986), forming the aroma profile of wines. The pathways relevant for the 

synthesis of these compounds, such as the Ehrlich Pathway, as well as the genes involved 

are well-studied within the model organism S. cerevisiae. Using non-Saccharomyces wine 

yeasts, so-called non-conventional yeasts, for winemaking is considered to positively 

contribute to the complexity of wines by enhancing the contents of volatile acidity, higher 

alcohols and esters, for instance (van Wyk et al. 2023). Although some non-Saccharomyces 

yeasts share similarities in metabolism to Saccharomyces yeasts, there are many non-

conventional yeasts that appear to differ drastically in metabolism to Saccharomyces yeasts. 

In addition to the yeast strains used, also the nitrogen composition in the grape must influences 

the formation of aroma compounds during fermentation. 

To investigate the metabolic pathways responsible for aroma synthesis in fermentations with 

H. uvarum, as well as the genes involved, fermentations using autoclaved Müller-Thurgau 

must (with and without DAHP supplementation) were performed in three independent 

experimental blocks, by shaking flasks sealed with aluminium foil. Daily sampling enabled 

constant oxygen exchange. This experimental set up was chosen to stimulate the metabolism 

of the yeasts and thus the expression of aroma-relevant genes due to constant oxygen 

exchange, since H. uvarum is known to be a slow fermenting yeast. In parallel, fermentations 

using the model organism S. cerevisiae were carried out for comparison.  

Fermentation kinetics show that fermentations with H. uvarum carried out with both nitrogen 

regimes got stuck after ~10 days, reaching the plateau phase. The fermenting capacity of H. 

uvarum using the nitrogen deficient grape must was significantly lower, resulting in lower 

ethanol levels and higher residual total sugars in the fermentation supernatant. Even though 

the fermentations with S. cerevisiae reached the stationary phase with a time difference of 13 

days, the yeast strain was able to utilise all the sugars in both the low-nitrogen and the nitrogen-

enriched must, indicating high fermentation capacity to finish fermentations. 

The multivariate analysis of the raw fragment counts resulted in a clear clustering of the 

different sampling points analysed, confirming the choice of experimental set up and indicating 

a good experimental design. However, the supplementation of DAHP to the grape must 

fermentations only showed to have a visible effect at the late stage of fermentations. The 

clustering of transcriptomes was very dense, especially at the early sampling time, but lost 

density in the course of fermentation. At the late stage, there was a greater dispersion of the 

individual experimental blocks. Furthermore, the number of mapped reads revealed a strong 

drop-off in on-feature RNA-Seq reads observed in the late stage of fermentations, indicating 
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low transcriptional activity in the plateau phase and subsequently a higher level of DNA 

contamination in the RNA libraries. 

The sugar consumption was similar at the early stage of all fermentations using both yeast 

strains conducted with both nitrogen regimes. When reaching the plateau phase, the sugar 

levels were completely depleted in fermentations using S. cerevisiae, while fermentations with 

H. uvarum still showed to have high amounts of total sugars left in the fermentation 

supernatant, indicating a higher fermentation capacity by S. cerevisiae. This goes along with 

low ethanol levels detected in all fermentations at the early stage and higher concentrations 

found at the late stage of S. cerevisiae fermentations. Interestingly, both DAHP fermentations 

using H. uvarum and S. cerevisiae resulted in higher ethanol levels detected at the end of 

fermentation than the control fermentations. However, when comparing the total residual sugar 

levels at the late stage of fermentation, those with S. cerevisiae were depleted, whereas those 

with H. uvarum carried out with both nitrogen regimes showed significant variations with a 

higher total sugar level in the control fermentations. 

At the early stage of control fermentation, YAN levels were lower in fermentations using S. 

cerevisiae than in the ones with H. uvarum. S. cerevisiae already consumed all of the NH4
+ at 

that stage and also showed lower residual FAN levels. While the YAN levels were almost 

depleted in S. cerevisiae fermentations at the mid-stage of fermentation, total YAN, mainly 

containing NH4
+, was still monitored in the DAHP fermentations using H. uvarum. In contrast 

to H. uvarum, fermentations using S. cerevisiae revealed lower FAN levels at the early stage 

of fermentation, but about the same FAN levels were measured during the logarithmic phase 

of fermentations with yeast strains. Thus, H. uvarum seems to have taken up more FAN than 

S. cerevisiae during the period between the early and the mid sampling. During the plateau 

phase, FAN levels were elevated compared to the logarithmic phase in fermentations using 

both yeast strains. This suggests the biosynthesis or release of amino acids that were taken 

up by the yeast cells at the beginning of fermentation to meet their amino acid requirements 

and stored as excess FAN in the vacuoles (Henschke and Jiranek 1993). While FAN levels in 

fermentations with S. cerevisiae showed no differences between nitrogen regimes, 

fermentations with H. uvarum resulted in significantly higher FAN levels in DAHP fermentations 

at this stage. Gene expression analysis revealed the ability of both yeast strains to produce 

amino acids relevant for aroma compound synthesis via biosynthesis not only at the early or 

mid-stage of fermentation, but also when reaching the plateau phase, due to elevated 

expression levels of the genes involved. This is found in most cases for both nitrogen regimes. 

Only genes important for the biosynthesis of tyrosine and phenylalanine are expressed at a 

higher level at the late time point only in the DAHP fermentations with H. uvarum. The same 

applies to the genes involved in the biosynthesis of phenylalanine in S. cerevisiae. 
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Furthermore, high gene expression levels of genes involved in the amino acid degradation 

metabolism at the late stage of fermentation indicate the ability of both H. uvarum and S. 

cerevisiae in consuming amino acids also when reaching the plateau phase. The increased 

biosynthesis of amino acids during the plateau phase is in accordance with Bisson and Karpel 

(2010), who suggested that initial amino acids as well as other preferred nitrogen sources are 

catabolized early on, leading to the assumption that enhanced amino acid turnover during the 

plateau phase resulted from newly synthesized amino acids. 

The nitrogen content in grape must influences the aroma compounds produced by yeasts 

during fermentation. Lower nitrogen concentrations, for instance, lead to the synthesis of 

branched-chain amino acids and esters in fermentations using S. cerevisiae, whereas higher 

nitrogen concentrations favour the production of medium-chain fatty acids and acetic acid, 

depending on the nitrogen source present in the must (Mas et al. 2014; Torrea et al. 2011). 

This is only to some extent consistent with our discoveries. We detected higher concentrations 

of esters, such as isoamyl acetate, 2-methylbutyl acetate and 2-phenylethyl acetate at the late 

stage of the H. uvarum fermentations as well as increased levels of ethyl isobutyrate in S. 

cerevisiae fermentations, both using nitrogen deficient must. While hexyl acetate and isoamyl 

acetate were only found in DAHP fermentations with S. cerevisiae, both control and DAHP 

fermentations using S. cerevisiae yielded amounts of 2-phenylethyl acetate, ethyl butyrate and 

ethyl hexanoate. The high production of isoamyl acetate in DAHP fermentations with S. 

cerevisiae, however, agrees with the findings of Miller et al. (2007). In addition, the branched-

chain fatty acid isovaleric acid was not detected in fermentations with H. uvarum and not found 

in significantly higher concentrations in control fermentations with S. cerevisiae. DAHP 

fermentations using both yeast strains did not show elevated acetic acid levels. On the 

contrary, the control fermentations with S. cerevisiae showed a clearly increased acetic acid 

production. Moreover, fermentations supplemented with DAHP yielded higher concentrations 

of the medium-chain fatty acids decanoic acid and octanoic acid. 

In general, higher concentrations of higher alcohols or acetate esters, derived from the 

branched-chain amino acids (isoleucine, valine, leucine), the aromatic amino acid 

phenylalanine as well as the polar uncharged amino acid threonine, have been detected in the 

fermentations with S. cerevisiae or H. uvarum, respectively, using the nitrogen deficient grape 

must. An explanation for that could be the preference for NH4
+ uptake by yeasts, leading to the 

increased processing of NH4
+ by the yeasts in the must supplemented with DAHP. This results 

in a lower production of amino acid-derived aroma compounds and promotes the synthesis of 

other volatile substances derived from glycolysis, such as ethanol. This is also evident from 

the ethanol measurements of both yeast strains fermented with additional DAHP, as well as 

the higher consumption of total sugars in DAHP fermentations using H. uvarum. 
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Some correlations between the formation of the aroma compounds and gene expressions are 

also observed.  

Aldehyde dehydrogenases catalyse the oxidation of acetic acid from acetaldehyde. In H. 

uvarum, higher expression levels of aldehyde dehydrogenases are recorded than in S. 

cerevisiae, which can be confirmed by higher amounts of acetic acid produced by H. uvarum 

according to metabolomics. While the expression levels of the genes coding for aldehyde 

dehydrogenases did not differ in the fermentations of different nitrogen regimes with H. 

uvarum, higher expression levels of ALD3 and ALD4 were measured in the control 

fermentations with S. cerevisiae corresponding to the high formation of acetic acid in these 

fermentations. 

Unlike H. vineae, a member of the slow-evolving lineage (SEL), showing high expression levels 

of ARO8-10 and their duplications when reaching the plateau phase (Giorello et al. 2019), H. 

uvarum, belonging to the fast-evolving lineage (FEL), showed similar expression levels of 

these genes and their duplications, except for the down-regulation of an ARO8 duplicate during 

the logarithmic phase. 

Similar to what Mendes et al. (2017) described, genes directly involved in the synthesis of 

higher alcohols were found to be up-regulated in S. cerevisiae, such as SFA1, ADH7, AAD3, 

AAD4, AAD10 and AAD14 (all up-regulated at the late stage of fermentation, except for 

AAD10, which is up-regulated during the logarithmic phase). This is in accordance to the 

elevated levels of higher alcohols in the fermentations of S. cerevisiae with the nitrogen 

deficient grape must. In fermentations of grape must supplemented with DAHP, however, only 

ADH4 (mid-stage of fermentation) and AAD4 (late stage of fermentation) revealed to be up-

regulated in their expression levels, explaining the lower amounts of higher alcohols that were 

produced in DAHP fermentations using S. cerevisiae. In contrast, H. uvarum shows an up-

regulation of ADH7 in both the control and the DAHP fermentations, resulting in similar 

concentrations of higher alcohols synthesized.  

At the mid-stage of S. cerevisiae fermentations, a high increase in concentrations of ethyl 

butyrate and ethyl hexanoate as well as an increase in isoamyl alcohol in DAHP fermentations, 

is observed. Isoamyl alcohol is produced from the amino acid leucine and can also be 

synthesised by intermediates formed during the degradation of valine. In addition to the genes 

involved in the degradation of these amino acids, which are highly expressed at both the early 

and mid-stage of fermentation, ADH4 and ADH5 as well as PDC6 are found to be highly 

expressed during the logarithmic phase, suggesting to favour a fast increase in synthesis of 

volatiles derived from these amino acids. The consistently high expression of EHT1 and the 

additional high expression of EEB1 setting in at the middle time point explain the drastic 

increase in ethyl esters detected at that time point. 
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The genes CHA1 and CYS3 are in charge of the degradation of the polar uncharged amino 

acid threonine, whose degradation product, -ketobutyrate, can also be fed into the catabolism 

of isoleucine leading to the synthesis of 2-methyl butanol in addition to being further 

metabolised to 1-propanol and 1-butanol. Both genes show high expression levels at the early 

stage of S. cerevisiae control fermentations, whereas only CYS3 is higher expressed at that 

stage in the DAHP fermentations. Additionally, CYS3 is highly expressed in S. cerevisiae 

control fermentations reaching the plateau phase. The higher activity of both genes in the 

control fermentations with S. cerevisiae could be an explanation for the higher amounts of 2-

methyl butanol found at the late stage of S. cerevisiae fermentations using nitrogen deficient 

must. 

The expression levels of PDA1 and LAT1, which are encoding pyruvate dehydrogenases, 

involved in the oxidative decarboxylation of pyruvate to acetyl-coA, show to be up-regulated in 

H. uvarum when being fermented using the DAHP supplemented grape must at the late stage 

of fermentation, indicating an enhanced formation of acetyl-coA via this metabolic pathway in 

H. uvarum, which in turn is required for the formation of acetate esters.  

When comparing the gene expression levels between S. cerevisiae and H. uvarum, the higher 

activity of ARO8-10, PHA2, PYC2, THR4, TRP2-3 as well as TRP5 in H. uvarum is particularly 

striking. All of these genes are in charge of metabolic processes regarding the biosynthesis 

and/ or degradation of the branched-chain amino acids, aromatic amino acids, the polar 

uncharged amino acid threonine and the sulphur-containing amino acid methionine, 

suggesting higher capacities in amino acid utilisation and thus a concomitant enhanced ability 

to produce amino acid-derived volatiles by H. uvarum.  

Alcohol acetyltransferases, such as ATF1, ATF2 and EAT1 are known to be responsible for 

esterification of higher alcohols to acetate esters in S. cerevisiae (Kruis et al. 2018). Badura et 

al. (2021) showed a reduced ethyl acetate synthesis of about ~40% in an H. uvarum atf1 

mutant strain, suggesting more genes to be involved in the production of ethyl acetate. Seixas 

et al. (2019) identified two more H. uvarum genes probably having alcohol acetyltransferase 

activity. Furthermore, with the aid of protein sequences described in Kruis et al. (2017) we 

could identify three more genes putatively involved in esterification in the H. uvarum yeast 

strain we used for experiments. Looking at the expression levels of these putative alcohol 

acetyltransferase genes, their strong expression in H. uvarum in contrast to the weaker 

expression in S. cerevisiae is remarkable. In the fermentations with S. cerevisiae, these genes 

are only very weakly expressed at the early time point and the expression levels increase at 

the middle and late time point. Since the fermentations with S. cerevisiae resulted in late 

detection of most of the acetate esters investigated, these results agree with the metabolomics. 

H. uvarum, however, shows high expression levels of putative genes encoding alcohol 
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acetyltransferases at all stages of fermentation investigated. Compared to S. cerevisiae, H. 

uvarum was able to produce large amounts of acetate esters, which can be explained by the 

highly expressed alcohol acetyltransferases as well as the multiple homologs showing 

acetyltransferase activity found in H. uvarum. Furthermore, the absence of EHT1 inhibits the 

synthesis of ethyl esters and therefore, favours the esterification of the higher alcohols into 

acetate esters, similar to the findings of Giorello et al. (2019). Also, H. uvarum is lacking genes 

involved in the transamination, decarboxylation and reduction reactions of the Ehrlich pathway, 

leading to a lower synthesis of higher alcohols, which are immediately converted to acetate 

esters due to the high amount of genes encoding for alcohol acetyltransferases. 

Although, performing grape must fermentations with different nitrogen regimes did not reveal 

major differences in the transcriptomic profile of the yeast strains investigated, an effect of the 

nitrogen supplementation could be seen in both the fermentation kinetics and the aroma profile. 

In conclusion, H. uvarum reveals a different acetate ester profile than S. cerevisiae. On the 

one hand, H. uvarum shows to have less genes responsible for the synthesis of higher 

alcohols, and on the other, H. uvarum unravelled to have more genes containing alcohol 

acetyltransferase activity, resulting in increased acetate ester production. An up-regulation of 

genes involved in the production of acetyl-coA, higher alcohols as well as acetate esters 

additionally favours the synthesis of acetate esters. 
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Supplementary Material

Supplementary Figures:

Figure S 1. Fermentation kinetics (cumulative mass-loss CO2 [g/L]) of fermentations with (a) H. uvarum DSM2768 
and (b) S. cerevisiae EC1118 using Müller-Thurgau (MT) must (Ctrl) and MT must supplemented with diammonium 
hydrogen phosphate (DAHP). Fermentations were performed in three independent experiments (1-3).

