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Abstract
Sauvignon Blanc is the most important grape variety for New Zealand’s economy with
exports of ~$740M in 2008. The two varietal thiols 3‐mercaptohexanol (3MH) and 3‐
mercaptohexyl acetate (3MHA), reminiscent of tropical aromas like passion fruit and
grapefruit, have been identified as key aroma compounds in Marlborough Sauvignon
Blanc. These compounds are released during fermentation due to the metabolic action
of yeast. This thesis investigates the contribution of natural New Zealand yeast isolates
to the characteristic aroma of Sauvignon Blanc. Natural Saccharomyces and non‐
Saccharomyces isolates were screened for their 3MH and 3MHA production. Four non‐
Saccharomyces yeasts from two species, Candida zemplinina and Pichia kluyveri, were
identified as predominantly producing either 3MH or 3MHA. In subsequent co‐
fermentation experiments with commercial S. cerevisiae strains, the combination of VL3
and P. kluyveri I at a ratio of 1:9 showed remarkable increase in 3MHA production.
Analysis of nitrogen usage in this co‐ferment revealed that P. kluyveri I was able to grow
on proline as sole nitrogen source in a synthetic medium. Proline is one of the most
abundant amino acids in grape juice but cannot be utilized by S. cerevisiae as its
degradation pathway requires oxygen. Nothing is known about proline utilization in P.
kluyveri but the data presented here suggests a different utilization pathway than that
found in S. cerevisiae.

In addition, a S. cerevisiae population was isolated for the first time from a New Zealand
vineyard, mainly from soil samples. Furthermore, S. cerevisiae strains found in a nearby
apiary matched genotypes found in the vineyard, providing evidence that bees are
transport vectors for S. cerevisiae.
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Around here, however, we don’t look backwards for very long.
We keep moving forward, opening new doors, and doing new things,
because we're curious and curiosity keeps leading us down new paths.
Walt Disney

Für Opi
(19.03.1916 – 1996)

III

Acknowledgments
_____________________________________________________________________________________________________

Acknowledgements
This PhD truly was a journey, not only half way around the world. There are many
people I would like to thank who helped, guided, and motivated me and who I had fun
with along this journey.

Mat Goddard, for giving me the opportunity to do this PhD. Thanks for giving me the
independence to explore my ideas, yet being there for me whenever I needed guidance.

Soon, Keith and Annabel, I wouldn’t be where I am right now without you guys. Thanks
for always being patient with me and answering my countless questions.

Paul Rainey and his team for letting me share the lab, with special thanks to Jenna and
Peter for making my life so much more fun, as well as Bertus for sharing his wisdom
with me (not only about science).

The Wine Science team out in Tamaki: Randy for helping me making some really nice
wine and to Jan, Laura and everyone else who made my life more enjoyable while I was
working there.

Richard for being honest.

Maureen Maxwell from Beesonline and Corey Hall, the Matua Valley winemaker in
2005, for allowing me to find out more about S. cerevisiae in beehives and vineyards.

Thanks to Lesley from ESR for helping me with the WineScan™.

IV

Acknowledgments
_____________________________________________________________________________________________________
Pernod Ricard and Simon Nunns from Coopers Creek for providing me with Sauvignon
Blanc grape juice.

FRST and SBS, especially Joerg Kistler, for my scholarships.

Thanks also to my lab: Jeremy, Sushma, and Phil, as well as the Silas group who were
very supportive, especially in my last year.

Special thanks to my dear fellow students and best friends Mandy and Cathi. I don’t
think anyone could wish for better friends and I don’t know how I would have managed
my last year without you guys. Thanks.

Besonderer Dank gilt auch meinen Eltern und meinem Bruder, die mich ohne zu zögern
nach Neuseeland haben ziehen lassen, und mich immer in allen meinen Entscheidungen
unterstützt haben.

Last but not least, vielen Dank auch an all meine Freunde daheim, die trotz der
Entfernung immer Wege finden, mich zu unterstützen und für mich da sind, egal wo ich
auf dieser Welt bin. Danke, Steffi, Sanne, Patricia, Andreas und Bianca.

Thanks also to all my other friends in Auckland and everyone else who somehow
contributed to my journey.

THANK YOU

V

Table of Contents
_____________________________________________________________________________________________________

Table of Contents
Abstract……………………………………………………………………………………………………………………II
Dedication…………………………………………………………………………………………………….………….III
Acknowledgements…………………………………………………………………………………………………..IV
Table of Contents…………………………………………………………………………………………..…………VI
List of Figures…………………………………………………………………………………………………………..XI
List of Tables………………………………………………………………………………………………………..XVIII
Abbreviations……………………………………………………………………………………….……….………...XX
Chapter 1
General Introduction
1.1
Preface ................................................................................................................................................ 2
1.2

Winemaking ..................................................................................................................................... 3

1.3

Fermentation ................................................................................................................................... 4

1.3.1

Yeasts in winemaking ........................................................................................................... 6

1.4

Wine aroma ...................................................................................................................................... 6

1.5

History of wine in New Zealand .............................................................................................. 8

1.6

Aims ...................................................................................................................................................10

Chapter 2
Investigating the origin, diversity and dispersal of Saccharomyces cerevisiae in New
Zealand
2.1

Introduction ...................................................................................................................................12

2.1.1

Origin of Saccharomyces cerevisiae ...............................................................................12

2.1.2

Transport vectors for Saccharomyces cerevisiae ....................................................17

2.1.3

Species identification ..........................................................................................................18

2.1.4

Aims ............................................................................................................................................20

VI

Table of Contents
_____________________________________________________________________________________________________
2.2

Materials and Methods ..............................................................................................................21

2.2.1

Sample sites ............................................................................................................................22

2.2.2 Protocol for the isolation of S. cerevisiae samples (based on Mortimer and
Polsinelli 1999) ......................................................................................................................................24
2.2.3

Species identification ..........................................................................................................25

2.2.4

S. cerevisiae strain differentiation .................................................................................27

2.2.5

Glycerol stocks .......................................................................................................................27

2.3

Results and Discussion ..............................................................................................................29

2.3.1

Isolation of S. cerevisiae from Matua Valley vineyard...........................................29

2.3.1.1

S. cerevisiae Matua Valley vineyard population..............................................31

2.3.1.2

Distribution and relationship of the S. cerevisiae vineyard population
……………………………………………………………………………………………………..33

2.3.2

Isolation of yeasts from beehives ..................................................................................41

2.3.3

Bees – a transport vector for S. cerevisiae?................................................................43

2.4

Conclusion .......................................................................................................................................46

Chapter 3
Yeasts' influence on the aroma and flavour of New Zealand Sauvignon Blanc
3.1

Introduction ...................................................................................................................................48

3.1.1

Key aroma compounds of Sauvignon Blanc ..............................................................48

3.1.2

Precursors of the key aroma compounds in Sauvignon Blanc ..........................50

3.1.3

Biogenesis of thiols ..............................................................................................................52

3.1.4

Aims ............................................................................................................................................56

3.2

Materials and Methods ..............................................................................................................57

3.2.1

4MMP‐cysteine growth assay .........................................................................................57

3.2.1.1
3.2.2

Influence of 4MMP‐cysteine or cysteine concentration on yeast growth
……………………………………………………………………………………………………..59

Screening for thiol production ........................................................................................59

3.2.2.1

Yeast species ..................................................................................................................59
VII

Table of Contents
_____________________________________________________________________________________________________
3.2.2.2

Microfermentation ......................................................................................................62

3.2.2.3

Thiol extraction ............................................................................................................ 65

3.2.2.4

GC‐MS analysis .............................................................................................................. 66

3.2.3

Five litre fermentation .......................................................................................................67

3.2.3.1
3.3

Sensory Consumer study ..........................................................................................68

Results and Discussion ..............................................................................................................70

3.3.1

4MMP‐cysteine growth assay .........................................................................................70

3.3.1.1
3.3.2

Influence of 4MMP‐cysteine concentration on yeast growth ...................73

Yeasts’ influence on thiol production in New Zealand Sauvignon Blanc......75

3.3.2.1
Screening of Saccharomyces sensu stricto group yeasts for 3MH and
3MHA release......................................................................................................................................76
3.3.2.2

Screening of non‐Saccharomyces yeasts for 3MH and 3MHA release...79

3.3.3 Co‐fermentation of four non‐Saccharomyces species with commercial S.
cerevisiae strains ....................................................................................................................................82
3.3.3.1

3MH to 3MHA conversion by nonSaccharomyces yeast ............................87

3.3.3.2
Is the 3MH and 3MHA increase in P. kluyveri co‐ferments due to the
action of P. kluyveri? ........................................................................................................................93
3.3.3.3

The generality of the interaction ..........................................................................97

3.3.3.4

Sequential inoculation ...............................................................................................99

3.3.4

Five litre upscale experiment ....................................................................................... 101

3.3.4.1
3.4

Consumer tasting of co‐fermented wines ...................................................... 106

Conclusion .................................................................................................................................... 110

Chapter 4
Mechanisms underlying interactions in co‐ferments
4.1

Introduction ................................................................................................................................ 112

4.1.1

Co‐fermentations with non‐Saccharomyces species .......................................... 112

4.1.2

Factors influencing yeast survival during fermentation .................................. 113

4.1.3

Aims ......................................................................................................................................... 116
VIII

Table of Contents
_____________________________________________________________________________________________________
4.2

Materials and Methods ........................................................................................................... 117

4.2.1

Population dynamics of P. kluyveri I and VL3 in single and co‐ferments .. 117

4.2.2

Assay for inhibitory compounds ................................................................................. 118

4.2.3

Nutrient assay ..................................................................................................................... 120

4.2.4

Proline assay ........................................................................................................................ 121

4.3

Results and Discussion ........................................................................................................... 122

4.3.1

Population dynamics of P. kluyveri I and VL3 in single and co‐ferments .. 122

4.3.1.1

Is 3MHA increase due to an additive effect? ................................................. 128

4.3.2

Assay for inhibitory compounds ................................................................................. 129

4.3.3

Nutrient assay ..................................................................................................................... 134

4.3.4

Proline assay ........................................................................................................................ 138

4.4

Conclusion ................................................................................................................................. 143

Chapter 5
General Discussion
Introduction ............................................................................................................................................... 145
5.1

S. cerevisiae population outside the winery ............................................................... 146

5.2

Influence of natural yeast isolates on Sauvignon Blanc aroma and flavour . 149

5.3

Manipulation of Sauvignon Blanc aroma and flavour using co‐fermentation
……………………………………………………………………………………………………………..151

5.4

Interactions in co‐ferments ............................................................................................... 153

5.5

Are there benefits for yeasts in thiol release? ............................................................ 154

5.6

Summary..................................................................................................................................... 157

Appendices
Appendix A ................................................................................................................................................. 158
Evaluation of two isolation protocols for Saccharomyces cerevisiae from natural
samples

IX

Table of Contents
_____________________________________________________________________________________________________
A.1

Introduction ................................................................................................................................ 158

A.2

Comparison of two isolation protocols ........................................................................... 159

A.2.1

Bark and Soil experiment ............................................................................................... 163

A.2.2

Viability of S. cerevisiae and T. delbrueckii in enrichment culture media . 165

A.2.3

PIM2 Test .............................................................................................................................. 168

A.3

Conclusion .................................................................................................................................... 173

Appendix B ................................................................................................................................................. 174
Consumer tasting sheets .................................................................................................................. 174
Appendix C.................................................................................................................................................. 176
Appendix D ................................................................................................................................................. 180
Fermentation progress of the different microferments .................................................... 180
References………………………………………………………………………………………………………….....184

X

List of Figures
_____________________________________________________________________________________________________

List of Figures
Figure 1: The winemaking process. The green circles indicate the two main origins for
aroma compounds. Modified after Jackson (2000). ........................................................................... 4
Figure 2: Different hypothesis on the life cycle of S. cerevisiae during the year. A. based
on Hansen (reviewed by Martini 1993); B. based on different researchers reviewed by
Brysch‐Herzberg (2004) and Martini (1993) and C. based on Martini et al. (1996). ........13
Figure 3: Experimental procedure for the isolation of S. cerevisiae. .........................................21
Figure 4: Map of the Waimauku region west of Auckland, showing its relative position in
New Zealand and the Auckland region (with the Mangere sample site). Indicated are the
two different sample sites, Matua Valley vineyard and Beesonline Café respectively. ....23
Figure 5: Map of the Matua Valley winery and their surrounding vineyards. Indicated
are the sample sites with more detailed description in the table. .............................................24
Figure 6: Life cycle of S. cerevisiae............................................................................................................32
Figure 7: Microsatellite profiles (genotypes) distinguished by their abundance in space
and time. ..............................................................................................................................................................34
Figure 8: Distribution of the 41 different genotypes of S. cerevisiae in the Matua Valley
Sauvignon Blanc vineyard block over space and time. Red represents genotypes isolated
only once, yellow represents genotypes unique to the sample site and date and green
correspond to genotypes found at more than one site or date.*1 all these genotypes
found in bark, *2 these genotypes were isolated from a buttercup flower in the direct
surrounding of the vine on sample site i. All other genotypes were isolated from soil. ..36

XI

List of Figures
_____________________________________________________________________________________________________
Figure 9: Distribution of the six different genotypes isolated more than once from
different sample sites and/or dates from the Matua Valley vineyard block. The colours
of the boxes represent one sample site each as indicated in the legend below the chart.
.................................................................................................................................................................................38
Figure 10: Neighbour net of the 41 genotypes found in the Matua Valley Sauvignon
Blanc vineyard block. Red dots indicate unique genotypes, yellow are genotypes found
at least twice at the same sample site and date, and green dots indicate genotypes found
at different sample sites and dates. .........................................................................................................39
Figure 11: Graphic display of where the 6 different genotypes were found. Same colour
arrows indicate same genotype. Arrows do not indicate potential travel routes of S.
cerevisiae but merely try to connect the sites where the same genotypes were found. ..45
Figure 12: Hypothesized pathway of 4MMP release from its cysteine precursor. .............51
Figure 13: Hypothesized pathway of 3MHA production based on Swiegers et al. (2006b).
.................................................................................................................................................................................53
Figure 14: 4MMP‐cysteine growth assay. a) SD medium positive control. b) to g) growth
of the six different yeast strains in 3% (w/v) 4MMP‐cysteine medium (circle), 1.5%
(w/v) cysteine medium (triangle) and negative control medium (bar). Arrows indicate
when additional glucose and ammonium sulfate was added to all treatments. n=1. ........71
Figure 15: 4MMP‐cysteine growth assay with different concentrations of 4MMP‐
cysteine and cysteine over time. Values are mean ± standard error of the mean. n=3. ...74
Figure 16: Concentrations of 3MH and 3MHA in wines fermented with different
Saccharomyces sensu stricto strains. The black lines represent the minimum
concentration of 3MH and 3MHA found in Marlborough Sauvignon Blanc (Nicolau et al.
2006). Values are mean ± s.e.m. n=3.......................................................................................................77

XII

List of Figures
_____________________________________________________________________________________________________
Figure 17: Concentrations of 3MH and 3MHA released by non‐Saccharomyces species in
Sauvignon Blanc ferments. The black line represents the minimum concentration of
3MH and 3MHA found in Marlborough Sauvignon Blanc (Nicolau et al. 2006). The
arrows indicate strains with the highest concentration of 3MH or 3MHA. Values are
mean ± s.e.m. n=3. ...........................................................................................................................................80
Figure 18: Weight loss for single ferments of C. zemplinina I and II and P. kluyveri I and
II. For comparison, the weight loss curve of S. cerevisiae is shown. Values are mean ±
s.e.m., n=3............................................................................................................................................................83
Figure 19: 3MH and 3MHA concentrations in co‐ferments of VL3 and four non‐
Saccharomyces (NS) species inoculated at three different ratios. The dashed line
represents the mean concentration of 3MH or 3MHA in the VL3 single ferments for
comparison. Values are mean ± s.e.m. n=3; * p<0.05, ** p<0.01 calculated using t‐tests in
comparison to the VL3 single ferment. ..................................................................................................84
Figure 20: Hypothesis of 3MH to 3MHA conversion a) for S. cerevisiae by Swiegers et al.
2006b, b) for C. zemplinina I and II and c) for P. kluyveri I and II. Including the 3MH and
3MHA concentrations found in single ferments for VL3, C. zemplinina strains and P.
kluyveri strains (see also Figure 19) to support the hypothesis. ................................................89
Figure 21: 3MH and 3MHA release in the 3MHA conversion experiment. Values are
mean ± s.e.m. n=3. * p<0.05, ** p<0.01...................................................................................................91
Figure 22: Concentrations for 3MH and 3MHA in VL3 single and co‐ferments with P.
kluyveri I. Here, the inoculum size for VL3 varied from 100% to 0.1% in both single and
co‐ferments. The inoculum size of P. kluyveri I in the co‐ferment was kept constant at
90% (=2.25×106 cells mL‐1). Values are mean ± s.e.m. n=3. .........................................................94
Figure 23: Fermentation progress measured via weight loss of VL3 single and co‐
ferments with P. kluyveri I. Here, the inoculum size for VL3 varied from 100% (=2.5×10 6
cells mL‐1) to 0.1% in both single and co‐ferments. The inoculum size of P. kluyveri I in
the co‐ferment was kept constant at 90% (=2.25×106 cells mL‐1). Values are mean ±
s.e.m. n=3.............................................................................................................................................................96

XIII

List of Figures
_____________________________________________________________________________________________________
Figure 24: Concentrations of 3MH and 3MHA in single and co‐ferments of five different
commercial wine yeasts and P. kluyveri I. The co‐ferments were inoculated at a 1:9 ratio
wine yeast to P. kluyveri I with total inoculum size of 2.5×106 cells mL‐1. The
fermentation was conducted at 14°C. Values are mean ± s.e.m. n=3. **p<0.01 calculated
using a t‐test. .....................................................................................................................................................98
Figure 25: Concentration of 3MH and 3MHA in wines inoculated with P. kluyveri I, II, C.
zemplinina I, II and VL3 and VIN7 added after 4 days of fermentation. Values are mean ±
s.e.m. n=3.......................................................................................................................................................... 100
Figure 26: Concentrations of 3MH and 3MHA in 5 L wines of single and co‐ferments. Co‐
ferments were initiated with 10% (=2.5×105 cells mL‐1) VIN7 and 90% (=2.25×106 cells
mL‐1) split evenly between the non‐Saccharomyces yeasts if needed. Values are mean ±
s.e.m. n=4, *p<0.05 (calculated with two tailed t‐test in comparison to the single VIN7
control). ............................................................................................................................................................ 103
Figure 27: Fermentation progress of the 5 L single and co‐ferments measured via
weight loss and Brix measurement. The values for weight loss are mean ± s.e.m. with
n=4. ..................................................................................................................................................................... 104
Figure 28: Winescan results for the 5 L fermentations. Shown here are the values for
residual sugar, total acidity, glycerol, pH and volatile acidity. Values are mean ± s.e.m.
n=8 *p<0.05, **p< 0.01 as calculated with t‐tests in comparison to the VIN7 single
ferment.............................................................................................................................................................. 105
Figure 29: Results of the consumer wine tasting of three co‐ferments with VIN7 in
comparison to the single VIN7 ferment. The dashed line in a) indicates the category of
neither like nor dislike. Values are mean ± s.e.m, n=64. ............................................................. 108
Figure 30: VL3 and P. kluyveri I together on a YPD plate. ........................................................... 118
Figure 31: Population dynamics of VL3 (blue) and P. kluyveri I (yellow) single ferments
and the fermentation progress over time measured in weight loss for VL3 (green) and P.

