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Abstract

Icewine is an intensely sweet dessert wine fermented from the juice of naturally

frozen grapes. Icewine fermentation poses many challenges such as failure to reach

desired ethanol levels and production of high levels of volatile acidity in the form of

acetic acid. This study investigated the impact of micronutrient addition (GO-FERM®

and NATSTEP®) during the rehydration stage of the commercial wine yeast

Saccharomyces cere\'isiae K1-V1116 during Icewine fermentation. Sterile-filtered and

unfiltered Riesling Icewine juice was inoculated with yeast rehydrated under four

different conditions: in water only; with GO-FERM®; with NATSTEP®; or the

combination of both micronutrient products in the rehydration water. Using

sterile-fihered Icewine juice, yeast rehydration had a positive impact of reducing the

rate of acetic acid produced as a function of sugar consumed, reducing the ratio of

acetic acid/ethanol and reducing the ratio of acetic acid/glycerol. In the sterile-filtered

fermentation, yeast rehydrated with micronutrients generated 9-times less acetic acid

per gram of sugar in the first 48 hours compared to yeast rehydrated only with water

and resulted in a 17% reduction in acetic acid in the final wine when normalized to

sugar consumed. However, the sterile-filtered fermentations likely became stuck due

to the overclarification of the juice as evidenced from the low sugar consumption (117

g/L) that could not be completely overcome by the micronutrient treatments (144 g/L

sugar consumed) to reach a target ethanol of 10%v/v. Contrary to what was

observed in the sterile-filtered treatements, using unfiltered Icewine juice, yeast

micronutrient addition had no significant impact of reducing the rate of acetic acid

produced as a fiinction of sugar consumed, reducing the ratio of acetic acid/ethanol

and reducing the ratio of acetic acid/glycerol. However, in the unfiltered

fermentation, micronutrient addition during yeast rehydration caused a reduction in





the acetic acid produced as a function of sugar consumed up to 150 g/L sugar

consumed.. In contrast to the sterile-filtered fermentations, the unfiltered

fermentations did not become stuck as evidenced from the higher sugar consumption

(147-174g/L). The largest effects of micronutrient addition are evident in the first two

days of both sterile and unfiltered fermentations.
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1 Introduction

1.1 Introduction of the problem

Icewine is a sweet desert wine that is fermented from the juice of grapes frozen

naturally on the vine. The minimum concentration of soluble solids legally required

for Icewine juice prior to fermentation is 35°Brix, but typically the juice ranges from

38-42°Brix (Pigeau et al., 2007). Icewine juice is two-fold more concentrated in

solutes in comparison to table wine juice (Nurgel et al., 2004; Pigeau and Inglis,

2005). This highly concentrated juice places yeast under a hyperosmotically stressful

environment, thereby resulting in fermentation difficulties. There are mainly two

problems associated with Icewine fermentations. Firstly, these fermentations are often

sluggish, sometimes taking months for wine yeast to ferment the juice to reach target

ethanol levels of 10% (v/v) (Kontkanen et al., 2004). Secondly, the yeast generates

high levels of volatile acidity (VA), mainly in the form of acetic acid during these

fermentations which may approach the legal limit allowed in Icewine (Kontkanen et

al., 2004). High concentrations of acetic acid may also detract from final wine quality

by reacting with ethanol through an intracellular process catalyzed by alcohol

acetyltransferases to produce ethyl acetate, giving wine an aroma described as nail

polish remover. In Canada, the maximum allowable content of VA in Icewine is

2.1g/L according to the regulations set out by the Vintners Quality Alliance (VQA

1999). The sensory threshold of acetic acid in Icewine is 3.185 g/L which is much

higher than that found in Icewine (Cliff and Pickering, 2005). A recent survey of

commercial Canadian Icewines found a large range of acetic acid concentration, from

0.49 to 2.29g/L, but the average value 1.3 g/L was well below both the legal and

sensory detection threshold (Nurgel et al., 2004). However, the average ethyl acetate





concentration in commercial Icewine is 0.24g/L with a range from 0.086-0.369 g/L

(Nurgel et al, 2004). With the sensory threshold of ethyl acetate at 0.198g/L (Cliff

and Pickering, 2004), the average ethyl acetate is too close to the sensory threshold,

and hence, acetic acid production during Icewine fermentation is a concern in overall

Icewine quality.

The production of acetic acid during Icewine fermentation is predominantly due to

hyperosmotic stress placed on the yeast from the solutes present in the highly

concentrated juice. The yeast hyperosmotic stress response is well-characterized in

laboratory strains of Saccharomyces cerevisiae grown under aerobic conditions

(reviewed by Hohmann, 2002). This response results in increased internal glycerol

production to balance out the extracellular pressure placed on cells and is known as

high osmolarity glycerol (HOG) response (Blomberg and Adler 1989, reviewed by

Hohmann 2002). However, the production of glycerol also generates NAD^,

potentially creating a cytosolic redox imbalance in yeast cells during fermentation. To

correct this imbalance, acetic acid may be generated from the oxidation of

acetaldehyde by a cytosolic NAD^ dependant aldehyde dehydrogenase (Blomberg and

Adler, 1989). Moreover, to date only the roles of cytosolic NADP^ dependant

aldehyde dehydrogenase (Ald6p) and two mitochondrial isoforms with NADP^

dependency (AldSp) and NADP^ or NAD^ dependency (Ald4p) have been shown to

affect acetic acid levels in yeast (Radler, 1993; Remize et al, 1999; Wang et al, 1998;

Saint-Prix et al, 2004). Expression of ALD3, which encodes a cytosolic NAD^

dependant aldehyde dehydrogenase has been shown to be upregulated during Icewine

fermentation (Pigeau and Inglis, 2005), but the protein level of Ald3 under the same

conditions has not been investigated. Acetic acid is an important component

influencing the final quality of wine, so it is crucial to understand the fermenting





yeast's adapted response during Icewine fermentation to determine how and why

acetic acid is produced.

1.2 Thesis objectives

The objective of this study was to determine the effectiveness of micronutrient

inclusion during commercial freeze-dried yeast rehydration on reducing stress on the

yeast during Icewine fermentation. By comparing yeast growth, sugar consumption,

and yeast metabolite production (acetic acid, glycerol and ethanol) in different

conditions, the effectiveness of different micronutrients was to be determined.

1.3 Experimental design

Commercial freeze-dried yeast K1-V1116 was rehydrated without or with

different micronutrients, and then inoculated into Riesling Icewine juice to ferment.

Yeast growth, sugar consumption, and yeast metabolite production (acetic acid,

glycerol and ethanol) were monitored during the course of Riesling Icewine

fermentation. The effectiveness of the various micronutrient treatments was

investigated by determining the effect on reducing acetic acid and glycerol levels

while extending overall sugar consumption.

2 Literature review

2.1 Hyperosmotic stress response of Sacchacromyces cerevisiae and the link to

acetic acid

2.1.1 General introduction of hyperosmotic stress response of 5. cerevisiae

Adaptation to cellular stress is a critical event for cell survival. Many cells resist





increased external osmolarity by accumulating compatible intracellular solutes to

balance the osmotic pressure. By increasing their internal solute concentration, cells

can avoid further water loss and cell death (Nevoigt and Stahl, 1997). The yeast

Saccharomyces cerevisiae accumulates glycerol as the primary compatible solute

under hyperosmotic stress (Blomberg and Adler, 1989). When S. cerevisiae are

exposed to salt-induced hyperosmotic stress, the high osmolarity glycerol (HOG)

pathway responds to changes in membrane turgor and synthesizes glycerol as the

internal osmolyte (Brewster el al, 1993). In this process, expressions of key enzymes

involved in glycerol production are up-regulated by the HOG pathway to make

intracellular glycerol (Ansell et al, 1997). In fact, high salt affects the expression

levels of-10% of genes in laboratory strains oiS. cerevisiae (Yale and Bohnert, 2001),

and this may lead to increased protein production to allow the cells to resist the stress.

Intensive genetic and biochemical analyses of yeast have revealed the membrane

osmosensors and the downstream signaling components that induce the cellular

response to hyperosmotic stress, and the metabolic and transcriptional changes that

allow cells to cope with this stress (reviewed in Westfall et al, 2004).

As an immediate consequence of exposure to high osmolarity, yeast cells rapidly

lose intracellular water, which leads to loss ofmembrane turgor and shrinkage of cells

(Hohmann et al, 1997). Immediately, cells arrest growth and the membrane channel

which controls the export of glycerol (Fpslp), is closed to allow the cells to

accumulate internal glycerol to help regain turgor (Fig 1) (Hohmann et al, 1997).

Another aspect of the immediate rescue system when yeast cells are placed under

hyperosmotic stress is the maintenance of intracellular ion balance. It has been

indicated that a yeast plasma membrane antiporter, Nhal (Na^, K^/H^ antiporter),

decreases K^ efflux from cells under sorbitol stress (Kinclova-Zimmermannova and





Sychrova, 2006) and enhances Na^ efflux under NaCl stress (Proft and Struhl, 2004).

It has been suggested that both of these functions would be caused by phosphorylation

of Nhalp by Hoglp kinase (Kinclova-Zimmermannova and Sychrova, 2006), but this

has yet to be proven.

The next line of defence against high osmolarity is the production of glycerol to

balance the pressure placed on cells. The rate-limiting step in glycerol formation is

catalyzed by the enzyme glycerol-3-phosphate dehydrogenase encoded by GPDl

(Remize et ah, 2001). This key enzyme catalyzes the formation of

glycerol-3-phosphate from the glycolytic intermediate dihydroxyacetone phosphate.