Figure S 2. Conversion of pyruvate to acetyl-coA, ethanol and acetic acid, respectively, including genes involved 
as well as their expression levels. (a) Conversion of pyruvate to acetyl-coA, ethanol and acetic acid, labelled with 
enzymes and encoding genes known to catalyse the reactions in S. cerevisiae. Specific molecular groups are 
highlighted (modified from Dzialo et al. (2017) and Heit et al. (2018)). (b) Logarithm (log10) of the raw reads 
normalized by DE2Seq´s median of ratios (MoR) showing the expression levels of genes involved in the conversion 
of pyruvate to acetyl-coA, ethanol and acetic acid in fermentations using Müller-Thurgau must with (DAHP) and 
without (Ctrl) diammonium hydrogen phosphate supplementation at different stages of fermentation (lag phase = 
early, logarithmic phase = mid, plateau phase = late) with H. uvarum DSM2768 (H.u.) and S. cerevisiae EC1118 
(S.c.). The legend shows the number of normalized raw reads using DE2Seq´s MoR, with lighter colours indicating 
lower expression levels, whereas darker colours indicate higher expression levels. Genes with no annotation found 
are marked in grey.
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Figure S 3. The Ehrlich Pathway with subsequent esterification and the genes involved as well as their expression. 
(a) Conversion of amino acids into fusel aldehydes, fusel alcohols and acetate esters, indicated with enzymes and 
encoding genes known in S. cerevisiae to catalyse the reactions. Specific molecular groups are highlighted 
(modified from Badura et al. (2023)). (b) Logarithm (log10) of the raw reads normalized by DE2Seq´s median of 
ratios (MoR) showing the expression levels of genes involved in the Ehrlich pathway in fermentations using Müller-
Thurgau must with (DAHP) and without (Ctrl) diammonium hydrogen phosphate supplementation at different stages 
of fermentation (lag phase = early, logarithmic phase = mid, plateau phase = late) with H. uvarum DSM2768 (H.u.) 
and S. cerevisiae EC1118 (S.c.). (c) Log10 of the raw reads normalized by DE2Seq´s MoR showing the expression 
levels of genes showing AATase activity (AATase, PBI1), homologs of EAT1 (EAT2, IMO32) as well as genes 
involved in ethyl ester synthesis (EHT1, EEB1) in DAHP and Ctrl fermentations using Müller-Thurgau at different 
stages of fermentation (lag phase = early, logarithmic phase = mid, plateau phase = late) with H. uvarum DSM2768 
(H.u.) and S. cerevisiae EC1118 (S.c.). The legend shows the number of normalized raw reads using DE2Seq´s 
MoR, with lighter colours indicating lower expression levels, whereas darker colours indicate higher expression 
levels. Genes with no annotation found are marked in grey.



140

Figure S 4. Expression of ARO8/ ARO9 duplications. (a) Logarithm (log10) of the raw reads normalized by 
DE2Seq´s median of ratios (MoR) showing the expression levels and (b) differentially expressed genes (log2 fold 
change; p < 0.01 of gene down-regulated w/ log2 FC > 2) of ARO8 and ARO9 and their duplicates, respectively, 
in fermentations using Müller-Thurgau must with (DAHP) and without (Ctrl) diammonium hydrogen phosphate 
supplementation at different stages of fermentation (lag phase = early, e; logarithmic phase = mid, m; plateau phase 
= late,l) with H. uvarum DSM2768. The legend shows the number of normalized raw reads using DE2Seq´s MoR, 
with lighter colours indicating lower expression levels, whereas darker colours indicate higher expression levels. a

K68_g0787, b K68_g2390, c K68_g0017, d K68_g1017, e K68_g1897.

Figure S 5. Expression of aryl-acohol dehydrogenases. (a) Logarithm (log10) of the raw reads normalized by 
DE2Seq´s median of ratios (MoR) showing the expression levels and (b) differentially expressed genes (log2 fold 
change; p < 0.01 of gene up-regulated w/ log2 FC > 2; p < 0.01 of gene down-regulated w/ log2 FC > 2) of
aryl-alcohol dehydrogenases, respectively, in fermentations using Müller-Thurgau must with (DAHP) and without 
(Ctrl) diammonium hydrogen phosphate supplementation at different stages of fermentation (lag phase = early, e;
logarithmic phase = mid, m; plateau phase = late,l) with H. uvarum DSM2768 and S. cerevisiae EC1118. The 
legend shows the number of normalized raw reads using DE2Seq´s MoR, with lighter colours indicating lower 
expression levels, whereas darker colours indicate higher expression levels.
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Figure S 6. Alignment of genes encoding for putative acetyltransferases. (a) Alignment of HuATF1 identified 
previously (Badura et al. 2021) with genes putatively containing O-acetyltransferase activity showing the conserved 
motif and acitve site. (b) Alignment of putative HuEAT1 gene and its potential homologs. The conserved Ser-Asp-
His triad is labelled by asterisks.

Figure S 7. Logarithm (log10) of the raw reads normalized by DE2Seq´s median of ratios (MoR) showing the 
expression levels of genes involved in the biosynthesis and degradation of aroma-relevant amino acids in 
fermentations using Müller-Thurgau must with (DAHP) and without (Ctrl.) diammonium hydrogen phosphate 
supplementation at different stages of fermentation (lag phase = early, logarithm phase = mid, plateau phase = late) 
with H. uvarum DSM2768 (H.u.) and S. cerevisiae EC1118 (S.c.). The legend shows the number of normalized raw 
reads using DE2Seq´s MoR, with lighter colours indicating lower expression levels, whereas darker colours indicate 
higher expression levels. Genes with no annotation found are marked in grey.
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Figure S 8. Concentration of ethanol and malic acid in fermentations using Müller-Thurgau must with (DAHP) and 
without (Ctrl) diammonium hydrogen phosphate supplementation at different stages of fermentation (lag phase = 
early, logarithmic phase = mid, plateau phase = late) with (a-b) H. uvarum DSM2768 and (c-d) S. cerevisiae 
EC1118. Ethanol and malic acid were measured via HPLC analysis. Data are the mean of three independent 
experiments ± SEM, two-tailed unpaired t-test with Welch´s correction, * p < 0.05, ns – not significant. Error bars 
indicate the standard deviation. 
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Figure S 9. Higher alcohols synthesized in fermentations using Müller-Thurgau must (b,d) with (DAHP) and (a,c)
without (Ctrl) diammonium hydrogen phosphate supplementation during all stages of fermentation with (a-b) H. 
uvarum DSM2768 and (c-d) S. cerevisiae EC1118. Higher alcohols were measured via HS-SPME-GC-MS analysis. 
Data show three independent experiments. (1) 1-hexanol, (2) isoamyl alcohol, (3) isobutanol, (4) 2-methyl butanol, 
(5) 2-phenyl ethanol.
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Figure S 10. Acetate esters synthesized in fermentations using Müller-Thurgau must (b,d) with (DAHP) and (a,c) 
without (Ctrl) diammonium hydrogen phosphate supplementation at all stages of fermentation with (a-b) H. uvarum
DSM2768 and (c-d) S. cerevisiae EC1118. Acetate esters were measured via HS-SPME-GC-MS analysis. Data 
show three independent experiments. (1) ethyl acetate, (2) hexyl acetate, (3) isoamyl acetate, (4) 2-methylbutyl 
acetate, (5) 2-phenylethyl acetate.
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Figure S 11. Ethyl acetates synthesized in fermentations using Müller-Thurgau must with (DAHP) and without 
(Ctrl) diammonium hydrogen phosphate supplementation at different stages of fermentation (lag phase = early, 
logarithmic phase = mid, plateau phase = late) with (a-f) H. uvarum DSM2768 and (g-l) S. cerevisiae EC1118. 
Ethyl esters were measured via HS-SPME-GC-MS analysis. Data are the mean of three independent experiments 
± SEM, two-tailed unpaired t-test with Welch´s correction, * p < 0.05, ** p < 0.01, ns – not significant. Error bars 
indicate the standard deviation. 
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Figure S 12. Ethyl acetates synthesized in fermentations using Müller-Thurgau must (b,d) with (DAHP) and (a,c) 
without (Ctrl) diammonium hydrogen phosphate supplementation at all stages of fermentation with (a-b) H. uvarum
DSM2768 and (c-d) S. cerevisiae EC1118. Ethyl esters were measured via HS-SPME-GC-MS analysis. Data show
three independent experiments. (1) ethyl butyrate, (2) ethyl decanoate, (3) ethyl hexanoate, (4) ethyl isobutyrate, 
(5) ethyl octanoate, (6) ethyl propionate.
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Figure S 13. Fatty acids synthesized in fermentations using Müller-Thurgau must with (DAHP) and without (Ctrl) 
diammonium hydrogen phosphate supplementation at different stages of fermentation (lag phase = early, 
logarithmic phase = mid, plateau phase = late) with (a-d) H. uvarum DSM2768 and (e-h) S. cerevisiae EC1118. 
Fatty acids were measured via HS-SPME-GC-MS analysis. Data are the mean of three independent experiments 
± SEM, two-tailed unpaired t-test with Welch´s correction, * p < 0.05, ** p < 0.01, ns – not significant. Error bars 
indicate the standard deviation. 
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Figure S 14. Fatty acids synthesized in fermentations using Müller-Thurgau must (b,d) with (DAHP) and (a,c) 
without (Ctrl) diammonium hydrogen phosphate supplementation at all stages of fermentation  with (a-b) H. uvarum
DSM2768 and (c-d) S. cerevisiae EC1118. Fatty acids were measured via HS-SPME-GC-MS analysis. Data show
three independent experiments. (1) decanoic acid, (2) hexanoic acid, (3) isovaleric acid, (4) octanoic acid.
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Figure S 15. Transcriptome ordination based on Hellinger transformed fragment counts. (a, b) transcriptomes were 
text-coded to indicate transcriptome sampling time point (early, mid or late). (c-d) symbol colour and symbol shape 
code for nitrogen supplementation and experimental block, respectively. Transcriptomes clustered according to 
transcriptome sampling time point, i.e. early, mid or late stage fermentation for both strains, H. uvarum DSM2768 
and S. cerevisiae EC1118. An effect of nitrogen supplementation by diammonium hydrogen phosphate (DAHP) 
was noticeable only in late stage fermentations (a-b); batch effects from experimental blocks were most apparent 
in late stage fermentations as well. Ellipses are 95% confidence ellipses based on group standard deviation for
transcriptome sampling time points.
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Supplementary Tables: 

Table S 1. Free amino nitrogen content in autoclaved Müller-Thurgau (MT) must with and without DAHP 
supplementation (all mg/L). 

Compound MT (110 °C) MT (110 °C, DAHP) 
aspartic acid Asp 32.27 32.22 
threonine Thr 40.92 40.81 
serine Ser 25.99 26.38 
asparagine Asn 1.00 0.97 
glutamic acid Glu 48.45 48.56 
glutamine Gln 0.60 0.56 
glycine Gly 1.62 1.64 
alanine Ala 24.76 24.67 
citrulline Cit 0.45 0.58 
a-aminobutyric acid Abut 0.00 0.00 
valine Val 12.04 11.75 
cystine Cys 0.00 0.00 
methionine Met 0.46 0.33 
isoleucine Ile 4.35 4.32 
leucine Leu 5.36 5.38 
tyrosine Tyr 2.28 2.31 
phenylalanine Phe 8.30 8.23 
b-alanine Bala 2.68 2.65 
aminoisobutyric acid Baib 0.00 0.00 
g-aminobutyric acid Gaba 44.35 46.12 
histidine His 5.08 5.13 
tryptophan Trp 1.39 1.35 
ornithine Orn 0.68 0.69 
lysine Lys 1.50 1.44 
arginine Arg 95.46 94.82 
proline Pro 153.58 151.72 
    
Total  513.57 512.66 

 

Table S 2. Sampling days of fermentations with H. uvarum DSM2768 and S. cerevisiae EC1118 in nitrogen 
deficient must (Ctrl) and DAHP supplemented must (DAHP) in batches 1-3 for RNA-Seq. 

 Ctrl 1 Ctrl 2 Ctrl 3 DAHP 1 DAHP 2 DAHP 3 

H. uvarum DSM2768 

earlya Day 1 Day 1 Day 1 Day 1 Day 1 Day 1 

midb Day 2 Day 3 Day 2 Day 2 Day 3 Day 3 

latec Day 10 Day 11 Day 11 Day 9 Day 11 Day 11 

S. cerevisiae EC1118 

earlya Day 1 Day 1 Day 1 Day 1 Day 1 Day 1 

midb Day 2 Day 2 Day 3 Day 2 Day 3 Day 3 

latec Day 20 Day 20 Day 21 Day 7 Day 7 Day 7 
a Early time point of RNA-Seq sampling (lag phase) 
b Middle time point of RNA-Seq sampling (log phase) 
c Late time point of RNA-Seq sampling (plateau phase) 
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Table S 3. Average numbera of RNA-seq reads mapped-on-feature (gene) and mapped, but not-on-an-a-feature. 

Strain 
Nitrogen 

regime 
 early mid late 

H.u.1 DAHPb on feature 20 017 586 ± 9.3% 19 402 163 ± 12.7% 10 885 157 ± 22.0% 
 Ctrlc  18 592 694 ± 9.2% 22 299 530 ± 23.0% 8 189 842 ± 60.2% 

S.c.2 DAHPb  16 095 605 ± 6.9% 16 781 348 ± 4.3% 16 736 214 ± 11.2% 
 Ctrlc  15 932 931 ± 7.3% 17 109 503 ± 5.7% 13 045 311 ± 12.2% 

H.u.1 DAHPb not-on-feature 861 540 ± 2.3% 1 022 188 ± 6.2% 7 777 424 ± 41.9% 
 Ctrlc  896 202 ± 5.6% 1 287 454 ± 16.1% 14 097 453 ± 57.8% 

S.c.2 DAHPb  1 055 279 ± 15.7% 1 438 131 ± 9.5% 1 905 377 ± 11.2% 
 Ctrlc  1 034 872 ± 3.5% 1 393 118 ± 12.0% 1 569 274 ± 9.6% 

a Percentages are coefficient of variation (sample standard deviation * 1 / sample mean) 
b Müller-Thurgau (MT) must fermentations supplemented with diammonium hydrogen phosphate 
c MT must fermentations without DAHP supplementation 
1 H. uvarum DSM2768 
2 S. cerevisiae EC1118 
 

Table S 4. Multivariate dispersions of Hellinger transformed Read Counts. 

Yeast 
 

Explanatory 
variable 

Dfa 
 

Sum of squares 
(model, residual) 

Mean squares 
(model, residual) 

F 
 

Pr(>F)b 
 

H.u.1 ExBlc 2.15 0.00672, 0.44304 0.00336, 0.02954 0.1137 0.90 
 TSTPd 2.15 0.081678, 0.134347 0.04084, 0.00896 4.5597 0.02 
 DAHPe 1.16 0.003475, 0.309363 0.00347, 0.01934 0.1797 0.66 

S.c.2 ExBlc 2.15 0.00747, 0.22382 0.00373, 0.01492 0.2503 0.79 
 TSTPd 2.15 0.096716, 0.167541 0.04836, 0.01117 4.3295 0.03 
 DAHPe 1. 16 0.00133, 0.21518 0.00133, 0.01345 0.0989 0.76 

a Degree(s) of freedom: among group degrees of freedom, residual degrees of freedom 
b Proportion of random permutations (N=999), which resulted in a larger F, i.e. explaining more variation than the 

true configuration 
c Experimental block 
d Transcriptome sampling time point 
e Müller-Thurgau (MT) must fermentations supplemented with diammonium hydrogen phosphate 
1 H. uvarum DSM2768 
2 S. cerevisiae EC1118 
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Table S 5. Between groups multivariate dispersion (Turkey´s Hones Significant Differences). 

Strain Factor Pair Difference CIa Lower CIa Upper p-Valueb 

H.u.1 ExBlc 2-1 -0.039 -0.297 0.219 0.919 
  3-1 0.004 -0.254 0.261 0.999 
  3-2 0.043 -0.215 0.300 0.904 
 TSTPd mid-early 0.066 -0.076 0.208 0.463 
  late-early 0.164 0.022 0.306 0.023 
  late-mid 0.098 -0.044 0.240 0.207 
 DAHPe 2-1 0.028 -0.111 0.167 0.677 

S.c.2 ExBlc 2-1 0.049 -0.134 0.232 0.771 
  3-1 0.033 -0.15 0.216 0.887 
  3-2 -0.016 -0.199 0.167 0.973 
 TSTPd mid-early 0.074 -0.085 0.232 0.468 
  late-early 0.179 0.020 0.337 0.027 
  late-mid 0.105 -0.053 0.264 0.229 
 DAHPe Ctrl.f-DAHPe 0.017 -0.099 0.133 0.757 

a Confidence Intervals (95% Cis) 
b p-Values are adjusted for multiple comparisons (number of pairs per factor) 
c Experimental block 
d Transcriptome sampling time point 
e Müller-Thurgau (MT) must fermentations supplemented with diammonium hydrogen phosphate 
f MT must fermentations without DAHP supplementation 
1 H. uvarum DSM2768 
2 S. cerevisiae EC1118 
 

Table S 6. Amount of unique, comparable differentially expressed genes (DEGs) between H. uvarum DSM2768 
and S. cerevisiae EC1118. 

    up-regulated genes  down-regulated genes 

   
unique 

comparable 

initial 

number 

unique 

comparable 

initial 

number 

H. uvarum DAHP early/mid 84 (65.1%) 129 37 (92.5%) 40 

 Ctrl  73 (63.1%) 114 23 (95.6%) 24 

S. cerevisiae DAHP  429 (99.7%) 430 412 (100.0%) 412 

 Ctrl  455 (99.6%) 457 294 (100.0%) 294 

H. uvarum DAHP mid/late 69 (78.4%) 88 6 (100.0%) 6 

 Ctrl  136 (82.0%) 166 15 (83.3%) 18 

S. cerevisiae DAHP  106 (100.0%) 106 128 (100.0%) 128 

 Ctrl  392 (99.5%) 394 281 (100.0%) 281 
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Table S 7. Yan content (free amino nitrogen (FAN), ammonium ions (NH4+), total YAN (Total)) in fermentations of 
H. uvarum DSM2768 and S. cerevisiae EC1118 using nitrogen deficient must (Ctrl) and DAHP supplemented must 
(DAHP). Data are the mean of three independent experiments ± SD. 

