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ABSTRACT

The maximum amount of ethyl carbamate (EC), a known animal carcinogen produced by

the reaction of urea and ethanol, allowed in alcoholic beverages is regulated by

legislation in many countries. Wine yeast produce urea by the metabolism of arginine,

the predominant assimilable amino acid in must. This action is due to arginase (encoded

by CARl). Regulation of CARl, and other genes in this pathway, is often attributed to a

well-documented phenomenon known as nitrogen catabolite repression. The effect of

the timing of di-ammonium phosphate (DAP) additions on the nitrogen utilization,

regulation of CARl, and EC production was investigated. A correlation was found

between the timing of DAP addition and the utilization of nitrogen. When DAP was

added earlier in the fermentations, less amino nitrogen and more ammonia nitrogen was

sequestered from the media by the cells. It was also seen that early DAP addition led to

more total nitrogen being used, with a maximal difference of ~25% between

fermentations where no DAP was added versus addition at the start of the fermentation.

The effect of the timing ofDAP addition on the expression of CARJ during fermentation

was analyzed via northern transfer and the relative levels of CARl expression were

determined. The trends in expression can be correlated to the nitrogen data and be used

to partially explain differences in EC formation between the treatments. EC was

quantified at the end of fermentation by GC/MS. In Montrachet yeast, a significant

positive correlation was found between the timing of DAP addition, from early to late,

and the final EC concentration m the wine (r = 0.9226). In one of the fermentations, EC

levels of 30.5 ppb was foimd when DAP was added at the onset of fermentation. A two-

fold increase (69.5 ppb) was observed when DAP was added after 75% of the sugars
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were metabolized. When no DAP was added, the ethyl carbamate levels are comparable

at a value of 38 ppb. In contrast, the timing of DAP additions do not affect the level EC

produced by the yeast ECU 18 in this manner. The study of additional yeast strains

shows that the effect of DAP addition to fermentations is strain dependent. Our results

reveal the potential importance of the timing of DAP addition to grape must with respect

to EC production, and the regulatory effect ofDAP additions on the expression of genes

in the pathway for arginine metabolism in certain wine yeast strains.





ACKNOWLEDGEMENTS

Firstly, and most importantly, I would like to thank Dr. Hennie van Vuuren and Dr.

Debbie Inglis for the opportunity to study this topic, for their supervision and guidance,

their on-going patience, and for their critical reading of this manuscript. Many thanks to

members of the committee. Dr. Yousef Haj-Amad, Dr. Doug Bruce, and Dr. Allan Bown,

and also to Dr. Ron Brown, whose comments and advice were always appreciated. In

addition, thanks are owed to Danie Erasmus and George van der Merwe whose many

hours of advice and demonstration account for much of the knowledge of the methods of

RNA experimentation I have today. Furthermore, none of the phosphor imaging data

could have been achieved without the help of Hensa Patel, who gave me the training

necessary to handle the imager, and who allowed me to bother her so many times on very

short notice for access to the equipment room. Additional credit is also given to Dr.

George Soleas and Kirby Hom at the L.C.B.O. for ethyl carbamate analysis. Thanks to

my fellow students and lab-mates who either joined or moved on from the Oenology

laboratory at CCOVI; who showed me many other interesting topics of study, along with

providing endless hours of interesting conversation. Finally thanks to all you

unsuspecting makeshift guidance counselors (you all know who you are) who listened

when 1 was excited, listened when I was frustrated, and made sincere efforts to take a

general interest in my studies - or at least pretended to for my sake. Cheers!





TABLE OF CONTENTS

ABSTRACT 2

AKNOWLEDGEMENTS 4

TABLE OF CONTENTS 5

LIST OF FIGURES 8

LIST OF TABLES 11

ABBREVIATIONS 12

1. LITERATURE REVIEW 14

1.1 Winemaking 14
1.2 Yeast and growth during wine fermentation 16
1.3 Nitrogen requirements of yeast during fermentation 2D

1.3.1 Sluggish and stuck wine fermentations 20
1.3.2 Hydrogen sulfide production in wine fermentations 21

1.3.3 Nitrogen supplementation in wine fermentations 24
1.3.3.1 Addition of nitrogen to vineyards 25
1 .3.3.2 Addition of urea to grape must 26
1.3.3.3 Addition of yeast nutrients to grape must 26
1.3.3.4 Addition ofdi-ammonium phosphate (DAP) to grape must 27

1.3.4 Nitrogen regulation in yeast 28
1.3.5 Ammonia uptake and metabolism in yeast 34
1.3.6 Amino acid uptake and metabolism in yeast 35

1 .3 .6. 1 Arginine metabolism and urea production in yeast 36
1 .4 Ethyl Carbamate (EC) in wine 39

1 .4.

1

The definition of a carbamate 40
1.4.2 The chemical properties ofEC 41

1.4.3 Reactions yielding EC 41

1 .4.3. 1 Urea as a precursor to EC production 42
1.4.4 The formation ofEC in wine 44
1 .4.5 The occurrence ofEC in wine 46
1 .4.6 EC as a mutagen and carcinogen 47

1 .4.6.

1

Metabolism of ethyl carbamate in biological organisms 47
1 .4.6.2 EC as a mutagen 48
1 .4.6.3 EC as a carcinogen 49

1.4.6.3.1 Types ofcancer induced by EC 49
1 .4.6.4 Risk ofEC exposure to humans 50

1 .4.7 The regulation ofEC in alcoholic beverages in Canada 50
1 .4.8 Methods attempted to reduce ethyl carbamate in beverages 53



m



2. INTRODUCTION 55

3. MATERIALS AND METHODS 56
3.1 Materials and catalogue numbers 56
3.2 Yeast fermentations 58

3.2.1 Fermentation design and overview 58
3.2.2 Yeast strains 60
3.2.3 Juice preparation 60
3.2.4 Juice assays 61

3.2.4.1 Titratable acidity assay 61

3.2.4.2 pH assay 62
3.2.4.3 Nitrogen assays 62

3.2.4.3.1 Ammonia nitrogen assay 62
3.2.4.3.2 Free Assimilable Amino acid nitrogen assay 63

3.2.4.4 Sulfur dioxide assays 63
3.2.4.5 Soluble solids assays 64
3.2.5 Yeast re-hydration and inoculation ofjuice 66
3.2.6 Di-ammonium phosphate (DAP) additions 68
3.2.7 Fermentation sampling times 69
3.2.8 Measurement of cell density 69

3.3 Ethyl carbamate (EC) assays 70
3.3.1 EC sample preparation 70
3.3.2 GC/MS methodology for EC detection 70

3.4 Probe synthesis and preparation 71

3.4.1 Probe design, sequence, and amplification 72
3.4.2 Purification ofprobes 74

3.4.3 Radioactive labeling of probes and removal of excess nucleotide 74

3.4.4 Quality assessment ofprobes by trial 75

3.5 Northern transfers 75

3.5.1 Harvesting of yeast cells 75

3.5.2 RNA extraction protocol 76
3.5.3 RNA quantification and purity analysis 77

3.5.3.1 RNA analysis by spectrophotometry 77

3.5.3.2 Slot blot analysis ofRNA samples 78

3.5.3.3 Gel electrophoresis ofRNA samples 78

3.5.4 Gel preparation 79

3.5.5 RNA preparation 79
3.5.6 Gel electrophoresis 80

3.5.7 RNA transfer fi-om gel and membrane fixing 80

3.5.8 Pre-hybridization/hybridization of membrane-fixed RNA to probe 8

1

3.5.9 Exposure and detection ofradioactively probed regions 82

3.5.9.

1

Autoradiography onto X-ray film 82

3.5.9.2 Phosphor Imaging 82

3.5.10 Densitometry 83





4. RESULTS 84
4.1 Selection of a yeast strain 84
4.2 Method validation: monitoring sugar consuny)tion during fermentation 84

by weight loss versus hydrometry

4.3 Determination of fermentation sampling times 85
4.4 Evaluation ofRNA extraction procedures 86
4.5 Evaluation ofprobe specificity 88
4.6 Validation ofammonia and NOPA assays for nitrogen determination 89

4.6.1 The effect ofDAP addition on the NOPA assay 91
4.7 Validation ofRNA quantification by phosphor imaging 92
4.8 Yeast cell population growth during fermentation 94
4.9 Ammonia nitrogen levels during fermentation 96
4.10 Amino acid nitrogen levels during fermentation 98
4. 1

1

Total nitrogen usage by the yeast cells during fermentation 100
4.12 Impact ofDAP addition on the expression of C4i?/ 102
4.13 The effect ofDAP addition on the production ofEC 105

5. DISCUSSION 114

5.

1

The addition ofDAP does not affect the growth rate of Montrachet yeast 114

5.2 The timing ofDAP addition affects nitrogen uptake by yeast cells 116

5.3 CARl expression is modulated by the timing ofDAP addition 1 19

5.4 The timing ofDAP addition influences the production ofEC 121

5.5 Molecular events may be used to explain the EC data 125

5.6 The timing ofDAP addition may be a potential means of controlling 126

and minimizing EC production by certain yeast strains

5.8 Suggestions on the use ofDAP as a nitrogen supplement 128

5.9 Future experiments and potential impact of current findings 129

6. CONCLUSIONS 130

REFERENCES 132





LIST OF FIGURES

Figure 1 Characteristic yeast growth and sugar metabolism during 19

wine fermentations

Figure 2 Sulfate reduction pathway 23

Figures Approximate location ofcis-acting regulatory elements in the 32

CARI promoter

Figure 4 Pathways involved in arginine metabolism and subsequent 37

ethyl carbamate formation in S. cerevisiae

Figures Formation ofa carbamate from an alcohol and an isocyanate 40

Figure 6 The condensed structural formula ofEC 41

Figure 7 The reaction of cyanic acid and ethanol to form EC 42

Figure 8 The production ofEC from urea and ethanol 44

Figure 9 Fermentation diagrams outlining the scheme used to conduct 59

the series of fermentations throughout the experiments

Figure 10 Photograph of a sample 1 L fermentation set-up and a 250 mL #7

fermentation set-up

Figure 11 DAP addition times to each of the fermentations 68

Figure 12 Nucleotide sequence of the CARI probe fix>m amplification of 72

the CARI gene within a unique region

Figure 13 Correlation of weight-loss/sugars-fermented to cell density 86

and sample-point selection

Figure 14 Northern analyses of the CARI and H4 probes 89



I'

0S



Figure 15 Ammonia standard cxirves 90

Figure 16 Impact ofDAP addition on NOPA assays W
Figure 17 Phosphor images ofRNA and loaded in increasing amounts 93

and probed with CARl and H4 probes

Figure 1 8 Plotted densitometry values ofCAR1/H4 as a function of total 93

RNA amount in each lane

Figure 19 Yeast cell density during Chardonnay must fermentation 95

Figure 20 Levels ofammonia nitrogen (mgN/L) in fermenting 97

Chardonnay must sampled throughout the fermentation

Figure 2 1 Levels of assimilable amino acid nitrogen (mg N/L) in 99

fermenting Chardonnay must sampled throughout the

fermentation

Figure 22 Levels of total nitrogen (mg N/L) sequestered by the yeast 101

cells during Chardonnay fermentation

Figure 23 CARl expression 103

Figure 24 Quantitative comparison ofMontrachet CARl gene 104

expression throughout Chardonnay must fermentation

Figure 25 The level of ethyl carbamate (ppb) in Chardonnay wine 106

samples as a function of the timing ofDAP addition to the

fermentations

Figure 26 Thelevelof ethyl carbamate (ppb) in Chardonnay wine 108

samples as a function of the timing ofDAP addition to the

fermentations in replicate batches



tO{

•„.lli

mi



Figure 27 The level of ethyl carbamate (ppb) in Chardonnay wine 109

samples as a function of the timing ofDAP addition to the

fermentations in repeat tests

Figure 28 The level of ethyl carbamate (ppb) in Chardonnay wine 1 12

samples as a function of the timing ofDAP addition to the

fermentations

Figure 29 The level of ethyl carbamate (ppb) in Chardonnay wine 113

samples where no DAP has been added as a function ofthe

yeast strain used in the fermentation

10





LIST OF TABLES

Table 1 Description and actions of the cis-acting elements involved in 33

CARl gene regulation

Table 2 Cis-acting elements and deduced effect of nitrogen source(s) 33

on regulation and expression ofCARl

Table 3 Base sequence of the oligonucleotides used as primers for the 73

PCR amplification of the probe region specific to the gene of

interest

Table 4 Ingredients and volumes ofthe components (A) and conditions 73

(B) used to amplify the probe region specific to the gene of

interest by PCR isL

Tables A comparison ofRNA extraction methods attempted in 87

relation to yield and cost

Table 6 Validation ofmodifiedBerthelot method reaction for 91

determination ofammonia in juice and wine samples

Table 7 The level of ethyl carbamate (ppb) reported in Chardoimay 110

wine samples fermented by Montrachet yeast where no DAP

has been added

11





ABBREVIATIONS

VSD Virtually safe dose

DAP Di-ammonium phosphate

dATP Deoxy-adenosine triphosphate

DEPC Diethylpyrocarbonate

DNA Deoxyribonucleic acid

EC Ethyl catbamate

GC/MS Gas chromatography/Mass spectroscopy

lARC International Agency for Research on Cancer

LCBO Liquor Control Board of Ontario

Min Minute

MQ Milli-Q filtered water by Millipore

mRNA Messenger ribonucleic acid

NAC N-acetyl-L-cysteine

nci Nitrogen catabolite inactivation

NCR Nitrogen Catabolite Repression

nm Nanometers

°C Degrees Celsius

OPA o-phthadialdehyde

NOPA "Nitrogen by OPA" (Dukes and Butzke, 1998)

PCI Phenol-chloroform-isoamyl alcohol (24:24: 1)

PCR Polymerase chain reaction

12





R/0 Reverse osmosis filtered water

RNA Ribonucleic acid

RPM Rotations per minute

SDS Sodium dodecyl sulfate

SSC Saline sodium citrate

UAS Upstream activation sequence

URS Upstream repression sequence

13





1. LITERATURE REVIEW

1.1 Winemaking

Wine has been a part of the human experience in many cultures for

literally thousands of years. It was made without any of the advanced technology or

careful measures we now associate with the manufacture of wine. In fact, it is assumed

that the first wine was made accidentally, without human guidance and intervention at all

(Phillips, 2000). This is only possible as the basic process of winemaking is extremely

simple.

Under rather crude conditions, all that is required to make grape wine is

grape juice and time. The indigenous yeast found on the grape berry will grow rapidly on

grapes where the skin has been broken, or in juice squeezed from the berries. The yeast

convert the sugars in the juice to carbon dioxide and ethanol under anaerobic conditions

(reviewed in Boulton et al., 1996). An anaerobic condition is quickly established in

liquids due to the lower solubility of oxygen in liquid environments and the rapid carbon

dioxide evolution during yeast growth. If left to ferment for sufficient time, wine results.

The quality of this wine, however, is seriously in question. Although it may be easy to

produce wine under many conditions, it is increasingly difficult to produce a high quality

wine predictably and consistently. Over time, winemakers and scientists have elucidated

many factors contributing to the production of a "quality wine", a "quality wine" being

one that is acceptable for consumption by today's market. Currently it is well known that

Ac production of "quality wine" is correlated in part to the following factors: grape

variety, acidity of the juice, the sugar concentration of the juice, the strain of yeast used
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to ferment the juice, contamination by detrimental microorganisms, the fermentation

temperature, filtration practices, and juice components (Boulton et al., 1996). There are

many other factors involved, and many more are sure to be added as the defmition of

"quality" shifts over time. For exanq)le, some may define a quality wine to be one that is

drinkable, another may decide that it must also be fi-ee of any particulates, and yet

another may add that it must be fi'ee of potentially harmiul additives.

Following current beliefs, the making of white table wine is iisiiaily done

using the following basic steps. Selected varieties of grapes are picked under optimal

conditions: when the berries are ripe and the sugar concentration of the juice is ideally

above 19-23 "^rix (equivalent to about 205-252 g/L) (Boulton et al, 1996). This

concentration of sugar in the juice can potentially yield 10.7-13.2% (v/v) ethanol in the

final wine. Only grape bunches fi-ee of obvious damage and mould tend to be used. The

grape bunches are de-stemmed and the berries are crushed. The juice is collected and put

into clean fermentation tanks. Often, winemakers will choose to add sulfur dioxide to the

juice to prevent the growth of spoilage organisms and to help prevent oxidation (Boulton

et al., 1996). The juice is tested for titratable acidity and adjusted such that it lies around

7.0-8.0 g/L tartaric acid equivalents and the pH lies between 3.0-3.3 (Boulton et al.,

1996). At this point, the winemaker may choose to add nitrogen or other nutrients to the

juice to promote efficient growth of the yeast, or to clarify the juice to remove solid

particulates or pectins. Yeast of a selected strain is prepared and added to the juice, with

a final concentration of approximately 2 x 10* cells/mL. The yeast cells then ferment the

wine, usually at a ten^wrature between 18 and 24°C (Boulton et al., 1996). As the

conversion of sugar to ethanol in grape juice is the main event defining the production of
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wine, fermentation is said to be complete when all of the sugar has been metabolized

resulting in a "dry" wine. As such, the indirect goal of the winemaker is to ensure that

sugar content is the rate-limiting factor of the fermentation. Under healthy growth

conditions, fermentation will be complete within 7-10 days (Bisson, 1999). After the

fermentation is complete, Ae wine is either transferred to oak barrels for aging, or is

settled, centrifuged, and/or filtered to remove the yeast, and may be stabilized to remove

excess tartrates. The clear, defect-fi^e wine is then bottled. Without question, there are

dozens of additional steps that may be added to this process, depending on the specific

conditions of the fermentation and the style of the winemaker. Even with all of these

precautions and carefid handling, many defects can arise in the wine, affecting cost and

quality.

IJl Yeast and Growth During Wine Fermentation

Saccharomyces cerevisiae is the typical "wine yeast" used to ferment juice

into wine. S. cerevisiae can be further divided into 17 subspecies (Boulton, 1996),

offering a large variety of strains for the winemaker to choose fi'om. The search and

development of additional strains is an ongoing effort in the wine science community.

S. cerevisiae is a facultatively anaerobic unicellular fungus naturally found

on fiiiits and leaves (reviewed in Tortora, 1992). Optimal growth is normally seen in

conditions where the temperature is between 28-35°C (reviewed in Matthews and Webb,

1991). Increasing concentrations of ethanol in the medium will, however, reduce the

optimal growth temperature due to the effect of ethanol on the cell membrane integrity

16
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(reviewed in Matthews and Webb, 1991). Growth of this organism can occixr between a

pH of 2.4 and 8.6, with an optimum range of 3.5-6.0 (reviewed in Matthews and Webb,

1991). Typically S. cerevisiae will propagate vegetatively by multilateral budding, but

imder certain conditions the yeast will spondate and mate sexually (reviewed in Boulton

etal, 1996).

Many forms of yeast, other fungi, and bacteria exist naturally on grapes

and winery equipment. Winemakers do not filter their juice to remove contaminant

organisms. As such, wine fermentations generally begin as mixed cultures. Even so, S.

cerevisiae will eventually dominate. This is due to their ability to grow in the absence of

oxygen, to grow in acidic environments, and their tolerance to ethanol. The ethanol

produced by S. cerevisiae will inhibit the growth of other acidic and ethanol intolerant

organisms. It is not possible to predict, however, which particular strain of 5. cerevisiae

will dominate. Each strain of S. cerevisiae will affect a fermentation differently, for

example by fermenting at faster/slower rates or to different levels of completion, or by

yielding largely different flavour profiles in the wine. It is for this reason that winemakers

choose to add a selected axenic starter culture of a known strain with known

characteristics to the juice prior to fermentation.