Two glycerol-3-phosphatases (encoded by GPPl and GPP2) then dephosphorylate

glycerol-3-phosphate to produce glycerol which is then retained within the cell due to

the closure of the glycerol channel Fpslp (Fig. 1). As the osmolyte within the cell, the

accumulation of intracellular glycerol balances the pressure placed on the cell

(Hohmanne/a/., 1997).
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Figure 1. Overview of hyperosmotic stress response in S. cerevisiae
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The initiation of the HOG pathway starts with two transmembrane proteins which

act as osmosensors, Sholp and Slnlp, which can sense the change in membrane

turgor (Ostrander and Gorman, 1999; Reiser et al., 2000). After these two

osmosensors sense the change of membrane turgor, they relay the signal of

hyperosmotic stress through the high-osmolarity glycerol (HOG) mitogen-activated

protein (MAP) kinase pathway. This phosphorelay cascade involves phosphorylation

and activation of a number of proteins (Figure 1) (Brewster et al., 1993, Albertyn et

al, 1994, Maeda et ai, 1995) . The osmosensors interact with two branches of this

pathway to activate the mitogen-activated protein kinase-kinase-kinases (MAPKKK)

Stellp and Ssk2p/Ssk22p respectively. Sholp and Slnlp have different functional

domains and communicate directly to different downstream proteins. The Slnlp

branch functions as a negative regulator of the HOG pathway under normal growth

conditions. Under normal growth conditions, Slnlp is constitutively active by

autohposphorylating itself on an internal histidine. After exposure to increased

external osmolarity, the histidine kinase activity of Slnlp is inhibited, and then Ssklp

is dephosphorylated. Because phosphorylation of Ssklp is thought to prevent

interaction of Ssklp with Ssk2p/Ssk22p, resuhing in the inactivation of downstream

components of the pathway, dephosphorylation of Ssklp enables binding of Ssklp to

Ssk2p/Ssk22p, triggering Ssk2p/Ssk22p autophosphoryltion (Posas, 1998). These

MAPKKKs then activate the MAP kinase-kinase (MAPKK) Pbs2p, which in turn

activates the MAP kinase (MAPK) Hoglp. The roles of the MAPKK Pbs2p and

MAPK Hoglp in the HOG pathway were determined fi-om studies where mutations in

PBS2 or HOGl caused osmosensitivity of yeast and a reduction in levels of

accumulated glycerol (Brewster et al., 1993). The phosphorylation of Hoglp leads to





the nuclear translocation of this MAPK (Reiser et al., 1999). Once in the nucleus,

Hoglp regulates the expression of numerous genes by controlling the activity of

several transcriptional processes (Hohmann et al, 2002). Hoglp has been reported to

associate with and may modulate promoter binding of various transcription factors

(Alepuz et al, 2001). One such example is that the activation of the transcription

factor Hotlp can induce the transcription of GPDl which encodes the key enzyme in

glycerol formation (Rep et al, 2000).

Part of the primary response to hyperosmotic stress overlaps with the general

stress response, which is mediated by transcription factors Msn2p/Msn4p (Estruch,

2000). Under non-stress conditions, these factors are localized in the cytoplasm and

bound to Bmh2p. Upon stress exposure, they are released from Bmh2p and rapidly

translocate to the nucleus (Fig. 1) (Beck and Hall, 1999). The exact mechanism which

cells relay the stress signal to allow translocalization of the Msn2p/4p factors is

unknown (Beck and Hall, 1999; Moskvina et al, 1999). Once in the nucleus,

Msn2p/4p bind to the stress response elements (STREs) in the promoters of a large

number of stress-responsive genes (Martinez-Pastor et al., 1996), which can result in

a drastic, temporary change in the transcriptional profile of yeast cells (Rep et al,

2000). Cellular localization of Msn2p/4p is regulated by the activity of

cAMP-dependent protein kinase A (PKA). Under conditions of high PKA activity, the

factors are phosphorylated and move from the nucleus to the cytoplasm, whereas

under low PKA conditions, they are mainly nuclear (Estruch et al, 2000). Therefore

PKA activity is a negative regulator of the general stress responses. Some research

suggests that there may be a frmctional interaction between the HOG pathway and

Msn2p/4p (Alepuz et al, 2001). Rep et al. (2000) found that stimulated expression of

the genes that required Msn2p/4p was reduced in a HOGl mutant of S. cerevisiae





under salt stress, so the authors suggested that Msn2p/4p might be regulated by the

HOG pathway. It is possible that there are some HOG responsive genes also having

STRE elements in their promoters, which will make yeast cells resist stress more

efficiently by utilizing both HOG and STRE signaling pathways.

2.1.2 Hyperosmotic stress response under difTerent conditions (salt, sugar and

Icewine fermentation)

Although the yeast hyperosmotic stress response via the HOG pathway has

been well characterized in laboratory strains under salt stress, old and new research

suggests that the response might differ depending on the nature of the solute causing

the osmotic stress (Albertyn et al, 1994, Ando et al., 2006). Furthermore even the

same solute stress response might be different from laboratory strains to industrial

strains. Most of previous studies used laboratory strains under salt stress to investigate

the response of yeast, but this research is investigating commercial wine yeast during

Icewine fermentation. Industrial strains have been selected for their positive features

for making a commercial product and since a lot of industrial environments are stress

conditions, the ability of industrial strains to respond to stress is crucial for the final

product's quality. Therefore the differing responses of laboratory and industrial strains

may be important to improve the yeast's ability to deal with stress under commercial

conditions.

The response to osmotic stress induced by a sugar that can eventually be

metabolized by the yeast, such as glucose, may be different from the response to

osmotic stress induced by ions, such as those in NaCl, where high levels of sodium

could be toxic to the yeast (Kinclova-Zimmermannova and Sychrova, 2006). There

are few studies that directly compare the hyperosmotic stress response of laboratory





strains to industrial strains using the same solute to cause stress. However, it might

also be useful to evaluate the differences between these strains exposed to different

solutes. ' -

As mentioned above, when wine yeast is under hyperosmotic stress, yeast cells are

induced to produce glycerol to serve as an internal osmolyte to balance the osmotic

pressure placed on the cell. When glycerol is produced, yeast forms

glycerol-3-phopsphate and NAD^ during the reduction of dihydroxyacetone

phosphate (DHAP) as outlined in figure 2. Due to the lack of a transhydrogenase in

yeast to convert reducing equivalents between the NAD^/ NADH system and the

NADP^/NADPH system (Blomberg and Adler, 1989), yeast rely on metabolite

formation to maintain intracellular redox balance. Acetic acid formation by yeast was

suggested as a mechanism to maintain redox balance through oxidation of

acetaldehyde by aldehyde dehydrogenases encoded by ALD genes. There are five

cytosolic and mitochondrial dehydrogenaes that encode for enzymes involved in the

production of acetic acid from acetaldehyde, but only three of them are NAD^

dependent and could solve the redox problem. Of the cytosolic isoforms, Ald2p and

Ald3p are NAD^ dependent, requiring this cofactor in the production of acetic acid

whereas Ald6p, the other cytosolic isoform is NADP^ dependent. Of the two

mitochondrial isoforms, Ald4p and Ald5p, are NAD/NADP^ and NADP^ dependent,

respectively. The expression of the genes encoding for these aldehyde dehydrogenases

have been extensively studied in laboratory strains, but not well characterized in wine

yeast strains.

Under salt stress, both ALD3 and ALD6 genes are upregulated, and Fpslp channel

which controls the glycerol transport pathway is closed. GPDl which encodes the key

enzyme in glycerol formation is upregulated (Rep et al., 2000).





Erasmus et al. (2003) found that a wine yeast strain exposed to high sugar

showed some similarities but also significant differences in the initial stress response

compared to laboratory strains exposed to salt-stress. The data showed that genes

involved in glycolysis and the biosynthesis and dissimilatory pathways for glycerol,

trehalose and glycogen were upregulated by sugar stress, and these genes have also

been shown to respond to short-term salt stress in laboratory strains (Rep et al, 2000;

Posas et al, 2000; Yale and Bohnert, 2001). In looking at genes involved in the

production of glycerol and acetic acid, Erasmus et al (2003) found that GPDl, which

encodes the key enzyme in glycerol production, was upregulated 2.1 -fold 2 hours

after the sugar stress, and aldehyde dehydrogenases encoded by ALD2, ALD3, ALD4y

and ALD6 were all upregulated. However there were several genes that were affected

in the Erasmus et al (2003) study but were not affected in the studies of laboratory

strains. For example, PDC6, which encodes a pyruvate decarboxylase isoform, was

upregulated under sugar stress in the wine yeast (Erasmus et al, 2003), but salt stress

was not found to affect its expression in a laboratory strain (see Figure 2). The authors

claimed that PDC6 might respond to sugar stress specifically, but these differences

might be due to the different strains in addition to the different types of hyperosmotic

stress.
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Figure 2 Transcriptional response of yeast S. cerevisiae under salt- and

sugar-induced tiyperosmotic stress

Erasmus et al. (2003) suggested that the enzymes encoded by the

aforementioned genes, which were found up- or down-regulated after 2-hour sugar

exposure, were responsible for the elevated glycerol and acetic acid measured in the

finished wines after 3 weeks of fermentation. However, is it correct to assume that

genes upregulated 2 hours after the stress will impact on the yeast's metabolite

production days and weeks later? It has been found that the initial stress response in

laboratory strains is transient (Posas et al, 2000), and this may also apply to wine

strains. Pigeau and higlis (2005, 2007) tried to address this concern by analyzing the

expression of glycerol-3-phosphate dehydrogenases and aldehyde dehydrogenases

over the three-week time course of high and low sugar Icewine fermentations. The

results showed that between the high and low sugar Icewine fermentations, only

GPDl and ALD3 showed differential upregulation in the Icewine condition, and

acetyl CoA synthetase genes ACS 1/2 showed downregulation, that could account for

the elevated glycerol and acetic acid in the high sugar wines respectively (Pigeau and

11





Inglis, 2005; Pigeau and Inglis, 2007; Martin and Inglis, 2006 ). That study also

measured the production of acetaldehyde (the substrate for aldehyde dehydrogenase)

and acetic acid (the product of the enzyme), and found that acetaldehyde production

increased prior to the peak expression of ALD3 at 96 hours into the fermentation,

which was then followed by acetic acid production, further strengthening the role of

ALD3 in the elevated acetic acid production (Pigeau and Inglis, 2005). To test whether

acetaldehyde is responsible for expression of any ALD, dilute icewine was spiked

with acetaldehyde concentrations equal to that of those found in Icewine. Only ALD3

showed an increased expression level when spiked with acetaldehyde (Pigeau and

Inglis, 2007). This may be an indication that acetaldehyde stress is the trigger for

acetate production in Icewine by stimulating the expression ofALD3.

As a summary, the production of acetic acid during Icewine fermentation

potentially results from the upregulation of ALD3 and the downregulation of acetyl

CoA synthetase genes ACS 1/2, which in turn causes a decrease in the conversion of

acetate.