 

 

Supplementary material on the multivariate analysis of raw fragment 

counts: 

Materials and Methods: 

We performed multivariate analysis of RNA-Seq fragment counts to obtain transcriptome 

ordination and estimates of total variation explained by either TSTP (sampling during early, 

mid or late fermentation), DAHP supplementation (DAHP, grape must with or without DAHP 

supplementation) and covariate experimental block (ExBl, blocks 1 to 3). RNA-Seq fragment 

counts were Hellinger transformed prior to analysis (Legendre and Gallagher 2001) and 

homogeneity of multivariate dispersions among groups were tested (Anderson 2006). 

Ordination was obtained by Principal Components Analysis (PCA) and variation partitioning 

was performed with (sets of) explanatory variables which were maintained after forward model 

selection using adjusted R2 as stop criterion for variable inclusion. Statistical significance and 

magnitude of individual fractions of explained variation were calculated by Partial Redundancy 

Analysis (pRDA; Borcard et al. 1992). Analyses followed guidelines outlined in Borcard et al. 

(2011) and Legendre and Legendre (2012). We started variation partitioning with three sets of 

explanatory variables (i) TSTP, (ii) DAHP and (iii) ExBl representing (i) grape must 

fermentation progression, (ii) nitrogen availability and (iii) experimental design, respectively. 

Factor levels were coded as reverse Helmert contrasts. After model selection, for each strain, 

only two sets remained: TSTP and ExBl for H. uvarum DSM2768 and TSTP and DAHP for S. 

cerevisiae EC1118. Analyses were performed in R version 4.0.3 (R Core Team R version 4.0.3 

2020) using functions from package vegan version 2.5-7 (Oksanen et al. 2020). 

 

 Ctrl DAHP 
 FAN NH4+ Total FAN NH4+ Total 

H. uvarum DSM2768 
early 35.73 ± 12.44 13.03 ± 1.94 48.76 ± 14.32 39.20 ± 12.11 59.71 ± 1.40 98.91 ± 13.05 
mid 3.84 ± 3.62 1.62 ± 1.45 5.46 ± 3.04 8.66 ± 6.00 33.52 ± 43.83 42.18 ± 48.14 
late 5.34 ± 1.42 0.95 ± 1.65 6.29 ± 2.13 12.43 ± 0.89 0.81 ± 0.77 13.24 ± 1.38 

S. cerevisiae EC1118 
early 22.71 ± 6.13 0.02 ± 0.03 22.73 ± 6.16 32.60 ± 2.50 66.78 ± 6.29 99.38 ± 5.40 
mid 3.57 ± 3.10 1.11 ± 0.97 4.68 ± 2.71 8.76 ± 2.50 4.78 ± 4.79 13.53 ± 6.99 
late 12.61 ± 2.13 0.19 ± 0.29 12.80 ± 2.35 7.78 ± 6.74 0.76 ± 0.40 8.54 ± 6.86 
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Results: 

For both H. uvarum and S. cerevisiae, the homogeneity of dispersions among groups was 

maintained for factors DAHP and ExBl, but rejected for TSTP (Figure S15). For the latter, 

rejection resulted from differences of dispersion between early and late stage fermentation 

transcriptomes, with later stages showing larger dispersion (Tukey’s Honest Significant 

Differences, Table S4 and Table S5). We decided on proceeding with variation partitioning 

nonetheless, since ordination of transcriptomes showed a strong difference in location with no 

overlap among TSTP for both H. uvarum and S. cerevisiae. 

Difference in gene expression was at its highest when comparing transcriptomes sampled at 

different time points. For both yeast strains, TSTP by itself explained the largest fraction of 

read count variation, at 62.6% for H. uvarum and 74.2% S. cerevisiae (Figure S15) and the 

number of differentially expressed (DE) genes was large (Table 2). Only for S. cerevisiae, we 

observed a minor effect from DAHP supplementation, accounting for 3.6% of total variation (p 

= 0.017), fraction [b]. Accordingly, the number of DE genes was smaller when comparing 

between DAHP supplementation levels at the same time point (Table 3). 

In pRDA, we observed an increase in adjusted R2 for TSTP in both strains due to the negative 

adjusted R2 obtained for fractions of shared variation [c]; small negative values for adjusted R2 

indicate no correlation of variation with the corresponding explanatory variable (Peres-Neto et 

al. 2006). 

For H. uvarum there was also a minor batch effect introduced by experimental block 3, fraction 

[b]; the magnitude was small: 2.8%, but statistically significant (p = 0.018, while controlling for 

the effect of TSTP in rRDA). This effect is also observable in Figure S15. 
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Abstract: Apiculate yeasts belonging to the genus Hanseniaspora are commonly isolated from viti-
cultural settings and often dominate the initial stages of grape must fermentations. Although con-
sidered spoilage yeasts, they are now increasingly becoming the focus of research, with several 
whole-genome sequencing studies published in recent years. However, tools for their molecular 
genetic manipulation are still lacking. Here, we report the development of a tool for the genetic 
modification of Hanseniaspora uvarum. This was employed for the disruption of the HuATF1 gene, 
which encodes a putative alcohol acetyltransferase involved in acetate ester formation. We gener-
ated a synthetic marker gene consisting of the HuTEF1 promoter controlling a hygromycin re-
sistance open reading frame (ORF). This new marker gene was used in disruption cassettes contain-
ing long-flanking (1000 bp) homology regions to the target locus. By increasing the antibiotic con-
centration, transformants were obtained in which both alleles of the putative HuATF1 gene were 
deleted in a diploid H. uvarum strain. Phenotypic characterisation including fermentation in Müller-
Thurgau must showed that the null mutant produced significantly less acetate ester, particularly 
ethyl acetate. This study marks the first steps in the development of gene modification tools and 
paves the road for functional gene analyses of this yeast. 

Keywords: Hanseniaspora uvarum; transformation; genetic modification; ATF1; ethyl acetate; 
fermentation 

1. Introduction
The term apiculate yeast signifies a distinctive lemon-shaped cell structure of yeast 

species belonging to the genus of Hanseniaspora and closely-related genera, such as Sac-
charomycodes and Nadsonia [1]. The genus Hanseniaspora has a cosmopolitan distribution 
and has often been reported to be the most abundant genus on mature and intact grape 
berries, and thus contributes the largest yeast population to the initial stages of a grape 
must fermentation [2,3]. Since Hanseniaspora is prevalent on grapes in almost all vineyards 
worldwide [4–8], it plays a crucial role in affecting the sensory profile of wine, especially 
regarding the complexity of wine [9–11]. In general, Hanseniaspora populations decrease 
significantly during wine fermentation as these yeasts are usually outcompeted by the 
main wine yeast, Saccharomyces cerevisiae. It was initially thought that the gradual increase 
in ethanol concentration was primarily responsible for the decline in the Hanseniaspora 
population, but there is growing scientific evidence suggesting that a variety of metabo-
lites secreted by S. cerevisiae significantly impacts the viability of Hanseniaspora within a 
grape must fermentation [12]. Moreover, Hanseniaspora strains have been shown to with-
stand ethanol concentrations of more than 10% and are able to produce a considerable 
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amount of ethanol themselves [12–14]. In the past, Hanseniaspora populations have been 
regarded to be spoilage yeasts when a significant proportion of these apiculate yeasts per-
sists within a fermentation, as some strains are capable of producing significant amounts 
of acetaldehyde, acetic acid, and ethyl acetate. Winemaking practices, such as the addition 
of SO2 or even the utilisation of yeasts, which produce killer toxins that have antimicrobial 
activity against apiculate yeasts [15], are used to limit the proliferation of Hanseniaspora 
yeasts. This hypothesis of Hanseniaspora as purely a spoilage yeast has been challenged 
and re-evaluated in recent years as wine researchers are reporting many beneficial oeno-
logical contributions that Hanseniaspora strains can provide when co-cultured with S. cere-
visiae in a mixed-culture type of must fermentation. The oenological benefits of Han-
seniaspora wine strains include lower final ethanol levels as well as increased acetate and 
ethyl ester concentrations [16–18]. Although selected Hanseniaspora strains have been used 
in mixed starter cultures with S. cerevisiae in wine fermentations, no Hanseniaspora strain 
is commercially available yet for use as an oenological starter culture [19]. Moreover, its 
ester production capability is particularly striking. 

By sheer numbers found in fermentations, one of the most prolific species is that of 
Hanseniaspora uvarum, which, in the earlier literature, was also referred to as Kloeckera apic-
ulata. Apart from its predominance and importance in winemaking, H. uvarum strains 
have also been isolated from many other fermented beverages, such as cider [20] or tequila 
[21], as well as from various food-related niches such as the processing of coffee beans [22] 
and cocoa fermentations [23] and from fresh-squeezed orange juice [24]. In addition to its 
presence in foods and beverages, H. uvarum has also been isolated from soil [25], plants 
[26], insects [27], birds [28], molluscs [29], shrimps [30] and snails [14]. Due to its antago-
nistic properties against mould development, H. uvarum’s potential as a biocontrol agent 
has also been investigated [31–33].  

In spite of the increasing importance of Hanseniaspora in wine fermentations, only in 
the past couple of years, has large-scale genome sequencing provided information on Han-
seniaspora species [34–37]; this wealth of information provides a basic framework for ana-
lysing the biology of Hanseniaspora. Recent research has shown that the low specific activ-
ity of pyruvate kinase, catalysing one of the rate limiting steps in the glycolytic pathway, 
could explain the reduced capacity of Hanseniaspora to form ethanol [38]. Analyses of dif-
ferent Hanseniaspora genomes have provided insight into an extensive loss of genes in-
volved in cell cycle regulation and the maintenance of genome integrity [39]. Comparisons 
among different species and strains have revealed that Hanseniaspora isolates possess par-
ticular dynamic genome structures with various variations in ploidy [40]. 

A central element of gene-function analyses is the ability to generate deletion strains. 
However, there is still a lack of protocols for targeted gene deletions in H. uvarum based 
on DNA-mediated transformation to achieve homologous gene replacements with dis-
ruption cassettes. In this study, we developed a basic tool for the initiation of molecular 
characterisation of H. uvarum genes. To this end, we targeted the H. uvarum ATF1 homolog 
encoding an alcohol acetyltransferase, successfully deleted both alleles in this diploid 
yeast, and compared the fermentation performance and flavour production of the mutant 
with the wild type. 

2. Results
2.1. Plasmid Design and Construction
2.1.1. Design and Testing of Promoters

We originally attempted to transform Hanseniaspora using geneticin (kanMX) and hy-
gromycin (hygMX) resistance cassettes already tailored for S. cerevisiae genetic modifica-
tion. These cassettes are under the transcriptional control of the TEF1 promoter of Ashbya 
gossypii. Despite numerous attempts to optimise transformation procedures, we were un-
able to obtain transformants and opted to clone promoters of H. uvarum to drive the ex-
pression of the respective antibiotic markers. To this end, we PCR-amplified three regions 
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upstream of the open reading frames (ORFs) of H. uvarum genes whose S. cerevisiae hom-
ologs are known to be strongly expressed. These genes encode translation elongation fac-
tor EF-1  (TEF1), 3-phosphoglycerate kinase 1 (PGK1) and fructose-1,6-bisphosphate al-
dolase 1 (FBA1). We cloned these three H. uvarum promoters upstream of the LacZ reporter 
gene to test their heterologous function in S. cerevisiae. By transforming S. cerevisiae with 
these synthetic constructs, expression of beta-galactosidase can be monitored by its con-
version of X-Gal into a blue strain. S. cerevisiae transformed with HuFBA1 and HuPGK1 
constructs did not result in blue-stained S. cerevisiae colonies, suggesting that these pro-
moters are non-functional in S. cerevisiae. However, use of the HuTEF1 promoter yielded 
beta-galactosidase activity in S. cerevisiae (Figure 1). Next, we fused the HuTEF1 promoter 
to ORFs of antibiotic resistance genes to generate new marker genes for Hanseniaspora and 
to drive transcription of these resistance markers in Hanseniaspora transformants. 

Figure 1. Plasmid constructs and testing of the functionality of three putative Hanseniaspora uvarum promoters, HuTEF1, 
HuFBA1, and HuPGK1, in Saccharomyces cerevisiae using Streptococcus thermophilus LacZ as reporter gene (picture on the right, 
blue colonies indicate the conversion of X-gal by beta-galactosidase). (a) pRS417-SsMET25-LacZ [41] (negative control); (b) 
pRS417-SsTEF1-LacZ [41] (positive control); (c) pRS417-HuTEF1-LacZ construct, generated as described in 4.2. using primer 
set 7/8 (for primers see description in 4.2.; (d) pRS417-HuFBA1-LacZ, built using primer set 9/10; (e) pRS417-HuPGK1-LacZ 
built using primer set 11/12. SsMET25 and SsTEF1 are promoter sequences from Saccharomycopsis schoenii [41]. 

2.1.2. Choice of Candidate Gene and Design of the Knock-Out Cassette 
We selected the ATF1 alcohol acetyltransferase I gene from H. uvarum as the candi-

date gene to knock out, as ATF1 and ATF2 in S. cerevisiae are known to be the main cata-
lysts for ethyl acetate production in wine. The generation of an HuATF1 disruption cas-
sette is described in the Material and Methods. The HuAtf1 protein shows only 22% ho-
mology to ScAtf1 and 25% ScAtf2, respectively. HuAtf1 contains both the active site 
HXXXDG [42] and the conserved WRLICLP motif of acetyltransferases (Figure 2a). The 
complete HuAtf1, ScAtf2, and ScAtf1 alignment can be seen in supplementary (Figure S1). 
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Figure 2. (a) Alignment of the amino acid sequence of the Hanseniaspora uvarum HuAtf1 with the two S. cerevisiae Atf 
proteins. The conserved WRLICLP motif as well as the HXXXDG active site [42] are shown in boxes; (b) Replacement of 
the HuATF1 ORF by HuTEF1_hph. HuATF1 was replaced by the HuTEF1 promoter in front of the selection marker hph 
with 1000 bp of flanking regions that are upstream and downstream of the HuATF1 ORF. The G1/G2, G3/G4, and G5/G6 
diagnostic primer sets were used to verify correct integration of the marker cassette and deletion of HuATF1. The G5/G6 
primer set was used to determine the absence of HuATF1, and thus a double knock-out due to the different nucleotide size 
of HuATF1 and HuTEF1-hph; (c) GelRed stained agarose gel showing PCR amplification of HuATF1 using primer set 39/40. 
(1) DSM2768 Ctrl, (2) DSM2768 #34 (WT/ ), (3) DSM2768 #40 ( / ), (4) DSM2768 #46 ( / ), (5) DSM2768 #97 (WT/ ).
Resulting bands with size of ~1.4 kb; (d) GelRed stained agarose gel showing PCR amplification of wild type, single, or
double knock-out of HuATF1 using primer set 41/42 (G5/G6). (1) DSM2768 Ctrl, (2) DSM2768 #40 ( / ), (3) DSM2768 #34
(WT/ ). Resulting bands with size of 2 kb and 2.5 kb.

2.2. Generation of Strains and Verification of Transformants 
We applied the two main Saccharomyces transformation procedures based on chemi-

cal or electro competence in order to transform H. uvarum. Although both methods 
yielded transformants, electroporation yielded more transformants. The specific electro-
poration protocol used, involved a sensitising step with lithium acetate [43]. We con-
structed selection cassettes containing the resistance markers for hygromycin (hph), ge-
neticin (neoR), nourseothricin (clonNAT, natI), and zeocin (Sh Ble), commonly used for 
yeasts. The transformation of H. uvarum with the hygromycin-resistance selection cassette 
in the form of a linearised plasmid, containing HuTEF1 and hph, each flanked by 1000 bp 
upstream and downstream homology regions of the ORF of HuATF1, yielded many trans-
formants, without background colonies. In total, more than 100 colonies were re-streaked 
on selection plates, incubated overnight, and genomic DNA was isolated. Subsequently, 
PCR with diagnostic primers (G1/G2 and G3/G4, Figure 2b) was used to verify the correct 
intended integration of the selection cassette. In 99% of the colonies, the targeted insertion 
of the selection cassette could be detected via PCR. Integration of the cassette was also 
confirmed by sequencing of both the G1-G2 PCR product and G3-G4 PCR product. In 
addition, a second HuATF1 allele was amplified by PCR suggesting a diploid state of H. 
uvarum. 

Unfortunately, we were unable to obtain H. uvarum transformants using geneticin, 
nourseothricin, or zeocin in selection media. We found H. uvarum to be extremely resistant 
to these antibiotics even when we increased the concentration to two to three times more 
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than what is recommended for the selection of S. cerevisiae transformants. This left us with-
out a second dominant selection marker. 

