
DOCTORAL THESIS

The Effect of Cidermaking 
Practices on Ester Production 
by Yeast

Julia Rosend

TALLINNA TEHNIKAÜLIKOOL

TALLINN UNIVERSITY OF TECHNOLOGY 
TALLINN 2021 



TALLINN UNIVERSITY OF TECHNOLOGY 
DOCTORAL THESIS 

44/2021 

The Effect of Cidermaking Practices on 
Ester Production by Yeast 

JULIA  ROSEND 



TALLINN UNIVERSITY OF TECHNOLOGY 
School of Engineering 
Department of Materials and Environmental Technology 
This dissertation was accepted for the defense of the degree 6.07.2021 

Supervisor: Dr Kristel Vene  
Department of Chemistry and Biotechnology 
Tallinn University of Technology 
Tallinn, Estonia 

Co-supervisor: Dr Ildar Nisamedtinov 
Department of Chemistry and Biotechnology 
Tallinn University of Technology 
Tallinn, Estonia 

Opponents: Prof Erich Leitner 
Institute of Analytical Chemistry and Food Chemistry 
Graz University of Technology 
Graz, Austria 

Dr Hentie Swiegers 
Senior Manager 
Liquid Innovation Department 
Carlsberg Group 

Defense of the thesis: 9.09.2021, Tallinn 

Declaration: 
Hereby I declare that this doctoral thesis, my original investigation, and achievement, 
submitted for the doctoral degree at Tallinn University of Technology has not been submitted 
for doctoral or equivalent academic degree.  

Julia Rosend 

signature 

Copyright: Julia Rosend, 2021 
ISSN 2585-6898 (publication) 
ISBN 978-9949-83-732-8 (publication) 
ISSN 2585-6901 (PDF) 
ISBN 978-9949-83-733-5 (PDF) 
Printed by Koopia Niini & Rauam



TALLINNA TEHNIKAÜLIKOOL 
DOKTORITÖÖ 

44/2021 

Siidri valmistamise tingimuste mõju estrite 
tootmisele pärmide poolt 

JULIA  ROSEND 



 
 
 



5 

Contents 
List of Publications ............................................................................................................ 7 

Author’s Contribution to the Publications ........................................................................ 8 

Introduction ...................................................................................................................... 9 

Abbreviations .................................................................................................................. 10 

1 Literature Review ......................................................................................................... 11 

1.1 Technological aspects of cider production............................................................ 11 
1.1.1 Cider apples .................................................................................................... 11 
1.1.2 Pre-fermentation processing ......................................................................... 12 
1.1.3 Alcoholic fermentation .................................................................................. 14 
1.1.4 Post-fermentation processes in cider production.......................................... 18 

1.2 Sensory properties of cider ................................................................................... 20 

1.3 Ester synthesis in yeast ......................................................................................... 20 

1.4 Ester synthesis management during cider production ......................................... 25 

2 The Aims of this Dissertation ....................................................................................... 28 

3 Materials and Methods ................................................................................................ 29 

3.1 Cider fermentation experiments ........................................................................... 29 

3.2 Apple juice clarification and concentration .......................................................... 31 

3.3 Analytical procedures ............................................................................................ 31 
3.3.1 Yeast assimilable nitrogen (YAN) content ...................................................... 31 
3.3.2 Amino acid content ........................................................................................ 32 
3.3.3 GC-MS analysis of volatile compounds .......................................................... 32 
3.3.4 Cell count and yeast viability.......................................................................... 33 
3.3.5 Sensory analysis ............................................................................................. 33 
3.3.6 Data processing and statistical analysis ......................................................... 33 

4 Results and Discussion ................................................................................................. 35 

4.1 The effects of apple variety, ripening stage, and yeast strain on the volatile 
composition of apple cider ......................................................................................... 35 

4.2 The effect of nitrogen supplementation on fermentation kinetics and ester 
formation during cider fermentation .......................................................................... 40 

4.3 The effect of apple juice concentration on cider fermentation kinetics and 
composition of volatile esters ..................................................................................... 44 

4.4 The effect of asparagine and oxygen availability on production of higher alcohols 
and esters by yeast ..................................................................................................... 50 

5 Conclusions .................................................................................................................. 57 

References ...................................................................................................................... 58 

Acknowledgements ......................................................................................................... 69 



6 

Abstract ........................................................................................................................... 70 

Lühikokkuvõte ................................................................................................................. 71 

Appendix 1 ...................................................................................................................... 73 

Appendix 2 ...................................................................................................................... 83 

Appendix 3 ...................................................................................................................... 99 

Curriculum vitae ............................................................................................................ 113 

Elulookirjeldus ............................................................................................................... 115 
 
 



7 

List of Publications 
These publications form the basis of this thesis and are reproduced in the appendix with 
permission from the publishers: 

I Rosend, J., Kuldjärv, R., Rosenvald, R., Paalme, T. (2019) The effect of apple variety, 
ripening stage, and yeast strain on the volatile composition of apple cider. Heliyon 5, 
e01953. doi:10.1016/j.heliyon.2019.e01953 

II Rosend, J., Kuldjärv, R., Arju, G., Nisamedtinov, I. (2019) Yeast performance 
characterisation in different cider fermentation matrices. Agronomy Research 17,  
2040-2053. doi:10.15159/AR.19.178 

III Rosend, J., Kaleda, A., Kuldjärv, R., Arju, G., Nisamedtinov, I. (2020) The effect of apple 
juice concentration on cider fermentation and properties of the final product. Foods 9, 
1401. doi:10.3390/foods9101401 

 
 



8 

Author’s Contribution to the Publications 
I The author performed the analysis of volatile compounds by GC-MS, interpreted the 
results and wrote the manuscript. 

II The author was responsible for the study design, conducted the experiments and 
analyses, interpreted the results and wrote the manuscript. 

III The author was responsible for the study design, conducted the experiments and 
analyses, interpreted the results and wrote the manuscript. 



9 

Introduction 
Cider is an alcoholic beverage obtained by fermentation of apple juice. Its history goes 
back to the first century AD when it appeared in the citations of the Roman writer Pliny 
(Lea & Drilleu, 2003). From the Roman empire, cider consumption has moved north to 
appear in France and England in the 9th century (Lea & Drilleu, 2003). By the 18th 
century, cider production had established itself as a commercial product on the market 
(Lea & Drilleu, 2003). Nowadays, the global cider market is valued at more than $10 
billion and assumed to reach $16 billion value by 2023 (Allied Market Research, 2018) 
with the UK being the biggest producer (European Cider and Fruit Wine Association, 
2019). 

The specific cider regulations are country dependent. In countries with stricter 
legislation, the raw materials used for cider production as well as cider’s quality 
properties are relatively well determined, whereas in other countries the legislation is 
less defined. For example, in the UK, cider should be based on at least 35% of apple juice 
and the alcohol content should remain 1.2% - 8.5 %vol (HM Revenue and Customs, 2020). 
According to French cider production policy, on the other hand, cider must be based on 
fresh apple juice without any other sugar-containing adjuncts (Légifrance, 2020). 
Notably, the juice may be partially obtained from the concentrate only if the latter  
does not exceed 50% by volume (Légifrance, 2020). In addition to the alcohol content 
(1.5% - 5%vol), the French ciders are more clearly defined in terms of other quality 
parameters, including volatile acidity, mineral content, maximum allowed ethanal 
content, maximum allowed sulfur dioxide content (Légifrance, 2020).  

Depending on the country of origin and the production technology used, ciders can 
vary to a great extent in sensory style. Thus, French ciders can be described as robust, 
full-bodied and fruity, tannic with strong bittersweet apple characteristics (European 
Cider and Fruit Wine Association, 2019) while British ciders are typically medium-bodied 
and refreshing (European Cider and Fruit Wine Association, 2019). German ciders, on the 
contrary, are more wine-like – dry, sharp and moderately fruity (European Cider and Fruit 
Wine Association, 2019). Scandinavian ciders can range from dry to very sweet with 
pronounced fruitiness (European Cider and Fruit Wine Association, 2019).  

Sensory properties play a primary role in the consumer acceptance of a product and, 
in the case of fermented beverages, largely depend on yeast metabolites produced 
during fermentation. Similarly to other fermented beverages, the fruity nuances in cider 
provided by esters offer a competitive edge that helps to differentiate a specific product 
from others. The objective of this PhD thesis was to explore how different cidermaking 
conditions affect the quality of cider in terms of ester production by yeast. The results of 
this study can be used to advise cider producers on the optimization of fermentation to 
achieve desired properties of the final product. 
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Abbreviations 
 

ANOVA Analysis of variance 

Asn Asparagine 

Car/PDMS Carboxen/Polydimethylsiloxane 

CFU Colony forming units 

DAP (NH4)2HPO4 

Diammonium hydrogen phosphate 

DNFB Dinitrofluorobenzene 

DVB/Car/PDMS Divinylbenzene/Carboxen/Polydimethylsiloxane 

FAN  Free amino nitrogen 

GC-MS Gas chromatography – mass-spectrometry 

IS Internal standard 

Km Michaelis constant in Michaelis-Menten reaction kinetics 
equation 
The concentration of a substrate at which an enzyme 
reaction rate is at half-maximum  

MCFA Medium-chain fatty acids 

MLF Malolactic fermentation 

PCA Principal component analysis 

PLS-DA Partial least square discriminant analysis 

TCA cycle Tricarboxylic acid cycle 

UPLC Ultra-performance liquid chromatography 

YAN Yeast assimilable nitrogen 

YPG medium Yeast Extract-Peptone-Glucose medium 
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1 Literature Review 

1.1 Technological aspects of cider production 
1.1.1 Cider apples 
Apples used for cider production can be either table apples, including those unqualified 
for commercial use, or cider apple varieties (Downing, 1989; Nogueira & Wosiacki, 2012). 
Apples unqualified for commercial use are those that can potentially be deemed 
unsuitable from the standpoint of a consumer (Nogueira & Wosiacki, 2012). Those are 
apples with morphological defects, uneven color, irregular shape, small size (Nogueira & 
Wosiacki, 2012).  

Although the production of cider does not necessarily require strict use of cider 
apples, there is a certain advantage in preferring cider varieties. Cider apples have a high 
sugar content (up to 15%) and a wide range of acidity across different varieties (Bamforth 
& Cook, 2019). Their fibrous structure allows for more efficient pressing and, thus, higher 
juice yields (Bamforth & Cook, 2019). Cider apples are also more abundant in tannins 
which contribute to body/mouthfeel of the product (Bamforth & Cook, 2019).  

Cider apples are classified according to their composition of sugars, acids and 
polyphenols. In Europe, cider apples are mainly classified based on either acid-tannin or 
acid-tannin-sugar content ratio (Merwin et al, 2008; McKay et al, 2011; Nogueira & 
Wosiacki, 2012; Jolicoeur, 2013) (Table 1). Classification of cider apples allows producers 
to pick appropriate varieties for a blend eventually resulting in desired properties of the 
final product (Nogueira & Wosiacki, 2012).  For example, apples with medium to high 
sugar content and moderate acidity are suitable as-is for the production of good quality 
cider (Jolicoeur, 2013). On the other hand, apples that are high in acidity require blending 
to balance out the sourness. For that, apples with low acidity and low to high sugar 
content are used (Jolicoeur, 2013). Low-sugar apples are generally not recommended for 
cider and are typically used to produce vinegar (Jolicoeur, 2013).   

 
Table 1. Cider apple classification examples (Merwin et al, 2008; McKay et al, 2011; Nogueira & 
Wosiacki, 2012; Jolicoeur, 2013) 

Classification Class Acidity*, % w/v Phenolic content**, % w/v Sugar 

Acid-tannin  

Sharp >0.45 (high) <0.20 (low)  

Bittersharp >0.45 (high) >0.20 (high) 

Bittersweet <0.45 (low) >0.20 (high) 

Sweet <0.45 (low) <0.20 (low) 

 

Acid-tannin-

sugar 

Sweet <0.45 (low) <0.20 (low) High 

Bittersweet <0.45 (low) >0.20 (high) High 

Bitter <0.45 (low) >0.20 (high) Low 

Acidic >0.45 (high) <0.20 (low) Low 
*As malic acid equivalents  
**As tannic acid equivalents 
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1.1.2 Pre-fermentation processing  
1.1.2.1 Apple must preparation 
Cider apples are harvested when ripe. The estimation of ripening is often based on the 
iodine starch test where a degree of apple flesh staining is assessed on an index scale 
from 0 (unripe) to 5 (ripe) (Travers et al, 2002). If full maturation on trees is not possible 
(e.g., due to regional climate limitations or weather conditions), the harvested apples are 
stored in a dark room for a few weeks to convert excess starch into glucose, softening 
the fruit and allowing the development of volatile compounds associated with ripening 
(e.g., alcohols, aldehydes, esters) (Sapers et al, 1977; McKay et al 2011; Granell & Rambla, 
2015; Alberti et al, 2016). Apples are sorted to remove spoiled fruits or fruits with visible 
defects and washed to remove surface dirt and grime.  

Collected apples are ground and mashed to obtain a thin pulp (apple mash) and ease 
the release of juice in pressing. Enzymes with pectinolytic and cellulolytic activity are 
often added during milling and mashing to increase the yield (Nogueira & Wosiacki, 2012; 
Joshi & Attri, 2017). Apple mash is then pressed to release apple must. The average yield 
of this process is up to 700 L of apple must per ton of apple mash (Nogueira & Wosiacki, 
2012).  

Freshly pressed apple must contains pectins that increase the viscosity which can 
affect further processing (Nogueira & Wosiacki, 2012). Pectins are removed from the 
must in a process called depectinization where pectinases are added to hydrolyze pectins 
into soluble components (i.e., galacturonic acid) (Nogueira & Wosiacki, 2012; Verma  
et al, 2018). Depectinization is followed by clarification to remove haze of the hydrolyzed 
pectin (Nogueira & Wosiacki, 2012). In Brittany and Normandy, a process called keeving 
is used where endogenous pectin acts as a clarifying agent. Keeving involves the addition 
of calcium chloride and pectin methylesterase to apple must (Beech, 1993; Le Quéré  
et al, 2006; McKay et al, 2011). As a result, calcium pectate gel forms a film that can be 
mechanically removed (Beech, 1992; Le Quéré et al, 2006; McKay et al, 2011).  

Before fermentation, clarified apple must might require additional adjustments. 
These adjustments can include the addition of sugars (if allowed) and yeast nutrients  
(Lea & Drilleu, 2003; Joshi & Attri, 2017). Sugar can be added in the form of apple juice, 
apple juice concentrate, or glucose syrup (Lea & Drilleu, 2003; Joshi & Attri, 2017).  
The most conventional yeast nutrients are nitrogen source in the form of diammonium 
sulfate/hydrogen phosphate and vitamins (thiamine, pantothene, pyridoxine, biotin) 
(Lea & Drilleu, 2003; Joshi & Attri, 2017). After necessary adjustments, apple must can 
be treated with sulfur dioxide (added in the form of potassium metabisulfite) to 
inactivate undesirable microflora (e.g., spoilage bacteria) and is inoculated with a yeast 
starter culture (Downing, 1989; Nogueira & Wosiacki, 2012; Joshi & Attri, 2017). Wild 
fermentation with indigenous microflora of the must is, however, also often used, 
especially by small/artisanal cider manufacturers. 

 
1.1.2.2 Apple must composition 
Table 2 provides a general comparative overview of apple and grape must composition. 
The values for each component are given as estimates based on multiple different 
reports and studies (Drilleau, 1990; Kunkee & Bisson, 1993; Cruz et al, 2002; Eisele & 
Drake, 2005; Hutkins, 2006; Wu et al, 2007; Orak, 2009; Aranda et al, 2011; Bakker & 
Clarke, 2012; Nogueira & Wosiacki, 2012; Jackson, 2014; Joshi & Attri, 2017; Boudreau 
et al, 2018).  
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Carbohydrates account for the largest portion of soluble solids in the apple must 
(McKay et al, 2011). Almost all sugars in the apple must are comprised of mono- (glucose, 
fructose) and disaccharides (sucrose) with fructose accounting for 75% on average of 
total sugars content (McKay et al, 2011; Nogiera & Wosiacki, 2012; Joshi & Attri, 2017).  

Soluble pectin and pectic substances (mostly in the form of anhydrogalacturonic acid 
units) can be present in freshly pressed and untreated apple must in concentrations up 
to 5 g L-1 (Nogueira & Wosiacki, 2012; Joshi & Attri, 2017). Most of these pectic 
substances, however, are removed in depectinization process before fermentation. 
Organic acids are represented in the must predominantly by malic acid (up to 1.2% w/v) 
(McKay et al, 2011). Citric, citramalic, quinic, galacturonic, glycolic, gluconic, shikimic, 
succinic, pyruvic, lactic can be found in trace amounts (McKay et al, 2011; Joshi & Attri, 
2017).  

Nitrogen compounds in the apple must can be divided into yeast non-assimilable 
nitrogen and yeast assimilable nitrogen (YAN). The latter is comprised of free amino 
nitrogen (FAN, from free amino acids) and ammonia (Santos et al, 2016; Boudreau et al, 
2018). Asparagine, aspartic acid, serine and glutamic acid are the main amino acids that 
contribute to FAN content of the apple must, accounting for 85-95% of the total amount 
of free amino acids (Wu et al, 2007; Nogueira & Wosiacki, 2012; Joshi & Attri 2017).  
In addition to free amino acids, smaller peptides (up to 5 amino acids) can be consumed 
by yeast and are also considered as part of YAN, albeit difficult to quantify (Patterson & 
Ingledew, 1999; Lekkas et al, 2012; Kevvai et al, 2015; Laos, 2018).  
 
Table 2. Average composition of apple and grape musts (Drilleau, 1990; Kunkee & Bisson, 1993; 
Cruz et al, 2002; Eisele & Drake, 2005; Hutkins, 2006; Wu et al, 2007; Orak, 2009; Aranda et al, 
2011; Bakker & Clarke, 2012; Nogueira & Wosiacki, 2012; Jackson, 2014; Joshi & Attri, 2017; 
Boudreau et al, 2018)  

Component Apple must Grape must 
Water, % 80 – 95 70 – 85 
Fructose, % 4 – 13  6 – 12 
Glucose, % 0.5 – 3  6 – 12 
Sucrose, % 1 – 5 < 1 
Total sugars, % 9 – 15 ca 20 
Organic acids, % 0.2 – 1.80 1 – 2.7 
Primary organic acids Malic acid Malic acid 

Tartaric acid 
pH 3.0 – 4.2 3.0 – 3.5  
Total nitrogen, mg L-1 27 – 574  200 – 500 
YAN, mg·N L-1 29 – 250 50 – 450 
Primary free amino acids Asparagine 

Aspartic acid 
Glutamic acid 

Proline 
Arginine 
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1.1.3 Alcoholic fermentation  
1.1.3.1 Yeasts  
Yeasts and other microorganisms are naturally present on the surface of the apple fruits 
which is why they end up also in the apple must (McKay et al, 2011). Composition and 
quantity of indigenous microflora depend on geographical location, ripening stage of the 
fruit, presence of mechanical defects, climatic/weather conditions, and agricultural 
practices applied in an orchard (McKay et al, 2011; Rodríguez-Bencomo et al, 2012). 

Yeasts colonizing the surface of the apples are responsible for spontaneous (also 
known as wild) fermentation of the must (McKay et al, 2011; Nogueira & Wosiacki, 2012; 
Rodríguez-Bencomo et al, 2012). The indigenous yeast population at the start of 
spontaneous fermentation can reach up to 106 CFU mL-1 and follows a succession of 
different yeast species as the fermentation progresses (Lea & Drilleau, 2003). Thus, initial 
phases of the fermentation are dominated by non-Saccharomyces yeasts with 
Hanseniaspora, Kloeckera, Metschnikowia, Candida, Pichia, Torulopsis, Hansenula 
reported as the main contributors to spontaneous cider fermentation (Fleet, 2003; Lea 
& Drilleau, 2003; Tamang & Fleet, 2009; Ugliano & Henschke, 2009; Matei & Kosseva, 
2017). Due to low resistance to ethanol of these non-Saccharomyces yeasts, their growth 
rate decreases at around 2-4%vol of ethanol (Lea & Drilleau, 2003; Matei & Kosseva, 
2017). At this point, Saccharomyces sp. (S. cerevisiae, S. uvarum, S. bayanus) take over 
the fermentation (Lea & Drilleau, 2003; Tamang & Fleet, 2009; Matei & Kosseva, 2017). 

 Even though wild fermentation by the indigenous microflora has been alleged to 
provide sensorial complexity, large manufacturers opt for inoculation with specific 
isolated strains of Saccharomyces sp. to control the progress of fermentation (inc. 
avoiding sluggish fermentation) and provide stable quality (McKay et al, 2011; Nogueira 
& Wosiacki, 2012). Inoculation with a pure yeast starter culture is also used in case of 
pasteurized apple must (McKay et al, 2011; Jackson, 2014). S. cerevisiae is a preferred 
starter culture for alcoholic fermentation since it is highly adapted to growing in the  
high-sugar environments, tolerant to high concentrations of alcohol, high acidity and low 
pH values, and can grow multiple generations in the absence of oxygen (Tamang & Fleet, 
2009; McKay et al, 2011; Jackson, 2014).  

Recently, application of commercial yeast starter cultures of non-Saccharomyces 
species, either by co- or sequential inoculation with S. cerevisiae has also gained popularity 
among wine and cider producers due to the ability of non-Saccharomyces yeasts (e.g., 
Pichia kluyveri, Kazachstania gamospora, Metchnikowia pulcherrima, Hanseniaspora sp.) 
to generate a variety of flavor active compounds, including ethyl and acetate esters (e.g., 
ethyl acetate, ethyl butyrate, isoamyl acetate) (Lea & Drilleau, 2003; Ugliano & Henschke, 
2009; McKay et al, 2011; Chr Hansen AS, 2015; Rodriguez Madrera et al, 2015). However, 
the practical use of non-Saccharomyces yeasts only is not as widespread as S. cerevisiae 
due to their limited survival at higher alcohol concentrations (McKay et al, 2011).  

In conclusion, suitable yeast strains for cider fermentation are usually selected based 
on several factors such as fermentation kinetics, ability to complete fermentation, as well 
as the production of sensorially favorable compounds (e.g., esters), and absence of  
off-flavors (Downing, 1989; Rodríguez-Bencomo et al, 2012; Jackson, 2014). The pitching 
culture can either be propagated in-house or obtained as a commercial (dry) yeast 
(Downing, 1989). Commercial dry yeast will require appropriate rehydration before 
inoculation, usually according to manufacturer’s instructions. The recommended 
number of inoculated active cells for S. cerevisiae is 105-106 CFU mL-1 (Ribereau-Gayon et 
al, 2006; McKay et al, 2011; Jackson, 2014).  
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1.1.3.2 Sugar uptake and fermentation in apple must 
S. cerevisiae is a facultatively anaerobic microorganism. Under conditions of excess 
fermentable sugars (mainly glucose) as well as oxygen deficiency, S. cerevisiae switches 
from respiration to fermentation (anaerobic sugar metabolism) (Deak, 2006; Hutkins, 
2006; Zamora, 2006; McKay, 2011; Jackson, 2014).  

Uptake of hexoses in S. cerevisiae occurs via facilitated diffusion mediated by specific 
transport proteins (Hxt1p-Hxt17p, Snf3p, Rgt2p); sucrose has to be hydrolyzed into 
glucose and fructose by cell wall located invertase (Suc2p) before the latter can be 
transported into the cell (Boles & Hollenberg, 1997; Hutkins, 2006; Berry & Slaughter, 
2003; Rodríguez-Bencomo et al, 2012; Marques et al, 2016). The expression and function 
of transport proteins are regulated by extracellular hexose concentrations (Boles & 
Hollenberg, 1997; Peeters & Thevelein, 2014). The signaling pathway for protein 
transcription is then generated by two protein sensors Snf3p (low concentration sensor) 
and Rgt2p (high concentration sensor). At low concentrations, Snf3p mediates the 
transcriptional induction of high-affinity transport proteins Hxt2p-Hxt4p and Hxt6p-Hxt7p 
(Boles & Hollenberg, 1997; Peeters & Thevelein, 2014). At high concentrations, sensor 
protein Rgt2p induces the expression of low-affinity transport protein Hxt1p (Boles & 
Hollenberg, 1997; Peeters & Thevelein, 2014). Transport proteins Hxt5p, Hxt8p and 
Hxt9p have been reported to possess low transcription levels and a limited contribution 
to hexose uptake in comparison to the aforementioned transport proteins (Boles & 
Hollenberg, 1997; Peeters & Thevelein, 2014). The contribution of Hxt10p and  
Hxt12p-Hxt17p to hexose transport is yet to be properly explored (Boles & Hollenberg, 
1997; Peeters & Thevelein, 2014). 

Once taken up into the cell, glucose and fructose enter Embden-Meyerhof-Parnas 
pathway of glycolysis until pyruvate which further will be decarboxylated to acetaldehyde 
and then reduced to ethanol (Figure 1) (Hutkins, 2006; Ribereau-Gayon et al, 2006; 
Jackson, 2014; Kampen, 2014; Rupasinghe et al, 2017). While the maximum theoretical 
yield of ethanol is 0.51 g ethanol/g used glucose/fructose according to stoichiometry of 
ethanolic fermentation, on average in practice the consumption of 17 g L-1 of simple 
sugars is required to raise alcohol content by 1%vol (Rodríguez-Bencomo et al, 2012). 

Notably, fermentative metabolism in Saccharomyces sp. can also take place in the 
presence of oxygen, triggered by high concentrations of glucose (at least 9-10 g L-1) in the 
must (Crabtree effect) (Ribereau-Gayon et al, 2006; Rupasinghe et al, 2017). Also known 
as catabolite repression, the process involves the suppression of respiratory and stress 
response genes (Geladé et al, 2003; Verstrepen et al, 2004; Dickinson & Kruckeberg, 
2006; Rodrigues et al, 2006; Diaz-Ruiz et al, 2008; Zaman et al, 2008; McKay et al, 2011; 
Golzalez et al, 2011). To sustain metabolism and growth, the yeast cell is required to 
maintain redox homeostasis that is determined by NADH/NAD+ ratio (Vemuri et al, 2007; 
Pfeiffer & Morley, 2014). High glycolytic flux during respiration leads to metabolic 
overflow where the conversion of glucose to pyruvate creates NADH excess (Vemuri  
et al, 2007; Pfeiffer & Morley, 2014). To achieve redox homeostasis, NADH is then 
oxidized back to NAD+ through pyruvate decarboxylase pathway (ethanol formation 
pathway) (Vemuri et al, 2007; Pfeiffer & Morley, 2014).  
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Figure 1. Metabolic pathway of alcoholic fermentation (adapted from Boles & Hollenberg (1997) 
with permission of John Wiley & Sons, Pritchard & Kell (2002) with permission of John Wiley & Sons, 
Ciani et al (2008) with permission of Elsevier, Saccharomyces Genome Database (Stanford 
University; Stanford, CA, USA)) 
 

1.1.3.3 Nutritional requirements of yeast 
For rapid and complete alcoholic fermentation, an adequate composition of nutrients is 
important. Carbohydrates are a primary energy source for yeast; S. cerevisiae can 
ferment carbohydrates in the form of hexoses (glucose, fructose) and oligosaccharides 
(sucrose, maltose, maltotriose) (Deak, 2006; Hutkins, 2006; Ribereau-Gayon et al, 2006; 
Jackson, 2014). In the case of most S. cerevisiae oenological strains, fermentation activity 
usually remains stable until sugar concentrations of 200 g L-1 while higher sugar 
concentrations (above 30%) have been noted to retard the onset of fermentation and/or 
heighten the risk of sluggish fermentation due to high osmotic pressure (Ribereau-Gayon 
et al, 2006; Jackson, 2014; Mattei & Kosseva, 2017).  

Next to carbohydrates, assimilable nitrogen compounds are the second most 
important group of nutrients for the yeast as they fulfill a row of metabolic and enzymatic 
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functions (McKay et al, 2011; Rupasinghe et al, 2017). The generic term for assimilable 
nitrogen compounds used by brewers and winemakers is called Yeast Assimilable 
Nitrogen (YAN) and this consists of easily available ammonium, free amino acids and 
small peptides (Hutkins, 2006; McKay et al, 2011). In comparison to free amino acids, 
ammonium is reported as a preferred source of nitrogen and consumed first as it can be 
easily converted to glutamic acid that acts as a primary starting metabolite for the 
synthesis of other amino acids (Berry & Slaughter, 2003; Dequin et al, 2003; Ribereau-
Gayon et al, 2006; McKay et al, 2011; Jackson, 2014; Rupasinghe et al, 2017). However, 
co-consumption of ammonia, amino acids and peptides by S. cerevisiae was observed by 
Kevvai et al (2015) in synthetic media. 

The average YAN content in the apple must is reported at 120 mg·N L-1, but it can, for 
example, also be as low as 30 mg·N L-1 (Drilleau, 1990; Cruz et al, 2002). Low YAN values 
are associated with sluggish or even stuck fermentation and the risk of off-flavor 
formation (Hutkins, 2006; Alberti et al, 2011; McKay et al, 2011; Nogueira & Wosiacki, 
2012; Jackson, 2014; Rupasinghe et al, 2017; Boudreau et al, 2018). On the other hand, 
too high YAN values promote excessive cell multiplication and decrease the efficiency of 
sugar conversion to ethanol as sugars are converted mainly into biomass (Aranda et al, 
2011; McKay et al, 2011; Jackson, 2014). S. cerevisiae strains can differ significantly in 
their YAN requirement to achieve efficient fermentation and can be selected according 
to the YAN content of the must (Ribereau-Gayon et al, 2006). Additional YAN can also be 
supplemented before fermentation to meet the requirement of yeast. Most of the time, 
supplementary YAN is added in the form of ammonium salts (e.g., diammonium 
hydrogen phosphate) (Hutkins, 2006; Aranda et al, 2011; McKay et al, 2011; Rupasinghe 
et al, 2017).  

B group vitamins (primarily biotin, thiamine, and nicotinic acid) are utilized by  
S. cerevisiae to fulfil catalytic functions as cofactors and their precursors (Aranda et al, 
2011; McKay et al 2011; Jackson, 2014; Kampen, 2014; Paalme et al, 2014). Mineral 
elements (e.g., zinc, magnesium, potassium) also fulfil a crucial role in active sites of 
enzymatic reactions, as well as maintaining the pH and ionic balance of the cell (Jackson, 
2014). In general, the content of vitamins and mineral elements in apple juice is 
considered sufficient in fulfilling the yeast requirements; however, thiamine can be 
added as a part of nutritional supplementation to further enhance yeast performance 
(Nogueira & Wosiacki, 2012; Paalme et al, 2014). 

Despite anoxic conditions during most of the fermentation yeast still require some 
oxygen (ca 10 mg L-1) at the start of fermentation to ensure vitality and viability of the 
cells in later stages of fermentation at increased ethanol concentration (Dequin et al, 
2003; Aranda et al, 2011; Nogueira & Wosiacki, 2012). More specifically, the presence of 
oxygen at the onset of fermentation is necessary for the synthesis of sterols and 
unsaturated fatty acids of the plasma membrane and nicotinic acid (Dequin et al, 2003; 
Nogueira & Wosiacki, 2012; Jackson, 2014; Mattei & Kosseva, 2017). Sufficient aeration 
of the must improves the growth of biomass and fermentation speed (Dequin et al, 
2003). When nutrient limitations do not exist, the beneficial effects of oxygen can be 
observed even at lower concentrations (up to 2 mg L-1) (Nogueira & Wosiacki, 2012).  

1.1.3.4 The effect of fermentation temperature on yeast metabolism 
Yeasts are mesophilic microorganisms with a growth temperature range of 10-35°C 
(Salvadó et al, 2011). As a rule, the fermentative activity of yeasts will increase with the 
increase of temperature (Deak, 2006; Ribereau-Gayon et al, 2006; Kasemets et al, 2007; 



18 

Salvadó et al, 2011; Mattei & Kosseva, 2017). For example, a twofold increase in yeast 
cell division rate has been observed when increasing the temperature from 20°C to 30°C 
(Ribereau-Gayon et al, 2006; Jackson, 2014). The use of low and high temperatures for 
fermentation, however, has been shown to possess several advantages and 
disadvantages. Thus, lower fermentation temperatures prolong the duration of the lag 
phase and overall fermentation (Jackson, 2014). The vitality of yeast cells has been 
reported to increase at lower temperatures as the toxic effect of ethanol and other 
fermentation by-products on the yeast cell are less pronounced (Jackson, 2014; Mattei 
& Kosseva, 2017). Also, the increased diversity of volatile metabolic byproducts (e.g., 
ethyl esters) has been noted at lower temperatures which, in turn, affects the complexity 
in sensory properties of the final product (Hutkins, 2006). With higher temperatures 
which improve the fermentation rate the requirements for the nitrogen sources may 
increase (Ribereau-Gayon et al, 2006). The application of either too low or too high 
temperatures may both result in an increased risk of sluggish fermentation (Ribereau-
Gayon et al, 2006). As fermentation is an exothermic process, part of the energy 
produced by yeast during anaerobic carbon metabolism is released in the form of heat. 
On average, yeast release about 580 kJ of energy per kg of fermentable sugars (Kunze, 
2019) which is potentially enough to raise the ambient temperature by at least 15°C. 
Hence, temperature control is highly recommended in larger-scale processes.  