XIV

List of Figures
_____________________________________________________________________________________________________
kluyveri I (red). Values are mean ± s.e.m. n=6 for population dynamics and n=3 for
weight loss data............................................................................................................................................. 122
Figure 32: Frequencies of VL3 and P. kluyveri I in co‐ferments inoculated at three
different ratios (9:1, 1:1 and 1:9). Values are mean ± s.e.m. n=3. ........................................... 124
Figure 33: Cell concentrations of VL3 (blue) and P. kluyveri I (yellow) in a 1:9 co‐
ferment. Grey circles show the total amount of cells mL‐1 in the co‐ferment. Green
triangles show the fermentation progress measured via weight loss. Values are mean ±
s.e.m. n=6 for cell concentration and n=3 for weight loss. ......................................................... 125
Figure 34: Inhibitory compound assay with P. kluyveri I. P. kluyveri I cells grown to mid‐
exponential phase were subjected to different supernatant: fresh grape juice and single
ferments of VL3, VIN7 and P. kluyveri I (as control), or co‐ferments of VL3/ VIN7 with P.
kluyveri I at 1:9 ratio after growth for 34 hours. Values are mean ± s.e.m. n=6. .............. 131
Figure 35: Inhibitory compound assay with VL3. VL3 cells grown to mid‐exponential
phase were subjected to different supernatants: fresh grape juice and single ferments of
P. kluyveri I and VL3 (as control), or co‐ferments of VL3 with P. kluyveri I at 1:9 ratio
after growth for 34 hours. Values are mean ± s.e.m. n=6. .......................................................... 132
Figure 36: Inhibitory compound assay with VIN7. VIN7 cells grown to mid‐exponential
phase were subjected to different supernatants: fresh grape juice and single ferments of
P. kluyveri I and VIN7 (as control), or co‐ferments of VIN7 with P. kluyveri I at 1:9 ratio
after growth for 34 hours. Values are mean ± s.e.m. n=6. .......................................................... 133
Figure 37: a) YAN and b) glucose/fructose usage in single and co‐ferments with P.
kluyveri I. c) weight loss of the respective ferments. Values are mean ± s.e.m. n=3. ...... 135
Figure 38: Population dynamics of the single ferments of VL3, VIN7 and P. kluyveri I in
the nutrition experiment. Values are mean ± s.e.m. n=6............................................................. 136

XV

List of Figures
_____________________________________________________________________________________________________
Figure 39: Population dynamics of P. kluyveri I, VL3 and VIN7 in synthetic media with
proline as sole nitrogen source and 200 g L‐1 glucose as carbon source. Values are mean
± s.e.m., n=6. .................................................................................................................................................... 139
Figure 40: Comparison of population dynamics in grape juice (previous experiments see
Section 4.3.1 population dynamics (blue) and Section 4.3.3 nutrition assay (green)) and
in synthetic proline media. Values are mean ± s.e.m. n=6. ......................................................... 141
Figure 41: Total cell numbers for T. delbrueckii and S. cerevisiae after incubation in
SelMed and PIM1. 10, 103 and 105 represent the starting concentration (cells mL‐1) of S.
cerevisiae in the media. mean ± s.e.m.; n=3 for samples with starting concentration of 10
S. cerevisiae cells mL‐1 and n=2 for all others. .................................................................................. 162
Figure 42: a) sterile bark pieces submerged in lab yeast mix; b) sterile soil submerged in
lab yeast mix. .................................................................................................................................................. 163
Figure 43: Total cell concentration for T. delbrueckii and S. cerevisiae after recovering
from bark and soil samples using different pre‐isolation techniques and two different
media, SelMed and PIM1 respectively. Initial concentration of 103 cells mL‐1 S. cerevisiae
in 108 cells mL‐1 of T. delbrueckii cells. Mean ± s.e.m.; n=3. ....................................................... 164
Figure 44: Total cell count for S. cerevisiae and T. delbrueckii after five days (red)
compared to day zero (yellow). Mean ± s.e.m. (on day five); n=9 for counts on day five.
.............................................................................................................................................................................. 166
Figure 45: Cell counts of living (white) and dead (blue) S. cerevisiae and T. delbrueckii
cells after five days of incubation in SelMed and PIM1 respectively. Mean ± s.e.m.; n=9.
.............................................................................................................................................................................. 167
Figure 46: Changes of living (open triangle and square) to dead (blue triangle and
square) T. delbrueckii cells in SelMed (square) and PIM1 (triangle) over 48 hours. Mean
± s.e.m.; n=3. ................................................................................................................................................... 168

XVI

List of Figures
_____________________________________________________________________________________________________
Figure 47: Consumer tasting sheet to rate the aroma and flavor of each wine................. 174
Figure 48: Consumer tasting: difference test example sheet. ................................................... 175
Figure 49: Fermentation progress measured via weight loss for the Saccharomyces
senso stricto group yeasts screened for 3MH and 3MHA release (see Figure 16). Values
are mean ± s.e.m, n=3. ................................................................................................................................ 180
Figure 50: Fermentation progress measured via weight loss for the two Candida species
releasing high concentrations of 3MH and the two Pichia species releasing high
concentrations of 3MHA (see Figure 17). Values are mean ± s.e.m., n=3. ........................... 181
Figure 51: Fermentation progress measured via weight loss for the non‐Saccharomyces
species screened for 3MH and 3MHA production (see Figure 17). Values are mean ±
s.e.m., n=3......................................................................................................................................................... 182
Figure 52: Fermentation progress measured via weight loss in single and co‐ferments of
VL3 and C. zemplinina I and II and P. kluyveri I and II. Only the single ferments are
shown in the legend as all the other co‐ferments regardless of the starting ratio cluster
right below the VL3 single ferment indicating a finished fermentation. These ferments
were conducted at 25°C. Also see Figure 19. Values are mean ± s.e.m., n=3...................... 183

XVII

List of Tables
_____________________________________________________________________________________________________

List of Tables
Table 1: Components of SelMed and YPD media (all %=w/v, except ethanol which is
v/v). .......................................................................................................................................................................25
Table 2: Microsatellite primer set used for S. cerevisiae strain differentiation. ...................28
Table 3: Restriction patterns of isolates from Matua Valley vineyard samples obtained
by digesting ITS sequences with HinfI and HaeIII, respectively. The numbers reflect
band sizes in base pairs, judged visually comparing them to a size marker. The numbers
refer to the frequencies of the particular restriction pattern. The 26S DNA of a member
of each pattern was sequenced and the closest match found in the Genbank database
(NCBI) is listed with its accession number and similarity. ...........................................................30
Table 4: Yeasts isolated from beehives in Mangere Bridge and Beesonline in winter
(June to September 2005) and spring (November 2005). Total bp refers to the size of
the ITS PCR product as visually compared to a size marker. The numbers of HinfI and
HaeIII reflect band sizes in base pairs (bp) as compared to a size marker on a 1.5%
(w/v) agarose gel. *26S DNA comparison instead of ITS sequence. .........................................42
Table 5: Organoleptic characteristics of volatile thiols identified in Sauvignon Blanc.
1Tominaga et al. (1998a), 2Darriet et al. (1995), 3Tominaga et al. (1996);*in aqueous
alcohol solution 12% v/v. ............................................................................................................................49
Table 6: Yeast species employed for the 4MMP growth assay. ...................................................57
Table 7: Media used in the 4MMP growth assay (all %=w/v). ....................................................58
Table 8: Saccharomyces sensu stricto yeasts screened for 3MH and 3MHA release...........60
Table 9: Non‐Saccharomyces yeasts screened for 3MH and 3MHA release. ..........................61

XVIII

List of Tables
_____________________________________________________________________________________________________
Table 10: Commercial yeast strains used in co‐fermentation experiments together with
their respective suppliers. ...........................................................................................................................62
Table 11: Inoculum concentrations for VL3 and P. kluyveri I to test the effect of varying
inoculum concentrations on 3MH and 3MHA release in VL3 single ferments and co‐
ferments with P. kluyveri I. .......................................................................................................................... 64
Table 12: Proportions of yeasts employed in the five litre ferments. ......................................67
Table 13: Preferences of the different groups concerning aroma, taste and the most
fruity and green. ............................................................................................................................................ 109
Table 14: Set up of inhibitory compound assay for P. kluyveri I; co= co‐ferment. ........... 119
Table 15: Set up of inhibitory compound assay for VL3 and VIN7; co= co‐ferment. ...... 120
Table 16: Comparison of the media used by Mortimer and Polsinelli (1999) and
Sniegowski et al. (2002) for isolation of Saccharomyces species (all concentrations w/v
unless otherwise indicated)..................................................................................................................... 160
Table 17: Yeast mixtures utilized to explore the limitations of the isolation protocols of
Mortimer and Polsinelli (1999) and Sniegowski et al. (2002). ................................................ 161
Table 18: Composition of PIM2 medium and four other media to test the single
components of the PIM2 medium (all% w/v, unless otherwise indicated). ...................... 169
Table 19: Yeast species utilized in the PIM2 medium test. ........................................................ 170
Table 20: PIM 2 medium test with different Saccharomyces and non‐Saccharomyces
isolates. ............................................................................................................................................................. 171

XIX

Abbreviations
_____________________________________________________________________________________________________

Abbreviations
#

number

(NH4)2SO2

ammonium sulfate

°C

degrees Celsius

3MH

3‐mercaptohexan‐1‐ol

3MHA

3‐mercaptohexyl acetate

4M2M2MB

4‐methoxy‐2‐methyl‐2‐mercaptobutane

4MMP

4‐mercapto‐4‐methylpentan‐2‐one

AA

amino acid(s)

AWRI

Australian Wine Research Institute

BC

before christ

BHA

butylated hydroxyanisole

bp

base pair

CBS

Centraalbureau voor Schimmelcultures (Utrecht, The Netherlands)

cfu(s)

colony forming unit(s)

CO2

carbon dioxide

DMDC

dimethyl dicarbonate

DNA

deoxyribonucleoic acid

dNTP(s)

deoxynucleotide triphosphate(s)

ESR

Environmental Science and Research Institute

FRST

Foundation for Research, Science and Technology

XX

Abbreviations
_____________________________________________________________________________________________________
gt

genotype

HCl

hydrochloric acid

ITS

internal transcribed spacer

Kg, g, µg, ng

kilogram, gram, microgram, nanogram

L, ml, µl

litre, millilitre, microlitre

MgCl2

magnesium chloride

min

minutes

n

number

Na‐acetate

sodium acetate

OD

optical density

p

probability value

PCR

polymerase chain reaction

pHMB

sodium‐4‐(hydroxymercuri)benzoate

rDNA

ribosomal DNA

rpm

revolutions per minute

s.e.m.

standard error of the mean

SD medium

synthetic defined medium

SO4

sulfate

TA

titratable acidity

YAN

yeast available nitrogen

YNB –aa‐c‐n

yeast nitrogen base, without amino acids, carbon and nitrogen source

YPD

yeast extract, peptone, dextrose rich medium

XXI

Chapter 1
_____________________________________________________________________________________________________

Chapter 1
General Introduction

Chapter 1

General Introduction

_____________________________________________________________________________________________________

1.1 Preface
This introductory chapter provides information on the historical distribution of wine,
winemaking and the wine history of New Zealand and outlines the broad aims of this
thesis. A more in depth introduction to the specific topics is given at the start of each
chapter.

Winemaking dates back at least 7000 years. The first evidence for deliberate
winemaking are wine presses found in Egypt around 3000 BC (Jackson 2000).
Archeological evidence from approximately the same period has also been found for
large scale wine production in the Zagros Mountains between Iran and Iraq (Cavalieri et
al. 2003). It is widely believed that the development of winemaking and the
domestication of the vine (in this thesis referring to the grapevine) took place in
southern Caucasia and Mesopotamia (Jackson 2000; Pretorius 2000). From here the
vine and winemaking spread to Egypt and Phoenicia (~5000 BC) and later to Greece
and Crete (~2000 BC). With the Romans, winemaking was spread around the
Mediterranean and eventually reached the Balkan states, Germany and other parts of
northern Europe (Pretorius 2000) by 500 BC. European explorers then introduced
vines to other parts of the world, including Mexico, Argentina, Peru, Chile and also Japan
around 1530‐1600. Later, vines reached South Africa, California around 1660, and by
1800 eventually Australia and New Zealand with European settlers (Pretorius 2000). It
is clear that wine and humans have a considerable history that dates back to the dawn
of civilization.
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1.2 Winemaking
Winemaking starts with the harvested fruit arriving at the winery; here, the first
processing steps involve the de‐stemming of grapes and the removal of any leaves. The
grapes are then transferred to a crusher where the first juice is produced, which is
termed the free run fraction as it runs freely from the crusher. The process of crushing
extracts the majority of juice from the fruit. After crushing the procedure for white, red
or rosé winemaking differs slightly. In red wine the resulting must from crushing,
containing the skins and seeds, is left for maceration. During maceration, hydrolytic
enzymes released from the grapes facilitate the extraction of aroma compounds from
the skins and seeds. In white winemaking maceration is usually a very short process
lasting only a few hours if at all; the must is then pressed to release the remaining juice
which is then usually combined with the free‐run juice fraction. Next, alcoholic
fermentation takes place. In red or rosé winemaking, fermentation and maceration are
combined as the released alcohol helps with the extraction of anthocyanins from the
skins which are responsible for the red colour. In rosé production the maceration
period is stopped earlier and this results in a rosé or light red colour. Maceration is
extended for red wines which results in darker red colours. After alcoholic fermentation
white, red and rosé wines may undergo a second fermentation: the malolactic
fermentation. Lactic acid bacteria carry out the malolactic fermentation to remove some
acidity and develop a softer texture of the wine by converting malic acid into lactic acid.
The wine is then left for the solids to settle and after that racked off, meaning the wine
(liquid phase) is separated from the solids. Then, in a process called fining, traces of
dissolved proteins and other materials not previously settled are removed. Fining also
further stabilizes the wine. To avoid wine spoilage later, sulfur dioxide is usually added
before bottling (Jackson 2000). Figure 1 briefly outlines this whole procedure and
indicates the two main origins for aroma compounds.
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Figure 1: The winemaking process. The green circles indicate the two main origins for aroma
compounds. Modified after Jackson (2000).

1.3 Fermentation
During primary fermentation yeasts convert glucose, fructose and other nutrients in the
juice mainly to ethanol and CO2, but they also produce many other metabolites which
add to the wine’s overall aroma and flavour. There are two basic types of fermentation:
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spontaneous (natural) and inoculated. Spontaneous alcoholic fermentation, the
traditional method of making wine, is carried out by a succession of indigenous yeasts
naturally present in the grape must. In an inoculated ferment the winemaker chooses
selected commercially available S. cerevisiae cultures to start fermentation. An
inoculated ferment minimizes the effects of indigenous yeast species and usually
guarantees a smooth fermentation that produces a more consistent wine. Parle and di
Menna suggested the practice of inoculation to New Zealand winemakers in 1965 when
they investigated the source and origin of New Zealand’s wine yeasts. At that time many
New Zealand winemakers followed winemaking practices from overseas and used
spontaneous fermentation. Parle and di Menna (1965) suggested that inoculated
fermentations with selected strains would result in better quality wines since they
rarely isolated fermenting Saccharomyces species from New Zealand soils. Moreover,
non‐Saccharomyces species, which potentially produce undesirable flavour compounds,
were high in frequency in Parle and di Menna’s samples and thought to compromise the
quality of the final product (Parle and di Menna 1965). However, research into the
sensory aspects of wine often describe wines from spontaneous ferments as being more
complex in comparison to wines produced by inoculated fermentations (Pretorius
2000). In this respect, spontaneous ferments may be desirable. This has led to the latest
development of multi species starter cultures that try to create more complex wines
with the added assurance of a controlled ferment.1

1http://cwc.chr‐hansen.com
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1.3.1

Yeasts in winemaking

There are two main practices of fermentation: spontaneous fermentation, where the
winemaker relies solely on the indigenous yeast flora present in the grape juice to
conduct fermentation, and inoculated fermentation, where the winemaker uses a
selected yeast starter culture to inoculate the grape juice and start the fermentation
(Jackson 2000). Spontaneous fermentation is carried out by a diverse succession of
different yeast species. The early stages of fermentation are dominated by the activity of
non‐Saccharomyces yeast species before S. cerevisiae takes over and completes the
ferment (Fleet et al. 1984; Martini 1993; Vaughan‐Martini and Martini 1995; Torija et al.
2001; Pina et al. 2004). S. cerevisiae is known to be well adapted to grape must and at
the end of fermentation is often the only remaining yeast that can be isolated (see
Goddard 2008). Interestingly, S. cerevisiae is rare at the beginning of wine ferments
where non‐Saccharomyces yeasts dominate. Among the surviving S. cerevisiae strains is
a large genetic variability with no clear predominance of any strain throughout the
natural fermentation process (Egli et al. 1998; Torija et al. 2001). By creating the hot,
high alcohol and anaerobic conditions of the later stages of fermentation, and being
better adapted to them, S. cerevisiae is able to out‐compete other species of wine yeast
(Goddard 2008). However, the question still remains, what happens to S. cerevisiae in‐
between vintages, and where does S. cerevisiae in spontaneous ferments come from?

1.4 Wine aroma
More than 800 volatile compounds are known to be involved in wine aroma but only a
relatively small number of these compounds are responsible for the specific aroma of
the different varietals (Wüst 2003). The characteristics of wine aroma arise from the
composition of volatile compounds in each wine. These compounds originate during the
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different stages of winemaking and the two main origins are grapes and yeasts. The
compounds originating from grapes can be divided into three major groups:
(a) Volatile odour‐active metabolites (e.g. terpenes and pyrazines);
(b) Non volatile odourless precursors (e.g. thiol‐precursor, glycosides, amino acid‐
conjugates or fatty acids);
(c) Odour‐active or odourless compounds that form new odour‐active compounds due
to their reactivity in the acid must (e.g. polyols).
The non volatile and odourless precursors play an important role in grapes classified as
‘neutral’, meaning that must from these grapes is more or less odourless, whereas the
resulting wine has its own distinct aroma arising from the conversion of the odourless
precursors into odour‐active compounds during winemaking (Wüst 2003). The
processing of grapes prior to fermentation, and of wine after fermentation, also has an
effect on the overall aroma of wine, for example wine aged in oak barrels will take on an
‘oak’ flavour (Lambrechts and Pretorius 2000). During fermentation the micro flora
present in grape must refines the aroma by metabolizing compounds originating from
grapes (Lambrechts and Pretorius 2000; Delfini et al. 2001). The main products of yeast
metabolism (ethanol, glycerol and carbon dioxide) have only little influence on wine
aroma. In contrast, other products of the yeast metabolism like organic acids, higher
alcohols or esters contribute significantly to the aroma. While these all add to a wine’s
aroma, depending on the concentration, some of these products can also exhibit
unpleasant aromas (Lambrechts and Pretorius 2000). While it is widely known that
non‐Saccharomyces yeasts dominate the first stages of spontaneous fermentation (see
Goddard 2008), the positive effects of these yeasts on wine aroma only recently have
become subject of investigation (Ciani and Maccarelli 1998; Jolly et al. 2006). However,
most non‐Saccharomyces yeasts are not capable of complete fermentation on their own
(Zohre and Erten 2002; Jolly et al. 2003a) and require co‐fermentation partners, usually
S. cerevisiae strains, to consume all the sugars in grape juice. Although a reasonable
body of work has examined the potential benefits of co‐ferments for wine aroma (Zironi
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et al. 1993; Gil et al. 1996; Lema et al. 1996; Soden et al. 2000; Zohre and Erten 2002;
Jolly et al. 2003c; Rojas et al. 2003; Povhe Jemec and Raspor 2005; Kim et al. 2008)
almost nothing is known about the nature of the interaction between yeast species in
these co‐ferments. In general, we still have a poor understanding of the interactions in
spontaneous ferments.