S. cerevisiae cultures respond to growth media much the same as any

othCT unicellular microbe: they demonstrate a typical growth curve with the

characteristic lag, log, stationary, and death phases. Each yeast strain and growth

condition will produce slightly different curves where any of the phases may be longer or

shorter and the maximum cell density attained may differ. For this reason, the rate of

17





fermentation by any given strain under any given condition must be determined

empirically.

The progression of a fermentation may be monitored in various ways, such

as by cell density growth curves, sugar concentration, or ethanol production. As

mentioned earlier, the conversion of hexose sugars to ethanol is the defining event in the

conversion of juice to wine. As such, it is an indirect aim for the sugar to be the rate-

limiting factor in the production a t3^ical white table wine. The fermentation is finished

when there is no more fermentable sugar available in the must (100% sugars fermented).

The amount of ethanol and carbon dioxide that can be potentially formed can be

calculated fix)m the initial sugar concentration. The conversion of a sugar molecule to

ethanol and carbon dioxide is according to the following reaction:

CgHuOe 4 ^ lidUsOH) + 2CO2

Glucose Ethanol Carbon Dioxide

Measuring cell density may provide information about the health of the culture, but does

not describe the efficiency of sugar metabolism. In addition, the completion of a

fermentation would be defined by cessation of growth rather than by the amount of sugar

remaining. If this were the only method used to monitor fermentation, the wines

produced would vary greatly in sweetness, alcohol concentration, and microbial stability.

The measurement of sugar throughout a fermentation, however, provides more

meaningfiil data to the production of wine with defined characteristics. It is also the most

commonly used method of monitoring the progression of a wine fermentation.

18





Monitoring ethanol production is an indirect way of measuring sugar conversion and

provides information about the nature of the fmal product. Another indkect way of

measuring sugar metabolism is by monitoring carbon dioxide evolution (El Haloui et al,

1988). An example of how a typical fermentation progresses over time with respect to

cell density, sugar loss, carbon dioxide evolution, and ethanol production can be seen in

Figure 1.

Increasing Tim

Figure 1. Characteristic yeast growth and sugar metabolism during

wine fermentations. Approximation of curves following yeast cell

density (), sugar concentration ( ), ethanol concentration (), and carbon

dioxide concentration () throughout a typical wine fermentation.
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13 Nitrogen Requirements of Yeast during Fermentation

Nitrogen is a major nutrient required by all biological organisms,

quantitatively second only to carbon. The nitrogen requirements of 5. cerevisiae during

fermentation of grape juice has only been recognized over the last decade. Only a few

wineries in the world test grape juice for nitrogen content to better determine the nitrogen

requirement for a specific batch ofjuice. It is currently known that nitrogen availability

will affect, among other aspects, the rate of fermentation, ester formation, fusel oil

production, hydrogen sulfide (H2S) production, urea production, and ethyl carbamate

formation by wine yeasts (Henschke and Jiranek, 1993).

It was first suggested in 1963 (Bizeau, 1963) that stuck or sluggish

fermentations could be caused by deficiencies in assimilable nitrogen (reviewed in

Henschke and Jiranek, 1993). It was later found that nitrogen deficiencies could also

result in H2S formation in fermenting must (Vos and Gray, 1979). The addition of a

nitrogen source to wine fermentations often prevents these effects.

13.1 Sluggish and Stuck Wine Fermentations

A fermentation that exceeds 55-85 days to ferment to dryness (defined as

having only trace amounts of sugar remaining) from an initial sugar concentration of 150-

240 mg/L is defined as sluggish, whereas a fermentation that has ceased completely

before reaching dryness is defined as stuck (Houtman and du Plessus, 1986). These

effects may occur as a result of: (1) the lack of a growth factor or nutrient; (2) the

presence of an inhibitory substance. Examples of (1) include the lack of vitamins, co-

factors, fermentable sugars, fatty acids, and nitrogen. Some examples of (2) incliide high
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concentrations of sulfur dioxide, high osmolality, presence of killer toxins, high ethanol

concentration, and pesticide residues (reviewed in Henschke and Jiranek, 1993).

One of the major causes of stuck and sluggish fermentations is due to the

lack of free assimilable nitrogen in the media (Ingledew and Kunkee, 1985). It is

postulated that nitrogen limited cultures are unable to synthesize the multigene family of

hexose transporters (Bisson, 1999), leading to cells which are then unable to transport the

energy source required for growth. Ingledew and Kunkee (1985) studied the effect of

aeration and nitrogen supplementation in various permutations. The data obtained

suggested that "the easiest way to stimulate fermentation and avoid sluggishness is to add

useable nitrogen" (Ingledew and Kunkee, 1985).

U.2 Hydrogen Sulfide Production in Wine Fermentations

Hydrogen sulfide (H2S) production has a serious impact on the aroma of

the wine, yielding an offensive smell resembling rotten eggs. The threshold for detection

of H2S by the human nose is very low, ranging from 10-100 ng/L (reviewed in Henschke

and Jiranek, 1993).

As with sluggish fermentations, there are many possible causes

responsible for H2S production (reviewed in Rauhut, 1993). In 1979 (Vos and Gray), a

clear inverse relationship was demonstrated between the production of H2S and the level

of free assimilable nitrogen in the media. The fu^t mechanism proposed for H2S

production in fermentations lacking sufficient nitrogen was that "the proteolytic activities

of the yeast are activated", thereby degrading the large peptides and proteins external to

the ceU into their respective amino acids. This would provide additional assimilable
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nitrogen to the yeast. The degradation was thought to release the sulfur derivatives of the

sulfur-containing amino acids in the protein in the form of H2S (Vos and Gray, 1979). It

was later found, rather, that H2S production in nitrogen deficient fermentations occurs by

the two mechanisms outlined below (reviewed in Henschke and Jiranek, 1993; reviewed

in Rauhut, 1993).

The first mechanism occurs during active fermentation and is thought to

be the major contributing pathway to the production of H2S (reviewed in Rauhut, 1993).

It is caused by a lack of the necessary amino acids that normally bind to the intermediate

S^' in the Sulfate Reduction Pathway (SRP) to form the sulfiir-containing amino acids

cysteine and methionine (See Figure 2). This pathway is a central for the synthesis of all

the sulfur-containing compounds within the cell. When there is a cellular demand for the

sulfiir-containing amino acids, the SRP is de-repressed, allowing up-take and reduction of

sulfate to sulfide. Normally, sulfide is conjugated to the precursor o-acetylhomoserine, to

form homocysteine that can be further metabolized to either methionine or cysteine. If

there is insufficient nitrogen to provide the amino-precursor, o-acetylhomoserine,

however, the pathway is blocked and S^" accumulates. In the acidic environment found in

must, the S^" can combine with two hydronium ions to form the volatile and offensive

H2S. Under conditions when SPR is derepressed, the SO2 added during winemaking

could be reduced to S^', resulting in additional H2S release into the must
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The second mechanism by which a nitrogen deficiency may lead to the

release of H2S by yeast occurs late in the fermentation, when nitrogen becomes limiting.

Under these conditions, it is thought that the yeast will degrade internal amino acids,

some of them sulfur containing, in order to re-synthesize amino acids that are more

greatly needed by the cell. Although the breakdown of the sulfur-containing amino acids

will release S^", it is thought that the relative amount of sulfur-containing amino acids

provided by the yeast or by the juice is too small to release the amount of sulfur required

for detection by the human nose. Based on this, it is suspected that this mechanism is not

a major contributor to the problem of H2S formation (reviewed in Henschke and Jiranek,

1993; reviewed in Rauhut, 1993).

Vos and Gray (1979) also demonstrated that the formation of H2S by S.

cerevisiae could be greatly suppressed by the addition ofdi-ammonium phosphate (DAP)

early in the fermentation. It has been noted, as well, that DAP added late in a

fermentation will not prevent the formation of H2S (reviewed in Henschke and Jiranek,

1993).

133 Nitrogen Supplementation in Wine Fermentations

Many winemakers have been indirectly supplementing their wines with

nitrogen for himdreds of years by adding wine lees to the fields to promote vine growth.

In the last 50 years, many viticulturalists have also been adding pure nitrogen sources to

the vines, again to promote vine growth. Some of the added nitrogen finds its way into

the grapes berries (Lohnertz, 1991; Wermelinger, 1991), which in turn will 3aeld a must

with higher nitrogen contents.
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Urea was the first nitrogen source to be used commercially for the direct

supplementation of fermenting must. Its xise, however, was outlawed in many countries

as it is a precursor in the formation of ethyl carbamate (reviewed in Henschke and

Jiranek, 1993). Since then, yeast extracts and yeast foods, as well as DAP addition, have

been developed as supplement the nitrogen requirements of fermenting musts.

133.1 Addition of Nitrogen to Vineyards

The addition ofwine lees to fields as a fertilizer has probably been done in

Europe for hundreds of years. This decision was likely based on the simple observation

that the addition of fertilizer would promote healthier vines and berries. Direct nitrogen

fertilization started when grape growers began to add substances such as urea, nitrates,

and ammonium salts to the soil. The addition of nitrogen to the fields will not only

enhance the growth of the grape vines and berries, but also yield higher nitrogen contents

in the must (Bertrand et al., 1991; Lohnertz, 1991; and Wermelinger; 1991). This will

lead to more vigorous fermentation and a decreased chance of stuck or sluggish

fermentations. There has been some evidence, however, to demonstrate a connection

between field nitrogen fertilization practices and the formation of ethyl carbamate in wine

(Ough et al., 1989; Bertrand et al, 1991). The current belief is that nitrogen fertilization

leads to greater amounts of nitrogen, stored in the form of arginine, in the berries.

Arginine, as discussed in 1.3.6.1 and 1.4.5, is converted into urea during fermentation,

which can then react with ethanol to produce ethyl carbamate (Ough et al, 1989).
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133.2 Addition of Urea to Grape Must

Urea was an early supplement in wine as it was noted to increase the rate

of fermentation and decrease the likelihood of problem fermentations (reviewed in

Henschke and Jiranek, 1993). Its popularity as a nitrogen supplement is likely due not

only to the fact that it produces such positive effects in the fermentation, but it is also

quite inexpensive. Although it was known since 1840 that urea will react with ethanol in

model systems to produce ethyl carbamate (Wohler, cited in Zimmerli and Schlatter,

1991), it was not until 1985 that its use as a supplement was banned in Canada (Conacher

and Page, 1986).

1333 Addition of Yeast Nutrients to Grape Must

Yeast foods have generally been developed in response to a need for a

yeast supplement that can prevent sluggish/stuck fermentations, H2S formation, and to

promote vigorous fermentations (reviewed in Henschke and Jiranek, 1993). Depending

on the brand, all yeast foods are different (Ingledew et al., 1986). Yeast foods often

contain some nitrogen source such as ammonia, yeast extract, yeast hulls, and amino

acids (Ingledew et al., 1986). However, they can also contain other nutrients such as

vitamins, co-factors, and fatty acids (Ingledew et al, 1986). When any of these

compounds are lacking in fermentation, they become sluggish or ethanol toxicity may be

seen (reviewed in Henschke and Jiranek, 1993). Yeast foods have been available for

decades, but their composition changed dramatically in 1986 when the use of urea was

batmed in alcoholic fermentations (Conacher and Page, 1986; Ingledew et al., 1986;

Liston and Huston, 1986). As each yeast food is different, use affects the outcome of
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each fermentation differently (Ingledew et al., 1986). As such, winemakers have been

warned to pay careful attention to the purpose and design of the foods available and to

choose wisely (Ingledew et al., 1986). Unfortunately, the composition of yeast foods is

often proprietary and therefore the ingredient list is unavailable to the winemaker. Often,

a winemaker will simply choose a favorite yeast food based on "trial and error" in past

fermentations, and settle on a favorite brand.

\33A Addition of Di-ammonium Phosphate (DAP) to Grape Must

The most common nitrogen additive currently used in wine fermentations

is DAP. Its use flourished in response to the banishment of \xie& in 1985. Current

regulations allow a maximum addition of 950 mg/L DAP to fermenting must in the

U.S.A., and 300 mg/L in Europe (reviewed in Henschke and Jiranek, 1993). Currently,

there is no regulation on the permissible amount of DAP which can be added to wines

sold in Canada (Department of Justice, Canada, 2000). Many wineries will add DAP at

the beginning of fermentation, while others will add DAP only in response to H2S

formation or sluggish fermentations. One recommendation is that the yeast food or

nitrogen supplement be divided into portions and added to the must incrementally over a

period of several days (Lalvin, 2000). Another common practice in industry is to add 200

mg/L DAP at the start of the fermentation, with additions of 100 mg/L incrementally in

response to H2S formation (Henschke and Ough, 1991; reviewed in Henschke and

Jiranek, 1993).
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U.4 Nitrogen Regulation in Yeast

The utilization of each nitrogen source by yeast occurs via different steps

and has different energy requirements. It is thought, then, that the regulation of nitrogen

utilization enables the yeast to preferentially use the best sources (ter Schure et al., 2000).

A best or preferred nitrogen source is defined here as a source allowing for maximal cell

growth and minimal energy expenditure; these are typically ammonia, glutamine,

glutamate, and asparagine (Magasanik, 1992). Examples of types of nitrogen regulation

are as follows (reviewed in ter Schure, 2000): (1) 'nitrogen catabolite repression' (NCR)

serves to repress the expression of genes that enable the utilization of a less preferred

source (Cooper, 1985; Wiame, 1985), (2) 'nitrogen catabolite inactivation' (nci) serves to

inactivate the proteins involved in the utilization of a less preferred source (Stanbrough,

1995), and (3) 'inducer exclusion' prevents the transcription of a gene in the absence of

the encoded protein's metabolite (Bossinger, 1977).

Ammonium, for example, has been shown to be a preferred nitrogen

source by yeast (Cooper, 1982). As noted above, this phenomenon is known as "nitrogen

catabolite repression" (NCR); where expression of genes encoding enzymes and transport

proteins in the metabolism of less preferable nitrogen sources are down-regulated by the

presence of a more preferable source (Cooper, 1982; Wiame et al., 1985; Magasanik,

1992). As the preferred source is depleted, the repressed nitrogen-related genes will be

activated and the other sources utilized. Many of the genes involved in arginine

metabolism have been shown to be regulated by NCR (Cooper, 1982). The effects of

NCR, nci, and inducer exclusion will be explained using ammonia and arginine as

examples where appropriate.
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One of the J5rst actions to occw upon addition of a pteferred nitrogen

source is the deactivation (nci) of selected nitrogen-related proteins. Permeases are

usually regulated by nci, and Gaplp, the general amino acid permease, is one such

protein. In general, susceptible permeases are deactivated (nci) by dephosphorylation

followed by degradation via the ubiquitin pathway (ter Schure et al, 2000). As of yet, it

is unclear if the preferred nitrogen source causes the dephosphorylation of the permease

by deactivating the activating kinase "protein kinase homologue", Nprlp, or if it becomes

dephosphorylated by a yet unidentified phosphatase (ter Schure et al, 2000). Once de-

phosphotylated, the permease is ubiquinated by Npilp, ubiquitin-protein ligase, which

induces its endocytosis and degradation in the vacuole (ter Schure et al, 2000). This

protein deactivation creates an immediate cessation of uptake of the less preferred

nitrogen source. Further regulation of nitrogen-related proteins occurs at the level of

transcription.

Transcription of genes is regulated by cis-acting elements in the promoter

that determine the level of the expression of the gene. In a classic NCR regulated system,

a necessary requirement is an upstream activating sequence containing repeated 5'-

GATAA-3' sequences (UASgau) (Rai, 1989; reviewed in Magasanik, 1992). A /raws-

acting protein, GIn3p, binds to the site to enable transcription of these nitrogen-regulated

genes. In the presence of a preferential nitrogen source such as asparagine, glutamine, or

ammonia, however, another trans-acting protein, Ure2p, interferes with the function of

the Ghi3p and the UASgau site is no longer activated (Cof&nan et al, 1994). In the

cytoplasm, Ure2p interferes with the formation of the Gln3p:DNA complex by binding to

Gln3p (Beck and Hall, 1999). This occurs when Gln3p is in a phosphorylated state.
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indirectly controlled by a cytoplasmic protein TORp (Beck and Hall, 1999). The binding

of Ure2p to Gln3p thereby sequesters the Ghi3p in the cytoplasm, thus preventing its

entry to the nucleus where it would otherwise bind the UASgau site (Beck and Hall,

1999). Other systems have been found that respond to nitrogen availability in an NCR

fashion, but to date it seems that only those genes regulated by the action of Ghi3p, or a

similar protein, on the UASg^a site are considered to be 'NCR regulated'.

Another mechanism by which nitrogen utilization is regulated at a

transcriptional level is that of induction by the target nitrogen source itself In some

cases, as seen in CARl (encodes arginase) for example, an upstream activating sequence

is sensitive to the presence of the target source. With arginine as an example, any of a

series of fra/w-acting proteins are thought to be activated by arginine, which allows them

to bind to the UASarg site thereby enabling transcription (Cooper et al, 1992). When

there is no inducer present, the site is not activated. Often, in the presence of a preferred

nitrogen source such as ammonia, the permeases responsible for the uptake of the target

nitrogen source will be regulated by nci and NCR. As a result, the substrate is not taken

into the cell and there is no inducer available to activate the gene (i.e. CARl) in question.

This phenomenon has been termed 'inducer exclusion' (Cooper et al., 1992).

There are many other mechanisms by which a nitrogen gene may be

regulated. In general, although other mechanisms have been suggested (Coffinan et al.,

1995), an NCR regulated gene has a UASgata site in the promoter (Magasanik, 1992). A

gene susceptible to inducer exclusion has a promoter element that is active in the

presence of the substrate. A gene may be regulated by only one or by both of these

mechanisms and may have additional promoter elements in play. This variability from
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gene to gene enables highly specific and fine-tuned regulation of any given nitrogen-

related gene in response to the environment

CARl is one such gene that has many promoter elements regulating its

expression. Because of this, it has been a challenge for researchers to determine whether

this gene undergoes NCR regulation or inducer exclusion. It was demonstrated as early

as 1970 that CAR] could be induced by arginine (Middelhoven, cited by Bossinger and

Cooper, 1977). It was also known that CAR] exhibited NCR-like sensitivity, but no

UASgata site had been located (Cooper et a!., 1992). It was suspected that regulation

occurred, rather, at the level of inducer exclusion (Courchesne and Magasanik, 1983).