1.1.4 Post-fermentation processes in cider production 
Depending on the acidity levels in cider, malolactic fermentation (MLF) might be required 
during which malic acid is converted into lactic acid by malolactic bacteria present in the 
must either as part of indigenous microflora or added as a starter culture (McKay et al, 
2011; Nogueira & Wosiacki, 2012). The bacteria carrying out MLF belong to Oenococcus, 
Lactobacillus, Pediococcus and Leuconostoc genera (Lerm et al, 2010). Oenococcus oeni 
in particular is the most adapted to grow in the conditions that are associated with the 
end of alcoholic fermentation (high ethanol content, low pH) (Lerm et al, 2010). 

MLF involves enzymatic conversion of dicarboxylic malic acid into monocarboxylic 
lactic acid. From the physiological standpoint, MLF is used by malolactic bacteria to 
achieve a proton motive force for the generation of ATP (Lerm et al, 2010). Three distinct 
enzymatic pathways have been described. The first possible pathway involves direct 
decarboxylation of malic acid into lactic acid by malate decarboxylase (Lerm et al, 2010). 
The second pathway uses malate decarboxylase to first convert malic acid into pyruvic 
acid which is then reduced to lactic acid by lactate dehydrogenase (Lerm et al, 2010).  
In the third pathway, malic acid is reduced to oxaloacetate by malate dehydrogenase, 
decarboxylated to pyruvate by oxaloacetate decarboxylase and then reduced to lactic 
acid by lactate dehydrogenase (Lerm et al, 2010). The direct decarboxylation of malic 
acid into lactic acid, however, is the most common enzymatic pathway that is utilized by 
malolactic bacteria in wine (Lerm et al, 2010). MLF process is relatively slow and can take 
on average 20 to 35 days, depending on the population of malolactic bacteria and 
environmental factors that might affect its vitality (temperature, high ethanol content, 
low pH and sulfur dioxide pre-treatment of the must) (Nogueira & Wosiacki, 2012).  

As a result of MLF, the acidity of cider is reduced improving the sensory attributes of 
cider. Besides reducing the acidity, malolactic bacteria can also provide additional 
diversity in the composition of volatile compounds (Lonvaud-Funel, 2010; McKay et al, 
2011). Diacetyl is one of the primary odor-active compounds produced by malolactic 
bacteria that imparts “butterscotch” aroma to the beverage. However, at concentrations 
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above 5 mg L-1, diacetyl can become a source of off-flavor described as “rancid butter” 
(Krieger-Weber et al, 2010; McKay et al, 2011). Other compounds like higher alcohols 
(isoamylic alcohols), aldehydes (hexanal, hexenal), lactones, succinic acid esters (ethyl 
monosuccinate, diethyl succinate), norisoprenoids (damascenone), terpenes (terpineol, 
linalool, geraniol), and phenols (vanillin) have been noted to increase as a result of MLF 
in wines and cider (Maicas et al, 1999; Izquierdo Canas et al, 2008; McKay et al, 2011; 
Zhao et al, 2014; Chen & Liu, 2016).   

After fermentation (either with or without MLF), the yeast usually flocculates to the 
bottom of the fermentation tank and is then separated through either decantation, 
centrifugation or filtration. However, more traditional approaches to cidermaking usually 
include maturation of cider on yeast lees (sur lie) for up to several weeks to achieve 
additional flavor development (Bamforth & Cook, 2019). Yeast lees refer to precipitated 
and partially autolyzing yeast biomass. During maturation on lees, the cell contents 
released after autolysis of yeast into cider affect texture and flavor of the beverage 
(“nutty”, “toasty” notes) (McKay et al, 2011; Bakker & Clarke, 2012). The products of 
yeast autolysis include amino acids, peptides (including antioxidant compound 
glutathione), mannoproteins, fatty acids, and volatile compounds (alcohols, aldehydes, 
ethyl esters, lactones, terpenes) (Guilloux-Benatier & Chassagne, 2003; Ribereau-Gayon 
et al, 2006; Perez-Serradilla et al, 2008; Peinado & Mauricio, 2009; Liberatore et al, 2010; 
McKay et al, 2011; Loira et al, 2013; Joshi et al, 2017).  

After separation of yeast, cider is usually subjected to additional clarification by the 
addition of fining agents (gelatin, bentonite, isinglass, chitosan), sedimentation, and/or 
centrifugation (McKay et al, 2011; Bamforth & Cook, 2019). Fining agents are chosen 
based on the desired effect. Thus, gelatin forms flocs when binding to tannins and 
precipitates them reducing astringency (McKay et al, 2011; Berry & Slaughter, 2003; Lea 
& Drilleau, 2003). Bentonite can be used to remove unstable protein fractions that cause 
clouding, in particular at higher temperatures; gelatin/bentonite combination is noted to 
be very effective in terms of clarification speed and efficiency (McKay et al, 2011; Berry 
& Slaughter, 2003; Lea & Drilleau, 2003). Isinglass is a gelatin obtained from dried swim 
bladders of fish. It forms a jelly-like substance with enhanced separation of yeast cells 
and/or tannins; however, excess isinglass can give a “fishy” taste to the product (McKay 
et al, 2011; Berry & Slaughter, 2003; Lea & Drilleau, 2003). Chitosan also binds to 
polyphenols, proteins, and yeast, but is considered as most suitable for low-tannin ciders 
(McKay et al, 2011; Berry & Slaughter, 2003; Lea & Drilleau, 2003). 

With few exceptions (e.g. Guillevic apples), cider is rarely made from a single apple 
variety due to difficulties and limitations in finding a perfect balance of sweetness, 
acidity, and tannins (Lea & Drilleau, 2003). Most of the time, certain sensory properties 
according to the cider style, regional traditions, cidermaker’s vision or market demands 
are achieved and balanced through the blending of ciders from multiple apple varieties 
(Downing, 1989; McKay et al, 2011; Nogueira & Wosiacki, 2012; Bamforth & Cook, 2019). 
Notably, blending can occur at many different points in the cidermaking process (e.g, 
during juice preparation, after juice preparation, before fermentation, after 
fermentation) (McKay et al, 2011). If regulations allow, several properties (alcohol 
content, sweetness, acidity) may also be adjusted manually in post-fermentation 
processing. If the alcohol content is too high, the product can be thinned with water or 
pasteurized clarified apple juice to reduce the alcohol content to desired levels (Downing, 
1989; McKay et al, 2011; Nogueira & Wosiacki, 2012; Bamforth & Cook, 2019). Additional 
sweetness can be achieved with sugar syrup, apple juice, apple juice concentrate, or 
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artificial sweeteners (Downing, 1989; McKay et al, 2011; Nogueira & Wosiacki, 2012; 
Bamforth & Cook, 2019). Apple juice, malic acid, and/or citric acid can be used to adjust 
the acidity (Downing, 1989; McKay et al, 2011; Nogueira & Wosiacki, 2012; Bamforth & 
Cook, 2019). A preservative in the form of potassium metabisulfite can also be added if 
deemed necessary and allowed by regional laws and regulations (McKay et al, 2011; 
Nogueira & Wosiacki, 2012). After the necessary adjustments described above, ciders 
can be filtered, pasteurized, carbonated, and bottled (McKay et al 2011; Nogueira & 
Wosiacki, 2012). Carbonation can be achieved either by secondary fermentation 
(méthode traditionnelle) or artificial gasification with pressurized carbon dioxide 
(Ribereau-Gayon et al, 2006). 

1.2 Sensory properties of cider 
The sensory properties of any given food product are a primary deciding factor in terms 
of consumer acceptance and overall quality (Muñoz et al, 1996). There are no clear 
definitions available on the acceptable sensory properties of cider. The properties can 
vary significantly based on regional differences in production. This can be explained by 
the fact that properties like color, sweetness, and bitterness depend on the varieties of 
apples used (Santos et al, 2016). The residual sweetness of the product also depends on 
the fermentation activity of yeast and duration of fermentation (Rodríguez-Bencomo  
et al, 2012). 

Most compounds that define the perceived properties of cider are formed as yeast 
metabolites. Volatile compounds synthesized by yeasts are of particular importance as 
they constitute odor and flavor perception of the final product (Meilgaard et al, 2007; 
Duizer & Field, 2015). In addition to the main secreted metabolites of alcoholic 
fermentation – ethanol and glycerol, the compounds formed as a result of alcoholic 
fermentation can include but are not limited to organic acids (e.g., butanoic acid, 
octanoic acid),  various carbonyl compounds (e.g., 3-octanone, phenylacetaldehyde), 
higher alcohols (e.g., 3-methyl-1-butanol, 2-phenylethanol), sulfur compounds (e.g., 
hydrogen sulfide, dimethyl sulfide), and esters (e.g., ethyl acetate, ethyl butanoate) 
(Ugliano & Henschke, 2009; Liu, 2012; Rodríguez-Bencomo et al, 2012; Joshi & Attri, 
2017; Rupasinghe et al, 2017). The latter constitute the focus of this thesis and their 
synthesis by yeast is described in detail in the following chapters.  

1.3 Ester synthesis in yeast 
Esters impart fruity and floral characteristics to sensory properties of fermented 
beverages (Ugliano & Henschke, 2009; Saerens et al 2010; Aranda et al, 2011; Jackson, 
2014; Darriet & Pons, 2017; Rupasinghe et al, 2017). They are produced by yeast  
during fermentation and can be divided into two distinct groups – acetate esters and  
medium-chain fatty acid (MCFA) ethyl esters – depending on their synthesis pathways 
(Figure 2, Table 3) (Saerens et al, 2010).  
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Figure 2. Metabolic pathways of esters synthesis in a yeast cell (adapted from Boss et al (2015) 
with permission of MDPI) 

Fatty acid ethyl esters are formed by enzymatic esterification (medium-chain fatty 
acid ethyl ester synthases/esterases Eht1p and Eeb1p) of various medium-chain fatty 
acids (e.g., butyric acid, hexanoic acid, octanoic acid) with ethanol (Ugliano & Henschke, 
2009; Bakker & Clarke, 2012; Carballo, 2012; Jackson, 2014; Rupasinghe et al, 2017). 
Fatty acids can originate from the extracellular supply, protein/lipid turnover or 
synthesized de novo (Tehlivets et al, 2007). Fatty acids are synthesized by the 
carboxylation of acetyl-CoA to malonyl-CoA by acetyl-CoA carboxylase (Acc1) (Tehlivets 
et al, 2007; Aranda et al, 2011; Carballo, 2012; Jackson, 2014). Malony-CoA then enters 
a series of reactions regulated by fatty acid synthases (Fas1 and Fas2), fatty acid acyl-CoA 
synthases (Faa1, Faa4) and elongases (ketoacyl-CoA synthases; Elo1, Elo2, Elo3) 
(Tehlivets et al, 2007; Aranda et al, 2011; Carballo, 2012; Jackson, 2014). A metabolic 
pathway of fatty acid ethyl ester formation with ethyl butanoate as an example is 
provided in Figure 3. 
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Figure 3. Complete metabolic pathway of ethyl butanoate synthesis (adapted from Xu et al (2020) 
with permission of John Wiley & Sons) 

 
Acetyl esters are formed in the reaction of acetyl-CoA with alcohols (ethanol and 

higher alcohols) catalysed by acetyltransferases Atf1p and Atf2p (Lambrechts & 
Pretorius, 2000; Berry & Slaughter, 2003; Abbas, 2006; Ugliano & Henschke, 2009; Bakker 
& Clarke, 2012; Carballo, 2012; Rupasinghe et al, 2017; Molita et al, 2017). Higher 
alcohols originate either from extracellular environment or from the conversion of amino 
acids (Ehrlich pathway, Figure 4) or synthesized de novo from sugars (Aranda et al, 2011). 
Ehrlich pathway involves catabolism of amino acids (leucine, isoleucine, valine, 
phenylalanine, methionine, tyrosine, tryptophan) through three enzymatic reactions – 
transamination into corresponding α-keto acids, decarboxylation into corresponding 
aldehydes, and reduction of aldehydes into corresponding alcohols (Figure 4) (Messenguy 
et al, 2006; Ribereau-Gayon et al, 2006; Hazelwood et al, 2008). As mentioned above, 
higher alcohols can alternatively be synthesized with no involvement of amino acids, i.e. 
from keto acids that derive from glucose metabolism (Ribereau-Gayon et al, 2006).  
For example, isobutanol can be obtained from 2-ketoisovalerate instead of valine (Figure 
5) (Chen et al, 2011; Kondo et al, 2012). A complete metabolic pathway of acetate ester 
formation with phenylethyl acetate as an example is provided in Figure 6. 
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Figure 4. Formation of higher alcohols in Ehrlich pathway (adapted from Hazelwood et al (2008) 
with permission of American Society of Microbiology) 
 

 

 
Figure 5. Formation of isobutanol from pyruvate in S. cerevisiae (adapted from Kondo et al (2012) 
with permission of Elsevier and Wess et al (2019) with permission of Springer Nature) 
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Figure 6. Complete metabolic pathway of phenylethyl acetate synthesis (adapted from Kim et al 
(2013) with permission of John Wiley & Sons and Holt et al (2019) with permission of Oxford 
Academic Press) 
 

Table 3. Examples of ethyl and acetate esters synthesized by yeast with their odor descriptions and 
metabolic precursors 

Ester Structurea Odor descriptionb Precursors 
Ethyl esters 

Ethyl butyrate 

 
 

Fruity, pineapple, 
cognac 

Butanoic acid  

Ethyl hexanoate 

 
 

Fruity, pineapple, 
waxy, green 

Hexanoic acid  

Ethyl octanoate 

 
 

Fruity, wine, 
apricot, banana 

Octanoic acid  

Ethyl decanoate 

 
 

Waxy, fruity, 
apple, grape 

Decanoic acid  

Ethyl 
dodecanoate  

 

Waxy, floral, 
soapy 

Dodecanoic 
acid  
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Table 3 (cont.). Examples of ethyl and acetate esters synthesized by yeast with their odor 
descriptions and metabolic precursors 

Acetate esters 
Ethyl acetate 

 
 

Ethereal, fruity, 
green 

Acetyl-CoA + 
Ethanol 
(Nordström, 
1962) 

Isoamyl 
acetate 

 
 

Fruity, banana Isoamyl 
alcohol, 
leucine, valine 
(Eden, et al, 
1996; Plata et 
al., 2003) 

Isobutyl 
acetate 

 
 

Fruity, ethereal, 
banana 

Isobutanol, 
valine 
(Nordström, 
1964; Stribny 
et al, 2015) 

Hexyl acetate 

 
 

Fruity, green 
apple, banana 

C6 
alcohols/aldeh
ydes (Dennis 
et al, 2012) 

Octyl acetate 

 
 

Green, earthy, 
mushroom 

Octanol 
(Dennis et al, 
2012) 

2-Phenylethyl 
acetate 

 
 

Floral, rose, 
honey 

Phenylethyl 
alcohol, 
phenylalanine 
(Yoshioka & 
Hashimoto, 
1981; Scharpf 
et al, 1986; 
Dickinson et al, 
2003) 

aNIST database (US Department of Commerce; Gaithersburg, MD, USA) 
bbased on www.goodscentscompany.com database 

1.4 Ester synthesis management during cider production 
The choice of a yeast strain can have a significant impact on the volatile composition of 
cider. Saccharomyces sp. are known as good producers of esters and higher alcohols 
during fermentation (Ugliano & Henschke, 2009; McKay et al, 2011). The concentration 
of these compounds, however, depends on the particular strain used in the fermentation 
(Ugliano & Henschke, 2009; McKay et al, 2011). For example, a strain of S. bayanus was 
shown to produce higher concentrations of higher alcohols (isoamyl alcohols, isobutanol, 
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2-methyl-1-butanol) and various esters (ethyl 2-methyl butyrate, ethyl 3-methyl 
butyrate, isoamyl acetate, ethyl hexanoate) while the strains of S. cerevisiae synthesized 
more of ethyl octanoate and ethyl hexanoate in icewines (Synos et al, 2015).

In addition to Saccharomyces sp., the strains of non-Saccharomyces species can 
contribute substantially to the sensory properties of cider. For example, Kazachstania 
gamospora in wine fermentation produced a much higher concentration of esters 
compared to Saccharomyces cerevisiae (Becker Whitener et al 2014). Similarly, the 
strains of Hanseniaspora sp. produced high amounts of acetic acid, acetate esters, and 
acetoin (Ugliano & Henschke, 2009; McKay et al, 2011; Rodriguez Madrera et al, 2015). 
Pichia kluyveri has been patented as a yeast which imparts “banana” and “pear” 
characteristics to fermented beverages as a result of isobutyl acetate, isoamyl acetate, 
hexyl acetate, ethyl propanoate, and ethyl valerate formation (Chr Hansen AS, 2015). 
Metchnikowia pulcherrima produces high concentrations of ethyl acetate, ethyl 
octanoate, 2-phenylethyl alcohol, and diacetyl which contribute to “fruity”, “floral”, and 
“creamy” notes (Ugliano & Henschke, 2009).  

Apart from yeast strain, YAN content and composition is a major factor that has an 
impact on ester production by yeasts. YAN supplementation into the nitrogen-deficient 
grape and apple musts has proven to be efficient in supporting esters’ production in 
multiple studies. Seguinot et al (2018) have found that nitrogen supplied in the form of 
diammonium hydrogen phosphate (DAP) was efficient in inducing acetate esters’ 
production in cider. A similar effect was described by Garde-Cerdan et al (2008), Ugliano 
et al (2010), and Torrea et al (2011) in wine fermentation. The combined supplementation 
of apple must with some of the amino acids (glutamate, aspartate) in the study by Santos 
et al (2016) significantly increased the amount of both ethyl and acetate esters produced 
during fermentation. Linear correlation between added amino acid precursors (leucine, 
isoleucine, phenylalanine, threonine) and the corresponding esters (isoamyl acetate, 
2-phenylethyl acetate, ethyl acetate) was demonstrated by Fairbairn et al (2017) in a 
synthetic grape must. The linear relationship, however, lost its predictability once the 
individual amino acids used in the study were supplemented in a mix (Fairbairn et al, 
2017).

The effects of timing of YAN supplementation on esters’ composition have also been 
explored. Seguinot et al (2018) compared the effect of supplementation of DAP and a 
mix of 19 amino acids either at the start of alcoholic fermentation or the onset of the 
stationary phase in fermentations with synthetic media. The results suggested that YAN 
supplementation was efficient regardless of the supplementation timing and source, 
with a more pronounced effect on acetate esters than ethyl esters. Similar conclusions 
were also reached by Beltran et al (2005). 

Supplementation with fatty acids has also proven to be beneficial for the 
improvement of esters’ synthesis. Thus, supplementation of synthetic grape must with 
unsaturated fatty acids (linoleic, oleic and linolenic) was shown by Duan et al (2015) to 
improve overall yeast vitality and fermentative activity. A positive correlation of 
supplemented unsaturated fatty acids with MCFA esters (ethyl hexanoate, ethyl 
octanoate) and some acetate esters (2-phenylethyl acetate, isoamyl acetate) was also 
found (Duan et al, 2015). A similar effect on ethyl hexanoate and ethyl octanoate was 
noted in supplementation of synthetic must with respective medium-chain fatty acids 
(hexanoic acid, octanoic acid) (Kong et al, 2021). The supplementation with unsaturated 
fatty acids was further explored by Liu et al (2019) in red wine fermentations. There, 
however, the efficiency of supplementation was shown to depend on the concentrations 
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used – concentrations 120 mg L-1 and higher had an inhibitory effect on both yeast 
performance and ester synthesis (Liu et al, 2019). 

The dissolved oxygen content of the must has also been shown to affect esters’ 
production by yeast. Thus, aeration of synthetic growth media suppressed the formation 
of acetate esters in the studies conducted by Fujii et al (1997) and Rojas et al (2001).  
This can be related to repression of genes encoding acetyltransferases (ATF1, ATF2) (Fujii 
et al, 1997; Plata et al, 2005). On the other hand, lack of aeration has been related to a 
decrease in fatty acid esters production due to inhibited cellular growth (Bardi et al, 
1999; Valero et al, 2002). 

Fermentation temperature has also been noted to affect both qualitatively and 
quantitatively esters’ composition in fermented beverages. Lower temperatures reduce 
fermentation rate and prolong the viability of the yeast culture, allowing formed esters 
to accumulate in the must during fermentation (Downing, 1989; Torija et al, 2003; 
Jackson, 2014; Joshi & Attri, 2017). Lower temperatures have been reported to favorably 
impact the formation of ethyl esters (ethyl butanoate, ethyl hexanoate) (Molina et al, 
2007; Beltran et al, 2008; Reddy & Reddy, 2011). The difference is said to be attributed 
to the higher expression of EHT1 gene as well as the improved activity of the esterases 
(Eht1p, Eeb1p) related to ethyl ester production in yeast (Molina et al, 2007). On several 
occasions, nevertheless, it has been reported that higher fermentation temperatures 
favor the formation of certain long-chain fatty acid esters (ethyl octanoate, ethyl 
decanoate) (Killian & Ough, 1979; Molina et al, 2007; Saerens et al, 2008b). Higher 
fermentation temperatures, however, can also be associated with evaporation losses of 
volatile metabolic byproducts (Killian & Ough, 1979). Higher temperatures might also 
induce hydrolysis of synthesized esters reducing their accumulation in the product 
(Ramey & Ough, 1980; Jackson, 2014; Molina et al, 2017).  

Technological advances in cider production have largely relied on the innovations 
from other fermented beverage industries, in particular wine industry. However, as seen 
in Table 2, apple juice and grape juice are significantly different in terms of their 
composition. Thus, the technological procedures currently available to improve the 
production of esters in wines may not be that easily transferred to cider fermentation. 
Additional insight needs to be obtained into the impact of cider fermentation practices 
to expand our knowledge on the development of esters with characteristics of apple juice 
in mind.  
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2 The Aims of this Dissertation 
The main objective of this thesis was to explore how different cidermaking conditions 
affect the quality of cider in terms of ester production by yeast. 
 
The specific goals were as follows: 

• to study the effect of apple variety, ripening stage, and yeast strain on the 
volatile composition of cider (Publication I); 

• to assess yeast performance in esters’ production with YAN supplementation as 
one of the main tools for ester synthesis management (Publications II and 
Supplementary study); 

• to determine the effects of juice pre-treatment (clarification and concentration) 
on cider fermentation and the composition of volatile esters (Publication III); 

• to observe simultaneous effects of asparagine supplementation and oxygen 
availability on the production of higher alcohols and esters by yeast 
(Supplementary study). 
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3 Materials and Methods 
The following sections are provided to make the materials and methods easily accessible 
to the readers. The information on each method employed and the materials used is also 
available in individual publications (Appendix 1, Appendix 2, Appendix 3).  

3.1  Cider fermentation experiments 
In Publications I-III, small-scale cider fermentations were performed. For that, the juice 
(400 mL) was distributed into sterile 500 mL fermentation bottles. Each bottle was 
inoculated (5 x 106 CFU mL-1) with a chosen rehydrated yeast starter culture. An overview 
of the starter cultures used in the studies is provided in Table 4. An overview of the apple 
cultivars used in Publication I is provided in Table 5. An overview of the apple juices used 
in Publications II and III is provided in Table 6. 
 
Table 4. Yeast strains used in Publications I-III for cider fermentation 

Yeast strains Description Study 
Torulaspora 
delbrueckii 

non-Saccharomyces yeast for 
white and red wines 

as Biodiva (BD) in 
Publication I 
as Y1 in Publication II 

Saccharomyces 
bayanus 

Sparkling and dessert wine yeast as C1108 in Publication I 

S. bayanus White wine yeast as QA23 Publication I 
S. bayanus Wine yeast for difficult 

fermentation conditions 
as Y3 in in Publication II 
as Y1 in Publication III 

S. bayanus Sparkling wine yeast as Y4 in Publication II 
as Y3 in Publication III 

Saccharomyces 
cerevisiae 

Champagne yeast as EC1118 in Publication I 

S. cerevisiae Wine yeast for a broad range of 
fermentation conditions 

as OKAY in Publication I 

S. cerevisiae Wine yeast with killer factor as OPALE in Publication I 
Y5 in Publication III 

S. cerevisiae White wine yeast selected 
through directed breeding 

as Y2 in Publication II 
as Y6 in Publication III 

S. cerevisiae Wine yeast selected through 
evolutionary adaptation 

as Y5 in Publication II 
as Y4 in Publication III 

S. cerevisiae White wine yeast as Y2 in Publication III 
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Table 5. Apple varieties used in Publication I for cider fermentation 

 Fructose, % Glucose, % Malic acid, % 
Unripe Melba 4.5 ± 0.1 0.5 ± 0.1 1.2 ± 0.1 
Ripe Melba 5.3 ± 0.1 0.7 ± 0.1 0.9 ± 0.1 
Overripe Melba 6.3 ± 0.1 1.2 ± 0.1 0.8 ± 0.1 
Unripe Antei 5.9 ± 0.1 1.8 ± 0.1 0.8 ± 0.1 
Ripe Antei 6.5 ± 0.1 1.8 ± 0.1 0.6 ± 0.5 
Overripe Antei 6.9 ± 0.1 2.2 ± 0.1 0.5 ± 0.1 
Unripe Orlovski Sinap 5.2 ± 0.1 1.1 ± 0.1 1.3 ± 0.1 
Ripe Orlovski Sinap 6.4 ± 0.1 1.7 ± 0.1 0.8 ± 0.1 
Overripe Orlovski Sinap 6.9 ± 0.1 2.0 ± 0.1 0.5 ± 0.1 
Unripe Kulikovskoye 4.9 ± 0.1 1.1 ± 0.1 0.7 ± 0.1 
Ripe Kulikovskoye 6.4 ± 0.1 1.3 ± 0.1 0.5 ± 0.1 
Overripe Kulikovskoye 6.5 ± 0.1 1.6 ± 0.1 0.4 ± 0.1 

 
 

Table 6. Apple juices used in Publications II and III for cider fermentation 

  ºBrix pH TA*, g L-1 YAN, mg·N L-1 
Commercial juice 1 (UK)  12.8 3.28 6.7 ± 0.1 69.48 ± 2.00 
Commercial juice 2 (Germany)  11.7 3.18 3.8 ± 0.1 51.21 ± 1.84 
Ripe Antei (freshly pressed)  9.8 3.38 3.93 ± 0.1 76.13 ± 7.29** 
Ripe Antei (pre-treated)  10 3.45 3.97 ± 0.1 87.91 ± 9.62** 

*As malic acid equivalents 
**Free amino nitrogen only 
 

In Publication II where nitrogen supplementation was studied, yeast assimilable 
nitrogen (YAN) content in both commercial apple juice concentrates used for 
fermentation was brought to a similar content of 80 ± 2 mg·N L-1 by using inactive yeast 
based fermentation nutrient Fermaid K (Lallemand Inc.). In Publication III where the 
effects of juice pre-treatment (clarification and concentration) on cider fermentation were 
studied, three nutritional strategies were applied: i) w/o nutritional supplementation 
(control); ii) 9 g hL-1 of DAP as inorganic nitrogen supplement, and iii) 40 g hL-1 of inactive 
yeast based fermentation nutrient Fermaid O (Lallemand Inc, Montreal, Canada). 

Inoculated bottles were sealed using screw caps with septums pierced with syringe 
needles (19G x 1 ½, 1.1 x 40 mm; Terumo Medical Corporation) coupled with microfilters 
to vent carbon dioxide. Fermentations were carried out at 18 ± 1 °C (Publications I, II, and 
III) and 30 ± 1 °C (Publication III) by following carbon dioxide dissipation (mass loss) every 
24h. Fermentations were considered completed when the weight of fermentation 
bottles remained constant for three consecutive days. All fermentation experiments 
were conducted in duplicates.  

In the supplementary study, larger-scale cider fermentations were performed to 
study simultaneous effects of asparagine supplementation and oxygen availability on the 
production of higher alcohols and esters. For that, a method previously described by 
Guichard et al (2019) was adapted. Homemade reactors (16 L of total volume) under 
inert atmosphere of nitrogen (Linde gas, Saint-Priest, France) were used. Each reactor 
was filled with 10 L of a blend of apple musts from local orchards of Brittany, France  
(ca 80 mg·N L-1 FAN). Three nutritional strategies were used: i) no additional asparagine 
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supplementation (control), ii) supplementation with asparagine (Sigma Aldrich; Saint Louis, 
MO, USA) to 140 mg·N L-1 FAN, and iii) supplementation with asparagine to 200 mg·N L-1 

FAN. Two dissolved oxygen levels in the must were used at the start of fermentation:  
i) no dissolved oxygen in the juice (0 mg L-1) achieved with N2 flushing and ii) saturation 
with air to 12 mg L-1 of dissolved oxygen. The strain of Saccharomyces uvarum isolated 
from French ciders by INRA (French National Institute for Agronomical Research) was 
used. The pre-culture (108 CFU mL-1) was grown in stirred flasks with YPG medium  
(12.5 g L-1 yeast extract, 10 g L-1 peptone, 20 g L-1 glucose) for 72 h at 20 °C. The yeast was 
then centrifuged, rinsed with apple juice and resuspended for inoculation. The yeast was 
inoculated at 5 x 105 CFU mL-1. The fermentations were carried out at 10 °C by following 
the change in density measurements. The fermentations were terminated once the 
density had reached 1010 g L-1 from the initial 1060 g L-1. Depending on the fermentation 
rate, sampling was done either every day or every other day. All fermentation experiments 
were performed in triplicates. 

3.2 Apple juice clarification and concentration  
In Publication III, a concentrate was prepared from apple juice to assess the effects of 
juice pre-treatment (clarification and concentration) on cider fermentation kinetics and 
the production of volatile esters by yeast. Apple juice from ripe Antei apples (150 L)  
(9.80 °Brix; pH 3.38; titratable acidity 3.93 g L-1 in malic acid equivalent) was used. Half 
of the juice (75 L) was clarified and concentrated. Clarification was based on the method 
described by Grampp et al (1978). The juice was heated to 40 °C and 5 g hL-1 of commercial 
pectinase (Rapidase; Oenobrands SAS, France) and 5 g hL-1 of glucoamylase (AMG 300L; 
Novozymes, Denmark) were added. After 30 minutes at 40 °C, 100 mL hL-1 of silica sol 
(Baykisol® 30; E. Begerow GmbH & Co., Germany) and 10 g hL-1 of dissolved gelatin  
(SIHA Clarifying Gelatine; E. Begerow GmbH & Co., Germany) were added as flocculants. 
Flocculation occurred within 1.5 hours at 40 °C. Clarified juice was filtered and 
concentrated using a vacuum concentration system (Didacta Italy; Fruit juice and syrup 
line, code 640022). The following pressure and temperature programs were used: 60 °C 
at -60 cmHg (beginning), 40 °C at -70 cmHg (mid-point) and 30°C at -70 cmHg (end). Due 
to volume restrains, the process was performed in three batches of 25 L. Each batch was 
concentrated separately from 9.8 to 30 °Brix. The batches were then pooled and 
concentrated to the final value of 67.8 °Brix. For fermentations, the concentrate was 
diluted with distilled water to 10 °Brix (pH 3.45; titratable acidity 3.97 g L-1 in malic acid 
equivalents). 

3.3 Analytical procedures 
3.3.1 Yeast assimilable nitrogen (YAN) content 
In Publication II, the YAN content at different stages of fermentation was measured using 
Dinitrofluorobenzene (DNFB) method to assess the rate of nitrogen consumption by 
yeast. The method is based on the reaction of amino groups of free amino acids and  
small peptides with 2,4-dinitrofluotobenzene. The reaction products are measured by 
spectrophotometry at 420 nm. Standard solutions of glycine with known nitrogen 
content were used to obtain calibration curve. Results were expressed as mg·N L-1. Three 
analytical replicates were used for each sampling point. 
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3.3.2 Amino acid content 
In Publication III, free amino acids were measured in the juice before and after 
concentration. In the supplementary study, free amino acids were measured before and 
after fermentation to assess their consumption by yeast. The measurements were done 
with UPLC (Acquity UPLC; Waters Corp., Milford, MA, USA) equipped with AccQ·Tag Ultra 
column and a UV detector. Before analysis, the samples were diluted 1:2 with MilliQ, 
filtered (Whatman Spartan 13; Dassel, Germany) and derivatized using AccQ·Tag reagent. 
AccQ·Tag Ultra eluent B (linear gradient from 0% to 100%) was used as mobile phase at 
a flow rate of 0.3 mL min-1. Three analytical replicates were measured for each sampling 
spoint. 

3.3.3 GC-MS analysis of volatile compounds 
In Publications I-III, volatile compounds were measured across the samples by GC-MS.  
In Publication I, a full volatile profiling was performed; in Publications II-III and in the 
supplementary study, only selected esters and their alcohol precursors were analyzed.  