1.5 History of wine in New Zealand
It was not until 1819, when Vitis vinifera was imported, that winemaking started in New
Zealand. Reverend Samuel Marsden was the first to plant vines in Kerikeri, Northland
and James Busby with his vineyard in Waitangi became the first registered wine
producer in 1936 (Berrysmith 1968). Before its success overseas, New Zealand’s wine
industry had to overcome several obstacles. Up to the Second World War, the growth of
the industry was slow due to a lack of support from the government and the effects of
prohibition during the First World War and cheap imports of overseas wine (Beaven et
al. 1988). During the Second World War, the development of the industry picked up
when overseas imports were reduced and the local demand increased (Berrysmith
1968; Beaven et al. 1988). The establishment of licenses to sell wine and licensed
restaurants, as well as increased taxation of spirits and beer, helped to boost the local
wine industry (Berrysmith 1968). Even though the New Zealand wine industry was
growing slowly, the real boost only came with the success of Sauvignon Blanc overseas.
In the early 1970’s Ross Spence from Matua Valley winery was the first to plant
Sauvignon Blanc at his vineyard and was the first to release Sauvignon Blanc
commercially in 19742 . In 1973 the first vine plantings were made in Marlborough and

2

http://www.nzlistener.co.nz/issue/3538/columnists/10599/stock_answers.html;jsessionid=8DB94C7C
328C535F9E3BC761E39B8E31 (16.01.2009 2pm)
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Sauvignon Blanc was one of the varieties planted. By the early 1980’s Montana, Selaks,
Hunters and Corbans were among the wineries producing Sauvignon Blanc3. In the mid
1980’s Ernie Hunter took some of his Marlborough Sauvignon Blanc to the most
prestigious wine show at that time, the London International Wine Show. As New
Zealand Sauvignon Blanc was so different from the French Sauvignon Blanc style, many
winemakers thought this to be a brave but naive move. However, because of the fresh,
fruity and unique quality of Hunter’s Sauvignon Blanc, his wines were awarded the
three top trophies available at that show and with this success; the flagship wine of New
Zealand was born. This success led to mass plantings of Sauvignon Blanc especially in
the Marlborough region and to New Zealand being the feature nation at the London
Wine Trade Fair in 19884. Since then the New Zealand wine industry has boomed with
wine exports increasing from 4 million liters (valued at NZ$ 18.4 million) in 1990 to
87.8 million liters (valued at NZ$ 800 million) in 2008 and is expected to reach a NZ$ 1
billion export value in 20105. In 2003 the Marlborough Wine Research Centre was
established as a result of the wine industry committing to fund research.
With over half of New Zealand’s harvest being Sauvignon Blanc (59% in 2008) and
being committed to keep the reputation of New Zealand’s Sauvignon Blanc, the
Foundation for Research Science and Technology (FRST), together with the New
Zealand wine industry, granted the largest ever New Zealand wine research project in
2004 with over NZ$ 14 million to spend over 6 years. This project tries to explore the
flavour and aroma development of Sauvignon Blanc led by the University of Auckland in
collaboration with the Marlborough Wine Research Centre, Lincoln University,
HortResearch (now Plant and Food Research) and several industry partners. As part of

3
4
5

http://www.growingfutures.com/files/sauvignon_blanc.pdf (16.01.2009 2.03pm)
http://www.growingfutures.com/files/sauvignon_blanc.pdf (16.01.2009 2.03pm)
Annual Report 2008 available at http://www.nzwine.com/report/frame1.html (16.01.2009 2.03pm)
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this 6 year project this thesis tries to elucidate the influence of indigenous New Zealand
yeasts on the key aroma compounds of Sauvignon Blanc.

1.6 Aims
1.

To test for the presence of S. cerevisiae in a New Zealand vineyard and if
present elucidate its population structure.

2.

To investigate natural isolates of S. cerevisiae, S. paradoxus, and other
members of the Saccharomyces sensu stricto group, and a range of non‐
Saccharomyces species for their ability to contribute to the aroma and
flavour of Sauvignon Blanc.

3.

To investigate the interactions between yeast species in co‐ferments.
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2.1 Introduction
Saccharomyces cerevisiae is well known for its use in baking, brewing and winemaking
(Pretorius 2000), but also as a model research organism (Zeyl 2000). Although the term
‘yeast’ is often used to refer to S. cerevisiae there are about 100 different genera of
yeasts known, including at least 700 different species (Pretorius 2000). In general,
yeasts are defined as unicellular fungi that usually divide by budding or fission
(Webster 1980; Madigan et al. 2000; Pretorius 2000). S. cerevisiae belongs to the
ascomycetes and is able to form ascospores when starved (Webster 1980).

2.1.1

Origin of Saccharomyces cerevisiae

Even though the history of winemaking can be traced back as far as 5000 BC (see
Pretorius 2000), and the human aided migration of vines can be followed around the
globe (see Pretorius 2000), the ecology and origin of S. cerevisiae associated with
winemaking is still not clear. The oldest evidence that S. cerevisiae is associated with
human activity was found by Cavalieri et al. (2003): they were able to isolate S.
cerevisiae ribosomal DNA from residues in a wine jar dating back to 3150 BC. The first
observation of yeast was made by Antonie van Leeuwenhoek around 1700 (see Martini
1993). But it was not until Pasteur proved that yeasts are the agent of fermentation
around 1850 that winemakers had an option to control the process of fermentation (see
Martini 1993; Pretorius 2000). Many surveys since then have been carried out in order
to find the origin of S. cerevisiae. At the beginning of the century S. cerevisiae was
thought to be an omnipotent resident of the surfaces of sugary fruits and soil. Based on
this, and his own results relating to the distribution of Hanseniaspora uvarum, Hansen
proposed a general life cycle of yeasts, which is shown in Figure 2A (see Martini 1993;
Brysch‐Herzberg 2004). In Hansen’s model, yeasts are present on the surface of sugary
fruits and then over‐winter in soil. They reach soil either by being washed off by rain or
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along with fallen fruits, and are then proposed to be transported back to the fruits
during summer via winds or air currents. This model has been questioned by other
researchers since yeasts have also been isolated from the bodies of insects (Martini
1993; Brysch‐Herzberg 2004). These studies suggest a different life cycle for yeast that
is shown in Figure 2B. Here, bees and bumblebees are believed to be the vectors for
distributing yeast in nature and are even considered to host them during winter in their
nests (Brysch‐Herzberg 2004).

Figure 2: Different hypothesis on the life cycle of S. cerevisiae during the year. A. based on Hansen
(reviewed by Martini 1993); B. based on different researchers reviewed by BryschHerzberg
(2004) and Martini (1993) and C. based on Martini et al. (1996).

However, more recent studies have had difficulties confirming these theories
concerning the life cycle of S. cerevisiae since S. cerevisiae is rarely isolated outside of the
winery environment (Martini et al. 1980; Martini et al. 1996). This confusion is further
complicated by the question of an appropriate method of isolation for S. cerevisiae. The
results at the beginning of the century are based on isolation via enrichment cultures
13
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(Martini et al. 1980). Enrichment cultures are similar to must and select for fermenting
species like S. cerevisiae. As such enrichment cultures do not reflect the actual ecology of
a habitat as non‐fermenting organisms are inhibited to grow. Direct isolation methods,
which do not employ enrichment, also have problems providing a complete picture of
the microbial community since they are unreliable for recovering rare organisms. This
is supported by electron‐microscopy studies showing that micro organisms grow in
micro colonies that adhere firmly to their substrate and that those colonies often are not
represented on isolation plates (Martini et al. 1980). Both of these methods have
limitations and the purpose of the experiment dictates which method to choose. The
methods for direct isolation of S. cerevisiae have been constantly refined with the aim of
isolating small numbers of S. cerevisiae. However, S. cerevisiae has rarely been isolated
from grapes, which led to the conclusion that S. cerevisiae does not reside in natural
environments but is restricted to the human‐made environments (Martini et al. 1980;
Rosini 1982; Vaughan‐Martini and Martini 1995; Martini et al. 1996). As shown in
Figure 2C Martini et al. (1996) suggest that S. cerevisiae is restricted to the human‐made
environment of the winery. Martini’s et al. (1996) findings, along with others from
France and Italy, confirm that S. cerevisiae is a dominant species on the surfaces of
wineries (Peynaud and Domerco 1959). As a dominant resident of the micro flora in
wineries S. cerevisiae ‘contaminates’ the must every year to start spontaneous
fermentation (Martini et al. 1996). This theory is supported by results obtained using
sterile grape juice in the laboratory, which led to complete fermentation in only one of
nine cases (Martini et al. 1996). Martini et al. (1996) concluded that fermentation in an
environment never exposed to the atmosphere of a winery is often abnormal due to the
fact that no S. cerevisiae from winery surfaces ‘infect’ the must. They do not completely
exclude the origin of S. cerevisiae from outside a winery but if present it is only in such
small numbers that it is highly questionable whether fermentation would properly
work without the ‘help’ of the micro flora of the winery (Martini et al. 1996). However,
another publication on the origin of S. cerevisiae led to a different result. Török et al.
(1996) showed that S. cerevisiae strains isolated from grapes using direct isolation
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methods could be followed through the whole fermentation process, and that there
were also seasonal differences between the S. cerevisiae strains responsible for
fermentation in different years. They concluded that the primary source for S. cerevisiae
is the vineyard and not the winery and that S. cerevisiae is brought into the winery with
the grapes (Török et al. 1996). A study from Mortimer and Polsinelli (1999) examined
individual berries from a vineyard and distinguished between healthy and damaged
berries. They found S. cerevisiae on 1 in 4 damaged berries compared to only 1 in 600
on intact berries. Although damaged berries seem to be a more promising habitat from
which to isolate S. cerevisiae, it is still in the minority of organisms amongst the micro
flora of these berries (Mortimer and Polsinelli 1999). Mortimer and Polsinelli (1999)
suggest damaged berries are the main source of the S. cerevisiae responsible for
spontaneous fermentation. Even if this is true, it does not explain how S. cerevisiae got
there.

Other studies have isolated S. cerevisiae from habitats other than vineyards, like beetle
guts (Suh et al. 2005), rivers (Sláviková and Vadkertiová 1997), soil (Phaff and Starmer
1987) and humans (Enache‐Angoulvant and Hennequin 2005). Naumov et al. (1998)
were the first to isolate S. cerevisiae from exudates of North American oaks. Subsequent
studies by Sniegowski et al. (2002) and Sampaio and Gonçalves (2008) isolated S.
cerevisiae from soils associated with oak trees in North America and bark samples from
Mediterranean oak trees respectively. In addition to Mediterranean oak trees, Sampaio
and Gonçalves (2008) also looked at bark samples from oak trees from Germany,
Canada and the US and consistently isolated Saccharomyces species from these samples.
Furthermore by using two different temperatures, 30°C and 10°C during enrichment
culture incubation, Sampaio and Gonçalves (2008) were also able to recover other
members of the Saccharomyces sensu stricto group apart from S. paradoxus and S.
cerevisiae; S. uvarum and S. kudriavzevii. Interestingly S. kudriavzevii was previously
only isolated in Japan (Sampaio and Gonçalves 2008).
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The isolation of S. cerevisiae from uncultivated areas, like oak trees, is again sparking
discussions as to whether S. cerevisiae is a domesticated species or also exists in natural
populations. A recent study attempting to answer this question was conducted by Fay
and Benavides (2005). They investigated five randomly chosen loci (CCA1, CYT1, MLS1,
PDR10 and ZDS2) in the genome of 81 S. cerevisiae strains. They found that wine and
saké strains of S. cerevisiae were divided into two distinct groups. The isolates from
these groups showed less diversity within the groups than found among others. This led
them to conclude that these groups might be the result of two separate domestication
events (Fay and Benavides 2005). Investigations of 27 S. cerevisiae strains, looking at
four different loci (CDC19, PHD1, FZF1 and SSU1) by Aa et al. (2006) found, in contrast
to Fay and Benavides (2005), a great genetic diversity amongst S. cerevisiae species
from vineyards and must. Aa et al. (2006) also found these strains to be different from
those associated with oak trees. A more comprehensive study by Legras et al. (2007)
looked at 12 microsatellite loci in 651 strains. The results confirmed 575 distinct
genotypes. These genotypes again were organized in subgroups according to their
technological use, separating wine and saké strains once more (Legras et al. 2007). Two
recent studies looking at whole genomes of over 60 S. cerevisiae strains by Liti et al.
(2009) and Schacherer et al. (2009) confirmed the previously identified distinct groups
of wine strains and saké strains. Furthermore Liti et al. (2009) found three more
distinct groups with S. cerevisiae strains from Malaysia, North America and West Africa.
Schacherer et al. only found one more group in addition to the wine and saké strain
groups, comprising laboratory strains. S. cerevisiae strains not belonging to one of these
groups were found to be genetic mosaics of the different lineages by both studies (Liti et
al. 2009; Schacherer et al. 2009). However, Schacherer et al. (2009) agree with Fay and
Benavides (2005) that S. cerevisiae as a whole is not domesticated. Also, in line with
Legras et al. (2007), Schacherer et al. (2009) suggest that after domestication wine
strains were spread over the world by human migration as members of the wine strain
group come from different geographic origins. However, it is still not clear which niches
S. cerevisiae naturally resides in and how it might be dispersed.
16
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Before the data presented in this thesis, there was no data concerning the presence of a
natural S. cerevisiae population in New Zealand. The only study on the origin of S.
cerevisiae in New Zealand carried out by Parle and di Menna (1965) failed to isolate S.
cerevisiae from outside the winery environment.

2.1.2

Transport vectors for Saccharomyces cerevisiae

Parle and di Menna (1965) showed that S. cerevisiae is unlikely an air‐borne
contaminant and therefore needs some kind of vector to be transported from one place
to another. When taking samples at the vineyard Mortimer and Polsinelli (1999) found
various insects like wasps (Vespa), honey bees (Apis), fruit flies (Drosophila species) and
butterflies (Lepidoptera) present on damaged berries during warm and sunny days.
They concluded that insects might be the vectors which bring S. cerevisiae to the
vineyard and that there might exist a unique source of yeasts, possibly in insect nests
(Mortimer and Polsinelli 1999).

S. cerevisiae has been isolated from the bodies of different insects and has even been
isolated from the bodies of honey bees during winter. It has therefore been proposed
that honey bees are one vector that transports S. cerevisiae to vineyards (Stevic 1962).
The idea of honey bees effecting the distribution of S. cerevisiae, and that the beehive is
a winter habitat or even a primary source of S. cerevisiae, is not unlikely. S. cerevisiae
can be isolated from honey samples and beekeepers know if the moisture content of
honey gets to high, fermentation takes place and mead or honey wine is produced
(Snowdon and Cliver 1996). Bees are able to keep the hive at temperatures of around
20°C, even during winter (Winston 1992). Also, the honey stores are an obvious carbon
source for S. cerevisiae (Winston 1992); especially as S. cerevisiae is able to tolerate high
sugar concentrations. In fact the composition of honey is similar to grape must, as it
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contains glucose and fructose in an approximate one to one ratio and has an average pH
of 3.9 (Snowdon and Cliver 1996).

In contrast, Drosophila species have been found not to carry yeasts around but to digest
them and hardly any live yeast were left after 48 hours of digestion (Phaff et al. 1966;
Phaff and Starmer 1987). However, a recent study found that S. cerevisiae spores were
able to survive the passage through Drosophila guts and moreover increased the
likelihood of asci disruption and so potentially contribute to an increased rate of out
breeding (Reuter et al. 2007). A different theory proposes that S. cerevisiae stays in the
vineyard all year round (Gognies et al. 2001). Experiments on young vine plantlets
showed that S. cerevisiae is able to invade the plant material and act as a pathogen
(Gognies et al. 2001). Gognies et al. (2006) found that filamentous differentiation was
necessary to invade plant material; nevertheless, their findings have not been confirmed
in the vineyard yet (Gognies et al. 2001; Gognies et al. 2006).

Although the above studies are comprehensive, there are only few studies which have
studied contemporaneous populations of S. cerevisiae and used such populations to test
some of the ideas discussed above.

2.1.3

Species identification

Traditionally species identification relies on phenotypic parameters, like colony
morphology and different physiological properties. The studies of Mortimer and
Polsinelli (1999), Martini (1993) and Martini et al. (1996) discussed in section 2.1.2
used traditional species identification methods as described in The Yeasts: a taxonomic
study, now in its fourth edition by Kurtzman and Fell, previous editions edited by J.
Lodder and N.J.W. Kreger‐van Rij (1st, 1952), J. Lodder (2nd, 1970) and N.J.W. Kreger‐van
Rij (3rd, 1984).
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With the development of molecular methods, new techniques based on sequence
information allow more precise differentiation between strains. White et al. (1990)
developed a PCR based protocol amplifying the internal transcribed spacer (ITS) region
between the small and large rDNA genes. This region is thought to evolve rapidly in
contrast to the rDNA sequences and therefore provides a tool to distinguish between
species (White et al. 1990). There are two spacer regions, ITS1 and ITS2 which are
separated by the 5.8S rDNA, and the primers ITS1 and ITS4 may be used to amplify this
region using polymerase chain reaction (PCR) (White et al. 1990). Subsequent
restriction analysis (RFLP) of this region can be used as a first indicator for different
species. Fernández‐Espinar et al. (2000) were able to distinguish between S. cerevisiae
and S. paradoxus species using the restriction enzymes HaeIII, HpaI and ScrfI, but could
not distinguish between S. bayanus and S. pastorianus. A comparison of traditional
physiological species identification and the ITS–RFLP identification method by
Redžepović et al. (2002) showed discrepancy between the two. The traditional method
identified six strains of S. cerevisiae and 41 of S. paradoxus whereas the ITS‐RFLP
method identified 12 strains of S. cerevisiae and 35 of S. paradoxus. Redžepović et al.
(2002) therefore concluded that the combined use of different identification methods is
needed for accurate species identification.

Another method to fingerprint yeast strains is based on simple sequence repeats which
are more commonly referred to as microsatellites. These are repetitive DNA sequences
of short units (one to 10 nucleotides) which are randomly dispersed throughout the
yeast genome and show a high degree of polymorphism (Field and Wills 1998; Pérez et
al. 2001; Legras et al. 2005) It is thought that microsatellite length variation is a result
of mispairing and/or slippage like events during replication and recombination (Tautz
et al. 1986; Tautz 1989). However, the process of microsatellite mutation is not yet
entirely clear, neither is it known whether microsatellites have a function; some
possible roles include influencing the genome through gene regulation, signals for gene
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conversion and recombination (Tautz et al. 1986; Buschiazzo and Gemmell 2006).
Hennequin et al. (2001) tested the performance and reproducibility of seven
microsatellite loci among 77 S. cerevisiae strains and found this method highly
reproducible. In addition the loci investigated in Hennequin’s study showed high
genomic stability as no changes in genotypes could be found in strains grown for 690
generations over 35 weeks (Hennequin et al. 2001). Schuller et al. (2004) compared the
discriminating power of microsatellite fingerprinting to three other molecular methods,
karyotyping, RFLP of mitochondrial DNA and interdelta sequence analysis. In their
study, karyotyping was able to discriminate between 22 of 23 analysed yeast strains,
and all other methods 21. Schuller et al. (2004) concluded that all methods can be used
for strain differentiation. Richards et al. (2009) recently investigated a set of ten
microsatellites loci which are effectively able to differentiate between at least 107
strains. Differentiation between strains using this system correlates significantly with
the relationships ascertained from whole genome analyses (p<0.001) (Richards et al.
2009).