2.2 Methods to overcome acetic acid production during Icewine fermentation

During the course of wine fermentations, yeast cells are affected by many kinds of

stresses. At the beginning of fermentation, yeasts are affected by osmotic stress due to

the high sugar concentration; and as fermentation progresses other stress conditions as

ethanol accumulation become relevant. The main goal of this research into Icewine

production is to solve the problems of delayed fermentation, reduced cell viability and

undesirable flavour profile resulting from yeast stress response (especially acetic acid)

in the high-osmotic stress environment of Icewine, due to the lack of stress resistance

of commercial wine yeasts. To reduce acetic acid production during Icewine

12





fermentation, several strategies can be employed, three of which are currently under

investigation in the Inglis lab: (1) isolate new yeast strains for Icewine production that

produce less acetic acid; (2) acclimatize currently available commercial wine yeast to

Icewine juice in a stepwise fashion; (3) micronutrient additions during yeast

rehydration prior to inoculation into Icewine juice. In addition, other strategies

could be employed such as genetically modifying yeast to alter their metabolism to

bypass acetic acid production or release, or testing alternative fermentation techniques

such as using a fed-batch process to see the impact on reducing acetic acid production

during Icewine fermentation.

2.2.1 Isolate new yeast strains for Icewine production that produce less acetic

acid

Wine has traditionally been produced by allowing the microorganisms naturally

present on grapes to grow, which is called spontaneous fermentation. After the

importance of yeasts for wine quality was established, a technique derived from a

single cell was developed to isolate yeasts. In 1890, MuUer-Thurgau produced wine

by inoculating grape juice with a pure yeast culture (Kunkee and Amerine, 1970),

since which yeast strains have been selected and commercialised to be used as starter

cultures in wine fermentations.

The commercial wine yeast strains currently used in wine fermentation were

selected for desirable fermentation properties (Rossignol et al., 2003). They are

closely related to laboratory strains but have distinct physiological properties

(Pretorius, 2000). Industrial yeast strains are specifically adapted to the oenological

environment, such as having high alcohol and sugar tolerance. Also, they can catalyze

the rapid, complete and efficient conversion of grape sugars to ethanol, carbon
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dioxide and other minor but important metabolites without the development of

off-flavours (Pretorius, 2000).

Wine yeast strains are generally belong to the genus Saccharomyces (Rainieri and

Pretorius, 2000). Currently, the genus Saccharomyces is composed of eight species: S.

bayanus, S. cariocanus, S. cerevisiae, S. kudriavzevii. S. mikatae, S. paradoxus. S.

pastorianus, and S. uvarum (Kurtzman, 2003; Nguyen and Gaillardin, 2005). In the

genus Saccharomyces, only the strains involved in alcoholic fermentations are of

interest for industries. The species S. cerevisiae is considered the agent of wine, beer,

bread, and sake fermentation. The species S. bayanus van bayanus is involved in beer

fermentation, whereas species S. bayanus var. uvarum has been found from wine and

cider fermentations (Naumov et al., 2001; 2002). S. paradoxus has been indicated as

the main yeast in Croatian grapes (Redzepovic et al., 2002). S. cariocanus S.

kudriax'zex'ii, and S. mikatae have never been found in fermentative fermentations so

far. Hybrid strains between the species in the Saccharomyces have also been described

as yeasts involved in alcoholic fermentations (Gonzalez et al., 2006; Lopandic et al.,

2007).

Hannemann (1985) demonstrated that various yeast strains show great differences

in the anaerobic production of acetate. One previous study reported that in low

temperature fermentation, comparing to one mesophilic wine yeast strain S. cerevisiae,

two individual cryophilic wine yeast strains of S. bayanus produce very low

concentrations of acetic acid, and high concentrations of glycerol and succinic acid,

which are important traits for the improvement of wine aromatic profiles (Kishimoto

et al., 1993; Castellari et al., 1994). S. bayanus var m'arum has been shown that it is

more cryotolerant, produces smaller amounts of acetic acid, low amounts of amyl

alcohols, but higher amounts of glycerol, succinic acid, malic acid and numerous
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secondary compounds (reviewed in Sipiczki, 2002). In the genus Saccharomyces, one

of the most interesting mechanisms observed in its adaptation to industrial processes

is the formation of interspecific hybrids (de Barros Lopes et al., 2002). One research

about the interspecies hybrids showed similar results, that six hybrids between S.

cerex'isiae and S. bayanus produced lower amounts of acetic acid compared to the

parent strains (Kishimoto, 1994). These results confirm that the cryophilic wine yeast

S. bayanus is useful to reduce acetic acid production during the low temperature

fermentation. Icewine fermentations are usually carried out at 17°C which is a

relatively low temperature fermentation. Therefore some cryophilic wine yeast strains

may have the property of low acetic acid production during Icewine fermentation. If

such strains can be isolated, they may be candidate yeast for trials in Icewine

fermentation. A Saccharomyces bayanus/pasturianus strain isolated from Icewine

grapes (Sauday et al, 2007) is currently under investigation due to its low production

of acetic acid during fermentation (Quai, 2006).

2.2.2 Acclimatize currently avaUable commercial wine yeast to Icewine juice

in a stepwise fashion

Commercial freeze-dried wine yeasts are used for wine production to replace

spontaneous fermentation in order to obtain more reproducible wines by better control

of alcoholic fermentation (Ribereau-Gayon et al., 2000). A rehydration step is

therefore required to restore cellular functions and for full recovery of membrane

functionality (Boulton et al., 1998). The current process is to rehydrate the

freeze-dried yeast by incubation in ten times the yeast weight of clean water at 38 to

42°C for a short period of time, and then to inoculate the rehydrated cells into

fermentation tanks. During rehydration, a phase transition of the lipid bilayer from the
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dry gel to liquid crystal phase can cause the cytoplasmic contents to be lost, which

decreases cell viability (Van Steveninck and Ledeboer, 1974; Leslie et al., 1994).

Trehalose within the yeast cell lowers the temperature of this transition in the lipid

bilayer from 60°C to 40°C, which improves cell viability when yeast cells are

rehydrated with water at 40°C by avoiding the phase transition is avoided (Leslie et

al.y 1994). Regardless of the level of internal trehalose of the freeze-dried yeast cell,

rehydration below 38 to 40°C results in the loss of cytoplasmic contents into the

rehydration media causing high mortality rates (Leslie et al., 1994; Crowe et al.,

2001). Proper yeast rehydration can affect cell viability during fermentation, and thus

affect the time required for a complete fermentation and also may affect the metabolic

changes during fermentation.

Acclimatization of the rehydrated yeast cells to the grape juice temperature is an

important factor to improve yeast fermentation performance (Monk, 1997).

Inoculating rehydrated yeast into grape juice that has more than 10°C difference in

temperature from the yeast starter culture temperature, can result in temperature shock.

In the brewing industry, this shock may lead to the formation of petit mutants in the

yeast population, and these petit mutants have impaired respiration, poor sugar uptake

and cause poor fermentation characteristics (Monk, 1997). One study investigated the

effect of stepwise acclimatizing yeast cells to increasing concentrations of grape juice

during the rehydration process on acetic acid production during Icewine fermentation.

The results showed that acclimatization of rehydrated cells resulted in an acetic acid

production reduced by 1 1 .8% compared to not acclimatizing the yeast starter culture

and directly inoculating into the grape juice (Kontkanen et al., 2004)
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2.23 Micronutrient additions during yeast rehydration prior to inoculation

into Icewine juice

In addition to the roles that trehalose within yeast cell and water rehydration

temperature play on cell viability, addition of a commercially available mineral and

vitamin supplement (micronutrients) at the yeast rehydration stage has recently been

shown to improve cell viability and reduce ofif-odours and volatile acidity production

during table wine fermentation (Julien and Dulau, 2002). Also, inclusion of

micronutrients at the yeast rehydration stage has been shown to improve cell viability

and reduce acetic acid production during the fermentation of Vidal Icewine

(Kontkanen et al., 2004). Thus inclusion of micronutrients during yeast rehydration

causes a measurable impact on wine fermentation, which will influence the quality of

the final product. Therefore it is very important to investigate the effect of

micronutrients addition during yeast rehydration on wine fermentation at both

metabolic and molecular levels.

2.2.3.1 Definition of micronutrients

Micronutrients are substances used by juice/wine microorganisms as nutrients that

are available in small quantities such as vitamins and minerals. Their role is often

indirect. Minerals and vitamins often act as co-enzymes, thus regulating the activity of

ftmctional proteins or taking part in the active transport system through membranes

(Julien and Dulau, 2002).

As a solution to the problem of incomplete or sluggish fermentations and of the

increased need to avoid the formation of unpleasant aromatic compounds, scientists

and wine producers have a growing interest to investigate the effects of the inclusion

of micronutrients during the yeast cell rehydration stage. However, little research
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about the presence of micronutrients in must and wine has been reported, and also the

knowledge of the real bioavailability of these elements is quite poorly understood

because they often bind with other compounds in musts, preventing microorganisms

from assimilating them.

2.2.3.2 The function of micronutrients related to yeast activity

Minerals and vitamins are the two major components in micronutrients. These

minerals and vitamins play very important roles in the fermenting metabolism or are

related to the function of proteins in the cell. Magnesium, Pantothenic acid, thiamine,

manganese, and zinc are the common components in micronutrients.

Magnesium plays a central role in the fermenting metabolism. For example, it

activates pyruvate carboxylase, phosphate transferase and some decarboxylases, and

all of these enzymes are glycolytic enzymes which are very important for

fermentation (Julien and Dulau, 2002). Moreover magnesium stimulates fatty acid

synthesis. Magnesium also activates the membrane ATPase which is responsible for

active transport system (Jones and Greenfield, 1984). Magnesium is involved in the

regulation of membrane functions, not only because it activates ATPase, but also

because it maintains the integrity and the permeability of membranes. Yeast

Saccharomyces cerevisiae in the musts which has higher quantities of Mg has a

higher level of alcohol tolerance (Dasari et al., 1990). Greater amounts of magnesium

results in increased yeast biomass, and the specific activities of yeast are improved

due to their increase of viability and to greater cell protein content (Dobek and Ingram,

1986). In magnesium deficient conditions, yeasts produce more acetic acid while

decreasing ethanol production (reviewed in Julien and Dulau 2002).

Pantothenic acid (vitamin B5) is regarded to be essential to some species of
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Saccharomyces: it affects yeast metabolism both in anaerobic and aerobic conditions.