In Publications I-III, the samples were diluted 1:19 with distilled water into a 20 mL 
vial; 2-chloro-6-methylphenol (100 µg L-1) was added as an internal standard (IS)  
for semi-quantitation. Volatile compounds were extracted by using solid-phase 
microextraction (DVB/Car/PDMS 30/50 μm Stableflex, 2 cm; Supelco, Bellefonte, PA, 
USA) at 45 °C for 20 minutes. Quantification of volatile compounds was performed using 
gas chromatography system (6890N; Agilent Technologies, Santa Clara, CA, USA) 
equipped with mass spectrometer (GCT Premier TOF; Waters, Milford, MA, USA) and a 
DB5-MS column (30 m × 0.25 mm × 1.0 μm; J&W Scientific, Folsom, CA, USA). Helium 
was used as a carrier gas with 1.0 mL min-1 flow. The oven was programmed to ramp up 
from 40 °C at a rate of 7.5 °C min-1 to a final temperature of 280 °C with an additional 
holding time of three minutes (total run time 35 min). Mass spectra were obtained at 
ionization energy of 70 eV within a mass scan range of 35 to 350 m/z. Three analytical 
replicates were used for each sample. In Publications II and III, analytical standards were 
used for the accurate identification of selected esters. The concentrations were 
expressed as µg L-1 in IS equivalents.   

In the supplementary study, a method previously used by Guichard et al (2019) was 
adapted for the measurements. 10 mL of cider sample was gathered into a 20 mL vial 
pre-flushed with carbon dioxide and containing 3 g of NaCl; 2-ethylhexanol (20 mg L-1) 
was added as an internal standard. Volatile compounds were extracted by using  
solid-phase microextraction (Car/PDMS 85 μm Stableflex, 2 cm; Supelco, Bellefonte, PA, 
USA) at 35 °C for 20 minutes. The volatiles of interest were measured using GC-MS 
QP2010S system (Shimadzu; Kyoto, Japan). The system was equipped with a BP20 polar 
capillary column (30 m × 0.25 mm × 0.50 μm; VWR International, Radnor, PA, USA). 
Helium was used as a carrier as with 1.0 flow. Samples were injected in split mode with 
a 1:30 ratio. The oven was programmed to ramp up from 30 °C to 40 °C at a rate of 4 °C 
min-1, from 40 °C to 180 °C at a rate of 8 °C min-1, from 180 °C to a final temperature of 
250 °C at a rate of 15 °C min-1 with an additional holding time of ten minutes (total run 
time 34.67 min). Mass spectra were obtained at ionization energy of 70 eV within a mass 
scan range of 30 to 300 m/z. Correct identification was performed using analytical 
standards and reference ions for each compound of interest. Three analytical replicates 
were used for each sampling point. The results of quantitation were expressed in 
absolute concentrations as mg L-1.   
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3.3.4 Cell count and yeast viability 
In the supplementary study, growth of yeast population and its viability was monitored 
during cider fermentation by using methods previously described by Guichard et al (2019). 
Total cell count was measured in a flow cytometer (CyFlow Cube 6; Sysmex Partec GmbH, 
Goerlitz, Germany). Yeast viability was assessed by comparing plate count on agar media 
with total cell count. For Saccharomyces uvarum, a following selective agar media was 
used: 1.7 g L-1 of Difco™ Yeast Nitrogen Base + 0.94 g L-1 of L-asparagine + 20 g L-1 of  
D-(+)-galactose + 20 g L-1 of Bacto™ Agar. 

3.3.5 Sensory analysis 
In Publication II, descriptive analysis was used to assess the sensory properties of the 
cider samples. A sensory panel of 8 assessors with previous experience in working with 
cider samples carried out the analysis. There was no pre-session to familiarize assessors 
with the samples. The working linear scale was established at 0-15, and relative 
intensities were used. A complete list of assessed attributes and their definitions is 
provided in Table 7. Samples were assessed independently by each assessor. Before the 
assessment, all samples were adjusted for sweetness to balance out the sour taste since 
the secondary malolactic fermentation was not carried out. For that, 3% of diluted 
sucrose was added. All samples were encoded with a randomized three-digit numerical 
key. 

 
Table 7. A complete list of sensory attributes and their definitions 

Attribute Description 
Odour  
Overall intensity Overall strength of the perceived odour 
Fruity  Strength of all fruity odours (excluding apple) 
Cooked apple Strength of odours characteristic to cooked apples 
Apple-like Strength of odours characteristic to fresh apples 
Sweet Strength of all sweet odours 
Sour Strength of all sour odours 
Taste  
Fruity Strength of overall sensation characteristic to fruits (excluding 

apples) 
Cooked apple Strength of overall sensation characteristic to cooked apples 
Apple-like Strength of overall sensation characteristic to fresh apples 
Sweet Strength of overall sweet sensation 
Sour Strength of overall sour sensation 
Bitter Strength of overall bitter sensation 
Astringency Strength of overall drying sensation 

 

3.3.6 Data processing and statistical analysis 
In Publication I, the results of GC-TOF-MS analysis were statistically evaluated by partial 
least square discriminant analysis (PLS-DA) (mixOmics package, R software 3.4.0; Boston, 
MA, USA). The correlation of cider samples with identified volatile compounds was 
observed using principal component analysis (PCA) (factoextra package, R software 3.4.0; 
Boston, MA, USA). Before the application of PCA and PLS-DA, the quantitation results 
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were autoscaled. The analysis of variance (ANOVA) was performed using R software 3.4.0 
(Boston, MA, USA), and p<0.05 was considered statistically significant. 

In Publication II, the results of chemical analysis were averaged across biological and 
analytical replicates. The analysis of variance (ANOVA) was performed using R software 
3.4.0 (Boston, MA, USA), and p<0.05 was considered statistically significant. The results 
of sensory analysis were statistically evaluated by PCA (OriginPro software; OriginLab, 
Northampton, MA, USA). Prior to the application of PCA, the results were autoscaled.  

In Publication III, the results of chemical analysis were averaged across biological and 
analytical replicates. ANOVA was performed using R software 4.0.0 (R Foundation for 
Statistical Computing, Vienna, Austria) and p < 0.05 was considered statistically 
significant. The results of GC-MS analysis were evaluated by PLS-DA using R package 
‘mixOmics’ 6.11.33 and presented as biplots. Response variable was constructed from a 
combination of juice type and nutritional supplement. Prior to the application of PLS-DA, 
the quantitation results were autoscaled. 

In the supplementary study, the results of chemical analysis were averaged across 
analytical replicates. R software 4.0.0 (R Foundation for Statistical Computing, Vienna, 
Austria) was used for data visualization. 
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4 Results and Discussion 
A summary of the results is presented in this section. More detailed discussions on these 
results can be reached in publications’ transcripts in Appendix 1, Appendix 2, and 
Appendix 3. 

4.1 The effects of apple variety, ripening stage, and yeast strain on the 
volatile composition of apple cider 
Publication I examined the degree of influence of apple variety, apple ripening stage, and 
yeast strain on the volatile composition of apple cider. Four apple varieties grown in 
South Estonia in a private orchard in Valgjärve (Valga County) were selected for the study 
– Antei, Melba, Kulikovskoye, and Orlovski Sinap. The apples were first harvested at the 
unripe stage (0 weeks, starch index 1) of their maturity and left to ripen at +4 °C. The ripe 
apples (starch index 3) were collected after 2-8 weeks (depending on the variety: Melba 
– 2 weeks, Kulikovskoye – 3 weeks, Antei – 6 weeks, and Orlovski Sinap – 8 weeks) in 
storage, and the overripe (starch index 5) – after 6-12 weeks (approx. one month after 
the ripe stage: 6, 8, 10 and 12 weeks, respectively). The must from the apples at various 
stages of ripening (unripe, ripe, overripe) underwent alcoholic fermentation using 
commercially available yeast strains (Table 4). Gas chromatography – mass-spectrometry 
was employed to assess the differences in volatile composition between the samples.  

In total, 37 volatile compounds were identified in the cider samples (Table 6). Partial 
least square-discriminant analysis (PLS-DA) was applied to evaluate the influence of each 
treatment (apple variety, maturity level, and yeast strain) on the volatile composition of 
the samples. For that, one treatment at a time was taken as a predicted variable with the 
other two acting as replicates. The best visual separation of the samples was achieved 
when using apple variety as a predicted variable (Figure 7).  

Based on the grouping according to the apple variety, ciders produced with Melba 
apples were found to have similar volatile profiles due to the proximity of the samples 
on the plot. This may indicate either a specific dominant aroma profile of Melba variety 
making it difficult to influence the cider by apple maturity level and different yeast strains 
or a lack of certain nutrients (e.g., amino acids) acting as metabolic precursors of the 
analyzed volatile compounds. By contrast to the ciders made with Melba variety, Antei 
variety showed a wide spread of the samples on the plot allowing additional 
subclustering based on the maturity level of apples – the samples made with unripe 
apples formed a clear subcluster. The clusters formed by the samples made with 
Kulikovskoye and Orlovski Sinap varieties overlapped due to similarities in volatile 
composition. 
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Figure 7. PLS-DA plot for the cider samples. Samples made with Antei apples are represented with 
color blue, Kulikovskoye – orange, Melba – gray, Orlovski Sinap – green. Samples are coded 
according to the preparation: maturity level (UR – Unripe, R – Ripe, OR – Overripe) – apple cultivar 
(A – Antei, M – Melba, OS – Orlovski Sinap, K – Kulikovskoye) – yeast strain. Thus, sample coded 
ROSOKAY, for example, represents a cider made with ripe Orlovski Sinap apples and fermented with 
OKAY commercial yeast strain 

  
To evaluate the correlations between volatile compounds and apple variety, principal 

component analysis (PCA) was carried out (Figure 8). According to the PCA biplot, ciders 
from Melba apple variety had the least diverse volatile composition; the samples formed 
a tight cluster with a substantial similarity in the volatile profiles which corresponds to 
the results obtained using PLS-DA approach. Ciders made with Kulikovskoye, and Orlovski 
Sinap varieties had similar but the most diverse volatile composition with different 
alcohols, aldehydes, and esters contributing to the volatile composition. As per PLS-DA 
results, subclustering of the samples made with unripe Antei apples was also observed 
on the upper left corner of Figure 6. These samples had higher contents of acetate  
esters (isoamyl acetate, hexyl acetate, and butyl acetate), ethyl hexanoate, octanal,  
1-octen-3-ol, and 1-octanol. The influence of apple variety, ripening stage, and yeast on 
the relative content of identified volatile compounds was further observed using  
p-values (Table 8). According to the results, most of the compounds that distinguished 
the samples from one another were associated with apple variety, which corresponded 
to the conclusions made based on the results of PLS-DA. Most of the alcohols identified 
in the samples, some esters (butyl acetate, ethyl-3-methylbutanoate, and isoamyl 
acetate), 3-methylbutanoic acid, 3-octanone, benzaldehyde, and phenylacetaldehyde 
were associated with the maturity stage of the apples used in processing. The mentioned 
compounds could have either originated from the biochemical changes during ripening 
or formed from specific precursors developed during ripening (e.g., 3-methylbutanol can 
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be utilized as a precursor in the formation of isoamyl acetate) (Eden, et al., 1996; Osorio 
et al., 2013). 

The results of this study indicate that the apple variety can have a significant influence 
on cider’s volatile composition. It is also obvious that the extent to which yeast could 
potentially influence the volatile composition and concentration in the final product will 
depend on the apple variety used.  
 

 

 
Figure 8. Principal component analysis biplot. Samples made with Antei apples are represented 
with color red, Kulikovskoye apples – color green, Melba apples – color blue, Orlovski Sinap apples 
– color purple. Letter U represents samples made with unripe apples, letter R – ripe apples, letter O 
– overripe apples 
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Table 8. Identified volatile compounds, their relative concentrations and influence (p-value) of 
apple variety, ripening stage, and yeast strain 

Compound Odor 
descriptionb 

Concentration 
range, µg L-1 in 
2-chloro-6-
methylphenol 
equivalents 

p-value 

Variety Maturity Yeast 

1-propanol Fermented, 
fruity, apple, 
pear 

1.67 – 91.47 0.000 0.002 0.625 

2-methyl-1-
propanol 

Wine, whiskey 0.00 – 233.15 0.049 0.004 0.019 

1-butanol Balsamic 20.24 – 411.62 0.000 0.434 0.776 
3-methyl-1-
butanol 

Cognac, 
banana, fruity 

0.00 – 3631.49 0.000 0.006 0.700 

2-methyl-1-
butanol 

Wine, fruity 319.31 – 
3541.74 

0.000 0.002 0.850 

2-hexen-1-ol, (E) Green, leafy 12.61 – 124.72 0.021 0.068 0.309 

1-hexanol Green, 
pungent 

283.49 – 
4659.29 

0.029 0.007 0.390 

1-octen-3-ol Earthy, 
vegetative, 
mushroom 

0.00 – 83.00 0.000 0.003 0.677 

2-ethyl-1-
hexanol 

Citrus, floral 0.01 – 51.97 0.000 0.020 0.720 

1-octanol Citrus, floral, 
fatty 

0.00 – 2.87 0.000 0.184 0.541 

2-phenylethanol Floral, rose 0.00 – 598.83 0.000 0.000 0.583 

Ethyl acetate Fruity, green 10.27 – 713.71 0.000 0.094 0.165 

Methyl-2-
methylpropano
ate 

Fruity, ether 0.06 – 0.92 0.000 0.084 0.237 

Ethyl 
propionate 

Fruity, grape, 
pineapple, 
rum 

1.55 – 109.10 0.000 0.589 0.004 

Methyl 
butanoate 

Pungent, 
fermented 

1.19 – 19.85 0.000 0.221 0.949 

Ethyl-2-
methylpropano
ate 

Ether, 
pungent, 
fruity 

0.49 – 24.63 0.000 0.038 0.028 
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Table 8 (cont). Identified volatile compounds, their relative concentrations and influence (p-value) 
of apple variety, ripening stage, and yeast strain 

Methyl-2-
methylbutanoate 

Fruity, ripe, 
fatty 

0.53 – 6.35 0.000 0.170 0.899 

Ethyl butanoate Pineapple, 
cognac 

3.24 – 150.82 0.000 0.186 0.991 

Butyl acetate Solvent, 
banana 

0.17 – 12.26 0.000 0.034 0.678 

Ethyl-3-
methylbutanoate 

Fruity, 
pineapple, 
apple, orange 

0.12 – 4.90 0.000 0.014 0.001 

Isoamyl acetate Banana, pear 3.91 – 252.74 0.001 0.009 0.546 
Ethyl-2-
methylbutanoate 

Fruity, apple 0.22 – 5.98 0.000 0.619 0.999 

Ethyl pentanoate Fruity, berry, 
tropical 

0.07 – 2.50 0.000 0.481 0.447 

Ethyl hexanoate Fruity, 
pineapple, 
banana 

10.34 – 254.60 0.001 0.100 0.747 

Hexyl acetate Fruity, green 
apple, 
banana 

0.50 – 165.57 0.001 0.122 0.557 

Hexyl butanoate Green, fruity, 
vegetative 

0.00 – 51.86 0.000 0.470 0.825 

Ethyl octanoate Fruity, wine, 
banana, 
brandy 

1.41 – 837.17 0.000 0.184 0.798 

2-phenylethyl 
acetate 

Honey, rose 0.00 – 24.34 0.000 0.125 0.385 

Ethyl decanoate Waxy, fruity, 
apple, grape 

0.01 – 174.10 0.000 0.054 0.620 

3-methylbutyl 
octanoate 

Waxy, fruity, 
pineapple, 
coconut 

0.00 – 2.11 0.000 0.237 0.314 

Butanoic acid Cheesy 0.00 – 27.24 0.236 0.109 0.001 

2-
methylbutanoic 
acid 

Cheesy, 
fermented 

0.00 – 13.71 0.002 0.016 0.009 

Benzaldehyde Almond, 
cherry 

0.00 – 11.78 0.008 0.039 0.890 

3-octanone Herbal, 
lavender, 
mushroom 

0.00 – 0.91 0.015 0.000 0.882 
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Table 8 (cont). Identified volatile compounds, their relative concentrations and influence (p-value) 
of apple variety, ripening stage, and yeast strain 

Octanal Waxy, 
citrus 

0.07 – 150.04 0.000 0.102 0.446 

Phenylacetaldehyde Honey, 
rose 

0.00 – 2.99 0.000 0.006 0.838 

Vanillin Vanilla 0.00 – 0.05 0.236 0.189 0.670 
a – approximate average value according to NIST database (US Department of Commerce, 
Gaithersburg, MD, USA) 
b – according to www.thegoodscentscompany.com 

4.2 The effect of nitrogen supplementation on fermentation kinetics 
and ester formation during cider fermentation 
Adjustment of Yeast Assimilable Nitrogen (YAN) content before fermentation is often 
used in cider production to compensate for nitrogen deficiency and avoid sluggish 
fermentations. In addition to enhanced fermentation rates, the YAN supplementation 
may have an impact on the flavor characteristics of cider. Publication II aimed to assess 
yeast performance in two different commercially available musts with similar non-limiting 
YAN content. For that, two different apple musts were fermented: M1 (Aspall, Suffolk, 
United Kingdom; 12.8 °Brix, pH 3.28, titratable acidity 6.7 ± 0.1 g L-1 in malic acid 
equivalents, initial YAN 69.48 ± 2.00 mg·N L-1) and M2 (Döhler, Darmstadt, Germany;  
11.7 °Brix, pH 3.18, titratable acidity 3.8 ± 0.1 g L-1 in malic acid equivalents, initial YAN 
51.21 ± 1.84 mg·N L-1). YAN content in both matrices was brought to a similar content of 
80 ± 2 mg·N L-1 by using inactive yeast based fermentation nutrient (Fermaid K; Lallemand 
Inc.). Fermentation kinetics, nitrogen uptake, volatile ester production, and sensory 
properties of the final products were evaluated. 

The results showed that fermentation kinetics (fermentation duration, maximum CO2 
production rate) with different yeasts (Figure 9; A, B) did not seem to be dependent on 
the apple must, at least under conditions of sufficient YAN content.  
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Figure 9. Fermentation kinetics with different yeasts (Y1-5) in musts M1 (A) and M2 (B) 

 
The assimilation kinetics of YAN by the yeast strains used in this study is shown in 

Figure 10. The intense YAN consumption occurred in the case of all strains within 2-4 
days. The residual concentration of YAN at the end of fermentation was similar regardless 
of the yeast and must used. 
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Figure 10. YAN consumption by yeasts (Y1-5) in the musts M1 (A) and M2 (B)   
 
In total, the concentration of 10 ethyl and acetate esters was monitored in the cider 

samples produced with five different yeasts and two commercial apple musts. From the 
results, it could be concluded that the formation of three acetate esters – ethyl acetate, 
isoamyl acetate, hexyl acetate depended on the must used (Figure 11). Thus, both ethyl 
acetate and isoamyl acetate were produced in considerably (up to 7 and 2 times, 
respectively) higher concentrations by most strains in the must M2 (11.7 °Brix pH 3.18, 
titratable acidity 3.8 g L-1 in malic acid equivalents). Hexyl acetate, on the other hand, 
had higher relative concentrations in the samples made with the must M1 (12.8 °Brix,  
pH 3.28, titratable acidity 6.7 g L-1 in malic acid equivalents). The amount of other  
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esters depended on the particular yeast-must combination. The production of the 
aforementioned esters could be tied to a potential difference in the availability of certain 
precursors in the must. For example, ethyl acetate is formed in anaerobic glucose 
metabolism from acetyl-CoA with glutamate, methionine and cysteine precursors in its 
synthesis pathway (Nordström, 1962). Isoamyl acetate can either be created from amino 
acids (leucine, valine) or de novo synthesised from isoamyl alcohol (Eden, et al, 1996; 
Plata et al., 2003). Hexyl acetate originates from C6 alcohols and aldehydes (e.g., hexanol, 
2-hexenol, 2-hexenal) (Dennis et al. 2012). Thus, in terms of volatile composition 
development of the final product, other intrinsic properties of the fermentation matrix 
than the YAN content should also be considered.  

 

 
Figure 11. Relative concentration (in µg L-1 of 2-chloro-6-methylphenol equivalents) of ethyl 
acetate, hexyl acetate and isoamyl acetate at the end of fermentation with different yeasts (Y1-5) 
and apple musts (M1 and M2) (p < 0.05) 

 
Among the sensory attributes assessed in this study, statistically significant 

differences (p < 0.05) were obtained for most of them with the exception of overall odour 
intensity (p = 0.61), ‘apple-like’ in odour (p = 0.08), ‘apple-like’ in taste (p = 0.10), 
sourness in odour (p = 0.19), and astringency (p = 0.98). The results of sensory analysis 
with the exception of statistically insignificant parameters were then subjected to 
principal component analysis (PCA). The obtained PCA biplot is presented in Figure 12.  
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Figure 12. Grouping of the samples on the PCA biplot according to statistically significant (p < 0.05) 
sensory properties perceived at the end of fermentation with each combination of yeast (Y1-5) and 
must (M1 and M2) 

 
Based on the biplot, cider mainly gathered on the separate sides of the biplot based 

on the must. Samples produced with the apple must M2 possessed strong correlation 
with fruitiness and sweetness, which is well in line with higher concentration of ethyl 
acetate and isoamyl acetate in these samples. The ciders made with the must M1 
strongly correlated with sourness, which corresponds well with higher titratable acidity 
and higher malic acid content in these ciders.  

The results of this study demonstrated that apple must can have significant effect on 
the concentration of some key esters in cider. As similar level of initial YAN content was 
used in the musts, the substantial differences in some esters’ concentrations observed 
in my experiments suggest that other factors can play role in formation of esters (e.g., 
specific amino acid composition of the must and availability of free fatty acids and/or 
their de novo synthesis capability by yeasts). Further insight into specific factors or 
combination of these factors in cider would be required. 

4.3 The effect of apple juice concentration on cider fermentation 
kinetics and composition of volatile esters 
The number of studies on cider properties and their development during fermentation 
has recently increased to a considerable extent. However, there are no studies available 
on the comparison of freshly pressed apple juice and the concentrate made from the 
same juice pressing batch. Publication III aimed to apply freshly pressed juice and juice 
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concentrate made from the same apple variety (Antei; private orchard in Valgjärve, 
South Estonia) as a substrate for cider fermentation at 18 °C and 30 °C. Different 
nutritional strategies (DAP, inactive yeast based nutrient and control with no 
supplementation) were also applied to assess their efficiency in fermentation kinetics 
and development of volatile esters between apple juice and the concentrate.  

First, the concentration of individual free amino acids (FAA) was measured in the juice 
and the diluted apple juice concentrate before the start of fermentation and free amino 
nitrogen content (FAN) content was calculated (Table 9). Knowing the amount of added 
fermentation nutrients and their YAN/NH4+ content, the approximate amount of yeast 
assimilable nitrogen (YAN) at the start of fermentation could be determined.   

 
Table 9. Free amino acid (FAA) composition, free amino nitrogen (FAN) content before and yeast 
assimilable nitrogen (YAN) content after supplementation. Standard deviation is shown (n = 3)  

FAA, mg L-1 Juice, 9.8 °Brix Concentrate, 10 °Brix 
His  1.71 ± 0.32 2.27 ± 0.44 
Asn  269.60 ± 24.48 315.03 ± 32.70 
Ser  6.28 ± 0.93 9.21 ± 0.82 
Gln  3.26 ± 0.60 2.87 ± 0.26 
Arg  21.68 ± 1.10 19.36 ± 3.63 
Gly  0.32 ± 0.04 1.19 ± 0.21 
Asp  38.10 ± 5.26 44.42 ± 4.46 
Glu  32.43 ± 3.54 38.15 ± 3.67 
Thr  2.75 ± 0.45 3.62 ± 0.33 
Ala  8.85 ± 1.56 10.91 ± 1.01 
Pro  2.32 ± 0.37 3.22 ± 0.33 
Orn  0.27 ± 0.02 0.51 ± 0.10 
Cys-cys  0.30 ± 0.03 0.34 ± 0.03 
Lys  0.82 ± 0.09 1.93 ± 0.08 
Tyr  0.88 ± 0.06 1.04 ± 0.22 
Met  1.06 ± 0.16 1.27 ± 0.12 
Val  3.93 ± 0.73 4.41 ± 0.46 
Ile  2.34 ± 0.45 2.90 ± 0.33 
Leu  1.18 ± 0.23 3.21 ± 0.39 
Phe  1.97 ± 0.16 1.98 ± 0.21 
Trp  0.57 ± 0.10 0.41 ± 0.03 
TOTAL, mg L-1 400.62 ± 40.68 468.25 ± 49.83 
FAN, mg·N L-1  76.13 ± 7.29 87.91 ± 9.62 
+ DAP YAN, mg·N L-1  95.03 ± 7.291 106.81 ± 9.621 
+ Fermaid O YAN, mg·N L-1  93.33 ± 7.292 105.11 ± 9.622 

1 Taking into consideration that DAP contains 21% of nitrogen 
2 According to manufacturer’s instructions, 40 g hL-1 dose of Fermaid O is equivalent to 17.2 mg·N 
L-1 of YAN 

 
The most abundant free amino acids in the apple juice used in the study were 

asparagine, aspartic acid, and glutamic acid. This correlates with what has been shown 
previously in other studies (Wu et al, 2007; Nogueira & Wosiacki, 2012). Overall statistical 
significance according to the analysis of variance showed that the juice and diluted 
concentrate to the same Brix value of the same juice can be considered as different  
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(p < 0.05), the latter containing much more free amino acids. Thus, the concentration of 
serine, glycine, threonine, ornithine, lysine, tyrosine, isoleucine, and leucine was deemed 
statistically significantly higher (p < 0.05) and, hence, attributed to the process of juice 
concentration. The conventional industrial concentration of juices is carried out by a 
high-pressure boiling process that has been reported to possess several effects on the 
juice like thermal and evaporation losses (Maccarone etl al, 1996; Gunko et al, 2006; 
Kozák et al, 2009; Juliana et al, 2020). The increase of certain amino acids’ concentration 
in the diluted concentrate could also be attributed to partial peptidolysis/proteolysis that 
may have led to the release of individual amino acids. Protease activity has been noted 
in the apple fruit during ripening (Koak et al, 2011). The activity of apple fruit proteases 
is yet to be properly explored; however, the activity range for other plant-derived 
proteases like papain (found in papaia), bromelain (found in pineapple), and ficin (found 
in figs) have been reported at 45-80 °C (Arshad et al, 2016). Since the temperatures used 
during juice concentration process (30-60 °C) overlap with the active temperatures of 
plant-derived proteases, the proteolytic activity of apple proteases might have 
contributed to the increase in free amino acids. Finally, the increase of free amino acids 
concentration could also be attributed to a shift in proportions of the components of the 
juice matrix during dilution, e.g. the removal of haze (pectins) in clarification pre-treatment 
shifts the proportions in favor of amino acids when the water is added back according to 
°Brix. 

The fermentation kinetics of ciders prepared from either fresh juice or juice 
concentrate, fermented with different yeasts at two different temperatures with or 
without nutrients are provided in Figure 13. In all samples, fermentations were 
completed with no signs of sluggish fermentation. 

 

 
Figure 13. Fermentation kinetics of cider samples prepared from fresh juice or juice concentrate of 
the same apple cultivar with different yeasts at 18 or 30 °C. The samples fermented with the juice 
from diluted concentrate are represented by a green line and those with the fresh juice by an orange 
line. The samples fermented at 18 °C are represented by a dashed line of appropriate color; by a 
solid line at 30 °C 

 
Expectedly, the temperature was the main factor affecting yeast fermentative  

activity while some differences between yeast strains could also be observed. In general, 
the fermentations were at least two times faster at 30 °C. No particular difference in 



47 

fermentation activity could be observed between the juice and the concentrate at 18 °C. 
However, at 30 °C, the fermentation activity on diluted concentrate was slightly inferior 
to that of the fresh juice. A loss of certain nutrients (e.g. some heat-sensitive B complex 
vitamins) during concentration process might have affected the ability of yeast to cope 
with higher temperatures but that was likely not drastic enough to significantly impact 
the fermentation kinetics.  

The presence of 8 esters was monitored across the samples. PLS-DA was employed as 
a statistical approach to observe the differences in ester production (Figure 14). The best 
representation of the results was achieved when viewing the samples according to the 
yeast species – S. bayanus strains Y1 and Y3 (Figure 14A) were compared to S. cerevisiae 
strains Y2, Y4, Y5 and Y6 (Figure 14B). According to the biplots, all ciders fermented with 
S. cerevisiae strains clustered closely together showing more consistency across the 
samples in volatile esters composition than in case the of S. bayanus strains. 

The cider produced from the concentrate had higher concentration of isoamyl acetate 
(up to 6700 ± 230 µg L-1 in the concentrate; up to 5100 ± 410 µg L-1 in the juice). Isoamyl 
acetate can be synthesized by yeast either from amino acids leucine and valine or from 
isoamyl alcohol (Eden et al, 1996; Plata et al, 2003). As was noted previously, the diluted 
concentrate had elevated amounts of most amino acids, including leucine. Higher 
content of leucine might have been successfully utilized by the strains used in this study 
for isoamyl acetate production. S. cerevisiae yeasts used in the study were shown to 
produce more of isoamyl acetate (up to 6700 ± 230 µg L-1) than S. bayanus strains 
(isoamyl acetate concentration up to 5300 ± 420 µg L-1).  

The use of a juice concentrate in cider fermentation also resulted in higher production 
of certain long-chain fatty acid esters (up to 20 000 ± 1420 µg L-1 of ethyl decanoate,  
up to 10 000 ± 1480 µg L-1 ethyl dodecanoate) in comparison to fresh apple juice (up to 
6 000 ± 860 µg L-1 of ethyl decanoate, up to 6 000 ± 580 µg L-1 ethyl dodecanoate).  
The intensity of the production, however, varied depending on the yeast strain and was 
more pronounced with S. bayanus species. It should be noted that long-chain fatty acid 
esters have been previously tied to the onset of cell death (Alexandre & Benatier, 2006; 
Saerens et al, 2008a; Wang et al, 2018). Due to their low permeability through cell 
membrane, the long-chain fatty acid esters are released along with other compounds 
(e.g., amino acids, fatty acids, lipids, glycoproteins, mannoproteins) into the environment 
during cell autolysis (Alexandre & Benatier, 2006). The correlation of long-chain fatty 
acids esters with the cider samples produced using concentrate could thus signify higher 
cell death rate in comparison to the samples prepared with apple juice.  

The nutritional supplementation approaches used in this study did not possess any 
significant influence on the production of volatile esters by S. cerevisiae strains. On the 
other hand, inactive yeast based nutrient supplementation increased the production of 
medium-chain fatty acid ethyl esters (ethyl butyrate, ethyl hexanoate, ethyl octanoate) 
in S. bayanus strains and reduced the formation of long-chain fatty acid esters. 
Supplementation of nitrogen with organic sources such as inactive yeast/yeast 
autolysate has proven to be efficient at stimulating ethyl ester production in multiple 
previous studies (Torrea et al, 2011; Santos et al, 2016; Hu et al, 2018).  

In conclusion, this study suggests that the process of clarification and concentration 
might affect the amount of free amino acids in juice produced from the respective 
concentrate. In terms of fermentation kinetics, the juice diluted from concentrate was 
shown to be slightly inferior at higher temperatures to that of the fresh apple juice, most 
likely due to the partial loss of certain nutrients. The production of volatile esters was 
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also affected by the use of the juice concentrate. When using the concentrate, the yeasts 
strains under study showed increased production of long-chain fatty acid esters (ethyl 
decanoate, ethyl dodecanoate). This effect was more evident with S. bayanus strains. 
Increased synthesis of isoamyl acetate was also noted in the samples fermented with the 
juice recovered from concentrate which could be attributed to the higher concentration 
of leucine in it, which is a precursor for isoamyl acetate synthesis. However, this effect 
was more pronounced in S. cerevisiae strains. 
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Figure 14. PLS-DA biplots of volatile ester production in cider samples. A) S. bayanus strains;  
B) S. cerevisiae strains. Colors correspond to the combinations of juice type and nutritional 
supplement. Ellipses indicate confidence region at 0.95 level 
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4.4 The effect of asparagine and oxygen availability on production of 
higher alcohols and esters by yeast 
The effects of apple must supplementation with some amino acids both individually or 
in a mixture have been explored in the few studies with cider and wine fermentations 
(Santos et al, 2016; Fairbairn et al, 2017; Seguinot et al 2018).  However, these studies 
only made use of the amino acids known as the precursors for higher alcohols and esters. 
Even though asparagine constitutes the majority of free amino nitrogen in apple must 
(Table 7), its effects on the yeast performance and the production of volatile compounds 
in cider are yet to be properly explored. The supplementary study to this PhD thesis 
aimed to assess the effect of asparagine (as a single additional YAN source) and oxygen 
availability on the production of higher alcohols and esters by yeast during cider 
fermentation. For that, larger scale fermentations (10 L) were conducted with 
Saccharomyces uvarum strain under different conditions. Three nutritional strategies 
were used: i) control with no additional supplementation (80 mg·N L-1 FAN),  
ii) supplementation with Asn to 140 mg·N L-1 of FAN, and iii) supplementation with Asn 
to 200 mg·N L-1 of FAN. Each of these nutritional strategies was tested under conditions of 
oxygen depletion and oxygen saturation at the start of fermentation. Yeast performance 
under these different fermentation conditions was assessed in terms of fermentation 
kinetics, population growth, cell viability, amino acid consumption, and production of 
higher alcohols and esters. 