Since hygromycin proved to be the only antibiotic with which we were able to obtain 
H. uvarum transformants, we decided to transform it and plate the cells out on selective
agar plates containing a three-fold higher concentration of hygromycin. From two out of
100 transformants that we obtained, we could not amplify an internal HuATF1 band even
after several PCR attempts, which suggested that both alleles of ATF1 had been removed
(Figure 2c). Primers were designed that bind outside the selection marker to the genomic
DNA upstream and downstream of HuATF1 (G5/G6, Figure 2b) and were used to amplify
this sequence via PCR. GelRed stained agarose gel can be found in Figure 2d. While Sam-
ples 1 (DSM2768 Ctrl) and 2 (DSM2768 #40) show only one band each, with sizes of 2 kb
(Sample 1) and 2.5 kb (Sample 2), two bands of both sizes are visible in Sample 3 (DSM2768
#34). In H. uvarum DSM2768, only the HuATF1 band is visible. DSM2768 #34 showed two
bands (HuATF1 and the selection cassette) indicative of a heterozygous state (single
knock-out).

The transformant DSM2768 #40 (Sample 2) showed only one band corresponding to 
the size of the selection cassette, indicating an integration via homologous recombination. 
Sanger sequencing using primers G5 and G6 confirmed that only the HuTEF1-hph marker 
could be amplified from transformant DSM2768 #40. Accordingly, this is indicative of a 
homozygous deletion (double knock-out). Two independent homozygous deletion mu-
tants were obtained (DSM2768 #40 and DSM2768 #46). The transformation efficiency of 
receiving double knock-out transformants obtained using the higher concentration of an-
tibiotic was 2%. 

2.3. Fermentations and Phenotypical Characterisation 
In order to determine the phenotype of the transformants, fermentations with Mül-

ler-Thurgau must were performed. The phenotypical characterisation is shown in Figure 
3. The most noteworthy difference between the double knock-out transformants
(DSM2768 #40 and DSM2768 #46) and the control was the acetate ester content (Figure 3a).
The most abundant acetate ester, ethyl acetate, had a concentration of 600–800 mg/L less
in the /  strains than the control (Supplementary Figure S2a). The four other acetate
esters measured isoamyl acetate, 2-methylbutyl acetate, hexyl acetate, and 2-phenylethyl
acetate also had significantly reduced amounts. In general, the alcohols of the respective
esters showed an increase in the /  strains, which also includes ethanol (Figures 3c and
4b and Supplementary Figure S3). The /  strains had an ~10% increase in ethanol. Inter-
estingly, the /  strain produced no detectable acetic acid and slightly increased levels of
certain ethyl esters (ethyl propionate and ethyl butyrate) were found (Supplementary Fig-
ure S2f–h). The sugar consumption of all the strains was comparable over the period of
three days (Figure 4a). The strain in which only one allele of HuATF1 was removed per-
formed similarly to the control strain apart from isoamyl acetate, 2-methylbutyl acetate,
isobutanol, and 2-phenyl ethanol, which increased slightly in production as compared
with the control (Supplementary Figures S2 and S3). On the basis of the observation that
the putative double knock-out yeast strains metabolised the same amounts of sugars as
the control strain, it was concluded that the transformants were a physiological fit.
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Figure 3. Acetate ester production and formation of higher alcohols during fermentation. (a) Total acetate ester production 
(mg/L) including ethyl acetate, isoamyl acetate, 2-methylbutyl acetate, hexyl acetate, and 2-phenylethyl acetate; (b) Acetate 
ester production (mg/L) excluding ethyl acetate; (c) The formation of respective higher alcohols (mg/L) including isoamyl 
alcohol, 2-methyl-1-butanol, hexanol, and 2-phenyl ethanol after three days of fermentation of Müller-Thurgau must with 
H. uvarum DSM2768 for comparison (DSM2768 Ctrl), DSM2768 #34 (WT/ ), DSM2768 #40 ( / ), and DSM2768 #46 ( / ).
Pure must without the addition of yeasts served as a negative control (Must Ctrl). Total ester production was measured
via HS-SPME-GC-MS analysis while acetic acid production was measured via high performance liquid chromatography
(HPLC) analysis. Data are the mean of three independent experiments ± SEM, 1-way ANOVA, Bonferroni´s multiple com-
parison test, * p < 0.05 and **** p < 0.0001. Error bars indicate the standard deviation.

Figure 4. (a) Total sugar consumption (g/L); (b) Ethanol production (%) after three days of fermentation of Müller-Thurgau 
must with H. uvarum DSM2768 for comparison (DSM2768 Ctrl), DSM2768 #34 (WT/ ), DSM2768 #40 ( / ), and DSM2768 
#46 ( / ). Pure must without the addition of yeasts served as a negative control (Must Ctrl). The amount of total sugar 
and ethanol produced was measured via high performance liquid chromatography (HPLC) analysis. Data are the mean 
of three independent experiments ± SEM, 1-way ANOVA, Bonferroni´s multiple comparison test, *** p < 0.001. Error bars 
indicate the standard deviation. 

3. Discussion
Hanseniaspora uvarum is an important yeast in the beverage industry, in particular for 

wine. In recent years, researchers have shown particular interest in this yeast, and reports 
on its beneficial impact on winemaking as well as several genome sequences have been 
published [34–37]. Despite the growing interest, to date, there are no genetic modification 
tools available for H. uvarum.  
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Our study attempts to fill this gap and describes a successful genetic modification 
experiment in H. uvarum. A common antibiotic used in eukaryotic transformations, hy-
gromycin, proved to be effective for selection purposes. Furthermore, H. uvarum was 
found not to be sensitive against other standard antibiotics which complicated our at-
tempts to generate a double knock-out of the HuATF1 gene. However, by increasing the 
hygromycin concentration, we were able to obtain colonies in which both alleles of 
HuATF1 were successfully deleted. The transformation of H. uvarum DSM2768 with the 
linearised DNA containing the hygromycin selection cassette resulted in a highly efficient 
deletion of HuATF1. Previous reports have suggested that the phenotype of antibiotic re-
sistance is dose dependent and that transformation efficiency correlates with the copy 
number in the yeast cell [44–46]. Hashida-Okado et al. [47] succeeded in generating a null 
mutant of a diploid S. cerevisiae strain by transforming with only one selection marker. 
These authors have shown that it is possible to disrupt both gene copies of homologous 
chromosomes of diploid cells in only one transformation step using one selection marker. 
After increasing the concentration of the antibiotic in the selective agar medium, trans-
formants (such as DSM2768 #40) lacking HuATF1 were obtained, and integration of the 
selection cassette could be verified. On the basis of these results, it was concluded that 
DSM2768 #40 (as well as DSM2768 #46) is a null mutant. 

We showed that it was also possible to generate a double knock-out of ATF1 in H. 
uvarum in such a fashion using only one selection cassette. This was done by tripling the 
antibiotic concentration in the selective plates. Here, the transformation efficiency of a sin-
gle knock-out was 98% and that of a double knock-out was 2%. 

The double knock-out stains showed a dramatic reduction in ethyl acetate produc-
tion (~40%). HuATF1 deletion did not completely abolish ethyl acetate production, sug-
gesting other transferase enzymes to be involved in its production besides HuATF1. This 
is similar to S. cerevisiae, as up to half of the ethyl acetate is still present when the major 
ATF genes (ATF1 and ATF2) are deleted, which are also known to be associated with ethyl 
acetate production [48,49]. 

The reduction in ethyl acetate was accompanied by an increase in the formation of 
ethanol. This can be explained by the function of ATF1 to esterify ethanol to ethyl acetate. 
In the case of a deletion of HuATF1, this esterification of ethanol to ethyl acetate is re-
stricted, resulting in an accumulation of ethanol during fermentation. The same applies to 
the other acetate esters and their respective alcohols. In addition to ethyl acetate, other 
acetate esters were also produced in smaller quantities by the null mutant strain. In con-
trast, the production of the corresponding alcohols increased significantly. Contrary to 
what we expected, significantly lower levels of acetic acid were produced by the double 
knock-out strains. This is in contrast to a previous study in S. cerevisiae, where no signifi-
cant differences in acetic acid levels were detected in an ATF1 knock-out strain as com-
pared with the wild type [50]. Overexpression of ATF1 in S. cerevisiae led to a decrease in 
acetic acid production [48,51], presumably as more of the available pool of acetyl coen-
zyme A (acetyl-CoA) is needed for the acetate ester synthesis. As a major catalyst for ace-
tate ester production was removed in H. uvarum, we were not expecting a dramatic drop 
in acetic acid levels. This astonishing finding warrants further investigation.  

The knock-out of HuATF1 did not lead to any apparent reduction in the vitality of H. 
uvarum. The null mutant strain metabolised the same amounts of total sugars as the con-
trol strain. 

The development of suitable transformation tools for the widespread wine yeast H. 
uvarum enables more detailed investigations of the individual metabolic pathways for the 
formation of aroma compounds and the genes involved. In S. cerevisiae, these methods are 
common practice, and thus the individual gene functions and metabolic pathways are 
well characterised. Up to now, a detailed investigation of H. uvarum has not been possible. 
The next steps are the development of additional selection markers and the knock out or 
overexpression of other genes involved in the metabolism of the aroma compounds in H. 
uvarum. 
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4. Materials and Methods
4.1. Strains and Culture Conditions

The yeast strains used and generated in this study (see Table 1) were routinely 
cultivated in YPD (1% yeast extract, 2% glucose, and 2% peptone) at either 25 °C (H. 
uvarum) or 30 °C (S. cerevisiae). Solid YPD plates were prepared by adding 2% agar and 
for transformation, two different concentrations of hygromycin b (200 and 600 μg/mL) 
were used. Plasmids were propagated in Escherichia coli DH5alpha in 2xYT (1.6% tryptone, 
1% yeast extract, and 0.5% NaCl) supplemented with 100 μg/mL ampicillin. 

Table 1. Strains used and generated in this study. 

Strain Feature/Genotype Source

BY4741 
Saccharomyces cerevisiae MATa his3 1, leu2 0, 

met15 0, ura3 0 
Euroscarf, Oberursel, 

Germany 
DSM2768 Hanseniaspora uvarum ATF1/ATF1 [38]
DSM2768  
(WT/ ) 

Hanseniaspora uvarum ATF1/atf1:HuTEF1-hph This study

DSM2768  
( / ) 

Hanseniaspora uvarum atf1:HuTEF1-hph/atf1:HuTEF1-
hph 

This study 

4.2. Plasmid Design and Construction 
Plasmids used in this study are listed in Table 2. Primers required for plasmid con-

structions are listed in Table 3. Plasmid constructions were assembled in S. cerevisiae 
BY4741 by yeast assembly. Plasmid DNAs were amplified in E. coli and prepared using a 
Plasmid Midi Purification Kit (Genaxxon, Ulm, Germany). For sequencing verification, 
PCR fragments were cloned either into pJET (Thermo Fisher Scientific, Waltham, MA, 
USA) or pGEM (Promega, Madison, WI, USA). DNA sequences of H. uvarum were ob-
tained from the publicly available genomes of both DSM2768 (Accession: 
SAMN01885404) and AWRI3580 (Accession: SAMN04331434). By using corresponding S. 
cerevisiae homologs as queries, putative regions of interest, including the ATF1 locus 
(HuATF1) and the promoter regions of TEF1, FBA1, and PGK1 were identified using the 
BLAST function on NCBI. The TEF1, FBA1, and PGK1 promoter were amplified from H. 
uvarum DSM2768 genomic DNA using primers 1/2 (TEF1), 3/4 (FBA1), and 5/6 (PGK1). To 
test for promoter activity, the LacZ ORF was placed under the control of H. uvarum pro-
moters using primers 7/8 (HuTEF1-promoter), 9/10 (HuFBA1-promoter), and 11/12 
(HuPGK1-promoter), which added 40 bp of flanking homology region to pLacZ (Figure 1). 
The upstream region of the LacZ ORF [41] was removed by restriction digestion of pLacZ 
with KpnI and XhoI. The linearised vector and H. uvarum promoters (HuTEF1, HuFBA1, 
and HuPGK1) were transformed into yeast and fused to LacZ by in vivo recombination. 
Transformed cells were plated out on YPD plates +200 μg/mL geneticin. After two days 
of incubation, X-Gal was pipetted onto plates, and then plates were incubated to visualise 
beta-glucosidase activity. All restriction enzymes were purchased from Thermo Fisher 
Scientific (Waltham, MA, USA) and all primers were purchased from Sigma-Aldrich 
(Steinheim, Germany). The analyses of all PCR and restriction digestion products were 
performed by gel electrophoresis separation on 1% agarose gels, stained with GelRed 
(Genaxxon Bioscience, Ulm, Germany). Sequencing was conducted by Starseq, Mainz, 
Germany. 
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Table 2. Plasmids used and generated in this study. 

Strain Feature/Genotype Source
pRS415 bla, LEU2 [52]

pGEM bla 
Promega, Madi-

son, WI, USA 

pJET bla 
Thermo Fisher Sci-
entific, Waltham, 

MA, USA 

pRS417-SsTEF-lacZ 
bla, GEN3, lacZ driven by 
S. schoenii TEF1 promoter [41] 

pRS417-SsMET25-lacZ 
bla, GEN3, lacZ driven by

S. schoenii MET25 promoter
[41] 

pRS417-HuTEF-lacZ 
bla, GEN3, lacZ driven by 
H. uvarum TEF1 promoter

This study 

pRS417-HuFBA-lacZ bla, GEN3, lacZ driven by
H. uvarum FBA1 promoter

This study 

pRS417-HuPGK-lacZ 
bla, GEN3, lacZ driven by

H. uvarum PGK1 promoter This study 

pRS40H HygMX [53] 
pTEF pJET-HuTEF1 This study

pJB1-HuTEF-hph pRS415-HuTEF1-hph This study

pJB2-HuTEF-hph-ATF1up/down pRS415-HuTEF1-hph-1000 bp 
HuATF1 upstream/downstream 

This study 

pFA-KanMX6 KanMX6 [54] 
pJB3-HuTEF-neoR pRS415-HuTEF1-neoR This study

pFA-NatMX3 NatMX3 [55] 
pJB4-HuTEF-natI pRS415-HuTEF1-natI This study

pZeoR BleMX6 [56] 
pJB5-HuTEF-Sh Ble pRS415-HuTEF1-Sh Ble This study 
pJB6-HuTEF-Sh Ble-

ATF1up/down 
pRS415-HuTEF1-Sh Ble-1000 bp 
HuATF1 upstream/downstream This study 

Table 3. Primers used in this study. 