The effect of inducer exclusion as a means of regulating CARl was finally confirmed in

1992 (Cooper et al.). In 1997, however, a Gln3p dependent UASgata site was located in

the CARl promoter (Dubois and Messenguy, 1997). Through a series of 'gene knock-

out' and arginase activity experiments, it was confirmed that CARl is also regulated by

classic NCR (Dubois and Messenguy, 1997),

As it turns out, the CARl gene has five known cis-acting elements in the

promoter (see Figure 3 for relative locations and see Table 1 for descriptions) (Cooper et

al., 1992; Ehibois and Messenguy, 1997). It has a UASgata sequence and is therefore

subject to classic NCR (Cooper et al., 1992; Dubois and Messenguy, 1997). It has an

argintne-inducible site UASaig and is therefore sensitive to inducer exclusion (Cooper et

al., 1992; EHibois and Messenguy, 1997). It also has two constitutively active upstream

activating sequences that determine the basal level of transcription (Cooper et al., 1992;

Dubois and Messenguy, 1997). Finally, it has a nitrogen-sensitive upstream repressible

sequence (Cooper et al, 1992; Dubois and Messenguy, 1997). This sequence depends on
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the function of a /rons-acting protein Ume6p. In the presence of a preferred nitrogen

source, Ume6p binds to the site and down-regulates transcription. When a preferred

source is lacking, such as in nitrogen starvation conditions, Ume6p dissociates from the

site and transcription can resume. An interpretation of the regulation scenarios for CARl

regulation is outlined in Table 2.

-400 •300

J.

-200

JL
-100

J^ ATG

UAS„ UASw UASbuf UAS„ URS TATATAA

Figure 3. Approximate location of cts-acting regulatory elements in

the CARl promoter. Start site of transcription is equal to 0. Modified

from Dubois and Messenguy (1997).
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U.5 Ammonia Uptake and Metabolism in Yeast

The metabolism of ammonia plays a central role in the regulation and

metabolism of nitrogen. Ammonia, glutamate, and glutamine inter-convert to fiilfiU all

of the cells' nitrogen needs (Magasanik, 1992). In general, any nitrogen source that can

be catabolized into one of these compounds can be used as a sole nitrogen source by the

yeast (Magasanik, 1992).

Ammonia as a nitrogen source may enter the cell by a few mechanisms.

Firstly, if the extracellular concentration of the ammonia is greater than 20 mM, the

anmionia will enter the cell via facilitated diffusion (reviewed in ter Schure et al, 2000).

When concentrations in the media are low, however, ammonia must be accumulated by

active transport. This active transport also enables the cells to retain ammonia produced

from the breakdown of less-preferred nitrogen sources (ter Schure et al, 2000). Active

transport ofammonia in yeast involves at least three permeases: Meplp, Mep2p, Mep3p

(Marini et al., 1997). Each of these permeases have varying affinities for ammonia, but

in general, when each of the transport-encoding genes are deleted, yeast cells are unable

to grow in ammonia as the sole source when the extracellular concentration is less than 5

mM. Restoration of any of the three Mep transporters restores growth on this media

(Marini et al, 1997). Like many NCR regulated genes, the MEP genes require Gln3p for

transcription and have 5'-GATAA-3 '-containing UAS sites (Marini et al, 1997).

Consequently, the presence of other preferred nitrogen sources will decrease the active

transport of ammonia (Marini et al., 1997). This seems logical as both the ammonia

transporters and tiie NCR-regulated genes are expressed under conditions of nitrogen

starvation. In conditions where ammonia is available above concentrations of nitrogen
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starvation, ammonia will enter the cell via facilitated diffusion or the yeast will use an

alternate preferred source.

13.6 Amino Acid Uptalie and Metabolism in Yeast

In general, any nitrogen source fliat can be degraded by the yeast to yield

ammonia or glutamate can be used as a sole nitrogen source. When nitrogen sources are

provided to the yeast in a mixed form, the yeast will use the individual sources in a

preferential manner. As outlined in section 1.3.4, this is mediated by the effects ofNCR,

nci, and inducer-exclusion. It is thought that yeast have evolved this mechanism as a

means of using the most efficient and easily degraded nitrogen sources possible (ter

Schuree/a/.,2000).

The most 'preferred' sources appear to be glutamate, glutamine, ammonia,

and asparagine (Magasanik, 1992). Urea as a sole nitrogen source will also yield high

growth rates, but it will not be accumulated intra-cellularly to the same extent as other

nitrogen sources due to its cellular toxicity (Cooper, 1996). The remaining nitrogen

sources will be accumulated using both specific transporters and general transporters

such as Gaplp that are activated active once the most preferred sources have been

depleted. Although nitrogen contents and concentrations in unadulterated grape juice

varies greatly between grape varieties, viticulture practices, climates, and must

preparations (reviewed in Henschke and Jiranek, 1993), the predominant nitrogen

Auctions tend to be arginine and proline (reviewed in Boulton et al., 1996). As the

utilization of proline requires oxygen, proline is inaccessible to the yeast during wine
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fermentation (Boulton et al., 1996). This leaves arginine as the major assimilable

nitrogen fi^ction in grape juice.

U.6.1 Argiiiioe Metabolism and Urea Production in Yeast

Since arginine is the predominant amino acid accessed by yeast in wine

fermentations (Henschke and Jiranek, 1993), urea may be formed endogenously via

arginine metabolism (reviewed in Monteiro and Bisson, 1991). Arginine is taken into the

cell by either the general amino acid permease (Gaplp) (Jauniaux and Grenson, 1990) or

the arginine permease (Canlp) (Hofi&nann, 1985). During its metabolism, arginine is

degraded into urea and ornithine by arginase (Carlp) (Middelhoven, 1964), that is

encoded by the CARl gene (Sumrada and Cooper, 1982). Urea amidolyase (Durl,2p) can

then degrade the urea to ammonia and CO2. As the DUR1.2 gene is subject to NCR by

preferred nitrogen sources (Genbauffe and Cooper, 1991), wine yeast tend not to degrade

urea efficiently during wine fermentation. Rather, the urea is then shunted out of the cell

via facilitated diffusion, where it can react with ethanol. Alternatively, urea may be

transported back into the cell by the urea active transporter during conditions of nitrogen

starvation (El Berry et al., 1993). The pathway and genes involved with arginine and urea

metabolism in S. cerevisiae are outlined in Figure 4.
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UREA

ETHANOL

ETHYL CARBAMATE

Figure 4. Pathways involved in arginine metabolism and subsequent

etliyl carbamate formation in S. cerevisiae. The protems (genes) of

interest are the arginme permease (CANl), general amino acid permease

(GAPl), arginase (CARl), lirea amidolyase {DURJ,2), and the urea active

transporter (DURS).
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As displayed in Figure 4, the genes encoding the proteins responsible for

arginine and urea transport and metabolism are CANl, GAPl, CARl, DUR1.2, and

DUR3. The descriptions and basic regulation of the genes are listed below.

CANI encodes the arginine-specific permease located in the cell

membrane. It was named CAN] for its sensitivity to canavine, a non-standard amino

acid: yeast growth is inhibited by canavine in the absence of arginine and the phenotype

of canavine-resistance consistently maps to the CANI locus (Ahmad and Bussey, 1986).

The regulation of this gene and the resultant protein has not yet been fully elucidated, but

it is known to be subject to NCR regulation (Chan and Cossins, 1976; Cooper, 1996). It

also is known that the protein is degraded in the stationary phase, although this is not due

to the de-phosphorylation that accompanies the phenomenon of nci (Opekarova et al.,

1998).

GAPI encodes the general amino acid permease located in the cell

membrane. It transports all common L-amino acids, several D-amino acids, and related

compounds such as ornithine, citruUine, toxic amino acid analogues, and y-amino-butyric

acid (GABA) (Stanbrough and Magasanik, 1995). The gene is transcriptionally regulated

by NCR and post-translationally by nci (Stanbrough and Magasanik, 1995). This is the

principal transport mechanism for amino acids during the later stages of fermentation. Its

activation appears to coincide with the depletion of ammonia in the media and cellular

pools (Stanbrough and Magasanik, 1995).

CARl (E.C. 3.5.3.1) encodes the specific arginase located in the cytosol.

The enzyme degrades arginine into urea and ornithine. Transcriptionally, the gene is

directly induced by the presence of arginine in the media and indirectly repressed by
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NCR of GAPl by inducer exclusion, and directly repressed by NCR. The specifics of

this regulation were outlined in detail in section 1.3.4.

DUR1,2 encodes a bi-fiinctional two-domain protein, which degrades urea

into ammonia and carbon dioxide. The function of this protein requires ATP and

bicarbonate (GenbauflFe and Cooper, 1991). The protein degrades urea in two stages: (1)

the urea carboxylase domain carboxylates urea to yield allophanate, then (2) the

allophanate hydrolase domain hydrolyses the intermediate allophanate to yield carbon

dioxide and ammonia (GenbaufFe and Cooper, 1991). The gene is induced by the

presence of allophanate, oxalurate, and mating factors and is repressed by NCR

(GenbaufFe and Cooper, 1991). DUR1,2 is usually expressed in conditions of nitrogen

starvation (Genbauffe and Cooper, 1991).

DUR3 encodes a urea-specific active transporter located in the cell

membrane. Urea may enter the cell by facilitated diffusion when the extracellular

concentration is above 0.5 mM (El Berry et al., 1993). When the concentration of urea is

less than 0.25 mM, however, the uptake of urea is dependent on the action of the DUR3

protein (El Berry et al., 1993). The expression of the gene is induced by allophanate and

oxalurate and is repressed by NCR (El Berry et al., 1993).

1.4 Ethyl Carbamate in Wine

The interest in ethyl carbamate production in fermented beverages began

in 1971 when it was detected in fiuit juices that had been treated for microbial stability

with diethylpyrocarbonate (DEPC) (lARC, 1972; reviewed by Zimmerli and Schlatter,

1991). The involvement of DEPC in the formation of EC in fermented foods and
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beverages, however, was discounted, and EC was found to be present in cases where

DEPC had not been used (Battaglia et al., 1990). The presence of EC in these products

remained a concern due to its carcinogenic nature (see section 1.4.6). Further testing of

ethanolically fermented foods and beverages revealed the ubiquitous nature of this

compound (lARC, 1974; Ough, 1976a; Clegg et al, 1984; Battaglia et al, 1990; Zimmerli

and Schlatter, 1991). A series of experiments ensued in an effort to discover its origin in

these products.

1.4.1 The Definition of a Carbamate

A carbamate, also referred to as a uretfaane, is defined as a compound that

is simultaneously an ester and an amide (Bruice, 1998). Reacting an alcohol and an

isocyanate as follows in Figure 5 can form these compounds:

O
I

RN=C=0 + ROH — RNH-C-OR

Isocyanate Alcohol Amide Ester

Figure 5. Formation of a carbamate from an alcohol and an

isocyanate. Modified from Bruice (1998).

A large number of different carbamates can be formed, depending on the

R-group substitutions. As ethanol is the primary alcohol in wine, however, the ethyl

groups on the alcohol becomes the R-groups on the ester end of the carbamate, and ethyl

carbamate is formed.
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1.4^ Chemical Properties of Ethyl Carbamate

The structure of ethyl caibamate (C3H7NO2) can be seen in Figure 6. It

has a molecular weight of 89.1 g/mol, a melting point of 48-50*'C, and a boiling point of

182-184°C. Its solubility at standard temperature and pressure is 2 g/mL in water and

1.25 g/mL in ethanol (lARC, 1974). When not solubilized in a solution, carbamates will

exist as a crystalline solid (Solomans, 1992).

O
I

H2N-C-OC2H5

Figure 6. The condensed structural formula of ethyl carbamate

(lARC, 1974).

1.4J Reactions Yielding Ethyl Carbamate

There are many precursors and reactions that will yield ethyl carbamate.

Hara et al. (1988) demonstrated the production of ethyl carbamate in ethanolic model

solutions using a variety of precursors: urea, potassiimi cyanate, carbamyl phosphate, L-

citrulline, carbamyl-DL-aspartic acid, and ethylurea. It has been proposed that the

common factor in these reactions is the intermediate of cyanic acid (HCNO) (Zimmerli

and Schlatter, 1991). It is the cyanic acid that will then react with an alcohol to yield a

carbamate, or specifically with ethanol to yield ethyl carbamate. The proposed reaction

of ethanol with cyanic acid can be seen in Figure 7 (cited by Zimmerli and Schlatter,

1991).
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HCNO + C2H5OH — C3H7NO2

Cyanic acid Ethanol Ethyl Carbamate

Figure 7. The reaction of cyanic acid and etlianol to form ethyl

carbamate.

1.43.1 Urea as a Precursor to Ethyl Carbamate Production

Urea is one of many compounds known to react to produce ethyl

carbamate. It is considered the major precursor to ethyl carbamate formation in wine (see

section 1.4.4 for further substantiation).

It is thought that urea will first decompose in solution to yield ammonia

and cyanic acid (reviewed in Battaglia et al., 1990). The decomposition has been noted

to increase at higher ten^)eratures (reviewed in Battaglia et ai, 1990), an observation

which can be used to explain the phenomenon that ethyl carbamate production in wine

also increases at higher temperatures (Ough, 1976a; Hara et ai, 1988; Monteiro et al.,

1989). The cyanic acid produced from the decomposition of urea can then react with

ethanol to yield ethyl carbamate. The reaction can be seen in Figure 8.
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H2N-C-NH2 ^
Urea

H-0-C=N

Cyanic Acid

H
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• :N-H
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Ammonium
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+ H-C-C-OH
I I

H H

Ethanol

t
O
II

H2N-C-OC2H5

Ethyl Carbamate

Figure 8. The production of ethyl carbamate from urea and ethanol.
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1.4.4 The Formation of Ethyl Carbamate in Wine

Hydrogen cyanide, carbamyl phosphate, and urea are all compounds found

in wine that can react to fix)m ethyl carbamate. As both hydrogen cyanide and carbamyl

phosphate are only found in low concentrations in juice and wine, they are not considered

to be the likely contributors to ethyl carbamate formation in wine (reviewed in Ough,

1988; reviewed in Zimmerli and Schlatter, 1991). The remaining possibility, then, is that

urea is the major precursor to EC formation in wine. In addition, it was well known that

urea is often found in high amounts during wine fermentation. As reviewed in section

1.3.6.1, urea can be present in wine fermentations as a product of arginine metabolism.

This hypothesis was further substantiated by experiments reported by

several groups. Ingledew et al. (1987) investigated the effect of yeast foods on the

formation of ethyl carbamate in wine. They opted to add either casamino acids, DAP,

glycine, yeast extract, or urea to Chardonnay juice and measure the levels of ethyl

carbamate in the resulting wine upon heat treatment. Their results convincingly show

that only the addition ofurea to the fermentation resulted in ethyl carbamate levels higher

than the control (no urea added).

In a similar experiment, Ough et al (1988a) studied the effect of added

amino acids, urea, or ammonia to Chardonnay fermentations. They found that the

addition of increasing levels of arginine correspondingly increased the level of ethyl

carbamate found in heat-treated wine samples. The sole addition of glutamic acid or

ammonia, however, did not increase the level ofEC produced. As further evidence of the

effect of arginine in the production of the EC precursor urea, they found that the increase
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in EC corresponded with an increase of proline and ornithine. Along with urea, ornithine

is known to be a product of arginine metabolism (as outlined in section 1.3.6.1) and

proline can be synthesized by yeast using this by-product. From these experiments, Ough

et al. (1988a) estimated that anywhere from 40-80% of the EC produced in a wine

fermentation could be accounted for by urea.

The experiments Monteiro et al. (1989) conducted were separated into

tiu-ee sections, each answering a portion of the question at hand: is the reaction of

ethanol and urea a contributor ofEC formation in wine? Firstly, in a model system, they

confirmed that ethanol and radioactive urea reacted to produce radioactive EC and

developed a model of the rate kinetics. Secondly, they demonstrated the appearance of

radioactive ethyl carbamate by the addition of radioactively labeled urea to wine.

Thirdly, they investigated the endogenous source of urea during a wine fermentation by

adding radioactively labeled arginine to juice and monitoring the production of

radioactive urea. It was conclusively foimd that the metabolism of arginine could provide

the urea necessary to produce the EC found in wines.

Studies have also been done on the effect of temperature, pH, and time on

the production of EC from urea (Ingledew et al., 1987; Hara et al., 1988; Ough, 1988b).

These data show that an increase in pH from acidic to neutral, and an increase in

temperature will both lead to a faster formation of ethyl carbamate. The formation of EC

will also increase over time. These observations have special considerations for the

consumer, as many wines will be secondarily fermented with malolactic bacteria to

reduce a high acidity level, and bottles may be stored in excess of five years. Storage

conditions will also vary from consumer to consumer, especially with respect to light and
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temperature. These treatments will subsequently have various effects on the level of

actual EC present in the wine at the point of consumption. With these conditions in

mind, the LCBO treats all wine samples for analysis with high heat for several days to

determine the final amount of ethyl carbamate that can be potentially formed in a batch of

wine.

1.4.5 The Occurrence of Ethyl Carbamate in Wine

EC in fermented beverages was first demonstrated in 1971 when it was

detected in fruit juices that had been treated for microbial stability with DEPC (lARC,

1972; reviewed in Zimmerli and Schlatter, 1991). Even though the role of DEPC in EC

formation was discoimted, EC continued to be found in samples of fermented beverages

(Battaglia et al, 1990). Further testing of ethanolically fermented foods and beverages

revealed the ubiquitous nature of this compound (lARC, 1974; Ough, 1976a; Clegg et al.,

1984; Battaglia et al, 1990; reviewed in Zimmerli and Schlatter, 1991). In 1985, the

LCBO began testing for ethyl carbamate and found cases where unusually high levels of

the contaminant were found in fermented beverages destined for sale in Canada

(Conacher and Page, 1986). Clegg et al. (1998) assayed numerous randomly selected

alcoholic beverages for the presence of EC. They also demonstrated that the presence of

EC is not common only to wine, but many other alcoholic products such as brandy,

stone-fruit liqueurs, whiskey, and rum. In this experiment they tested a total of 247 red

and white wines and found that 52 of these contained EC at detectable levels above 10

ppb, with 14 of these at levels higher tiian 100 ppb (Clegg et al, 1988).
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1.4.6 Ethyl Carbamate as a Mutagen and Carcinogen

The interest in ethyl carbamate as a potentially hazardous chemical

stemmed from an observation of laboratory animals in 1943 when EC used as a

anesthetic in laboratory animals was found to cause cancer (Nettleship, 1943; reviewed in

Battaglia et al, 1990; reviewed in Zimmerli and Schlatter, 1991). At the time, EC was

also being used in low doses as a therapeutic agent in humans. The evidence from the

use in laboratory animals led to the banishment of its use in humans (Zimmerli and

Schlatter, 1991).

1.4.6.1 Metabolism of Ethyl Carbamate in Biological Organisms

As ethyl carbamate enters the body, it is "rapidly distributed throughout

the body, regardless of the route of administration" (Zimmerli and Schlatter, 1991). This

fact explains why EC causes such a large variety of tumours in so many locations of the

body (section 1.4.6.3). Additionally, in pregnant animals, EC has also been shown to

cross the placental barrier and will induce tumoxirs in the fetus (Battaglia et al., 1990;

Zimmerli and Schlatter, 1991). Once in the body, much of the EC is broken down by the

liver within 24 hours (Battaglia et al., 1990; Zimmerli and Schlatter, 1991) into ammonia

and carbon dioxide. The remainder, however, will be activated to form vinyl epoxy

chloride (Barbin, 2000; Guengerich and Kim, 1991). It is this metabolite that has the

direct mutagenic and carcinogenic properties (Barbin, 2000).
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1.4.6.2 Ethyl Carbamate as a Mutagen

EC has been classified as a mutagen (reviewed in Zimmerli and Schlatter,

1991). A mutagen is any substance that can induce changes in the sequence ofDNA in

an organism (Lewin, 1997). These changes are heritable in subsequent cells (changes in

somatic cells) or gametes (changes in germ cells). The changes in the DNA can

occasionally lead to an altered phenotype in the cells or organism, such as the inability to

metabolize specific substrates, cancer, or the inability to reproduce. The occurrence of

these effects depends on the location in the genome and cell-type in which the mutation

occurs.