Fermentation kinetics were expressed as a rate of decline in density. All fermentations 
were stopped at the density of 1010 g L-1. The fermentation rates were shown to depend 
on the availability of oxygen as they proceeded faster in the experiments saturated with 
dissolved oxygen (Figure 15). Thus, the fermentations with dissolved oxygen saturation 
reached the target density in 13 to 24 days, depending on nutritional strategy, compared 
to 29 to 64 days in experiments with no oxygen at the start of the fermentation. Similar 
effects of oxygen availability on fermentation kinetics were noted previously by 
Giovanelli et al (1996), Rosenfeld et al (2003), Morales et al (2015), Ochando et al (2017), 
Englezos et al (2018) in their studies on wine. Oxygen availability in the wort and must is 
widely known to affect the biomass yield and viability of the yeast population during 
fermentation which directly translates to the fermentation rates (Rosenfeld et al, 2003). 
Some oxygen at the start of the fermentation is required by yeast for the synthesis of 
sterols and unsaturated fatty acids for the maintenance of the yeast growth during 
fermentation and eventually resist the toxicity of higher ethanol concentrations 
(Mauricio et al, 1998; Rosenfeld et al, 2003; Klug & Daum, 2014; Marbà-Ardébol et al, 
2017).  
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Figure 15. Density loss in the fermentation vessels with oxygen (A) and with no oxygen (B) at 
different FAN levels adjusted by asparagine addition at the start of fermentation 

 
Limited yeast population growth and lower viability of the yeast population due to 

lack of oxygen was also noticed in this study (Figure 16, Table 10). Thus, the yeast 
population in the vessels saturated with dissolved oxygen reached up to 7 x 107 CFU mL-1 
with almost 100% viability while in the vessels with no oxygen the population was up to 
7 times lower with the viability of only 57-66%.   

The effect of asparagine supplementation on fermentation kinetics depended on the 
availability of dissolved oxygen at the start of the fermentation (Figure 13). In the vessels 
saturated with dissolved oxygen, the fermentations proceeded faster as more asparagine 
was added while with no oxygen at the start of fermentation the beneficial effect of 
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asparagine addition was noted only to a limited extent. Increasing FAN level to  
140 mg·N L-1 with asparagine under conditions of oxygen deficiency had a positive effect 
on the fermentation rate; however, with its further increase to 200 mg L-1 the effect 
turned out to be negative – the fermentation rate was similar or even slower than in the 
control. The similar trends can also be noted with the population growth rates (Figure 
14). 

 
Table 10. Measured yeast population viability in the samples expressed as a percentage of a plate 
count to total cell count at the end of fermentation at different FAN (80, 140, and 200 mg·N L-1) 
and aeration levels (No Ox – no oxygen; Ox Sat – oxygen saturation). Biological replicates for the 
fermentations are indicated as A, B, and C 

 Plate count, CFU mL-1 Total count, CFU mL-1 Measured viability, % 
No Ox 80 A 8.39 x 106 1.64 x 107 51.18 
No Ox 80 B 1.77 x 107 3.20 x 107 55.32 
No Ox 80 C 1.13 x 107 1.73 x 107 65.53 
No Ox 140 A 1.41 x 107 1.90 x 107 74.05 
No Ox 140 B 1.29 x 107 2.17 x 107 59.45 
No Ox 140 C 1.25 x 107 1.98 x 107 63.26 
No Ox 200 A 8.20 x 106 1.30 x 107 63.09 
No Ox 200 B 9.46 x 106 1.62 x 107 58.40 
No Ox 200 C 1.40 x 107 2.20 x 107 63.42 
Ox Sat 80 A 4.88 x 107 4.68 x 107 104.30 
Ox Sat 80 B 5.50 x 107 4.99 x 107 110.24 
Ox Sat 80 C 4.80 x 107 4.86 x 107 98.67 
Ox Sat 140 A 4.48 x 107 4.43 x 107 101.05 
Ox Sat 140 B 5.79 x 107 5.66 x 107 102.31 
Ox Sat 140 C 5.69 x 107 5.34 x 107 106.51 
Ox Sat 200 A 5.94 x 107 5.63 x 107 105.59 
Ox Sat 200 B 5.62 x 107 5.22 x 107 107.67 
Ox Sat 200 C 5.74 x 107 5.92 x 107 97.03 
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Figure 16. Yeast growth dynamics in the fermentation vessels with oxygen (A) and with no oxygen 
(B) at different FAN levels adjusted by asparagine addition at the start of fermentation 
 

The concentration of nitrogen from free amino acids and asparagine was determined 
before and after fermentations (Figure 17). Most of free amino acids, including asparagine 
were consumed when oxygen was present in the environment at the start of 
fermentation; on the other hand, the addition of asparagine resulted in the increase of 
residual amino acids with no oxygen was present at the start of fermentation. Along with 
limited yeast population growth, this implies the limitations in the consumption of 
available nitrogen sources and, hence, the lower efficiency of nitrogen supplementation 
in the absence of oxygen in the fermentation environment.   
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Figure 17. The nitrogen content from free amino acids (A) and asparagine (B) before and after 
fermentation. The experiments with no oxygen are indicated by “-” sign; experiments saturated 
with oxygen by “+” sign 

   
The concentration of 5 higher alcohols and 10 esters was monitored in the same 

experiments (Table 11). As seen from the results, in the samples fermented with aerated 
must lower concentration of esters can be noted in comparison to the samples with no 
oxygen at the start of fermentation. The suppression of production of acetate esters by 
aeration has been previously noted by Fujii et al (1997) and Rojas et al (2001) with 
Saccharomyces cerevisiae strains and has been related to repression of genes encoding 
for acetyltransferases Atf1p and Atf2p (ATF1, ATF2) by oxygen (Fujii et al, 1997; Plata et al, 
2005). Despite the positive effect of oxygen deficiency on esters’ production, a remarkable 
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effect of asparagine supplementation could not be observed in the absence of oxygen. 
By contrast, the effect of asparagine supplementation on the composition of the volatile 
compounds in the samples fermented in the presence of oxygen at the start of 
fermentation was observed. Thus, the more asparagine was added the higher was the 
concentration of esters (Table 11), suggesting that the suppression of ester formation 
due to oxygen can be partially compensated for with an appropriate amount of 
asparagine supplementation. Even though asparagine itself is not reported as an amino 
acid that directly participates in ester formation pathways, it can still be utilized to 
stimulate the process. Notably, the addition of asparagine may suppress the formation 
of phenylethyl alcohol through uptake inhibition of phenylalanine – a precursor in 
phenylethyl alcohol biosynthesis by downregulation of amino acid permease Agp1p 
(Saenz et al, 2014; Dai et al, 2021).  

In this study, the effect of FAN supplementation with asparagine under conditions of 
either oxygen saturation or deficiency at the start of fermentation was successfully 
explored. The efficiency of asparagine supplementation on the fermentative activity of 
yeast and the growth of yeast population was found to positively correlate with the 
presence of oxygen. On the other hand, it was shown that asparagine supplementation 
becomes inhibitory at higher concentrations (above 140 mg·N L-1 FAN) under complete 
anaerobic conditions at the start of fermentation. The presence of oxygen also affected 
the formation and composition of volatile compounds in cider, as aeration of the must 
correlated with higher production of fusel alcohols instead of esters. Additional studies 
are, however, required to understand whether the combination of other amino acids 
with different aeration conditions yields the same effect.  
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Table 11. Concentrations (in mg L-1) of acetate esters at the end of fermentation at different FAN (adjusted with asparagine) and aeration levels. 
The experiments with no oxygen are indicated as No Ox; experiments saturated with oxygen – as Ox Sat. The concentration of FAN in  
the samples in indicated as 80, 140, and 200 mg·N L-1 

No Ox 80 No Ox 140 No Ox 200 Ox Sat 80 Ox Sat 140 Ox Sat 200 
Ethyl acetate 7.415 ± 0.826 10.175 ± 0.249 9.818 ± 0.869 3.704 ± 0.197 5.371 ± 0.032 8.701 ± 0.588 
Isobutyl acetate 0.018 ± 0.001 0.022 ± 0.003 0.022 ± 0.003 0.017 ± 0.001 0.024 ± 0.001 0.041 ± 0.005 
Ethyl butyrate 0.332 ± 0.032 0.347 ± 0.016 0.372 ± 0.021 0.146 ± 0.010 0.176 ± 0.009 0.214 ± 0.017 
Butyl acetate 0.187 ± 0.022 0.237 ± 0.020 0.240 ± 0.006 0.138 ± 0.011 0.156 ± 0.012 0.247 ± 0.008 
Isoamyl acetate 1.400 ± 0.222 1.747 ± 0.052 1.794 ± 0.059 0.423 ± 0.097 0.786 ± 0.044 1.396 ± 0.201 
Ethyl hexanoate 0.719 ± 0.009 0.695 ± 0.097 0.768 ± 0.064 0.327 ± 0.044 0.709 ± 0.026 0.899 ± 0.061 
Hexyl acetate 1.375 ± 0.188 1.495 ± 0.115 1.664 ± 0.147 0.542 ± 0.086 0.919 ± 0.015 1.187 ± 0.162 
Ethyl octanoate 0.183 ± 0.033 0.123 ± 0.011 0.145 ± 0.039 0.018 ± 0.001 0.042 ± 0.006 0.145 ± 0.063 
Ethyl decanoate 0.523 ± 0.073 0.257 ± 0.022 0.351 ± 0.031 0.025 ± 0.005 0.049 ± 0.001 0.071± 0.001 
2-Phenylethyl acetate 0.132 ± 0.017 0.165 ± 0.016 0.155 ± 0.023 0.095 ± 0.012 0.046 ± 0.006 0.036 ± 0.002 
Isobutanol 4.843 ± 0.123 6.803 ± 0.373 5.857 ± 0.979 9.95 ± 0.091 8.520 ± 0.173 13.260 ± 0.467 
1-Butanol 2.775 ± 0.524 2.698 ± 0.493 3.039 ± 0.084 2.466 ± 0.102 2.707 ± 0.162 3.807 ± 0.177 
3-Methyl-1-butanol 33.195 ± 4.959 44.196 ± 3.075 37.762 ± 2.934 43.863 ± 3.537 40.993 ± 2.048 51.642 ± 6.002 
Hexanol 3.807 ± 0.621 3.699 ± 0.132 3.520 ± 0.103 4.555 ± 0.199 4.361 ± 0.272 5.784 ± 0.362 
Phenylethyl Alcohol 12.443 ± 1.602 10.288 ± 1.715 9.850 ± 1.584 29.766 ± 2.786 6.809 ± 2.652 2.931 ± 0.013 
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5 Conclusions 
The main objective of this thesis was to study the effect of different cidermaking 
conditions on fermentation kinetics and the production of esters by yeast. The work 
started from the general assessment of the statistical significance of raw materials such 
as apple variety, apple ripening stage, and yeast strain in the formation of volatile 
composition in cider and finished with an evaluation of the effects of individual and 
combined technological aspects (juice pre-processing, nitrogen availability, oxygen 
availability) on the production of selected volatile compounds.  

The following conclusions can be drawn from the obtained results: 
• Apple variety was the primary attribute influencing the yeast-derived volatile

composition of apple cider.
• Additional YAN supplementation does not necessarily guarantee higher esters

formation. Other specific factors or a combination of these factors should be
considered for increasing the production of volatile esters.

• Oxygen availability at the start of fermentation seems to determine the
efficiency of additionally supplemented YAN assimilation as well as of the
formation of volatile compounds by yeast.

• Apple juice concentrate was successfully applied in cider fermentation resulting
in rather similar yeast fermentative performance as in the case with fresh apple
juice, albeit the effect of concentration on amino acids’ content and the
development of volatile esters was substantial.
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Abstract 

The effect of cidermaking practices on ester production by 
yeast  
Sensory properties play a primary role in the consumer acceptance of cider, depending 
on various factors, such as apple varieties, process technologies, and yeast strains used 
for fermentation. The current knowledge on the impact of these factors in cider 
production is still limited and often obtained from the studies made on grape wine.  
The objective of this PhD thesis was to explore how different technological conditions 
affect the quality of cider in terms of ester production by yeast. The impact of apple 
variety, ripening stage, and yeast strains were studied along with different process 
conditions: clarification and concentration of apple juice, oxygenation of the must, and 
nitrogen supplementation. The results showed that apple variety and ripening stage have 
a significant influence on both cider’s overall volatile composition as well as on the 
formation of esters. The effect was shown to be independent of the yeast assimilable 
nitrogen (YAN) content in the tested apple musts, at least at concentrations ≥ 80 ppm 
when adjusted with diammonium hydrogen phosphate. However, the results indicate 
that free amino acids composition in the must might play a more important role in ester 
synthesis. Apple must pre-treatment by clarification and concentration was found to 
affect positively the concentration of free amino acids (relative to fermentable sugars), 
and the formation of isoamyl acetate and long-chain fatty acid esters (ethyl decanoate, 
ethyl dodecanoate) during fermentation. The increased synthesis of isoamyl acetate in 
pre-processed must could be attributed to the higher concentration of corresponding 
amino acid precursor (leucine). Furthermore, the synthesis of aforementioned esters 
differed between the yeast species under the same fermentation conditions. Thus, two 
Saccharomyces bayanus strains produced more long-chain fatty acid esters while four 
Saccharomyces cerevisiae strains produced more isoamyl acetate. The formation and 
composition of volatile compounds in cider was also significantly affected by oxygenation 
of the must, which caused higher accumulation of fusel alcohols (isobutanol, 1-butanol, 
3-methyl-1-butanol, hexanol, phenylethyl alcohol).  
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Lühikokkuvõte 

Siidri valmistamise tingimuste mõju estrite tootmisele 
pärmide poolt  
Sensoorsed omadused omavad peamist rolli siidri aktsepteeritavuse väljakujunemisel 
tarbijate seas ning sõltuvad erinevatest teguritest nagu näiteks õunasort, 
tootmistehnoloogiad ja kääritamisel kasutatavad pärmitüved. Praegused teadmised 
nende tegurite mõju kohta siidritootmises on endiselt piiratud ning saadud sageli 
viinamarjaveini kohta tehtud uuringutest. Käesoleva doktoritöö eesmärgiks oli uurida, 
kuidas erinevad siidri valmistamise tehnoloogilised tingimused mõjutavad siidri kvaliteeti 
lähtuvalt fermentatsiooni käigus toimuvast estrite tootmisest pärmide poolt. Selleks 
uuriti õunasordi, küpsusastme ja pärmitüve mõju koos teiste tootmistingimustega: 
mahla eeltöötlus (selitamine ja kontsentreerimine), hapniku kättesaadavus ja 
lämmastiku lisamine. Tulemused näitasid, et õunasordil ja küpsusastmel on oluline mõju 
nii siidri üldisele lenduvate ühendite profiilile kui ka konkreetselt estrite koostisele. Mõju 
ei sõltunud uuritud mahlade pärmidele omastatava lämmastiku (YAN) sisaldusest, 
vähemalt diammooniumvesinikfosfaadiga korrigeeritud kontsentratsioonide ≥ 80 ppm 
juures. Tulemused näitasid, et mahla aminohappeline koostis võib estrite sünteesil 
mängida olulisest rolli. Leiti, et õunamahla eeltöötlus selitamise ja kontsentreerimise teel 
mõjutab positiivselt vabade aminohapete kontsentratsiooni (kääritavate suhkrute 
suhtes) ning isoamüülatsetaadi ja pika ahelaga rasvahepete estrite (etüüldekanoaat, 
etüüldodekanoaat) moodustumist. Suurenenud isoamüülatsetaadi sünteesi 
eeltöödeldud mahlas võib siduda nimetatud ühendi aminohappelise eelühendi (leutsiini) 
suurema kontsentratsiooniga. Lisaks erines ülalmainitud estrite süntees erinevates 
pärmiliikides samade kääritamistingimuste juures. Nii tootsid kaks Saccharomyces 
bayanus tüve rohkem pika ahelaga rasvhapete estreid, neli Saccharomyces cerevisiae 
tüve aga rohkem isoamüülatsetaati. Lenduvate ühendite moodustumist ja koostist siidris 
mõjutas oluliselt ka hapniku kättesaadavus fermentatsiooni alguses, mis põhjustas 
kõrgemat alkoholide sünteesi (isobutanool, 1-butanool, 3-metüül-1-butanool, 
heksanool, fenüületüülalkohol). 
 



 



73 

Appendix 1 

Publication I 
Rosend, J., Kuldjärv, R., Rosenvald, R., Paalme, T. (2019) The effect of apple variety, 
ripening stage, and yeast strain on the volatile composition of apple cider. Heliyon 5, 
e01953. doi:10.1016/j.heliyon.2019.e01953 
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Cider is an alcoholic beverage obtained by fermentation of apple juice. Its history goes back to the first century AD when it appeared in the citations of the Roman writer Pliny (Lea & Drilleu, 2003). From the Roman empire, cider consumption has moved north to appear in France and England in the 9th century (Lea & Drilleu, 2003). By the 18th century, cider production had established itself as a commercial product on the market (Lea & Drilleu, 2003). Nowadays, the global cider market is valued at more than $10 billion and assumed to reach $16 billion value by 2023 (Allied Market Research, 2018) with the UK being the biggest producer (European Cider and Fruit Wine Association, 2019).

The specific cider regulations are country dependent. In countries with stricter legislation, the raw materials used for cider production as well as cider’s quality properties are relatively well determined, whereas in other countries the legislation is less defined. For example, in the UK, cider should be based on at least 35% of apple juice and the alcohol content should remain 1.2% - 8.5 %vol (HM Revenue and Customs, 2020). According to French cider production policy, on the other hand, cider must be based on fresh apple juice without any other sugar-containing adjuncts (Légifrance, 2020). Notably, the juice may be partially obtained from the concentrate only if the latter 
does not exceed 50% by volume (Légifrance, 2020). In addition to the alcohol content (1.5% - 5%vol), the French ciders are more clearly defined in terms of other quality parameters, including volatile acidity, mineral content, maximum allowed ethanal content, maximum allowed sulfur dioxide content (Légifrance, 2020). 

Depending on the country of origin and the production technology used, ciders can vary to a great extent in sensory style. Thus, French ciders can be described as robust, full-bodied and fruity, tannic with strong bittersweet apple characteristics (European Cider and Fruit Wine Association, 2019) while British ciders are typically medium-bodied and refreshing (European Cider and Fruit Wine Association, 2019). German ciders, on the contrary, are more wine-like – dry, sharp and moderately fruity (European Cider and Fruit Wine Association, 2019). Scandinavian ciders can range from dry to very sweet with pronounced fruitiness (European Cider and Fruit Wine Association, 2019). 

Sensory properties play a primary role in the consumer acceptance of a product and, in the case of fermented beverages, largely depend on yeast metabolites produced during fermentation. Similarly to other fermented beverages, the fruity nuances in cider provided by esters offer a competitive edge that helps to differentiate a specific product from others. The objective of this PhD thesis was to explore how different cidermaking conditions affect the quality of cider in terms of ester production by yeast. The results of this study can be used to advise cider producers on the optimization of fermentation to achieve desired properties of the final product.
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		ANOVA

		Analysis of variance



		Asn

		Asparagine



		Car/PDMS

		Carboxen/Polydimethylsiloxane



		CFU

		Colony forming units



		DAP

		(NH4)2HPO4

Diammonium hydrogen phosphate



		DNFB

		Dinitrofluorobenzene



		DVB/Car/PDMS

		Divinylbenzene/Carboxen/Polydimethylsiloxane



		FAN 

		Free amino nitrogen



		GC-MS

		Gas chromatography – mass-spectrometry



		IS

		Internal standard



		Km

		Michaelis constant in Michaelis-Menten reaction kinetics equation

The concentration of a substrate at which an enzyme reaction rate is at half-maximum 



		MCFA

		Medium-chain fatty acids



		MLF

		Malolactic fermentation



		PCA

		Principal component analysis



		PLS-DA

		Partial least square discriminant analysis



		TCA cycle

		Tricarboxylic acid cycle



		UPLC

		Ultra-performance liquid chromatography



		YAN

		Yeast assimilable nitrogen



		YPG medium

		Yeast Extract-Peptone-Glucose medium
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Apples used for cider production can be either table apples, including those unqualified for commercial use, or cider apple varieties (Downing, 1989; Nogueira & Wosiacki, 2012). Apples unqualified for commercial use are those that can potentially be deemed unsuitable from the standpoint of a consumer (Nogueira & Wosiacki, 2012). Those are apples with morphological defects, uneven color, irregular shape, small size (Nogueira & Wosiacki, 2012). 

Although the production of cider does not necessarily require strict use of cider apples, there is a certain advantage in preferring cider varieties. Cider apples have a high sugar content (up to 15%) and a wide range of acidity across different varieties (Bamforth & Cook, 2019). Their fibrous structure allows for more efficient pressing and, thus, higher juice yields (Bamforth & Cook, 2019). Cider apples are also more abundant in tannins which contribute to body/mouthfeel of the product (Bamforth & Cook, 2019). 

Cider apples are classified according to their composition of sugars, acids and polyphenols. In Europe, cider apples are mainly classified based on either acid-tannin or acid-tannin-sugar content ratio (Merwin et al, 2008; McKay et al, 2011; Nogueira & Wosiacki, 2012; Jolicoeur, 2013) (Table 1). Classification of cider apples allows producers to pick appropriate varieties for a blend eventually resulting in desired properties of the final product (Nogueira & Wosiacki, 2012).  For example, apples with medium to high sugar content and moderate acidity are suitable as-is for the production of good quality cider (Jolicoeur, 2013). On the other hand, apples that are high in acidity require blending to balance out the sourness. For that, apples with low acidity and low to high sugar content are used (Jolicoeur, 2013). Low-sugar apples are generally not recommended for cider and are typically used to produce vinegar (Jolicoeur, 2013).  



Table 1. Cider apple classification examples (Merwin et al, 2008; McKay et al, 2011; Nogueira & Wosiacki, 2012; Jolicoeur, 2013)

		Classification

		Class

		Acidity*, % w/v

		Phenolic content**, % w/v

		Sugar



		Acid-tannin 

		Sharp

		>0.45 (high)

		<0.20 (low)

		



		

		Bittersharp

		>0.45 (high)

		>0.20 (high)

		



		

		Bittersweet

		<0.45 (low)

		>0.20 (high)

		



		

		Sweet

		<0.45 (low)

		<0.20 (low)

		







		Acid-tannin-sugar

		Sweet

		<0.45 (low)

		<0.20 (low)

		High



		

		Bittersweet

		<0.45 (low)

		>0.20 (high)

		High



		

		Bitter

		<0.45 (low)

		>0.20 (high)

		Low



		

		Acidic

		>0.45 (high)

		<0.20 (low)

		Low





*As malic acid equivalents	

**As tannic acid equivalents
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1.1.2.1 Apple must preparation

Cider apples are harvested when ripe. The estimation of ripening is often based on the iodine starch test where a degree of apple flesh staining is assessed on an index scale from 0 (unripe) to 5 (ripe) (Travers et al, 2002). If full maturation on trees is not possible (e.g., due to regional climate limitations or weather conditions), the harvested apples are stored in a dark room for a few weeks to convert excess starch into glucose, softening the fruit and allowing the development of volatile compounds associated with ripening (e.g., alcohols, aldehydes, esters) (Sapers et al, 1977; McKay et al 2011; Granell & Rambla, 2015; Alberti et al, 2016). Apples are sorted to remove spoiled fruits or fruits with visible defects and washed to remove surface dirt and grime. 

Collected apples are ground and mashed to obtain a thin pulp (apple mash) and ease the release of juice in pressing. Enzymes with pectinolytic and cellulolytic activity are often added during milling and mashing to increase the yield (Nogueira & Wosiacki, 2012; Joshi & Attri, 2017). Apple mash is then pressed to release apple must. The average yield of this process is up to 700 L of apple must per ton of apple mash (Nogueira & Wosiacki, 2012). 

Freshly pressed apple must contains pectins that increase the viscosity which can affect further processing (Nogueira & Wosiacki, 2012). Pectins are removed from the must in a process called depectinization where pectinases are added to hydrolyze pectins into soluble components (i.e., galacturonic acid) (Nogueira & Wosiacki, 2012; Verma 
et al, 2018). Depectinization is followed by clarification to remove haze of the hydrolyzed pectin (Nogueira & Wosiacki, 2012). In Brittany and Normandy, a process called keeving is used where endogenous pectin acts as a clarifying agent. Keeving involves the addition of calcium chloride and pectin methylesterase to apple must (Beech, 1993; Le Quéré 
et al, 2006; McKay et al, 2011). As a result, calcium pectate gel forms a film that can be mechanically removed (Beech, 1992; Le Quéré et al, 2006; McKay et al, 2011). 

Before fermentation, clarified apple must might require additional adjustments. These adjustments can include the addition of sugars (if allowed) and yeast nutrients 
(Lea & Drilleu, 2003; Joshi & Attri, 2017). Sugar can be added in the form of apple juice, apple juice concentrate, or glucose syrup (Lea & Drilleu, 2003; Joshi & Attri, 2017). 
The most conventional yeast nutrients are nitrogen source in the form of diammonium sulfate/hydrogen phosphate and vitamins (thiamine, pantothene, pyridoxine, biotin) (Lea & Drilleu, 2003; Joshi & Attri, 2017). After necessary adjustments, apple must can be treated with sulfur dioxide (added in the form of potassium metabisulfite) to inactivate undesirable microflora (e.g., spoilage bacteria) and is inoculated with a yeast starter culture (Downing, 1989; Nogueira & Wosiacki, 2012; Joshi & Attri, 2017). Wild fermentation with indigenous microflora of the must is, however, also often used, especially by small/artisanal cider manufacturers.



1.1.2.2 Apple must composition

Table 2 provides a general comparative overview of apple and grape must composition. The values for each component are given as estimates based on multiple different reports and studies (Drilleau, 1990; Kunkee & Bisson, 1993; Cruz et al, 2002; Eisele & Drake, 2005; Hutkins, 2006; Wu et al, 2007; Orak, 2009; Aranda et al, 2011; Bakker & Clarke, 2012; Nogueira & Wosiacki, 2012; Jackson, 2014; Joshi & Attri, 2017; Boudreau et al, 2018). 

Carbohydrates account for the largest portion of soluble solids in the apple must (McKay et al, 2011). Almost all sugars in the apple must are comprised of mono- (glucose, fructose) and disaccharides (sucrose) with fructose accounting for 75% on average of total sugars content (McKay et al, 2011; Nogiera & Wosiacki, 2012; Joshi & Attri, 2017). 

Soluble pectin and pectic substances (mostly in the form of anhydrogalacturonic acid units) can be present in freshly pressed and untreated apple must in concentrations up to 5 g L-1 (Nogueira & Wosiacki, 2012; Joshi & Attri, 2017). Most of these pectic substances, however, are removed in depectinization process before fermentation. Organic acids are represented in the must predominantly by malic acid (up to 1.2% w/v) (McKay et al, 2011). Citric, citramalic, quinic, galacturonic, glycolic, gluconic, shikimic, succinic, pyruvic, lactic can be found in trace amounts (McKay et al, 2011; Joshi & Attri, 2017). 

Nitrogen compounds in the apple must can be divided into yeast non-assimilable nitrogen and yeast assimilable nitrogen (YAN). The latter is comprised of free amino nitrogen (FAN, from free amino acids) and ammonia (Santos et al, 2016; Boudreau et al, 2018). Asparagine, aspartic acid, serine and glutamic acid are the main amino acids that contribute to FAN content of the apple must, accounting for 85-95% of the total amount of free amino acids (Wu et al, 2007; Nogueira & Wosiacki, 2012; Joshi & Attri 2017). 
In addition to free amino acids, smaller peptides (up to 5 amino acids) can be consumed by yeast and are also considered as part of YAN, albeit difficult to quantify (Patterson & Ingledew, 1999; Lekkas et al, 2012; Kevvai et al, 2015; Laos, 2018). 



Table 2. Average composition of apple and grape musts (Drilleau, 1990; Kunkee & Bisson, 1993; Cruz et al, 2002; Eisele & Drake, 2005; Hutkins, 2006; Wu et al, 2007; Orak, 2009; Aranda et al, 2011; Bakker & Clarke, 2012; Nogueira & Wosiacki, 2012; Jackson, 2014; Joshi & Attri, 2017; Boudreau et al, 2018) 

		Component

		Apple must

		Grape must



		Water, %

		80 – 95

		70 – 85



		Fructose, %

		4 – 13

		 6 – 12



		Glucose, %

		0.5 – 3

		 6 – 12



		Sucrose, %

		1 – 5

		< 1



		Total sugars, %

		9 – 15

		ca 20



		Organic acids, %

		0.2 – 1.80

		1 – 2.7



		Primary organic acids

		Malic acid

		Malic acid

Tartaric acid



		pH

		3.0 – 4.2

		3.0 – 3.5 



		Total nitrogen, mg L-1

		27 – 574 

		200 – 500



		YAN, mg·N L-1

		29 – 250

		50 – 450



		Primary free amino acids

		Asparagine

Aspartic acid

Glutamic acid

		Proline

Arginine



















0. [bookmark: _Toc72778443][bookmark: _Toc75263388][bookmark: _Toc75264273]Alcoholic fermentation	

1.1.3.1 Yeasts 

Yeasts and other microorganisms are naturally present on the surface of the apple fruits which is why they end up also in the apple must (McKay et al, 2011). Composition and quantity of indigenous microflora depend on geographical location, ripening stage of the fruit, presence of mechanical defects, climatic/weather conditions, and agricultural practices applied in an orchard (McKay et al, 2011; Rodríguez-Bencomo et al, 2012).

Yeasts colonizing the surface of the apples are responsible for spontaneous (also known as wild) fermentation of the must (McKay et al, 2011; Nogueira & Wosiacki, 2012; Rodríguez-Bencomo et al, 2012). The indigenous yeast population at the start of spontaneous fermentation can reach up to 106 CFU mL-1 and follows a succession of different yeast species as the fermentation progresses (Lea & Drilleau, 2003). Thus, initial phases of the fermentation are dominated by non-Saccharomyces yeasts with Hanseniaspora, Kloeckera, Metschnikowia, Candida, Pichia, Torulopsis, Hansenula reported as the main contributors to spontaneous cider fermentation (Fleet, 2003; Lea & Drilleau, 2003; Tamang & Fleet, 2009; Ugliano & Henschke, 2009; Matei & Kosseva, 2017). Due to low resistance to ethanol of these non-Saccharomyces yeasts, their growth rate decreases at around 2-4%vol of ethanol (Lea & Drilleau, 2003; Matei & Kosseva, 2017). At this point, Saccharomyces sp. (S. cerevisiae, S. uvarum, S. bayanus) take over the fermentation (Lea & Drilleau, 2003; Tamang & Fleet, 2009; Matei & Kosseva, 2017).

 Even though wild fermentation by the indigenous microflora has been alleged to provide sensorial complexity, large manufacturers opt for inoculation with specific isolated strains of Saccharomyces sp. to control the progress of fermentation (inc. avoiding sluggish fermentation) and provide stable quality (McKay et al, 2011; Nogueira & Wosiacki, 2012). Inoculation with a pure yeast starter culture is also used in case of pasteurized apple must (McKay et al, 2011; Jackson, 2014). S. cerevisiae is a preferred starter culture for alcoholic fermentation since it is highly adapted to growing in the 
high-sugar environments, tolerant to high concentrations of alcohol, high acidity and low pH values, and can grow multiple generations in the absence of oxygen (Tamang & Fleet, 2009; McKay et al, 2011; Jackson, 2014). 

Recently, application of commercial yeast starter cultures of non-Saccharomyces species, either by co- or sequential inoculation with S. cerevisiae has also gained popularity among wine and cider producers due to the ability of non-Saccharomyces yeasts (e.g., Pichia kluyveri, Kazachstania gamospora, Metchnikowia pulcherrima, Hanseniaspora sp.) to generate a variety of flavor active compounds, including ethyl and acetate esters (e.g., ethyl acetate, ethyl butyrate, isoamyl acetate) (Lea & Drilleau, 2003; Ugliano & Henschke, 2009; McKay et al, 2011; Chr Hansen AS, 2015; Rodriguez Madrera et al, 2015). However, the practical use of non-Saccharomyces yeasts only is not as widespread as S. cerevisiae due to their limited survival at higher alcohol concentrations (McKay et al, 2011). 

In conclusion, suitable yeast strains for cider fermentation are usually selected based on several factors such as fermentation kinetics, ability to complete fermentation, as well as the production of sensorially favorable compounds (e.g., esters), and absence of 
off-flavors (Downing, 1989; Rodríguez-Bencomo et al, 2012; Jackson, 2014). The pitching culture can either be propagated in-house or obtained as a commercial (dry) yeast (Downing, 1989). Commercial dry yeast will require appropriate rehydration before inoculation, usually according to manufacturer’s instructions. The recommended number of inoculated active cells for S. cerevisiae is 105-106 CFU mL-1 (Ribereau-Gayon et al, 2006; McKay et al, 2011; Jackson, 2014). 

1.1.3.2 Sugar uptake and fermentation in apple must

S. cerevisiae is a facultatively anaerobic microorganism. Under conditions of excess fermentable sugars (mainly glucose) as well as oxygen deficiency, S. cerevisiae switches from respiration to fermentation (anaerobic sugar metabolism) (Deak, 2006; Hutkins, 2006; Zamora, 2006; McKay, 2011; Jackson, 2014). 