2.1.4

Aims

The aims in this chapter are:
I.

To test for the presence of S. cerevisiae in a New Zealand vineyard using
enrichment culture techniques. Furthermore, to investigate the population
structure of any S. cerevisiae isolates using microsatellite fingerprinting
techniques (Richards et al. 2009).

II.

To test the hypothesis that bees can act as transport vectors for S. cerevisiae.
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2.2 Materials and Methods
The flow chart presented in Figure 3 summarizes the sampling and identification
procedure used for the isolation of S. cerevisiae.

Figure 3: Experimental procedure for the isolation of S. cerevisiae.
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2.2.1

Sample sites

Matua Valley vineyard was chosen to investigate the presence of S. cerevisiae in New
Zealand. This vineyard is approximately 30 km northwest of Auckland on the North
island of New Zealand at 36° 44'36.26'' S, 174° 30'20.83'' E. To test the hypothesis that
bees are involved in the distribution of S. cerevisiae the Beesonline Café was chosen as
sample site. The Beesonline Café is approximately 25 km northwest of Auckland at 36°
46'10.51'' S, 174° 30'18.58'' E. As indicated in Figure 4 both sites are approximately 2.5
km apart which is a distance that foraging bees would travel for food (Traynor 2002).
Eleven vines were chosen for sampling in the vineyard and the positions of those are
indicated on the vineyard map in Figure 5. In preliminary experiments, pollen and wax
samples were taken on two occasions from a beehive at the beekeeper’s home in the
suburb of Mangere Bridge approximately 10 km south from Auckland’s city centre
(36°57’12.65” S, 174°46’53.23” E) indicated on the Auckland area map in Figure 4.

The samples taken at the vineyard included soil, bark and berries (if present).
Additionally leaves close to the grape bunch were taken and other small flowers that
were growing within one meter of the trunk of the sampled vine. In addition, if present,
insects were collected.
The samples were taken aseptically by using spoons, scalpels or forceps that were
sterilized in the field using 70% ethanol and then flamed with a lighter. Each sample
was put into a sterile 30 mL vial and transported to the laboratory on ice where the
samples were processed. Sampling started on the 21st September 2005 and the sites
were visited approximately every three weeks until the 1st February 2006. In total, the
vineyard was visited eight times and 251 samples were taken over the course of this
study.
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The samples at Beesonline Café were taken from the show hive and mainly included
fresh honeycomb but also dead bees. The samples were taken as described for the
vineyard samples and were processed according to the protocol below. Beesonline was
visited five times during winter and spring approximately every month starting from
the 12th of July 2005 until the 30th of November 2005. A total of 19 samples were taken
on these occasions.

Figure 4: Map of the Waimauku region west of Auckland, showing its relative position in New
Zealand and the Auckland region (with the Mangere sample site). Indicated are the two different
sample sites, Matua Valley vineyard and Beesonline Café respectively.
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Figure 5: Map of the Matua Valley winery and their surrounding vineyards. Indicated are the
sample sites with more detailed description in the table.

2.2.2

Protocol for the isolation of S. cerevisiae samples
(based on Mortimer and Polsinelli 1999)

Some considerable time was spent to determine a reliable isolation method for S.
cerevisiae from bark and soil samples. The details and results of these experiments are
presented in Appendix A. The following isolation protocol is based on the results of
these trials, and is effective at isolating S. cerevisiae from a mixed community when
initially present at only 1 in 108 cells. In brief, two selection media and conditions were
compared and tested by inoculating pre‐sterilized soil and bark samples with artificial
mixed species communities.

Once in the laboratory, samples were completely covered in SelMed (see Table 1),
vortexed and incubated at 30°C without shaking. Samples were continually observed for
signs of fermentation (CO2 production) and white sediment. After six to seven days 500
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µL of the samples were transferred to 10 mL fresh SelMed and incubated again at 30°C
without shaking. After ten days incubation of the original samples, and four days of the
transferred samples, aliquots of cultures showing signs of fermentation (CO2
production) were taken, diluted appropriately, and plated on solid YPD media (see
Table 1). The plates were incubated at 30°C and then checked for the presence of off‐
white yeast colonies. Colonies resembling S. cerevisiae were then picked and further
examined using ITS PCR and restriction digest. Microscopic evaluation of colonies in
question was used to confirm the yeast character of the colonies (size, single cells, and
possible buds).

Table 1: Components of SelMed and YPD media (all %=w/v, except ethanol which is v/v).

2.2.3

Species identification

To identify colonies to species level, the internal transcribed spacer region (ITS) of the
nuclear rRNA of the isolates, which varies among species, was amplified (White et al.
1990) and subsequently digested with HinfI and HaeIII for further discrimination before
sequencing the samples (Goddard 2008). To isolate the DNA, 100 µL to 300 µL of 5%
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(w/v) Chelex solution6 (Bradbury 2004) was added to a yeast colony, vortexed and then
incubated for 10 min at 100°C, vortexed again and centrifuged at 13,000 rpm for 3 min.
The supernatant (containing the DNA) could be used straight away but best results for
the ITS PCR were obtained when the DNA preparation was stored over night at ‐20°C
and before use vortexed and centrifuged again. For the ITS PCR the primers ITS1 (5’
TCC GTA GGT GAA CCT GCG G 3’) and ITS4 (5’ TCC TCC GCT TAT TGA TAT GC 3’) as
described by White et al. (1990) were used. The reaction mix of usually 50 µL
(sometimes 25 µL) consisted of 5 µL PCR buffer (10x stock without MgCl2), 1.5 µL MgCl2
(50 mM), 5 µL dNTP mix (2 mM), 1 µL ITS1 (10 pmol µL‐1), 1 µL ITS4 (10 pmol µL‐1), 0.2
µL Taq polymerase (5 U µL‐1), about 1‐5 µL of DNA sample and sterile water. The
reaction conditions described by White et al. (1990) were followed with 54°C annealing
temperature and 30 cycles. The success of the PCR was confirmed by gel
electrophoresis. For sequencing and digestion the ITS products were purified from the
gel using the Quiagen QIAquick Gel Extraction Kit. For further discrimination of the
species the ITS products were digested using HinfI and HaeIII in individual digests. The
PCR fragments were incubated with the enzymes and the respective buffer for 2 h at
37°C and the results visualized using gel electrophoresis. The 26S DNA sequences of
representatives of each restriction pattern were then amplified using the primer set NL‐
1 (5’ GCA TAT CAA TAA GCG GAG GAA AAG 3’) and NL‐4 (5’ GGT CCG TGT TTC AAG ACG
G 3’) and the following PCR reaction conditions: 94°C for 2 min, followed by 36 cycles of
94°C for 1 min, 52°C for 2 min and 72°C for 2 min and finished with 72°C for 10 min.
The PCR products were then sequenced and sequences obtained were compared to
those in the GENBANK database using the BLASTN algorithm available on the NCBI
website (www.ncbi.nlm.nih.gov).

6

Depending on the size of the colony, the smaller the colony the less Chelex solution should be used.
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2.2.4

S. cerevisiae strain differentiation

To investigate any S. cerevisiae isolated from the Matua Valley vineyard and the beehive,
microsatellite polymorphism was used to further discriminate between strains. Ten
different loci were simultaneously investigated using multiplex PCR (Richards et al.
2009). The primer set used is based on Bradbury et al. (2005). The fluorescently labeled
primers are listed in Table 2 with the respective concentrations used in the PCR
reaction. The MAT primers amplify the mating type loci and indicate whether the isolate
was haploid or diploid. The reactions were set up with the QUIAGEN multiplex PCR kit
following the supplier’s instructions. The reaction conditions were as follows: 95°C for
15 min followed by 35 cycles of 94°C for 30 sec, 54°C for 90 sec and 72°C for 60 sec. The
final step was set to 60°C for 30 min. The amplification was confirmed using a 3% (w/v)
agarose gel. The products were then separated using an ABI 3700 instrument. The
results were analyzed using the ABI program Genemapper. The sizes of individual
bands were recorded and then manually adjusted to the nearest whole base (compare
Table 2). A genetic distance matrix was then created by comparing all possible pairs of
strains using the codominant‐genotype algorithm [GenAlEx 6.1 software (Peakall and
Smouse 2006)]. This distance matrix was visualized using Splits Tree 4 software from
Huson and Bryant (2006) which represents the isolates as a network showing
relatedness.

2.2.5

Glycerol stocks

To preserve the organisms isolated in this experiment, glycerol stocks were made by
suspending the yeast colonies in 15% (v/v) glycerol before storing them at ‐80°C.

27

Chapter 2

Materials and Methods

_____________________________________________________________________________________________________

Table 2: Microsatellite primer set used for S. cerevisiae strain differentiation.
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2.3 Results and Discussion
2.3.1

Isolation of S. cerevisiae from Matua Valley
vineyard

To test whether there was a S. cerevisiae population in the Matua Valley vineyard,
samples were taken during spring and summer from nine different locations in the
Sauvignon Blanc block and two locations in the Merlot block (A and B) of Matua Valley
vineyard (see Figure 5). A total of 251 samples, mostly soil and bark samples but also
leaves, berries, flowers and insects, were taken over the course of the experiment
(September to February). Enrichment cultures of these samples using SelMed led to the
isolation of yeast‐like colonies (glossy, off‐white; Sniegowski et al. 2002) in 26 of the
251 samples. The aim was to obtain 30 colonies from each sample. Colonies were picked
from dilution plates after the SelMed selection step. Diverse looking yeast colonies were
chosen, where they were apparent. Seven of the 26 samples yielded 30 colonies, for the
remaining samples only 5 to 28 colonies were present. A total of 482 yeast‐like colonies
were obtained from the 26 samples. The DNA of these organisms was isolated and an
ITS PCR conducted to identify species. Of 467 successful amplifications, 94.86% (443
samples) samples showed the same size product as the S. cerevisiae control. In this
study, the isolation of S. cerevisiae was the main purpose, therefore samples with a
different ITS band size to the S. cerevisiae control were not investigated further. Of the
443 potential S. cerevisiae samples, only 245 were chosen for further investigations due
to cost and time constraints. The ITS PCR products of these colonies were digested with
HinfI and HaeIII and resulted in ten different restriction patterns in total; listed in Table
3. Table 3 also indicates how often the specific restriction pattern has been observed in
this sample set. The majority of the digested samples (66.53%) showed the same
pattern as the S. cerevisiae control. To confirm the accuracy of the digests and to identify
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the species of the other nine restriction patterns, the 26S DNA of one member of each
restriction pattern was sequenced. The sequences obtained were then compared to the
Genbank database (NCBI). The closest match to each sequence is listed in Table 3
together with its accession number and percentage similarity.

Table 3: Restriction patterns of isolates from Matua Valley vineyard samples obtained by digesting
ITS sequences with HinfI and HaeIII, respectively. The numbers reflect band sizes in base pairs,
judged visually comparing them to a size marker. The numbers refer to the frequencies of the
particular restriction pattern. The 26S DNA of a member of each pattern was sequenced and the
closest match found in the Genbank database (NCBI) is listed with its accession number and
similarity.

All sequences had 100% matches to the various Genbank entries. After sequence
comparison, two more restriction patterns were confirmed to be S. cerevisiae, resulting
in 168 confirmed S. cerevisiae strains by restriction analysis. All obtained S. cerevisiae
sequences matched the NRRL Y‐12632 S. cerevisiae type strain from the ARS culture
collection (United States Department of Agriculture, Agricultural Research Service). The
remaining seven restriction patterns were divided between the three species:
Torulaspora delbrueckii, Zygosaccharomyces bailii and Issatchenkia terricola. All of them
have been reported to be associated with winemaking and ferments (Herraiz et al.
1990; Ciani and Picciotti 1995; Jolly et al. 2003b; Loureiro and Malfeito‐Ferreira 2003;
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Hierro et al. 2006). The majority, 95.09%, of S. cerevisiae strains were isolated from soil
samples. The remaining 4.91% were isolated from bark and a buttercup flower. In this
study, no S. cerevisiae strains were isolated from berry samples, leaves or insects.

In Parle and di Menna’s (1965) survey more than 40 years ago, soil was found to be a
poor habitat for S. cerevisiae. Even though their experiments showed that large numbers
of S. cerevisiae are able to survive in soil, they could not isolate large numbers of S.
cerevisiae from vineyard soils, even when using enrichment cultures (Parle and di
Menna 1965). This is the first study of a New Zealand vineyard to include soil samples
and successfully isolate S. cerevisiae from it. Interestingly, Parle and di Menna (1965)
isolated Saccharomyces rosei from their soil samples, which is also known as
Torulaspora delbrueckii (Jolly et al. 2006). The recovery of T. delbrueckii from almost a
quarter (24.49%) of samples correlates with Parle and di Menna’s (1965) study. It
seems the protocol used for isolation of S. cerevisiae was not able to entirely eliminate
other species during the isolation process (compare Section A.2.2). However, with less
than 7% recovery of other non‐Saccharomyces species, this isolation protocol proved to
be a very powerful tool for the isolation of S. cerevisiae.

2.3.1.1

S. cerevisiae Matua Valley vineyard population

To investigate the genetic structure of the population of S. cerevisiae in the Matua Valley
vineyard, microsatellite analysis was performed with 110 of the 168 S. cerevisiae strains
confirmed by restriction digest. The analysis resulted in 41 different microsatellite
profiles (genotypes), which were homozygous at all loci.

This result is in contrast to the study of Mortimer (2000) which found 65%
heterozygosity among S. cerevisiae strains isolated from Californian vineyards. On the
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other hand it is in agreement with the study of Johnson et al. (2004) which found similar
results for S. paradoxus, the closest relative of S. cerevisiae. Johnson et al. (2004)
discovered only one strain with one heterozygous locus among 28 S. paradoxus strains
isolated from oak bark in England. High homozygosity is considered evidence for
inbreeding whereas heterozygosity is a sign of random mating (outcrossing). To better
understand these terms one needs to have a closer look at the life cycle of S. cerevisiae,
shown in Figure 6.

Figure 6: Life cycle of S. cerevisiae.

The normal reproduction of S. cerevisiae is mitotic in the diploid state (Herskowitz
1988). If S. cerevisiae is starved it undergoes meiosis and produces four haploid spores
enclosed in an ascus. S. cerevisiae has two different mating types: a and α. Opposite
mating types may fuse to create a diploid. One way of creating a diploid starts in the
ascus when spores of opposite mating type fuse. This is called intra‐ascus or intratetrad
mating. Another mode of creating a diploid may happen in homothallic strains which
are able to switch mating type. After mating type switching, a mother and daughter cell
fuse, which is called autodiploidization. These two ways of reproduction are considered
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inbreeding as no unrelated genetic material is obtained and strains exhibit high
homozygosity. The last mode of creating a diploid involves the mating of spores from
unrelated asci and this is considered outcrossing. The 41 genotypes obtained in this
experiment are homozygous at all loci and therefore the best estimate is, that this
population is completely inbreed. Tsai et al. (2008) looked at the different aspects of
reproduction in a UK S. paradoxus population and revealed that 94% of matings
happened within the ascus, 5% after mating type switch with a clonemate and only 1%
of matings would occur between unrelated strains and account for outcrossing. Cubillos
et al. (2009) who investigated the ecology of 292 S. cerevisiae strains from five different
populations isolated from wine ferments estimated that 70% of the populations were
inbreed. They found a high genetic diversity within the population and furthermore that
reproduction within the population was dominated by self‐fertilization which could
alternate with clonal reproduction, as it is observed in this study (Cubillos et al. 2009).
In this study 20% of the population has a unique microsatellite profile where one
genotype (gt14) accounted for 17.27% of all the samples indicating clonal replication.
The remaining 62.73% of the samples shared their genotype with at least one other
isolate.

2.3.1.2

Distribution and relationship of the S. cerevisiae
vineyard population

Of the 41 genotypes recovered, 22 were isolated once and the remaining 19 were found
more than once. Of the 19 genotypes recovered more than once in this sample set, 13
genotypes were isolated at least twice at the same sample site and date. The remaining
six genotypes were isolated at different sample sites and dates. The flow chart in Figure
7 shows the distribution of the genotypes into three different groups: unique isolates
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(red), same site and date isolates (yellow) and different site and/or date samples
(green).

Figure 7: Microsatellite profiles (genotypes) distinguished by their abundance in space and time.

The distribution of the genotypes over time and space is shown in Figure 8. Each of the
nine graphs in Figure 8 represent one sample site in the vineyard, specified by the letter
in the top left corner. The graphs are assembled according to their relative location in
the vineyard, as indicated in the map above the graphs. Since no yeasts were isolated
from sample sites A and B this part of the map was omitted. The height of each bar
shows the number of genotypes isolated at one specific occasion (sample site and date).
The colour of the bar indicates whether a genotype was only isolated once (red), at least
twice but at the same site and date (yellow) or whether it was found at more than one
sample site and/or date (green). For example, at sample site L two genotypes were
isolated on the 16th November, one was unique to the sample site (red) and one was
also found at other sample sites or dates (green).
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As shown in Figure 8 no S. cerevisiae strains were isolated from sample sites K and H. At
sample site F, S. cerevisiae was isolated on one occasion and sample sites i, E and L
resulted in the isolation of S. cerevisiae on two occasions. The majority of S. cerevisiae
strains were isolated from sample sites C, D and G. 88.19% of the S. cerevisiae strains
were found in soil, 8.18% in bark (site G, 16.11) and 3.63% were isolated from a
buttercup flower (site i, 16.11). The findings shown in Figure 8 will be discussed further
in the order of sample sites at the end of rows (C, F and i) to the samples sites furthest
inside the vineyard block (E, H and L).

A total of 17 different S. cerevisiae genotypes were found at the three sample sites at the
end of the rows, C, F and i. Most isolates were found at site C on four different sample
days. Of the 17 genotypes found at site C, seven (41.17%) were also found at other
sample sites in the vineyard or on other sampling days. Further inside the vineyard
block at sample sites K, G and D, the most different genotypes were isolated with a total
of 26, none were isolated from site K. Most of these genotypes (21) are unique to the
sample sites and dates and only five (19.23%) have been found at other sample sites.
Only nine different genotypes of S. cerevisiae were found at the sample sites furthest
into the vineyard block (E, H and L). Interestingly, five of the genotypes (55.55%) found
there were not unique to these sample sites and also found at other sample sites and/or
dates.
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Figure 8: Distribution of the 41 different genotypes of S. cerevisiae in the Matua Valley Sauvignon
Blanc vineyard block over space and time. Red represents genotypes isolated only once, yellow
represents genotypes unique to the sample site and date and green correspond to genotypes
found at more than one site or date.*1 all these genotypes found in bark, *2 these genotypes were
isolated from a buttercup flower in the direct surrounding of the vine on sample site i. All other
genotypes were isolated from soil.