Pantothenic acid is part of the acetyl-coenzyme A system which is related to the

metabolism of the synthesis of fatty acids and amino acids (reviewed in Julien and

Dulau, 2002). A greater amount of pantothenate in mah must decrease the production

of secondary compounds then are important for the taste of beer, such as sulphur

compounds, sulphur dioxide and acetaldehyde (Lodolo et a/., 1995).

Thiamine (vitamin Bl) is an important cofactor of pyruvate decarboxylase

(Siefenbach and Duggleby, 1991). It plays a role in transketolase reactions and in the

synthesis of isoleucine and valine. It has been shown that adding thiamine to musts

limits the production of pyruvate, acetaldehyde and acetic acid at the end of

fermentation (Ourmac, 1970).

Manganese plays an important role in the metabolism of yeasts. When its

concentration is adequate, the synthesis of proteins and thiamine increases, and

consequently the biomass increases too. If the availability ofMn ^ is good, yeasts can

produce more alcohol dehydrogenase with a better functionality (Stehlik-Tomas, et ai,

2004).

Zinc is a co-factor of many important enzymes. In zinc deficient conditions both

cellular growth and fermenting activity will be negatively affected (Bromberg et al.,

1997). It has been shown that during beer fermentation, the presence of sufficient

quantities of Zn^^ is related with a higher production of secondary compounds, such

as alcohol and their esters (Lie and Jacobsen, 1983).

Aside from the components mentioned above, there are still a number of other

elements (Ca, Fe, Co, B, Mo, Ni) that have positive effects on yeast activity (Julien

and Dulau, 2002). However there is still little research about their importance in the

oenological field. Two commercial micronutrient products (GO-FERM® and
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NATSTEP®) used in this study are supplied by LALLEMAND (Montreal, QC,

Canada).

2.2.3.3 GO-FERM®

GO-FERM® (Lallemand, Montreal, Canada) is a micronutrient supplement

including vitamin and mineral produced from inactive yeast. It contains magnesium,

manganese, zinc, copper, pantothenic acid (vitamin B5), and thiamine (vitamin Bl).

Using GO-FERM® during yeast rehydration as opposed to adding it to the grape juice

reportedly avoids chelation of key minerals by inorganic anions, organic acids,

polyphenols and polysaccharides present in the grape juice and makes the

micronutrients bioavailable to the yeast (Julien and Dulau, 2002). Using GO-FERM®

during commercial yeast rehydration as opposed to adding it to the juice may also

prevent essential vitamins from being rapidly taken up by the competitive indigenous

wild microflora in grape juice or inactivated by SO2 present in the juice (Julien and

Dulau, 2002). GO-FERM® addition during yeast rehydration caused a 23.5%

reduction in acetic acid produced in Vidal Icewine (Kontkanen et al. 2004).

GO-FERM® addition during yeast rehydration using an acclimatization inoculation

method caused an even larger reduction in acetic acid produced in Vidal Icewine of

29.4% (Kontkanen et al. 2004).

2.2.3.4 NATSTEP®

Lallemand reports that NATSTEP® (Lallemand, Montreal, Canada) is a

micronutrient which optimizes the micronutrient bioavailability of GO-FERM® with

the added benefit of survival factor protection. It provides survival factors necessary

for yeast growth: sterols and polyunsaturated fatty acids that strengthen the yeast
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membrane during rehydration. The survival factors, sterols and unsaturated fatty acids,

are so named because of their effects are especially demonstrable in yeast in

overcoming the toxicity of high concentrations of ethanol (Boulton et al, 1998). The

effects on changes in permeability of the membrane brought about by ethanol are

related to fluidity changes of the membrane, which has been shown to occur in many

cellular membranes exposed to ethanol (Kunkee and Bisson, 1993). The membrane's

permeability and fluidity have to do with the complement of the survival factors, the

sterols and unsaturated fatty acids, which are formed only in the presence of

molecular oxygen (reviewed in Boulton et al., 1998). Thus, their presence gives an

increased concentration of viable cells at the end of vinification fermentation

(Traverso-Rueda and Kunkee, 1982). Therefore, yeast cells with high concentrations

of these survival factors have greater ability to finish a wine fermentation rapidly and

completely (Boulton et al., 1998). That is, the more survival factors they have the

more additional generations of yeast can happen in a typical vinification

(Lafon-Lafourcade, 1 983). If yeast growth is stimulated, then acetate generated due to

the stressful Icewine juice conditions may be used in fatty acid biosynthesis during

yeast growth and not released into the wine.

2.3 Project overview

The objective of this study is to determine the effect of micronutrient inclusion

during commercial freeze-dried yeast rehydration on reducing stress on the yeast

during Icewine fermentation. This was determined by monitoring yeast growth, sugar

consumption, and yeast metabolite production (acetic acid, glycerol and ethanol)

during Riesling Icewine fermentation. Both sterile filtered and non-filtered Riesling

Icewine juices were evaluated. If acetic acid production is reduced by the
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micronutrient treatment, the effect of micronutrient inclusion during commercial yeast

rehydration on the expression of genes and enzyme involved in acetic acid production

{ACS1/2 and ALD 3 gene expression) could then be determined.
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3 Materials and Methods

3.1 Materials

Riesling Icewine juice was obtained from Coyote's Run Winery. The juice was

then stored in 20 L buckets at -40 °C until use. The S. cerevisiae yeast strain

K1-V1116 used for fermentations was supplied by Lallemand Inc. Malt extract,

Bacto agar and Yeast peptone extract were supplied by Difco. Acetic acid and glycerol

enzyme kits were purchased from Megazyme Ltd.

3.2 Methods

3.2.1 Icewine juice filtration

Firstly, the Riesling Icewine juice was removed from the -40 °C freezer and

allowed to completely thaw at room temperature. Once thawed, 1 mL of Scottzyme

Cinn-free pectinase was added into the juice in order to break down the pectins to

improve the ease of filtration. Coarse (5 |im), medium and fine (O.Sfim nominal) filter

pads obtained from Vinco International were sterilized by autoclaving at 15 psi, 12rC

for 15 minutes before use in the Bueno Vino Mini Jet filter. The juice was then racked

off into one pail and went through a series of filtration steps (course, medium and fine)

using the Bueno Vino Mini Jet pad filter system. The juice was then sterile filtered

using a Millipore Durapore optiseal membrane cartridge (0.22pm) unit into sterile 1 L

SCHOTT bottles. Before use, the Millipore filtration apparatus was prepared by first

passing deionized water through the apparatus and wrapping the outlet tubing in

aluminium foil, and then the entire apparatus was autoclaved at 19 psi, 12rC for 15

minutes. Sterile water was then passed through the clean, sterile unit before use to
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ensure that no air was present. Before the collection of membrane filtered juice,

approximately 300 mL of the 0.5 fim pad filtered juice was pumped through the

membrane filter and discarded to ensure that there was no water in the juice. Once the

unit was ready, the 0.5 \im nominal filter juice was pumped through the membrane

filter and collected into sterile 1 L glass bottles. Juice samples were tested for sterility

after each step of the filtration process by plating onto YPD Agar. The Millipore

filtration unit was washed with cold water for 10 minutes, followed by hot water for

20 minutes upon completion of the filtration. The 1 L bottles of sterile filtered juice

were then stored in the -40 °C freezer until they were required.

3.2.1.1 Sterility check of filtered juices

To determine the existence of microbes in the unfiltered juice and to determine

the sterility of the filtered juice, samples were plated onto YPD agar plates. To prepare

twenty YPD plates containing 2% w/v glucose, 10 g yeast extract, 20 g peptone and

20 g of agar were added to 900 mL of water in a one-litre glass bottle. Upon complete

mixing, the solution was autoclaved at 15 psi, 12rC for 15 minutes. After autoclaving,

1 00 mL of 20% w/v sterile dextrose solution was added into the solution to make up

to 1 L and mixed well. Plates were poured aseptically (approximately 25 mL/plate)

and allowed to cool at room temperature overnight. The next day they were packed

into the original sleeve and stacked in the 4"'C cold room. Four dilutions of each juice

sample were plated (10^, 10"', 10'^, 10"^). Plating was done by transferring 0.100 mL

of each dilution onto the plate aseptically and then distributing the samples with

sterile spreaders. The plates were incubated at 30 °C for 3-5 days or until growth could

be observed.

24





3.2.2 Filtered juice composition analysis

5.2.2.1 Soluble solids CBrix)

The Brix level of the sterile and unfiltered juice was measured using a bench top

refractometer., AO ABBE unit, model 10450 from American Optical The

refractometer was calibrated using distilled water that read 0°Brix. All juice samples

were temperature corrected on the instrument to attain accurate soluble solids

measurements in °Brix.

3.2.2.2pH

The pH of the sterile and unfiltered juice samples were measured using a

CORNING 445 pH meter calibrated at pH 4.0, pH 7.0 and pH 10.0.

3.2.2.3 Titratable acidity

Titratable acidity (T.A.) in the juice pre and post filtration was determined by

titration with standard NaOH (O.IN). Juice and water samples were degassed by

heating in a 60 °C water bath and cooled to room temperature prior to the titration

procedure to remove any dissolved CO2 in the samples. The NaOH was normalized

using standardized liquid potassium hydrogen phthalate (KHP) The cooled degassed juice

was then transferred in 1 mL aliquots into Erlenmeyer flasks containing 1 00 mL of

degassed deionized water, and 5 drops of 1% (w/v) of phenolphthalein endpoint

indicator was added to each flask. Titrations were performed to an end point ofpH of

8.2. A duplicate analysis of the Icewine juice was performed. The following formula

was used to calculate the concentration of titratable acid expressed in tartaric acid

equivalents in the juice:
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Titratable Acidity (g/L as tartaric acid) = 0.75 * titre value (mL)

3.2.2.4 Nitrogen

The concentration of yeast assimilable nitrogenous compounds (YANC) were

determined by measuring separately the ammonia nitrogen and the amino acid

nitrogen values (minus proline) and then adding these values together to determine the

total nitrogen in the Icewine juice. These values were determined pre and post

filtration.

3.2.2.4.1 Ammonia assay

The ammonia concentration in the Icewine juice was determined via the

ammonia assay enzyme kit (Ammonia (Rapid) kit, K-AMIAR) from Megazyme

(Megazyme International Ireland, Ltd). This assay involves the reaction of ammonia

in solution with 2-oxoglutarate in the presence of the enzyme glutamate

dehydrogenase and the reduced cofactor NADH to L-glutamic acid, in the process

oxidizing the cofactor to NAD^. The change in absorbance as NADH is oxidized to

NAD^ is proportional to the amount of ammonia present and is measured via

spectrophotometer at 340 nm.