Uptake of hexoses in S. cerevisiae occurs via facilitated diffusion mediated by specific transport proteins (Hxt1p-Hxt17p, Snf3p, Rgt2p); sucrose has to be hydrolyzed into glucose and fructose by cell wall located invertase (Suc2p) before the latter can be transported into the cell (Boles & Hollenberg, 1997; Hutkins, 2006; Berry & Slaughter, 2003; Rodríguez-Bencomo et al, 2012; Marques et al, 2016). The expression and function of transport proteins are regulated by extracellular hexose concentrations (Boles & Hollenberg, 1997; Peeters & Thevelein, 2014). The signaling pathway for protein transcription is then generated by two protein sensors Snf3p (low concentration sensor) and Rgt2p (high concentration sensor). At low concentrations, Snf3p mediates the transcriptional induction of high-affinity transport proteins Hxt2p-Hxt4p and Hxt6p-Hxt7p (Boles & Hollenberg, 1997; Peeters & Thevelein, 2014). At high concentrations, sensor protein Rgt2p induces the expression of low-affinity transport protein Hxt1p (Boles & Hollenberg, 1997; Peeters & Thevelein, 2014). Transport proteins Hxt5p, Hxt8p and Hxt9p have been reported to possess low transcription levels and a limited contribution to hexose uptake in comparison to the aforementioned transport proteins (Boles & Hollenberg, 1997; Peeters & Thevelein, 2014). The contribution of Hxt10p and 
Hxt12p-Hxt17p to hexose transport is yet to be properly explored (Boles & Hollenberg, 1997; Peeters & Thevelein, 2014).

Once taken up into the cell, glucose and fructose enter Embden-Meyerhof-Parnas pathway of glycolysis until pyruvate which further will be decarboxylated to acetaldehyde and then reduced to ethanol (Figure 1) (Hutkins, 2006; Ribereau-Gayon et al, 2006; Jackson, 2014; Kampen, 2014; Rupasinghe et al, 2017). While the maximum theoretical yield of ethanol is 0.51 g ethanol/g used glucose/fructose according to stoichiometry of ethanolic fermentation, on average in practice the consumption of 17 g L-1 of simple sugars is required to raise alcohol content by 1%vol (Rodríguez-Bencomo et al, 2012).

Notably, fermentative metabolism in Saccharomyces sp. can also take place in the presence of oxygen, triggered by high concentrations of glucose (at least 9-10 g L-1) in the must (Crabtree effect) (Ribereau-Gayon et al, 2006; Rupasinghe et al, 2017). Also known as catabolite repression, the process involves the suppression of respiratory and stress response genes (Geladé et al, 2003; Verstrepen et al, 2004; Dickinson & Kruckeberg, 2006; Rodrigues et al, 2006; Diaz-Ruiz et al, 2008; Zaman et al, 2008; McKay et al, 2011; Golzalez et al, 2011). To sustain metabolism and growth, the yeast cell is required to maintain redox homeostasis that is determined by NADH/NAD+ ratio (Vemuri et al, 2007; Pfeiffer & Morley, 2014). High glycolytic flux during respiration leads to metabolic overflow where the conversion of glucose to pyruvate creates NADH excess (Vemuri 
et al, 2007; Pfeiffer & Morley, 2014). To achieve redox homeostasis, NADH is then oxidized back to NAD+ through pyruvate decarboxylase pathway (ethanol formation pathway) (Vemuri et al, 2007; Pfeiffer & Morley, 2014). 
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Figure 1. Metabolic pathway of alcoholic fermentation (adapted from Boles & Hollenberg (1997) with permission of John Wiley & Sons, Pritchard & Kell (2002) with permission of John Wiley & Sons, Ciani et al (2008) with permission of Elsevier, Saccharomyces Genome Database (Stanford University; Stanford, CA, USA))



1.1.3.3 Nutritional requirements of yeast

For rapid and complete alcoholic fermentation, an adequate composition of nutrients is important. Carbohydrates are a primary energy source for yeast; S. cerevisiae can ferment carbohydrates in the form of hexoses (glucose, fructose) and oligosaccharides (sucrose, maltose, maltotriose) (Deak, 2006; Hutkins, 2006; Ribereau-Gayon et al, 2006; Jackson, 2014). In the case of most S. cerevisiae oenological strains, fermentation activity usually remains stable until sugar concentrations of 200 g L-1 while higher sugar concentrations (above 30%) have been noted to retard the onset of fermentation and/or heighten the risk of sluggish fermentation due to high osmotic pressure (Ribereau-Gayon et al, 2006; Jackson, 2014; Mattei & Kosseva, 2017). 

Next to carbohydrates, assimilable nitrogen compounds are the second most important group of nutrients for the yeast as they fulfill a row of metabolic and enzymatic functions (McKay et al, 2011; Rupasinghe et al, 2017). The generic term for assimilable nitrogen compounds used by brewers and winemakers is called Yeast Assimilable Nitrogen (YAN) and this consists of easily available ammonium, free amino acids and small peptides (Hutkins, 2006; McKay et al, 2011). In comparison to free amino acids, ammonium is reported as a preferred source of nitrogen and consumed first as it can be easily converted to glutamic acid that acts as a primary starting metabolite for the synthesis of other amino acids (Berry & Slaughter, 2003; Dequin et al, 2003; Ribereau-Gayon et al, 2006; McKay et al, 2011; Jackson, 2014; Rupasinghe et al, 2017). However, co-consumption of ammonia, amino acids and peptides by S. cerevisiae was observed by Kevvai et al (2015) in synthetic media.

The average YAN content in the apple must is reported at 120 mg·N L-1, but it can, for example, also be as low as 30 mg·N L-1 (Drilleau, 1990; Cruz et al, 2002). Low YAN values are associated with sluggish or even stuck fermentation and the risk of off-flavor formation (Hutkins, 2006; Alberti et al, 2011; McKay et al, 2011; Nogueira & Wosiacki, 2012; Jackson, 2014; Rupasinghe et al, 2017; Boudreau et al, 2018). On the other hand, too high YAN values promote excessive cell multiplication and decrease the efficiency of sugar conversion to ethanol as sugars are converted mainly into biomass (Aranda et al, 2011; McKay et al, 2011; Jackson, 2014). S. cerevisiae strains can differ significantly in their YAN requirement to achieve efficient fermentation and can be selected according to the YAN content of the must (Ribereau-Gayon et al, 2006). Additional YAN can also be supplemented before fermentation to meet the requirement of yeast. Most of the time, supplementary YAN is added in the form of ammonium salts (e.g., diammonium hydrogen phosphate) (Hutkins, 2006; Aranda et al, 2011; McKay et al, 2011; Rupasinghe et al, 2017). 

B group vitamins (primarily biotin, thiamine, and nicotinic acid) are utilized by 
S. cerevisiae to fulfil catalytic functions as cofactors and their precursors (Aranda et al, 2011; McKay et al 2011; Jackson, 2014; Kampen, 2014; Paalme et al, 2014). Mineral elements (e.g., zinc, magnesium, potassium) also fulfil a crucial role in active sites of enzymatic reactions, as well as maintaining the pH and ionic balance of the cell (Jackson, 2014). In general, the content of vitamins and mineral elements in apple juice is considered sufficient in fulfilling the yeast requirements; however, thiamine can be added as a part of nutritional supplementation to further enhance yeast performance (Nogueira & Wosiacki, 2012; Paalme et al, 2014).

Despite anoxic conditions during most of the fermentation yeast still require some oxygen (ca 10 mg L-1) at the start of fermentation to ensure vitality and viability of the cells in later stages of fermentation at increased ethanol concentration (Dequin et al, 2003; Aranda et al, 2011; Nogueira & Wosiacki, 2012). More specifically, the presence of oxygen at the onset of fermentation is necessary for the synthesis of sterols and unsaturated fatty acids of the plasma membrane and nicotinic acid (Dequin et al, 2003; Nogueira & Wosiacki, 2012; Jackson, 2014; Mattei & Kosseva, 2017). Sufficient aeration of the must improves the growth of biomass and fermentation speed (Dequin et al, 2003). When nutrient limitations do not exist, the beneficial effects of oxygen can be observed even at lower concentrations (up to 2 mg L-1) (Nogueira & Wosiacki, 2012). 

1.1.3.4 The effect of fermentation temperature on yeast metabolism

Yeasts are mesophilic microorganisms with a growth temperature range of 10-35C (Salvadó et al, 2011). As a rule, the fermentative activity of yeasts will increase with the increase of temperature (Deak, 2006; Ribereau-Gayon et al, 2006; Kasemets et al, 2007; Salvadó et al, 2011; Mattei & Kosseva, 2017). For example, a twofold increase in yeast cell division rate has been observed when increasing the temperature from 20C to 30C (Ribereau-Gayon et al, 2006; Jackson, 2014). The use of low and high temperatures for fermentation, however, has been shown to possess several advantages and disadvantages. Thus, lower fermentation temperatures prolong the duration of the lag phase and overall fermentation (Jackson, 2014). The vitality of yeast cells has been reported to increase at lower temperatures as the toxic effect of ethanol and other fermentation by-products on the yeast cell are less pronounced (Jackson, 2014; Mattei & Kosseva, 2017). Also, the increased diversity of volatile metabolic byproducts (e.g., ethyl esters) has been noted at lower temperatures which, in turn, affects the complexity in sensory properties of the final product (Hutkins, 2006). With higher temperatures which improve the fermentation rate the requirements for the nitrogen sources may increase (Ribereau-Gayon et al, 2006). The application of either too low or too high temperatures may both result in an increased risk of sluggish fermentation (Ribereau-Gayon et al, 2006). As fermentation is an exothermic process, part of the energy produced by yeast during anaerobic carbon metabolism is released in the form of heat. On average, yeast release about 580 kJ of energy per kg of fermentable sugars (Kunze, 2019) which is potentially enough to raise the ambient temperature by at least 15C. Hence, temperature control is highly recommended in larger-scale processes. 
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Depending on the acidity levels in cider, malolactic fermentation (MLF) might be required during which malic acid is converted into lactic acid by malolactic bacteria present in the must either as part of indigenous microflora or added as a starter culture (McKay et al, 2011; Nogueira & Wosiacki, 2012). The bacteria carrying out MLF belong to Oenococcus, Lactobacillus, Pediococcus and Leuconostoc genera (Lerm et al, 2010). Oenococcus oeni in particular is the most adapted to grow in the conditions that are associated with the end of alcoholic fermentation (high ethanol content, low pH) (Lerm et al, 2010).

MLF involves enzymatic conversion of dicarboxylic malic acid into monocarboxylic lactic acid. From the physiological standpoint, MLF is used by malolactic bacteria to achieve a proton motive force for the generation of ATP (Lerm et al, 2010). Three distinct enzymatic pathways have been described. The first possible pathway involves direct decarboxylation of malic acid into lactic acid by malate decarboxylase (Lerm et al, 2010). The second pathway uses malate decarboxylase to first convert malic acid into pyruvic acid which is then reduced to lactic acid by lactate dehydrogenase (Lerm et al, 2010). 
In the third pathway, malic acid is reduced to oxaloacetate by malate dehydrogenase, decarboxylated to pyruvate by oxaloacetate decarboxylase and then reduced to lactic acid by lactate dehydrogenase (Lerm et al, 2010). The direct decarboxylation of malic acid into lactic acid, however, is the most common enzymatic pathway that is utilized by malolactic bacteria in wine (Lerm et al, 2010). MLF process is relatively slow and can take on average 20 to 35 days, depending on the population of malolactic bacteria and environmental factors that might affect its vitality (temperature, high ethanol content, low pH and sulfur dioxide pre-treatment of the must) (Nogueira & Wosiacki, 2012). 

As a result of MLF, the acidity of cider is reduced improving the sensory attributes of cider. Besides reducing the acidity, malolactic bacteria can also provide additional diversity in the composition of volatile compounds (Lonvaud-Funel, 2010; McKay et al, 2011). Diacetyl is one of the primary odor-active compounds produced by malolactic bacteria that imparts “butterscotch” aroma to the beverage. However, at concentrations above 5 mg L-1, diacetyl can become a source of off-flavor described as “rancid butter” (Krieger-Weber et al, 2010; McKay et al, 2011). Other compounds like higher alcohols (isoamylic alcohols), aldehydes (hexanal, hexenal), lactones, succinic acid esters (ethyl monosuccinate, diethyl succinate), norisoprenoids (damascenone), terpenes (terpineol, linalool, geraniol), and phenols (vanillin) have been noted to increase as a result of MLF in wines and cider (Maicas et al, 1999; Izquierdo Canas et al, 2008; McKay et al, 2011; Zhao et al, 2014; Chen & Liu, 2016).  

After fermentation (either with or without MLF), the yeast usually flocculates to the bottom of the fermentation tank and is then separated through either decantation, centrifugation or filtration. However, more traditional approaches to cidermaking usually include maturation of cider on yeast lees (sur lie) for up to several weeks to achieve additional flavor development (Bamforth & Cook, 2019). Yeast lees refer to precipitated and partially autolyzing yeast biomass. During maturation on lees, the cell contents released after autolysis of yeast into cider affect texture and flavor of the beverage (“nutty”, “toasty” notes) (McKay et al, 2011; Bakker & Clarke, 2012). The products of yeast autolysis include amino acids, peptides (including antioxidant compound glutathione), mannoproteins, fatty acids, and volatile compounds (alcohols, aldehydes, ethyl esters, lactones, terpenes) (Guilloux-Benatier & Chassagne, 2003; Ribereau-Gayon et al, 2006; Perez-Serradilla et al, 2008; Peinado & Mauricio, 2009; Liberatore et al, 2010; McKay et al, 2011; Loira et al, 2013; Joshi et al, 2017). 

After separation of yeast, cider is usually subjected to additional clarification by the addition of fining agents (gelatin, bentonite, isinglass, chitosan), sedimentation, and/or centrifugation (McKay et al, 2011; Bamforth & Cook, 2019). Fining agents are chosen based on the desired effect. Thus, gelatin forms flocs when binding to tannins and precipitates them reducing astringency (McKay et al, 2011; Berry & Slaughter, 2003; Lea & Drilleau, 2003). Bentonite can be used to remove unstable protein fractions that cause clouding, in particular at higher temperatures; gelatin/bentonite combination is noted to be very effective in terms of clarification speed and efficiency (McKay et al, 2011; Berry & Slaughter, 2003; Lea & Drilleau, 2003). Isinglass is a gelatin obtained from dried swim bladders of fish. It forms a jelly-like substance with enhanced separation of yeast cells and/or tannins; however, excess isinglass can give a “fishy” taste to the product (McKay et al, 2011; Berry & Slaughter, 2003; Lea & Drilleau, 2003). Chitosan also binds to polyphenols, proteins, and yeast, but is considered as most suitable for low-tannin ciders (McKay et al, 2011; Berry & Slaughter, 2003; Lea & Drilleau, 2003).

With few exceptions (e.g. Guillevic apples), cider is rarely made from a single apple variety due to difficulties and limitations in finding a perfect balance of sweetness, acidity, and tannins (Lea & Drilleau, 2003). Most of the time, certain sensory properties according to the cider style, regional traditions, cidermaker’s vision or market demands are achieved and balanced through the blending of ciders from multiple apple varieties (Downing, 1989; McKay et al, 2011; Nogueira & Wosiacki, 2012; Bamforth & Cook, 2019). Notably, blending can occur at many different points in the cidermaking process (e.g, during juice preparation, after juice preparation, before fermentation, after fermentation) (McKay et al, 2011). If regulations allow, several properties (alcohol content, sweetness, acidity) may also be adjusted manually in post-fermentation processing. If the alcohol content is too high, the product can be thinned with water or pasteurized clarified apple juice to reduce the alcohol content to desired levels (Downing, 1989; McKay et al, 2011; Nogueira & Wosiacki, 2012; Bamforth & Cook, 2019). Additional sweetness can be achieved with sugar syrup, apple juice, apple juice concentrate, or artificial sweeteners (Downing, 1989; McKay et al, 2011; Nogueira & Wosiacki, 2012; Bamforth & Cook, 2019). Apple juice, malic acid, and/or citric acid can be used to adjust the acidity (Downing, 1989; McKay et al, 2011; Nogueira & Wosiacki, 2012; Bamforth & Cook, 2019). A preservative in the form of potassium metabisulfite can also be added if deemed necessary and allowed by regional laws and regulations (McKay et al, 2011; Nogueira & Wosiacki, 2012). After the necessary adjustments described above, ciders can be filtered, pasteurized, carbonated, and bottled (McKay et al 2011; Nogueira & Wosiacki, 2012). Carbonation can be achieved either by secondary fermentation (méthode traditionnelle) or artificial gasification with pressurized carbon dioxide (Ribereau-Gayon et al, 2006).
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The sensory properties of any given food product are a primary deciding factor in terms of consumer acceptance and overall quality (Muñoz et al, 1996). There are no clear definitions available on the acceptable sensory properties of cider. The properties can vary significantly based on regional differences in production. This can be explained by the fact that properties like color, sweetness, and bitterness depend on the varieties of apples used (Santos et al, 2016). The residual sweetness of the product also depends on the fermentation activity of yeast and duration of fermentation (Rodríguez-Bencomo 
et al, 2012).

Most compounds that define the perceived properties of cider are formed as yeast metabolites. Volatile compounds synthesized by yeasts are of particular importance as they constitute odor and flavor perception of the final product (Meilgaard et al, 2007; Duizer & Field, 2015). In addition to the main secreted metabolites of alcoholic fermentation – ethanol and glycerol, the compounds formed as a result of alcoholic fermentation can include but are not limited to organic acids (e.g., butanoic acid, octanoic acid),  various carbonyl compounds (e.g., 3-octanone, phenylacetaldehyde), higher alcohols (e.g., 3-methyl-1-butanol, 2-phenylethanol), sulfur compounds (e.g., hydrogen sulfide, dimethyl sulfide), and esters (e.g., ethyl acetate, ethyl butanoate) (Ugliano & Henschke, 2009; Liu, 2012; Rodríguez-Bencomo et al, 2012; Joshi & Attri, 2017; Rupasinghe et al, 2017). The latter constitute the focus of this thesis and their synthesis by yeast is described in detail in the following chapters. 
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Esters impart fruity and floral characteristics to sensory properties of fermented beverages (Ugliano & Henschke, 2009; Saerens et al 2010; Aranda et al, 2011; Jackson, 2014; Darriet & Pons, 2017; Rupasinghe et al, 2017). They are produced by yeast 
during fermentation and can be divided into two distinct groups – acetate esters and 
medium-chain fatty acid (MCFA) ethyl esters – depending on their synthesis pathways (Figure 2, Table 3) (Saerens et al, 2010). 
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Figure 2. Metabolic pathways of esters synthesis in a yeast cell (adapted from Boss et al (2015) with permission of MDPI)



Fatty acid ethyl esters are formed by enzymatic esterification (medium-chain fatty acid ethyl ester synthases/esterases Eht1p and Eeb1p) of various medium-chain fatty acids (e.g., butyric acid, hexanoic acid, octanoic acid) with ethanol (Ugliano & Henschke, 2009; Bakker & Clarke, 2012; Carballo, 2012; Jackson, 2014; Rupasinghe et al, 2017). Fatty acids can originate from the extracellular supply, protein/lipid turnover or synthesized de novo (Tehlivets et al, 2007). Fatty acids are synthesized by the carboxylation of acetyl-CoA to malonyl-CoA by acetyl-CoA carboxylase (Acc1) (Tehlivets et al, 2007; Aranda et al, 2011; Carballo, 2012; Jackson, 2014). Malony-CoA then enters a series of reactions regulated by fatty acid synthases (Fas1 and Fas2), fatty acid acyl-CoA synthases (Faa1, Faa4) and elongases (ketoacyl-CoA synthases; Elo1, Elo2, Elo3) (Tehlivets et al, 2007; Aranda et al, 2011; Carballo, 2012; Jackson, 2014). A metabolic pathway of fatty acid ethyl ester formation with ethyl butanoate as an example is provided in Figure 3.
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Figure 3. Complete metabolic pathway of ethyl butanoate synthesis (adapted from Xu et al (2020) with permission of John Wiley & Sons)



Acetyl esters are formed in the reaction of acetyl-CoA with alcohols (ethanol and higher alcohols) catalysed by acetyltransferases Atf1p and Atf2p (Lambrechts & Pretorius, 2000; Berry & Slaughter, 2003; Abbas, 2006; Ugliano & Henschke, 2009; Bakker & Clarke, 2012; Carballo, 2012; Rupasinghe et al, 2017; Molita et al, 2017). Higher alcohols originate either from extracellular environment or from the conversion of amino acids (Ehrlich pathway, Figure 4) or synthesized de novo from sugars (Aranda et al, 2011). Ehrlich pathway involves catabolism of amino acids (leucine, isoleucine, valine, phenylalanine, methionine, tyrosine, tryptophan) through three enzymatic reactions – transamination into corresponding -keto acids, decarboxylation into corresponding aldehydes, and reduction of aldehydes into corresponding alcohols (Figure 4) (Messenguy et al, 2006; Ribereau-Gayon et al, 2006; Hazelwood et al, 2008). As mentioned above, higher alcohols can alternatively be synthesized with no involvement of amino acids, i.e. from keto acids that derive from glucose metabolism (Ribereau-Gayon et al, 2006). 
For example, isobutanol can be obtained from 2-ketoisovalerate instead of valine (Figure 5) (Chen et al, 2011; Kondo et al, 2012). A complete metabolic pathway of acetate ester formation with phenylethyl acetate as an example is provided in Figure 6.

[image: ]

Figure 4. Formation of higher alcohols in Ehrlich pathway (adapted from Hazelwood et al (2008) with permission of American Society of Microbiology)





[image: ]

Figure 5. Formation of isobutanol from pyruvate in S. cerevisiae (adapted from Kondo et al (2012) with permission of Elsevier and Wess et al (2019) with permission of Springer Nature)

[image: ]

Figure 6. Complete metabolic pathway of phenylethyl acetate synthesis (adapted from Kim et al (2013) with permission of John Wiley & Sons and Holt et al (2019) with permission of Oxford Academic Press)



Table 3. Examples of ethyl and acetate esters synthesized by yeast with their odor descriptions and metabolic precursors

		Ester

		Structurea

		Odor descriptionb

		Precursors



		Ethyl esters



		Ethyl butyrate

		[image: C6H12O2]



		Fruity, pineapple, cognac

		Butanoic acid 



		Ethyl hexanoate

		[image: C8H16O2]



		Fruity, pineapple, waxy, green

		Hexanoic acid 



		Ethyl octanoate

		[image: C10H20O2]



		Fruity, wine, apricot, banana

		Octanoic acid 



		Ethyl decanoate

		[image: C12H24O2]



		Waxy, fruity, apple, grape

		Decanoic acid 



		Ethyl dodecanoate

		[image: C14H28O2]



		Waxy, floral, soapy

		Dodecanoic acid 











Table 3 (cont.). Examples of ethyl and acetate esters synthesized by yeast with their odor descriptions and metabolic precursors

		Acetate esters



		Ethyl acetate

		[image: C4H8O2]



		Ethereal, fruity, green

		Acetyl-CoA + Ethanol (Nordström, 1962)



		Isoamyl acetate

		[image: C7H14O2]



		Fruity, banana

		Isoamyl alcohol, leucine, valine (Eden, et al, 1996; Plata et al., 2003)



		Isobutyl acetate

		[image: C6H12O2]



		Fruity, ethereal, banana

		Isobutanol, valine (Nordström, 1964; Stribny et al, 2015)



		Hexyl acetate

		[image: C8H16O2]



		Fruity, green apple, banana

		C6 alcohols/aldehydes (Dennis et al, 2012)



		Octyl acetate

		[image: C10H20O2]



		Green, earthy, mushroom

		Octanol (Dennis et al, 2012)



		2-Phenylethyl acetate

		[image: C10H12O2]



		Floral, rose, honey

		Phenylethyl alcohol, phenylalanine (Yoshioka & Hashimoto, 1981; Scharpf et al, 1986; Dickinson et al, 2003)





aNIST database (US Department of Commerce; Gaithersburg, MD, USA)

bbased on www.goodscentscompany.com database

[bookmark: _Toc72778447][bookmark: _Toc75263392][bookmark: _Toc75264277]1.4 Ester synthesis management during cider production

The choice of a yeast strain can have a significant impact on the volatile composition of cider. Saccharomyces sp. are known as good producers of esters and higher alcohols during fermentation (Ugliano & Henschke, 2009; McKay et al, 2011). The concentration of these compounds, however, depends on the particular strain used in the fermentation (Ugliano & Henschke, 2009; McKay et al, 2011). For example, a strain of S. bayanus was shown to produce higher concentrations of higher alcohols (isoamyl alcohols, isobutanol, 2-methyl-1-butanol) and various esters (ethyl 2-methyl butyrate, ethyl 3-methyl butyrate, isoamyl acetate, ethyl hexanoate) while the strains of S. cerevisiae synthesized more of ethyl octanoate and ethyl hexanoate in icewines (Synos et al, 2015).

In addition to Saccharomyces sp., the strains of non-Saccharomyces species can contribute substantially to the sensory properties of cider. For example, Kazachstania gamospora in wine fermentation produced a much higher concentration of esters compared to Saccharomyces cerevisiae (Becker Whitener et al 2014). Similarly, the strains of Hanseniaspora sp. produced high amounts of acetic acid, acetate esters, and acetoin (Ugliano & Henschke, 2009; McKay et al, 2011; Rodriguez Madrera et al, 2015). Pichia kluyveri has been patented as a yeast which imparts “banana” and “pear” characteristics to fermented beverages as a result of isobutyl acetate, isoamyl acetate, hexyl acetate, ethyl propanoate, and ethyl valerate formation (Chr Hansen AS, 2015). Metchnikowia pulcherrima produces high concentrations of ethyl acetate, ethyl octanoate, 2-phenylethyl alcohol, and diacetyl which contribute to “fruity”, “floral”, and “creamy” notes (Ugliano & Henschke, 2009). 

Apart from yeast strain, YAN content and composition is a major factor that has an impact on ester production by yeasts. YAN supplementation into the nitrogen-deficient grape and apple musts has proven to be efficient in supporting esters’ production in multiple studies. Seguinot et al (2018) have found that nitrogen supplied in the form of diammonium hydrogen phosphate (DAP) was efficient in inducing acetate esters’ production in cider. A similar effect was described by Garde-Cerdan et al (2008), Ugliano et al (2010), and Torrea et al (2011) in wine fermentation. The combined supplementation of apple must with some of the amino acids (glutamate, aspartate) in the study by Santos et al (2016) significantly increased the amount of both ethyl and acetate esters produced during fermentation. Linear correlation between added amino acid precursors (leucine, isoleucine, phenylalanine, threonine) and the corresponding esters (isoamyl acetate, 
2-phenylethyl acetate, ethyl acetate) was demonstrated by Fairbairn et al (2017) in a synthetic grape must. The linear relationship, however, lost its predictability once the individual amino acids used in the study were supplemented in a mix (Fairbairn et al, 2017). 

The effects of timing of YAN supplementation on esters’ composition have also been explored. Seguinot et al (2018) compared the effect of supplementation of DAP and a mix of 19 amino acids either at the start of alcoholic fermentation or the onset of the stationary phase in fermentations with synthetic media. The results suggested that YAN supplementation was efficient regardless of the supplementation timing and source, with a more pronounced effect on acetate esters than ethyl esters. Similar conclusions were also reached by Beltran et al (2005).

Supplementation with fatty acids has also proven to be beneficial for the improvement of esters’ synthesis. Thus, supplementation of synthetic grape must with unsaturated fatty acids (linoleic, oleic and linolenic) was shown by Duan et al (2015) to improve overall yeast vitality and fermentative activity. A positive correlation of supplemented unsaturated fatty acids with MCFA esters (ethyl hexanoate, ethyl octanoate) and some acetate esters (2-phenylethyl acetate, isoamyl acetate) was also found (Duan et al, 2015). A similar effect on ethyl hexanoate and ethyl octanoate was noted in supplementation of synthetic must with respective medium-chain fatty acids (hexanoic acid, octanoic acid) (Kong et al, 2021). The supplementation with unsaturated fatty acids was further explored by Liu et al (2019) in red wine fermentations. There, however, the efficiency of supplementation was shown to depend on the concentrations used – concentrations 120 mg L-1 and higher had an inhibitory effect on both yeast performance and ester synthesis (Liu et al, 2019).

The dissolved oxygen content of the must has also been shown to affect esters’ production by yeast. Thus, aeration of synthetic growth media suppressed the formation of acetate esters in the studies conducted by Fujii et al (1997) and Rojas et al (2001). 
This can be related to repression of genes encoding acetyltransferases (ATF1, ATF2) (Fujii et al, 1997; Plata et al, 2005). On the other hand, lack of aeration has been related to a decrease in fatty acid esters production due to inhibited cellular growth (Bardi et al, 1999; Valero et al, 2002).

Fermentation temperature has also been noted to affect both qualitatively and quantitatively esters’ composition in fermented beverages. Lower temperatures reduce fermentation rate and prolong the viability of the yeast culture, allowing formed esters to accumulate in the must during fermentation (Downing, 1989; Torija et al, 2003; Jackson, 2014; Joshi & Attri, 2017). Lower temperatures have been reported to favorably impact the formation of ethyl esters (ethyl butanoate, ethyl hexanoate) (Molina et al, 2007; Beltran et al, 2008; Reddy & Reddy, 2011). The difference is said to be attributed to the higher expression of EHT1 gene as well as the improved activity of the esterases (Eht1p, Eeb1p) related to ethyl ester production in yeast (Molina et al, 2007). On several occasions, nevertheless, it has been reported that higher fermentation temperatures favor the formation of certain long-chain fatty acid esters (ethyl octanoate, ethyl decanoate) (Killian & Ough, 1979; Molina et al, 2007; Saerens et al, 2008b). Higher fermentation temperatures, however, can also be associated with evaporation losses of volatile metabolic byproducts (Killian & Ough, 1979). Higher temperatures might also induce hydrolysis of synthesized esters reducing their accumulation in the product (Ramey & Ough, 1980; Jackson, 2014; Molina et al, 2017). 

Technological advances in cider production have largely relied on the innovations from other fermented beverage industries, in particular wine industry. However, as seen in Table 2, apple juice and grape juice are significantly different in terms of their composition. Thus, the technological procedures currently available to improve the production of esters in wines may not be that easily transferred to cider fermentation. Additional insight needs to be obtained into the impact of cider fermentation practices to expand our knowledge on the development of esters with characteristics of apple juice in mind. 



[bookmark: _Toc72778448][bookmark: _Toc75264278]The Aims of this Dissertation

The main objective of this thesis was to explore how different cidermaking conditions affect the quality of cider in terms of ester production by yeast.



The specific goals were as follows:

· to study the effect of apple variety, ripening stage, and yeast strain on the volatile composition of cider (Publication I);

· to assess yeast performance in esters’ production with YAN supplementation as one of the main tools for ester synthesis management (Publications II and Supplementary study);

· to determine the effects of juice pre-treatment (clarification and concentration) on cider fermentation and the composition of volatile esters (Publication III);

· to observe simultaneous effects of asparagine supplementation and oxygen availability on the production of higher alcohols and esters by yeast (Supplementary study).



























































[bookmark: _Toc72778449][bookmark: _Toc75264279]Materials and Methods

The following sections are provided to make the materials and methods easily accessible to the readers. The information on each method employed and the materials used is also available in individual publications (Appendix 1, Appendix 2, Appendix 3). 

[bookmark: _Toc72778450][bookmark: _Toc75263393][bookmark: _Toc75264280] Cider fermentation experiments

In Publications I-III, small-scale cider fermentations were performed. For that, the juice (400 mL) was distributed into sterile 500 mL fermentation bottles. Each bottle was inoculated (5 x 106 CFU mL-1) with a chosen rehydrated yeast starter culture. An overview of the starter cultures used in the studies is provided in Table 4. An overview of the apple cultivars used in Publication I is provided in Table 5. An overview of the apple juices used in Publications II and III is provided in Table 6.