The initial reason for choosing these sample sites was that C, F and i were directly at the
end of the rows and opposite a creek with some native bush surrounding it. A wider
variety of insects may be present here due to a greater diversity of plant species
compared to further inside the block where grape vines predominate. The hypothesis
was that if insects play a role in distribution of S. cerevisiae, areas of vineyard blocks
most exposed would result in higher yeast frequencies than sites further inside the
vineyard block. Here, the sample sites D, G and K were approximately 50 m and sample
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sites E, H and L approximately 100 m further inside the vineyard block from the sites C,
F and I respectively. With 26 different genotypes, the sample sites D and G which are
approximately 50 m into the vineyard block showed the most diversity of genotypes.
Therefore the hypothesis has to be rejected. However, even though the most exposed
sample sites C, F and i had only 17 different genotypes, 41.17% of these were isolated
also from other sites and/or dates. In contrast only 19.23% of the 26 genotypes at sites
D and G were found in different places. In addition, the sample sites L and E furthest
inside the vineyard block had the least diversity of genotypes, but of those 55.55% were
found at other sites and/or dates. The genotypes found at different sites and/or dates
suggest that there may have been some transport vector involved spreading those
genotypes over space and time. If this assumption is right, then the sample sites D and G
were potentially less visited by S. cerevisiae transport vectors than the other sample
sites. Nevertheless, this again leads to rejecting the initial hypothesis as most of the
genotypes furthest inside the vineyard block have somehow been transported there.

To get a better idea about possible transport mechanism inside the vineyard, Figure 9
shows the distribution over time and space of the six genotypes (gt11, gt29, gt34, gt14,
gt12 and gt31) that were isolated more than once from different sample sites and/or
dates. Here, the samples sites are colour‐coded and presented as boxes in the diagram
showing the genotype vs. the sample dates. Most of the six genotypes found in different
locations and at different times were isolated from soil with the exception of sample site
i on the 16.11.05. These S. cerevisiae strains were isolated from a buttercup flower that
was growing around the trunk of the vine. The genotypes gt11 and gt29, were isolated
on the same date but at different sample sites, so were the genotypes gt12 and gt31,
whereas the two genotypes, gt14 and gt34, were isolated not only at different sample
sites but also on different sampling dates in the vineyard. This observation suggests
some sort of transport of S. cerevisiae strains within the vineyard, unless all strains were
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Figure 9: Distribution of the six different genotypes isolated more than once from different sample
sites and/or dates from the Matua Valley vineyard block. The colours of the boxes represent one
sample site each as indicated in the legend below the chart.

present at all sites at all times but the sample procedure failed to detect this. Also,
recovering the same genotypes (gt14 and gt34) at different time points of the sampling
process suggest some strains persist in the vineyard environment. However, it has to be
noted that the isolation procedure using SelMed might not have been suitable to recover
all S. cerevisiae strains residing in the vineyard as there might be variance in adaptation
to the selection procedure; i.e. some strains may grow more rapidly in SelMed than
others and thus be overrepresented. One way to overcome this, to a degree, would have
been to examine, more colonies per sample.

To illustrate the relationship among all the genotypes recovered Figure 10 shows a
neighbour net of the 41 genotypes. The red, yellow and green dots again refer to
genotypes only isolated once, at least twice on the same site and date or isolated from
different sites and dates, respectively.
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Most of the genotypes found in the same place at the same time cluster together on the
branches of the network, see Figure 10 indicated by circles. Hennequin’s et al.
(Hennequin et al. 2001) showed high stability of the genomic microsatellite loci they
investigated: they observed no changes in genotype when cultures were grown for 690
generations. Therefore, the clusters of closely related, but slightly different strains seen
here are likely to represent true diversity, rather than have spontaneously arisen during
the selection procedure. Nevertheless, there are two exceptions which do not cluster
tightly with other strains from the same place and date, and these are highlighted in
blue and grey. The bark samples at sample site G on the 16.11.2005 and the soil sample
at sample site D on the 16.11.2005, show genetic divergence to samples found on the
same occasion. In addition genotype 29, highlighted in pink, was also isolated from soil
samples at sample site L on the 16.11.2005 and also shows genetic divergence to the
other samples isolated on the same day.

The six genotypes gt11, gt29, gt34, gt14, gt12 and gt31, which were found at different
sites in the vineyard, seem to be closely related.

Most studies so far examined the population dynamics of S. cerevisiae in wine
fermentations where a large diversity with reoccurring patterns over the years can be
found (Sabate 1998; Torija et al. 2001; Mercado et al. 2007; Valero et al. 2007) but only
Mercado et al. (2007) and Valero et al. (2007) looked at vineyard populations. Mercado
et al. (2007) found low numbers of S. cerevisiae on grapes and only one of these strains
was isolated from the must in the winery: they concluded that most of the S. cerevisiae
strains found in ferments therefore come from the winery flora. Using a different
isolation approach than enrichment culture, Valero et al. (2007) found 91 unique S.
cerevisiae strains over three years in three different vineyards. They picked grapes
aseptically and left the resulting juice to spontaneous fermentation and then isolated
the yeasts from that ferment. In addition to the 91 unique strains, Valero et al. (2007)
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found 13 strains present in more than one ferment. Two of these strains were found in
different vineyards, the remaining 11 strains were isolated from different sample sites
of the same vineyard. This constitutes for 12.5% of S. cerevisiae strains found dispersed
across and within vineyards (Valero et al. 2007), which was also observed for the Matua
Valley vineyard strains (14.63%). This study however did not assess the S. cerevisiae
population of the winery or the ferment so no conclusions as to how many of the yeasts
isolated in the Matua Valley vineyard finally ended up in the winery or ferment can be
made.

2.3.2

Isolation of yeasts from beehives

Having discovered a diverse population of S. cerevisiae residing in soil, bark and flowers
in the vineyard, I now moved on to test ideas of how S. cerevisiae might be dispersed. To
test the hypothesis that bees act as vectors for S. cerevisiae, beehive samples were taken
during New Zealand winter and spring. Preliminary experiments included a south
Auckland apiary in the suburb of Mangere Bridge, which was visited twice during June
and July and four samples were taken. The main experimental beehive at Beesonline
(Kumeu, NZ) was visited three times from July to September (winter) and twice in
November (spring). A total of 19 samples were collected from this beehive, including
honeycomb, wax and dead bees around the hive. The samples were subjected to the
isolation process described in Section 2.2.2. Six out of the 19 samples led to the isolation
of yeasts. The results of the restriction fragment length polymorphism (RFLP) and the
ITS sequence analysis from colonies derived from these samples are shown in Table 4.
The species listed in Table 4 represent the closest matches of the ITS sequence
comparison with the Genbank (NCBI) database and their respective accession numbers,
with the level of similarity indicated in the last column.
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Table 4: Yeasts isolated from beehives in Mangere Bridge and Beesonline in winter (June to
September 2005) and spring (November 2005). Total bp refers to the size of the ITS PCR product
as visually compared to a size marker. The numbers of HinfI and HaeIII reflect band sizes in base
pairs (bp) as compared to a size marker on a 1.5% (w/v) agarose gel. *26S DNA comparison
instead of ITS sequence.

Both visits to the Mangere Bridge beehive resulted in the isolation of yeasts, whereas
only three of the five visits to Beesonline (June, August and November) resulted in the
isolation of yeasts. It is clear that a range of yeast species is associated with beehives.
The Kodamea species isolate from the NCBI database was isolated from the small hive
beetle Aethina tumida that is associated with beehives and responsible for the
destruction of beehives in Europe (Torto et al. 2007). Candida cf. apicola has previously
been isolated from bee’s guts (de Llanos Frutos et al. 2004) and was found in
association with stingless bees (Rosa et al. 2003). There are reports of Metschnikowia
species being associated with bumblebees but not honey bees and Metschnikowia
species have also been recovered from nectar of flowers (Brysch‐Herzberg 2004) and
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thus potentially also able to reach a beehive. Pichia, Zygosaccharomyces and
Saccharomyces sp. have been isolated from honey before (Snowdon and Cliver 1996).
However, it is not entirely clear whether the exact species found in this study have been
isolated from honey before, as the original studies did not identify the yeasts to species
level.

As discussed earlier (see Section 2.1.2), beehives represent a potential habitat for S.
cerevisiae throughout the year. In this study though, S. cerevisiae was only isolated on
one occasion, and this was during spring. This suggests that while yeasts are present in
beehives, that S. cerevisiae is not dominant. In addition, these data do not support the
hypothesis that S. cerevisiae overwinters in beehives. The sequence of the 26S DNA of
the S. cerevisiae strain isolated was compared to the Genebank database and showed
100% similarity to the NRRL Y‐12632 strain, the type strain of S. cerevisiae from the
ARS culture collection (United States Department of Agriculture, Agricultural Research
Service). Even though this strain was isolated from honeycomb, and not directly from a
bee, it provides evidence that bees potentially may disperse S. cerevisiae. Snowdon and
Cliver (1996) reported that microbes found in honeycomb are generally brought there
by bees. As it is known that S. cerevisiae is unlikely to be air‐borne (Parle and di Menna
1965), it is probable that it was brought to the hive by bees, thus suggesting a role for
bees in its dispersal.

2.3.3

Bees – a transport vector for S. cerevisiae?

In order to find out how the two S. cerevisiae samples found in the beehive relate to
those isolated from the Matua Valley vineyard, the beehive isolates were also subjected
to microsatellite analysis. The results of the microsatellite analysis revealed that the two
S. cerevisiae samples are two different strains. Exact matches to the genotypes of the
two S. cerevisiae strains from the beehive were found in the vineyard samples (gt11 and
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gt29). Those genotypes that exactly match the beehive samples were isolated from
buttercup flowers and soil (Figure 9). The obvious connecting link between flowers and
beehives are bees. Therefore, this observation provides the first direct support for the
bee vector hypothesis for transport of S. cerevisiae. Figure 11 shows the connection
between samples sites where the same genotypes were isolated. The arrows in Figure
11 connect isolates with identical genotypes of S. cerevisiae. It is interesting to note that
the genotypes found in honeycomb also seem to be the most connected in the vineyard,
suggesting transport between sites. This observation adds to the evidence supporting
the bee‐vector hypothesis. Other means of dispersing S. cerevisiae within the vineyard
are potentially humans or machinery. If dispersal was human aided, one might expect to
isolate more of the same genotypes at places following a regular pattern along the rows.
The pattern seen for genotypes gt11 and gt29 (see Figure 11) shows huge gaps between
the sites where the same genotype was found and seems to jump rows without leaving
strains in the rows between.
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Figure 11: Graphic display of where the 6 different genotypes were found. Same colour arrows
indicate same genotype. Arrows do not indicate potential travel routes of S. cerevisiae but merely
try to connect the sites where the same genotypes were found.
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2.4 Conclusion
In this chapter, I report the successful isolation of S. cerevisiae mainly from soil in a New
Zealand vineyard. The population of S. cerevisiae isolated from vineyard samples during
spring and summer in 2005/2006 was further analyzed using microsatellite
fingerprinting techniques and revealed a great diversity among the strains tested. To
elucidate the question as to whether bees are involved in the dispersal of S. cerevisiae, a
nearby apiary was included in the study and samples taken from there resulted in the
isolation of S. cerevisiae on one occasion. The microsatellite profile of the two samples
were analyzed and compared to the vineyard population. The results for both samples
tested revealed exact matches to two different strains from the vineyard population and
thus provides the first evidence that bees are potential vectors in the dispersal of S.
cerevisiae.

46

Chapter 3
_____________________________________________________________________________________________________

Chapter 3
Yeasts’ influence on the aroma and
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3.1 Introduction
3.1.1

Key aroma compounds of Sauvignon Blanc

The characteristic aroma of Sauvignon Blanc is often described as bell pepper, box tree,
asparagus, blackcurrant buds, grapefruit and passionfruit (Darriet et al. 1995; Tominaga
et al. 1998a; Swiegers et al. 2006a). The bell pepper aroma is due to 2‐methoxy‐3‐
isobutylpyrazine which is present in grapes and unfermented must (Tominaga et al.
1998a). Two volatile thiols, 4‐mercapto‐4‐methylpentan‐2‐one (4MMP) and 3‐
mercaptohexyl acetate (3MHA), have been identified as being responsible for box tree
or broom‐like aromas (Darriet et al. 1995; Tominaga et al. 1996). Another three volatile
thiols contribute to the fruity characters of Sauvignon Blanc: 4‐mercapto‐4‐
methylpentan‐2‐ol (4MMPOH), 3‐mercaptohexan‐1‐ol (3MH) and 3‐mercapto‐3‐
methylbutan‐1‐ol (3MMB) (Tominaga et al. 1998a). The organoleptic characteristics of
these five thiols are summarized in Table 5, together with their respective perception
thresholds and concentrations in wine.

The olfactory description of these thiols in Table 5 correlates with many of the
characteristics used to describe the aroma of Sauvignon Blanc. A comparison of the five
thiols among Sauvignon Blanc wines shows that 4MMP, 3MH and 3MHA have the most
impact on the aroma of Sauvignon Blanc wines (Tominaga et al. 1998b). This is due to
the fact that the concentration of these thiols in wine are much higher than their
respective perception thresholds (Tominaga et al. 1998b). 4MMPOH and 3MMB have
also been isolated from wine but at concentrations below their perception levels, which
suggests that they play only a minor role in the aroma of Sauvignon Blanc (Tominaga et
al. 2000). Studies in other white wines like Gewürztraminer and Riesling have also
identified 4MMP, 3MH and 3MHA as compounds that contribute to their
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Table 5: Organoleptic characteristics of volatile thiols identified in Sauvignon Blanc. 1Tominaga et
al. (1998a), 2Darriet et al. (1995), 3Tominaga et al. (1996);*in aqueous alcohol solution 12% v/v.

respective aromas (Tominaga et al. 2000; López et al. 2003). Nicolau et al. (2006)
compared the concentrations of methoxypyrazines and thiols of 50 Sauvignon Blanc
wines from different countries. The majority of samples (30 out of 50) came from three
different wine making regions in New Zealand (Marlborough, Hawke’s Bay and
Wairarapa) and the remaining 20 samples came from France, the USA, South Africa and
Australia. The data revealed that wines made from grapes in the Marlborough region of
New Zealand exhibited significantly higher concentrations of 3MH and 3MHA (Nicolau
et al. 2006). The authors suggest this may explain some of the unique characteristics of
the Marlborough Sauvignon Blanc style (Nicolau et al. 2006).

Recently Tominaga et al. (2006) investigated the two stereoisomer’s (R and S
enantiomer) of 3MH and 3MHA in Sauvignon Blanc and Semillon and found the R and S
enantiomer of 3MH were at approximately a 50:50 ratio in dry white wines and 30:70 in
botrytized (sweet) wines. Tominaga et al. (2006) found that the R and S enantiomer of
3MHA appear to be in a constant ratio of 30:70 regardless of dry or sweet wines.
Interestingly, the perception thresholds for the R and S enantiomers are slightly
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different as are their aroma descriptors. The R form of 3MH has a perception threshold
of 50 ng L‐1 and exhibits zesty grapefruit aroma while the S form has a perception
threshold of 60 ng L‐1 and exhibits passionfruit aroma. The R and S enantiomers of
3MHA have perception thresholds of 9 ng L‐1 and 2.5 ng L‐1 respectively and while the R
form exhibits a passionfruit aroma, the S form has a more herbaceous odor of boxwood
(Tominaga et al. 2006). However, the distribution of the stereoisomers of 3MH and
3MHA in New Zealand Sauvignon Blanc is yet unknown.

3.1.2

Precursors of the key aroma compounds in
Sauvignon Blanc

The five volatile thiols found in Sauvignon Blanc wine (see Table 5) only occur at trace
levels in the must which suggests that they derive from odourless precursors.
Precursors for 4MMP, 3MH and 4MMPOH have been suggested by Tominaga et al.
(1998). These suggested precursors are S‐cysteine‐conjugates and the volatile thiols can
be released from these conjugates during an enzymatic reaction with bacterial β‐lyase
(Tominaga et al. 1998c). Tominaga et al. (1998c) showed that 3MH is released from a
laboratory‐synthesized precursor when incubated with S. cerevisiae. This led Tominaga
et al. (1998c) to conclude that volatile thiols are released during fermentation due to the
degradation of the precursor by yeasts (see Figure 12).

It is yet not clear why yeasts would take up S‐cysteine precursors; however, the release
of thiols from an S‐cysteine precursor leads to by‐products that potentially can be
sources of carbon and nitrogen (see Figure 12). Nutrient requirements might be one
reason for the yeast to convert these precursors, as the by‐products pyruvic acid and
ammonia could be metabolized and used for anabolic growth respectively.
Alternatively, the cysteine might be employed by yeast, in which case no thiol would be
released.
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Figure 12: Hypothesized pathway of 4MMP release from its cysteine precursor.

An alternative pathway for thiol release has been suggested by Schneider et al. (2006):
E‐hex‐2‐enal, a well known component of grape must, may be converted into 3MH by
sulfur addition either from cysteine or hydrogen sulfide. Yet, in their experiments, they
found only minor (10% of total 3MH) conversions of E‐hex‐2‐enal into 3MH (Schneider
et al. 2006). A recent study by Subileau et al. (2008) proposes yet a different precursor
for 3MH. Subileau et al. (2008) showed that only a small proportion of 3MH (3% to 7%)
results from the conversion of S‐cysteine‐precursor (Cys‐3MH) and even less is due to
the conversion of E‐hex‐2‐enal (less than 1%). They investigated the possibility that S‐
glutathione conjugates are the direct precursors for these thiols rather than being
converted into S‐cysteine conjugates before the thiol can be released (Peyrot des
Gachons et al. 2002; Subileau et al. 2008). Subileau et al. (2008) showed that when the
glutathione transporter Opt1 is deleted in S. cerevisiae, 3MH and 3MHA release is halved
in comparison to the control. Even though they did not show the direct conversion from
the S‐glutathione conjugate into 3MH they concluded that either half of the precursor

51

Chapter 3

Introduction

_____________________________________________________________________________________________________
enters the yeast cell via glutathione transporters and therefore is likely to be the S‐
glutathione precursor described by Peyrot des Gachons et al. (2002), or that glutathione
in some way plays a role in the thiol release pathway (Subileau et al. 2008). In general,
the precursors of 3MH are still not completely understood.

3.1.3

Biogenesis of thiols

Little is known of the yeast metabolic pathways involved in thiol production, mainly
because the identity of the main precursors for 3MH or 3MHA is still unclear (see above
Section 3.1.2). The only studies carried out so far have compared the liberation of thiols
between different commercial S. cerevisiae strains (Murat et al. 2001; Howell et al.
2004). These studies showed the greatest differences for 4MMP release (Murat et al.
2001; Howell et al. 2004) but no significant differences have been found for the release
of 3MH (Murat et al. 2001). Interestingly, temperature appears to affect the final thiol
concentrations: Howell et al. (2004) showed that S. cerevisiae strains CWY7 and CWY8
both differed in the release of 4MMP when incubated at either 18°C or 28°C, with a
higher release of 4MMP when incubated at 28°C. However, a third strain tested‐ CWY1‐
released as much 4MMP at 18°C as at 28°C indicating that the temperature effect is
yeast strain dependent (Howell et al. 2004). Temperature affects the microbial ecology
of grape must (Goddard 2008) as well as the biochemical pathways of the organisms
present. Unfortunately, the production of different aroma compounds varies with the
temperature, while some compounds are produced in greater quantities at higher
temperatures, for others the opposite is true (Erten 2002; Torija et al. 2003b; Howell et
al. 2004).