3.2.2.4.2 Freeprimary amino acid assay

The Nitrogen by 0-phthaldialdehyde method (NOPA assay) was used to

determine yeast assimilable amino acids (Dukes and Butzke, 1998). The NOPA

technique is based on the reaction of primary amino groups with

ortho-phthaldialdehyde/N-acetyl-L-cysteine (OPA/NAC) reagent. The isoindole

derivative that results is measured spectrophotometrically at 335 nm (Margalit, 1997).

Solutions A and B required for the NOPA assay are made from two stock solutions,

OPA and NAC. Stock OPA was made by dissolving 0.335 g ortho-phthaldialdehyde in
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50 mL of 95% ethanol, and stock NAC was made by dissolving 3.837 g NaOH, 8.468

g ortho-boric acid and 0.816 g N-acetyl-L-cysteine in 900 mL deionized water. The

10 mM isoleucine standard was made by dissolving 0.328 g isoleucine in 250 mL

deionized water. NOPA solution A was made by combining 50 mL stock OPA with

450 mL stock NAC while NOPA solution B was comprised of 50 mL 95% ethanol

with 450 mL stock NAC. A standard curve was generated from known nitrogen

concentrations of isoleucine standards from which the assimilable amino acid nitrogen

content of a juice sample was determined. To prepare the nitrogen standards, the 10

mM isoleucine stock solution was diluted with deionized water into clean glass test

tubes in the following amounts:

Nitrogen standard





standard or juice sample. After the tubes were mixed for 10 seconds, the reaction was

allowed to proceed for 1 minutes. The solutions were then transferred to 1 cm path

UV cuvettes and the absorbances were read at 335 nm. To correct for background, the

absorbance of the juice sample should minus the absorbance of the must blank to get

the net absorbance, which then minus ZERO absorbance (the average of the Omg N/L

standard reaction) to get the final corrected absorbance. The amino acid concentration

in the start juice was determined by interpolation from the standard graph.

3.2.2.5 D-Glucose and D-fructose

The D-glucose/D-fructose concentration in the Icewine juice was determined via

the D-glucose/D-fructose kit (K-FRUGL) from Megazyme (Megazyme International

Ireland, Ltd). Reactions involve the phosphorylation of both sugars via

adenosine-triphosphate (ATP) and the enzyme hexokinase to D-fructose-6-phosphate

(F6P) and D-glucose-6-phosphate (G6P) respectively. G6P is oxidized in the presence

of the cofactor NADP^ and the enzyme G6P-dehydrogease to form

gluconate-6-phosphate and NADPH. The presence of NADPH (and resulting

absorbance change), were measured using a spectrophotometer at 340 nm. The

amount of NADPH formed in this reaction is stoichiometric with the amount of

D-glucose. The D-fructose is measured by F6P being converted to G6P via

phosphoglucose isomerase and the resulting reaction that generated NADPH.

3.2.3 Fermentation

A total of four fermentation treatments were studied in this study. Details of each

step of the inoculation procedure (yeast rehydration and direct inoculation) are

outlined in separate sections below. Yeast S. cerevisiae K1-V1116 was rehydrated in
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four different conditions, without nutrients, with GO-FERM®( 0.6 g/L), with

NATSTEP® (0.6 g/L) and with the combination of GO-FERM(g)( 0.6 g/L) and

NATSTEP® (0.6 g/L). After rehydration, the cells were directly inoculated into either

filtered or unfiltered Riesling Icewine juice. The yeast inoculation rate was 0.5 g/L.

All eight fermentation treatments were carried out at 17°C in 500mL fermentation

vessels fitted with airlocks. Sterile filtered fermentations were monitored for 21 days,

and unfiltered fermentations were monitored for 37 days. During the fermentations,

daily sampling occurred after stirring the fermentations for 5 minutes to ensure a

homogenous mixture. All four different treatments for both filtered and unfiltered

Icewine juice were fermented in duplicate.

3.2.3.1 Yeast rehydration with and without nutrients

A starter culture of the yeast K1-V1116 was prepared by rehydrating 5.0 g of

commercial yeast in 50 mL of 40°C sterile water for 15 minutes, swirling gently every

5 minutes. GO-FERM® or NATSTEP® at 0.6g/L was either present or absent in the

rehydration water. Yeast rehydration was conducted at 40 °C to avoid a lipid phase

transition that could lead to high cell mortality due to loss of cytoplasmic contents

into the rehydration media (Van Steveninck and Ledeboer, 1974; Leslie et al., 1994).

The difference of the temperature between the yeast culture and the Icewine juice for

the direct inoculation procedure was always within 10°C to avoid the formation of

respiratory deficient (petite) mutants, which have poor sugar uptake and fermentation

characteristics (Monk 1997).

3.2.3.2 Direct inoculation

For direct inoculation of rehydrated yeast at the 0.5 g/L inoculation rate, after
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rehydration, 2.5 mL of the starter yeast cultures (with or without nutrients) were

added into 500 mL of Icewine juice, which was prewarmed to room temperature.

3.2.4 Daily Fermentation Analysis

3.2.4.1 Determination of cell concentration

During the Icewine fermentations, viable and total cell concentrations by

haemocytometry were taken in duplicate every day for the first eight days, then every

other day for the second week, and then every the third day for the rest of the monitor

of the fermentations. The total cell count was done by diluting 100 )iL of juice into

900 (xL of potassium phosphate buffer and then pipeting 10 ^L of the sample onto a

haemocytometer where it was counted at 40X magnification. The viable cell count

was done using methylene blue staining procedure. This procedure involved pipeting

100 |aL of sample into 400^L of pH 7.0 potassium phosphate buffer and adding 500

|xL of methylene blue stain (0.4% methylene blue, 10% ethanol, 0.2M potassium

phosphate buffer). The cells were counted at a 40X magnification and a 1 OX dilution

was accounted for.

3.2.4.2 Determination of reducing sugars using Lane-Eynon procedure

The reducing sugars were measured at certain time points of fermentation

(including the day of inoculation). The Lane-Eynon method was used to measure the

reducing sugar concentration in wine. This method is based on a reaction of reducing

sugars with the excess alkaline cupric sulfate (Zoecklein et al, 1995). The reducing

sugars get oxidized in this reaction, and copper ( II ) is reduced to copper ( I ) oxide

under alkaline conditions as following reaction:

Reducing sugar + Cu^^ ^ oxidized products + Cu^
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SCu"^ + 30H- CuOH + CU2O + H2O

In this procedure, a standard glucose solution (0.5% (w/v)) is reacted with a known

volume of alkaline cupric sulfate and sodium potassium tartrate to an endpoint

signaled by the apperarance of red copper oxide precipitate in solution, and the

disappearance of blue from the methylene blue indicator in the reaction. The reaction

with the 0.5 % w/v glucose standard is the blank reaction. And then the reaction is

repeated but with 1 mL of wine. The volume of 0.5% w/v standard sugar solution

required to complete the reduction to the endpoint is recorded for the blank and the

wine sample. The difference in the volume of the 0.5% w/v sugar standard required

to titrate the blank and the wine sample is directly related to the reducing sugar

content of the wine sample (Zoecklein et al., 1995).

Following the procedure outlined by Zoecklein et al. (1995), for the blank

reaction, first 70 mL of deionized water is added into a 500 mL wide-mouth

Erlenmeyer flask, and add a stir bar and then 10 mL of Fehling's solution A (69.3 g

cupric sulfate pentahydrate in IL deionized water) and 10 mL of Fehling's solution B

(346 g sodium potassium tartrate, 100 g sodium hydroxide in IL deionized water) are

added to the flask. The flask is then put on a preheated hotplate/stirrer underneath the

burette of 0.5% dextrose solution. Next, 18 mL of the dextrose solution is titrated in,

and when the solution comes to a rapid boil 5 drops of methylene blue are added into

the flask. Continue to titrate drop by drop with dextrose solution until the end point is

reached. The end point is when the first disappearance of blue indicator and

appearance of red precipitate in the boiling solution. Record the volume of dextrose

solution let in the burette. Blank titration should be repeated until the end points vary

by no more than 0.2 mL.

For the standards and wine samples' titration, they are carried out exactly the
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same except that 1 mL of wine is added before the Fehlings solution A and B and the

initial addition of dextrose to the flask is 2 mL less than the expected amount required

to carry out the titration. Samples were diluted as necessary with water to keep the

range of samples to be measured between 0-5 g/L. The reducing sugars in wine

samples are then determined using the following formula:

Reducing sugar (g/L) = (B-S)*0.005 g/L *F/1 mL

Where B is the volume of dextrose required to titrate the blank, S is the volume of

dextrose required to titrate the sample and F is the dilution factor, if there is one.

3.2.4.3 Acetic acid Assay

The acetic acid concentration in the wine was determined via a Megazyme acetic

acid K-ACET enzyme kit. All required reagents were provided by Megazyme

(Megazyme International Ireland, Ltd). This assay involves three reactions. The first

reaction uses acetyl-CoA synthetase to convert acetic acid in the presence of ATP and

CoA to acetyl-CoA, adensosine monophosphate (AMP), and pyrophosphate. The

second reaction uses the enzyme citrate synthase to convert the acetyl-CoA in the

presence of oxaloacetae and water to citrate and CoA. In order to generate the

oxaloacetate required for the second reaction a third reaction which converts L-malic

acid and NAD^ in the presence of L-malate dehydrogenase to amount of NADH

generated and the amount of NADH is determined using spectrophotometer at 340

nm.

3.2.4.4 Glycerol Assay

The glycerol concentration in the wine was determined via a Megazyme glycerol

enzyme kit. All required reagents were provided by Megazyme (Megazyme
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International Ireland, Ltd). The assay involves the phosphorylation of glycerol via

glycerokinase and ATP to L-glycerol-3-phosphate. The ADP produced is reconverted

ATP by the reaction of phosphoenolpyruvate (PEP) via pyruvate kinase to pyruvate.

In the final reaction, pyruvate is converted to L-lactate in the presence of L-lactate

dehydrogenase and NADH. This final reaction results in the production ofNAD^ that

can be measured by a change in absorbance at 340 nm and will be generated

proportionally to the initial amount of glycerol.