Table 4. Yeast strains used in Publications I-III for cider fermentation

		Yeast strains

		Description

		Study



		Torulaspora delbrueckii

		non-Saccharomyces yeast for white and red wines

		as Biodiva (BD) in Publication I

as Y1 in Publication II



		Saccharomyces bayanus

		Sparkling and dessert wine yeast

		as C1108 in Publication I



		S. bayanus

		White wine yeast

		as QA23 Publication I



		S. bayanus

		Wine yeast for difficult fermentation conditions

		as Y3 in in Publication II

as Y1 in Publication III



		S. bayanus

		Sparkling wine yeast

		as Y4 in Publication II

as Y3 in Publication III



		Saccharomyces cerevisiae

		Champagne yeast

		as EC1118 in Publication I



		S. cerevisiae

		Wine yeast for a broad range of fermentation conditions

		as OKAY in Publication I



		S. cerevisiae

		Wine yeast with killer factor

		as OPALE in Publication I

Y5 in Publication III



		S. cerevisiae

		White wine yeast selected through directed breeding

		as Y2 in Publication II

as Y6 in Publication III



		S. cerevisiae

		Wine yeast selected through evolutionary adaptation

		as Y5 in Publication II

as Y4 in Publication III



		S. cerevisiae

		White wine yeast

		as Y2 in Publication III

























Table 5. Apple varieties used in Publication I for cider fermentation

		

		Fructose, %

		Glucose, %

		Malic acid, %



		Unripe Melba

		4.5 ± 0.1

		0.5 ± 0.1

		1.2 ± 0.1



		Ripe Melba

		5.3 ± 0.1

		0.7 ± 0.1

		0.9 ± 0.1



		Overripe Melba

		6.3 ± 0.1

		1.2 ± 0.1

		0.8 ± 0.1



		Unripe Antei

		5.9 ± 0.1

		1.8 ± 0.1

		0.8 ± 0.1



		Ripe Antei

		6.5 ± 0.1

		1.8 ± 0.1

		0.6 ± 0.5



		Overripe Antei

		6.9 ± 0.1

		2.2 ± 0.1

		0.5 ± 0.1



		Unripe Orlovski Sinap

		5.2 ± 0.1

		1.1 ± 0.1

		1.3 ± 0.1



		Ripe Orlovski Sinap

		6.4 ± 0.1

		1.7 ± 0.1

		0.8 ± 0.1



		Overripe Orlovski Sinap

		6.9 ± 0.1

		2.0 ± 0.1

		0.5 ± 0.1



		Unripe Kulikovskoye

		4.9 ± 0.1

		1.1 ± 0.1

		0.7 ± 0.1



		Ripe Kulikovskoye

		6.4 ± 0.1

		1.3 ± 0.1

		0.5 ± 0.1



		Overripe Kulikovskoye

		6.5 ± 0.1

		1.6 ± 0.1

		0.4 ± 0.1









Table 6. Apple juices used in Publications II and III for cider fermentation

		

		 ºBrix

		pH

		TA*, g L-1

		YAN, mg·N L-1



		Commercial juice 1 (UK)

		 12.8

		3.28

		6.7 ± 0.1

		69.48 ± 2.00



		Commercial juice 2 (Germany)

		 11.7

		3.18

		3.8 ± 0.1

		51.21 ± 1.84



		Ripe Antei (freshly pressed)

		 9.8

		3.38

		3.93 ± 0.1

		76.13 ± 7.29**



		Ripe Antei (pre-treated)

		 10

		3.45

		3.97 ± 0.1

		87.91 ± 9.62**





*As malic acid equivalents

**Free amino nitrogen only



In Publication II where nitrogen supplementation was studied, yeast assimilable nitrogen (YAN) content in both commercial apple juice concentrates used for fermentation was brought to a similar content of 80 ± 2 mg·N L-1 by using inactive yeast based fermentation nutrient Fermaid K (Lallemand Inc.). In Publication III where the effects of juice pre-treatment (clarification and concentration) on cider fermentation were studied, three nutritional strategies were applied: i) w/o nutritional supplementation (control); ii) 9 g hL-1 of DAP as inorganic nitrogen supplement, and iii) 40 g hL-1 of inactive yeast based fermentation nutrient Fermaid O (Lallemand Inc, Montreal, Canada).

Inoculated bottles were sealed using screw caps with septums pierced with syringe needles (19G x 1 ½, 1.1 x 40 mm; Terumo Medical Corporation) coupled with microfilters to vent carbon dioxide. Fermentations were carried out at 18 ± 1 °C (Publications I, II, and III) and 30 ± 1 °C (Publication III) by following carbon dioxide dissipation (mass loss) every 24h. Fermentations were considered completed when the weight of fermentation bottles remained constant for three consecutive days. All fermentation experiments were conducted in duplicates. 

In the supplementary study, larger-scale cider fermentations were performed to study simultaneous effects of asparagine supplementation and oxygen availability on the production of higher alcohols and esters. For that, a method previously described by Guichard et al (2019) was adapted. Homemade reactors (16 L of total volume) under inert atmosphere of nitrogen (Linde gas, Saint-Priest, France) were used. Each reactor was filled with 10 L of a blend of apple musts from local orchards of Brittany, France 
(ca 80 mg·N L-1 FAN). Three nutritional strategies were used: i) no additional asparagine supplementation (control), ii) supplementation with asparagine (Sigma Aldrich; Saint Louis, MO, USA) to 140 mg·N L-1 FAN, and iii) supplementation with asparagine to 200 mg·N L-1 FAN. Two dissolved oxygen levels in the must were used at the start of fermentation: 
i) no dissolved oxygen in the juice (0 mg L-1) achieved with N2 flushing and ii) saturation with air to 12 mg L-1 of dissolved oxygen. The strain of Saccharomyces uvarum isolated from French ciders by INRA (French National Institute for Agronomical Research) was used. The pre-culture (108 CFU mL-1) was grown in stirred flasks with YPG medium 
(12.5 g L-1 yeast extract, 10 g L-1 peptone, 20 g L-1 glucose) for 72 h at 20 °C. The yeast was then centrifuged, rinsed with apple juice and resuspended for inoculation. The yeast was inoculated at 5 x 105 CFU mL-1. The fermentations were carried out at 10 °C by following the change in density measurements. The fermentations were terminated once the density had reached 1010 g L-1 from the initial 1060 g L-1. Depending on the fermentation rate, sampling was done either every day or every other day. All fermentation experiments were performed in triplicates.

[bookmark: _Toc72778451][bookmark: _Toc75263394][bookmark: _Toc75264281]Apple juice clarification and concentration	

In Publication III, a concentrate was prepared from apple juice to assess the effects of juice pre-treatment (clarification and concentration) on cider fermentation kinetics and the production of volatile esters by yeast. Apple juice from ripe Antei apples (150 L) 
(9.80 °Brix; pH 3.38; titratable acidity 3.93 g L-1 in malic acid equivalent) was used. Half of the juice (75 L) was clarified and concentrated. Clarification was based on the method described by Grampp et al (1978). The juice was heated to 40 °C and 5 g hL-1 of commercial pectinase (Rapidase; Oenobrands SAS, France) and 5 g hL-1 of glucoamylase (AMG 300L; Novozymes, Denmark) were added. After 30 minutes at 40 °C, 100 mL hL-1 of silica sol (Baykisol® 30; E. Begerow GmbH & Co., Germany) and 10 g hL-1 of dissolved gelatin 
(SIHA Clarifying Gelatine; E. Begerow GmbH & Co., Germany) were added as flocculants. Flocculation occurred within 1.5 hours at 40 °C. Clarified juice was filtered and concentrated using a vacuum concentration system (Didacta Italy; Fruit juice and syrup line, code 640022). The following pressure and temperature programs were used: 60 °C at -60 cmHg (beginning), 40 °C at -70 cmHg (mid-point) and 30°C at -70 cmHg (end). Due to volume restrains, the process was performed in three batches of 25 L. Each batch was concentrated separately from 9.8 to 30 °Brix. The batches were then pooled and concentrated to the final value of 67.8 °Brix. For fermentations, the concentrate was diluted with distilled water to 10 °Brix (pH 3.45; titratable acidity 3.97 g L-1 in malic acid equivalents).

[bookmark: _Toc72778452][bookmark: _Toc75263395][bookmark: _Toc75264282]Analytical procedures

[bookmark: _Toc72778453][bookmark: _Toc75263396][bookmark: _Toc75264283]Yeast assimilable nitrogen (YAN) content

In Publication II, the YAN content at different stages of fermentation was measured using Dinitrofluorobenzene (DNFB) method to assess the rate of nitrogen consumption by yeast. The method is based on the reaction of amino groups of free amino acids and 
small peptides with 2,4-dinitrofluotobenzene. The reaction products are measured by spectrophotometry at 420 nm. Standard solutions of glycine with known nitrogen content were used to obtain calibration curve. Results were expressed as mg·N L-1. Three analytical replicates were used for each sampling point.



[bookmark: _Toc72778454][bookmark: _Toc75263397][bookmark: _Toc75264284]Amino acid content

In Publication III, free amino acids were measured in the juice before and after concentration. In the supplementary study, free amino acids were measured before and after fermentation to assess their consumption by yeast. The measurements were done with UPLC (Acquity UPLC; Waters Corp., Milford, MA, USA) equipped with AccQ·Tag Ultra column and a UV detector. Before analysis, the samples were diluted 1:2 with MilliQ, filtered (Whatman Spartan 13; Dassel, Germany) and derivatized using AccQ·Tag reagent. AccQ·Tag Ultra eluent B (linear gradient from 0% to 100%) was used as mobile phase at a flow rate of 0.3 mL min-1. Three analytical replicates were measured for each sampling spoint.

[bookmark: _Toc72778455][bookmark: _Toc75263398][bookmark: _Toc75264285]GC-MS analysis of volatile compounds

In Publications I-III, volatile compounds were measured across the samples by GC-MS. 
In Publication I, a full volatile profiling was performed; in Publications II-III and in the supplementary study, only selected esters and their alcohol precursors were analyzed. 

In Publications I-III, the samples were diluted 1:19 with distilled water into a 20 mL vial; 2-chloro-6-methylphenol (100 µg L-1) was added as an internal standard (IS) 
for semi-quantitation. Volatile compounds were extracted by using solid-phase microextraction (DVB/Car/PDMS 30/50 μm Stableflex, 2 cm; Supelco, Bellefonte, PA, USA) at 45 °C for 20 minutes. Quantification of volatile compounds was performed using gas chromatography system (6890N; Agilent Technologies, Santa Clara, CA, USA) equipped with mass spectrometer (GCT Premier TOF; Waters, Milford, MA, USA) and a DB5-MS column (30 m × 0.25 mm × 1.0 μm; J&W Scientific, Folsom, CA, USA). Helium was used as a carrier gas with 1.0 mL min-1 flow. The oven was programmed to ramp up from 40 °C at a rate of 7.5 °C min-1 to a final temperature of 280 °C with an additional holding time of three minutes (total run time 35 min). Mass spectra were obtained at ionization energy of 70 eV within a mass scan range of 35 to 350 m/z. Three analytical replicates were used for each sample. In Publications II and III, analytical standards were used for the accurate identification of selected esters. The concentrations were expressed as µg L-1 in IS equivalents.  

In the supplementary study, a method previously used by Guichard et al (2019) was adapted for the measurements. 10 mL of cider sample was gathered into a 20 mL vial pre-flushed with carbon dioxide and containing 3 g of NaCl; 2-ethylhexanol (20 mg L-1) was added as an internal standard. Volatile compounds were extracted by using 
solid-phase microextraction (Car/PDMS 85 μm Stableflex, 2 cm; Supelco, Bellefonte, PA, USA) at 35 °C for 20 minutes. The volatiles of interest were measured using GC-MS QP2010S system (Shimadzu; Kyoto, Japan). The system was equipped with a BP20 polar capillary column (30 m × 0.25 mm × 0.50 μm; VWR International, Radnor, PA, USA). Helium was used as a carrier as with 1.0 flow. Samples were injected in split mode with a 1:30 ratio. The oven was programmed to ramp up from 30 °C to 40 °C at a rate of 4 °C min-1, from 40 °C to 180 °C at a rate of 8 °C min-1, from 180 °C to a final temperature of 250 °C at a rate of 15 °C min-1 with an additional holding time of ten minutes (total run time 34.67 min). Mass spectra were obtained at ionization energy of 70 eV within a mass scan range of 30 to 300 m/z. Correct identification was performed using analytical standards and reference ions for each compound of interest. Three analytical replicates were used for each sampling point. The results of quantitation were expressed in absolute concentrations as mg L-1.  

[bookmark: _Toc72778456][bookmark: _Toc75263399][bookmark: _Toc75264286]Cell count and yeast viability

In the supplementary study, growth of yeast population and its viability was monitored during cider fermentation by using methods previously described by Guichard et al (2019). Total cell count was measured in a flow cytometer (CyFlow Cube 6; Sysmex Partec GmbH, Goerlitz, Germany). Yeast viability was assessed by comparing plate count on agar media with total cell count. For Saccharomyces uvarum, a following selective agar media was used: 1.7 g L-1 of Difco™ Yeast Nitrogen Base + 0.94 g L-1 of L-asparagine + 20 g L-1 of 
D-(+)-galactose + 20 g L-1 of Bacto™ Agar.

[bookmark: _Toc72778457][bookmark: _Toc75263400][bookmark: _Toc75264287]Sensory analysis

In Publication II, descriptive analysis was used to assess the sensory properties of the cider samples. A sensory panel of 8 assessors with previous experience in working with cider samples carried out the analysis. There was no pre-session to familiarize assessors with the samples. The working linear scale was established at 0-15, and relative intensities were used. A complete list of assessed attributes and their definitions is provided in Table 7. Samples were assessed independently by each assessor. Before the assessment, all samples were adjusted for sweetness to balance out the sour taste since the secondary malolactic fermentation was not carried out. For that, 3% of diluted sucrose was added. All samples were encoded with a randomized three-digit numerical key.



Table 7. A complete list of sensory attributes and their definitions

		Attribute

		Description



		Odour

		



		Overall intensity

		Overall strength of the perceived odour



		Fruity 

		Strength of all fruity odours (excluding apple)



		Cooked apple

		Strength of odours characteristic to cooked apples



		Apple-like

		Strength of odours characteristic to fresh apples



		Sweet

		Strength of all sweet odours



		Sour

		Strength of all sour odours



		Taste

		



		Fruity

		Strength of overall sensation characteristic to fruits (excluding apples)



		Cooked apple

		Strength of overall sensation characteristic to cooked apples



		Apple-like

		Strength of overall sensation characteristic to fresh apples



		Sweet

		Strength of overall sweet sensation



		Sour

		Strength of overall sour sensation



		Bitter

		Strength of overall bitter sensation



		Astringency

		Strength of overall drying sensation







[bookmark: _Toc72778458][bookmark: _Toc75263401][bookmark: _Toc75264288]Data processing and statistical analysis

In Publication I, the results of GC-TOF-MS analysis were statistically evaluated by partial least square discriminant analysis (PLS-DA) (mixOmics package, R software 3.4.0; Boston, MA, USA). The correlation of cider samples with identified volatile compounds was observed using principal component analysis (PCA) (factoextra package, R software 3.4.0; Boston, MA, USA). Before the application of PCA and PLS-DA, the quantitation results were autoscaled. The analysis of variance (ANOVA) was performed using R software 3.4.0 (Boston, MA, USA), and p<0.05 was considered statistically significant.

In Publication II, the results of chemical analysis were averaged across biological and analytical replicates. The analysis of variance (ANOVA) was performed using R software 3.4.0 (Boston, MA, USA), and p<0.05 was considered statistically significant. The results of sensory analysis were statistically evaluated by PCA (OriginPro software; OriginLab, Northampton, MA, USA). Prior to the application of PCA, the results were autoscaled. 

In Publication III, the results of chemical analysis were averaged across biological and analytical replicates. ANOVA was performed using R software 4.0.0 (R Foundation for Statistical Computing, Vienna, Austria) and p < 0.05 was considered statistically significant. The results of GC-MS analysis were evaluated by PLS-DA using R package ‘mixOmics’ 6.11.33 and presented as biplots. Response variable was constructed from a combination of juice type and nutritional supplement. Prior to the application of PLS-DA, the quantitation results were autoscaled.

In the supplementary study, the results of chemical analysis were averaged across analytical replicates. R software 4.0.0 (R Foundation for Statistical Computing, Vienna, Austria) was used for data visualization.



[bookmark: _Toc72778459][bookmark: _Toc75264289]Results and Discussion

A summary of the results is presented in this section. More detailed discussions on these results can be reached in publications’ transcripts in Appendix 1, Appendix 2, and Appendix 3.

[bookmark: _Toc72778460][bookmark: _Toc75263402][bookmark: _Toc75264290]The effects of apple variety, ripening stage, and yeast strain on the volatile composition of apple cider

Publication I examined the degree of influence of apple variety, apple ripening stage, and yeast strain on the volatile composition of apple cider. Four apple varieties grown in South Estonia in a private orchard in Valgjärve (Valga County) were selected for the study – Antei, Melba, Kulikovskoye, and Orlovski Sinap. The apples were first harvested at the unripe stage (0 weeks, starch index 1) of their maturity and left to ripen at +4 °C. The ripe apples (starch index 3) were collected after 2-8 weeks (depending on the variety: Melba – 2 weeks, Kulikovskoye – 3 weeks, Antei – 6 weeks, and Orlovski Sinap – 8 weeks) in storage, and the overripe (starch index 5) – after 6-12 weeks (approx. one month after the ripe stage: 6, 8, 10 and 12 weeks, respectively). The must from the apples at various stages of ripening (unripe, ripe, overripe) underwent alcoholic fermentation using commercially available yeast strains (Table 4). Gas chromatography – mass-spectrometry was employed to assess the differences in volatile composition between the samples. 

In total, 37 volatile compounds were identified in the cider samples (Table 6). Partial least square-discriminant analysis (PLS-DA) was applied to evaluate the influence of each treatment (apple variety, maturity level, and yeast strain) on the volatile composition of the samples. For that, one treatment at a time was taken as a predicted variable with the other two acting as replicates. The best visual separation of the samples was achieved when using apple variety as a predicted variable (Figure 7). 

Based on the grouping according to the apple variety, ciders produced with Melba apples were found to have similar volatile profiles due to the proximity of the samples on the plot. This may indicate either a specific dominant aroma profile of Melba variety making it difficult to influence the cider by apple maturity level and different yeast strains or a lack of certain nutrients (e.g., amino acids) acting as metabolic precursors of the analyzed volatile compounds. By contrast to the ciders made with Melba variety, Antei variety showed a wide spread of the samples on the plot allowing additional subclustering based on the maturity level of apples – the samples made with unripe apples formed a clear subcluster. The clusters formed by the samples made with Kulikovskoye and Orlovski Sinap varieties overlapped due to similarities in volatile composition.
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Figure 7. PLS-DA plot for the cider samples. Samples made with Antei apples are represented with color blue, Kulikovskoye – orange, Melba – gray, Orlovski Sinap – green. Samples are coded according to the preparation: maturity level (UR – Unripe, R – Ripe, OR – Overripe) – apple cultivar (A – Antei, M – Melba, OS – Orlovski Sinap, K – Kulikovskoye) – yeast strain. Thus, sample coded ROSOKAY, for example, represents a cider made with ripe Orlovski Sinap apples and fermented with OKAY commercial yeast strain

 

To evaluate the correlations between volatile compounds and apple variety, principal component analysis (PCA) was carried out (Figure 8). According to the PCA biplot, ciders from Melba apple variety had the least diverse volatile composition; the samples formed a tight cluster with a substantial similarity in the volatile profiles which corresponds to the results obtained using PLS-DA approach. Ciders made with Kulikovskoye, and Orlovski Sinap varieties had similar but the most diverse volatile composition with different alcohols, aldehydes, and esters contributing to the volatile composition. As per PLS-DA results, subclustering of the samples made with unripe Antei apples was also observed on the upper left corner of Figure 6. These samples had higher contents of acetate 
esters (isoamyl acetate, hexyl acetate, and butyl acetate), ethyl hexanoate, octanal, 
1-octen-3-ol, and 1-octanol. The influence of apple variety, ripening stage, and yeast on the relative content of identified volatile compounds was further observed using 
p-values (Table 8). According to the results, most of the compounds that distinguished the samples from one another were associated with apple variety, which corresponded to the conclusions made based on the results of PLS-DA. Most of the alcohols identified in the samples, some esters (butyl acetate, ethyl-3-methylbutanoate, and isoamyl acetate), 3-methylbutanoic acid, 3-octanone, benzaldehyde, and phenylacetaldehyde were associated with the maturity stage of the apples used in processing. The mentioned compounds could have either originated from the biochemical changes during ripening or formed from specific precursors developed during ripening (e.g., 3-methylbutanol can be utilized as a precursor in the formation of isoamyl acetate) (Eden, et al., 1996; Osorio et al., 2013).

The results of this study indicate that the apple variety can have a significant influence on cider’s volatile composition. It is also obvious that the extent to which yeast could potentially influence the volatile composition and concentration in the final product will depend on the apple variety used. 
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Figure 8. Principal component analysis biplot. Samples made with Antei apples are represented with color red, Kulikovskoye apples – color green, Melba apples – color blue, Orlovski Sinap apples – color purple. Letter U represents samples made with unripe apples, letter R – ripe apples, letter O – overripe apples



























Table 8. Identified volatile compounds, their relative concentrations and influence (p-value) of apple variety, ripening stage, and yeast strain

		Compound

		Odor descriptionb

		Concentration range, g L-1 in 2-chloro-6-methylphenol equivalents

		p-value



		

		

		

		Variety

		Maturity

		Yeast



		1-propanol

		Fermented, fruity, apple, pear

		1.67 – 91.47

		0.000

		0.002

		0.625



		2-methyl-1-propanol

		Wine, whiskey

		0.00 – 233.15

		0.049

		0.004

		0.019



		1-butanol

		Balsamic

		20.24 – 411.62

		0.000

		0.434

		0.776



		3-methyl-1-butanol

		Cognac, banana, fruity

		0.00 – 3631.49

		0.000

		0.006

		0.700



		2-methyl-1-butanol

		Wine, fruity

		319.31 – 3541.74

		0.000

		0.002

		0.850



		2-hexen-1-ol, (E)

		Green, leafy

		12.61 – 124.72

		0.021

		0.068

		0.309



		1-hexanol

		Green, pungent

		283.49 – 4659.29

		0.029

		0.007

		0.390



		1-octen-3-ol

		Earthy, vegetative, mushroom

		0.00 – 83.00

		0.000

		0.003

		0.677



		2-ethyl-1-hexanol

		Citrus, floral

		0.01 – 51.97

		0.000

		0.020

		0.720



		1-octanol

		Citrus, floral, fatty

		0.00 – 2.87

		0.000

		0.184

		0.541



		2-phenylethanol

		Floral, rose

		0.00 – 598.83

		0.000

		0.000

		0.583



		Ethyl acetate

		Fruity, green

		10.27 – 713.71

		0.000

		0.094

		0.165



		Methyl-2-methylpropanoate

		Fruity, ether

		0.06 – 0.92

		0.000

		0.084

		0.237



		Ethyl propionate

		Fruity, grape, pineapple, rum

		1.55 – 109.10

		0.000

		0.589

		0.004



		Methyl butanoate

		Pungent, fermented

		1.19 – 19.85

		0.000

		0.221

		0.949



		Ethyl-2-methylpropanoate

		Ether, pungent, fruity

		0.49 – 24.63

		0.000

		0.038

		0.028













Table 8 (cont). Identified volatile compounds, their relative concentrations and influence (p-value) of apple variety, ripening stage, and yeast strain

		Methyl-2-methylbutanoate

		Fruity, ripe, fatty

		0.53 – 6.35

		0.000

		0.170

		0.899



		Ethyl butanoate

		Pineapple, cognac

		3.24 – 150.82

		0.000

		0.186

		0.991



		Butyl acetate

		Solvent, banana

		0.17 – 12.26

		0.000

		0.034

		0.678



		Ethyl-3-methylbutanoate

		Fruity, pineapple, apple, orange

		0.12 – 4.90

		0.000

		0.014

		0.001



		Isoamyl acetate

		Banana, pear

		3.91 – 252.74

		0.001

		0.009

		0.546



		Ethyl-2-methylbutanoate

		Fruity, apple

		0.22 – 5.98

		0.000

		0.619

		0.999



		Ethyl pentanoate

		Fruity, berry, tropical

		0.07 – 2.50

		0.000

		0.481

		0.447



		Ethyl hexanoate

		Fruity, pineapple, banana

		10.34 – 254.60

		0.001

		0.100

		0.747



		Hexyl acetate

		Fruity, green apple, banana

		0.50 – 165.57

		0.001

		0.122

		0.557



		Hexyl butanoate

		Green, fruity, vegetative

		0.00 – 51.86

		0.000

		0.470

		0.825



		Ethyl octanoate

		Fruity, wine, banana, brandy

		1.41 – 837.17

		0.000

		0.184

		0.798



		2-phenylethyl acetate

		Honey, rose

		0.00 – 24.34

		0.000

		0.125

		0.385



		Ethyl decanoate

		Waxy, fruity, apple, grape

		0.01 – 174.10

		0.000

		0.054

		0.620



		3-methylbutyl octanoate

		Waxy, fruity, pineapple, coconut

		0.00 – 2.11

		0.000

		0.237

		0.314



		Butanoic acid

		Cheesy

		0.00 – 27.24

		0.236

		0.109

		0.001



		2-methylbutanoic acid

		Cheesy, fermented

		0.00 – 13.71

		0.002

		0.016

		0.009



		Benzaldehyde

		Almond, cherry

		0.00 – 11.78

		0.008

		0.039

		0.890



		3-octanone

		Herbal, lavender, mushroom

		0.00 – 0.91

		0.015

		0.000

		0.882











Table 8 (cont). Identified volatile compounds, their relative concentrations and influence (p-value) of apple variety, ripening stage, and yeast strain

		Octanal

		Waxy, citrus

		0.07 – 150.04

		0.000

		0.102

		0.446



		Phenylacetaldehyde

		Honey, rose

		0.00 – 2.99

		0.000

		0.006

		0.838



		Vanillin

		Vanilla

		0.00 – 0.05

		0.236

		0.189

		0.670





a – approximate average value according to NIST database (US Department of Commerce, Gaithersburg, MD, USA)

b – according to www.thegoodscentscompany.com

[bookmark: _Toc72778461][bookmark: _Toc75263403][bookmark: _Toc75264291]The effect of nitrogen supplementation on fermentation kinetics and ester formation during cider fermentation

Adjustment of Yeast Assimilable Nitrogen (YAN) content before fermentation is often used in cider production to compensate for nitrogen deficiency and avoid sluggish fermentations. In addition to enhanced fermentation rates, the YAN supplementation may have an impact on the flavor characteristics of cider. Publication II aimed to assess yeast performance in two different commercially available musts with similar non-limiting YAN content. For that, two different apple musts were fermented: M1 (Aspall, Suffolk, United Kingdom; 12.8 °Brix, pH 3.28, titratable acidity 6.7 ± 0.1 g L-1 in malic acid equivalents, initial YAN 69.48 ± 2.00 mg·N L-1) and M2 (Döhler, Darmstadt, Germany; 
11.7 °Brix, pH 3.18, titratable acidity 3.8 ± 0.1 g L-1 in malic acid equivalents, initial YAN 51.21 ± 1.84 mg·N L-1). YAN content in both matrices was brought to a similar content of 80 ± 2 mg·N L-1 by using inactive yeast based fermentation nutrient (Fermaid K; Lallemand Inc.). Fermentation kinetics, nitrogen uptake, volatile ester production, and sensory properties of the final products were evaluated.

The results showed that fermentation kinetics (fermentation duration, maximum CO2 production rate) with different yeasts (Figure 9; A, B) did not seem to be dependent on the apple must, at least under conditions of sufficient YAN content. 
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Figure 9. Fermentation kinetics with different yeasts (Y1-5) in musts M1 (A) and M2 (B)



The assimilation kinetics of YAN by the yeast strains used in this study is shown in Figure 10. The intense YAN consumption occurred in the case of all strains within 2-4 days. The residual concentration of YAN at the end of fermentation was similar regardless of the yeast and must used.

	[image: ]Figure 10. YAN consumption by yeasts (Y1-5) in the musts M1 (A) and M2 (B)  



In total, the concentration of 10 ethyl and acetate esters was monitored in the cider samples produced with five different yeasts and two commercial apple musts. From the results, it could be concluded that the formation of three acetate esters – ethyl acetate, isoamyl acetate, hexyl acetate depended on the must used (Figure 11). Thus, both ethyl acetate and isoamyl acetate were produced in considerably (up to 7 and 2 times, respectively) higher concentrations by most strains in the must M2 (11.7 °Brix pH 3.18, titratable acidity 3.8 g L-1 in malic acid equivalents). Hexyl acetate, on the other hand, had higher relative concentrations in the samples made with the must M1 (12.8 °Brix, 
pH 3.28, titratable acidity 6.7 g L-1 in malic acid equivalents). The amount of other 
esters depended on the particular yeast-must combination. The production of the aforementioned esters could be tied to a potential difference in the availability of certain precursors in the must. For example, ethyl acetate is formed in anaerobic glucose metabolism from acetyl-CoA with glutamate, methionine and cysteine precursors in its synthesis pathway (Nordström, 1962). Isoamyl acetate can either be created from amino acids (leucine, valine) or de novo synthesised from isoamyl alcohol (Eden, et al, 1996; Plata et al., 2003). Hexyl acetate originates from C6 alcohols and aldehydes (e.g., hexanol, 2-hexenol, 2-hexenal) (Dennis et al. 2012). Thus, in terms of volatile composition development of the final product, other intrinsic properties of the fermentation matrix than the YAN content should also be considered. 
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Figure 11. Relative concentration (in µg L-1 of 2-chloro-6-methylphenol equivalents) of ethyl acetate, hexyl acetate and isoamyl acetate at the end of fermentation with different yeasts (Y1-5) and apple musts (M1 and M2) (p < 0.05)



Among the sensory attributes assessed in this study, statistically significant differences (p < 0.05) were obtained for most of them with the exception of overall odour intensity (p = 0.61), ‘apple-like’ in odour (p = 0.08), ‘apple-like’ in taste (p = 0.10), sourness in odour (p = 0.19), and astringency (p = 0.98). The results of sensory analysis with the exception of statistically insignificant parameters were then subjected to principal component analysis (PCA). The obtained PCA biplot is presented in Figure 12. 
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Figure 12. Grouping of the samples on the PCA biplot according to statistically significant (p < 0.05) sensory properties perceived at the end of fermentation with each combination of yeast (Y1-5) and must (M1 and M2)



Based on the biplot, cider mainly gathered on the separate sides of the biplot based on the must. Samples produced with the apple must M2 possessed strong correlation with fruitiness and sweetness, which is well in line with higher concentration of ethyl acetate and isoamyl acetate in these samples. The ciders made with the must M1 strongly correlated with sourness, which corresponds well with higher titratable acidity and higher malic acid content in these ciders. 

The results of this study demonstrated that apple must can have significant effect on the concentration of some key esters in cider. As similar level of initial YAN content was used in the musts, the substantial differences in some esters’ concentrations observed in my experiments suggest that other factors can play role in formation of esters (e.g., specific amino acid composition of the must and availability of free fatty acids and/or their de novo synthesis capability by yeasts). Further insight into specific factors or combination of these factors in cider would be required.

[bookmark: _Toc72778462][bookmark: _Toc75263404][bookmark: _Toc75264292]The effect of apple juice concentration on cider fermentation kinetics and composition of volatile esters

The number of studies on cider properties and their development during fermentation has recently increased to a considerable extent. However, there are no studies available on the comparison of freshly pressed apple juice and the concentrate made from the same juice pressing batch. Publication III aimed to apply freshly pressed juice and juice concentrate made from the same apple variety (Antei; private orchard in Valgjärve, South Estonia) as a substrate for cider fermentation at 18 C and 30 C. Different nutritional strategies (DAP, inactive yeast based nutrient and control with no supplementation) were also applied to assess their efficiency in fermentation kinetics and development of volatile esters between apple juice and the concentrate. 

First, the concentration of individual free amino acids (FAA) was measured in the juice and the diluted apple juice concentrate before the start of fermentation and free amino nitrogen content (FAN) content was calculated (Table 9). Knowing the amount of added fermentation nutrients and their YAN/NH4+ content, the approximate amount of yeast assimilable nitrogen (YAN) at the start of fermentation could be determined.  