The first attempt to reveal the metabolic pathways behind thiol release in S. cerevisiae
show that 3MH can be released from its S‐cysteine precursor with the help of a bacterial
β‐lyase (Howell et al. 2005). Investigating carbon‐sulfur lyases present in S. cerevisiae
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identified four candidate genes, BNA3, GLO1, METC and CYS3 that influence the release
of 4MMP in both laboratory strains and commercial wine yeast (Howell et al. 2005).
Although the deletion of these four genes approximately halved 4MMP release in
comparison to the control, previous experiments showed no clear differences in
transcript abundance of these genes between different wine yeasts known to produce
high or low amounts of 4MMP respectively (Howell et al. 2005). This suggests a more
complex interaction between several proteins (Howell et al. 2005). However, the role of
these gene products in thiol release and cleavage of the precursor still needs to be
confirmed (Howell et al. 2005).

Despite attempts to identify a cysteine precursor for 3MHA, none have been found so far
(Tominaga et al. 2006). Swiegers et al. (2006b) have suggested a different pathway of
3MHA production and showed that the enzyme ATF1, an alcohol acetyltransferase,
which is involved in ester formation, is able to convert 3MH into 3MHA. In ATF1
deletion mutants, 3MHA formation was reduced, but not completely inhibited,
suggesting the involvement of other enzymes in this inter‐conversion. Another enzyme,
IAH1, an esterase, was found to significantly reduce 3MHA formation, perhaps by
converting 3MHA back to 3MH. The postulated pathway for both enzymes potentially
involved in 3MHA release is shown in Figure 13.

Figure 13: Hypothesized pathway of 3MHA production based on Swiegers et al. (2006b).

With the identity of the main precursor for 3MH and 3MHA still unclear, research into
thiol release thus far agrees that release is yeast strain specific and possibly
temperature dependent (Murat et al. 2001; Howell et al. 2004; Swiegers et al. 2006a).
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However, only a handful of commercial S. cerevisiae isolates have been screened for
their capability to release thiols (Murat et al. 2001; Howell et al. 2004; Swiegers et al.
2006a). Rather than restricting screening to commercial S. cerevisiae isolates it is worth
exploring the potential of natural isolates of S. cerevisiae and non‐Saccharomyces yeast
species to release thiols, especially with spontaneous fermentation becoming
increasingly popular again.

A succession of different non‐Saccharomyces yeasts are found in spontaneous ferments
before S. cerevisiae takes over (Fleet et al. 1984). The most common non‐Saccharomyces
genera found in the early stages of fermentations are: Kloeckera, Pichia, Rhodotorula,
Candida, Hanseniaspora, Torulaspora and sometimes Issatchenkia and Metschnikowia
(Fleet et al. 1984; Herraiz et al. 1990; Romano et al. 2003; Clemente‐Jimenez et al.
2004). Several studies showed that these yeasts can grow to large population sizes of
about 107 to 108 cells mL‐1 (Fleet et al. 1984; Torija et al. 2001; Romano et al. 2003).
Depending on the species, some non‐Saccharomyces yeast may survive into the later
stages of fermentation where ethanol concentrations are higher and only gradually
decrease in population size during the course of a ferment (Fleet et al. 1984; Romano et
al. 2003). Even in inoculated ferments, contrary to common belief, naturally present
yeast species in grape juice are not rapidly suppressed by inoculated yeast species. Even
though the inoculated S. cerevisiae strain dominated all ferments tested, Heard and Fleet
(1985) found significant growth of non‐Saccharomyces species like Kloeckera apiculata
in their experiments. Kloeckera apiculata was found to survive the first 6 to 9 days of
white wine ferments at population sizes of up to 107 cells mL‐1 (Heard and Fleet 1985).

By reaching large population sizes in spontaneous as well as inoculated ferments, non‐
Saccharomyces yeasts are likely to contribute to the overall aroma and flavour of wine,
by affecting the growth kinetics and metabolism of S. cerevisiae and also producing
secondary metabolites on their own (Torija et al. 2001; Romano et al. 2003). To find out
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about the contribution of yeasts to the aroma of wine, the role of the specific yeasts in
fermentation need to be understood (Lambrechts and Pretorius 2000). Therefore it is
essential to know the identity of the each species, their growth kinetics, biochemical
properties, chemical changes they produce and how vinification factors influence these
properties (Lambrechts and Pretorius 2000). Charoenchai et al. (1998) investigated
three different vinification factors; temperature, pH and sugar content and their
influence on growth rate and cell biomass of different wine yeast species. They
investigated 22 species belonging to the genera of Kloeckera, Torulaspora, Candida,
Pichia and Saccharomyces. The vinification factors pH and sugar content did not result
in significant growth advantages for any of the yeasts in this study. Different
temperatures however, significantly affected the growth dynamics of the yeasts studied
and are likely to affect the ecology of fermentations (Charoenchai et al. 1998; Goddard
2008). Lower temperatures here allowed faster growth of non‐Saccharomyces species in
comparison to S. cerevisiae (Charoenchai et al. 1998).

An increasing number of studies investigate the contribution of non‐Saccharomyces
species to the aroma of wine (Herraiz et al. 1990; Zironi et al. 1993; Gil et al. 1996;
Romano and Maifreni 1997; Ciani and Ferraro 1998; Ciani and Maccarelli 1998; Heard
1999; Rojas et al. 2001; Jolly et al. 2003a; Romano et al. 2003; Clemente‐Jimenez et al.
2004; Viana et al. 2008). Most of them agree that non‐Saccharomyces species are able to
contribute in a positive way to the final product and are found to add complexity to
wine.
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3.1.4
I.

Aims

To test whether S‐cysteine conjugate uptake is beneficial for growth of a range of
yeasts.

II.

To test the capability of natural isolates of S. cerevisiae, S. paradoxus and also
non‐Saccharomyces species to contribute to the aroma of New Zealand
Sauvignon Blanc by producing the two key aroma compounds 3MH and 3MHA.
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3.2 Materials and Methods
3.2.1

4MMP‐cysteine growth assay

To test whether uptake of S‐cysteine precursors is beneficial for yeast, a number of
yeast strains were examined for growth on 4MMP‐cysteine. This precursor was the sole
carbon and nitrogen source available in the test medium. As shown in Figure 12, the by‐
products of the hypothesized conversion of 4MMP‐cysteine into 4MMP are pyruvic acid
and ammonia, which may potentially serve as carbon and nitrogen sources for yeast
respectively. The yeasts employed in this experiment are listed in Table 6.

Table 6: Yeast species employed for the 4MMP growth assay.

Four different media were used for the assay: 4MMP‐cysteine medium, synthetic
defined (SD) medium (positive control), SD medium without carbon and nitrogen
source (negative control) and cysteine medium. The composition of each of these media
is shown in Table 7. 4MMP‐cysteine was kindly provided by Manu Maggu (University of
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Auckland). However, the purity of the 4MMP‐cysteine was unknown but estimated to be
around 50% with the remainder being un‐reacted cysteine. In an attempt to control for
this, the cysteine medium was added to the experiment.

Table 7: Media used in the 4MMP growth assay (all %=w/v).

Pre‐cultures of the strains listed in Table 6 were grown in 5 mL SD medium at 28°C and
120 rpm shaking overnight. Two hundred µL of the pre‐cultures were centrifuged and
the pellet resuspended in 200 µL of sterile water; 50 µL were then inoculated into 5 mL
of each of the four media. The growth of the cultures was estimated by measuring the
optical density at 600 nm and comparing this to a blank. The first samples were taken
immediately after inoculation of the growth media, the cultures were then incubated for
11 days at 28°C and 120 rpm shaking. Measurements were taken on day 1, 2, 5, 7 and
11. After five days glucose and ammonium sulfate were added to all cultures with final
concentrations of 0.02% (w/v) and 0.005% (w/v) respectively. This experiment was
not repeated due to the limited quantity of 4MMP‐cysteine available.
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3.2.1.1

Influence of 4MMP‐cysteine or cysteine concentration

on yeast growth
In an additional experiment, seven different concentrations of 4MMP‐cysteine and
cysteine, ranging from 0 to 1.5% (w/v) in 0.25% (w/v) steps, were tested for their effect
on yeast growth. In this experiment S. cerevisiae and S. paradoxus (275 and 273 in Table
6) were used. The media contained 0.17% (w/v) YNB [yeast nitrogen base without
amino acids, carbon and nitrogen], 0.02% (w/v) glucose, 0.005% (w/v) ammonium
sulfate and 4MMP‐cysteine or cysteine in the appropriate concentrations. The pre‐
cultures were prepared as described in the previous experiment (see Section 3.2.1).
After inoculation of the different media, the cultures were incubated at 28°C and 120
rpm shaking. The growth was observed by measuring the OD600 every second day and
this experiment was performed in triplicate.

3.2.2

Screening for thiol production

3.2.2.1

Yeast species

Several different yeast species, belonging to the Saccharomyces sensu stricto group and
non‐Saccharomyces species, from different origins were screened for 3MH and 3MHA
release. The yeasts employed in these experiments are listed in Table 8 and Table 9.
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Table 8: Saccharomyces sensu stricto yeasts screened for 3MH and 3MHA release.
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Table 9: NonSaccharomyces yeasts screened for 3MH and 3MHA release.

For additional co‐fermentation experiments, a set of commercial yeast strains was used,
see Table 10.
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Table 10: Commercial yeast strains used in cofermentation experiments together with their
respective suppliers.

3.2.2.2

Microfermentation

The standard protocol for microferments is described below.

Before inoculation, each yeast species was cultured independently in YPD medium (1%
(w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose) for 48 h at 28°C and 150 rpm
shaking. All microferments were conducted in 210 mL sterile Marlborough Sauvignon
Blanc juice (from Rapaura, Marlborough, kindly provided by Pernod Ricard, NZ) in 250
mL Erlenmeyer flasks and were shaken at 100 rpm. Before fermentation, the Sauvignon
Blanc juice was sterilized by adding 200 µL dimethyl dicarbonate (DMDC) per litre of
grape juice and incubated at room temperature overnight before inoculation. DMDC
inactivates proteins leading to the death of any cells present. DMDC breaks down into
methanol and CO2 and is a common chemical used in the food industry (Ough 1975;
Costa et al. 2008). The microferments were inoculated with 2.5×106 cells mL‐1. During
fermentation sugars are converted into ethanol, CO2 and other metabolites. The loss of
weight due to CO2 release during fermentation gives good indication of the progress of
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fermentation. The microferments were weighed every day. At the end of the ferment the
contents of the flasks were centrifuged at 6000 g for 10 min to pellet the solids. The
supernatant was transferred to 70 mL sample containers and stored at ‐20°C until
further analysis. All experiments were done in triplicate. In the following paragraphs,
changes and/or additions to the standard protocol are described for each experiment.
a) Screening for thiol production
These microferments were carried out at 25°C for seven and up to 18 days (for
some non‐Saccharomyces species). For these experiments, sterilized 2005
Sauvignon Blanc juice from Marlborough was used.
b) Co‐fermentation
The initial co‐ferments were carried out at 25°C (Figure 19 and Figure 22) for
seven days, but in later experiments the temperature was decreased to 14°C to
emulate commercial wine making conditions as white wine fermentation often is
carried out at lower temperatures (between 10°C and 15°C) to enhance the
aromatic profile (Torija et al. 2003a). Lowering the fermentation temperature
increased the length of the fermentation and the fermentations took between 14
to 25 days. Most of these ferments were carried out with Sauvignon Blanc juice
from 2005, but some at later stages with juice from 2006. In the co‐fermentation
of Saccharomyces species and non‐Saccharomyces species, the species were
mixed together using the following proportions: 1:1, 9:1 and 1:9. The total
inoculum size was kept at 2.5×106 cells mL‐1 in all of these ferments. A further
experiment tested the effect of varying S. cerevisiae (VL3) inoculum
concentrations while keeping non‐Saccharomyces (P. kluyveri I) inoculum
concentration constant. Here, single ferments of VL3 were conducted with
varying inoculum concentrations from 100% (=2.5×106 cells mL‐1) to 0.1% (2.5 ×
105 see also Table 11). In addition, co‐ferments were performed with the same
varying inoculum concentrations of VL3 but constant concentration of P. kluyveri
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I of 90% (=2.25×106 cells mL‐1). In this case the total inoculum concentration
varied from 2.5×103 cells mL‐1 to 4.75×106 cells mL‐1 (Table 11).

Table 11: Inoculum concentrations for VL3 and P. kluyveri I to test the effect of varying inoculum
concentrations on 3MH and 3MHA release in VL3 single ferments and coferments with P. kluyveri
I.

c) Sequential fermentation
Sequential fermentation was carried out at 14°C for 25 days. The ferments were
inoculated with 2.5×106 cells mL‐1 non‐Saccharomyces yeast and after four days
of fermentation, 2.5×106 cells mL‐1 of either VIN7 or VL3, both commercial wine
yeasts, were added to the non‐Saccharomyces yeast ferments. Single ferments of
VIN7 and VL3 served as controls. No additional nutrients were added to these
ferments when the second yeast was added.
d) 3MH conversion into 3MHA
In this experiment, single ferments of VL3 and VIN7 were conducted at 14°C.
After four days a set of triplicates of VL3 and VIN7 ferments were harvested,
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another set of VL3 and VIN7 ferments were centrifuged three times at 6000 g for
10 min to remove as much of the yeasts as possible. The remaining juice was
then inoculated with P. kluyveri I at 2.5×106 cells mL‐1, also a single ferment with
P. kluyveri I was started in fresh juice. Another set of VL3 and VIN7 ferments
were allowed to proceed untouched for 21 days.

3.2.2.3

Thiol extraction

To separate the thiols in the wine from other compounds, ion exchange
chromatography was used prior to extraction with dichloromethane. Five mL of 1 mM
Na‐4‐(hydroxymercuri) benzoate (pHMB) and 0.5 mL of 2 mM butylated
hydroxyanisole (BHA) were added to a 50 mL wine sample, mixed for 1 min at 500 rpm
and then 50 µL of a mixture of deuterated compounds for 3‐mercaptohexan‐1‐ol (3MH)
and 3‐mercaptohexyl acetate (3MHA) were added as internal standard (Hebditch et al.
2007). Prior to the availability of deuterated standards, 25 µL of 4‐methoxy‐2‐methyl‐2‐
mercaptobutane (4M2M2MB) were used as standard. This was then mixed for another
10 min at 500 rpm before adjusting the pH to 7. The samples were then loaded onto a
washed Dowex resin (basic anion exchange) column and passed through at a flow rate
of 1 drop per 5 sec. The column was then washed with 50 mL washing buffer (0.1 M Na‐
acetate, pH6; 0.02 mM BHA) at a flow rate of 1 drop per 4 sec. After that, the bound
thiols were eluted with 50 mL cysteine elution buffer (0.1 M Na‐acetate, 0.02 mM BHA,
400 mg cysteine‐HCl, adjusted to pH 6) at a flow rate of 1 drop every 7 sec. To increase
the extraction yield 0.5 mL of ethyl‐acetate was added prior to the first extraction with 4
mL of dichloromethane. The samples were stirred for 5 min at 1000 rpm and the lower
organic phase was recovered and extracted a second time with 2 mL dichloromethane.
Both organic phases were combined, dried with anhydrous sodium sulfate (Na2SO4),
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filtered through silanized glass wool and then concentrated under nitrogen gas flow to
about 25 µL.

3.2.2.4

GC‐MS analysis

The thiols were analyzed by injection of 1‐3 μL of the extract into an Agilent 6890N Gas
Chromatograph with an Agilent 5973inert Mass Selective detector and a BP20 column
(50 m x 220 μm x 0.25 μm). The injector was operated at 240°C and the injection was
pulsed splitless at 50 psi for 1 min and the split vent was set to 30 mL/min for 1.5 min.
Helium was used as the carrier gas with a ramp flow 1 mL/min for 52 min then
increasing from 1.5 mL/min to 2.4 mL/min for 12 min. The column temperature was
programmed for 40°C for 10 min to increase to 180°C at a rate of 3°C/min, followed by a
ramp of 40°C/min to 250°C for 20 min. The Mass Spectrometer conditions were set to
250°C for the interface. The source conditions were 230°C and the quadrupole
temperature was set to 150°C. The thiols were analyzed in selected ion monitoring
(SIM) mode.

The quantification of the compounds was carried out by comparing the area of the
quantifier ion (116 and 134 for 3MHA and 3MH respectively) with the concentration of
the respective deuterated ion (118 and 102) or 4M2M2MB standard (134 at earlier
retention time).
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3.2.3

Five litre fermentation

To determine whether the results obtained from the microferments are transferable to
larger scales, 5 L ferments were conducted using 2007 Sauvignon Blanc juice kindly
donated by Coopers Creek winery (Auckland, NZ). The juice from Dillons Point Rd
Vineyard in Marlborough had 21.8°Brix, 8 g L‐1 titratable acidity (TA), pH 3.35 and 314
mg L‐1 yeast available nitrogen (YAN). The following yeasts were utilized in this trial:
VIN7, P. kluyveri I and II and C. zemplinina I and II. Pre‐cultures of these yeasts were
grown in YPD medium at 28°C with 150 rpm shaking. The total inoculum size was again
2.5×106 cells mL‐1. The setup of the co‐ferments in this experiment is shown in Table 12:

Table 12: Proportions of yeasts employed in the five litre ferments.

The grape juice was sterilized with DMDC and three un‐inoculated controls were used
to monitor the success of the sterilization. Extra nutrients were added to ensure a
smooth fermentation and emulate the commercial situation more closely. The YAN level
of the juice was 314 mg L‐1 and 250 mg L‐1 of ‘Superfood’ (Pacific Rim Enology,
Blenheim, NZ) was added. Superfood consists mainly of vitamins, micronutrients and
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some nitrogen (33%) so that the fermentation started with approximately 400 mg L‐1
YAN.

The fermentation was conducted at 16°C in 5 L bottles fitted with airlocks with four
replicates per treatment in the university winery at the Tamaki campus. The progress of
fermentation was monitored via weight loss and Brix measurements using
hydrometers. The temperature of the ferments was also measured. As the bottles have
to be opened to allow for Brix and temperature measurement, one of the four replicates
was dedicated to this. After ten days all the bottles were shifted from the 16°C cold
room into the wine hall (approximately 19‐20°C) to warm up and help finish the
ferment. The test for residual sugar on day 11 revealed that there was less than 2 g L‐1
sugar left, so the fermentation was deemed finished. After 15 days the samples were
racked off the yeast lees and samples for thiol measurement were taken before adding
SO2 at this point. These samples were stored at ‐20°C until further analysis. The bottled
wine was kept in the cold room (between 14°C to 16°C) until further testing.

To assess ethanol, pH, total acidity, volatile acidity and glycerol in the finished wines,
the samples were subjected to the WineScan™ FT 120 system from FOSS (Denmark).