3.2.4.5 Ethane! determination with Gas Chromatography

Ethanol levels were detennined via capillary gas chromatography (GC) using

Hewlett-Packard 5890 gas. Gas chromatography consists of a stationary phase which

is a microscopic layer of liquid or polymer on an inert solid support, inside glass or

metal tubing, called a columnand, and a mobile phase which is a carrier gas. The

stationary phase is held in a narrow tube (the column) of varying length and the

mobile phase is forced through the tube under pressure. The sample to be analyzed is

introduced into the machine through an injector port into the continually flowing

mobile phase, using a microsyringe. A tight band of solute molecules is formed at the

head of the column. The sample is then carried down the column by the mobile phase

(helium) and this motion is inhibited by the interactions of the analyte molecules

either onto the column walls or onto packing materials in the column due to the

different strength of interactions the components of the sample generate partitions

between the mobile phase and the stationary phase. Therefore, components that have

stronger interactions will be retained by the stationary phase, and those that have

weak interactions will move more quickly down the column. The separated bands

from the sample will emerge from the column in order of increasing interaction with
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the stationary phase. There are two main kinds of interactions between solute

molecules and the stationary and mobile phase: (1) polar interaction and (2)

dispersion forces. Polar interactions arise from permanent or induced dipoles.

Dispersion forces give rise to the interaction where the nonpolar molecules interact

preferentially with the nonpolar phases. There is a detector which is used to monitor

the outlet stream from the column.

3.2.5 Statistical Analysis

XLSTAT statistical software package release 2002 was used for data analysis.

Statistical methods used for data analysis were analysis of variance (ANOVA) with

mean separation by Fisher's Least Significant Difference (LSD).
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4 Results

4.1 Juice analysis

The Riesling Icewine juice was analyzed for °Brix, pH, T.A, glycerol, and acetic

acid content before and after sterile filtration. It is apparent that processing of the juice

had no significant effect on the juice composition (Table 1), where adequate

assimilable carbon and nitrogen sources were detected in both unfiltered and sterile

filtered juice. The sterile juice had a low initial acetic acid concentration and high

total assimilable nitrogen. The high soluble solids, high titratable acidity and low pH

of the Icewine juice was expected to impose a stressftil environment for the yeast

growth and fermentation, as observed overall by the lengthy fermentations, low peak

cell concentrations and high glycerol and acetic acid production.

Table 1: Prefermentation assays of the unfiltered and sterile filtered Riesling

Icewine juices. °Brix, pH, T.A, glycerol, and acetic acid content were tested in the

Icewine juice before and after sterile filtration. ND: not detectable

Parameter





4.2 Sterile filtered Riesling Icewine fermentation analysis

4.2.1 Sugar consumption in sterile fermentation

In the comparison of the effectiveness of the inclusion of micronutrients during

yeast rehydration on yeast sugar consumption during Riesling Icewine fermentation,

cells that were rehydrated in the absence of micronutrients consumed the lowest

amount of reducing sugar in 20 days of Icewine fermentation (Figure 3A).

Micronutrient addition during yeast rehydration resulted in a significantly larger

amount of total sugar consumption by the wine yeast (Figure 3B). However, the

effects of the various micronutrient treatments on sugar consumption were similar to

each other and did not show a significant difference between these treatments (Figure

3A and B).
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4.2.2 Total and viable cell concentration in sterile fermentation

Total and viable cell concentrations were monitored during Riesling Icewine

fermentation to see the effectiveness of the inclusion of micronutrients during yeast

rehydration on yeast cell growth. The results showed that cells that were not

rehydrated in the presence of micronutrients had the lowest number of viable and total

cells throughout the course of Icewine fermentation. Micronutrient addition during

yeast rehydration stimulated yeast cell growth during fermentation, resulting in a

higher concentration of total and viable yeast cells by day 1 1 of the fermentation

(Figure 4 and 5). The higher concentration of viable cells in the micronutrient

treatments in comparison to the control treatment were maintained until the

fermentations were stopped on day 20.
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Figure 4: Total and viable yeast cell accumulation during sterile filtered Riesling

Icewine fermentation. Total cell counts were monitored microscopically using a

haemocytometer throughout the course of fermentation (A). Viable cell counts were

monitored microscopically using methylene blue and a haemocytometer throughout

the course of fermentation (B). All cell counts represent the average ± standard

deviation of the mean of duplicate fermentations.
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4.2.3 Yeast metabolite analysis in sterile fermentations

4.2.3.1 Acetic acid production during sterile filtered Riesling Icewine

fermentation

To test the effectiveness of the inclusion of micronutrients during yeast

rehydration on yeast acetic acid production during sterile filtered Riesling Icewine

fermentation, acetic acid concentration was measured through the course of the

fermentation. The concentration of acetic acid produced by the yeast during

fermentation was determined by subtracting the initial acetic acid concentration in the

start juice from the acetic acid concentration in the fermentation sample. Acetic acid

produced was plotted as a function of time (Figure 6) as well as a function of sugar

consumed (Figure 7) for all four different treatments. The results showed that the rate

of acetic acid production as a function of time was not affected by presence, or

absence, of micronutrients during rehydration, and micronutrient addition during

yeast rehydration had a minor effect on reducing the final acetic acid concentration in

the wines (Figure 6).
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However, yeast rehydrated with or without micronutrients varied in the total sugar

consumed and acetic acid is a byproduct of sugar consumption. Therefore acetic acid

production needs to be normalized to the total amount of sugar consumed for each

treatment in order to compare the effectiveness of each treatment. The results showed

that cells rehydrated without micronutrients showed the highest acetic acid production

per amount of sugar consumed. Micronutrient addition during yeast rehydration

reduced acetic acid production as a function of sugar consumed (Figure 7).

Moreover, to determine the effectiveness of micronutrients used in yeast

rehydration on acetic acid production on each day through the course of the

fermentation, the ratio of acetic acid produced to sugar consumption was plotted

versus time. The results showed that when acetic acid production was normalized to

sugar consumed, the largest reduction in acetic acid by the micronutrient additions

during rehydration were evident in the first two days of the fermentation but the

reduction continued throughout the course of the fermentation (Figure 8).
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Figure 8: Ratio of acetic acid produced to sugar consumed versus time during

sterile filtered Riesling Icewine fermentation. Ratio of acetic acid produced to

sugar consumed was plotted versus time throughout the course of fermentation. Ratio

values represent the average ± standard deviation of the mean of duplicate

fermentations.
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4.2.3.2 Additional Yeast Metabolites in Final Wines

The concentration of ethanol and glycerol in the final wines, and the total sugar

consumed during fermentation are recorded in Table 2 and 3 respectively. After 20

days of fermentation, the addition of micronutrients allowed the yeast to consume

142-144 g/L of sugar, compared with approximately 117g/L sugar consumed in

fermentations without micronutrient supplements.

Fermentation carried out with all three micronutrient treatments (where more

sugar was consumed) produced less ethanol per sugar consumed and more glycerol in

the final wine than yeast rehydrated in water after 20 days of fermentation.

All three micronutrient treatments reduced the ethanol produced as a ftjnction of

sugar consumed. In contrast, only the NATSTEP® and the combination of

NATSTEP® and GO-FERM® reduced glycerol produced as a fiinction of sugar

consumed.

Moreover, in the sterile-filtered fermentations, the ratios of acetic acid/ethanol and

acetic acid/glycerol were compared across four different treatments. The results

showed that micronutrient addition during yeast rehydration reduced the ratios of

acetic acid/glycerol and acetic acid/ethanol (Table 4). It means that less acetic acid

is produced by micronutrient addition during yeast rehydration when there is a same

amount of ethanol production.
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Table 2. Total sugar consumed and ethanol produced across four treatments.





Table 4. Comparison of the ratio of acetic acid/ethanol and acetic acid/glycerol

across different treatments





4.2.4 Summary of yeast rehydration with micronutrient treatments using

sterile-filtered Icewine juice

The addition of micronutrients during yeast rehydration had a positive impact of

reducing the rate of acetic acid produced as a function of sugar consumed. The largest

effects of the micronutrient additions are evident in the first two days of the

fermentation.

Yeast rehydrated with micronutrients generated 9-times less acetic acid per gram

of sugar in the first 48 hours compared to yeast rehydrated only with water and

resulted in a 17% reduction in acetic acid in the final wine when normalized to sugar

consumed. Micronutrient addition during yeast rehydration reduced the ratio of acetic

acid/ethanol and the ratio of acetic acid/glycerol
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4.3 Unfiltered Riesling Icewine fermentation analysis

Icewine juice that was not sterile filtered (unfiltered) was used to assess the

effectiveness of micronutrients inclusions during yeast cell rehydration on the

fermentation kinetics and yeast metabolites released into the wine under conditions

that more closely resembled those found in industry. The same four treatments were

tested using Riesling Icewine juice that was not sterile-filtered. Fermentations were

monitored for 37 days until yeast sugar consumption ceased. The trends were similar

to the previous results obtained for the sterile filtered Riesling Icewine fermentations.

However, total sugar consumption by yeast rehydrated with NATSTEP® alone was

significantly less than that observed for the other micronutrient treatments. Also, in

the final wines, the acetic acid produced per sugar consumed for the micronutrient

treatments was not significantly lowered in comparison to the control.