Primer 
Number Primer Name Sequence 5   3  

Hu-Promoter Test 
1 TEF_L TTGATGGATAACTTGAAGGC
2 TEF_R TCTATATACTGTATACCTTAG
3 FBA_L GAAGATATACTAAATTTGTCCC
4 FBA_R AATGTATGTATTTGTATAATTGATATTATTATGG
5 PGK_L TGATTATGACTCTGATAGCAAC
6 PGK_R TTTTAAGATTTGTAGTAATTTAATTGTTTATATG

7 TEF forw. LacZ
CGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACG 

ACGGCCAGTGTTGATGGATAACTTGAAGGC 

8 TEF rev. LacZ 
CAATCTTTGGATCGTTTAAATAAGTTTGAATTTTT 

TCAGTCATGTTTCTATATACTGTATACCTTAG 

9 FBA forw. LacZ 
CGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACG 

ACGGCCAGTGGAAGATATACTAAATTTGTCCC 

10 FBA rev. LacZ 
CAATCTTTGGATCGTTTAAATAAGTTT-

GAATTTTTTCAGTCA TGTTAATGTATGTATTT-
GTATAATTGATAT TATTATGG 
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11 PGK forw. LacZ
CGCCAGGGTTTTCCCAGTCACGACGTTGTAAAAC 
GACGGCCAGTGTGATTATGACTCTGATAGCAAC 

12 PGK rev. LacZ 
CAATCTTTGGATCGTTTAAATAAGTTT-

GAATTTTTTCAGTC ATGTTTTTTAAGATTTGTAG-
TAATTTAATTGTTTATATG 

Construction Knock-Out Cassette hph 

13 pRS415 (ov) + TEF_L 
ATTGGGTACCGGGCCCCCCCTCGAGGTCGACGGTA 

TCGATTTGATGGATAACTTGAAGGC 

14 TEF_R+hyg (ov)
TTTTTCAACAGAAGTAGCAGTCAATTCTGGTTTTT 

TCATTCTATATACTGTATACCTTAG 

15 TEF (ov) + hyg_L 
AGCGGTATAACCATAGAAACTAAGGTATACAGTAT 

ATAGAATGAAAAAACCAGAATTGAC 

16 hyg_R + pRS415 (ov) 
GCTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAA 

CTAGTAGGACCACCTTTGATTGTAA 

17 pRS415 (ov) + ATFup_L 
ATTGGGTACCGGGCCCCCCCTCGAGGTCGACGGTA 

TCGATGTACATCTGTTTTTAATGCT 

18 ATFup_R + TEF (ov) 
AGTATGGCCATTGTTATGATGCCTTCAAGTTATCC 

ATCAACTCCGAGGTAATGTTTTTGA 

19 
Hyg (ov) + ATFdown_L 

NEW 
AGGGTGGTAATTATTACTATTTACAATCAAAGGTG 

GTCCTTCAAAATATTGTATTTTCTT 

20 
ATFdown_R + pRS415 

(ov) NEW 
CTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAAC 

TAGTGTATCCCAACAAAAGATAGAA 

21 ATFup (ov) + TEF_L 
TTAACCCCAGCAGGAATACATCAAAAACATTACCT 

CGGAGTTGATGGATAACTTGAAGGC 

22 
Hyg_R + ATFdown (ov) 

NEW 
TAAAAAGAATAAAACTTTGAAAGAAAATACAATAT 

TTTGAAGGACCACCTTTGATTGTAA 
Construction Knock-Out Cassette neoR, natI, Sh Ble 

23 TEF_R + kanMX (ov) 
CGTATAAATCAGCATCCATTCTATATACTGTATACC 

TTAGTTTCTATGGTTATACCGCTA 

24 TEF (ov) + kanMX_L 
AGCGGTATAACCATAGAAACTAAGGTATACAGTAT 

ATAGAATGGATGCTGATTTATACGG 

25 kanMX_R + pRS415 (ov) 
GCTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAA 

CTAGTTAATAAATTATTTTTATTGT 

26 
kanMX_R + ATFdown 

(ov) 
GGATCGTAAAGTCTATTAAAACTTTTAAAGTAATT 

GAACTTAATAAATTATTTTTATTGT 

27 
kanMX (ov) + AT-

Fdown_L 
TTCTTGCTTTATAAATAACAACAATAAAAATAATTT 

ATTAAGTTCAATTACTTTAAAAGT 

28 TEF_R + clo (ov) 
CCAATGTTTCAGCAACTTGTTCAGGAATAACAGAAA 

TTTTTCTATATACTGTATACCTTA 

29 clo_L + TEF (ov) 
AGCGGTATAACCATAGAAACTAAGGTATACAGTAT 

ATAGAAAAATTTCTGTTATTCCTGA 

30 TEF_R + Zeo (ov) 
GAGCAGTCAGGACTGGAACAGCAGAGGTGAGTTTA 

GCCATTCTATATACTGTATACCTTA 

31 Zeo_L + TEF (ov) 
AGCGGTATAACCATAGAAACTAAGGTATACAGTAT 

ATAGAATGGCTAAACTCACCTCTGC 

32 ATFdown_L + Zeo (ov) 
GTTTTATTATCTATTTATGCCCTTATATTCTGTAACTA 

TCTCAAAATATTGTATTTTCTT 

33 Zeo_R + ATFdown (ov) 
TAAAAAGAATAAAACTTTGAAAGAAAATACAATAT 

TTTGAGATAGTTACAGAATATAAGG 

34 Zeo_R + pRS415 (ov) 
CTGGAGCTCCACCGCGGTGGCGGCCGCTCTAGAACT 

AGTGGATAGTTACAGAATATAAGG 
Verification of Gene Deletion in H. uvarum (see Error! Reference source not found.) 

35 G1 ATF1 F ATTCCTGCGCAGTCTTAAGCTT 
36 G2 R CAAATCGCTGAAATGGGTGCT
37 G3 F CAGGTGCTGGTACTGTTGGT
38 G4 ATF1 R NEW AGAATCTTTTGACCGAGCATGA 
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39 ATF1_L TTAATTAAATGCTTACGCTTTCGGATGTTC 
40 HuATF1 R AAAGGCGCGCCTACAATATTTTGACTAAATGTTAT 
41 G5 ATFup-TEF_L CAAAAGGCAACCATTCCCCC
42 G6 ATFdown-Hyg_R CTGCCATGGCCAATATTCCA 

The transformation cassette for creating a null mutant of the ATF1 gene within the 
genome of H. uvarum is shown in Figure 2b. For selection of transformants, the hygromy-
cin-resistance gene ORF was placed under control of HuTEF1 promoter. The pRS415 vec-
tor was linearised using BamHI and HindIII. Flanking adaptor regions to control in vivo 
recombination were added to HuTEF1 and hph marker fragments using the primer set 
13/14 and 15/16. Next, BY4741 was transformed with the two PCR products and the cut 
vector. In addition, 1000 bp homology region upstream and downstream of HuATF1 gene 
was amplified from H. uvarum DSM2768 genomic DNA using primers 17/18 and 19/20, 
containing 40 bp flanking homology region to pRS415 and either HuTEF1 or hph. Flanking 
homology regions to guide in vivo recombination were added to pJB1-HuTEF-hph using 
primers 21/22. Then, BY4741 was transformed with the three PCR products and the line-
arised vector. Further knock-out cassettes with resistance genes against geneticin (neoR), 
nourseothricin (natI), and zeocin (Sh Ble) under the control of the HuTEF1 promoter were 
designed similar to the hygromycin knock-out cassette. Primers 23–34 are additional pri-
mers that were specifically used to assemble the knock-out cassettes with these three an-
tibiotic resistances. 

To transform H. uvarum DSM2768, the constructed plasmid (pJB2-HuTEF-hph-
ATF1up/down) was linearised using XhoI and XbaI. The cut plasmid was purified using 
GeneJET Gel Extraction Kit (Thermo Fisher Scientific, Waltham, MA, USA). 

4.3. Yeast Transformation 
The transformation of S. cerevisiae was done according to the lithium acetate/single 

strand DNA/polyethylene glycol 4000 protocol described by Gietz and Schiestl [57]. For 
transformation of H. uvarum DSM2768, an adaption of the protocols described by Thomp-
son et al. [58] and Bernardi et al. [43] was used. H. uvarum DSM2768 was grown overnight 
in 5 mL YPD at 30 °C. Then, the culture was transferred into 50 mL YPD and incubated at 
25 °C for 5 h. After centrifuging and washing with sterile double-distilled water, the cul-
ture was resuspended in 25 mL ice-cold 0.1 M lithium acetate/10 mM dithiothreitol/10 mM 
TE solution and incubated at room temperature for 1 h. The pellet was washed in 25 mL 
ice-cold sterile double-distilled water first, and then washed with 10 mL of ice-cold 1 M 
sorbitol. After centrifugation at 4 °C, the cells were resuspended in 100 μL of ice-cold 1 M 
sorbitol. For transformation, 100 μL of cell suspension were used per sample. An aliquot 
of 15 μL of transforming DNA or sterile distilled water as negative control, respectively, 
was mixed with the cell suspension and incubated on ice for 5 min before electroporation 
with 1.8 kV in 0.2 cm cuvettes. Cells were resuspended in 1 mL of ice-cold 1 M sorbitol 
and 300 μL YPD and transferred into a 1.5 mL reaction tube for a 3 h incubation at 30 °C. 
Shortly before the cells were plated out on selective plates (concentration of antibiotics: 
hygromycin 200–600 μg/mL, geneticin 200 μg/mL, nourseothricin 100–200 μg/mL, an-
dzeocin 50–700 μg/mL) which did not contain sorbitol, they were centrifuged, and the cell 
pellet resuspended in 1 mL of YPD. 

4.4. Verification of Yeast Transformants 
Yeast transformants were picked, re-streaked on selection plates, and inoculated in 5 

mL YPD including 200 μg/mL hygromycin. Genomic DNA was isolated from these cells 
by suspending a colony in a 100 μL solution of 200 mM lithium acetate and 1% sodium 
dodecyl sulphate and incubating in a 70 °C heat block, for three minutes. Thereafter, 300 
μL of cooled 100% ethanol was added and centrifuged for 3 min at 13.000 min 1. The su-
pernatant was discarded, then, 400 μL of cooled 70% ethanol was added and centrifuged 
again with the same settings. The supernatant was discarded, and the pellet was left to 
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dry. Afterwards, the pellet was resuspended in 50 μL of TE buffer. For verification of 
transformation, G-primers were constructed (Figure 2b), targeting ~20 bp located within 
the transformation cassette (primers 36/37) and ~20 bp located within the genome of H. 
uvarum DSM2768 (primers 35/38). The resulting PCR product included either the 1000 bp 
HuATF1 upstream or downstream region, respectively (primer sets used, 35/36 and 37/38). 

4.5. Fermentations 
In this study, pasteurised Müller-Thurgau grape must, harvested in 2019 from a vine-

yard of the Hochschule Geisenheim University in the Rheingau wine region of Germany, 
was used. The total sugar content was 180.9 g/L, of which 87.0 g/L was glucose and 93.3 
g/L was fructose. The primary amino acid content of the must was analysed using the 
NOPA (nitrogen by o-phthaldialdehyde) assay and it amounted to 19.73 mg/L. The free 
ammonium level was 8.17 mg/L, as determined using a Rapid Ammonium kit from 
Megazyme (Bray, Ireland). 

Fermentations with pasteurised Müller-Thurgau grape must using H. uvarum 
DSM2768, as well as the transformants H. uvarum DSM2768 (WT/ )/( / ) generated 
within this study, were performed. Precultures of all yeast strains were prepared in shake 
flasks with YPD and incubated overnight at 30 °C. The next day, the must was inoculated 
with approximately 1 × 106 cells/mL (as determined via hemocytometer). Fermentations 
were carried out in triplicate, utilising 250 mL fermentation flasks closed with aluminium 
foil. The fermentation temperature was 17 °C and flasks were shaken at 120 min 1 and 
fermentation was stopped after 3 days. Samples for high performance liquid chromatog-
raphy (HPLC) analysis and volatile compound analysis (VCA) were taken and directly 
measured analytically. In addition, the bio-dry mass was determined. 

4.6. High Performance Liquid Chromatography (HPLC) Analysis 
The final concentrations of the major organic acids, sugars, and ethanol were deter-

mined by HPLC, using a method according to Schneider et al. [59] and modified as de-
scribed in [60]. An HPLC Agilent Technologies Series 1100, equipped with a binary pump, 
an autosampler, a multi-wavelength detector (MWD), and a refractive index detector 
(RID, Agilent Technologies, Steinheim, Germany) was employed. A column with a length 
of 250 mm, an inside diameter of 4.6 mm, and a particle size of 5 μm was used for the 
measurements (Allure Organic Acids Column, Restek, Bad Homburg v. d. Höhe, Ger-
many). The MWD was set at a wavelength of 210 nm for the detection of organic acids 
and the RID was used for the detection of carbohydrates, organic acids, and ethanol. The 
eluent used was double distilled water with 0.5% ethanol and 0.0139% concentrated sul-
furic acid. The flow rate was 0.6 mL/min at a temperature of 46 °C. 

4.7. Volatile Compound Analysis 
To analyse volatile compounds, headspace-solid phase microextraction gas chroma-

tography mass spectrometry (HS-SPME-GC-MS) analysis was applied according to 
Câmara et al. [61]. An amount of 5 mL of each sample was needed to measure the quantity 
of different aroma compounds. A GC 7890 A, equipped with a MS 5975 B (both Agilent, 
Santa Clara, CA, USA), and MPS robotic autosampler and CIS 4 (both Gerstel, Mülheim 
an der Ruhr, Germany), was used. Before the addition of 5 mL of wine sample and 10 μL 
of internal standard each (concentration of stock solution standards, 600 mg/L 1-octanol 
and 52 mg/L cumene), 1.7 g NaCl were weighed into a 20 mL headspace vial. Solid phase 
microextraction was carried out using a 65 μm polydimethylsiloxane and divinylbenzol 
fiber (Supelco, Merck, Darmstadt, Germany). Aroma compound separation was per-
formed with a 60 m × 0.25 mm × 1 μm gas chromatography column (Rxi®-5Si1 MS w/5m 
Integra-guard, Restek, Bad Homburg v. d. Höhe, Germany) with helium as carrier gas. 
The sample was injected in split mode (1:10, initial temperature 30 °C, rate 12 °C/s to 240 
°C, hold for 4 min). The gas chromatography (GC) run started with an initial temperature 
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of 40 °C for 4 min, raised to 210 °C (5 °C/min), and then raised to 240 °C (20 °C/min) and 
held for 10.5 min. Mass spectral data were acquired in a range of mass to charge ratio 
(m/z) of 35 to 250 and used to derive concentration values. A 5-point calibration curve was 
used for each volatile compound within a wine model solution of 10% ethanol with 3% 
tartaric acid pH 3, as described previously [62]. 

4.8. Data Analysis 
The HPLC data were analysed using the software ChemStation for LC systems from 

Agilent (Agilent, Santa Clara, CA, USA). The HS-SPME-GC-MS data analyses were car-
ried out using Agilent’s MassHunter software (Agilent, Santa Clara, CA, USA). 

The graphics were created with GraphPad Prism 5 (Graph Pad Software, La Jolla, 
CA, USA) and statistical analyses were employed in the form of a one-way analysis of 
variance (ANOVA) in combination with Bonferroni´s multiple comparison test. For sta-
tistical analysis, all fermentations were done in triplicate and the values for the metabo-
lites are the means of these triplicates. 

Supplementary Materials: The following are available online at www.mdpi.com/1422-
0067/22/4/1943/s1, Figure S1: Alignment of the amino acid sequence HuAtf1 with the two Atfs of 
Saccharomyces cerevisiae. The conserved WRLICLP motif as well as the HXXXDG active site are 
shown in boxes, Figure S2: Acetate esters, ethyl esters, and acetic acid produced after three days of 
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Figure S1. Alignment of the amino acid sequence HuAtf1 with the two Atfs of Saccharomyces cerevisiae. 
The conserved WRLICLP motif as well as the HXXXDG active site are shown in boxes. 
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Figure S2. Acetate esters, ethyl esters and acetic acid produced after three days of fermentation of 
Müller-Thurgau must with Hanseniaspora uvarum DSM2768 for comparison (DSM2768 Ctrl.); DSM2768 
#34 (WT/Δ); DSM2768 #40 (Δ/Δ) and DSM2768 #46 (Δ/Δ). Pure must without the addition of yeasts served 
as a negative control (Must Ctrl.). The measured acetate esters are: (a) ethyl acetate [mg/L]; (b) isoamyl 
acetate [μg/L]; (c) 2-methylbutyl acetate [μg/L]; (d) hexyl acetate [μg/L]; (e) 2-phenylethyl acetate [μg/L]; 
(f) ethyl propionate [μg/L], (g) ethyl butyrate [μg/L] and (h) acetic acid [g/L]. Acetate ester production
was measured via HS-SPME-GC-MS analysis. Data are the mean of three independent experiments ±
SEM, 1-way ANOVA, Bonferroni´s multiple comparison test, *p <0.05, **p <0.01, ***p <0.001, ****p
<0.0001. Error bar indicate the standard deviation.
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Figure S3. Amounts of fatty acid and alcohols detected after three days of fermentation of Müller-
Thurgau must with Hanseniaspora uvarum DSM2768 for comparison (DSM2768 Ctrl.); DSM2768 #34 
(WT/Δ); DSM2768 #40 (Δ/Δ) and DSM2768 #46 (Δ/Δ). Pure must without the addition of yeasts served 
as a negative control (Must Ctrl.). The measured fatty acid and alcohols are: (a) hexanoic acid [mg/L]; (b) 
isobutanol [mg/L]; (c) isoamyl alcohol [mg/L]; (d) 2-methyl-1-butanol [mg/L]; (e) hexanol [μg/L] and (f) 
2-phenyl ethanol [mg/L]. The amounts of fatty acid and alcohols were measured via HS-SPME-GC-MS
analysis. Data are the mean of three independent experiments ± SEM, 1-way ANOVA, Bonferroni´s
multiple comparison test, *p <0.05, **p <0.01, ****p <0.0001. Error bar indicate the standard deviation.
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One sentence summary:   This article describes a PCR-based gene targeting approach with two 
marker genes as tools for directed gene manipulations in the apiculate yeast Hanseniaspora uvarum. 
 
 
 
ABSTRACT 
Lack of gene-function analyses tools limits studying the biology of Hanseniaspora uvarum, one 
of the most abundant yeasts on grapes and in must. We investigated a rapid PCR-based gene 
targeting approach for one-step gene replacement in this diploid yeast. To this end, we 
generated and validated two novel synthetic antibiotic resistance genes, pFA-hygXL and pFA-
clnXL, providing resistance against hygromycin and nourseothricin, respectively, for use with 
H. uvarum. Addition of short flanking-  bp to these selection markers 
via PCR was sufficient to promote gene targeting. We report here the deletion of the H. uvarum 
LEU2 and LYS2 genes with these novel marker genes via two rounds of consecutive 
transformations, each resulting in the generation of auxotrophic strains (leu2/leu2; lys2/lys2). 
The hereby constructed leucine auxotrophic leu2/leu2 strain was subsequently complemented 
in a targeted manner, thereby further validating this approach. PCR-based gene targeting in 
H. uvarum was less efficient than in Saccharomyces cerevisiae. However, this approach 
combined with the availability of two marker genes, provides essential tools for directed gene 
manipulations in H. uvarum. 
 