As noted in section 1.4.6.1, EC can be metabolized by the body to yield

vinyl epoxy chloride, a genotoxic reactive electrophile (reviewed in Zimmerli and

Schlatter, 1991). This compound is included in a class ofDNA altering chemicals known

as 'etheno-adducts' (reviewed in Barbin, 2000). These etheno-adducts insert into the

DNA forming a new imidazole ring on the nucleic acid base which are referred to as

'etheno-bases' (reviewed in Barbin, 2000). Upon DNA-replication or during

transcription of the gene, the etheno-bases will be interpreted as a DNA base other then

the original, thus conferring a change in the DNA sequence (reviewed in Barbin, 2000).

This type of change is commonly referred to as a base-pair substitution (reviewed in

Lewin, 1997; reviewed in Barbin, 2000).

In addition to base-pair substitutions, ethyl-carbamate and vinyl epoxy

chloride have been shown to result in other forms of genotoxic events. These include

"gene conversion, sisterchronmtid exchanges, micronuclei, mitotic recombination,

chromosomal aberrations, and cell transformation" (Barbin, 2000).
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1.4.6J Ethyl Carbamate as a Carcinogen

As outlined briefly in section 1.4.6, EC has been recognized as a

carcinogen since 1943 (Nettleship, 1943; reviewed in Battaglia, 1990; reviewed in

Zimmerii, 1990). A carcinogen is defined as a substance or treatment that causes cancer,

or unusual cellular growth (reviewed in Franks and Teich, 1991). Classification as a

carcinogen results fi-om the observation of the number and types of tumours or

uncontrollably growing cells the substance induces in living organisms.

1.4.6J.l Types of Cancer Induced by Ethyl Carbamate

Many types of cancers in response to EC exposure have been seen in

animals since 1943 (Nettleship, cited by Battaglia et al, 1990; Zimmerii and Schlatter,

1991). Since this time, many studies have demonstrated a correlation between ethyl

carbamate exposure, either through direct application or in drinking water, and tumours

seen in many test subjects including mice, rats, monkeys, and mammalian tissue

(Mirvish, 1968; lARC, 1972; and Zimmerii and Schlatter, 1991). The types of tumours

seen vary greatly, displaying a large range of tissues which are affected by EC (lARC,

1972; Zimmerii and Schlatter, 1991). The tumours were also found in a large variety of

locations and organs, further demonstrating the nature of EC as a general carcinogen

(lARC, 1972; Zimmerii and Schlatter, 1991).
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1.4.6.4 Risk of Ethyl Carbamate Exposure to Humans

The above information (1.4.6.1-1.4.6.3) clearly highlights the mutagenic

and carcinogenic properties of ethyl carbamate. Even so, there remains the argument that

etiiyl carbamate should not pose a concern to the food industry as these effects have not

been experimentally confirmed in humans. I offer two rebuttals to counter this opinion.

(1) Both mutagenic and carcinogenic effects have been demonstrated in a host of

systems, including mammalian organisms and cells. As the genetic code of humans only

differs slightly (less than 10%) from any of the test subjects, there is a high likelihood

that humans will be affected similarly. In addition, both EC and tumours have been

found in multiple locations in the bodies of these organisms, implying that the

compartmentalization of body function, as in higher organisms, does not afford

protection from the chemical. (2) In test systems, vinyl chloride results in the same

mutagenic and carcinogenic effects as ethyl carbamate (Barbin, 2000). Vinyl chloride,

also an etheno-adduct, is activated in the same manner as ethyl carbamate yielding vinyl

epoxy chloride (Barbin, 2000). Vinyl chloride has been irrefutably shown to cause

cancer in hxmians (Marion et ai, 1991; HoUstein et al, 1994; reviewed in Barbin, 2000).

As both vinyl chloride and ethyl carbamate have the same effects, it is highly likely then,

that ethyl carbamate is also carcinogenic in humans.

1.4.7 The Regulation of Ethyl Carbamate in Alcoholic Beverages in Canada

Based on the overwhelming evidence supporting the classification of ethyl

carbamate as a harmful substance, its use as a human therapeutic was outlawed. This

wealth of information was employed once again in 1985 by the Health Protection Branch
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of Health and Welfare Canada when high levels of EC was discovered by the LCBO in

Canadian products (Conacher and Page, 1986; Liston and Huston, 1986). As fbe

carcinogenicity ofEC was well known, they felt the presence ofEC in these consumable

products needed to be addressed. The issue was divided into four distinct areas for

investigation: (1) health hazard and toxicology assessment (2) analysis of national

surveys of the consumption of alcoholic beverages in North America (3) development

and validation of standardized assays for EC quantitation and (4) establishment of a

program for regular EC testing in samples intended for distribution in Canada (Conacher

and Page, 1986).

The hazards associated with EC exposure were assessed by reviewing the

pertinent literature available which displayed EC-related toxic effects. As displayed in

Section 1.4.6.2 and 1.4.6.3, the data fiom the literature strongly support the classification

of EC as a harmful substance. The Health Protection Branch assessed the experiments

done in mammalian organisms and calculated the average dose below which no

carcinogenic effects were seen in these test animals. From this data, a "virtually safe

dose" (VSD) was calculated for human exposure. A virtually safe dose is defined as

*Hhat dose which would not result in an increased incidence of cancer greater than one in

a million" (Conacher and Page, 1986). For humans, the tolerable daily intake was

calculated to be 0.3 ng EC/kg body weight. For example, a 70 kg person can

theoretically consume 21 ng/day EC for his/her entire life and have only a 1/1000000

chance of developing cancer as a direct cause of EC. This calculation makes the

assumption that there is no combined effect of other environmental carcinogens with EC
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that could raise the odds of developing cancer, and that humans are susceptible to cancer

to the same degree as the test animals.

National surveys were analyzed to determine the amount of each beverage

consumed per average consumer in North America. It was found that the average

alcohol-consuming person consimies 650 g wine, 200 g fortified wine, 125 g distilled

spirits, or 60 g fiuit brandies per day (Conacher and Page, 1986; Liston and Huston,

1986). Using the calculated VSD of 0.3 ng/kg EC exposure to humans and these

volimies, they calculated individual limits for each type of alcohol (Conacher and Page,

1986; Liston and Huston, 1986). For example, if the average person weighs 65 kg and

consumes an average of 650 g wine/day, then the wine should contain no more than 30

ppb (^ig/L). That is indeed the type of calculation done to establish a legal limit for each

of the types of alcoholic beverages. The legal limits are currently 30 ppb for wine, 100

ppb for fortified wine, 150 ppb for distilled spirits, and 400 ppb for fiiiit brandies and

liqueurs (Conacher and Page, 1986; Liston and Huston, 1986).

There are obviously some concerns with this type of regulation. An

"average" typically means that about 50% of those assessed fall above that number while

about 50% fall below. This type of regulation, however, assumes that a person will not

consume more than the average amount, because if they do, then they can become

exposed the carcinogen above the VSD. This type of regulation also assumes that any

person who consumes an "average" dose per day, is above a certain body weight, or that

smaller persons consume smaller amounts. If a small person, such as myself at 45 kg,

were to consimie the average 650 g/day (equivalent to {^proximately 650 mL/day) of

wine, then at 30 ppb the person would be exposed to 0.43 |ig EC/day - 44% higher than
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the VSD of 0.3 jig EC/day. This type of regulation, then, only protects part of the

population. There is also the alternate argument, however, that these limitations are

maximal and most of the tested beverages would fall well below these values.

1.4.8 Methods Attempted to Reduce EC in Alcoholic Beverages

As the abundant occurrence of EC in alcoholic beverages became

apparent, the risk to humans assessed, and the maximal limits allowable legislated, much

interest in the scientific community developed to better understand and minimize the

production ofEC in these beverages.

The first correlation seen was made by the LCBO in Canada when levels

of EC were measured against certain wine additives (Conacher and Page, 1986). It was

apparent tiiat the level of urea added to boost yeast growth during a wine fermentation

also led to imusually high levels of EC. Soon after, the use of urea as an additive to

alcoholic fermentations was outlawed (Conacher and Page, 1986).

Even though iirea is no longer used in wine fermentations, EC was still

being found in many batches of wine. As described in detail in section 1.4.4, this was

elucidated to be caused by the breakdown of arginine in gr^)e juice thereby producing

urea. There are multiple avenues currently being explored based on the conversion of

arginine to urea.

One such area involves the active degradation of urea once it is formed.

Some researchers are investigating the use of different ureases as an additive to must

(Ough and Trioli, 1988; Tegmo-Larsson and Henick-Kling, 1990). Others are looking at

genetically integrating a urease gene fix>m a difTerent organism into the genome that can
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be constitutively expressed in wine yeast (Dr. H. J. J. van Vuuren, Wine Research Centre,

University of British Columbia, personal communication).

Yet another area involves the prevention of urea formation during

fermentation. Scientists in Japan investigated the effect of deleting the CARl gene fix>m

yeast, thus preventing arginine degradation (Kitamoto et al, 1991). Urea formation was

greatly reduced in the test sake fermentations conducted with the carl' strain.

Unfortunately, this yeast strain cannot be iqjplied to wine fermentations as arginine is the

predominant nitrogen source in grape juice - these fermentations would likely become

stuck or sluggish due to the nitrogen deficiency.

The removal of ethyl carbamate once formed is not currently an option for

study as it is by character a stable compound (Solomans, 1992). As such, all research

investigating the prevention of ethyl carbamate in alcoholic beverages somehow involves

either the removal of produced xu-ea or the prevention of urea production during

fermentation.
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2. INTRODUCTION

It was the general aim of this study to furflier elucidate the nature ofEC formation

in wine fermentations in relation to the timing of DAP addition. The effects of DAP

addition were assessed relative to its effect on nitrogen utilization by yeast, and CARl

expression, and subsequent EC development.

To conduct the study, a series of IL aliquots of filter sterile Chardonnay musts

were fermented using Montrachet yeast. The fermenting musts were supplemented at

different time points with 960 mg of DAP: 0, 15, 25, 50, and 75% sugars fermented.

Each must was assayed throughout: yeast growth was assayed by OD 600; ammonia

nitrogen concentrations were assessed xising a modified Berthelot method (Berthelot,

1859; modified in-house); fi'ee assimilable amino acid nitrogen was measured using the

NOPA assay (Dukes and Butzke, 1998); and CARl gene expression was evaluated using

northern analyses. An additional measurement was made at the end of the fermentation,

upon dryness (100% sugars fermented), for EC by GC/MS as conducted by the L.C.B.O.

In addition, further experiments were conducted to assess the impact of yeast

strain on the effect ofDAP on EC formation during wine fermentation. Smaller versions

(250 mL) of the fermentations described above were done with either Epemay 2, VI 1 16,

Vinl3, or ECl 1 18 yeast strains. These fermentations were assayed only for EC content

at dryness (100% sugars fermented).
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3. MATERIALS AND METHODS

3.1 MATERIALS AND CATALOGUE NUMBERS

Yeast Strains

Name in tliis study





Probe synthesis and preparation





3.2 YEAST FERMENTATIONS

3.2.1 Fermentation Design and Overview

The effect of the timing of di-ammonium phosphate (DAP) addition on

yeast CAR! gene expression and nitrogen usage throughout fermentation, and on the

resultant ethyl carbamate formed in the wine was assessed. Fermentations at 20°C were

carried out in IL each of fiher-sterile Chardonnay juice using Montrachet yeast. Four

fermentations were conducted where 960 mg/L DAP was added at pre-determined points

during the fermentation at 0, 25, 50, and 75% sugars fermented, respectively. A fifth

fermentation where no DAP was added served as the control. Fermentation progression

was monitored by weight loss (of the fermentation vessel and its contents) due to CO2

evolution to determine the percent completion (El Haloui, 1988) (see section 3.2.4.5).

During fermentation, samples were removed at 2.5, 15, 25, 35, 50, 75, 90, and 100%

sugars fermented. Cell density was measured spectrophotometrically at 600 nm (see

section 3.2.8). Yeast were harvested fi-om 10 mL of fermenting juice by centrifugation

(see section 3.5.1). RNA was extracted from the yeast (see section 3.5.2) for northern

analysis (see section 3.5) using a standard phenol extraction. The fermenting juice was

assayed for both ammonia and assimilable amino acid nitrogen (see section 3.2.4.3).

Ethyl carbamate concentration was determined in the resulting wines at the completion of

the fermentations (see section 3.3). For a comparison of the ethyl carbamate production

between wine yeasts, a set of fermentations were done in the same manner as above using

250 mL ofjuice inoculated with the yeast strains ECl 1 18, Vinl3, VI 1 16, and Epemay2.

These fermentations were assayed for ethyl carbamate content only at the completion of

the fermentation. The fermentation outline can be seen in Figures 9a and 9b.
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A. Main Fermentation Outline

5x 1 L Filter-sterile Chardonnay Juice for

each Yeast Strain

Add re-hvdrated Montrachet veast

I

~
X

1. Control (no DAP)
1

Add 960 mg/L DAP

Take samples at 2.5, 1 5, 25,

35, 50, 75, and 90% sugars

fermented for nitrogen, cell

density, and RNA assays

Take sample at 1 00% sugars

fermented for nitrogen, cell

density and ethyl carbamate

assays

2. At 0% sugars fermented

3. At 25% sugars fermented

4. At 50% sugars fermented

5. At 75% sugars fermented

Take samples at 2.5, 15, 25,

35, 50, 75, and 90% sugars

fermented and at 1 hour

post-DAP addition for

nitrogen, cell density, and

RNA assavs

B. Fermentation Outline for Ethyl

Carbamate Comparison by Yeast

Strain

5x 250inL Filter-sterile Chardonnay Juice for

each Yeast Strain

I
Add re-hydrated yeast to each: EC 11 18,

Vinl3. VI 1 16. or EDemav2

I
X

1. Control (no DAP)
1

Add 960 mg/L DAP

Take sample at 100% sugars

fermented for nitrogen, cell

density and ethyl carbamate

assays

2. At 0% sugars fermented

3. At 25% sugars fermented

4. At 50% sugars fermented

— 5. At 75% sugars fermented

Take sample at 100% sugars

fermented for nitrogen, cell

density and ethyl carbamate

assays

Take sample at 100% sugars

fermented for nitrogen, cell

density and ethyl carbamate

assays

Figure 9. Fermentation diagrams outlining the scheme used to

conduct the series of fermentations throughout the experiments. (A)

Outlines the set-up and sample times of the main fermentations using

Montrachet yeast. (B) Outlines the set-up and samples times of the

smaller fermentations used to investigate differences in ethyl carbamate as

a function ofthe timmg ofDAP addition as influenced by yeast strain.
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3.2.2 Yeast Strains

Montrachet yeast was selected to study the effect ofDAP additions on the

production of EC. For the comparison of ethyl carbamate production by yeast strain

ECl 118, Epemay2, Vinl3, and VI 1 16 were used.

3.23 Juice Preparation

Niagara region Chardonnay juice was assayed as in 3.2.4 and adjusted

such that the total FAN was between 200 and 250 mg N/L with a sugar concentration of

approximately 21.5 °Brix. The nitrogen concentration was assayed and found to be 326

mg N/L. The nitrogen concentration of the juice was therefore lowered to a level which

would hopefully allow the CARl gene to become expressed prior to the addition ofDAP,

which as the hypothesis states should thereby repress this gene. It was ensured, however,

that the amount of nitrogen was not lowered below 140 mg N/L, a level that is known to

results in stuck fermentations (reviewed in Henschke and Jiranek, 1993). The nitrogen

was lowered by standard bentonite fining followed by dilution with R/O water. The final

nitrogen concentration of the juice was 236.75 mg N/L.

The juice was chapitalized by adding glucose until a sugar concentration

of 21.6 °Brix was obtained. The modified juice was filtered through a BonVino mini-jet

system using coarse, medium, and fine (0.5nm) filter pads.

To minimize the effect of contaminating microbes on the experiment, the

prepared juice was filtered-sterilized through a 0.22 \i MiUipore Optiseal Durapore

cartridge filter into sterile IL Kimax bottles. The bottled juice was then stored at -25°C

until use.
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3.2.4 Juice Assays

Prior to fermentation, titratable acidity, sulfur dioxide content, pH, amino

acid nitrogen content, ammonia content, and sugar content were determined.

3.2.4.1 Titratable Acidity Assay

The titratable acidity was measured using a method listed in Zoeklein et

al. (1991). The sample to be assayed is collected and de-gassed at 60°C for

approximately two minutes then is allowed to cool to room temperature. Standardized

NaOH (0.067N) was added to a clean 100 mL burette. In a 250 mL Erlenmeyer flask, 5

drops of phenolphthalein pH indicator was added to 100 mL of pre-boiled and cooled de-

ionized water. To the flask, one drop of the NaOH is added to neutralize the solution to a

pale pink colour. 5 mL of the de-gassed sample was added to the flask and swirled to

mix. The contents of the flask are titrated with the NaOH in the burette until a faint pink

colour is seen, thus indicating the end-point. The titratable acidity was then calculated by

using the amount of base (NaOH) used to titrate the acid (sample). A sample calculation

is as follows:

The equation used is:

g/L tartaric acid equivalents

= [Nbase (meq/mL) x Vbase (mL)]A^acid x 0.075g tartaric acid/meq x lOOOmL/L

If the following values are used:

Acid (must sample) = 5 mL
Volume ofbase (NaOH) used to neutralize the acid = 6.5 mL
Normality ofthe NaOH = 0.067N

Titratable acidity (g/L tartaric acid equivalents)

= [(0.067meq/mL) x 6.5 mL)/5 mL] x 0.075g/meq x lOOOmL/L
= 6.53 g/L tartaric equivalent is the titratable acidity of the must sample
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3.2.4.1 pH assay

A small sample ofjuice was collected and put into a beaker. The pH was

measured using a 'Coming pH meter 445'.

3.2.4.2 Nitrogen Assays

3.2.4.2.1 Ammonia Nitrogen Assay

The ammonia levels in the juice, must, and wine samples were assayed

according to the Berthelot method (Berthelot, 1859) described by Sigma (Procedure No.

640) and modified by Dr. Debra Inglis and Joaima Coulon. In this assay, ammonia was

measured in juice and wine by reacting it with alkaline hypochlorite and phenol in the

presence of the catalyst sodium nitroprusside to form indophenol. Indophenol was

measured spectrophotometrically at 570 imi. Its concentration is directly proportional to

the concentration of ammonia in the sample. The concentration of nitrogen due to

ammonia in the sample was interpolated from a standard curve that was generated using

known concentrations ofammonia for the reaction.

I mL of fermenting must was collected and centrifiiged at high speed to

clarify the sample. 50 \il of the supernatant was tested by adding this to a tube containing

5 mL MQ H2O and 500 \xl 20 mM phosphate buffer. To this, 1 mL of phenol

nitroprusside was added, followed by 1 mL of alkaline hypochlorite. The tube was

vortexed vigorously for 5 seconds and incubated at room temperature for exactly 40

minutes. The absorbance of the reaction mixture was then measured at 570 nm. The

absorbance value was converted into mg N/L using a standard curve constructed by
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reacting known concentrations of ammonium sulfate in a juice base. The necessity of

using juice as a base in the standard reactions was determined empirically.