3.2.3.1

Sensory Consumer study

For the consumer study, 64 volunteers from the University of Auckland assessed the
wines produced in the 5 L experiment. The volunteers were given five wines to taste:
the VIN7 single ferment, VIN7 and P. kluyveri I co‐ferment (CoF1), VIN7 and P. kluyveri I
and II co‐ferment (CoF2), VIN7 and P. kluyveri I and II and C. zemplinina I and II co‐
ferment (CoF3) and a commercial Marlborough Sauvignon Blanc which served to
condition the tasters equally. The participants were asked about their gender, their age
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group and about their general wine drinking habits. The volunteers were asked to rate
the aroma and taste of the wines presented to them from ‘extremely dislike’ to
‘extremely like’ (on a scale of 1 to 9) and then to assess their perception of fruity or
green aromas on a scale of five, from ‘not fruity/green’ to ‘extremely fruity/green’ (see
Appendix B Figure 47).

In the last test, the volunteers were asked to rate the wines according to their perceived
differences to a control sample (VIN7 single ferment) on a scale of one to six from no
differences to extremely large differences (see Appendix B Figure 48).

To process the data collected from the volunteers, each scale was numbered from 1 to 9
for the aroma and taste and 1 to 5 for the fruitiness and green characters respectively.
The mean and standard deviation of the mean was then calculated. T‐tests were
employed to test whether there were significant differences perceived between the
wines. To be included in the calculation of the difference test, the volunteers needed to
score at least a two (corresponding to very slight difference) for the difference of the
reference wine X and the VIN7 single ferment wine, which were the same. The mean
and standard deviation of the scores for the different wines were then calculated. This
wine tasting was approved by the University of Auckland Ethics committee (see
Participant Information Sheet in Appendix C).
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3.3 Results and Discussion
3.3.1

4MMP‐cysteine growth assay

One proposed pathway of 4MMP formation suggests that a β‐lyase cleaves 4MMP‐
cysteine to produce 4MMP, pyruvic acid and ammonia (see Figure 12). Since pyruvic
acid is the entry point for the tricarboxylic acid cycle (TCA) and ammonia provides
nitrogen for amino acid synthesis, the degradation of 4MMP‐cysteine potentially not
only releases a volatile thiol but also metabolites which support both catabolism and
anabolism of the cell. In order to test the hypothesis that 4MMP‐cysteine can support
the growth of yeasts, the growth of five different yeast species (Table 6) in medium with
4MMP‐cysteine as sole carbon and nitrogen source was investigated.

S. paradoxus, S. bayanus, H. uvarum, T. delbrueckii and two strains of S. cerevisiae, one
laboratory strain and one isolate from Sauvignon Blanc juice (see Table 6) were tested
for growth in four different media. These four media differed in their carbon and
nitrogen sources. The positive control medium (SD) contained glucose and ammonium
sulfate, the 4MMP‐cysteine medium only 4MMP‐cysteine, the cysteine medium only
cysteine and the negative control medium did not contain any carbon or nitrogen
sources. The growth of the yeasts was monitored by measuring the optical density at
600nm (OD600), at days 1, 2, 3, 5, 7 and 11. The results are shown in Figure 14.

The results for the positive control medium show that all the yeast species tested were
able to grow well, apart from H. uvarum (Figure 14 a). The addition of glucose and
ammonium sulfate on day five did not dramatically affect the growth of these yeasts in
this medium. In contrast, no growth was observed for all yeasts in the other three
treatments. After no growth was observed by day five, glucose and ammonium sulfate
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Figure 14: 4MMPcysteine growth assay. a) SD medium positive control. b) to g) growth of the six
different yeast strains in 3% (w/v) 4MMPcysteine medium (circle), 1.5% (w/v) cysteine medium
(triangle) and negative control medium (bar). Arrows indicate when additional glucose and
ammonium sulfate was added to all treatments. n=1.
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were added to all treatments with the aim of stimulating the yeast’s metabolism. With
the addition of a carbon and nitrogen source, most yeasts then were able to grow in the
negative control medium. In the cysteine medium, only S. cerevisiae 37 and S. paradoxus
showed little growth after the addition of extra nutrients, while all other species did not
grow. For the 4MMP‐cysteine medium little growth was observed for most species after
the addition of extra nutrients on day five. The growth observed in 4MMP‐cysteine
medium for most species was less than that observed for the negative control after day
five with the exception of S. bayanus. However, the growth observed for S. bayanus was
so little in both the 4MMP‐cysteine and the negative control medium that a definitive
conclusion on the effect of 4MMP‐cysteine to support growth of this yeast cannot be
drawn at this stage. Interestingly, H. uvarum seems to grow better in the negative
control medium and the 4MMP‐cysteine medium after the addition of glucose and
ammonium sulfate than in the positive control medium, possibly suggesting a positive
influence of 4MMP in this case.

In summary, no strains grew in cysteine medium or 4MMP‐cysteine medium before the
addition of glucose and ammonium sulfate. In all cases where growth occurred after the
addition of glucose and ammonium sulfate, it was the negative control that grew the
most when compared to the equivalent media where either 4MMP‐cysteine or cysteine
were present. The data possibly suggest an inhibitory role for 4MMP‐cysteine and
cysteine in this experiment. Hardly any growth was observed in the cysteine medium
for these yeasts regardless of the presence of glucose and ammonium sulfate, but
growth was observed for 4MMP‐cysteine medium, even though not as much as in the
negative control medium. Nevertheless, the question regarding the purity of 4MMP‐
cysteine remains, and whether the reduced growth in 4MMP‐cysteine medium in
comparison to the negative control medium of the two S. cerevisiae strains, T.
delbrueckii, H. uvarum and S. paradoxus was due to un‐reacted cysteine present in the
medium or due to inhibitory actions of the 4MMP‐cysteine itself. This question however,
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cannot be answered in this experiment and requires further investigation. To find out
whether the reduced growth was related to the 4MMP‐cysteine concentration a second
experiment was conducted.

3.3.1.1

Influence of 4MMP‐cysteine concentration on yeast
growth

According to the literature, only about 0‐30 ng L‐1 of 4MMP is usually found in wine
(Tominaga et al. 1998c). Experiments performed by Howell et al. (2004) testing the
variation of 4MMP release in commercial S. cerevisiae wine strains, used synthetic
4MMP‐cysteine at 100 mg L‐1. To find out whether the elevated 4MMP‐cysteine
concentration used in the previous experiment (~15 to 30 g L‐1) might inhibit growth
(i.e. act as a toxin) this experiment was conducted to assess the effects of different
concentrations of 4MMP‐cysteine on growth. The concentrations for 4MMP‐cysteine in
this experiment ranged from 0% to 1.5% in 0.25% (w/v) steps. As before, this
experiment included cysteine only controls and was conducted using S. cerevisiae (275)
and S. paradoxus (273) in triplicate. The results are shown in Figure 15.

The yellow squares in Figure 15 represent the starting values and so any values above
these indicate growth (higher OD600 values) and those below indicate a decrease in
population size. Orange, red and purple coloured squares represent sample days 2, 4
and 6 respectively.

No growth was observed for S. cerevisiae (Figure 15 top graphs) in either medium
regardless of the concentrations, except for the control (0% cysteine or 4MMP‐
cysteine).
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Figure 15: 4MMPcysteine growth assay with different concentrations of 4MMPcysteine and
cysteine over time. Values are mean ± standard error of the mean. n=3.

For S. paradoxus, population decrease was observed in cysteine medium regardless of
the concentration. However, growth was observed for 4MMP‐cysteine concentrations
between 0.5 % and 1.5 % (w/v) and appeared to peak at a concentration of 0.75% and 1
% (w/v). Since no growth was observed in the 0% 4MMP‐cysteine medium, this
indicates that the addition of 4MMP‐cysteine allowed growth. Furthermore as no
growth was observed with the cysteine only medium, this suggests that the growth in
the 4MMP‐cysteine media was due to the presence of 4MMP‐cysteine and not due to the

74

Chapter 3

Results and Discussion

_____________________________________________________________________________________________________
presence of any un‐reacted cysteine residue. Unfortunately this result does not agree
with the results from the previous experiment (see Figure 14 e), where S. paradoxus
growth was best on the negative control media. Since the first experiment was not
performed in triplicate, the second experiment seems more valid, especially given the
small standard error of the mean. Concentrations over 1.5% (w/v) 4MMP‐cysteine
seem to limit S. paradoxus growth, which may also explain why no growth was observed
in the initial experiment, which used a 3% (w/v) precursor medium (see Figure 14 b to
g).

The pathways involved in the 4MMP‐cysteine utilization are not yet clear and this
experiment does nothing to reveal them. However, these data show that 4MMP‐cysteine
cannot support growth of this S. cerevisiae strain, and in fact may even be toxic, but is
potentially able to support growth of S. paradoxus. This suggests that these two species
might have different pathways for processing 4MMP‐cysteine.

3.3.2

Yeasts’ influence on thiol production in New
Zealand Sauvignon Blanc

New Zealand Sauvignon Blanc has been shown to contain significantly higher levels of
3MH and 3MHA in comparison to other Sauvignon Blanc from around the world
(Nicolau et al. 2006). While it seems that the process of fermentation liberates volatile
thiols, the pathways for thiol production are unclear. In the case of 3MH and 3MHA, only
very limited data is available on the effect of yeasts on their release (Murat et al. 2001;
Masneuf‐Pomarede et al. 2006; Swiegers et al. 2006a). No literature exists on the effects
of non‐commercial yeast strains and species on 3MH and 3MHA liberation. The work to
date has only examined the ability of few commercially available strains of S. cerevisiae
and two S. cerevisiae hybrids (S. cerevisiae/kudriavzevii and S. cerevisiae x S. bayanus var
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uvarum) to liberate 3MH and 3MHA (Murat et al. 2001; Masneuf‐Pomarede et al. 2006;
Swiegers et al. 2006a).

3.3.2.1

Screening of Saccharomyces sensu stricto group yeasts
for 3MH and 3MHA release

In order to identify other yeasts which release 3MH and 3MHA, a subset of natural S.
cerevisiae isolates from a New Zealand vineyard, S. paradoxus isolates from oak trees in
England (Johnson et al. 2004), together with three more members of the Saccharomyces
sensu stricto group from various sources (see Table 8) were screened for 3MH and
3MHA production. Here, I investigated whether 3MH and 3MHA are liberated and if so,
if there is variability between the yeast strains. The results of this screen are shown in
Figure 16.

The results of the screen show that 3MH and 3MHA were found in all ferments, with the
exception of the S. cariocanus ferment. In the S. cariocanus ferment only a small
concentration of 3MH was detected but no 3MHA. The black lines in both graphs
represent the minimum concentration of 3MH and 3MHA, 1400 ng L‐1 and 40 ng L‐1
respectively, that has been found in Marlborough Sauvignon Blanc by Nicolau et al.
(2006) (note the line for 3MHA is near the origin). Most of the 3MH concentrations in
the different ferments were above the minimum 3MH concentration (1400 ng L‐1) found
by Nicolau et al. (2006), except S. cariocanus (1046 ng L‐1). Interestingly, apart from S.
paradoxus 75 with the highest concentration of 3MH (10280 ng L‐1), all of the
concentrations in this sample set were below the average concentration (~7000 ng L‐1)
found in Marlborough Sauvignon Blanc (Nicolau et al. 2006). However, compared to the
range of 3MH (200 to 5000 ng L‐1; see Table 5) found in wine published by Tominaga et
al. (1996; 1998a), most of the 3MH concentrations here were within this range,
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Figure 16: Concentrations of 3MH and 3MHA in wines fermented with different Saccharomyces
sensu stricto strains. The black lines represent the minimum concentration of 3MH and 3MHA
found in Marlborough Sauvignon Blanc (Nicolau et al. 2006). Values are mean ± s.e.m. n=3.

apart from S. paradoxus 75 (10280 ng L‐1) and S. paradoxus 273 (5939 ng L‐1). For
3MHA, with the exception of S. cariocanus, all ferments were above the minimum
concentration of 40 ng L‐1 found in Marlborough Sauvignon Blanc (Nicolau et al. 2006).
Interestingly, the maximum concentration reported by Tominaga et al. (1996; 1998a) of
500 ng L‐1 for 3MHA has been found to be the average concentration in Marlborough
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Sauvignon Blanc by Nicolau et al. (2006). Even though none of the ferments in this
sample set reached the maximum concentration of 2500 ng L‐1 reported for
Marlborough Sauvignon Blanc (Nicolau et al. 2006), most of the S. cerevisiae strain
ferments and S. paradoxus 273 and 75 ferment had 3MHA concentrations above the
average found in Marlborough Sauvignon Blanc. The highest concentration of 3MHA in
this sample set was found in the S. paradoxus 75 ferment (1554 ng L‐1).
Effect of yeasts (species or strain) on the concentration of 3MH and 3MHA
3MH

An ANOVA of all Saccharomyces sensu stricto species utilized in this experiment show a
significant difference for 3MH concentration (Welch ANOVA p<0.0001). Testing the
effect of S. cerevisiae and S. paradoxus strains on the concentration of 3MH, a single
factor ANOVA showed significant differences on strain level for both S. cerevisiae
(p=0.0068) and S. paradoxus (p=0.0264). However, comparing these two groups, using a
two tailed t‐test, no significant difference between S. cerevisiae and S. paradoxus was
found (p=0.7972).
3MHA

An ANOVA for 3MHA concentration of all Saccharomyces sensu stricto species utilized in
this experiment also showed a significant difference for 3MHA concentration (Welch
ANOVA p<0.0001). Testing the effect of S. cerevisiae and S. paradoxus strains on the
3MHA concentration, a single factor ANOVA showed significant differences on strain
level for both S. cerevisiae (p=0.0064) and S. paradoxus (p=0.006). However, comparing
these two groups using a two tailed t‐test, no significant difference between S. cerevisiae
and S. paradoxus was found (p=0.2577).
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In summary, the results of the above screen show that the liberation of 3MH and 3MHA
is not specific to S. cerevisiae but extends to other members of the Saccharomyces sensu
stricto group. Most strains investigated here, apart from S. cariocanus, were able to
release both 3MH and 3MHA. Furthermore, there was variation between strains and
species for the concentration of 3MH and 3MHA released during the fermentation of
Marlborough Sauvignon Blanc juice.

3.3.2.2

Screening of non‐Saccharomyces yeasts for 3MH and
3MHA release

As discussed in Section 3.1.3., non‐Saccharomyces yeasts in wine making are becoming
more popular as they might be the key to more complex aromas in wine and possibly,
together with the indigenous Saccharomyces flora of a region, determining some
characteristics of wine often described as ‘terroir’. To elucidate non‐Saccharomyces
yeasts’ potential to influence key aroma compounds in Sauvignon Blanc, a variety of
non‐Saccharomyces isolates from different origins have been assessed for their 3MH
and 3MHA release potential. Here, non‐Saccharomyces yeasts isolated from Chardonnay
juice and early ferment, beehives and other sources (Table 9), were investigated for
their ability to release 3MH and 3MHA. The results of this screen are shown in Figure
17.

First of all, the data in Figure 17 show that most of the ferment products of the non‐
Saccharomyces yeasts contained quantifiable concentrations of 3MH, but only a few
contained 3MHA. As in the Saccharomyces sensu stricto screen before, the black lines
represent the minimum concentration of 3MH and 3MHA found in Marlborough
Sauvignon Blanc by Nicolau et al. (2006). Most of the 3MH and 3MHA concentrations
found in the ferment products of the non‐Saccharomyces yeasts are within the range
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Figure 17: Concentrations of 3MH and 3MHA released by nonSaccharomyces species in Sauvignon
Blanc ferments. The black line represents the minimum concentration of 3MH and 3MHA found in
Marlborough Sauvignon Blanc (Nicolau et al. 2006). The arrows indicate strains with the highest
concentration of 3MH or 3MHA. Values are mean ± s.e.m. n=3.

reported for wine by Tominaga et al. (1996; 1998a) (exceptions are C. californica, H.
uvarum 269, C. railenensis and T. delbrueckii where 3MH concentrations were below the
reported concentration range). But only a few of fermentation products show 3MH and
3MHA concentrations above the minimum concentration reported in Marlborough
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Sauvignon Blanc (Nicolau et al. 2006). For 3MH these are C. zemplinina II and I and
Kodamea species and for 3MHA: P. kluyveri I and II, Pichia species and K. thermotolerans.
However, with the perception threshold of 60 ng L‐1 for 3MH all the ferment products
contained sufficient amounts of 3MH to be perceived, with the lowest concentration of
83 ng L‐1 found in the T. delbrueckii ferment. The 3MHA concentrations where detected
were also above the perception threshold of 4.2 ng L‐1 for 3MHA. The black arrows in
Figure 17 indicate the highest producers of 3MH and 3MHA among the non‐
Saccharomyces species tested.
Effect of yeasts on the concentration of 3MH and 3MHA
3MH

A single factor ANOVA indicated there was a significant effect of yeast species on the
concentration of 3MH in the ferment products of a Marlborough Sauvignon Blanc juice
(Welch ANOVA p<0.0001). Pair wise comparison (two‐tailed t‐test) showed that most of
the 3MH concentrations in the ferment products were significantly different compared
to one another with the two exceptions Kodamea species and Candida californica: these
two were not significantly different to any other isolate.
3MHA

Only nine of the 19 yeast species investigated in this screen contained quantifiable
concentrations of 3MHA in their ferment products. A single factor ANOVA with all zero
strains removed indicated a significant effect of yeast species on the concentration of
3MHA (Welch ANOVA p<0.0001). Pair wise comparison (two‐tailed t‐test) between the
ferment products showed that the fermentation products of P. kluyveri I and II
contained significantly higher concentrations of 3MHA than all other fermentation
products, as is clear from Figure 17. The 3MHA concentrations found in P. kluyveri I and
II, however, were not significantly different from each other. Considering the perception
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threshold of 4.2 ng L‐1 of 3MHA, the concentrations of 3MHA found in the fermentation
products of the two P. kluyveri strains (267 ng L‐1 P. kluyveri I and 262 ng L‐1 P. kluyveri
II) are likely to contribute to the overall aroma of the wine.

In summary, the results of the above screen showed that non‐Saccharomyces species
were able to release 3MH and 3MHA, the two key aroma compounds in Marlborough
Sauvignon Blanc. There was also variability between the yeast species concerning thiol
release. However, not all yeast species tested were able to release both thiols.
Interestingly, the two Candida species releasing the highest concentrations of 3MH
release hardly any 3MHA and the two Pichia species releasing the highest
concentrations of 3MHA only released little 3MH in this screen. For the Saccharomyces
sensu stricto yeasts a significant correlation for 3MH and 3MHA release was found
(r=0.95 p=0.001). This means that a strain that produces high concentrations of one
thiol also produces high concentrations of the other. This however, does not apply to the
non‐Saccharomyces yeasts tested here. C. zemplinina I and II and P. kluyveri I and II are
inversely correlated for 3MH and 3MHA release (r=‐0.95 p=0.046), which led to the
working hypothesis that these yeast species might be specific producers of 3MH or
3MHA respectively.