Keywords: functional analysis, gene replacement, LEU2, LYS2, Hanseniaspora uvarum, 
homologous recombination, short-flanking homology region, yeast 
 
 

Introduction 
Hanseniaspora uvarum is an apiculate yeast that is frequently found on ripe fruits (Drumonde-

Neves et al. 2021; Fleet 2003). It is also one of the most abundant yeast species present at 

the onset of grape must fermentations. Therefore, it has an influential role in shaping the final 

wine product as it prevails in the early stages of fermentation, competes for nutrients with 



 
 

Saccharomyces wine yeasts, and produces several aroma-active compounds, especially 

acetate esters (van Wyk et al. 2023). The population of Hanseniaspora declines during a 

fermentation due to a number of factors including being sensitive to the killer factor of 

Saccharomyces (Wang et al. 2015). H. uvarum is known for its production of high amounts of 

acetic acid and ethyl acetate and was therefore considered a spoilage yeast for a long time. 

However, the deliberate use of H. uvarum in mixed-culture fermentations has shown to provide 

several benefits to the final fermented beverages, not just in grape-derived wines (Tristezza et 

al. 2016), but also in tequila (González-Robles et al. 2015), orange  and  apple 

fermentations (Rodríguez Madrera et al. 2013). Moreover, H. uvarum-based biotechnological 

applications are increasing, e.g. its use in the development of fly traps (Bueno et al. 2020), for 

the removal of nitrogen from wastewater systems  and as a biocontrol agent 

against fungal phytopathogens (Long et al. 2007). 

In-depth genomic analysis of members of the genus Hanseniaspora have revealed interesting 

features on its genomic composition, most noteworthy are the absence of several genes 

involved in the cell cycle and genome integrity, especially within the so-called ‘fast-evolving 

clade’ of which H. uvarum is a member (Steenwyk et al. 2019). 

Recently, genome modifying tools have been developed for H. uvarum whereby a synthetic 

marker based on the hygromycin resistance gene transcriptionally driven by a native 

H. uvarum promoter was used to disrupt a putative alcohol acetyltransferase (ATF) gene in 

H. uvarum. The resulting strain produced significantly lower levels of acetate esters indicating 

that this enzyme provided the major transferase activity. Homologous recombination was 

achieved by flanking the marker gene with ~1 000 bp of target homology regions (Badura et al. 

2021). However, due to H. uvarum being a diploid yeast without a known sexual cycle, further 

development of tools for gene-function analyses are required (Saubin et al. 2020). 

In several ascomycetous yeasts and filamentous fungi PCR-based gene targeting methods 

have been developed 

al. 2000). The advantage of such methods is the rapid generation of specific disruption 

cassettes by PCR. To these cassettes short-flanking homology regions are introduced via 

PCR-primers instead of cloning or synthesizing cassettes bearing long-flanks (Walther and 

. The size of the flanking homology regions is species dependent and varies 

between species. For example, while 35-40 bp flanks are sufficient for PCR-based gene 

targeting of S. cerevisiae, 100 bp flanks are required for Candida albicans (Gola et al. 2003; 

Wendland 2003). Particularly, in the diploid human fungal pathogen C. albicans, the generation 

of marker modules that allowed the amplification of different markers with the same set of 

primers allows the targeting of both alleles in sequential rounds of transformations (Gerami-

Nejad et al. 2004; Schaub et al. 2006).  



 
 

Here, we present evidence that short-flanking homology regions introduced by PCR to the 

hygromycin resistance gene, pFA-hygXL, were sufficient to achieve gene-targeting in 

H. uvarum. To promote gene-function studies in this diploid yeast, we established a second 

marker gene, pFA-clnXL, providing resistance to the antibiotic nourseothricin. PCR-based 

gene targeting was validated by deletion of both the H. uvarum LEU2 and LYS2 genes, 

generating a leucine auxotrophic leu2/leu2 mutant and a lysine auxotrophic lys2/lys2 mutant, 

respectively. Furthermore, we complemented the leu2/leu2 mutant by reintegration of the 

HuLEU2 ORF at the LEU2 locus replacing either of the selectable marker gene ORFs in a 

targeted manner. 
 
Materials and Methods: 
Yeast Strains and Culture Conditions 
Yeasts strains used and generated in this study (Table 1) were cultured in YPD (10 g/L yeast 

extract, 20 g/L Bacto peptone and 20 g/L glucose) at 25 °C (H. uvarum) or 30 °C 

(S. cerevisiae), respectively. 2x-CSM-Leu (5 g/L ammonium sulphate, 3.4 g/L yeast nitrogen 

base, 1. -out-Leu and 20 g/L glucose) was used for selection of 

complemented leu2 strains and for the identification of leucine auxotrophic strains. 2x-CSM-

Lys medium (5 g/L ammonium sulphate, 3.4 g/L yeast nitrogen base, 3.9 g/L single drop-out-

Lys and 20 g/L glucose) was used for the identification of lysine auxotrophic strains.  

Table 1. Yeast strains used and generated in this study. 

Strain Feature/Genotype Source 
BY4741 Saccharomyces cerevisiae  , , 

,  
Euroscarf, Oberursel, 

Germany 

 Hanseniaspora uvarum wildtype (Langenberg et al. 
2017) 

G373 Hanseniaspora uvarum LEU2/leu2:: hygXL This study, derivative 
 

G374/G375 Hanseniaspora uvarum leu2:: clnXL/leu2:: hygXL This study, derivative 
of G373 

G376 Hanseniaspora uvarum leu2:: clnXL/leu2:: hygXL, 
LEU2 

This study, derivative 
of G375 

G377 Hanseniaspora uvarum LEU2/leu2:: clnXL This study, derivative 
of G375 

 Hanseniaspora uvarum -LEU2/leu2:: hygXL This study, derivative 
of G375 

G379 Hanseniaspora uvarum -LEU2/leu2:: clnXL This study, derivative 
of G375 

G422 Hanseniaspora uvarum LYS2/lys2:: hygXL This study, derivative 
 

G423/G424/G425 Hanseniaspora uvarum lys2:: clnXL/lys2:: hygXL This study, derivative 
of G422 

 

By adding 20 g/L agar, solid media plates were prepared. YPD plates, were supplemented 

with antibiotics (200 μg/mL hygromycin B or 50 μg/mL nourseothricin/clonNat) for selection of 



 
 

transformants. Escherichia coli DH5 , cultured in 2xYT (16 g/L tryptone, 10 g/L yeast extract 

and 5 g/L NaCl) supplemented with 100 μg/mL ampicillin, was used for plasmid propagation. 

Plasmid and primer design 
Plasmids used and generated in this study are shown in Table 2. Primers used for plasmid 

constructions and PCR-based gene targeting are listed in Table 3. Plasmids were assembled 

in S. cerevisiae BY4741 using yeast assembly (Kuijpers et al. 2013). Plasmid DNA 

amplification was carried out in E. coli and was obtained by Plasmid Midi Purification Kit 

(Promega, Madison, WI, USA). H. uvarum DNA sequences were retrieved from the genomes 

which are both publicly available. S. cerevisiae homologs, e.g. LEU2 -

isopropylmalate dehydrogenase (IMDH), LYS2 -aminoadipate reductase 

and the promoter region of  encoding the translation elongation factor EF- , were 

identified in H. uvarum by using BLAST functions at NCBI. An error in a previously designed, 

yet functional, transformation cassette providing resistance of H. uvarum transformants to 

hygromycin was corrected in this study by exchanging the inadvertently used  

promoter with the correct  promoter. Therefore, we named the new selection marker 

containing the hph ORF under control of the  promoter hygXL. The hygXL selection 

marker (Figure 1A) was inserted into the pRS415 vector (cut with BamHI and HindIII) via yeast 

assembly using primers 1-4 (primer sets 1/2 (S1-pRS415- /3´- -hph), 3/4 (5´-

hph- /S2-pRS415-hph), Table 3), generating PCR products of the  promoter 

and the hygromycin ORF with primer overhangs homologous to the vector and the second 

PCR product, respectively.  

Table 2. Plasmids utilized and generated in this study. 

Plasmid Feature/Genotype Source 
pRS415 bla, LEU2  
pGEM-T pGEM-T Easy Vector System Promega (Madison, WI, USA) 
pRS415-YES2 pRS415-YES2 (Chee and Haase 2012; Kayacan et al. 

2019) 
pRS415-YES3 pRS415-YES3 (Schaub et al. 2006; Kayacan et al. 

2019) 
pFA-hygXL pRS415, hygXL  This study 
pGEM-T-pFA-hygXL hygXL  This study 
pFA-clnXL pRS415, clnXL This study 

 

  



 
 

Table 3. Primers utilized for complete HuLYS2 ORF and HuLEU2 ORF deletion and complementation of HuLEU2 
ORF. 

Primer 

Number 

Primer 

Name 
a 

Plasmid design and construction 

1 
S1-pRS415-

 
ttgggtaccgggccccccctcgaggtcgacggtatcgataCAACCAGGCGCTATAGCACG 

2 
3´- -

hph 
atttttcaacagaagtagcagtcaattctggttttttcatTTTTTTATAATTATTGTTAA 

3 
5´-hph-

 
gaataagtaaaaaccagtcattaacaataattataaaaaaATGAAAAAACCAGAATTGAC 

4 
S2-pRS415-

hph 
ctggagctccaccgcggtggcggccgctctagaactagtgAGGACCACCTTTGATTGTAA 

5 5´-hygXL gaagcttcgtacgctgcaggtcTCTAGATTAAAAACACTTACATGC 

6 3´-hygXL ctcgagtctgatatcatcgatgaattcgagctcGACCACCTTTGATTGTAAATAG 

7 
S1-pRS415-

 

tgtaaaacgacggccagtgagcgcgcgtaatacgactcactataggaagcttcgtacgct 

gcaggtcTCTAGATTAAAAACACTTACATGCAG 

 
S2- -

natI 

aacaagacaaaagtcagataacaagtgaacttgcgtccaagcagtaatacataccatTTT 

TTTATAATTATTGTTAATGACTGG 

Gene deletion and complementation 

9 S1-HuLEU2 
cacttaataaaatatagataatgaaatggaaataacaccatacactatattaataatata 

tacaaataaaaaGAAGCTTCGTACGCTGCAGGTC 

10 S2-HuLEU2 
caatgaagttgtttatatagtacctccattttatttttttattcttaacaaatattaagt 

ccatcacataaagcatagagTCTGATATCATCGATGAATTCGAG 

11 S1-HuLYS2 
aaatattaaataaggaagaagatatagaaatacaaataatagtaacaaaacaataaccag 

taacaaaacaattagatacaGAAGCTTCGTACGCTGCAGGTC 

12 S2-HuLYS2 
tattcattttaaaaataataataataaagctatatatgcactcaaaatgaaacaatttat 

ttattaattttttttaaattTCTGATATCATCGATGAATTCGAG 

13 
S1-HuLEU2-

p 

gaattatattattgattactaaagaataagtaaaaaccagtcattaacaataattataaa 

aaaATGTCTACTACAAAGAAAATAAC 

14 
S2-HuLEU2-

CaURA3t 

cttatttatttatttattatacatatatacaaatctaataaagtgaaaatctccccTTAT 

AAGTACTTTTTGACTG 

Verification 
15 I1-HuLEU2 GGTGCTGCTATTGATGCCACC 

16 I2-HuLEU2 CTTGAGCAACACCACTACC 

17 G1-HuLEU2 GTCTCCTGTATCGGCGAACTTC 

 G4-HuLEU2 ACTTCTGCCTCCTTGGAACC 

19 5´-HuLEU2 ATGTCTACTACAAAGAAAATAAC 

20 3´-HuLEU2 TTATAAGTACTTTTTGACTGC 



 
 

21 G1-HuLYS2 GAACTCTCGCCTATTTTCGCCG 

22 G4-HuLYS2 GCACAAAAAGATGGTGGACG 

23 G2- p CAGCTGTCATTTCTCTGACCG 

24 G3-hph CCATCTACTAGACCAAGAGC 

25 G3-natI GGTGGTATTGATTTGTTTAC 

26 I1-HuLYS2 GTGCCACCTCCAAGATTCCA 

27 I2-HuLYS2 AGTCAATGCTGTCCCAGTGG 
a Primer sequences with homology to a target locus are written in lower case. 
 

Flanking S1-/S2-annealing regions were added using primer set 5/6 (5´-hygXL/3´-hygXL) and 

the PCR product was ligated in pGEM-T Easy (Promega, Madison, WI, USA). The pFA-clnXL 

selection marker was generated by exchange of the Saccharomycopsis schoenii  

promoter of pRS415-YES3 with the promoter of the  gene. To this end, pRS415-YES3 

was linearized with Pstl to release the  promoter. The  promoter was 

-pRS415- /S2- -natI) and 

assembled upstream of the nourseothricin resistance gene ORF via GAP-repair, generating 

pFA-clnXL. All primers were purchased from Sigma-Aldrich (Steinheim, Germany) and 

restriction enzymes were purchased from Thermo Fisher Scientific (Waltham, MA, USA). All 

restriction digests and PCR products were analysed by gel electrophoretic separation on 1% 

agarose gels stained with GelRed (Genaxxon Bioscience, Ulm, Germany). The size of PCR 

products was determined by comparing samples along with GenLadder 1 kb (ready-to-use) 

DNA marker (Genaxxon, Ulm, Germany). Sequencing of newly created plasmids or of 

verification PCR-products was done by Starseq (Mainz, Germany). 



Figure 1. Design and assembly of the selection markers hygXL and clnXL. (A) Plasmids pRS415 or pRS415-YES3
were linerarized with BamHI and HindIII or PstI, respectively. Linearized pRS415-YES3 was co-transformed with a 
PCR-product of the promoter that carried terminal homology regions of 67 or 57 bp to the vector as 

-pRS415- /S2- -natI)), generating a promoter exchange of 
Saccharomycopsis schoenii promoter with the promoter. Linearized pRS415 was co-transformed 
with PCR-products of the promoter and hph-CaURA3 terminator carrying terminal homology regions of 40 
bp to the vector and to each other (primer sets 1/2 (S1-pRS415- /3´- -hph) and 3/4 (5´-hph-

/S2-pRS415-hph)). (B) Then, hygXL was amplified with primers adding the S1 and S2 primer annealing 
regions (primer set 5/6 (5´-hygXL/3´-hygXL)) and ligated into pGEM-T Easy. (B,C) This generated functional 
analysis plasmids pFA-hygXL and pFA-clnXL.

Cassette amplification for transformation experiments
Specific disruption cassettes of hygXL and clnXL used in sequential transformations of 

H. uvarum to delete both alleles of its LEU2 gene were generated by PCR with primer set 9/10

(S1-HuLEU2/S2-HuLEU2), while primer set 11/12 (S1-HuLYS2/S2-HuLYS2) was used to 

generate LYS2 deletion cassettes in a similar manner. For transformation of H. uvarum 120 μL 

of PCR products were generated, precipitated and resuspended in 30 μL of H2O, with a DNA 

concentration of ~350 ng/μL, and used to transform 100 μL of a yeast cell suspension.

H. uvarum LEU2 fragments used for complementation were amplified directly from genomic 

DNA of H. uvarum. For complementation of a H. uvarum leu2/leu2 strain two different PCR 

products were generated. One contained the HuLEU2 ORF flanked by 239 bp and 376 bp of 

direct upstream and downstream homology regions, respectively, derived from the 

endogenous LEU2 promoter and terminator (primer set 17/ , G1-HuLEU2/G4-HuLEU2,

Figure 5A). The other consisted of the HuLEU2 ORF amplified with primer set 13/14 (S1-



 
 

HuLEU2- p/S2-HuLEU2-CaURA3t). This PCR-product allowed targeting of the 

HuLEU2 ORF into either hygXL or clnXL at the LEU2 locus thereby replacing either one of the 

resistance gene ORFs (Figure 5B). 