3.2.4.2.2 Free Assimilable Amino Acid Nitrogen Assay

Free-available amino acid levels were determined using the NOPA assay

by Dukes and Butzke (1998). The reaction is based on derivatization of primary amino

groups with o-phthaldialdehyde/N-acetyl-L-cysteine to form isoindolederivatives. The

resultant derivatives can be measured spectrophotometrically at 335 nm. The

concentration of nitrogen due to primary amino acids in the sample was interpolated from

a standard curve that was generated using known concentrations of isoleucine for the

reaction. The assay is insensitive to proline.

1 mL of fermenting must was collected and centrifriged at 12000 RPM to

clarify the sample. 50 jil of the supernatant was tested by adding 3.0 mL of NOPA

solution A (0.671 g/L o-phthaldialdehyde, 9.5% v/v ethanol, 3.837 g/L NaOH, 8.468 g/L

ortho-boric acid, 0.816g/L n-acetyl-L-cysteine). The reaction tube was mixed vigorously

for 5 seconds and incubated at room temperature for 10 minutes. The absorbance of the

reaction mixture was measured at 335 nm. The absorbance value is converted into mg

N/L using a standard curve produced by reacting known concentrations of isoleucine.

3.2.4J Sulfur Dioxide Assays

The total sulfiir dioxide in the juice was measiu-ed using the Ripper

method (Zoeklein et al., 1991). A 25 mL sample was collected and transferred to an

Erlenmeyer flask. 25 mL of IN NaOH was added and the contents were swirled and
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stoppered. The flask was incubated at room temperature for 10 minutes. To the flask, 5

mL of starch indicator, a pinch of sodium bicarbonate, and 10 mL of 25% (v/v) sulfuric

acid was added. The contents of the Erlenmeyer flask was titrated with standardized

iodine (0.097N) in a burette until a faint purple colour was seen in the flask. The free

SO2 was calculated using the volume of iodine required to reach the endpoint.

Free SO2 was measured in the same fashion, omitting the addition of the

NaOH.

A sample calculation is as follows:

The equation used is:

SO2 (mg/L)

= [Niodine(meq/mL) x ViodineCmL)]/ VMn^ieCmL) x 32.03 mg/meq SO2 x lOOOmL/L

If the following values are used:

Must sample = 25 mL
Volume of iodine used to titrate the sample = 1 mL
Normality of the Iodine = 0.097N

SO2 (mg/L)

= [0.097meq/mL x 1 mL]/ 25 mL x 32.03 mg/meq SO2 x lOOOmL/L
= 124 mg/L SO2 in the must sample

3.2.4.4 Soluble Solids Assays

The soluble solids or sugar content was measured by three methods: (1)

refractometry, (2) weight-loss, and (3) Clinitest®.

(1) In refractometry, a few drops of the sample were placed on the glass

plate of the ABBE refractometer. Using the temperature-corrected reading function of

the instrument, the Brix value of the sample was recorded.
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(2) Knowing the initial Brix of the solution using re&actometry, it is

possible to monitor the sugar consunq)tion in a fermentation by weight loss conversion

(El Haloui et al, 1988). Using a standard conversion table, the Brix units are converted

into the equivalent sugar concentration in g/L. Although each sugar molecule will be

converted to ethanol by the following reaction, in practicality 1 mol of sugar will be

converted into 1.84 mol CO2:

CfiHizOe < ^ 2(C2H50H) + 2CO2

Glucose Ethanol Carbon Dioxide

Knowing the molecular weights of these molecules, the conversion of etiianol to CO2 by

the weight lost during fermentation can be determined. The calculation is as follows:

Imol sugar can be converted to 1.84 mol COj
sugar =180.16 g/mol

C02 = 44.01 g/mol

Therefore:

180.16 g sugar will be converted to 80.98 g CO2
or 100 g sugar will release 44.9 g CO2

Example:

Convert 22.0 Brix to sugar: sugar = 240 g/L

240 g/L X 44.9% = 107.76 g/L CO2 which will be lost due to fermentation

It is therefore possible to monitor the progression of a fermentation by the weight lost

during the fermentation. In this experiment, the fermentation vessel, containing all

ingredients, was placed on a balance and the value was recorded. The amount lost over

time in comparison to the potential amount which can be lost due to fermentation was

used to determine the stage of growth and the sugars fermented.
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(3) Residual sugar at the end of a fermentation was determined using the

Clinitest® by Bayer. In this test, 5 drops of wine was added to 10 drops of water in a

glass test tube. The Clinitest® tablet was dropped into the tube and shaken briefly. The

colour that developed was compared to a colour decode sheet used to determine the

amount of sugar present in the original sample in g/L. When only trace amounts of sugar

were present (less than 0.25 g/L), the fermentation was regarded as to be completed.

3.2.5 Yeast Re-hydration and Inoculation of Juice

The yeast was re-hydrated according to the general methodology

suggested by the yeast manufacturers. To re-hydrate and revive the yeast, 1.2 g of dry

yeast were placed in a sterile 50 mL tube with 10 mL of sterile water pre-warmed to

37°C. The tube was vortexed and incubated at 37°C for 20 minutes, vortexing briefly

every 5 minutes. At the end of the 20 minutes, 10 mL ofjuice pre-warmed to 37°C was

added. This suspension was vortexed and incubated at 37°C for 15 minutes, again

vortexing briefly every 5 minutes. At the end of the 15 minutes, the yeast slurry was well

mixed and 4 mL was added to every 1 L ofjuice being inoculated. A magnetic stir bar

was added to the fermentation vessel (a 1 L Kimax bottle) and the bottle was capped off

with an ethanol-sterilized air-lock filled with 70% ethanol. The fermentation vessel was

placed on a stir-plate and mixed well to suspend the yeast. The total weight of the vessel

was recorded and placed in the incubator. See Figure 10 for a visual representation.

The temperature at which the juice was fermented was one which closely

mimics the conditions seen in commercial wineries. Commercial wineries tend to

ferment juice for white wine between 18-24°C (Boulton et al., 1996). This allows a
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slower progression of the fermentation, extending the stationary phase to allow fiirther

production of aroma compounds. This lower temperature also helps prevent the

evolution of these aroma compounds and ethanol, and decreases the effect of ethanol

toxicity on the yeast cells (Boulton et al., 1996). As such, the fermentations were

incubated at 20 °C.

Figure 10. Photograph of a sample IL fermentation set-up and a

250mL fermentation set-up.
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3.2.6 Di-ammoniuin Phosphate (DAP) Additions

A DAP solution of 480 g/L was prepared and autoclaved at 121°C for 15

minutes to sterilize. When a fermentation reached the correct point for DAP addition as

determined by weight-loss (sugars consumed), 960 mg of DAP solution (i.e. 2 mL) was

added to each IL fermentation, for a final concentration of approximately 960 mg/L.

DAP was added to the fermentation at either 0, 25, 50, or 75% sugars fermented. One

fermentation had no DAP added and served as a control. See Figure 11 for a visual

representation of the DAP addition times.

Add 960 mg
DAP at:

1

25% 50"/, 75%

1

None

Figure 11. Addition of DAP to each of the fermentations. 960 mg
DAP was added to each IL fermentation at different stages (% sugars

fermented).
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3.2.7 Fermentation Sampling Times

Each fermentation was sampled at pre-determined time points based on

the information obtained from the correlation of the weight-loss data to the growth curve

by cell density of Montrachet yeast mider the experimental conditions. No DAP was

added to this fermentation, and the cell density was measured (see section 3.2.8) more

frequently to obtain a representative growth curve. A preliminary experimental run was

conducted to determine the efficacy of the sampling times.

It was decided that the fermentations would be sampled at 2.5, 15, 25, 35,

50, 75, and 90% sugars fermented. At the sample points selected, the fermentations were

assayed for cell density (section 3.2.8), nitrogen content (section 3.2.4.3), and CARl

expression (section 3.5). At 100% sugars fermented, the samples were also analyzed for

ethyl carbamate content (section 3.3).

3.2.8 Measurement of CeU Density

The density of the cells in the fermenting wine was measured by optical

density at 600 nm. The fermentation vessel was placed on a stir-plate and stirred imtil all

the yeast was homogenously suspended in the media. A 100 fiL - 1000 ^iL sample was

collected and placed into a 2 mL disposable cuvette. Water was added to the cuvette to a

final volume of 1 mL and mixed well by pipetting the sample up and down. The OD600

was measured using a Genesys5 spectrophotometer set to a wavelength of 600 nm and

zeroed against MQ water. Dilutions were made to ensure the sample was read at a value

of less than 0.7 units.
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33 Ethyl Carbamate Assays

3J.l Ethyl Carbamate Sample Preparation

Yeast cells were removed by centrifugation to eliminate the release of

intracellular urea upon heating. The samples were heated to complete the reaction of

urea with ethanol to yield ethyl carbamate. A 100 mL sample of the final dry wine was

collected and centrifuged at 5000 RPM for 5 minutes at 4°C. The supernatant was

collected and distributed into two 50 mL disposable screw-cap tubes. The clarified wine

was heated at 70°C for 2 days. The samples were then chilled to 4°C and transported to

the LCBO for analysis.

33.2 GC/MS Methodology for Ethyl Carbamate Detection

Ethyl carbamate was measured by the Quality Assurance Laboratory at the

Liquor Control Board of Ontario (LCBO) using GC/MS. The method as outlined by the

LCBO is as follows:

The sample to be used for ethyl carbamate detection was prepared by

solid-phase extraction using C-18 bonded porous silica cartridges (500 mg, 3 mL

volume) purchased form Supelco Canada Inc. The cartridges were first activated by

passing 3 mL of ethyl acetate through the column by gravity flow, followed by 3 mL of

96% (v/v) ethanol, and then 3 mL of 10% (v/v) ethanol. To test the sample, 1 mL of the

sample was passed through the column by gravity flow and the EC was adsorbed by the

column. The cartridge was then vacuum dried using a water aspirator. Complete drying

of the cartridge took fi"om 15 to 90 minutes. The EC was eluted fi-om the column by

passing 2 mL ethyl acetate by gravity flow and the first milliliter fraction was collected
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into a graduated conical tube. The collected eluent was analyzed for EC content by

GC/MS using a Hewlett Packard (HP) system where a 5890 Series II Gas Chromatograph

(GC) was coupled to a 5971 quadripole Mass Selective Detector (MSD). The column

used was a J&W Scientific DB-FFAP column, 30 mm x 0.25 mm ID x 0.25 nm fihn

thickness. 1 ^1 of the sanqjle was injected into a spitless injector port by a HP 7673

autosampler. The carrier gas used in this process was ultra high purity (UHP) helium.

Once the EC sample was added, the GC was programmed as follows: Starting

temperature was 55 °C which was held for 5 minutes. The temperature was ramped up to

190 °C at a rate of 10°C/minute. The temperature was held at 190 °C for 1 minute, and

was then ramped up to 240 °C at a rate of 25 °C/minute where it was held for 5 minutes.

The EC was quantitated by ion at 62 amu and at a retention time of approximately 15.5

minutes. The EC value was reported in parts per billion (ppb) of the original sample.

The detection limit of the above-described method is 2 ppb.

3.4 Probe Synthesis and Preparation

The probe selected for the detection of CARl mRNA fragments was

amplified by PCR fi'om a unique region within the CARl gene. The resulting probe was

purified by excising the appropriately sized fiagment fi'om a DNA gel electrophoresis and

collected form the gel slice using a Qiagen QiaQuick Spin column. The resultant probe

was stored at -20 °C until use. The probe was radiolabeled, purified to remove any un-

incorporated radionucleotides, and used in the hybridization step of the Northern transfer

analysis protocol (Sambrook and Russel, 2000).
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3.4.1 Probe Design, Sequence, and Amplification ^

Several probes were developed and tested over the course of this research

project. Probes for GAPl, CANl, DUR1.2, DUR3, and CARl genes were developed.

Only CARl was used in further investigation of the thesis project. The sequence of the

CARl probe can be seen in Figure 12. A probe specific to the H4 gene was used as an

internal control and for normalization of the lane intensities for use in quantitation of the

CARl gene. A BLAST query (www.ncbi.nhn.nih.gov:80/BLAST/) of each probe

sequence was run to predict the probe specificity, with the exception of H4. Probe and

PCR primer design ofDURl,2 was provided by Joanna Coulon while CANl, GAPl, and

H4 were provided by George van der Merwe and Danie Erasmus. DUR3 and CARl

probes were designed specifically for this research project by the author. The

primer/oligonucleotide positions for amplification of the probes can be seen in Table 3.

Tables 4a and b outline the PCR mixtures and conditions used to amplify each of the

probes.

661 ccattcagcg gcggtcaggg taagcttggt gtcgagaagg gccctaaata catgcttaag

721 catggtctgc aaacaagcat agaggatttg ggctggtcta cggaattaga gccctcaatg

781 gacgaggccc aatttgtggg aaagttgaaa atggagaagg actccacaac tgggggttcc

84

1

tctgttatga tagacggtgt caaggctaaa agagcagatt tggttggtga agccaccaag

901 ttggtgtaca actccgtgtc gaaagtggtc caggcgaaca gattcccctt gaccttgggt

961 ggtgatcatt caatagccat tggtactgta tccgcggttt tggacaaata ccccgatgct

102

1

ggtcttttat ggatagacgc ccacgctgat ataaacacca tagaaagcac cccctctgga

Figure 12. Nucleotide sequence of the CARl probe from amplification

of the CARl gene within a unique region. The numbers indicate the

region relative to the gene, red indicates the position of the primers, and

the blue lettering indicates the amplified region.
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Table 3. Base sequence of the oligonucleotides used as primers for the PCR
amplification of the probe region specific to the gene of interest.





3.4.2 Purification of Probes

The amplified probes were purified to remove any vmspecific PCR

products and contaminating salts as follows. The entire PCR contents were mixed with

Ix loading buffer (O.IM EDTA, 0.25% w/v bromophenol blue, 0.25% w/v xylene cyanol,

and 50% v/v glycerol) and ethidium bromide, loaded onto a 1% agarose gel in TBE

(10.8% w/v Tris, 0.55% w/v Boric Acid, 20mM EDTA), and migrated by electrophoresis

at 100 volts for 1.5 hours. The migration of the desired band was compared to the size of

a lambda DNA marker and excised firom the gel. The probe was extracted from the gel

fragment using Qiagen's QIAquick gel extraction kit and was eluted with MQ water.

The probe concentration was determined by spectrophotometry at Aaeo- The probe

solution then frozen at -20°C until use.

3.4J Radioactive Labeling of Probes and Removal of Excess Nucleotide

The probes were denatured and radioactively labeled with [a^^P]dATP

using the Random Primed DNA Labeling Kit from Boehringer Mannheim. Two 1.5 mL

microcentrifuge tubes containing approximately (a) 120 ng of CAR! probe and (b) 60 ng

ofH4 probe in 9 ^1 MQ water each were placed into a boiling water bath for 10 minutes

to denature the DNA strands. The tubes were placed on ice for 2 minutes to chill. To the

tubes, 1 ^1 each of dGTP, dCTP, and dTTP deoxyribonucleoside triphosphates were

added. 2 jil of reaction buffer was added and the tube was vortexed to mix followed by a

pulse in the centrifuge to pool. To start the reaction, 1 jil of Klenow enzjmie was added

followed by 5 ^1 of [a"P]dATP, 3000 Ci/mmol. The tubes were incubated at 37°C for 30

minutes.
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Unincorporated nucleotides and salts were removed from the radiolabeled

probes using a Sephadex® G-50 column (Nick^^ Column) by Pharmacia Biotech. The

samples were loaded onto a TE-equilibrated colunm and washed with 400 jil TE (10 mM

Tris, 1 mM EDTA). The probes were eluted with a second volume of 400 \si TE and

were collected into a 1.5 mL microcentrifuge tube. The probe was either stored at 4*'C

for a few days or was placed directly into a boiling water bath for 10 minutes to denature

the labeled probes and used immediately in the subsequent hybridization steps.

3.4.4 Quality assessment of probes

To ensure binding and specificity of the probes to the target RNA, a trial

run was conducted. Two samples ofRNA were used: (a) RNA isolated from a laboratory

yeast strain under conditions where the CARl gene would be expressed and (b) RNA

isolated from Montrachet yeast harvested during the log phase in a Chardonnay

fermentation. The RNA samples were run on an agarose gel, the RNA was transferred to

a nylon membrane, and the radioactively-labeled probes (3.4.3) were hybridized to the

RNA. The membrane was exposed to x-ray film and developed to demonstrate the

efficacy of the probes.
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3.5 Northern Transfers

3.5.1 Harvesting of Yeast Cells

The fermentation vessel was placed on a stir-plate and stirred until the

yeast was homogenously re-suspended. 10 mL samples were collected and placed in a

centrifuge tube with 10 ^L of cyclohexamide (10 mg/mL) and placed on ice. The tube

was centrifuged at 5000 RPM for 5 minutes at 4°C. The supernatant was transferred to a

separate tube and stored at -80°C. The yeast pellet was washed in 5 mL ofDEPC-treated

water, re-suspended in 375 ^L STET (0.1 M NaCl, 10 mM Tris-Cl (pH 8.0), 1 mM

EDTA (pH 8.0), 5% Triton X-100), and frozen at -80°C until further use.

3.5.2 RNA Extraction Protocol

Several methods were evaluated for the extraction of total RNA from the

yeast cells and a comparison of the methods was made based on extraction efficiency and

purity of the resultant RNA. The methods attempted were the RNA extraction kit from

Boehringer Mannheim, the RNeasy kit by Qiagen, and the method outlined below.

The method used to extract the total RNA for the CAR! analysis is based

on the SDS method designed by Pepel and Baglioni (1990; cited by Farrell, 1993). The

tube containing the frozen yeast in STET detailed in section 3.5.1 was placed on ice until

thawed. To the tube, 250 mL ofPCI and 300 mg glass beads were added. The tube was

vortexed for 6 minutes, alternating the angle of the vortexing from approximately 90° to

45° every minute. 12 ^1 of 10% SDS was added, mixed, and the tube was placed on ice

for 15 minutes. The contents of the tube were transferred to a double-autoclaved 2 mL

microcentrifuge tube and was centrifuged at 13K for 10 minutes at 4°C. The supernatant
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was transferred to a 2 mL microcentrifuge tube containing 15 jil of5M NaCl and 1250 ^1

100% ethanol. The tube was vortexed briefly to mix and placed at -20°C overnight. The

tube was then centrifuged at 13k for 10 minutes at 4°C and the supernatant was discarded.

The pellet was dried by vacuum-drying on a medium setting for 5 minutes (DNA Speed

Vac®). The RNA was then re-suspended in 50^1 DEPC-treated water.

3.53 RNA Quantiflcation and Purity Analysis

To quantify RNA and assess its purity, the RNA extract was assayed in

three ways. Firstly, the extract was measured spectrophotometrically (3.5.3.1) to

determine an approximate concentration of the RNA and determine the level of purity.

The RNA was assayed by slot blot (3.5.3.2) using the probe H4 to obtain more accurate

indices on the relative concentration ofmRNA in each sample. Finally, the sample was

loaded onto a gel and separated by electrophoresis to assess the level of degradation of

the RNA (3.5.3.3).