Table 9. Free amino acid (FAA) composition, free amino nitrogen (FAN) content before and yeast assimilable nitrogen (YAN) content after supplementation. Standard deviation is shown (n = 3) 

		FAA, mg L-1

		Juice, 9.8 °Brix

		Concentrate, 10 °Brix



		His 

		1.71 ± 0.32

		2.27 ± 0.44



		Asn 

		269.60 ± 24.48

		315.03 ± 32.70



		Ser 

		6.28 ± 0.93

		9.21 ± 0.82



		Gln 

		3.26 ± 0.60

		2.87 ± 0.26



		Arg 

		21.68 ± 1.10

		19.36 ± 3.63



		Gly 

		0.32 ± 0.04

		1.19 ± 0.21



		Asp 

		38.10 ± 5.26

		44.42 ± 4.46



		Glu 

		32.43 ± 3.54

		38.15 ± 3.67



		Thr 

		2.75 ± 0.45

		3.62 ± 0.33



		Ala 

		8.85 ± 1.56

		10.91 ± 1.01



		Pro 

		2.32 ± 0.37

		3.22 ± 0.33



		Orn 

		0.27 ± 0.02

		0.51 ± 0.10



		Cys-cys 

		0.30 ± 0.03

		0.34 ± 0.03



		Lys 

		0.82 ± 0.09

		1.93 ± 0.08



		Tyr 

		0.88 ± 0.06

		1.04 ± 0.22



		Met 

		1.06 ± 0.16

		1.27 ± 0.12



		Val 

		3.93 ± 0.73

		4.41 ± 0.46



		Ile 

		2.34 ± 0.45

		2.90 ± 0.33



		Leu 

		1.18 ± 0.23

		3.21 ± 0.39



		Phe 

		1.97 ± 0.16

		1.98 ± 0.21



		Trp 

		0.57 ± 0.10

		0.41 ± 0.03



		TOTAL, mg L-1

		400.62 ± 40.68

		468.25 ± 49.83



		FAN, mg·N L-1 

		76.13 ± 7.29

		87.91 ± 9.62



		+ DAP YAN, mg·N L-1 

		95.03 ± 7.291

		106.81 ± 9.621



		+ Fermaid O YAN, mg·N L-1 

		93.33 ± 7.292

		105.11 ± 9.622





1 Taking into consideration that DAP contains 21% of nitrogen

2 According to manufacturer’s instructions, 40 g hL-1 dose of Fermaid O is equivalent to 17.2 mg·N L-1 of YAN



The most abundant free amino acids in the apple juice used in the study were asparagine, aspartic acid, and glutamic acid. This correlates with what has been shown previously in other studies (Wu et al, 2007; Nogueira & Wosiacki, 2012). Overall statistical significance according to the analysis of variance showed that the juice and diluted concentrate to the same Brix value of the same juice can be considered as different 
(p < 0.05), the latter containing much more free amino acids. Thus, the concentration of serine, glycine, threonine, ornithine, lysine, tyrosine, isoleucine, and leucine was deemed statistically significantly higher (p < 0.05) and, hence, attributed to the process of juice concentration. The conventional industrial concentration of juices is carried out by a high-pressure boiling process that has been reported to possess several effects on the juice like thermal and evaporation losses (Maccarone etl al, 1996; Gunko et al, 2006; Kozák et al, 2009; Juliana et al, 2020). The increase of certain amino acids’ concentration in the diluted concentrate could also be attributed to partial peptidolysis/proteolysis that may have led to the release of individual amino acids. Protease activity has been noted in the apple fruit during ripening (Koak et al, 2011). The activity of apple fruit proteases is yet to be properly explored; however, the activity range for other plant-derived proteases like papain (found in papaia), bromelain (found in pineapple), and ficin (found in figs) have been reported at 45-80 °C (Arshad et al, 2016). Since the temperatures used during juice concentration process (30-60 °C) overlap with the active temperatures of plant-derived proteases, the proteolytic activity of apple proteases might have contributed to the increase in free amino acids. Finally, the increase of free amino acids concentration could also be attributed to a shift in proportions of the components of the juice matrix during dilution, e.g. the removal of haze (pectins) in clarification pre-treatment shifts the proportions in favor of amino acids when the water is added back according to °Brix.

The fermentation kinetics of ciders prepared from either fresh juice or juice concentrate, fermented with different yeasts at two different temperatures with or without nutrients are provided in Figure 13. In all samples, fermentations were completed with no signs of sluggish fermentation.
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Figure 13. Fermentation kinetics of cider samples prepared from fresh juice or juice concentrate of the same apple cultivar with different yeasts at 18 or 30 °C. The samples fermented with the juice from diluted concentrate are represented by a green line and those with the fresh juice by an orange line. The samples fermented at 18 °C are represented by a dashed line of appropriate color; by a solid line at 30 °C



Expectedly, the temperature was the main factor affecting yeast fermentative 
activity while some differences between yeast strains could also be observed. In general, the fermentations were at least two times faster at 30 °C. No particular difference in fermentation activity could be observed between the juice and the concentrate at 18 °C. However, at 30 °C, the fermentation activity on diluted concentrate was slightly inferior to that of the fresh juice. A loss of certain nutrients (e.g. some heat-sensitive B complex vitamins) during concentration process might have affected the ability of yeast to cope with higher temperatures but that was likely not drastic enough to significantly impact the fermentation kinetics. 

The presence of 8 esters was monitored across the samples. PLS-DA was employed as a statistical approach to observe the differences in ester production (Figure 14). The best representation of the results was achieved when viewing the samples according to the yeast species – S. bayanus strains Y1 and Y3 (Figure 14A) were compared to S. cerevisiae strains Y2, Y4, Y5 and Y6 (Figure 14B). According to the biplots, all ciders fermented with S. cerevisiae strains clustered closely together showing more consistency across the samples in volatile esters composition than in case the of S. bayanus strains.

The cider produced from the concentrate had higher concentration of isoamyl acetate (up to 6700 ± 230 µg L-1 in the concentrate; up to 5100 ± 410 µg L-1 in the juice). Isoamyl acetate can be synthesized by yeast either from amino acids leucine and valine or from isoamyl alcohol (Eden et al, 1996; Plata et al, 2003). As was noted previously, the diluted concentrate had elevated amounts of most amino acids, including leucine. Higher content of leucine might have been successfully utilized by the strains used in this study for isoamyl acetate production. S. cerevisiae yeasts used in the study were shown to produce more of isoamyl acetate (up to 6700 ± 230 µg L-1) than S. bayanus strains (isoamyl acetate concentration up to 5300 ± 420 µg L-1). 

The use of a juice concentrate in cider fermentation also resulted in higher production of certain long-chain fatty acid esters (up to 20 000 ± 1420 µg L-1 of ethyl decanoate, 
up to 10 000 ± 1480 µg L-1 ethyl dodecanoate) in comparison to fresh apple juice (up to 6 000 ± 860 µg L-1 of ethyl decanoate, up to 6 000 ± 580 µg L-1 ethyl dodecanoate). 
The intensity of the production, however, varied depending on the yeast strain and was more pronounced with S. bayanus species. It should be noted that long-chain fatty acid esters have been previously tied to the onset of cell death (Alexandre & Benatier, 2006; Saerens et al, 2008a; Wang et al, 2018). Due to their low permeability through cell membrane, the long-chain fatty acid esters are released along with other compounds (e.g., amino acids, fatty acids, lipids, glycoproteins, mannoproteins) into the environment during cell autolysis (Alexandre & Benatier, 2006). The correlation of long-chain fatty acids esters with the cider samples produced using concentrate could thus signify higher cell death rate in comparison to the samples prepared with apple juice. 

The nutritional supplementation approaches used in this study did not possess any significant influence on the production of volatile esters by S. cerevisiae strains. On the other hand, inactive yeast based nutrient supplementation increased the production of medium-chain fatty acid ethyl esters (ethyl butyrate, ethyl hexanoate, ethyl octanoate) in S. bayanus strains and reduced the formation of long-chain fatty acid esters. Supplementation of nitrogen with organic sources such as inactive yeast/yeast autolysate has proven to be efficient at stimulating ethyl ester production in multiple previous studies (Torrea et al, 2011; Santos et al, 2016; Hu et al, 2018). 

In conclusion, this study suggests that the process of clarification and concentration might affect the amount of free amino acids in juice produced from the respective concentrate. In terms of fermentation kinetics, the juice diluted from concentrate was shown to be slightly inferior at higher temperatures to that of the fresh apple juice, most likely due to the partial loss of certain nutrients. The production of volatile esters was also affected by the use of the juice concentrate. When using the concentrate, the yeasts strains under study showed increased production of long-chain fatty acid esters (ethyl decanoate, ethyl dodecanoate). This effect was more evident with S. bayanus strains. Increased synthesis of isoamyl acetate was also noted in the samples fermented with the juice recovered from concentrate which could be attributed to the higher concentration of leucine in it, which is a precursor for isoamyl acetate synthesis. However, this effect was more pronounced in S. cerevisiae strains.
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Figure 14. PLS-DA biplots of volatile ester production in cider samples. A) S. bayanus strains; 
B) S. cerevisiae strains. Colors correspond to the combinations of juice type and nutritional supplement. Ellipses indicate confidence region at 0.95 level



[bookmark: _Toc72778463][bookmark: _Toc75263405][bookmark: _Toc75264293]The effect of asparagine and oxygen availability on production of higher alcohols and esters by yeast

The effects of apple must supplementation with some amino acids both individually or in a mixture have been explored in the few studies with cider and wine fermentations (Santos et al, 2016; Fairbairn et al, 2017; Seguinot et al 2018).  However, these studies only made use of the amino acids known as the precursors for higher alcohols and esters. Even though asparagine constitutes the majority of free amino nitrogen in apple must (Table 7), its effects on the yeast performance and the production of volatile compounds in cider are yet to be properly explored. The supplementary study to this PhD thesis aimed to assess the effect of asparagine (as a single additional YAN source) and oxygen availability on the production of higher alcohols and esters by yeast during cider fermentation. For that, larger scale fermentations (10 L) were conducted with Saccharomyces uvarum strain under different conditions. Three nutritional strategies were used: i) control with no additional supplementation (80 mg·N L-1 FAN), 
ii) supplementation with Asn to 140 mg·N L-1 of FAN, and iii) supplementation with Asn to 200 mg·N L-1 of FAN. Each of these nutritional strategies was tested under conditions of oxygen depletion and oxygen saturation at the start of fermentation. Yeast performance under these different fermentation conditions was assessed in terms of fermentation kinetics, population growth, cell viability, amino acid consumption, and production of higher alcohols and esters.

Fermentation kinetics were expressed as a rate of decline in density. All fermentations were stopped at the density of 1010 g L-1. The fermentation rates were shown to depend on the availability of oxygen as they proceeded faster in the experiments saturated with dissolved oxygen (Figure 15). Thus, the fermentations with dissolved oxygen saturation reached the target density in 13 to 24 days, depending on nutritional strategy, compared to 29 to 64 days in experiments with no oxygen at the start of the fermentation. Similar effects of oxygen availability on fermentation kinetics were noted previously by Giovanelli et al (1996), Rosenfeld et al (2003), Morales et al (2015), Ochando et al (2017), Englezos et al (2018) in their studies on wine. Oxygen availability in the wort and must is widely known to affect the biomass yield and viability of the yeast population during fermentation which directly translates to the fermentation rates (Rosenfeld et al, 2003). Some oxygen at the start of the fermentation is required by yeast for the synthesis of sterols and unsaturated fatty acids for the maintenance of the yeast growth during fermentation and eventually resist the toxicity of higher ethanol concentrations (Mauricio et al, 1998; Rosenfeld et al, 2003; Klug & Daum, 2014; Marbà‐Ardébol et al, 2017). 
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Figure 15. Density loss in the fermentation vessels with oxygen (A) and with no oxygen (B) at different FAN levels adjusted by asparagine addition at the start of fermentation



Limited yeast population growth and lower viability of the yeast population due to lack of oxygen was also noticed in this study (Figure 16, Table 10). Thus, the yeast population in the vessels saturated with dissolved oxygen reached up to 7 x 107 CFU mL-1 with almost 100% viability while in the vessels with no oxygen the population was up to 7 times lower with the viability of only 57-66%.  

The effect of asparagine supplementation on fermentation kinetics depended on the availability of dissolved oxygen at the start of the fermentation (Figure 13). In the vessels saturated with dissolved oxygen, the fermentations proceeded faster as more asparagine was added while with no oxygen at the start of fermentation the beneficial effect of asparagine addition was noted only to a limited extent. Increasing FAN level to 
140 mg·N L-1 with asparagine under conditions of oxygen deficiency had a positive effect on the fermentation rate; however, with its further increase to 200 mg L-1 the effect turned out to be negative – the fermentation rate was similar or even slower than in the control. The similar trends can also be noted with the population growth rates (Figure 14).



Table 10. Measured yeast population viability in the samples expressed as a percentage of a plate count to total cell count at the end of fermentation at different FAN (80, 140, and 200 mg·N L-1) and aeration levels (No Ox – no oxygen; Ox Sat – oxygen saturation). Biological replicates for the fermentations are indicated as A, B, and C

		

		Plate count, CFU mL-1

		Total count, CFU mL-1

		Measured viability, %



		No Ox 80 A

		8.39 x 106

		1.64 x 107

		51.18



		No Ox 80 B

		1.77 x 107

		3.20 x 107

		55.32



		No Ox 80 C

		1.13 x 107

		1.73 x 107

		65.53



		No Ox 140 A

		1.41 x 107

		1.90 x 107

		74.05



		No Ox 140 B

		1.29 x 107

		2.17 x 107

		59.45



		No Ox 140 C

		1.25 x 107

		1.98 x 107

		63.26



		No Ox 200 A

		8.20 x 106

		1.30 x 107

		63.09



		No Ox 200 B

		9.46 x 106

		1.62 x 107

		58.40



		No Ox 200 C

		1.40 x 107

		2.20 x 107

		63.42



		Ox Sat 80 A

		4.88 x 107

		4.68 x 107

		104.30



		Ox Sat 80 B

		5.50 x 107

		4.99 x 107

		110.24



		Ox Sat 80 C

		4.80 x 107

		4.86 x 107

		98.67



		Ox Sat 140 A

		4.48 x 107

		4.43 x 107

		101.05



		Ox Sat 140 B

		5.79 x 107

		5.66 x 107

		102.31



		Ox Sat 140 C

		5.69 x 107

		5.34 x 107

		106.51



		Ox Sat 200 A

		5.94 x 107

		5.63 x 107

		105.59



		Ox Sat 200 B

		5.62 x 107

		5.22 x 107

		107.67



		Ox Sat 200 C

		5.74 x 107

		5.92 x 107

		97.03
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Figure 16. Yeast growth dynamics in the fermentation vessels with oxygen (A) and with no oxygen (B) at different FAN levels adjusted by asparagine addition at the start of fermentation



The concentration of nitrogen from free amino acids and asparagine was determined before and after fermentations (Figure 17). Most of free amino acids, including asparagine were consumed when oxygen was present in the environment at the start of fermentation; on the other hand, the addition of asparagine resulted in the increase of residual amino acids with no oxygen was present at the start of fermentation. Along with limited yeast population growth, this implies the limitations in the consumption of available nitrogen sources and, hence, the lower efficiency of nitrogen supplementation in the absence of oxygen in the fermentation environment.  
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Figure 17. The nitrogen content from free amino acids (A) and asparagine (B) before and after fermentation. The experiments with no oxygen are indicated by “-” sign; experiments saturated with oxygen by “+” sign

	 

The concentration of 5 higher alcohols and 10 esters was monitored in the same experiments (Table 11). As seen from the results, in the samples fermented with aerated must lower concentration of esters can be noted in comparison to the samples with no oxygen at the start of fermentation. The suppression of production of acetate esters by aeration has been previously noted by Fujii et al (1997) and Rojas et al (2001) with Saccharomyces cerevisiae strains and has been related to repression of genes encoding for acetyltransferases Atf1p and Atf2p (ATF1, ATF2) by oxygen (Fujii et al, 1997; Plata et al, 2005). Despite the positive effect of oxygen deficiency on esters’ production, a remarkable effect of asparagine supplementation could not be observed in the absence of oxygen. By contrast, the effect of asparagine supplementation on the composition of the volatile compounds in the samples fermented in the presence of oxygen at the start of fermentation was observed. Thus, the more asparagine was added the higher was the concentration of esters (Table 11), suggesting that the suppression of ester formation due to oxygen can be partially compensated for with an appropriate amount of asparagine supplementation. Even though asparagine itself is not reported as an amino acid that directly participates in ester formation pathways, it can still be utilized to stimulate the process. Notably, the addition of asparagine may suppress the formation of phenylethyl alcohol through uptake inhibition of phenylalanine – a precursor in phenylethyl alcohol biosynthesis by downregulation of amino acid permease Agp1p (Saenz et al, 2014; Dai et al, 2021). 

In this study, the effect of FAN supplementation with asparagine under conditions of either oxygen saturation or deficiency at the start of fermentation was successfully explored. The efficiency of asparagine supplementation on the fermentative activity of yeast and the growth of yeast population was found to positively correlate with the presence of oxygen. On the other hand, it was shown that asparagine supplementation becomes inhibitory at higher concentrations (above 140 mg·N L-1 FAN) under complete anaerobic conditions at the start of fermentation. The presence of oxygen also affected the formation and composition of volatile compounds in cider, as aeration of the must correlated with higher production of fusel alcohols instead of esters. Additional studies are, however, required to understand whether the combination of other amino acids with different aeration conditions yields the same effect. 
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Table 11. Concentrations (in mg L-1) of acetate esters at the end of fermentation at different FAN (adjusted with asparagine) and aeration levels. 

The experiments with no oxygen are indicated as No Ox; experiments saturated with oxygen – as Ox Sat. The concentration of FAN in 

the samples in indicated as 80, 140, and 200 mg·N L-1

		

		No Ox 80

		No Ox 140

		No Ox 200

		Ox Sat 80

		Ox Sat 140

		Ox Sat 200



		Ethyl acetate

		7.415 ± 0.826

		10.175 ± 0.249

		9.818 ± 0.869

		3.704 ± 0.197

		5.371 ± 0.032

		8.701 ± 0.588



		Isobutyl acetate

		0.018 ± 0.001

		0.022 ± 0.003

		0.022 ± 0.003

		0.017 ± 0.001

		0.024 ± 0.001

		0.041 ± 0.005



		Ethyl butyrate

		0.332 ± 0.032

		0.347 ± 0.016

		0.372 ± 0.021

		0.146 ± 0.010

		0.176 ± 0.009

		0.214 ± 0.017



		Butyl acetate

		0.187 ± 0.022

		0.237 ± 0.020

		0.240 ± 0.006

		0.138 ± 0.011

		0.156 ± 0.012

		0.247 ± 0.008



		Isoamyl acetate

		1.400 ± 0.222

		1.747 ± 0.052

		1.794 ± 0.059

		0.423 ± 0.097

		0.786 ± 0.044

		1.396 ± 0.201



		Ethyl hexanoate

		0.719 ± 0.009

		0.695 ± 0.097

		0.768 ± 0.064

		0.327 ± 0.044

		0.709 ± 0.026

		0.899 ± 0.061



		Hexyl acetate

		1.375 ± 0.188

		1.495 ± 0.115

		1.664 ± 0.147

		0.542 ± 0.086

		0.919 ± 0.015

		1.187 ± 0.162



		Ethyl octanoate

		0.183 ± 0.033

		0.123 ± 0.011

		0.145 ± 0.039

		0.018 ± 0.001

		0.042 ± 0.006

		0.145 ± 0.063



		Ethyl decanoate

		0.523 ± 0.073

		0.257 ± 0.022

		0.351 ± 0.031

		0.025 ± 0.005

		0.049 ± 0.001

		0.071± 0.001



		2-Phenylethyl acetate

		0.132 ± 0.017

		0.165 ± 0.016

		0.155 ± 0.023

		0.095 ± 0.012

		0.046 ± 0.006

		0.036 ± 0.002



		Isobutanol

		4.843 ± 0.123

		6.803 ± 0.373

		5.857 ± 0.979

		9.95 ± 0.091

		8.520 ± 0.173

		13.260 ± 0.467



		1-Butanol

		2.775 ± 0.524

		2.698 ± 0.493

		3.039 ± 0.084

		2.466 ± 0.102

		2.707 ± 0.162

		3.807 ± 0.177



		3-Methyl-1-butanol

		33.195 ± 4.959

		44.196 ± 3.075

		37.762 ± 2.934

		43.863 ± 3.537

		40.993 ± 2.048

		51.642 ± 6.002



		Hexanol

		3.807 ± 0.621

		3.699 ± 0.132

		3.520 ± 0.103

		4.555 ± 0.199

		4.361 ± 0.272

		5.784 ± 0.362



		Phenylethyl Alcohol

		12.443 ± 1.602

		10.288 ± 1.715

		9.850 ± 1.584

		29.766 ± 2.786

		6.809 ± 2.652

		2.931 ± 0.013
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The main objective of this thesis was to study the effect of different cidermaking conditions on fermentation kinetics and the production of esters by yeast. The work started from the general assessment of the statistical significance of raw materials such as apple variety, apple ripening stage, and yeast strain in the formation of volatile composition in cider and finished with an evaluation of the effects of individual and combined technological aspects (juice pre-processing, nitrogen availability, oxygen availability) on the production of selected volatile compounds. 



The following conclusions can be drawn from the obtained results:

· Apple variety was the primary attribute influencing the yeast-derived volatile composition of apple cider. 

· Additional YAN supplementation does not necessarily guarantee higher esters formation. Other specific factors or a combination of these factors should be considered for increasing the production of volatile esters.

· Oxygen availability at the start of fermentation seems to determine the efficiency of additionally supplemented YAN assimilation as well as of the formation of volatile compounds by yeast.

· Apple juice concentrate was successfully applied in cider fermentation resulting in rather similar yeast fermentative performance as in the case with fresh apple juice, albeit the effect of concentration on amino acids’ content and the development of volatile esters was substantial. 













































[bookmark: _Toc72778465][bookmark: _Toc75264295]References

Abbas, C.A. (2006) Production of Antioxidants, Aromas, Colours, Flavours, and Vitamins by Yeasts. In Querol, A. & Fleet, G. (Eds.) Yeasts in Food and Beverages 
(pp. 285-334).

Alberti, A., Vieira, R. G., Drilleau, J. F., Wosiacki, G. & Nogueira, A. (2011) Apple wine processing with different nitrogen contents. Brazilian Archives of Biology and Technology 54, 551–558, doi:10.1590/S1516-89132011000300017

Alberti, A., Santos, T.P.M., Ferreira Zielinski, A.A., Santos, C.M.E., Braga, C.M., Demiante, I.M. & Nogueira, A. (2016) Impact on chemical profile in apple juice and cider made from unripe, ripe and senescent dessert varieties. Food Science and Technology 65, 436-443, doi:10.1016/j.lwt.2015.08.045

Alexandre, H. & Benatier, M.G. (2006) Yeast autolysis in sparkling wine – a review. Australian Journal of Grape and Wine Research 12, 119-127, doi:10.1111/j.1755-0238.2006.tb00051.x

Allied Market Research (2018). Cider Market by Product (Apple Flavored, Fruit Flavored, and Perry), Distribution Channel (On-trade and Off-trade), and Packaging (Draught, Cans, Glass Bottles, Plastic Bottles, and Others) - Global Opportunity Analysis and Industry Forecast, 2017-2023. Available online: https://www.alliedmarketresearch.com/cider-market (accessed on 17.11.2020)

Aranda, A., Matallana, E. & Olmo, M. (2011) Saccharomyces Yeasts I: Primary Fermentation. In Carrascosa, A., Munoz, R. & Gonzalez, R. (Eds.) Molecular Wine Microbiology (pp. 1-32).

Arshad, M.S., Kwon, J.H., Imran, M., Sohaib, M., Aslam, A., Nawaz, I., Amjad, Z., Khan, U. & Javed, M. (2016) Plant and bacterial proteases: A key towards improving meat tenderization, a mini review. Cogent Food & Agriculture 2, 1261780, doi:10.1080/23311932.2016.1261780

Bakker, J. & Clarke, R.J. (2012) Wine Flavour Chemistry, Second Edition.

Bamforth, C.W. & Cook, D.J. (2019) Food, Fermentation, and Microorganisms.

Bardi, L., Cocito, C. & Marzona, M. (1999) Saccharomyces cerevisiae cell fatty acid composition and release during fermentation without aeration and in absence of exogenous lipids. International Journal of Food and Microbiology 47, 133-140, doi:10.1016/s0168-1605(98)00203-7

Becker Whitener, M.R., Carlin, S., Jacobson, D., Weighill, D., Divol, B., Conterno, L., 
Du Toit, M. & Vrhovsek, U. (2015) Early fermentation volatile metabolite profile of non-Saccharomyces yeasts in red and white grape must: A targeted approach. LWT – Food Science and Technology 64, 412-422, doi:10.1016/j.lwt.2015.05.018

Beech, F.W. (1993) Yeasts in Cider-Making. In Rose, A.H. & Harrison, J.S. (Eds.) Yeasts, Volume 5 (pp. 169-213).

Belda, I., Ruiz, J., Esteban-Fernandez, A., Navascues, E., Marquina, D., Santos, A. & Moreno-Arribas, M.V. (2017) Microbial contribution to wine aroma and its intended use for wine quality improvement. Molecules 22, 189, doi:10.3390/molecules22020189

Bell, S. J. & Henschke, P. A. (2005) Implications of nitrogen nutrition for grapes, fermentation and wine. Australian Journal of Grape and Wine Research 11, 
242–295, doi:10.1111/j.1755-0238.2005.tb00028.x



Beltran, G., Esteve-Zarzoso, B., Rozes, N., Mas, A. & Guillamon, J.M. (2005) Influence of the Timing of Nitrogen Additions during Synthetic Grape Must Fermentations on Fermentation Kinetics and Nitrogen Consumption. Journal of Agricultural and Food Chemistry 53, 996-1002, doi:10.1021/jf0487001

Beltran, G., Novo, M., Guillamon, J.M., Mas, A. & Rozes, N. (2008) Effect of fermentation temperature and culture media on the yeast lipid composition and wine volatile compounds. International Journal of Food Microbiology 121, 169-177, doi:10.1016/j.ijfoodmicro.2007.11.030

Berry, D.R. & Slaughter, J.C. (2003) Alcoholic Beverage Fermentation. Lea, A.G.H. & Piggott, J.R. (Eds.) Fermented Beverage Production, 2nd Edition (pp. 25-40).

Boles, E. & Hollenberg, C.P. (1997) The molecular genetics of hexose transport in yeasts. FEMS Microbiology Reviews 21, 85-111, doi:10.1111/j.1574-6976.1997.tb00346.x

Boss, P. K., Pearce, A. D., Zhao, Y., Nicholson, E. L., Dennis, E. G. & Jeffery, D. W. (2015). Potential Grape-Derived Contributions to Volatile Ester Concentrations in Wine. Molecules 20, 7845-7873, doi:10.3390/molecules20057845

Boudreau, T.F., Peck, G.M., O’Keefe, S.F. & Stewart, A.C. (2018) Free amino nitrogen concentration correlates to total yeast assimilable nitrogen concentration in apple juice. Food Science and Nutrition 6, 119-123, doi:10.1002/fsn3.536

Carballo, J. (2012) The Role of Fermentation Reactions in the Generation of Flavor and Aroma of Foods. In Mehta, B.M., Kamal-Eldin, A. & Iwanski, R.Z. (Eds.) Fermentation: Effects on Food Properties (pp. 52-88).

Chen, X., Nielsen, K.F., Borodina, I., Kielland-Brandt, M.C. & Karhumaa, K. (2011) Increased isobutanol production in Saccharomyces cerevisiae by overexpression of genes in valine metabolism. Biotechnology for Biofuels 4, 21, doi:10.1186/1754-6834-4-21

Chen, D. & Liu, S.Q. (2016) Transformation of chemical constituents of lychee wine by simultaneous alcoholic and malolactic fermentations. Food Chemistry 196, 988-995, doi:10.1016/j.foodchem.2015.10.047

Chr Hansen AS. Production of cider with Pichia kluyveri yeast. 
Patent WO2015117979A1, 13 August 2015. Available online: https://patents.google.com/patent/WO2015117978A1/en

Ciani, M., Comitini, F. & Mannazzu, I. (2008) Fermentation. In Jorgensen, S.V. & Fath, B. (Eds.) Encyclopedia of Ecology, Volume 2 (pp. 1548-1556).

Cruz, S. H., Cilli, E. M. & Ernandes, J. R. (2002). Structural complexity of the nitrogen source and influence on the yeast growth and fermentation. Journal of the Institute of Brewing 108, 54-61, doi:10.1002/j.2050-0416.2002.tb00124.x

Dai, J., Xia, H., Yang, C. & Chen, X. (2021) Sensing, uptake and catabolism of 
L-phenylalanine during 2-phenylethanol biosynthesis via the Ehrlich 
pathway in Saccharomyces cerevisiae. Frontiers in Microbiology 12:601963, doi:10.3389/fmicb.2021.601963

Darriet, P. & Pons, A. (2017) Wine. In Buettner, A. (Eds.) Handbook of Odor (pp. 144-170).

Deak, T. (2006) Environmental Factors Influencing Yeasts. In Rosa, C.A. & Peter, G. (Eds.) Biodiversity and Ecophysiology of Yeasts (pp. 155-174).

Dennis, E.G., Keyzers, R.A., Kalua, C.M., Maffei, S.M., Nicholson, E.L. & Boss, P.K. (2012) Grape contribution to wine aroma: production of hexyl acetate, octyl acetate, and benzyl acetate during yeast fermentation is dependent upon precursors in the must. Journal of Agricultural and Food Chemistry 60, 2638-2646, doi:10.1021/jf2042517

Dequin, S., Salmon, J.M., Nguyen, H.V. & Blondin, B. (2003) Wine yeasts. In Boekhout, T. & Robert, V. (Eds.) Yeasts in Food (pp. 389-412).

Diaz-Ruiz, R., Averet, N., Araiza, D., Pinson, B., UribeCarvajal, S., Devin, A. & Rigoulet, M. (2008) Mitochondrial oxidative phosphorylation is regulated by fructose 
1,6-bisphosphate: A possible role in crabtree effect induction? Journal of Biological Chemistry 283, 26948–26955, doi:10.1074/jbc.M800408200

Dickinson, J.R. Eshantha, L, Salgado, J. & Hewlins, M.J.E. (2003) The catabolism of amino acids to long vhain and complex alcohols in Saccharomyces cevevisiae. Journal of Biological Chemistry 278, 8083-8034, doi:10.1074/jbc.M211914200

Dickinson, J.R. & Kruckeberg, A.L. (2006) Carbohydrate Metabolism. In Querol, A. & 
Fleet, G. (Eds.) The Yeast Handbook, vol 2 (pp. 215-242)

Downing, D.L. (1989) Apple Cider. In Downing, D.L. (Eds.) Processed Apple Products 
(pp. 169-188)

Drilleau, J. F. (1990). Fermentation of cider. Rev. Pomme à cidre 21, 20-22.

Duan, L.L., Shi, Y., Jiang, R., Yang, Q., Wang, Y.Q., Liu, P.T., Duan, C.Q. & Yan, G.L. (2015) Effects of adding unsaturated fatty acids on fatty acid composition of Saccharomyces cerevisiae and major volatile compounds in wine. South African Journal of Enology and Viticulture 36, 285-295, doi:10.21548/36-2-962

Duizer, L.M. & Field, K. (2015) Changes in sensory perception during aging. In Chen, J. & Rosenthal, A. (Eds.) Modifying Food Texture, vol 2 – Sensory Analysis, Consumer Requirements and Preferences (pp. 19-44).

Eden A., Simchen G. & Benvenisty N. (1996) Two yeast homologs of ECA39, a target for c-Myc regulation, code for cytosolic and mitochondrial branched chain amino acid aminotransferases. Journal of Biologycal Chemistry 271, 20242-20425, doi:10.1074/jbc.271.34.20242

Eisele, T.A. & Drake, S.R. (2005) The partial compositional characteristics of apple juice from 175 apple varieties. Journal of Food Composition and Analysis 18, 213-221, doi:10.1016/j.jfca.2004.01.002

Englezos, V., Cravero, F., Torchio, F., Rantsiou, K., Ortiz-Julien, A., Lambri, M., Gerbi, V., Rolle, L. & Cocolin, L. (2018) Oxygen availability and strain combination modulate yeast growth dynamics in mixed culture fermentations of grape must with Starmerella bacillaris and Saccharomyces cerevisiae. Food Microbiology 69, 
179-188, doi:10.1016/j.fm.2017.08.007

European Cider and Fruit Wine Association (2019). European Cider Trends 2019. Available online: https://aicv.org/files/attachments/.74/AICV_Cider_Trends_2019.pdf (accessed on 17.11.2020)

Fairbairn, S., McKinnon, A., Musarurwa, H.T., Ferreira, A.C. & Bauer, F.F. (2017) 
The Impact of Single Amino Acid Growth and Volatile Aroma Production by Saccharomyces cerevisiae Strains. Frontiers in Microbiology 8, 2554, doi:10.3389/fmicb.2017.02554

Fujii, T., Kobayashi, O., Yoshimoto, H., Furukawa, S. & Tamai, Y. (1997) Effect of aeration and unsaturated fatty acids on expression of the Saccharomyces cerevisiae alcohol acetyltransferase gene. Applied and Environmental Microbiology 63, 
910-915, doi:10.1128/AEM.63.3.910-915.1997

Gampp, E., Schmitt, R. & Urlaub, R. Method for clarification of fruit juice. US patent US4109017A. August 22, 1978. Available online: https://patents.google.com/patent/US4109017A/en

Garde-Cerdan, T. & Ancin-Azpilicuate, C. (2008) Effect of the addition of different quantities of amino acids to nitrogen-deficient must on the formation of esters, alcohols, and acids during wine alcoholic fermentation. LWT – Food Science and Technology 41, 501-510, doi:10.1016/j.lwt.2007.03.018

Geladé, R., Van de Velde, S., Van Dijck, P. & Thevelein, J. M. (2003) Multi-level response of the yeast genome to glucose. Genome Biology 4, 233, doi:10.1186/gb-2003-4-11-233

Gonzalez, R., Munoz, R. & Carrascosa, A. (2011) Production of Wine Starter Cultures. In Carrascosa, A., Munoz, R. & Gonzalez, R. (Eds.) Molecular Wine Microbiology 
(pp. 279-302).

Granell, A. & Rambla, J.L. (2015) Biosynthesis of Volatile Compounds. In Seymour, G.B., Poole, M., Giovannoni, J.J & Tucker, G.A. (Eds.)  The Molecular Biology and Biochemistry of Fruit Ripening (pp. 135-164).

Giovanelli, G., Peri, C. & Parravicini, E. (1996) Kinetics of grape juice fermentation under aerobic and anaerobic conditions. American Journal of Enology and Viticulture 47, 429-434.