4.3.1 Sugar consumption in unfiltered fermentation

Cells that were rehydrated without micronutrients and cells rehydrated with

NATSTEP® addition consumed the lowest amount of sugar during Icewine

fermentation. The presence of GO-FERM® during rehydration, versus other

treatments resulted in a significantly larger amount of total sugar consumption (Figure

9).
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4.3.2 Total and viable cell concentration in unfiltered fermentation

Total and viable cell concentrations were monitored throughout the course of

Icewine fermentation. The exponential growth phase occurred during the first 1 1 days

of the fermentation, after which cells entered stationary phase. Micronutrient

additions during yeast rehydration stimulated yeast cell growth during fermentation

resuhing in a higher concentration of total and viable yeast cells, and resulted in a

slower decline phase (Figure 10). When comparing total and viable cell concentration

by day 11 when cells entered stationary phase, and by day 23 when cells entered

decline phase, micronutrient additions during yeast rehydration resulted in higher

concentration of both total and viable cells on day 1 1 and day 23 (Figure 11).
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Figure 10: Total and viable yeast cell accumulation during unfUtered Riesling

Icewine fermentation. Total cell counts were monitored microscopically using a

haemocytometer throughout the course of fermentation (A). Viable cell coimts were

monitored microscopically using methylene blue and a haemocytometer throughout

the course of fermentation (B). All cell counts represent the average ± standard

deviation of the mean of duplicate fermentations.
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Figure 11 : Total and viable yeast cell concentrations by day 11 and day 23 during

unfiltered Riesling Icewine fermentation. Total cell counts were monitored

microscopically using a haemocytometer. Viable cell counts were monitored

microscopically using methylene blue and a haemocytometer. All cell counts represent

the average ± standard deviation of the mean of duplicate fermentations. Statistical

analysis of the total and viable cell concentration by day 11 (A,B) and by day 23 (C,D)

of fermentation were compared by ANOVA and LSD. Average values followed by

different letters are statistically different by LSD (P < 0.05).
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4.3.3 Yeast metabolite analysis in unflltered fermentations

4.3.3.1 Acetic acid production during unflltered Riesling Icewine

fermentation

Acetic acid production as a ftinction of time (Figure 12) and as a function of sugar

consumed (Figure 13) was monitored for each treatment. NATSTEP® addition during

yeast rehydration resulted in the lowest production of acetic acid, but the yeast also

consumed less sugar when rehydrated with NATSTEP® in comparison to the other

micronutrient treatments.

Since yeast rehydrated with or without micronutrients varied in the total sugar

consumed and acetic acid is a byproduct of sugar consumption, acetic acid production

needs to be normalized to the total amount of sugar consumed for each treatment in

order to compare the effectiveness of each treatment. Cells rehydrated without

micronutrients showed the highest acetic acid production per amount of sugar

consumed. Micronutrient addition during yeast rehydration reduced acetic acid

production per amount of sugar consumed (Figure 13). Moreover, the ratio of acetic

acid produced to sugar consumption was plotted versus time. Similar to the sterile

filtered fermentation, when acetic acid production is normalized to sugar consumed,

the largest effects of the micronutrient additions were evident in the first two days of

the unflltered fermentation (Figure 14).
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433.2 Additional Yeast Metabolites in Final Wines

The concentration of ethanol and glycerol, and sugar consumption in the final

wines are recorded in Table 5 and 6. Compared to the control, cells rehydrated with

GO-FERM addition consumed larger amount of sugar. Micronutrient addition during

yeast rehydration did not significantly affect the ethanol produced as a function of

sugar consumed in comparison to the control, but reduced the glycerol produced as a

function of sugar consumed. The lower glycerol production as a fiinction of sugar

consumed is indicative of reduced stress on the yeast.

Moreover, in the unfiltered fermentations, the ratios of acetic acid/ethanol and

acetic acid/glycerol were compared across four different treatments. The results

showed that micronutrient addition during yeast rehydration did not affect the ratios

of acetic acid/ethanol and acetic acid/glycerol (Table 7).
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Table 5. Total sugar consumed and ethanol produced across four treatments.





Table 7. Comparison of the ratios of acetic acid/ethanol and acetic acid/glycerol

across different treatments





5 Discussion

5.1 Micronutrient addition during yeast rehydration reduced acetic acid

production as a function of sugar consumed and the ratio of acetic acid/

ethanol in the sterile-filtered Riesling Icewine fermentaion

The rehydration of freeze-dried yeast is a straightforward procedure by which the

freeze-dried yeast can recover its functionality. The first aspect that we have

addressed in this study is the effect of adding different micronutrients during yeast

rehydration on cell growth, sugar consumption, acetic acid production, glycerol

production, and ethanol production. Overall, all three treatments of the commercially

available yeast micronutrients (GO-FERM®, NATSTEP® and the combination of

these two micronutrients) did have an impact on Icewine fermentation.

For both sterile filtered and unfiltered Riesling Icewine fermentation, the addition

of the three different treatments of micronutrients during yeast rehydration increased

the peak viable and total cell numbers and reduced acetic acid production as a

function of sugar consumed. However, micronutrient addition during yeast

rehydration did not cause an increase in the ratio of viable cells compared to total cells

to explain the observed effects (see appendix). These micronutrient supplements

comprise mainly minerals (magnesium, zinc and manganese) and vitamins

(pantothenate, thiamine and biotin). Past studies have shown that these elements can

improve yeast viability, stimulate cell growth and limit acetic acid production

throughout the fermentation. It has been shown that acetic acid production during

yeast fermentation can be affected by the amount of magnesium, pantothenate and

thiamine in mah or must (Julien and Dulau, 2002; Lodolo et al., 1995; Ourmac, 1970).

According to our results, we partially agree with those observations. With regards to

the final Icewines, there was little difference in acetic acid production between the

62



.1 ;- '

f .;.

!:{"'



control and the other treatments with micronutrients. However when the amount of

acetic acid produced was normalized to the amount of sugar consumed, there were

significant differences between the control and the micronutrient addition treatments,

especially during first two days of the fermentations. Similarly, glycerol and ethanol

levels in the final wines were not affected by the micronutrients additions. However,

as a function of sugar consumed, ethanol levels in the final wines were reduced in the

presence of micronutrients during yeast rehydration for both filtered and unfiltered

fermentation conditions. It might be because some of the carbon derived from sugar

metabolism was diverted towards biomass formation instead of metabolite formation.

Similarly, as a function of sugar consumed, glycerol levels in the final wines were

reduced by adding micronutrients in the unfiltered fermentation. As a possibility,

micronutrient addition during yeast rehydration may decrease all metabolites

throughout the duration of the fermentation as a function of sugar consumed.

Moreover, micronutrient addition reduced the ratio of acetic acid/ethanol in the

sterile-filtered Riesling Tcewine fermentation. Therefore, less acetic acid was

produced by micronutrient addition during yeast rehydration when there is a same

amount of ethanol production, which is very practical for winemakers.

5.2 The reduction of glycerol production and stimulation of cell growth may

be related to reducing stress on the yeast by micronutrient addition during

yeast rehydration

From these results, two quesfions can be posed. Firstly, why do acetic acid levels

when normalized to sugar consumed decrease by the addition of micronutrient during

yeast rehydration. And can micronutrient addition during yeast rehydration aid stress

resistance. Glycerol was used as an indicator of the adaptation to osmotic stress. We

saw decreases of glycerol produced per sugar consumed in both filtered and unfiltered
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fermentation in final wines, indicative of less stress on the yeast. Glycerol is made

in fermenting yeast not only in response to hyperosmotic stress, but also to restore

redox balance when amino acid synthesis and growth is stimulated (Alberts, et ai,

1996). Since growth was stimulated by the micronutrient addition but glycerol

levels were decreased, it indicates that the addition of micronutrients can improve

yeast cell's stress response and thus lower glycerol production requirements.

Additionally, less acetate may be generated when less glycerol is generated if the role

of acetate production is one of redox balance when glycerol is made.

5.3 The link between fatty acid synthesis and acetic acid production

It appears that when yeast growth has been stimulated by micronutrient addition

during yeast rehydration, then it is possible that acetate generated due to the stressful

Icewine juice conditions may be used in fatty acid biosynthesis in the form of

acetylCoA to support yeast growth and not released into the wine, resulting in lower

acetic acid levels in the wine.

The fatty acid composition of a cell is partly influenced by the lipid

composition of its growth medium, since it can include fatty acids from the medium

in its own phospholipids (Taylor et al, 1979). Fermentation in stressful conditions,

such as extreme temperatures and high sugar concentrations, enhances the cell

unsaturated fatty acids and ergosterol requirement (Hammond 1993). There was one

study which used inactivated yeast cells (lYCs) as lipid sources to investigate the

effect on fermentation. Their resuhs showed that the main effect of lYCs was the

increase of generation number and then the increase of fermentation activity (Belviso

et al, 2004). The two micronutrients used in this study, GO-FERM® and NATSTEP®,

are made from 100% inactivated yeast cells. GO-FERM® is enriched in minerals and
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vitamins, and NATSTEP® is enriched in lipids and fatty acids. The results from this

research are the same as the previous study, indicating the increase of generation

number of yeast cells and then the increase of fermentation activity is a result of the

addition of micronutrients during yeast cell rehydration. Hence, the reason for

increasing yeast cell growth and fermentation activity by addition of micronutrients

during yeast cell rehydration may be related to the lipid composition of the growth

medium, which will affect cell fatty acid synthesis, cell growth and acetic acid

released into the wine.

Medium chain fatty acid (MCFA) and their ethyl esters contribute to the main

aroma compounds of alcoholic beverages (Kodama, 1993) and may be important to

the flavour profile of Icewine. High concentrations of MCFA have been found in

sluggish and stuck fermentations. Under anaerobic conditions, the production of

hexadecanoyl-CoA and octadecanoyl-CoA from fatty acid synthesis cannot be

converted to unsaturated fatty acids which are required by the cell membrane

(Ratledge and Evans, 1989). Cell growth is arrested because fatty acid elongation is

prevented by the lack of oxygen. One previous study has shown that the higher

MCFA concentrations found in sluggish and stuck fermentations is produced

following the release of medium-chain acyl-CoA from the fatty acid synthetase

complex (FAS) due to the accumulation of saturated fatty acid (SFA), and their

hydrolysis to recycle CoA-SH (Bardi et aL, 1999). Therefore, MCFA production

appears to be directly related to the fermentative metabolite of yeasts, but actually

promoted by anaerobic growth. If the inclusion of micronutrients during yeast

rehydration is used to reduce acetic acid production during fermentation, one also may

need to take into account a reduction, if any, of MCFA production by yeast, which

may alter the flavour profile of the wines. Kontkanen (2005) did find that the
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inclusion of GO-FERM® altered the aroma and flavour profile of Vidal Icewines,

where the wines were sensorially less complex than wines made without GO-FERM®

treatment. The Riesling Icewines in this study were not evaluated sensorially.