3.5J.l RNA Analysis by Spectrophotometry

The amount of RNA and of some common contaminants can be detected

and evaluated using UV spectrometry (Farrell, 1993). 5 nl of the RNA solution was

placed into a quartz cuvette containing 1495 \il ofMQ water, mixed well by pipetting up

and down, and the cuvette was placed into a Genysis3 spectrophotometer and measured

at 260, 280, 325, and 230 nm. The values obtained were multiplied by the dilution factor

of 300 to obtain values for the original solution. The amount of total RNA was

determined by dividing the absorbance value at 260 nm by a factor of 25 to obtain the
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concentration in ^g/^l (Ausubel et al., 1999). The amount of protein contamination was

determined by the A260/A280 ratio: the closer this ratio is to 2, the purer the RNA sample.

Contaminating salts were measured at 230 nm: a greater ratio of A260/A230 indicates a

cleaner sample. Phenolic compounds were detected at 325 nm.

3.5J.2 Slot Blot Analysis ofRNA Samples

To obtain figures representing the relative concentrations of mRNA

between the total RNA extractions, slot blots were conducted using H4 as the probe. In

an microcentrifuge tube, 5 jil of the RNA sample to be tested was added to a tube

containing 15 ^1 of a 1.4x MOPS, 25% (v/v) formaldehyde, and 71.4% (v/v) formamide

solution. The tube was then incubated for 15 minutes at 50°C. To the tube, 40 jxl of cold

20x SSC was added and set on ice while the slot blot apparatus was assembled. A

positively-charged nylon membrane soaked in lOx SSC was mounted into a Hoefifer

PR648 Slot Blot apparatus. The apparatus was connected to water-aspirated vacuum.

Each well was filled with lOx SSC and allowed to drain by the vacuum suction. The

samples were loaded into the wells and allowed to drain. Two additional washes of 1 mL

of lOx SSC was added to the wells and drained. Once all the liquid had passed through

the membrane, the apparatus was disassembled and the membrane removed. The RNA

on the dry membrane was fixed by exposing the membrane to UV light for 2 minutes per

side. The membrane was then wrapped in cellophane paper and stored at -20°C until use

in the hybridization step. Hybridization, washing, exposure, and development were as

outlined in sections 3.5.8, 3.5.9, and 3.5.10.
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3.S33 Gel Electrophoresis ofRNA Samples

The integrity of the RNA was assessed by running an agarose gel, as

outlined in sections 3.5.4, 3.5.5, and 3.5.6. The RNA, which, as outlined in the protocol,

was stained with ethidium bromide. As such, the RNA was visualized under UV light.

The integrity of the RNA was confirmed by the visualization of crisp 28s and 18s rRNA

bands and a lack of apparent smearing or streaking in the lane.

3^.4 Gel Preparation

A highly denaturing gel was prepared to minimize any degradation of the

RNA. Agarose (2.5 g) was measured into a 500 mL Erlenmeyer flask and 198.75 mL of

water was added, the contents were swirled, and the flask was autoclaved at 121°C for 15

minutes. Once partially cooled, 45 mL of formaldehyde and 6.25 mL of 40x MOPS

(0.4M MOPS, O.IM NaOAc, O.OIM EDTA) were added. The flask was swirled and the

contents were transferred to a gel mold. The gel mold was placed on a flat surface and

covered with a container to prevent convection swirls from forming in the final gel. Once

fully solidified, the gel was removed from the mold and placed into the gel

electrophoresis box. The box was filled with approximately 1 L ofrunning buffer (0.83%

v/v formaldehyde, Ix MOPS) to cover the gel. The gel was then ready for the RNA

samples to be loaded.
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3.5.5 RNA Preparation

As determined using the protocols in section 3.S.3, approximately 30 ^g of

RNA in 12 (d DEPC-treated water was used to load onto each well in the gel. The 12 ^1

of RNA was transferred to a 1.5 mL microcentrifuge tube containing 1 ^1 40x MOPS, 7

fU formaldehyde, 20 |il formamide, and 1 pi ethidiimi bromide. The tube was incubated

in a 55°C water bath for 15 minutes. The sample was quick-cooled on ice and 5 pi of

loading buffer (ImM EDTA, 0.25% w/v bromophenol blue, 0.25% w/v xylene cyanol,

50% v/v glycerol) was added to the tube. The RNA sample was then ready to be loaded

onto the gel.

3.5.6 Gel Electrophoresis

The RNA sample prepared in section 3.5.5 was loaded into a well on die

gel, prepared in section 3.5.4, using a lOOjd pipette tip. Once loaded, the RNA migrated

at 120 volts until the sample fiiUy entered the gel (approximately 5-10 minutes). The

voltage was then decreased to 100 volts and the RNA migrated for 3.5 hours. At the end

of the 3.5 hours, the power-pack was turned off and the gel is removed. The RNA was

visualized imder UV light using the Gel Doc system by BioRad. The UV exposure also

assists in breaking the agarose backbone, aiding in the transfer of the RNA to the nylon

membrane in section 3.5.7. The gel was then washed in DEPC-treated water for 15

minutes to remove some of the formaldehyde. The gel was then ready for use in the

transfer step.

80





3.5.7 RNA Transfer from Gel and Membrane Fixing

Approximately 30 ^g of RNA was run in each lane in a high-

formaldehyde agarose gel at 100 volts for 3.5 how^ (sections 3.5.4-3.5.6). The RNA was

then transferred to a positively charged nylon membrane. The membrane was cut to fit

the size of the gel and was wetted in DEPC-treated water. The transfer stack was

assembled such that a large glass tray filled with about one inch deep of 20x SSC (17.5%

w/v NaCl, 8.8% w/v trisodium citrate, pH 7.0) had a slab of glass as a support structure

across it with a length ofWhatman paper to serve as a wick over-top. The gel was placed

on top of the Whatman paper, followed by the membrane and two sheets of Whatman

paper of the same size as the gel. The perimeter of the gel was covered by cellophane

wrap to prevent bleed-through of the SSC and evaporation. A stack of paper towels was

placed on top of the assembly followed by another glass slab and a weight. This structure

was left overnight and the RNA migrated fi-om the gel to the membrane. In the morning,

the stack was disassembled and the membrane left to dry for a few minutes. The RNA

was fixed to the membrane by exposing to UV light for 4 minutes. The membrane was

stored at -20°C until use in the hybridization step.

3.5.8 Pre-bybridization/hybridization of Membrane-fixed RNA to Probe

After the membrane was prepared in section 3.5.7, the membrane was

thawed and soaked in 5x SSC for a few minutes. The membrane was placed, RNA-side

up, into a clean hybridization tube that had been rinsed in 5x SSC. FPH solution [5x

SSC, 5x Denhardt's solution (2% w/v FicoU 400, 2% w/v PVP, 20 mg/mL BSA pentax

fraction V), 50% w/v formamide, 1% w/v SDS, 100 ng/mL denatured sahnon testes
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DNA] was added and the tube incubated in a roller at 42°C for 4 hours. After the 4 hour

incubation, the radiolabeled and heat-denatured probe prepared in section 2.4 was added

to the tube. The tube was incubated in the roller at 42*'C overnight.

The following day, the radioactive hybridization solution was discarded

and the membrane washed in the roller tube twice with 50 mL 2x SSC/0.1% SDS at room

temperature for 20 minutes each and twice with 50 mL 0.2x SSC/0.1% SDS at 50°C for

15 minutes each. The washed membrane was soaked in a dish filled with 2x SSC for a

few minutes. Meanwhile, a large sheet of cellophane wrap was laid flat on a surface and

a piece of Whatman paper cut to the size of the membrane was wetted in 2x SSC and

placed flat on the cellophane. The membrane was removed from the SSC and the excess

liquid dripped away briefly. The membrane was placed on the wetted Whatman paper

and wrapped smoothly on the cellophane. A Geiger counter was then used to determine

the approximate radioactive emittance on the membrane. A value of 500 - 2000 cpm in

the banding region and less than 500 cpm outside of the banding region was considered

normal in this study.

3.5.9 Exposure and Detection of Radioactively Probed Regions

The radioactive emittance fix)m the membrane can be visually detected by

two methods: (a) autoradiography onto X-ray film and (b) phosphor imaging.

3.5.9.1 Autoradiography onto X-ray Film

The wrapped-membrane prepared in section 3.5.8 was placed RNA side-

up into an autoradiography cassette with a sheet of x-ray film, xmder light-restrictive
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conditions. The cassette is closed and incubated at -SO^C for several days. In the dark,

the film was removed from the cassette and developed using the developer and fixer

solution kit by Kodak. Areas of high radio-activity, such as probed regions, displayed

dark patches.

3.5.9.2 Phosphor Imaging

The wrapped-membrane prepared in section 3.5.8 was placed RNA side-

up onto a phosphor imager screen for 4 days. Phosphor imaging was done on a phosphor

imager from Molecular E>ynamics and analyzed/visualized using the complementary

Imagequant software (version 3.3). As with the autoradiography, areas of high

radioactivity, such as probed regions, display dark patches. As the information was

recorded digitally as pixels directly into a computer program, this method was used to

quantify the density of the bands (see 3.5.10).

3.5.10 Densitometry

The phosphor imaging outlined in section 3.5.9.2 was analyzed by

densitometry using the Imagequant software (version 3.3). The intensities of the bands

were recorded in the number of pixels and relative darkness. Knowing that H4 is

expressed at the same level in each of the RNA samples, the samples can be normalized

to each other to coimter the effect of loading differences. This normalization allows for

the comparison of expression intensities of the gene of interest (CARl) among the

samples.
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4. RESULTS

4.1 Selection of a Yeast Strain

The yeast strain initially selected for use in this project was Epemay 2, a

proven high-urea producer (CXigh et al., 1991). Fermentation trials using this strain

resulted in stuck or sluggish fermentations in the Chardonnay juice designated for this

project and as such, this yeast coidd not be used for experimentation (data not shown). A

second yeast strain, Montrachet, also a high-urea producer (Ough et al., 1991) was then

tested. Montrachet demonstrated a normal growth rate and fermented the juice to dryness

under the experimental conditions. All further fermentations where yeast gene

expression was investigated were performed with Montrachet

4J Method Validation: Monitoring Sugar Consumption During

Fermentation by Weight Loss versus Hydrometry

Monitoring of sugar consumption during fermentation was accomplished

by weight loss due to CO2 evolution following the method of El Haloui et al. (1988).

This method has been extensively validated and compared to hydrometry during wine

fermentations (El Haloiii et al., 1988). Recording weight loss due to CO2 evolution over

time produced the same rate of sugar consumption as that found by recording the

decrease in sugar concentration by Brix hydrometry. Virginia Marks, a fellow graduate

student in E>r. van Vuuren's laboratory, confirmed these findings imder our conditions.

Validation of this weight loss method for monitoring sugar consimiption during

fermentation allowed use of this method in subsequent fermentations. This method
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avoided the risk of contamination and unnecessary aeration of the fermentation

associated with using hydrometry.

4.3 Determination of Fermentation Sampling Times

To follow gene expression patterns in Montrachet during fermentation,

yeast samples had to be removed during the fermentation at various stages of yeast

growth and analyzed. The growth rate of Montrachet during fermentation was correlated

to the sugar consimiption rate of the yeast to select appropriate sampling times that

represented key growth stages of the yeast during fermentation (lag phase, early log

phase, mid log phase, late log phase, stationary phase and decline phase). Based on the

results of this experiment illustrated in Figure 13, sampling times at 2.5, 15, 25, 35, 50,

75, 90 and 100% sugars consumed were selected as appropriate times to remove yeast

jfrom the fermentation for analysis of gene expression. These sampling times represented

yeast at the various stages of cell growth.
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Figure 13. Correlation of weight-Ioss/sugars-fermented (^) to cell

density () and sample-point selection (arrows) in Chardonnay must

fermented by Montracbet yeast at 20°C.

Evaluation ofRNA Extraction Procedures

During the experimental planning phase of this project, three different

methods of RNA extraction were investigated for potential use in the final experimental

design. A maximiun volume of 10 mL of yeast culture was to be removed fi-om the

fermentation at each sampling time for RNA extraction. This maximum sample volume

ensured that less than 100 mL of total volume would be removed from the 1 L volume,

minunizing headspace in the vessel during fermentation. Due to the small sample

volume and varying yeast cell density throughout the fermentation (see Figure 13), three
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RNA extraction metbods were evaluated and compared to find one that gave the greatest

RNA yield while still showing high purity of RNA. The results in Table 5 showed that

the Boehringer Mannheim kit yielded the lowest quantity of RNA. Although the phenol

extraction method appeared to yield the greatest quantity of RNA, the quality was in

question due to the yellow/brown colour of the final product. The Qiagen RNeasy kit

was selected for use based on RNA recovery and quality. RNA extracted ftom

Montrachet yeast using the Qiagen method was quantifiable by absorbance at 260 nm

showing no contaminating agents and provided clear 18S and 28S rRNA bands when

separated by gel electrophoresis, indicating that the RNA was of high quality. However,

when the RNA was subsequently used for analysis by northern transfer, the labeled probe

would not hybridize to the RNA. The probe did hybridize to RNA extracted using the

phenol method but quantification of the RNA using the spectrophotometer was less

accurate due to contaminating compounds. Since northern analysis was successful using

the phenol-extracted RNA, this method was employed in all subsequent analysis.

Tables. A





4.5 Evaluation of Probe Specificity

DNA probes for CARl. CANl, GAPl, DUR1,2. DUR3 and H4 genes were

evaluated for specificity by performing a BLAST search and northern analysis. A

BLAST search of the probe sequences designed for CANl and GAPl, respectively,

showed homology to yeast sequences in addition to their respective genes whereas the

probe sequences for the remaining genes were specific to their respective genes only.

Hybridization of all probes simultaneously to RNA in a northern blot showed that the

probes were hybridizing to more than one site and that some transcripts overlapped in

size, making interpretation of the blot difficult. CARl and H4 alone were selected for

further study.

The probes for CARl and H4 were analyzed separately for probe

specificity by northern analysis. The resulting autoradiograms in Figure 14 A and B

show that the H4 probe results in a single band on the northern, and that the addition of

the CARl probe resulted in only one additional band. Each probe only bound to a single

RNA transcript, demonstrating specificity.
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B

Lane:

H4

Figure 14. Northern analyses of the C4J?/ and H4 probes. A. H4. B. H4and
CARL Lane 1 contains RNA isolated from a laboratory strain of yeast grown
and isolated under conditions known to express the genes of interest. Lane 2

contains RNA isolated during log phase growth under experimental conditions.

4.6 Validation of Ammonia and NOPA Assays for Nitrogen

Determination.

Prior to determination of ammonia and assimilable amino acid

concentrations in Chardonnay juice and wine samples, the assay methods were validated

to prove they were accurate and reproducible. Accuracy was determined by recovery of

standards in each assay. Reproducibility of the methods was assessed by calculating the

coefficient of variation between replicate samples. In validating the ammonia assay, a

lowered signal for an ammonia standard in a juice or wine base was observed in

comparison to that found in the same standard prepared in water as illustrated in Figure

15. Due to the signal reduction when standards were prepared in juice and wine, the

accuracy of the method was tested by generatmg a standard curve usmg juice and the
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base, and testing ammonia standards prepared in either water, juice, or wine. As recorded

in Table 6, the ammonia assay was relatively accurate as shown by a 105% and 107%

recovery in juice and wine respectively. The ammonia standard in a water base was not

accurately recovered from the standard curve generated in a juice base. The low

coefficient of variation for the replicate standards proved the assay was reproducible.

The validated assay was used for all subsequent ammonia determinations in must samples

removed throughout the experimental fermentations.

The assimilable amino acid nitrogen concentration was determined using

the NOPA assay. No significant differences were seen for this assay using water, juice,

or wine as the base (data not shown). The assay was shown to be accurate and

reproducible based on recovery of the standard and low coefficient of variation (data not

shown).

100 150

Ammonia Nitrogen (mg N/L)

200 250

Figure 15. Ammonia standard curves obtained in either water (),
juice (), or wine () as a base for the modified Berthelot reaction.
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Table 6. Validation of Modified Berthelot Reaction for determination of
ammonia in juice and wine samples. Water, juice, or wine was spiked with 203

mg N/L ammonia by the addition of 960 mg/L DAP. To determine the recovery

of the standard, the mg N/L value of the base juice or wine was subtracted from

the measured value. The % recovery ofthe standard was calculated as:

measured value fmg N/L) - base value (mg N/L)

actual value (mg N/L)
X 100%

Sample
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Figure 17. Phosphor images of control RNA and 2-15 RNA loaded in

increasing amounts and probed with CARl and H4 probes.
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Figure 17 showed an increase in intensity of both CARl and H4 as the

RNA concentration increases. For each of the lanes, the value by densitometry of CARl

is divided by that ofH4, thereby normalizing the values to the RNA concentration in each

lane. Accurately detected bands, when plotted as a normalized value, should provide a

linear relationship (see Figure 18). If the detection of a sample was either too light to be

detected accurately or saturated the imaging plate (too dark), the normalized values of

those lanes would fall outside the linear relationship. As seen in Figure 18, the

densitometry of CAR1/H4 over a large variance in RNA amoimt provided a consistently

linear relationship.

4.8 Yeast Cell Population Growth During Fermentation

The growth of Montrachet yeast in each of the fermentations was monitored by OD600.

The values for the three sets of fermentations were averaged and graphed with respect to

percent sugars fermented as presented in Figure 19. The log phase in each fermentation

continued imtil approximately 15% sugars were fermented, whereas stationary phase

occurred somewhere between 15%-75%, and death phase began after 75%. All of the

fermentations reached a similar maximal cell density of approximately 6 units of optical

density at 600 nm. As seen in this Figure 19, there was no significant difference imparted

on the fermentation by the addition ofDAP with respect to the maximal cell density or to

the cell density at any given sugar concentration. These values were also plotted for each

individual fermentation as a factor of time to visualize the effect of DAP on the rate of

growth of the cells, but again no differences were noted (data not shown). No significant

changes were seen between the rate of cell growth or the maximal cell density obtained

among the fermentations.
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Sugars Fermented {%]

Figure 19. Yeast cell density during Chardonnay must fermentation.

Filter-sterile Chardonnay must was fermented at 20°C by Montrachet

yeast (Red Star?). Cell density was monitored spectrophotometrically at

600 nm over the course of the fermentations. DAP (960 mg/L) was added

to the fermentations at either 0% (-), 25% (A), 50% () or 75% (•)

completion. The control fermentation lacked DAP addition (*). Error

bars represent the standard deviation of the OD 600 values obtained from

three sets of fermentations (n=3).
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4.9 Ammonia Nitrogen Levels During Fermentation

The fennentations mentioned above were each sampled at 0, 2.5, 15, 25,

50, 75, 90, and 100% sugars fermented. The samples were centrifuged to remove the

cells, and the supernatant was assayed for ammonia nitrogen content by a modified

Berthelot method. The values for the three sets of fermentations were averaged and the

standard deviation represented by an error bar. The results are shown in Figure 20.

Ammonia was sequestered completely from the must by 15% sugars fermented in the

absence of DAP. The ammonia was most rapidly used when DAP was added earlier in

the fermentation. In general, more total ammonia was used by the yeast cells when DAP

was added earlier in the fermentation.
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Figure 20. Levels of ammonia nitrogen (mg N/L) in fermenting

Chardonnay must sampled throughout the fermentation. Filter-sterile

Chardonnay must was fermented at 20°C by Montrachet yeast (Red Star?).