Guichard, H., Poupard, P., Legoahec, L., Millet, M., Bauduin, R. & Le Quere, J.M. (2019) Brettanomyces anomalus, a double drawback for cider aroma. LWT – Food Science and Technology 102, 214-222, doi:10.1016/j.lwt.2018.12.033

Guilloux-Benatier, M. & Chassagne, D. (2003) Comparison of components released by fermented or active dried yeasts after aging on lees in a model wine. Journal of Agricultural and Food Chemistry 51, 746-751, doi:10.1021/jf020135j

Gunko, S., Vebycha, S., Bryka, M. & Hilal, N. (2006) Concentration of apple juice using direct contact membrane distillation. Desalination 190, 117-124, doi:0.1016/j.desal.2005.09.001

Hazelwood, L.A., Daran, J.M., Maris, A.J.A., Pronk, J.T. & Dickinson, J.R. (2008) The Ehrlich pathway for fusel alcohol production: a century of research on Saccharomyces cerevisiae metabolism. Applied and Environmental Microbiology 74, 2259-2266, doi:10.1128/AEM.02625-07

Hu, K., Jin, G.J., Mei, W.C., Li, T. & Tao, Y.S. (2018) Increase of medium-chain fatty 
acid ethyl ester content in mixed H. uvarum/S. cerevisiae fermentation leads to wine fruity aroma enhancement. Food Chemistry 239, 495-501, doi:10.1016/j.foodchem.2017.06.151

Hutkins, R.W. (2006) Microbiology and Technology of Fermented Foods.

HM Revenue and Customs. Alcohol duties. Excide Notice 163: Cider Production. Available online: https://www.gov.uk/government/publications/excise-notice-162-cider-production/excise-notice-162-cider-production (accessed on 31.08.2020) 

Holt, S., Miks, M.H., de Carvalho, B.T., Foulquie-Moreno, M.R. & Thevelein, J.M. (2019) The molecular biology of fruity and floral aromas in beer and other alcoholic beverages. FEMS Microbiology Reviews 43, 193-222, doi:10.1093/femsre/fuy041

Izquierdo Canas, P.M., Romero, E.G., Alonso, S.G. & Palop Herreros, M.L.L. (2008) Changes in the aromatic composition of Tempranillo wines during spontaneous malolactic fermentation. Journal of Food Composition and Analysis 21, 724-730, doi:10.1016/j.jfca.2007.12.005

Jackson, R.S. (2014) Wine Science: Principles and Applications, 4th Edition.

Jolicoeur, C. (2013) The New Cider Maker's Handbook.

Joshi, V.K. & Attri, B.L. (2017) Specific Features of Table Wine Production Technology. In Kosseva, M.R., Joshi, V.K. & Panesar, P.S. (Eds.) Science and Technology of Fruit Wine Production (pp. 295-463).

Joshi, V.K., Panesar, P.S., Rana, V.S. & Kaur S. (2017) Science and Technology of Fruit Wines: an Overview. In Kosseva, M.R., Joshi, V.K. & Panesar, P.S. (Eds.) Science and Technology of Fruit Wine Production (pp. 1-72).

Juliana, H., Yaohanny, F., Devina, A., Purwadi, R. & Wenten, G. (2020) Apple juice concentration using submerged direct contact membrane distillation (SDCMD).  Journal of Food Engineering 272, 109807, doi:10.1016/j.jfoodeng.2019.109807

Kampen, W.H. (2014) Nutritional Requirements in Fermentation Processes. In Vogel, H.C. & Todaro, C.M. (Eds.) Fermentation and Biochemical Engineering Handbook, 
3rd Edition (pp. 37-58)

Kasemets, K., Nisamedtinov, I., Laht, T.M., Abner, K. & Paalme, T. (2007) Growth characteristics of Saccharomyces cerevisiae in changing environmental conditions: auxo-accelerostat study. Antonie Van Leeuwenhoek 92, 109-128, doi:10.1007/s10482-007-9141-y

Kevvai, K., Kütt, M.L., Nisamedtinov, I. & Paalme, T. (2015) Simultaneous utilization of ammonia, free amino acids and peptides during fermentative growth of Saccharomyces cerevisiae. Journal of the Institute of Brewing 122, 110-115, doi:10.1002/jib.298

Killian, E. & Ough, C.S. (1979) Fermentation Esters – Fermentation and Retention as Affected by Fermentation Temperature. American Journal of Enology and Viticulture 30, 301-305.

Kim, B., Cho, B.R. & Hahn, J.S. (2013) Metabolic engineering of Saccharomyces cerevisiae for the production of 2-phenylethanol via Ehrlich pathway. Biotechnology and bioengineering 111, 115-124, doi:10.1002/bit.24993

Koak, J.H., Kim, H.S., Choi, Y.J., Baik, M.Y. & Kim, B.Y. (2011) Characterization of a protease from over-matured fruits and development of a tenderizer using an optimization technique. Food Science and Biotechnology 20, 485, doi:10.1007/s10068-011-0067-9

Kondo, T., Tezuka, H., Ishii, J., Matsuda, F., Ogino, C. & Kondo, A. (2012) Genetic engineering to enhance the Ehrlich pathway and alter carbon flux for increased isobutanol production from glucose by Saccharomyces cerevisiae. Journal of Biotechnology 159, 32-37, doi: 0.1016/j.jbiotec.2012.01.022

Kong, C.L., Ma, N., Yin, J., Zhao, H.Y. & Tao, Y.S. (2021) Fine tuning of medium chain fatty acids levels increases fruity esters production during alcoholic fermentation. 
Food Chemistry 346, 128897, doi:10.1016/j.foodchem.2020.128897

Kozák, Á., Békássy-Molnár, E. & Vatai, G. (2009) Production of black-currant juice concentrate by using membrane distillation. Desalination 241, 309-314, doi:10.1016/j.desal.2008.02.033

Krieger-Weber, S., Osborne, J.P., Loubser, P., Kollar, S., Brown, N. & Butzke, C. (2010) Malolactic fermentation in wine. In Butzke, C.E. (Eds.) Winemaking Problems Solved (pp 77-97).

Klug, L., & Daum, G. (2014) Yeast lipid metabolism at a glance. FEMS Yeast Research 14, 369-388, doi:10.1111/1567-1364.12141

Kunkee, R.E. & Bisson, L.F. (1993) Wine-making Yeasts. In Rose, A.H. & Harrison, J.S. (Eds.) Yeasts, Volume 5 (pp. 69-128).

Kunze, W. (2019) Technology Brewing and Malting, 6th Edition.

Laos, J.M. (2018) Characterization of peptide assimilation by wine yeast: master’s thesis. Tallinn University of Technology, Tallinn.

Lambrechts, M.G. & Pretorius, I.S. (2000) Yeast and its importance to wine aroma - a review. South African Journal for Enology and Viticulture 21, 97-129, doi:10.21548/21-1-3560

Le Quéré, J.M., Husson, F., Renard, C.M.G.C., Primault, J. (2006) French cider characterization by sensory, technological and chemical evaluations. LWT – Food Science and Technology 39, 1033-1044, doi:10.1016/j.lwt.2006.02.018

Lea, A.G.H. & Drilleu, J.F. (2003) Cidermaking. In Lea, A.G.H. & Piggott, J.R. (Eds.) Fermented Beverage Production (pp. 59-88). 

Légifrance. Décret n°53-978 du 30 septembre 1953 relatif à l'orientation de la production cidricole et à la commercialisation des cidres, poirés et de certaines boissons similaires.  Available online:   https://beta.legifrance.gouv.fr/loda/texte_lc/
LEGITEXT000006060679/ (accessed on 31.08.2020)

Lekkas, C., Stewart, G.G., Hill, A.E., Taidi, B. & Hodgson, J. (2012) Elucidation of the role of nitrogenous wort components in yeast fermentation. Journal of the Institute of Brewing 113, 3-8, doi:10.1002/j.2050-0416.2007.tb00249.x

Lepage, A. (2002) Cidre devariété Guillevic: vers la maîtrise d’uncidre de qualité supérieure. Scienses et Techniques des Industries Agro-Alimentaire.

Lerm, E., Engelbrecht, L. & Du Toit M. (2010) Malolactic fermentation : the ABC’s of MLF. South African Journal for Enology and Viticulture 31, 186-212, doi:10.21548/31-2-1417

Liberatore, M.T., Pati, S., Del Nobile, M.A. & La Notte, E. (2010) Aroma quality improvement of Chardonnay white wine by fermentation and ageing in 
barrique on lees. Food Research International 43, 996-1002, doi:10.1016/j.foodres.2010.01.007

Liu, P.T., Duan, C.Q. & Yan, G.L. (2019) Comparing the effects of different unsaturated fatty acids on fermentation performance of Saccharomyces cerevisiae and aroma compounds during red wine fermentation. Molecules 24, 538, doi: 10.3390/molecules24030538

Liu, S.Q. (2012) Flavors and Food Fermentation. In Hui, Y.H. (Eds.) Handbook of Plant-Based Fermented Food and Beverage Technology (pp. 23-34)

Loira, I., Vejarano, R., Morata, A., Ricardo-da-Silva, J.M., Laureano, O., Gonzales, M.C. & Suarez-Lepe, J.A. (2013) Effect of Saccharomyces strains on the quality of red wines aged on lees. Food Chemistry 139, 1044-1051, doi10.1016/j.foodchem.2013.01.020

Lonvaud-Funel, A. (2010) Effects of malolactic fermentation on wine quality. In Reynolds, A.G. (Eds.) Managing Wine Quality, Volume 2: Oenology and Wine Quality 
(pp. 60-92).

Maccarone, E., Campisi, S., Cataldi Lupo, M.C., Fallico, B. & Nicolosi Asmundo, C. (1996) Thermal treatments effect on the red orange juice constituents. Industria Bevande 25, 335-341.

Maicas, S., Gil, J.V., Pardo, I. & Ferrer, S. (1999) Improvement of volatile composition of wines by controlled addition of malolactic bacteria. Food Research International 32, 491-496, doi:10.1016/S0963-9969(99)00122-2

Marques, W.L., Raghavendran, V., Stambuk, B.U. & Gombert, A.K. (2016) Sucrose and Saccharomyces cerevisiae: a relationship most sweet. FEMS Yeast Research 16: fov107, doi:10.1093/femsyr/fov107

Matei, F. & Kosseva, M.R. (2017) Microbiology of Fruit Wine Production. In Kosseva, M.R., Joshi, V.K. & Panesar, P.S. (Eds.) Science and Technology of Fruit Wine Production (pp. 73-104).

Mauricio, J.C., Millan, C. & Ortega, J.M. (1998) Influence of oxygen on the biosynthesis of cellular fatty acids, sterols and phospholipids during alcoholic fermentation by Saccharomyces cerevisiae and Torulaspora delbrueckii. World Journal of Microbiology and Biotechnology 14, 405-410

Marbà‐Ardébol, A.M., Bockisch, A., Neubauer, P. & Junne, S. (2017) Sterol synthesis and cell size distribution under oscillatory growth conditions in Saccharomyces cerevisiae scale‐down cultivations. Yeasts 35, 213-223, doi:10.1002/yea.3281

McKay, M., Buglass, A.J. & Lee, C. G. (2011) Fermented Beverages: Beers, Ciders, Wines and Related Drinks. In Buglass, A.J. (Eds.) Handbook of Alcoholic Beverages: Technical, Analytical and Nutritional Aspects (pp. 63-454). 

Meilgaard, M.C., Civille, G.V. & Carr, B.T. (2007) Sensory Evaluation Techniques, Fourth Edition.

Messenguy, F., Andre, B. & Dubois, E. (2006) Diversity of Nitrogen Metabolism Among Yeast Species: Regulatory and Evolutionary Aspects. In Rosa, C.A. & Peter, G. (Eds.) Biodiversity and Ecophysiology of Yeasts (pp. 123-154).

Merwin, I., Valois, S. & Padilla-Zakour, O. (2008) Cider apples and cider-making techniques in Europe and North America. Horticultural reviews 34, 365-415, doi:10.1002/9780470380147.ch6

Molina, A.M., Swiegers, J.H., Varela, C., Pretorius, I.S.  & Agosin, E. (2007) Influence of wine fermentation temperature on the synthesis of yeast-derived volatile aroma compounds. Applied Microbiology and Biotechnology 77, 675-687, doi:10.1007/s00253-007-1194-3

Morales, P., Rojas, V., Quiros, M. & Gonzalez, R. (2015) The impact of oxygen on the final alcohol content of wine fermented by a mixed starter culture. Applied Microbiology and Biotechnology 99, 3993-4003, doi:10.1007/s00253-014-6321-3

Muñoz, A.M., Civille, G.V. & Carr, B.T. (1992) Sensory Evaluation in Quality Control.

Nogueira, A. & Wosiacki, G. (2012) Apple Cider Fermentation. In Hui, Y.H. (Eds.) Handbook of Plant-Based Fermented Food and Beverage Technology 
(pp. 209-236).

Nordström, K. (1962) Formation of ethyl acetate in fermentation with brewer’s yeast III: participation of coenzyme A. Journal of the Institute of Brewing 68, 398-407.

Nordström, K. (1964) Formation of esters from alcohols by brewer’s yeast. Journal of the Institure of Brewing 70, 328-336.

Ochando, T., Mouret, J.R., Humbert-Goffard, A., Sablayrolles, J.M. & Farines, V. (2017) Impact of initial lipid content and oxygen supply on alcoholic fermentation in champagne-like musts. Food Research International 98, 87-94, doi:10.1016/j.foodres.2016.11.010

Orak, H.H. (2009) Determination of glucose and fructose contents of some important red grape varieties by HPLC. Asian Journal of Chemistry 21, 3068-3072. 

Osorio, S. & Fernie, A. R. (2013) Biochemistry of Fruit Ripening. In G.B. Seymour (Eds.), The Molecular Biology and Biochemistry of Fruit Ripening (pp. 1-20). 

Paalme, T., Kevvai, K., Vilbaste, A., Hälvin, K. & Nisamedtinov, I. (2014) Uptake and accumulation of B-group vitamers in Saccharomyces cerevisiae in ethanol-stat fed-batch culture. World Journal of Microbiology and Biotechnology 30, 
2351-2359, doi:10.1007/s11274-014-1660-x

Patterson, C.A. & Ingledew, W.M. (1999) Utilization of peptides by a lager brewing yeast. Journal of the American Society of Brewing Chemists 57, 1-8, doi:10.1080/03610470.1999.11959532

Peeters, K. & Thevelein, J. (2014) Glucose Sensing and Signal Transduction in Saccharomyces cerevisiae. In Piškur, J. & Compagno, C. (Eds.) Molecular Mechanisms in Yeast Carbon Metabolism (pp. 21-82).

Peinado, R.A. & Mauricio, J. C. (2009) Biologically Aged Wines. In Moreno-Arribas, M.V. & Polo, M.C. (Eds.) Wine Chemistry and Biochemistry (pp. 81-102)

Perez-Serradilla, J.A. & Luque de Castro, M.D. (2008) Role of lees in wine production: 
A review. Food Chemistry 111, 447-456, doi:10.1016/j.foodchem.2008.04.019

Pfeiffer, T. & Morley, A. (2014) An evolutionary perspective on the Crabtree effect. Frontiers in Molecular Biosciences 21, 1:17, doi:10.3389/fmolb.2014.00017

Plata C., Millan C., Mauricio J.C. & Ortega J.M. (2003) Formation of ethyl acetate and isoamyl acetate by various species of wine yeasts. Food Microbiology 20, 
217-224, doi:10.1016/S0740-0020(02)00101-6

Plata, C., Mauricio, J.C., Millan, C., & Ortega, J. M. (2005) Influence of glucose and oxygen on the production of ethyl acetate and isoamyl acetate by a Saccharomyces cerevisiae strain during alcoholic fermentation. World Journal of Microbiology & Biotechnology 21, 115-121, doi:10.1007/s11274-004-2780-5

Pritchard, L. & Kell, D.B. (2002) Schemes of flux control on a model of Saccharomyces cerevisiae glycolysis. European Journal of Biochemistry 269, 3894-3904, doi:10.1046/j.1432-1033.2002.03055.x

Ramey, D.D. & Ough, C.S. (1980) Volatile ester hydrolysis or formation during storage of model solutions and wines. Journal of Agricultural and Food Chemistry 28, 
928-934, doi:10.1021/jf60231a021

Reddy, L.V.A. & Reddy, O.V.S. (2011) Effect of fermentation conditions on yeast growth and volatile composition of wine produced from mango (Mangifera indica L.) 
fruit juice. Food and Bioproducts Processing 89, 487-491, doi:10.1016/j.fbp.2010.11.007

Ribereau-Gayon, P., Dubourdieu, B. & Lonvaud, A. (2006) Handbook of Enology, Volume 1: The Microbiology of Wine and Vinification, 2nd Edition. 

Rodríguez-Bencomo, J.J., Pozo-Bayón, M.A., Moreno-Arribas, M.V. (2012) Wine Fermentation and Production. In Hui, Y.H. (Eds.) Handbook of Plant-Based Fermented Food and Beverage Technology (pp. 179-200).

Rodriguez Madrera, R., Pando Bedrinana, R. & Suarez Valles, B. (2015) Production and characterization of aroma compounds from apple pomace by solid-state fermentation with selected yeasts. LWT – Food Science and Technology 64, 
1342-1353, doi:10.1016/j.lwt.2015.07.056

Rodrigues, F., Ludovico, P. & Leao, C. (2006) Sugar Metabolism in Yeasts: an Overview of Aerobic and Anaerobic Glucose Catabolism. In Rosa, C.A. & Peter, G. (Eds.) Biodiversity and Ecophysiology of Yeasts (pp. 101-122)

Rojas, V., Gil, J.V., Pinaga, F. & Manzanares, P. (2001) Studies on acetate ester production by non-Saccharomyces wine yeasts. International Journal of Food Microbiology 70, 283-289, doi:10.1016/s0168-1605(01)00552-9

Rosendfeld, E., Beauvoit, B., Blondin, B. & Salmon, J.-M. (2003) Oxygen consumption by anaerobic Saccharomyces cerevisiae under oenological conditions: effect on fermentation kinetics. Applied and Environmental Microbiology 69, 113-121, doi:10.1128/AEM.69.1.113-121.2003

Saenz, D.A., Chianelli, M.S. & Stella, C.A. (2014) L-Phenylalanine transport in Saccharomyces cerevisiae: participation of GAP1, BAP2, and AGP1. Journal of Amino Acids 2014:283962, doi:10.1155/2014/283962

Saerens, S., Thevelein, J., Delvaux, F. & De Cooman, L. (2008a) Ethyl ester production during brewery fermentation, a review. Cerevisia 33, 82-90.

Saerens, S.M.G., Delvaux, F., Verstrepen, K.J., Van Dijck, P., Thevelein, J.M. & 
Delvaux, F.R. (2008b) Parameters Affecting Ethyl Ester Production by Saccharomyces cerevisiae during Fermentation. Applied and Environmental Microbiology 74, 454-461, doi:10.1128/AEM.01616-07

Saerens, S.M.G., Delvaux, F.R., Verstrepen, K.J., Thevelein, J.M. (2010) Production and biological function of volatile esters in Saccharomyces cerevisiae. Microbial Biotechnology 2, 165-177, doi:10.1111/j.1751-7915.2009.00106.x

Salvadó, Z., Arroyo-López, F.N., Guillamón, J.M., Salazar, G., Querol, A., Barrio, E. (2011) Temperature adaptation markedly determines evolution within the genus Saccharomyces. Applied and Environmental Microbiology 77, 2292-2302, doi:10.1128/AEM.01861-10

Santos, C.M.E., Pietrowski, G.A.M., Braga, C.M., Rossi, M.J., Ninow, J., Santos, T.P.M., Wosiacki, G., Jorge, R.M.M. & Nogueira, A. (2015) Apple amino acid profile and yeast strains in the formation of fusel alcohols and esters in cider production. Journal of Food Science 80, 1170-1177, doi:10.1111/1750-3841.12879

Santos, C.M.E., Alberti, A., Pietrowski, G.A.M., Zielinski, A.A.F., Wosiacki, G., Nogueira, A. & Jorge, R.M.M. (2016) Supplementation of amino acids in apple must for the standardization of volatile compounds in ciders. Journal of the Institute of Brewing 122, 334-341, doi:10.1002/jib.318

Sapers, G.M., Abbott, J., Massie, O., Watada, A. & Finney, E.E (1977) Volatile Composition of McIntosh Apple Juice as a Function of Maturity and Ripeness Indices. Journal of Food Science 41, 44-47, doi:10.1111/j.1365-2621.1977.tb01214.x

Scharpf, L. G.; Seitz, E. W.; Morris, J. A. & Farbood, M. I. (1986) Generation of flavor and odor compounds through fermentation processes. In Parliment, T.H. & Croteau, R. (Eds.) Biogeneration of aroma (pp. 323-346).

Seguinot, P., Rollero, S., Sanchez, I., Sablayrolles, J.M., Ortiz-Julien, A., Camarasa, C. & Mouret, J.R. (2018) Impact of the timing and the nature of nitrogen additions on the production kinetics of fermentative aromas by Saccharomyces cerevisiae during winemaking fermentation in synthetic media. Food Microbiology 76, 
29-39, doi:10.1016/j.fm.2018.04.005

Stribny, J., Gamero, A., Perez-Torrado, R. & Querol, A. (2015) Saccharomyces kudriavzevii and Saccharomyces uvarum differ from Saccharomyces cerevisiae during the production of aroma-active higher alcohols and acetate esters using their amino acidic precursors. International Journal of Food Microbiology 205, 41-46, doi:10.1016/j.ijfoodmicro.2015.04.003

Synos, K., Reynolds, A.G. & Bowen, A.J. (2015) Effect of yeast strain on aroma compounds in Cabernet franc icewines. LWT – Food Science and Technology 64, 227-235, doi:10.1016/j.lwt.2015.05.044

Tamang, J.P. & Fleet, G.H. (2009) Yeast Diversity in Fermented Foods and Beverages. In Satyanarayana, T. & Kunze, G. (Eds.) Yeast Biotechnology: Diversity and Application (pp. 170-198).

Tehlivets, O., Scheuringer, K. & Kohlwein, S.D. (2007) Fatty acif synthesis and elongation in yeast. Biochimica et Biophysica Acta (BBA) – Molecular and Cell Biology of Lipids 1771, 255-270, doi:10.1016/j.bbalip.2006.07.004

Torija, M.J., Beltran, G., Novo, M., Poblet, M., Guillamon, J.M., Mas, A. & Rozes, N. (2003) Effects of fermentation temperature and Saccharomyces species on the cell fatty acid composition and presence of volatile compounds in wine. International Journal of Food Microbiology 85, 127-136, doi:10.1016/s0168-1605(02)00506-8

Torrea, D., Varela, C., Ugliano, M., Ancin-Azpilicueta, C., Leigh Francis, I. & Henschke, P.A. (2011) Comparison of inorganic and organic nitrogen supplementation of grape juice – Effect on volatile composition and aroma profile of a Chardonnay wine fermented with Saccharomyces cerevisiae yeast. Food Chemistry 127, 1072-1083, doi:10.1016/j.foodchem.2011.01.092

Travers, I., Jacquet, A., Brisset, A. & Maite, C. (2002) Relationship between the enzymatic determination of starch and the starch iodine index in two varieties of cider apple. Journal of the Science of Food and Agriculture 82, 983-989, doi: 10.1002/jsfa.1145.

Ugliano, M. & Henschke, P.A. (2009) Yeasts and wine flavor. In Moreno-Arribas, M.V. & Polo, M.C. (Eds.) Wine chemistry and biochemistry (pp. 313-392). 

Ugliano, M., Travis, B., Leigh Francis, I. & Henschke, P.A. (2010) Volatile Composition and Sensory Properties of Shiraz Wines as Affected by Nitrogen Supplementation and Yeast Species: Rationalizing Nitrogen Modulation of Wine Aroma. Journal of Agricultural and Food Chemistry 58, 12417-12425, doi:10.1021/jf1027137

Valero, E., Moyano, L., Millan, M.C., Medina, M. & Ortega, J.M. (2002) Higher alcohols and esters production by Saccharomyces cerevisiae. Influence of the initial oxygenation of the grape must. Food Chemistry 78, 57-61, doi:10.1016/S0308-8146(01)00361-2

Vasanthan Rupasinghe, H.P., Joshi, V.K., Smith, A., Parmar, I. (2017) Chemistry of Fruity wines. In Kosseva, M.R., Joshi, V.K. & Panesar, P.S. (Eds.) Science and Technology of Fruit Wine Production (pp. 105-177).

Vemuri, G.N., Eiteman, M.A., McEwen, J.E., Olsson, L. & Nielsen, J. (2007) Increasing NADH oxidation reduces overflow metabolism in Saccharomyces cerevisiae. PNAS 107, 2402-2407, doi:10.1073/pnas.0607469104

Verma, H., Narnoliya, L.K. & Jadaun, J.S. (2018) Pectinase: A useful tool in food processing industries. Nutrition & Food Science International Journal 5, 555673, doi:10.19080/NFSIJ.2018.05.555673

Verstrepen, K. J., Iserentant, D., Malcorps, P., Derdelinckx, G., Van Dijck, P., Winderickx, J., Pretorius, I. S., Thevelein, J. M. & Delvaux, F. R. (2004) Glucose and sucrose: Hazardous fast-food for industrial yeast? Trends in Biotechnology 22, 531-537, doi:10.1016/j.tibtech.2004.08.001

Wang, J., Li, M., Zheng, F., Niu, C., Liu, C., Li, Q. & Sun, J. (2018) Cell wall polysaccharides: before and after autolysis of brewer’s yeast. World Journal of Microbiolology and Biotechnology 34, 137, doi:10.1007/s11274-018-2508-6

Wess, J., Brinek, M. & Boles, E. (2019) Improving isobutanol production with the yeast Saccharomyces cerevisiae by successively blocking competing metabolic pathways as well as ethanol and glycerol formation. Biotechnology for Biofuels 12, 173, doi: 10.1186/s13068-019-1486-8

Wu, J., Gao, H., Zhao, L., Liao, X., Chen, F., Wang, Z. & Hu., X. (2007) Chemical compositional characterization of some apple cultivars. Food Chemistry 103, 
88-93, doi:10.1016/j.foodchem.2006.07.030

Xu, Y., Minhazul, K.A.H.M. & Li, X. (2020) The occurrence, enzymatic production, and application of ethyl butanoate, an important flavor constituent. Flavour and Fragrance Journal 35, 601-615, doi:10.1002/ffj.3613

Yoshioka K. & Hashimoto N. (1981) Ester formation by alcohol acetyltransferase from brewer's yeast. Agricultural and Biological Chemistry 45, 2183-2190, doi:10.1080/00021369.1981.10864861

Zaman, S., Lippman, S. I., Zhao, X. & Broach, J. R. (2008) How Saccharomyces 
responds to nutrients. Annual Review of Genetics 42, 27-81, doi:10.1146/annurev.genet.41.110306.130206

Zamora, F. (2006) Biochemistry of Alcoholic Fermentation. In Moreno-Arribas, M.V. & Polo, M.C. (Eds.) Wine Chemistry and Biochemistry (pp. 3-26).

Zhao, H., Zhou, F., Dziugan, P., Yao, Y., Zhang, J., Lv, Z. & Zhang, B. (2014) Development of organic acids and volatile compounds in cider during malolactic fermentation. Czech Journal of Food Sciences 32, 69-76.































[bookmark: _Toc57029539][bookmark: _Toc72778466][bookmark: _Toc75264296]Acknowledgements

I would like to express my deepest gratitude to my supervisors, Kristel Vene and Ildar Nisamedtinov, who trusted me with this topic and helped me to develop as a scientist. You made this work possible.

I wish to thank all my colleagues and friends at TFTAK for their help in my experiments, their input and enthusiasm, for being my continuous source of inspiration.

I wish to thank all my colleagues and friends at IFPC – Hugues Guichard, Pascal Poupard, Rémi Bauduin, Céline Even, Sylvain Hingant, Severine Ollivier, Angélique Boissière, Thomas Pelassa-Simon – for welcoming me with open arms, sharing their knowledge, and tolerating my mediocre French.  

I wish to thank co-authors of the research articles – Rain Kuldjärv, Aleksei Kaleda, Georg Arju, Ildar Nisamedtinov, Sirli Rosenvald, and Toomas Paalme – for their contribution and advice. I wish to extend my heartfelt gratitude to Rain Kuldjärv for introducing me to the world of cider research all those years ago. I hope this gives you a kick in the butt to finish a PhD thesis of your own. 

I wish to thank my family for their unconditional and immeasurable love throughout this wild ride. This work is dedicated to my lovely mother who had faith in me in my darkest days. 

This work has been partially supported by ASTRA TUT ‘Institutional Development Programme for 2016-2022’ Graduate School of Functional Materials and Technologies (2014-2020.4.01.16-0032). The supplementary study was supported by a scholarship from the European Regional Development Fund. I also wish to thank Siidrikoda OÜ and Lallemand, Inc. for providing raw materials used in Publications I-III for fermentation purposes.









































[bookmark: _Toc72778467][bookmark: _Toc75264297]Abstract

The effect of cidermaking practices on ester production by yeast 

Sensory properties play a primary role in the consumer acceptance of cider, depending on various factors, such as apple varieties, process technologies, and yeast strains used for fermentation. The current knowledge on the impact of these factors in cider production is still limited and often obtained from the studies made on grape wine. 
The objective of this PhD thesis was to explore how different technological conditions affect the quality of cider in terms of ester production by yeast. The impact of apple variety, ripening stage, and yeast strains were studied along with different process conditions: clarification and concentration of apple juice, oxygenation of the must, and nitrogen supplementation. The results showed that apple variety and ripening stage have a significant influence on both cider’s overall volatile composition as well as on the formation of esters. The effect was shown to be independent of the yeast assimilable nitrogen (YAN) content in the tested apple musts, at least at concentrations ≥ 80 ppm when adjusted with diammonium hydrogen phosphate. However, the results indicate that free amino acids composition in the must might play a more important role in ester synthesis. Apple must pre-treatment by clarification and concentration was found to affect positively the concentration of free amino acids (relative to fermentable sugars), and the formation of isoamyl acetate and long-chain fatty acid esters (ethyl decanoate, ethyl dodecanoate) during fermentation. The increased synthesis of isoamyl acetate in pre-processed must could be attributed to the higher concentration of corresponding amino acid precursor (leucine). Furthermore, the synthesis of aforementioned esters differed between the yeast species under the same fermentation conditions. Thus, two Saccharomyces bayanus strains produced more long-chain fatty acid esters while four Saccharomyces cerevisiae strains produced more isoamyl acetate. The formation and composition of volatile compounds in cider was also significantly affected by oxygenation of the must, which caused higher accumulation of fusel alcohols (isobutanol, 1-butanol, 3-methyl-1-butanol, hexanol, phenylethyl alcohol).	
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Siidri valmistamise tingimuste mõju estrite tootmisele pärmide poolt 

Sensoorsed omadused omavad peamist rolli siidri aktsepteeritavuse väljakujunemisel tarbijate seas ning sõltuvad erinevatest teguritest nagu näiteks õunasort, tootmistehnoloogiad ja kääritamisel kasutatavad pärmitüved. Praegused teadmised nende tegurite mõju kohta siidritootmises on endiselt piiratud ning saadud sageli viinamarjaveini kohta tehtud uuringutest. Käesoleva doktoritöö eesmärgiks oli uurida, kuidas erinevad siidri valmistamise tehnoloogilised tingimused mõjutavad siidri kvaliteeti lähtuvalt fermentatsiooni käigus toimuvast estrite tootmisest pärmide poolt. Selleks uuriti õunasordi, küpsusastme ja pärmitüve mõju koos teiste tootmistingimustega: mahla eeltöötlus (selitamine ja kontsentreerimine), hapniku kättesaadavus ja lämmastiku lisamine. Tulemused näitasid, et õunasordil ja küpsusastmel on oluline mõju nii siidri üldisele lenduvate ühendite profiilile kui ka konkreetselt estrite koostisele. Mõju ei sõltunud uuritud mahlade pärmidele omastatava lämmastiku (YAN) sisaldusest, vähemalt diammooniumvesinikfosfaadiga korrigeeritud kontsentratsioonide ≥ 80 ppm juures. Tulemused näitasid, et mahla aminohappeline koostis võib estrite sünteesil mängida olulisest rolli. Leiti, et õunamahla eeltöötlus selitamise ja kontsentreerimise teel mõjutab positiivselt vabade aminohapete kontsentratsiooni (kääritavate suhkrute suhtes) ning isoamüülatsetaadi ja pika ahelaga rasvahepete estrite (etüüldekanoaat, etüüldodekanoaat) moodustumist. Suurenenud isoamüülatsetaadi sünteesi eeltöödeldud mahlas võib siduda nimetatud ühendi aminohappelise eelühendi (leutsiini) suurema kontsentratsiooniga. Lisaks erines ülalmainitud estrite süntees erinevates pärmiliikides samade kääritamistingimuste juures. Nii tootsid kaks Saccharomyces bayanus tüve rohkem pika ahelaga rasvhapete estreid, neli Saccharomyces cerevisiae tüve aga rohkem isoamüülatsetaati. Lenduvate ühendite moodustumist ja koostist siidris mõjutas oluliselt ka hapniku kättesaadavus fermentatsiooni alguses, mis põhjustas kõrgemat alkoholide sünteesi (isobutanool, 1-butanool, 3-metüül-1-butanool, heksanool, fenüületüülalkohol).
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