5.4 Micronutrient additions differ in their impact during sterile-filtered and

unfiltered fermentations

Between the sterile filtered and unfiltered fermentations, different results for the

effect of micronutrient addition were observed, especially for the effect of

NATSTEP® treatment, but not in the direction that would necessarily be usefiil for

winemaking purposes. For all four treatments, the amount of total sugar consumed

during the unfiltered juice fermentation was approximately 30 g/L more than that of

the sterile juice fermentation, meaning that the sugar consumption rate of the

sterile-filtered fermentation was not only much slower, but also less complete. It

seemed that the sterile-filtered fermentation was sluggish and became stuck during the

experimental timefi-ame. While leading to slightly better resuhs, even the additions of

micronutrient could not ensure sufficient sugar was consumed to generate 10% v/v

ethanol. Reasons for stuck and sluggish fermentations include nutritional deficiency,

inhibitory substances, process difficulties, as well as overclarification of the juice

(reviewed in Fugelsang and Edwards, 2007). Overclarification of the juice might be

the reason for causing stuck fermentations in our experiments. It has been known that

juice overclarification can lead to slow and stuck fermentations even though the

reason may not be fully understood (reviewed in Ribereau-Gayon, et al, 2000).

Overclarification may reduce some nutrients such as sterols (Delfi ni et al, 1993)

essential for yeast cell membrane integrity. Changes in the fatty acid composition of

musts by overclarification have also been reported (Varela et al., 1999). However, it is

thought that a major influence of clarification is the removal of trace amounts of
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oxygen trapped within the suspended solids (reviewed in Fugelsang and Edwards,

2007). Groat and Ough (1978) found that different types of insoluble solids (e.g.

grape solids, bentonite, talc, and diatomaceous earth) added to clarified juice resulted

in faster and more complete alcoholic fermentations.

The trends associated with yeast growth during unfiltered juice fermentation were

similar to the results obtained for the filtered Riesling Icewine fermentations.

Contrary to what was found for the treatments in sterile-filtered fermentations, the

acetic acid produced per sugar consumed was not significantly less for the

micronutrient treatments in comparison to the control in the unfiltered juice treatments.

Furthermore, the ratios of acetic acid/ethanol and acetic acid/glycerol in the unfiltered

treatments were not significantly less in comparison to the control. Lastly, in the

unfiltered treatments, the total sugar consumed by yeast rehydrated with NATSTEP

alone was significantly less than that observed for the other micronutrient treatments

and this was not observed in the sterile-filtered fermentations. The different results

between the sterile-filtered and unfiltered Riesling Icewine fermentations might be

due to the different components between filtered and unfiltered Icewine juice and

some elements in unfiltered juice which may chelate with some components in

NATSTEP®. Due to this reason, the GO-FERM® treatment was chosen to compare

with the control in future investigations stemming fi-om this work, which will be to

investigate by gene expression changes and enzyme activity levels, the molecular

reasons behind lower acetic acid formation with the addition of GO-FERM® during

yeast rehydration.
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5.5 Micronutrient addition during yeast rehydration had a similar impact

during sterile-filtered Riesling and Vidal fermentations but differed between

the unfiltered conditions

In similar studies to these Riesling Icewine fermentations, Kontkanen et al (2004)

investigated the effectiveness on Vidal Icewine fermentation by addition of

GO-FERM® during yeast rehydration. Their results showed that GO-FERM®

addition during yeast rehydration improved the fermentation rate, stimulated yeast cell

growth and decreased acetic acid production when normalized to sugar consumed, but

the molecular mechanisms responsible for these effects were not identified. These

observations confirm the results obtained in our study, further indicating that

GO-FERM® addition during yeast rehydration can decrease acetic acid production

during Icewine fermentation.

However, there are some differences between the Kontkanen et al (2004) study

and our study about the effectiveness by GO-FERM® addition during yeast

rehydration on unfiltered Icewine fermentation. In the Kontkanen et al (2004) study,

unfiltered Vidal Icewine juice inoculated with yeast rehydrated in the presence of

GO-FERM® showed reduced acetic acid, glycerol and ethanol levels in the final

Icewine. Whereas, in our study using unfiltered Riesling juice, the productions of

acetic acid, glycerol, and ethanol in final Icewine were not changed significantly by

GO-FERM® addition. In our study, when yeast cells consumed more than 150g/L of

sugar, there was no effect on acetic acid produced as a fiinction of sugar consumed by

GO-FERM® addition, whereas in Kontkanen et al (2004) study, GO-FERM®

addition during yeast rehydration reduced acetic acid production as a function of

sugar consumed during the entire course of fermentation. The reasons for these

different results from these two studies might be the different conditions and juices
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used in the two studies. Our study used unfiltered Riesling juice and a higher

GO-FERM® ratio of inoculation (0.6g/L), whereas Kontkanen et al (2004) used

unfihered Vidal juice and 2-fold lower GO-FERM® ratio of inoculation of (0.3g/L).

Therefore, the different composition between Riesling and Vidal juice along with the

differences in micronutrient inoculation ratio might cause the different effects on yeast

metabolism during rehydration. To further investigate the differing results between the

effects of micronutrients on reducing acetic acid production during Vidal versus

Riesling fermentations, studies using multiple lots of Icewine juice for both varieties

over several harvest years should be carried out and evaluated.

5.6 Micronutrient addition may reduce acetic acid production through

altering gene expression or protein activity or both.

There are some speculations about the reason of the reduction of acetic acid

production by micronutrient addition. In yeast, two enzymes are related to acetic acid

production directly, aldehyde dehydrogenases and acetyl CoA synthetase. During

Icewine fermentation, aldehyde dehydrogenases (ALD) genes are upregulated and

ACS genes which encode acetyl CoA synthetase for acetyl CoA synthesis are may be

downregulated during Icewine fermentation leading to high levels of acetic acid in the

wines. Support for this hypothesis has come from gene expression analysis

comparing expression profiles in yeast fermenting Icewine and dilute juice, where

ALD3 was expressed 8.4-fold higher and ACS2 was expressed 4.8-fold lower on day 2

of Icewine versus diluted juice fermentations (Martin and Inglis, 2006). So far,

two yeast cytosolic aldehyde dehydrogenases (Ald3p and Ald6p) have been found to

be expressed during Icewine fermentation, but only the NAD^-dependent isoform

encoded by ALD3 was found to be significantly differentially upregulated during

Icewine fermentation in comparision to diluted juice fermentation (Pigeau and Inglis,
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2005; Pigeau and Inglis, 2007). Also, ACSl and ACS2 have been shown to be less

highly expressed during Icewine fermentation compared to diluted Icewine juice

fermentation (Martin and Inglis, 2006). Therefore, elevated levels of acetic acid may

result from the increased expression ofALD3 and decreased expression of acetyl CoA

synthetase genes ACS 1/2 during Icewine fermentation. From the current thesis study,

maybe the expression of these genes or activity of these enzymes have been altered

when micronutrients are added during yeast cell rehydration leading to the observed

effect of lower acetic acid production.

There are two experiments that can be performed to investigate the reason of the

reduction of acetic acid production by micronutrients addition during yeast cell

rehydration.

First of all, to investigate the change of gene transcriptional level between the

control (without nutrients addition during rehydration) and the one with micronutrient

addition during cell rehydration, techniques such as Northern analysis, RT-PCR or

microarray analysis could be used. Specifically, ALD3 and ACS1/2 will be focused on.

Based on the results from this project, the largest reduction in acetic acid by the

micronutrient additions during rehydration were evident in the first two days of the

sterile Riesling Icewine fermentation, but the reduction continued throughout the

course of the fermentation. Moreover, GO-FERM® addition during cell rehydration

showed the biggest effect on acetic acid production per sugar consumed compared to

other micronutrients treatments. Therefore, in future studies, sterile Riesling Icewine

fermentation with and without GO-FERM® addition during yeast cell rehydration

(control) can be carried out. On the first two days of fermentation, RNA isolated from

both these two different conditions can then be used to compare the transcriptional

level of the specific genes {ALD3 and ACS1/2) by the techniques listed aboves. Gene
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expression data may be correlated with the metabolic profile of Icewine fermentation

(acetic acid production as a function of sugar consumed) from this project to further

investigate the relationship between the gene transcriptional level and acetic acid

production when GO-FERM® is added during yeast cell rehydration can be

investigated.

Secondly, the effect of micronutrients addition during yeast cell rehydration can be

studied at the protein level; the enzyme activity of aldehyde dehydrogenases and

acetyl CoA synthetases can be measured in Riesling Icewine fermentation, without or

with micronutrient addition during yeast cell rehydration can be carried out, and on

each day of the initial two days. Also, the enzyme activities from both sterile filtered

and unfiltered Icewine fermentation can be compared to see if there is any difference

of the enzyme activity of aldehyde dehydrogenases. Comparing the results of the

enzyme activities and the results of acetic acid production as a function of sugar

consumed, the relationship between the specific enzyme activity and acetic acid

production when micronutrients are added during yeast cell rehydration can be

investigated.

In addition, the composition of sterile and unfiltered Riesling Icewine juice and

the composition of the micronutrients (GO-FERM®, NATSTEP®) can be determined

to explain the different effects by micronutrient addition during yeast cell rehydration

on the fermentation profile between the sterile and unfiltered Icewine fermentations

shown in this project.

In summary, further investigations ofALDSy ACS1/2 at both genomic and protein

levels should advance our understanding of the impact of micronutrient addition

during yeast cell rehydration. Ultimately, such knowledge may be applied to better

predict and manage levels of acetic acid in the process of Icewine fermentation.
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6 Conclusions

In Riesling Icewine fermentation using sterile-filtered juice, the addition of

micronutrients during yeast rehydration had a positive impact of reducing the rate of

acetic acid produced as a function of sugar consumed, the ratio of acetic acid/ethanol

and acetic acid/glycerol.

In non-filtered juice, yeast micronutrient addition had no significant impact of

reducing the rate of acetic acid produced as a function of sugar consumed, reducing

the ratio of acetic acid/ethanol and reducing the ratio of acetic acid/glycerol.

However, in the unfiltered fermentation, micronutrient addition during yeast

rehydration caused a reduction in the acetic acid produced as a function of sugar

consumed up to 1 50 g/L sugar consumed.

The largest effects of micronutrient addition are evident in the first two days of

both sterile and unfiltered fermentations.
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Appendix

Viable cells/ Total cells ratio:

1. Sterile-filtered Riesling Icewine fermetation
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2. Unfiltered Riesling Icewine fermentation
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Figure 16: Viable cells/ Total cells on day 11 and day 23 during unfiltered

Riesling Icewine fermentation. The ratio of viable cells/ total cells was compared on

day 1 1 (A) and day 23 (B). All ratios represent the average ± standard deviation of the

mean of duplicate fermentations.
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