Yeast transformation and verification 
S. cerevisiae was transformed using the lithium acetate/single strand DNA/polyethylene glycol 

4 000 protocol according to Gietz and Schiestl (2007). H. uvarum was transformed by 

electroporation as described previously (Badura et al. 2021). For transformation, a culture with 

an O.D. value of 0.7 (diluted culture 1:10) was used for the preparation of electrocompetent 

cells, from which ~1x1012 cells per sample were used for electroporation. Electroporation was 

performed using Eporator® (4309FH901694) from Eppendorf SE (Hamburg, Germany) set at 

1.  kV with an actual discharge time ranging between 5.4-5.9 ms using 0.2 cm cuvettes. When 

selecting transformants for antibiotic resistance cells were incubated at 30 °C for 3 h after 

transformation to allow for the expression of the resistance gene prior to plating on selective 

media. For complementation of leu2, this adaptation step was not required. After two - four 

days of incubation, yeast transformants were picked, re-streaked on selection plates and 

inoculated in 5 mL liquid selective media. DNA was isolated from these transformants and 

used for diagnostic PCR using appropriate primer sets (LEU2 deletion: 15/16 (I1-HuLEU2/I2-

HuLEU2), 17/  (G1-HuLEU2/G4-HuLEU2), 19/20 (5´-HuLEU2/3´-HuLEU2), 9/20 (S1-

HuLEU2/3´-HuLEU2) and 19/10 (5´-HuLEU2/S2-HuLEU2); LYS2 deletion: 21/23 (G1-

HuLYS2/G2- p), 24/22 (G3-hph/G4-HuLYS2), 25/22 (G3-natI/G4-HuLYS2) and 26/27 

(I1-HuLYS2/I2-HuLYS2)). Relevant PCR products as well as newly generated plasmid 

constructs were verified by sequencing. Diagnostic PCRs with a PCR product size of less than 

600 bp were obtained by colony PCR. To this end, a small amount of cell material was picked 

from a transformant colony, dissolved in 50 μL of distilled water and 5 μL thereof were used in 

50 μl PCR reactions. Purified genomic DNA from transformants was used as a template in 

diagnostic PCRs to obtain verification bands larger than 600 bp. For DNA isolation, 1.5 mL of 

the culture were pelleted and resuspended in 700 μL of STE buffer (1 M sorbitol; 50 mM Tris 

pH 7- ; 100 mM EDTA; 50 μg/mL RNAse) with the addition of 50 μL of zymolase (10 mg/mL), 

vortexed and incubated at 37 °C for 45 min. Then, 50 μL of 10% SDS was added for cell lysis 

and after mixing and incubation at room temperature for 5 min, 300 μl of neutralization buffer 

(294.42 g/L potassium acetate, 11.5% glacial acetic acid) was added. The samples were 

incubated on ice for 5 min and then centrifuged for 10 min at 13 000 min-1. DNA was 

precipitated by adding 1 ml of isopropanol to the supernatant and centrifugation for 25 min at 

13 000 min-1. The DNA pellet was washed with 70% ethanol, dried and resuspended in 100 μL 

H2O.PicoTM Microcentrifuge 17 (75002410) from Thermo Fisher Scientific (Waltham, MA, USA) 

was used for centrifugation steps. 



 
 

Results: 
Design and Testing of Selection Markers 
Use of PCR-based gene targeting techniques for diploid yeasts requires sequential 

transformation and the use of two selection markers. To be able to target two alleles of a single 

gene with only one primer set we generated marker gene modules consisting of the  

promoter and the C. albicans URA3 terminator controlling the expression of the selection 

marker gene open reading frames mediating resistance to the antibiotics hygromycin and 

nourseothricin (Figure 1). Due to the heterologous function of HuTEF  promoter in S. 

cerevisiae we could directly verify the functionality of pFA-hygXL and pFA-clnXL by selecting 

S. cerevisiae transformants that had correctly assembled these marker genes.  

We had previously established protocols for using hygromycin selection in H. uvarum (Badura 

et al. 2021). However, at that time our attempts to engage clonNAT as an antibiotic against H. 

uvarum failed. Upon re-evaluation of our selection scheme we found that H. uvarum is sensitive 

to clonNAT at concentrations of 50 μg/mL. This promoted the construction of clnXL, a new 

selection marker providing resistance against clonNAT in H. uvarum. Previously, we achieved 

gene targeting in H. uvarum with flanking homology regions of ~1 000 bp. Here, we wanted to 

determine whether shorter homology regions were also sufficient for gene targeting. We chose 

the H. uvarum LEU2 and LYS2 genes as targets to investigate PCR-based gene targeting 

approaches. Homozygous deletion of LEU2 and LYS2 will yield auxotrophic strains requiring 

either leucine or lysine for growth, respectively, which can be easily detected using minimal 

media. 

Disruption of HuLEU2 and HuLYS2 by PCR-based gene targeting 
Two rounds of transformations were used to delete both alleles of the target genes as shown 

in Figure 2. For transformation we conducted a lithium acetate sensitizing step prior to 

electroporation as described previously (Badura et al. 2021). The disruption cassettes 

generated by PCR carried 5’- and 3’-

respectively. These were derived from promoter and terminator regions directly upstream and 

downstream of either the LEU2-ORF or the LYS2-ORF to result in complete ORF deletions at 

the target loci. The first rounds of transformation of H. uvarum were performed with the hygXL 

marker and the second rounds with the clnXL marker.  



Figure 2. Schematic drawing of the sequential disruption of HuLEU2 by PCR-based gene targeting. H. uvarum
wildtype (WT) was transformed with disruption cassettes amplified from pFA-hygXL and pFA-clnXL with primers 
S1-HuLEU2 and S2-HuLEU2 (9/10, Table 3). Homologous recombination resulted in the integration of the disruption 
cassettes and replacement of the LEU2 ORF. After the first round of transformation this generated strain G373 
(LEU2/leu2::hygXL). In the second round of transformation, strains G374 and G375 (leu2::hygXL/leu2::clnXL) were 
generated.

Upon transformation of H. uvarum to delete LEU2 primary transformants were re-streaked 

on new selection plates of which eight strains failed to grow. Genomic DNA was isolated from 

24 randomly picked colonies grown in liquid selective medium and correct integration at the 

LEU2 locus was investigated by diagnostic PCR (G1-HuLEU2/G4-HuLEU2, ,

see Figure 2). All of these 24 transformants generated G1-G4 verification bands indicative of 

the presence of a wildtype LEU2 kb band lane 1 in Figure 3) as can be expected for 

(at best) heterozygous mutants. Surprisingly, all of these transformants also showed the

successful integration of hygXL at a LEU2 locus (diagnostic band of 2.6 kb band; compare 

lanes 1 and 2 in Figure 3). Sequence analysis of the PCR-product of the upper (2.6 kb) band 

indicated correct integration of hygXL at LEU2 (not shown).



Figure 3. Verification of Transformants via PCR amplification -HuLEU2/G4-HuLEU2). 
Agarose gel, stained with GelRed, showing PCR amplification of wildtype (WT), single knock-out 
(LEU2/leu2::hygXL -out (leu2::clnXL/leu2::hygXL LEU2 complementation by 
reintegration at the clnXL locus using PCR amplified G1/G4 HuLEU2 (LEU2/leu2::hygXL LEU2
complementation by reintegration at the hygXL locus using PCR amplified G1/G4 HuLEU2 (LEU2/leu2::clnXL; 

LEU2), ~2.2 kb (leu2::clnXL) and ~2.6 kb (leu2::hygXL). 
M indicates the GenLadder 1kb (ready-to-use) DNA marker.

In the next step, one of these heterozygous LEU2/leu2 deletion mutants was selected for the 

second-round transformation with the PCR-amplified clnXL marker. This transformation was 

carried out in the same manner as before; however, transformants were selected on double-

selective medium, i.e. on plates containing both hygromycin and nourseothricin. Three-

hundred primary transformants were obtained, all of which grew upon re-streaking onto 

double-selective plates. Two of these strains showed no growth on minimal medium plates

lacking leucine. Diagnostic-PCR verified correct integration of the second marker, presence of 

both markers and deletion of the LEU2 gene. In these transformants the LEU2 wildtype band 

kb had disappeared and next to the 2.6 kb band for the hygXL integration a 2.2 kb band 

appeared instead that was indicative of clnXL integration at LEU2 (Figure 3).

Growth phenotypes of these strains demonstrated that the leu2/leu2 genotype verified by PCR

indeed also resulted in leucine auxotrophy as expected (Figure 4).
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Figure 4. Complete LEU2 ORF deletion by PCR-based gene targeting in H. uvarum. H. uvarum
(LEU2/leu2::hygXL leu2::hygXL/leu2::clnXL; G374 and G375) were streaked out on 
plates containing (A) YPD, (B) YPD supplemented with 200 μg/mL of hygromycin, (C) YPD supplemented with 50 
μg/mL of nourseothricin and (D) CSM-Leu medium.

Deletion of the LYS2 gene was performed in an analogous manner (see Figure S1). Disruption 

the target gene. First, H. uvarum was transformed using the hygXL marker and primary 

transformants were obtained. These were tested by colony PCR using primer sets 21/23 (G1-

HuLYS2/G2- p) and 24/22 (G3-hph/G4-HuLYS2). Eight of these transformants showed 

successful integration of hygXL into one of the LYS2 alleles by amplifying a G1/G2 band of 

393 bp and a G3/G4 band of 466 bp indicating correct targeting (see Figure S2 for one of 

those). One of these LYS2/lys2 heterozygous mutants (G422) was selected for transformation 

with the clnXL marker. This generated 112 primary transformants, which were tested for 

insertion of clnXL into the second LYS2 allele. Out of these, six transformants showed 

disruption of the second LYS2 allele and lysine auxotrophy (see Figure S3).

Complementation of the Hanseniaspora uvarum leu2 mutant strain
We next set out to use the H. uvarum leu2 mutant in complementation experiments. The 

simplest approach was to transform the mutant strain with a DNA-fragment containing the 

complete LEU2 gene. Integration of LEU2 in any non-essential position in the genome and 
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expression of the gene will revert the mutant phenotype back to wildtype. This can conveniently 

be achieved due to the high percentage of ectopic integration in H. uvarum. To test this, we 

amplified a LEU2 fragment from H. uvarum genomic DNA using the G1-HuLEU2/G4-HuLEU2

primer pair (primer set 17/ ). Here, the LEU2-ORF was flanked by 239 bp upstream and 376 

bp downstream sequences. From this experiment we expected three potential outcomes 

(Figure 5A): (i) ectopic integration outside of the LEU2 loci; (ii) homologous recombination 

resulting in the removal of the hygXL marker or (iii) homologous recombination and marker 

exchange of the clnXL marker. 

Figure 5.  Schematic drawing of the complementation of H. uvarum leu2 mutant via PCR-based gene targeting and 
diagnostic verification of HuTEFp-LEU2. (A) Complementation of the leu2 mutant using PCR products generated 
with G1-HuLEU2/G4-HuLEU2
(generating strain leu2::hygXL/leu2::clnXL, LEU2; G376) or targeted integration and removal of hygXL (generating 
strain LEU2/leu2::clnXL; G377) or clnXL (generating strain LEU2/leu2::hygXL; G373), respectively. (B) 
Complementation of the leu2 mutant using PCR products of the HuLEU2 ORF with short-flanking homology regions 
to the selection markers (primer set 13/14 (S1-HuLEU2- p/S2-HuLEU2-CaURA3t)) resulting either in 
ectopic integration (generating strain leu2::hygXL/leu2::clnXL, LEU2) or targeted integration and exchange of the 
hph ORF (generating strain -LEU2/leu2::clnXL; G379) or natI ORF (generating strain -
LEU2/leu2::hygXL C) Agarose gel, stained with GelRed, showing PCR amplification products using primer 
set 9/20 (S1-HuLEU2/3´-HuLEU2) on DNA of the wildtype (WT), G375 (leu2::clnXL/leu2::hygXL 379 
( -LEU2/leu2::clnXL -LEU2/leu2::hygXL
the size of ~2.0 kb ( -LEU2). M indicates the GenLadder 1kb (ready-to-use) DNA marker.

During this experiment we observed poor growth of H. uvarum on minimal medium plates. As 

the minimal medium mixtures are optimized for growth of S. cerevisiae some of the nutrients 

could be present in insufficient quantities for H. uvarum and thus yield only poor growth of this 
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yeast. We, therefore, increased the minimal medium mixture by doubling both the amounts of 

YNB and CSM-Leu to provide additional nutrients (except leucine). With this alteration, 

H. uvarum transformants showed good growth after two days of incubation at 25 °C.  

Transformation with the longer flanking homology regions of this PCR-product did not result in 

increased gene targeting efficiencies. Out of 300 Leu+ transformants, 276 showed ectopic 

integration and only 24 transformants had integrated the transforming DNA at the endogenous 

LEU2 locus. Ectopic integration was evident as these strains still contained both antibiotic 

resistance marker genes (our unpublished results). In contrast, correct gene targeting led to 

the replacement of one of the two selection markers. Thus, such transformants had lost either 

the hygXL or the clnXL gene (see lanes 4 and 5 in Figure 3 and Figure 5A). In these 

transformants complementation reconstituted one LEU2 locus back to wildtype. Transformants 

G377 (LEU2/leu2::clnXL) and G373 (LEU2/leu2::hygXL) are examples for this and, in fact, 

represent heterozygous deletion strains. However, it should be noted that we had not 

previously generated the LEU2/leu2::clnXL strain as our initial heterozygous mutants were 

obtained with the hygXL marker. 

To demonstrate complementation in a more targeted manner, we chose to amplify the LEU2-

ORF with primers (primer set 13/14, S1-HuLEU2- p/S2-HuLEU2-CaURA3t) adding 

very short flanking homology regions of 56 bp upstream and 63 bp downstream of the start 

and stop codon, respectively. These homology regions were designed to target the LEU2-ORF 

directly to the hygXL or clnXL marker genes and generate an ORF replacement. In this way, 

the LEU2 ORF was to be brought under the control of the  promoter used for these 

antibiotic resistance marker genes.  

From this experiment we expected an increased amount of correct gene targeting as the 56 

bp homology region to the  promoter was thought to be insufficient to activate LEU2 

transcription. However, still a large number of transformants apparently harboured all three 

selection markers (hygXL, clnXL and LEU2). Nevertheless, replica-plating identified strains 

that had lost either hygromycin or clonNAT resistance via hygXL- or clnXL-ORF replacement 

(see lanes 3 and 4 in Figure 5C). These strains generated also a novel gene consisting of the 

Hu  promoter, the HuLEU2 ORF and the C. albicans URA3 terminator, which was verified 

by PCR as a 2 kb band (Figure 5B). A phenotypic growth comparison of the complemented 

strains compared to the leu2/leu2 mutant strain is shown in Figure 6. Taken together, our 

results verify correct LEU2 target gene deletion and complementation of the resulting 

auxotrophy. 
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Figure 6. Complementation of the leu2 mutant by PCR-based gene targeting. H. uvarum
(leu2::clnXL/leu2::hygXL leu2::clnXL/leu2::hxgXL, LEU2 LEU2/leu2::clnXL; G377), 

LEU2/leu2::hygXL -LEU2/leu2::clnXL -LEU2/leu2::hygXL
were streaked out on plates containing (A) YPD, (B) YPD supplemented with 200 μg/mL of hygromycin, (C) YPD 
supplemented with 50 μg/mL of nourseothricin and (D) CSM-Leu medium.

Transformation Efficiency
PCR-based gene targeting is highly efficient in some species, e.g. S. cerevisiae and Ashbya 

gossypii (Wach et al. 1994; Wendland et al. 2000). In H. uvarum, the targeting success was 

found to be variable (Table 4). First round transformation to obtain a LEU2 deletion was 

surprisingly successful, however the second round with the clnXL marker was drastically less 

efficient. This was also observed in the LYS2 deletion experiment. However, transformants 

could be screened in a higher throughput way by using colony PCR for diagnostics. This can 

bypass the need for genomic DNA preparation (see Discussion).
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Table 4. Efficiency of PCR-based gene targeting as a function of the length of homologous regions to the target 
locus. 

Transformation step Homology region [bp] Correct integration [%] Ectopic integration [%] 
Generation of complete LEU2 ORF deletion strains in two successive transformations 
1. hygXL  ~100 ~0 
2. clnXL  ~0.6 ~99.4 
Generation of complete LYS2 ORF deletion strains in two successive transformations 
1. hygXL  ~21 ~79 
2. clnXL  ~5.4 ~94.6 
Complementation of LEU2 in two single transformations (using two different templates) 
1. G1/G4 LEU2 239, 376  ~92 
2. HuLEU2 ORF 56, 63 ~1.5  

 

 
Discussion 
H. uvarum has a major impact on the wine industry, due to its abundance on berries and in 

grape must. Thus, this yeast will impact early stages of wine fermentations all over the world. 

Due to its overwhelming ethyl acetate production, this yeast has been considered a spoilage 

yeast for a long time. In recent years, however, H. uvarum has raised considerable interest as 

a non-conventional yeast that could add complexity to wine flavour (Albertin et al. 2015; 

Tristezza et al. 2016; Guaragnella et al. 2019; Pietrafesa et al. 2020; Fan et al. 2022). These 

studies have demonstrated both challenges and opportunities of the use of apiculate yeasts in 

winemaking (van Wyk et al. 2023). This interest in using H. uvarum in co-fermentations with 

S. cerevisiae also promoted genomics studies and attempts to make these data accessible for 

molecular genetic analyses (Chen et al. 2017; Steenwyk et al. 2019; Akan et al. 2020). 