DAP (960 mg/L) was added to the fermentations at either 0% («<), 25%
(A), 50% () or 75% (•) sugars fermented. The control fermentation

lacked DAP addition (*). Samples were removed from each fermentation

at set time points and assayed for ammonia nitrogen concentration using

the procedures outlined in the methods section. Error bars represent the

standard deviation of the ammonia nitrogen values obtained from three

sets of fermentations (n=3).
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4.10 Amino Acid Nitrogen Levels During Fermentation

Each sample removed at the designated sampling times was assayed for

assimilable amino acid nitrogen content in the must by the NOPA method. The values

for the three sets of fermentations were averaged and the standard deviation represented

by an error bar. The results for this can be seen in Figure 21. The assimilable amino acid

nitrogen was rapidly sequestered from the must early in the fermentation (between and

25% sugars fermented). The consumption of assimilable amino acid nitrogen leveled off

between 25 and 90% sugars fermented and was then released into the must after 90%

sugars were fermented.

6
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Figure 21. Levels of assimilable amino acid nitrogen (mg N/L) in

fermenting Chardonnay must sampled throughout the fermentation.

Filter-sterile Chardonnay must was fermented at 20°C by Montrachet

yeast (Red Star? DAP (960 mg/L) was added to the fermentations at either

0% (), 25% (A), 50% () or 75% (•) completion. The control

fermentation lacked DAP addition (*). Samples were removed from each

fermentation at set time points and assayed for amino acid nitrogen

concentration using the procedures outlined in the methods section. Error

bars represent the standard deviation of the ammonia nitrogen values

obtained from three sets of fermentations (n=3). Note: as demonsfrated in

section 3.6.1, the addition of 960 mg/L DAP to the fermentation added

approximately 6-10 mg N/L, or 3-5% of the detected NOPA value, to the

amino acid nitrogen value detected using the NOPA assay.
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4.1

1

Total Nitrogen Usage by the Yeast Cells During Fermentation

The amount of total nitrogen sequestered from the must by the fermenting

yeast cells was calculated from the ammonia and assimilable amino acid nitrogen data

collected throughout the fermentations. Nitrogen uptake was calculated as the difference

between the starting nitrogen concentration in the must and the remaining nitrogen

concentration in the fermenting must at each time point sampled. The values obtained for

both ammonia nitrogen uptake and assimilable amino acid nitrogen uptake were added

together for each point. The calculated values for the three sets of fermentations were

averaged and the standard deviation represented by an error bar. Results are presented in

Figure 22.

Early addition of DAP led to more nitrogen being sequestered from the

must. This difference is only seen after 15% sugars were fermented, as the rates of

nitrogen removal from the must are nearly identical in all of the fermentation up to this

point
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Sugars Fermented (%)

Figure 22. Levels of total nitrogen (mg N/L) sequestered by ttie yeast

ceils during Cliardonnay fermentation. Filter-sterile Chardonnay must

was fermented at 20°C by Montrachet yeast (Red Star?). DAP (960

mg/L) was added to the fermentations at either 0% ( ), 25% (A), 50% ()
or 75% (•) completion. The control fermentation lacked DAP addition

(*). Samples were removed from each fermentation at set time points and

assayed for both ammonia nitrogen and assunilable amino acid nitrogen

concentrations using the procedures outlined in the methods section. Total

nitrogen sequestered was calculated from these values. Error bars

represent the standard deviation of the total nifrogen values obtained from

three sets of fermentations (n=3).
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4.12 Impact ofDAP Addition on tlie Expression of CARl

During the fermentations, yeast was harvested at 2.5, 15, 25, 35, 50, 75,

and 90% sugars fermented. In addition to these points, yeast was harvested one hour post-

DAP addition in the fermentations where DAP was added at either 25, 50, or 75% sugars

fermented. From the yeast samples, RNA was extracted and analysed via northern

analysis using probes specific to the CARl and H4 gene sequences. The blots were

quantified using a Molecular Dynamics phosphor imager. Phosphor images of northern

blots probed writh [a'^P]-Iabeled CARl and H4 probes are shown in Figure 23.

The visualized bands for CARl and H4 expression (Figure 23) were

quantified using ImageQuant software. The bands are converted into a value

representing the number of pixels and intensity of the band. H4 was used as an internal

control to normalize for RNA loading differences between each lane. The control lane

was used to normalize between blots to allow for inter-blot comparisons. The normalized

CARl values were graphed with respect to percent sugars fermented (Figure 24).

As can be seen in Figure 24, CARl gene expression was maximal between

15-25% sugars fermented. Expression was lowest by 35-50% sugars fermented. Overall

expression appeared to be lowest in the fermentations where DAP was added early (at

either 0% or 25% sugars fermented). When DAP was added at 50% sugars fermented,

expression of CARl was at an intermediate level relative to the CARl expression in the

other fermentations. When DAP was added late (75%) or not at all (control), CARl gene

expression was the highest relative to the other fermentations.
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CAR1 m,^m-

H4

2.5 15 25 35 50 75 90 C

B. 0%

CAR1

H4

2.5 15 25 35 50 75 90 C

C. 25%

i
2.5 15 25 25d 35 50 75 90 C

D. 50%

CAR1 ft

H4 '•«•«••- Ij
2.5 15 25 35 50 50d 75 90 C

E. 75%

t^i^

2.5 15 25 35 50 75 75d 90 C

Figure 23. CARl gene expression in Montrachet yeast during

Chardonnay must fermentation. Phosphor images of northern blots

probed with ^^P-labeled CARl and H4 gene probes were developed using

a Molecular Dynamics phosphor imager. H4 expression level was used to

normalize the blots for subsequent densitometry. RNA was extracted

from yeast samples removed throughout the fermentations at 2.5%, 15%,

25%, 35%, 50%, 75% and 90% completion, as well as 1 hour post-DAP

addition (designated by the 'd' following the last DAP addition point).

Northern analyses were performed on five fermentations; one control

fermentation lacking DAP addition (A), four experimental fermentations

where DAP was added at either 0%, 25%, 50% or 75% completion (B, C,

D, and E respectively).
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Figure 24. Quantitative comparison of Montrachet CARl gene

expression throughout Chardonnay must fermentation. Filter-sterile

Chardonnay must was fermented at 20°C by Montrachet yeast (Red Star?).

DAP (960 mg/L) was added to the fermentations at either 0% (), 25%
(A), 50% () or 75% (•) completion. The control fermentation lacked

DAP addition (*). RNA was extracted and analyzed via Northern transfer

from samples removed throughout the fermentation. Gene expression

signals from the resulting phosphor images were quantified by volume

integration using the Imagequant software from Molecular Dynamics.

Normalization of RNA per lane was performed by dividing the value for

the H4 signal into the value for the CARl signal. This value was divided

further by the CARJ/H4 value in a control lane to account for exposure

differences. The CAR]/H4 signal ratio is plotted in arbitrary units (AU) as

a function of the sugars utilized during fermentation. Error bars represent

the standard deviation of the normalized CAR] values obtained from three

sets of fermentations (n=3).
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4.13 The Effect ofDAP Additions on the Production ofEC

Prior to analyzing the final wines produced during experimentation for EC

content, the effect of DAP on the detection of ethyl carbamate was assessed. The

following samples were sent in duplicate to the LCBO for testing: juice, juice with 960

mg/L DAP, wine, wine with 960 mg/L DAP. The values reported showed no difference

between the DAP-spiked samples and the non-spiked samples, proving that DAP does

not interfere with EC determination.

Filter-sterile Chardonnay must was fermented by Montrachet yeast as

outlined in the Materials and Methods section 3.2. When the fermentations had reached

dryness, a sample was removed and analysed by the LCBO for ethyl carbamate content.

The data is shown in Figure 25.

A strong positive correlation was seen between the time of the DAP

addition, fi°om early to late, and the resultant ethyl carbamate in the wine for the first

fermentation trial (p<0.01, n=4). The control fermentation, where no DAP was added,

resulted in a similar EC concentration to that found when DAP was added at either or

25% sugars fermented.
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Figure 25. The level of ethyl carbamate (ppb) in Chardonnay wine

samples as a function of the timing of DAP addition to the

fermentations in Fermentation Set 1. Filter-sterile Chardonnay must

was fermented by Montrachet yeast to dryness. Ethyl carbamate

concentrations were measured in the final wines using GC/MS by the

LCBO. DAP was added to the fermentations at 0%, 25%, 50% or 75%
completion (scatter graph). The dashed line represents the trend-line,

which displays a strong correlation of p<0.01 where n=4. A fermentation

where no DAP was added served as a control (bar graph). Error bars

represent the standard deviation of the ethyl carbamate values obtained

from a minimum oftwo aliquots from a single fermentation.
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The experiment was repeated two more times (Fermentation Sets 2 and 3)

to corroborate the data obtained in Figure 25. The LCBO performed two determinates

per sample and reported an average value. Ehie to the number of samples submitted,

multiple wine samples for any given fermentation could not be added to further test the

accuracy of the values. The values reported in Figure 26 demonstrated a relationship

opposite to those seen in the first set of fermentations (Figure 25). As such, repeat

determinates of wine samples from Fermentation Set 2 was performed by the LCBO. The

8anq)ies for the repeat determinate had been taken at the same time as the first samples

and frozen until retested. The results for these two fermentation sets can be seen in

Figure 26 in yellow. The EC values in the original samples and retested sanq)les form

Fermentation Set 2 differed by as much as 58%.
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Figure 26. The level of ethyl carbamate (ppb) in Chardonnay wine

samples as a function of the timing of DAP addition to the

fermentations in replicate batches. Filter-sterile Chardonnay must was

fermented by Montrachet yeast to dryness. Ethyl carbamate

concentrations were measured in the final wines using GC/MS by the

LCBO. DAP was added to the fermentations at 0%, 25%, 50% or 75%
completion. The dashed line represents the trend-line. Fermentation Set

2 is represented by an orange line, with (A) representing the first test

conducted on October 6/00 and (•) representing the repeat test conducted

on November 7/00. Fermentation Set 3 is represented by a green line ().

Due to the discrepancies found in the values reported for ethyl carbamate

between Fermentation Set 1, 2 and 3, samples from Fermentation Set 1 were also retested

at the LCBO. A comparison of the retest values to the originally reported values (first

seen in Figure 25) can be seen in Figure 27. The repeat testing of the samples from

Fermentation Set 1 differed by up to 63% when tested several months apart.
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Figure 27. The level of ethyl carbamate (ppb) in Chardonnay wine

samples as a function of the timing of DAP addition to Fermentation

Set 1 in repeat tests. Filter-sterile Chardonnay must was fermented by

Montrachet yeast to dryness. Ethyl carbamate concentrations were

measured in the final wines using GC/MS by the LCBO. DAP was added

to the fermentations at 0%, 25%, 50% or 75% completion. The dashed

line represents the trend-line. The original testing of Fermentation Set 1,

conducted on May 23/00, is represented by (•). The retest, conducted on

November 7/00, is represented by ().

The ethyl carbamate values reported for the "control" fermentation, where

no DAP was added for Fermentation Sets 1, 2, and 3, also differ greatly from one

another. The values have been tabulated in Table 7. As can be seen by the values in the

table, each of the replicates and retests vary greatly, as demonstrated by the large

standard deviations.
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Table 7. The level of ethyl carbamate (ppb) reported in Chardonnay wine
samples fermented by Montrachet yeast where no DAP has been added.

Filter-sterile Chardonnay must was fermented by Montrachet yeast to dryness.

Ethyl carbamate concentrations were measured in the final wines using GC/MS
by the LCBO. No DAP was added as these fermentation served as the controls.

EC values were tested upon completion of the fermentations and retested up to

several months later.

Fermentation Set
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wine. EC in the finished wines was reported as a fimction of the timing ofDAP addition

to the fennentations (Figure 28). Control fermentations were conducted where no DAP

was added (Figure 29).

As can be seen in Figures 28 and 29, the amount of ethyl carbamate

formed is largely dependent on the use of yeast strain with a difference of as much as

42% ethyl carbamate formed. VI 1 16 produced the highest amount of ethyl carbamate in

the fermentations among each of the strains, followed by Vinl3. Like Montrachet (in

Fermentation Set 1) (Figure 25), both of VI 116 and Vinl3 strains displayed a positive

correlation between ethyl carbamate formed and the timing ofDAP addition (Figure 28)

(p<0.05 and p<0.01 respectively, where n=4). Epemay2 displayed no correlation

^PO.OS) between ethyl carbamate formed and the timing of DAP addition whereas

ECl 1 18 displayed a slightiy negative correlation (p<0.01) (Figure 28).
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Figure 28. The level of ethyl carbamate (ppb) in Chardonnay wine
samples as a function of the timing of DAP addition to the

fermentations. Filter-sterile Chardonnay must was fermented using

either ECU 18 (*), Vinl3 (•), VI 116 (A), or Epemay2 () yeast to

dryness. Ethyl carbamate concentrations were measured in the final wines

using GC/MS by the LCBO. DAP was added to the fermentations at 0%,
25%, 50% or 75% completion. The dashed lines represent the trend-lines.

Error bars represent the standard deviation of the ethyl carbamate values

obtained from duplicate fermentations (n=2).
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5. DISCUSSION

To test the effect of the timing ofDAP addition on CARl gene expression

and ethyl carbamate production in wine, five fennentations were completed in triplicate

where DAP was added to the fermenting Chardonnay must at either 0, 25, 50, 75% sugars

fermented or not at all. The nitrogen environment is assayed to better understand the

effect of this environment on these variables. The effect of yeast strain on the

production of ethyl carbamate under the above conditions was also tested by conducting

replicate experiments using four additional yeast strains.

5.1 The Addition ofDAP does not Affect the Growth Rate of Montrachet

Yeast

One of the first conditions assessed in the progression of our fermentations

was the growth of the Montrachet yeast. This was not only important as a correlate of

growth phase to weight loss (% sugars fermented), but also as an indicator of changes in

growth rate and biomass production. It is well known that the addition of nitrogen to

wine fermentations increases the growth rate, rate of fermentation, and biomass yield

(reviewed in Henschke and Jiranek, 1993). Under the experimental conditions in this

project, there was no significant difference imparted on the fermentation by the

differently-timed additions of DAP with respect to the maximal cell density or to the cell

density (Figure 19) when displayed as a factor of% sugars fermented. These values were

also plotted for each individual fermentation as a factor of time (hours) to visualize the

effect of DAP on the rate of growth of the cells (data not shown), where again, no

significant differences between fermentations were seen. Additionally, % sugars
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fermented was plotted as a factor oftime (hours) to investigate the effect ofDAP addition

on fermentation rate (data not shown), where again, no differences were seen.

It has been widely shown that the addition of nitrogen to fermenting must affects each of

these factors (Bely, 1990a; reviewed in Jiranek and Henschke, 1993). In one key

experiment confirming these effects (Saita and Slaughter, 1984), fermentations were

conducted in the presence of different initial concentrations of ammonia (50, 100, 150,

and 250 mg N/L). They were able to display very large differences in sugar consumption

and ethanol production between the fermentations where 50, 100, and 150 mg N/L were

added. The differences between 150 and 250 mg N/L were minimal in comparison. As it

is known that initial concentrations of less than 140 mg N/L are insufficient to support

healthy yeast growth (reviewed in Henschke and Jiranek, 1993), the conclusion can be

made that the differences between 50, 100, and 150 mg N/L is due to the first two

concentrations being below this threshold. As both 150 and 250 mg N/L are both above

the threshold of 140 mg N/L, the differences in fermentation rate are minimal. In our

experiment, all of the fermentations are well above this concentration. It is generally

known, however, that although musts with more than 140 mg N/L will yield sufficient

growth rates, amounts of greater than 400 mg N/L will highly stimulate growth (reviewed

in Henschke and Jiranek, 1993). As such, this does not folly explain our data. An

experiment conducted by Bely et al. (1990a) closely resembles ours in that a known

amount of nitrogen (63 mg N/L) was added to parallel fermentations (initially 129 mg

N/L) at different time points. They noted a significant increase in both CCh evolution

and cell growth upon the addition of the nitrogen, with this increase being less dramatic

as nitrogen was added at later time-points in the fermentation. Again, their fermentations
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had an initial concentration below the 140 mg N/L threshold, which may account for the

large differences seen. As our fermentations started at 237 mg N/L, perhaps little

difference should be seen when the 203 mg N/L was added. Again, however, we are

feced with the knowledge that when additions are made where must nitrogen is increased

to above 400 mg N/L, fermentation and growth rates are stimulated (reviewed in

Henschke and Jiranek, 1993).

Many experiments investigating these issues are done, however, with

different yeast strains, sugar concentrations, synthetic media/must varietals, and

fermentation temperatures. Such differences are bound to cloud the issue. It seems we

have found a condition where nitrogen additions do not affect these parameters:

fermentation and growth rate. One can only assume that there was sufficient total

nitrogen available to allow maximal growth rate of the yeast throughout the fermentation.

This is corroborated by the fact that each fermentation had an excess of total nitrogen

remaining in the must throughout fermentation.

52 The Timing ofDAP Addition Affects Nitrogen Uptake by Yeast Cells

Ammonia is the largest "preferred" nitrogen component for yeast foimd in

grape juice, and in these fermentations, as in industry, supplemental nitrogen is added in

the form of ammonia (di-ammonium phosphate, DAP). It was deemed important to

monitor the amount of nitrogen throughout the fermentations to see the rate of

consxmiption by the yeast, and to relate the nitrogen environment back to nitrogen-related

gene expression. It was found that as DAP was added at later time points in the

fermentation, less ammonia was sequestered. This is explainable by the respective
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growth rates (Figxire 19) of the yeast at these points, with the fennentation where DAP is

added at 0% sugars fermented accumulating an average of 147.8 mg N/L from ammonia

and those with DAP added at 75% sugars fermented accumulating only 20.4 mg N/L

from ammonia. This represents a 7.2 fold difference, explainable, again, by the rate of

cell growth at the time of DAP addition and the time remaining in the fermentation.

Essentially, the faster the yeast population is growing, the more nitrogen will be used. In

addition, the longer a yeast population has to grow before reaching limiting conditions or

death phase, again the more nitrogen will be used. The results reflect the needs for

nitrogen at the different stages of the growth curve.

In contrast to the results seen with ammonia accimiulation, fermentations

with added DAP demonstrate a reduced accumulation of amino nitrogen (Figure 21).

This is expected since ammonia is a preferred nitrogen-source for yeast, and thus

remaining amino nitrogen would be left unused. This effect is attributable to NCR and

has been well documented (Cooper, 1982; Wiame et al, 1985; Magasanik, 1992; ter

Schure et al, 2000). To highlight this effect in this experiment, the control fermentation

where no DAP was added used a maximum average amount of 1 14.5 mg amino N/L

whereas the fermentation where DAP was added at the beginning only accumulated a

maximum average of 86.4 mg amino N/L, a difference of 28. 1 mg N/L. Again, it can be

said, that a significant portion of amino acid nitrogen will be unused by the yeast when a

preferred nitrogen source is added. Stationary phase, leading into death phase, appears to

begin around 50-75% sugars fermented (Figure 19), after which an increase in amino

nitrogen is seen in the supernatant of each fermentation. This phenomenon may be

attributable to cell lysis, at which time the contents of the vacuoles will be released back
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into the juice. It has also been observed, however, that although cell lysis plays a role in

the release of these compounds, the release has been seen to occur when greater than 90%

of the cells are still viable, indicating some metaboUc function behind this phenomenon

(Bisson, 1991; reviewed in Boulton etal., 1996).