For H. uvarum both diploid and triploid isolates have been described (Albertin et al. 2015; 

Saubin et al. 2020). Sporulation is absent on standard sporulation media, which up to now 

prohibited both classical genetic and molecular genetic studies. Classical studies indicated, 

however, that H. uvarum may produce asci with single spores (Kreger-van Rij 1977). Other 

non-conventional yeasts, e.g. Kluyveromyces lactis, Pichia pastoris/ Komagataella phaffii or 

Yarrowia lipolytica are haploid and their studies are currently more advanced so that these 

yeasts have already been utilized as cell factories (Wagner and Alper 2016; Rebello et al. 

.  

First steps in molecular characterization of H. uvarum showed that gene targeting can be 

accomplished with long flanking homology regions of 1 000 bp (Badura et al. 2021). However, 

lack of a second selection marker and the tedious construction of transformation cassettes 

containing a selection marker flanked with homologous regions to the target locus posed 

considerable drawbacks. 

This study advanced the modular toolbox so that there are now three marker genes based on 

 promoter and CaURA3 terminator control: two dominant antibiotic resistance 
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markers, pFA-hygXL and pFA-clnXL, as well as an auxotrophic marker gene, LEU2. With these 

markers several new options are available: (i) the establishment of a Cre-loxP site-specific 

recombinase system for gene editing and marker recycling (Krappmann 2014; van Duyne 

2015); (ii) the development of freely replicating plasmids similar to those available for other 

systems (Vernis et al. 1997; Schade et al. 2003); (iii) the implementation of CRISPR mediated 

genome editing tools using multiple selection markers (Cai et al. 2019). Recent advances in 

CRISPR-Cas gene manipulations in several non-conventional yeasts may help in advancing 

molecular genetic studies also in Hanseniaspora .  

Traditional gene deletion experiments in diploid yeasts require iterative integration of disruption 

cassettes. This can be hindered by dominant NHEJ-pathways (non-homologous end-joining) 

as it requires homologous recombination (HR) for the integration of selection markers. To test 

the efficiency of HR in H. uvarum, we targeted both the LEU2 and the LYS2 genes. 

Surprisingly, homology regions of 72 – 

even though HR in H. uvarum is apparently not as efficient as in S. cerevisiae. However, 

utilizing the HR machinery of H. uvarum in combination with CRISPR/Cas9 site specific double-

strand break formation and suitable repair templates harbouring short-flanking homology 

regions may rapidly advance molecular genetic studies in this yeast.  

The optimal length of flanking homology regions for use in H. uvarum has not been determined. 

In a previous study, the use of 1 000 bp of homology regions resulted in nearly complete correct 

gene targeting (Badura et al. 2021). Our results showed that very short flanks of 56 – 63 bp 

resulted only in a low amount of correct targeting (<1%). This was, however, sufficient in our 

case to retrieve complemented strains based on a growth assays, even though it will not be 

convenient for other gene function studies. Hence, we recommend flanking homology regions 

– 100 bp for H. uvarum as has proven useful also in C. albicans (Gola et al. 2003). 

Conclusion 
Our study showed that PCR-based gene targeting approaches work successfully in H. uvarum, 

which opens up new research roads with this genus that has a strong impact in alcoholic 

beverage fermentations world-wide. Other PCR-based tools as well as more advanced 

genome-editing tools can now be deployed that will promote molecular characterization of H. 

uvarum genes and help in elucidating the biology of apiculate yeasts in the future. 

Note added in proof 
A recent communication established the use H. uvarum 

and also demonstrated the use of the Cre-recombinase for marker gene recycling (Heinisch et 

al. 2023). 
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SUPPLEMENTAL MATERIAL

Figure S 1. Schematic drawing of the sequential disruption of HuLYS2 by PCR-based gene targeting. H. uvarum
wildtype (WT) was transformed with disruption cassettes amplified from pFA-hygXL and pFA-clnXL with primers 
S1-HuLYS2 and S2-HuLYS2 (11/12, Table 3). Homologous recombination resulted in the integration of the 
disruption cassettes and replacement of the LYS2 ORF. After the first round of transformation this generated strain 
G422 (LYS2/lys2::hygXL). In the second round of transformation, strains G423, G424 and G425
(lys2::hygXL/lys2::clnXL) were generated.
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Figure S 2. Verification of Transformants via PCR amplification with primer set 21/23 (G1-HuLYS2/G2-HuTEF1p), 
24/22 (G3-hph/G4-HuLYS2), 25/22 (G3-natI/G4-HuLYS2) and 26/27 (I1-HuLYS2/I2-HuLYS2). Agarose gel, stained 
with GelRed, showing PCR amplification of wildtype (WT), single knock-out (LYS2/lys2::hygXL; ) and double 
knock-out (lys2::clnXL/lys2::hygXL; ). Resulting bands showed to be the size of ~0.4 kb (G1/G2), ~0.5 kb 
(G3/G4 ), ~0.6 kb (G3/G4 ) and ~0.4 kb (I1/I2). M indicates the GenLadder 1kb (ready-to-use) DNA 
marker.

Figure S 2. Complete LYS2 ORF deletion by PCR-based gene targeting in H. uvarum. H. uvarum wildtype (WT), 
the H. uvarum heterozygous LYS2/lys2::hygXL strain G422 ( ) and the homozygous deletion mutant 
lys2::hygXL/lys2::clnXL strain G423 ( ) were spotted on plates containing (A) YPD, (B) YPD supplemented with 
200 μg/mL of hygromycin, (C) YPD supplemented with 50 μg/mL of nourseothricin and (D) 2x-CSM-Lys medium.
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“I was taught that the path of progress is neither quick nor easy.” 

~ Marie Curie ~ 
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General conclusion 
 

Traditionally, grape berries were mashed and left for fermentation using microorganisms found 

on the surface of the berries, called spontaneous fermentations. Since the yeasts conducting 

the grape must fermentations could not be controlled in spontaneous fermentations, the quality 

of the resulting wines was unpredictable. Wine production was revolutionized by Emil Christian 

Hansen´s discovery of selecting and picking single brewer´s yeast colonies in 1883 (Hansen 

1883, 1896), and their transfer of use in winemaking by Julius Wortmann in 1895 (Wortmann 

1895). Saccharomyces cerevisiae showed to be able to convert all grape sugar into ethanol 

and carbon dioxide without producing off-flavours (Rainieri and Pretorius 2000). By adding S. 

cerevisiae, also called the `wine yeast´, to the onset of grape must fermentations, as well as 

SO2, the growth of undesired, non-conventional yeasts could be inhibited, thus enabling a 

controlled fermentation process for the first time (Pretorius 2000).  

Over the course of time, consumers' demands on wine changed. Nowadays, for instance, the 

trend is towards wines with more complex aromas and lower alcohol levels. Based on research 

into microorganisms found in spoiled wines produced by spontaneous fermentations, it is 

known that non-conventional yeasts are involved in the massive production of volatiles which, 

in excessive concentrations, lead to wine spoilage. In recent decades, more studies on non-

conventional yeasts, such as co-fermentations with S. cerevisiae, revealed new insights into 

the aroma profile of wines and how it is influenced by non-conventional wine yeasts. 

Characterization of the aroma profiles of wines produced using non-conventional yeasts shows 

the diversity of volatile organic compounds synthesized by different non-Saccharomyces yeast 

strains belonging to the same genus. Hanseniaspora spp., for instance, appearing on various 

ripe fruits (van Wyk et al. 2023), often are associated with the synthesis of excessive amounts 

of acetic acid and ethyl acetate, probably due to its most abundant member H. uvarum 

(Romano et al. 2003; Ciani et al. 2006). However, research has proven that the different 

members belonging to the genus of Hanseniaspora spp. are versatile in the synthesis of aroma 

compounds (van Wyk et al. 2023; Badura et al. 2023a). Steenwyk et al. (2019) reported on 

different lineages found within this species, clustering yeasts regarding their fermentation 

capabilities. While Hanseniaspora spp. belonging to SEL show similarities in metabolism to S. 

cerevisiae with high fermentation capabilities (Lleixà et al. 2018; Valera et al. 2020), members 

of FEL seem to behave differently in terms of metabolism (Valera et al. 2020), revealing both 

lower ethanol production and higher synthesis of volatiles, such as acetate esters (Badura et 

al. 2023b). 
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The aroma profile of wines can not only be influenced by the yeast used for fermentation, but 

also by the composition of the grape berries, such as the type and quantity of sugars, nitrogen 

as well as precursors for the production of terpenes. Among those, nitrogen plays a dual role 

in grape must fermentations by influencing both the growth rate of yeasts, and thus, preventing 

or favouring stuck fermentations, and the aroma compounds produced by yeasts. In addition 

to amino acids serving as backbone for the synthesis of certain volatile organic compounds 

generated through the Ehrlich pathway, also the amount of yeast assimilable nitrogen affects 

the type and quantity of volatiles being synthesized. Especially in times of climate change with 

constantly rising temperatures, the composition of grape berries regarding sugar and nitrogen 

levels is changing significantly. Increasing temperatures lead to earlier harvest times, and thus, 

higher sugar concentrations of the berries (van Leeuwen and Destrac-Irvine 2017), whereas 

decreasing amino acid levels in grape berries are associated in combination with increasing 

temperatures and limited irrigation water (Gutiérrez-Gamboa et al. 2018; Gutiérrez-Gamboa et 

al. 2020). Therefore, the addition of both inorganic and complex nitrogen sources to the grape 

must is common practice during winemaking. The impact on the aroma profile by the different 

nitrogen sources available for yeasts to ferment, is well-studied for Saccharomyces `wine 

yeast´ strains (Gobert et al. 2019), while this information is lacking for most of the non-

conventional yeasts. Elucidating the impact of nitrogen supplementation, varying in type and 

quantity, in terms of the resulting aroma profile produced by non-Saccharomyces yeasts, may 

enable conducting controlled grape must fermentations using non-conventional wine yeasts. 

This is promising in that customers' demands for low alcohol wines, or even non-alcoholic 

wines, with more complex aromas, can be addressed. In recent years, the product range of 

starter cultures for winemaking has already been expanded by several non-conventional 

yeasts (van Wyk et al. 2021), including H. vineae, the first commercially available starter culture 

belonging to Hanseniaspora spp. (Carrau and Henschke 2021). Research on wine 

fermentations using H. uvarum, the most abundant yeast species found on grape berries 

(Drumonde-Neves et al. 2021), unravelled its high potential on contributing to pleasant aroma 

profiles of the wines (van Wyk et al. 2023), making it an interesting candidate for starter 

cultures. Using multidisciplinary studies provides more insight into the metabolic pathways 

involved in the synthesis of aroma compounds by yeasts. In this way, for instance, the exact 

time of aroma synthesis can be determined, the expression levels of the genes involved can 

be studied as well as the influence of different conditions, such as different nitrogen contents 

in the grape must, on aroma synthesis by the yeasts can be investigated. Thus, aroma 

compounds could be synthesized in a controlled fermentation process, which is highly 

profitable for the flavour industry. 

In addition, several studies on biotechnological applications of H. uvarum have been published 

in the past few years, highlighting its value beyond winemaking (Long et al. 2007; Zhang et al. 
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2018; Bueno et al. 2020). On the one hand, H. uvarum is known for producing off-flavours 

during grape must fermentation, but on the other hand, there is great potential in taking 

advantage of its ability in producing high amounts of volatiles, such as acetic acid or ethyl 

acetate. One example is H. uvarum´s high potential in attracting insects, i.e. drosophila, by 

producing high ethyl acetate levels, thus serving as bait. Furthermore, ethyl acetate is an 

important component used in various industrial applications, such as serving as a solvent, 

cleaning agent, for extraction and chromatographic recovery of pharmaceuticals, in the 

production of coating formulations, adhesives, paints, herbicide formulations as well as resins 

(Löser et al. 2014). This diversity of applications makes ethyl acetate one of the most important 

carboxylate esters, with annual global production estimated at around three million tons 

(Šulgan et al. 2020). Currently, ethyl acetate is generated by energy-intensive petrochemical 

processes, based on natural gas and crude oil, thus using microorganisms for producing ethyl 

acetate becomes more attractive (Löser et al. 2014). Wildtype yeast strains, such as 

Kluyveromyces marxianus, showed to be able producing high amounts of ethyl acetate 

providing economic benefits (Löser et al. 2014; Hoffmann et al. 2021). Multidisciplinary studies 

on genetically engineered ethyl acetate pathways in S. cerevisiae have been published, 

increasing ethyl acetate production, reaching levels around 700 mg/L (Dong et al. 2019). 

Constantly aerated, shaking fermentations with H. uvarum show noticeably higher amounts of 

ethyl acetate, significantly exceeding values of 1 g/L (Ciani et al. 2006). Therefore, the use of 

H. uvarum could be a good possibility for an alternative production of ethyl acetate. 

Multidisciplinary research, including genomics, metabolomics and transcriptomics, provides 

fundamental knowledge elucidating the potential of non-conventional yeasts as well as their 

benefits in winemaking, as well as other biotechnological applications. The loss of cell-cycle-

checkpoint genes, such as the cell-cycle regulator WHIskey 5, found within the genome of 

Hanseniaspora spp., especially within members of FEL, i.e. H. uvarum (Steenwyk et al. 2019), 

could indicate a rapid growth advantage over competitors. Furthermore, the lack of DNA repair 

genes in Hanseniaspora spp. provides a promising basis for its use in other biotechnological 

research, such as serving as a model organism in cancer research.  

Findings from such multidisciplinary research also serve as a basis for further elucidation of 

the functions of previously unknown genes. While gene-to-function is well-studied in 

Saccharomyces strains, the transcriptomic profile of H. uvarum unravelled 671 genes of 

unknown function, all being candidates for genetic modification to investigate both their 

function and impact on the phenotype regarding winemaking. This could be achieved by 

overexpression or knock-out of an unknown gene, using selection markers based on antibiotic 

resistance, and subsequent metabolomic studies to investigate its effect on the phenotype. 

Depending on the ploidy of the yeasts, several selection markers containing different antibiotic 
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resistance genes for selection, are necessary to genetically modify each allele of the genome. 

Targeted manipulation of the genome is time-consuming, especially when generating selection 

markers flanked with long homology regions to each target gene. PCR-based gene targeting 

approaches adding short homology regions via primer overhangs simplify the construction of 

selection markers, making them reusable for other target genes. So far, no viable spores of H. 

uvarum have been obtained (Albertin et al. 2015), which has a major impact on yeast breeding, 

e.g. classical approaches such as sexual hybridisation. Therefore, the establishment of genetic 

modification tools for H. uvarum using metabolic engineering or selection markers for 

enhancing the synthesis of desired aroma compounds and inhibiting the expression of genes 

involved in the off-flavour synthesis may contribute to the generation of a H. uvarum starter 

culture strain. The use of genetically modified organisms in the development of food cultures 

is critical and rejected by current consumers. Nevertheless, in recent years, the advantages of 

biotechnological applications have led to a different mindset about genetic engineering (Lucht 

2015; Shew et al. 2018). The synthetic biology tool CRISPR enables designing and 

modification of genes without introducing DNA from other microorganisms (Sajid et al. 2021) 

and regulations differentiating genetically modified organisms from DNA edited using CRISPR-

Cas9 already exist in some countries, e.g. Germany, Sweden and Argentina (Jagtap et al. 

2017). The first synthetic S. cerevisiae yeast strain Sourvisiae® provided by the company 

Lallemand is commercially available in the USA, genetically modified by the insertion of a 

lactate dehydrogenase gene allowing the production of lactic acid (Alperstein et al. 2020; 

Lallemand Sourvisiae Technical Data Sheet). So far, the use of genetically modified organisms 

is not allowed in the EU. However, especially in the production of fermented foods to increase 

fragrance and flavour, the use of genetic engineering should be considered since no 

genetically modified material is present in the end product (Morrissey et al. 2015). A similar 

application is the production of ingredients, such as vitamins or enzymes, derived from 

genetically modified organisms, which are separated and purified prior to use in food and 

supplements, for instance (van Wyk et al. 2018; Shukla 2019). 

In conclusion, the non-conventional wine yeast H. uvarum is the most abundant yeast species 

found on grape berries and thus, at the onset of spontaneous fermentations. H. uvarum is 

known for producing high amounts of acetate esters, especially ethyl acetate, easily exceeding 

their odour threshold, leading to spoilage of wines. Since H. uvarum has also been detected 

at the end of fermentations, withstanding increased ethanol levels, being able to control 

fermentations influencing its synthesis of aroma compounds is of high interest. Research has 

shown the great potential and value of H. uvarum not only in winemaking. This thesis provides 

fundamental knowledge on the characterization, regulation and genetic modification of the 

synthesis of aroma compounds in the non-conventional wine yeast H. uvarum paving the way 

for future research.  
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“The pessimist complains about the wind; the optimist expects it to change; the realist adjusts 

the sails.” 

~ William Arthur Ward ~ 
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