Upon first assessment of the nitrogen data above it was assumed that if

one fermentation uses more amino nitrogen and less ammonia nitrogen, and a second

fermentation uses less amino nitrogen and more ammonia nitrogen, that as each attains a

similar maximal cell density, the amount of total nitrogen used in these fermentations

averages out to be about the same. As opposed to this original assumption, cells growing

in fermentations with DAP added at earlier time points sequester more total nitrogen

fix>m the must than when DAP is added later or not at all, regardless of the reduced amino

nitrogen uptake. The fermentation where DAP was added at 0% sugars fermented

demonstrated that the cells consumed approximately 25% more total nitrogen than in the

fermentation where no DAP was added. Added nitrogen is known to be taken up by the

yeast cells much slower when added later in fermentations (Boulton et al., 1996), thus

corroborating this observation. This may be due to the timing of the addition within the

growth phase: cells are known to fill their vacuolar pools early during growth (lag and

early log phases), after which they tend to rely on the intracellular pools to meet their

nitrogen demands (Boulton et al, 1996). During the fermentations in this experiment,

ammonia was virtually depleted fi-om the must by 15% sugars fermented. If DAP is

added, however, in the early phases of growth, when the transporters are still highly

active and the vacuolar pools have not yet reached capacity, more ammonia, and

therefore more total nitrogen, can be accumulated. When assessing total nitrogen, as with
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ammonia and amino acid nitrogen, a decrease in sequestered nitrogen in each

fermentation is seen between 50% and 100% sugars fermented.

53 CARl Expression is Modulated by tlie Timing ofDAP Addition

Arginase is the first enzyme required for the degradation of arginine as a

nitrogen source, resulting in urea and ornithine (Middlehoven, 1964), and is therefore the

first enzyme in the pathway leading to urea excretion and subsequent EC production (see

section 1.3.4). Because of this, one of the main objectives of this study was to determine

the effect of DAP on the expression of the arginase gene (CARl) throughout wine

fermentations. To this end, the level of CARl expression was measured by northern

analysis and translated into a nimierical value for interpretation.

The expression pattern during fermentation for CARl (Figure 24) may be

explained knowing the conditions of expression for CARl (section 1.3.4): essentially,

expression of the gene will be repressed when a preferred nitrogen source is present at

sufGcient concentrations and expression will only be induced in the presence of arginine.

The data imply that as the ammonia, a preferred nitrogen source, is consumed (by 15%

sugars fermented as seen in Figure 20), CARl is de-repressed and will be expressed given

there is sufficient arginine present in the must or internal vacuolar pools; CARl is

derepressed due to the removal of the NCR activator, ammonia. At a molecular level,

two UAS sequences are affected: (a) Ure2p will no longer interfere with Ghi3p, thereby

enabling Gln3p to bind the UASg,t» sequence (Cofi&nan et ai, 1994), and (b) Ume6p no

longer binds the repressor site (Cooper et al, 1992; Dubois and Messenguy, 1997); CARl

is no longer repressed. If there is arginine present, then the arginine-sensitive target
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proteins, AgrRi, ArgRII, ArgRIII, and Mcml, may bind to Ae UASarg site (inducer site)

and activate expression of CARl (Cooper et al., 1992; I>ubois and Messenguy, 1997). In

all of the fermentations where DAP had been added later in the fermentations or not at all

(control, DAP added at 50% and 75% sugars fermented), CARl was expressed at a

maximal level between 15-25% sugars fermented, which is in agreement with the

literature outlined above. During this time, arginine was likely degraded thereby yielding

urea, the EC precursor. Based on this, the assumption can be made that more arginine is

degraded in cells fermenting must where DAP was added later in the fermentation, thus

yielding more urea.

If arginine pools are depleted through the course of the fermentation,

CARl is no longer expressed, due to the lack of this necessary inducer. That is, the

arginine-sensitive target proteins, AgrRi, ArgRII, ArgRIII, and Mcml, can no longer bind

to the UASarg site (inducer site) and expression of CARl ceases (Cooper et al., 1992;

Dubois and Messenguy, 1997). This scenario was observed in the fermentations where

no DAP was added, or where DAP was added late (at 50 or 75% sugars fermented).

Arginine may have been completely depleted by the later time points, thereby ceasing

CARl expression. By the time DAP was added later in the fermentations (at 50% and

75% sugars fermented), it is likely that CARl was no longer expressed due to the lack of

arginine and therefore the NCR effect fix)m DAP could not be observed.

There may be some fine balance between regulation by NCR and

induction by arginine, which could explain why low levels of CARl was expressed even

in the fermentation where DAP was added prior to fermentation (0%). This low level of

transcription, however, is most likely due to the action of the CARl upstream activating
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sequences, UASci and UASc2 (Cooper et al, 1992; Dubois and Messenguy, 1997),

which regulate the basal level of transcription, especially in the presence of ammonia

(Dubois and Messenguy, 1997). This constant low level oftranscription may account for

the presence of EC in this fermentation. Although CARl was subject to NCR, the low

level of CAR] expression may have allowed for the degradation of a small portion of the

arginine pool. This would then yield a small amoimt of urea, which could directly

contribute to the level ofEC observed in this fermentation.

Previous findings were based on investigations of CARl under singular

conditions, and the behavior if CARl was "pieced together" to form a model of how this

gene should behave during fermentation. This experiment illustrates multiple

permutations of CARl regulation according to these previous findings in a "real-time"

setting - that is, in this experiment CARl expression is shown to follow these predicted

patterns throughout a typical fermentation.

SA The Timing ofDAP Addition Influences the Production ofEC

As outlined in section 1.4.4, urea, formed via arginine degradation, is the

major precxirsor ofEC in wine. EC was measured in each of the fermentations in hopes of

elucidating a pattern of EC formation in differentially DAP-supplemented Chardonnay

musts. This was done for Montrachet yeast and a host of other strains. The EC was

measured in heat-treated wine samples (post-fermentation) by the LCBO.

For the Montrachet yeast, the level ofEC was positively correlated to the

timing of the DAP addition, from early to late (p<0.01, n=4) (Figure 25). It is possible

that when DAP was added earlier in the fermentation (at 0% and 25% sugars fermented).
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less arginine was metabolized to urea since ammonia is a more preferable nitrogen

source. As such, less urea will be secreted from the cells to combine with ethanol thereby

forming less EC. As illustrated in the above section and in Figure 24, CARl does appear

to be expressed at levels lower than in the other fermentations, thus supporting the idea

that less arginine was degraded under these conditions.

The fermentation where no DAP was added (control) yielded levels ofEC

comparable to the level found in the fermentation where DAP was added at 0% sugars

fermented. CARl was shown to be more highly expressed in this fermentation than in the

fermentation where DAP was added at time zero, so why is there so little EC? This may

be due to the action of the DUR1,2 protein; the urea amidolyase which is encoded by

DUR1.2. DUR1.2 is known to be regulated by NCR (Genbauffe and Cooper, 1986),

therefore, as preferable sources of nitrogen are depleted and NCR effect is Ufted, it is

possible that urea formed will be further degraded into ammonia and CO2 by urea

amidolyase. In addition, any urea that has diffused from the cell can be transported back

into the cell by the urea active transporter, which is encoded by DUR3. DUR3 is also

regulated by NCR and is generally expressed under conditions of nitrogen starvation (i.e.

in the absence of preferable nitrogen sources) (ElBerry et al., 1993). This increases the

likelihood that any urea produced by the degradation of arginine, whether retained by the

cell or difiEused into the must, will be ftirther degraded by Durl,2p, thus effectively

removing the EC precursor. In support of this argument, it has been observed that

Montrachet yeast completely reabsorbs urea when arginine is completely depleted from

fermenting must (Ough et al, 1991). Conversely, when DAP is added later during the

fermentation, when urea has already been formed from arginine degradation, both
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DUR1,2 and DUR3 will be subject to NCR. The degradation of the urea formed during

arginine metabolism will cease, subsequently resulting in a higher concentration ofEC in

these fermentations.

In addition to assaying wine fermented with Montrachet yeast, wine

samples fermented with either ECU 18, Epemay2, VI 116, or Vinl3 imder the varying

DAP addition regimentations were also assayed for EC content. The results can be seen

in Figures 28 and 29. The most obvious difference that can be seen between the samples

is the overall amount of EC produced with each yeast strain. As has been reported by

Ough et al. (1990; 1991), the amoimt of EC/EC-precursors produced varies greatly from

strain to strain. Here, VI 1 16 produces the most EC and ECl 1 18 and Epemay2 produce

the least of the strains tested. The results obtained using ECl 1 18 are in agreement with

previous findings: that fermentations using ECl 118 display low levels of EC (Ough et

al, 1990), and ECl 1 18 secretes only very low levels of the EC precursor, urea (Ough et

al., 1991). The low levels ofEC produced by Epemay2 is somewhat contrary to previous

findings. It has been noted that this strain yields both high levels of urea and EC during

fermentation (Ough et al., 1990). In addition, it has been noted that this strain does not

reabsorb any urea from the must, even when all of the arginine (and other optimal

nitrogen sources) has been depleted (Ough et al, 1991). In one of the graphs of his

study, however, one of the Epemay2 fermentations displayed levels of urea secretion that

were comparable to that of ECl 118 (Ough et al, 1990), and when combined with our

results, may be an indication that Epemay2 cannot be predictably labeled as a high

urea/EC producer.
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Another difference between strains that can be noted is the direction of the

regression line when correlating EC content with DAP addition times. The production of

EC in wine samples fermented with either V1116 or Vinl3, as with Montrachet, is

significantly and positively correlated to the timing of DAP addition (p<0.05 and p<0.01

respectively, n=4). Epemay2 displayed a slightly positive, although insignificant,

correlation to the timing ofDAP addition, fix)m early to late (p>0.05). ECU 18 displayed

a slight, yet significant, negative correlation (p<0.01, n=4). A testable postulation can be

made based on these correlations: the effect of DAP addition on EC formation can be

predicted based on strain-tj^e. It seems that for strains which are high urea producers,

but which can reabsorb urea in conditions of nitrogen starvation (like Montrachet), that

tiie timing of DAP addition is positively correlated to the production of EC. No effect

can be seen for urea producers that do not efficiently reabsorb urea, like Epeniay2, as the

urea-related genes which would otherwise be repressed by DAP are already non-

functional. Yeast which are low urea producers, like ECl 1 18, may have a highly active

urea transporter and urea amidolyase, thereby increasing urea release as these genes are

repressed by DAP addition.

Unfortunately, the values reported fi-om the GC/MS analyses of EC

seemed to be unreliable (Figures 26, 27, and Table 7) and no definite conclusions on the

effect ofDAP addition on the production of EC during wine fermentations can be made

at this stage. To fiirther substantiate the above postulations, the EC data woiUd need to be

validated. As the LCBO method of analyzing EC has been highly optimized and

critically assessed by multiple laboratories, this method is currently one of the most

accepted methods in the wine science community (reviewed in Battaglia et al., 1990). As

124





such, to modify or switch protocols would not necessarily improve the consistency of the

results. Rather, variation is likely originating fix)m two sources: (a) variability among

the wine samples, either due to an unpredictable EC formation kinetics or to variations

among purchased yeast strain lots, in which case the results are accurate and EC

production is inconsistent and unpredictable, or (b) there are differences between the

technicians' stringency standards and handling techniques. To assess the origin of the

variance, a number of spiked samples would need to be submitted for testing in duplicate

to first verify the procedure, followed by duplicate submissions of the wine samples.

Regardless of the variance seen in the replicate samples, the positive correlation of the

timing of DAP addition to EC production in the main Montrachet fermentations is

probably correct, as this correlation is so easily explained by the nitrogen data, CARl

data, and background literature discussed.

4^ Molecular Events may be Used to Explain the EC Data

These differences in overall amount of EC and correlation with DAP

addition may indicate differences in regulation and expression of CAR] and the other

arginine-related genes. For example, the lack of re-absorption of urea by Epemay2 when

arginine is fully depleted, as observed by Ough et al. (1991), indicates a poorly

functioning urea transporter (Dur3p). The fact that little EC was seen in our Epemay2

fermentations may indicate that although no urea could be reabsorbed, perhaps little was

produced, either fix>m the presence of an under-expressed CARl gene (preventing the

formation of urea), or a more efficient/expressed DUR1,2 gene (degrading any produced

urea). There is also the possibility that the arginine transporter may be inefficient, which
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would yield the same result, but it has been previously observed that this strain absorbs

all available arginine under limitation conditions (Ough et al., 1991). In Montrachet

yeast, the timing of re-absorption of urea during nitrogen limitation could be correlated

with DUR3 and DUR1.2 expression. In ECl 1 18, the expression ofDURl,2 may be used

to explain the general lack of urea secretion and EC formation during fermentation. The

negative correlation of the timing of DAP addition with EC formation may reflect the

effect ofNCR imparted by DAP on otherwise highly active DUR3 and DURl,2 genes. If

these genes were actively degrading any urea produced, and then repressed by the

addition ofDAP, more urea would remain to form EC. To investigate such differences at

a molecular level, these three yeast strains may be analyzed for differences in CARJ,

DUR3, and DURl,2 expression during fermentation in conditions of arginine metabolism

and nitrogen starvation. The levels of arginine uptake metabolism and urea secretion

could be measured to strengthen such data. Future experiments investigating the

expression of these genes among different yeast strains will further elucidate and validate

this postulation. To further imderstand the pathway of arginine and urea metabolism, and

interaction of the related proteins, the genes encoding the arginine-specific transporter

and the general amino acid permease could also be added to the above experiment.
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5.6 The Timing ofDAP Addition may be a Potential Means of Controlling

and Minimizing EC Production by Certain Yeast Strains

There has been some interest in preventing the formation of EC in wine

fermentations, especially because of the related health risks and economical impact of

discarding EC-abundant batches. A few methods have been/are being investigated as a

means ofminimizing EC formation (see section 1 .4.8).

One such approach involves the addition of a lu'ease to degrade any urea

present in the wine (Ough and Trioli, 1988; Tegmo-Larsson and Henick-Kling, 1990),

These methods are not completely effective in degrading the urea in the highly acidic

conditions of wine, but are certainly a potential solution. One foreseeable problem,

although easily overcome, is the legislation required to allow a urease as an additive to

wine.

Other approaches are devised at the genetic level, involving genetically

modified yeast strains, either introducing novel urease encoding genes, or may involve

the modulation of expression of selected arginine-related genes, such as CARL Although

many of these are very promising, they are laborious and expensive to develop. In

addition, the current hesitation of governmental agencies towards the use of genetically

modified organisms in the production ofconsumables may prove to be an insurmountable

obstacle in the use of such organisms.

Given more testing and validation, a single method to minimize EC

production could be through the management ofDAP supplementation. Classes of yeast

strains may be devised, based on their urea metabolizing capabilities. These classes

would each have different suggestions for DAP addition. For exanq)le, if Montrachet
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were chosen, it would be in, say, Class A. Class A suggests that if the addition ofDAP is

desired for protection from H2S production and sluggish fermentations, that such an

addition should be made prior to fermentation. Epemay2, in Class B, would state that

DAP can be added at any point without impact ofEC formation. Such information could

be provided to assist winemakers in their decisions, based on their specific conditions and

strain selection.

5.7 Suggestions on the use ofDAP as a Nitrogen Supplement

As outlined in the introduction, DAP is often added to wine fermentations

for a multitude of reasons. These additions will also be made at different times,

depending on the winemaker's judgment and knowledge of the situation.

DAP is often used in the prevention of stuck /sluggish fermentations (see

section 1.3.1). Winemakers will either supplement juice of suspect nitrogen quality prior

to fermentation, or will attempt to rejuvenate a fermentation by adding DAP once the

problem has occurred. It has been demonstrated, however, that the addition ofDAP post-

occurrence may not always remedy the problem (reviewed in Henschke and Jiranek,

1993). It is suggested, then that to prevent low-nitrogen impedance of fermentation rate,

that DAP addition be made in the beginning.

The treatment of H2S formation is much like that of stuck/sluggish

fermentations: DAP should be added early in the fermentation. It has been found that due

to the pathways of H2S production (see section 1.3.2), only early forming H2S can be

helped by DAP addition (reviewed in Henschke and Jiranek, 1993). Late forming H2S

caimot be treated with DAP, and therefore late supplementations are futile.
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As our preliminary findings suggest that the timing of DAP addition can

also influence EC production, this factor should also be considered when deciding on

supplementation schemes. As indicated above, such decisions would be influenced by

strain selection.

When our preUminary findings are combined with the knowledge

surrounding the prevention of H2S production and stuck/sluggish fermentations, it seems

as though early supplementations are to be suggested, especially when strains exhibit

Montrachet- or Epemay2-type behavior. When using strains that behave like EC 111 8,

however, supplementation should be avoided. If required, it may be suggested to

supplement with a less preferable nitrogen source, or addition should be slightly delayed

to prevent the formation of higher EC amounts.

5.8 Future Experiments and Potential Impact of Current Findings

Future experiments will further verify and confirm our findings: that the

timing ofDAP addition affects nitrogen metabolism and EC formation. As the remaining

genes of interest are analyzed, it will be interesting to see the pattern that ensues from

DAP addition and timing on nitrogen utilization pathways and gene expression.

Differences in ethyl carbamate production between the yeast strains in relation to DAP

addition points will likely be demonstrated by a difference in gene expression and

regulation. Such yeast strains may also be separated into classes based on their

susceptibility to DAP addition, and information given to the winemaking community that

will assist in their supplementation decisions. As such, DAP addition schemes may

provide a means of control over EC production in wine.
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5. CONCLUSIONS

1. Ammonia was completely sequestered fiom the must by 15% sugars

fermented in each of the fermentations except that which had DAP added at the start

The addition of DAP later during the fermentations resulted in less ammonia being

sequestered from the grape must by the yeast

2. The addition of DAP early in the fermentations negatively impacted the

utilization of amino nitrogen by the yeast cells.

3. The production of EC was found to be yeast strain related. ECl 1 18 and

Epemay2 produced similar amounts ofEC (45 ppb) while Vinl3 (65 ppb) and VI 1 16 (84

ppb) produced more. Yeast strain selection by wineries might be an important factor in

minimizing EC production in wine.

4. The data imply that the level ofEC production was positively correlated to

the timing, early to late, of DAP addition to fermenting grape must when Montrachet

yeast was used. These findings can be explained using the nitrogen and CARl data

collected, along with literary findings of the arginine-related genes. Similar findings

were seen for the strains VI 1 16 and Vinl3. In contrast, timing, early to late addition of

DAP to fermenting grape must resulted in a slightly negative correlation to the level of

EC produced by ECl 118. The amount of EC produced by Epemay 2 was not

significantly affect by the timing ofDAP addition. These fmdings imply that not only is

130





the amount ofEC formed, but also the effect of timed DAP additions on EC production is

yeast strain dependent. As such, the nitrogen supplementation regimens used in wineries

could to be adjusted to minimize EC production during fermentation based on the yeast

strain selected.

5. Northern analysis of CARl expression revealed that CARl expression was

maximal between 15-25% sugars fermented. Expression of CARl decreased later during

fermentations. The addition of DAP at the begiiming of fermentation and after 25%

sugars fermented led to the repression of CARl confirming that Nitrogen Catabolite

Repression is fimctional in wine yeast.
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