3.3.3

Co‐fermentation of four non‐Saccharomyces
species with commercial S. cerevisiae strains

The four non‐Saccharomyces isolates C. zemplinina I and II and P. kluyveri I and II (all
indicated by a black arrow in Figure 17) which released the highest concentrations of
3MH or 3MHA in single fermentations, were chosen for subsequent experiments to test
the hypothesis that certain yeasts are specific producers of specific thiols. Previous data
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Figure 18: Weight loss for single ferments of C. zemplinina I and II and P. kluyveri I and II. For
comparison, the weight loss curve of S. cerevisiae is shown. Values are mean ± s.e.m., n=3.

showed that these four non‐Saccharomyces yeasts do not ferment to completion,
measured via weight loss (Figure 18). To ensure a complete fermentation, a commercial
wine yeast, VL3, was chosen to co‐ferment with the non‐Saccharomyces yeasts. VL3 was
selected because at the time it was recommended for fermentation with Sauvignon
Blanc by the AWRI and is used in wineries in Marlborough, New Zealand. In order to
assess the effect of different starting proportions of S. cerevisiae to non‐Saccharomyces
yeasts on the final concentrations of 3MH and 3MHA, three different starting ratios
were chosen: 1:1, 9:1 and 1:9. The 9:1 ratio for S. cerevisiae species to non‐
Saccharomyces species was intended to emulate approximate ratio in an inoculated
ferment, when the winemaker adds commercial wine yeasts in excess to the grape juice
and the remaining original yeast population of the juice represents the minority. The 1:9
ratio emulates the situation in a spontaneous ferment, where S. cerevisiae species are
under‐represented in the beginning and non‐Saccharomyces species dominate (Fleet et
al. 1984). These ratios were chosen to examine their effects on thiol release of the non‐
Saccharomyces species. The co‐ferments were conducted at 25°C for seven days and the
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results of the thiol analysis are shown in Figure 19; the dashed line in both graphs
indicates the concentration of 3MH and 3MHA found in the VL3 single ferment. For 3MH
it seems like most co‐ferments increase 3MH concentration in comparison to the VL3
single ferment. In the case of 3MHA, most co‐ferments show no significant increase or
decrease in 3MHA concentration (p>0.05) apart from the 1:9 co‐ferments attempting to
emulate spontaneous ferments.

Figure 19: 3MH and 3MHA concentrations in coferments of VL3 and four nonSaccharomyces (NS)
species inoculated at three different ratios. The dashed line represents the mean concentration of
3MH or 3MHA in the VL3 single ferments for comparison. Values are mean ± s.e.m. n=3; * p<0.05,
** p<0.01 calculated using ttests in comparison to the VL3 single ferment.
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3MH

A single factor ANOVA examining the effect of co‐ferments at different ratios on 3MH
concentration showed significant differences to the VL3 single ferment (p=0.0183).
Significant differences using t‐tests to compare individual co‐ferments to the VL3 single
ferment are displayed with asterisks in Figure 19. Testing the effect of yeast species
within each of the three different ratios, a single factor ANOVA revealed no significant
differences (1:1 p=0.7225; 9:1 p=0.1587; 1:9 p=0.4324). This means that there is no
difference in 3MH concentration within each ratio, regardless of the yeasts used in these
co‐ferments. Single factor ANOVAs examining the effect of ratio in either Candida or
Pichia species co‐ferments on the concentration of 3MH revealed significant differences
for the Candida species (p=0.0096) but no significant differences for the Pichia species
(p=0.8845). The results for 3MH show that there were significant differences in 3MH
concentration in co‐ferments compared to the VL3 single ferment. In case of P. kluyveri I
and II, these differences were not ratio dependent, meaning that the concentrations of
3MH in all the co‐ferments were not significantly different from each other although the
starting ratio of the yeasts were different. However, this does not seem to be true for co‐
ferments of VL3 and C. zemplinina I and II.
3MHA

A single factor ANOVA examining the effect of co‐ferments at different ratios on 3MHA
concentration revealed significant differences to the VL3 single ferment (p=5.95×10‐6).
Significant differences using t‐tests to compare individual co‐ferments to the VL3 single
ferment are displayed with asterisks in Figure 19. Testing the effect of yeast species
within each of the three different ratios, a single factor ANOVA revealed no significant
differences for the 1:1 and 9:1 ratio (p=0.0709 and p=0.5772) but showed significant
differences in the 1:9 ratio (p=0.0006). This means that there were significant
differences in 3MHA concentration within the 1:9 ratio ferments, depending on the
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yeast species used in the co‐ferment. However, no significant effect of yeast species
were found for the other two ratios. Single factor ANOVA examining the effect of ratio in
either Candida or Pichia species co‐ferments on the concentration of 3MHA revealed
significant differences for the Pichia species (p=0.0008) but no significant differences
for the Candida species (p=0.4364). The results for 3MHA showed that there were
significant differences in 3MHA concentration in co‐ferments compared to the VL3
single ferment. In case of C. zemplinina I and II these differences were not ratio
dependent, meaning that the concentrations of 3MHA in all the co‐ferments were not
significantly different from each other although the starting ratio of the yeasts were
different. However, this is not true for co‐ferments of VL3 and P. kluyveri I and II.
Interestingly, this is just the opposite observation to what has been found for 3MH.

In summary, the observation that the release of one of the thiols seems to be dependent
on the ratio of S. cerevisiae to non‐Saccharomyces yeast and the release of the other thiol
is not, is in line with the hypothesis of these yeasts being producers of certain thiols,
either 3MH or 3MHA.

Comparing the 3MH and 3MHA release in the VL3:non‐Saccharomyces yeast ferments at
the 1:9 ratio, it is interesting to note that the VL3:C. zemplinina pairings show as much
increase in 3MH as they decrease in 3MHA release compared to the VL3 single ferment
(2.4 times more 3MH and 2.4 times less 3MHA for C.z.I; 2.5 times more and 2.3 times
less for C.z.II respectively). However, the VL3:P. kluyveri pairings increase in both 3MH
and 3MHA concentration. The greatest increase was achieved by the 1:9 VL3:P. kluyveri
I pairing with twice as much 3MH and more than 3 times as much 3MHA released
compared to the VL3 single ferment. 3MHA is the more potent of the two thiols since its
perception threshold is about 15 times lower than that of 3MH. Translating the values
for 3MH and 3MHA into the respective odour activity values (OAV) of the VL3 single
ferment and the co‐ferment by dividing the concentration of the thiol by its sensory

86

Chapter 3

Results and Discussion

_____________________________________________________________________________________________________
perception threshold (Grosch 1993) (see Table 5), the single ferment has an OAV of 122
for 3MHA and 26 for 3MH. The OAV’s for the co‐ferment are 400 for 3MHA and 52 for
3MH. This relates to an almost 3.3 fold increase in odour activity value for 3MHA in the
co‐ferment, but only about 2 fold increase of 3MH was observed. The odour activity
value is one way of indicating the possible impact of aroma compounds in foods (Grosch
1993). Also comparing the ratio of 3MH to 3MHA of the single VL3 ferment
(3MH/3MHA=3) with that of the 1:9 co‐ferments, ferments with C. zemplinina I and II
increase the ratio to almost 18 whereas co‐ferments with P. kluyveri I and II lower the
ratio to 1.8. This means more 3MHA is present in the P. kluyveri co‐ferments than in the
single ferments. These results clearly show that co‐ferments emulating conditions of a
spontaneous ferment with initially low S. cerevisiae concentration and high
concentrations of non‐Saccharomyces species, have the most impact on the wine aroma.

Because the highest increase in 3MH and 3MHA was observed with the 1:9 ratio of
VL3:P. kluyveri I this particular combination was used in subsequent experiments.

3.3.3.1

3MH to 3MHA conversion by nonSaccharomyces yeast

3MHA is so far the only one of the three thiols found in Sauvignon Blanc (4MMP, 3MH
and 3MHA) for which no precursor has been identified in grape juice. However,
Swiegers et al. (2006b) showed that S. cerevisiae is able to interconvert 3MH to 3MHA
and vice versa with the help the two enzymes ATF1 and IAH1. ATF1 is able to convert
3MH into 3MHA whereas IAH1 degrades 3MHA back into 3MH. Assuming that these two
enzymes are the key enzymes involved in this reaction, they seem to create a ratio
between 3MH and 3MHA in a yeast specific manner (Figure 20). In Section 3.3.2,
different isolates from the S. cerevisiae sensu stricto group were screened for their
ability to release 3MH and 3MHA. This screening revealed that not only were S.
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cerevisiae species capable of thiol release but also its closest relatives (Figure 16). Here,
the release of the two thiols 3MH and 3MHA seems to correlate, meaning if one thiol is
released so is the other in a yeast specific ratio. However, the non‐Saccharomyces screen
revealed a different picture of thiol liberation. In this screen (Figure 17) two species
were identified with an inverse correlation of 3MH and 3MHA release. C. zemplinina was
able to release 3MH but only very little 3MHA and P. kluyveri released 3MHA but only
very little 3MH. This pattern of thiol release in these two non‐Saccharomyces species
might help to elucidate the pathways of 3MH and 3MHA liberation. Assuming the two
enzymes ATF1 and IAH1 create a ratio between 3MH and 3MHA, C. zemplinina and P.
kluyveri might have some defective or enhanced versions of these enzymes shifting the
ratio of these thiols towards 3MH or 3MHA (Figure 20 b and c).

A search for ATF1 and IAH1 did not return results for C. zemplinina or P. kluyveri (NCBI
as of 11.11.2009). Nevertheless, possible homologues to ATF1 were found for Candida
glabrata (CAGLODO5918g) and Candida albicans. In addition, possible homologues to
IAH1 were found for C. albicans (CaO19.7667) and C. dubliniensis (CD36_35535).
Homologues for IAH1 were also found in Pichia pastoris (PAS_chr4_0922) and Pichia
stiptis (PICST_40070). Having found homologues in the same genera for Candida and
Pichia, it is not unreasonable to assume that there are also homologues in C. zemplinina
and P. kluyveri.
3MH to 3MHA conversion by Candida zemplinina

If the ATF1 of C. zemplinina, possibly responsible for the conversion of 3MH to 3MHA, is
defective, it would shift the 3MH to 3MHA equilibrium towards 3MH. On the other hand,
IAH1 could be very efficient and therefore shift the ratio towards 3MH (Figure 20 b).
Both theories are so far supported by observations made in previous experiments (see
Figure 17 and Figure 19).
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Figure 20: Hypothesis of 3MH to 3MHA conversion a) for S. cerevisiae by Swiegers et al. 2006b, b)
for C. zemplinina I and II and c) for P. kluyveri I and II. Including the 3MH and 3MHA concentrations
found in single ferments for VL3, C. zemplinina strains and P. kluyveri strains (see also Figure 19)
to support the hypothesis.

The single C. zemplinina ferments mainly contained 3MH and little 3MHA (Figure 17).
Co‐ferments of C. zemplinina in excess (1:9 ratio) show increased 3MH concentrations
and also decreased 3MHA concentrations in comparison to the S. cerevisiae single
ferment (Figure 19). The reduced 3MHA levels fit the hypothesis of a defective ATF1, as
C. zemplinina would not be able to contribute to the ‘pool’ of 3MHA but rather reduce it
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by converting 3MHA, produced by the co‐fermentation partner, back into 3MH,
explaining the increase of 3MH and decrease of 3MHA.

To further explore this idea, esters, and especially ethyl acetate should be measured in
C. zemplinina ferments, as ATF1 is also responsible for the formation of this particular
ester (Swiegers et al. 2006b). Here, the hypothesis would be to find only little to no
ethyl acetate if it was true that ATF1 is defective or inefficient. An alternative way of
testing the efficiency of ATF1 and IAH1 could involve expression analyses for both
genes in C. zemplinina. This however was not part of this thesis.

3MH to 3MHA conversion by Pichia kluyveri

Even though single ferments of P. kluyveri show the opposite pattern of thiol release
than C. zemplinina, the opposite idea for ATF1 and IAH1 cannot be true. Assuming P.
kluyveri has a very efficient ATF1 or defective IAH1 enzyme (Figure 20 c) the 3MH
concentrations in the co‐ferment would be predicted not to increase as much as
observed but rather decrease as seen with C. zemplinina for 3MHA (Figure 19).

The question here is: why are 3MH concentrations increased in co‐ferments with P.
kluyveri, as P. kluyveri itself is not producing large amounts of 3MH in the single ferment
(Figure 17). To test whether a possible ATF1 homologue is very efficient or a possible
IAH1 homologue is defective, P. kluyveri was inoculated into pre‐fermented Sauvignon
Blanc must. Sauvignon Blanc juice was fermented with VL3 or VIN7 for four days and at
this stage contained most of 3MH that will be released by these two species. It appears
that 3MH is released early in a ferment but 3MHA released is delayed by a few days
(Soon Lee, personal communication) which is in line with observations by Swiegers et
al. (2006a).
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The prediction in this experiment would be that due to the action of ATF1 or non‐action
of IAH1, an increase in 3MHA concentration is observed at the end of the ferment with P.
kluyveri I and a decrease in 3MH concentration as compared to the respective
concentrations in stopped ferment of VL3 and VIN7 on day four. This would support the
ATF1 and IAH1 hypothesis shown in Figure 20 c. The results for this experiment are
shown in Figure 21.

Figure 21: 3MH and 3MHA release in the 3MHA conversion experiment. Values are mean ± s.e.m.
n=3. * p<0.05, ** p<0.01.
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First of all, the data show that the stopped ferments of VL3 and VIN7 have not yet
reached the final concentration of 3MH or 3MHA within the first four days. As predicted,
the 3MH concentrations are significantly lower in both pre‐fermented juices (p=0.0001
for both) in comparison to the concentration of the stopped ferments.

However, the predicted increase of 3MHA above the concentrations in the stopped
ferments was not observed, instead the 3MHA concentration also decreased
significantly in both pre‐fermented juices (p=0.0002 for VL3 juice and p=0.0001 for
VIN7 juice).

Interestingly, the concentrations of 3MH and 3MHA in the pre‐fermented juice are also
significantly different from the P. kluyveri I single ferment (p<0.002, except for 3MH
concentration of VL3 juice p=0.052), suggesting other factors might have influenced
thiol liberation in this experiment. One possibility could be nutrient deficiency, as when
P. kluyveri I was inoculated into the pre‐fermented juices no extra nutrients were added.

In summary, observations on thiol release for C. zemplinina suggest that ATF1 and IAH1
activity is possibly altered to shift the ratio towards 3MH. However, more tests are
needed to confirm this suggestion. The results in this experiment for P. kluyveri together
with previous observations show that 3MH to 3MHA conversion in this case might
involve other enzymes or even other pathways. As already indicated by Swiegers et al.
(2006b), other enzymes may play a role in 3MHA conversion and the pathways might
be more complex than anticipated and the pathways involved might differ between P.
kluyveri I and S. cerevisiae.
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3.3.3.2

Is the 3MH and 3MHA increase in P. kluyveri co‐
ferments due to the action of P. kluyveri?

Co‐ferments of VL3 and P. kluyveri I at the 1:9 ratio emulating conditions of
spontaneous ferments resulted in an increase of 3MH and 3MHA (Figure 19). Even
though a single factor ANOVA showed that co‐ferments had a significant effect on the
concentration of 3MH and 3MHA (see Section 3.3.3), it is not clear whether the increase
in thiol concentration was due to the presence of P. kluyveri I in the ferment.
Alternatively, the lower inoculum concentration of VL3 could have influenced the thiol
levels. To test whether lower VL3 inoculum concentrations have an effect on 3MH and
3MHA concentration, single ferments of VL3 were performed with varying inoculum
concentrations. Here, along with a 100% inoculum relating to 2.5×106 cells mL‐1 of VL3
additional ferments were performed with 50%, 10%, 5%, 1%, 0.5% and 0.1% of the
2.5×106 cells mL‐1 VL3 inoculum.

Also to test whether 3MH and 3MHA concentrations are altered due to the presence of
P. kluyveri, co‐ferments of VL3 using the same inoculation sizes as for the single
ferments (100% to 0.1%) together with P. kluyveri I were performed. P. kluyveri I was
inoculated to all the co‐ferments at a constant concentration of 2.25×106 cells mL‐1, the
same concentration used in a 1:9 co‐ferment. The results for this experiment are shown
in Figure 22.
VL3 single ferments

The data show that most of the single VL3 ferments at an inoculum concentration of
50% (or 1.25×106 cells mL‐1) and below were significantly higher in 3MH and 3MHA
concentration when compared to the single ferment inoculated at 100% (p<0.029 and
p<0.034 respectively, the exception is 10% VL3 3MHA p=0.067). However, a single
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Figure 22: Concentrations for 3MH and 3MHA in VL3 single and coferments with P. kluyveri I.
Here, the inoculum size for VL3 varied from 100% to 0.1% in both single and coferments. The
inoculum size of P. kluyveri I in the coferment was kept constant at 90% (=2.25×106 cells mL1).
Values are mean ± s.e.m. n=3.

factor ANOVA shows no significant effect of inoculum size on thiol concentration for
inoculum sizes below 50% (3MH p=0.323 and for 3MHA p=0.111). This suggests that a
VL3 inoculum size below 50% (=1.25 × 106 cells mL‐1) does not increase the thiol levels
further (see Figure 22).
Coferments with VL3 and P. kluyveri I

Co‐ferments of VL3 and P. kluyveri I with an inoculum size below 100% did not show
increased thiol concentrations but rather the opposite. The combination of 10% VL3
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and 90% P. kluyveri I which showed the highest increase in 3MH and 3MHA in
comparison to the VL3 single ferment in the initial experiment (Figure 19) this time
only resulted in twice as much 3MHA. The 3MH concentration in this particular ratio
decreased about ¼ in comparison to the single VL3 ferment of the previous experiment
(Figure 19).

In summary, the hypothesis that VL3 inoculum size causes the increase in thiol
concentration is only partly correct. A decrease in inoculum concentration of 50%
significantly increased 3MH and 3MHA concentration. However, further decrease of
inoculum size did not have any additional effect on thiol concentration. As for the
presence of P. kluyveri I, most of the co‐ferments had significantly different 3MH and
3MHA concentrations when compared to the respective single ferments (for 3MH
p<0.028, with the exception of 50% inoculum p=0.07; for 3MHA p<0.028, with the
exception of 5%, 1% and 0.1% inoculum p>0.092). However, the question remains, why
is there a decrease in 3MH and 3MHA concentration in the presence of P. kluyveri I
below 10% VL3 inoculum? One possible explanation could be that the co‐ferments did
not complete fermentation. These ferments were conducted at 25°C for seven days, the
same as the initial co‐ferments (Figure 19) and all ferments were harvested after seven
days regardless of their fermentation progress, see Figure 23.
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Figure 23: Fermentation progress measured via weight loss of VL3 single and coferments with P.
kluyveri I. Here, the inoculum size for VL3 varied from 100% (=2.5×106 cells mL1) to 0.1% in both
single and coferments. The inoculum size of P. kluyveri I in the coferment was kept constant at
90% (=2.25×106 cells mL1). Values are mean ± s.e.m. n=3.

However, in contrast to the initial co‐ferments most of the co‐ferments in this
experiment were not completed after seven days when they were harvested, including
the 1:9 combination of VL3:P. kluyveri I (Figure 23).

In summary, the data show that a lower inoculum concentration of VL3 had an effect on
thiol concentration to a certain extent. Nevertheless, these data also show significantly
altered thiol levels in the presence of P. kluyveri I suggesting some sort of interaction
between the co‐fermentation partners.
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3.3.3.3

The generality of the interaction

Since these data support the hypothesis that the presence of P. kluyveri I effects 3MH
and 3MHA concentration in co‐ferments, the question arose whether a co‐ferment with
P. kluyveri I and other commercial S. cerevisiae strains in general would increase 3MH
and 3MHA concentrations. To test this, five additional commercial wine yeasts,
regularly used by winemakers in New Zealand for Sauvignon Blanc ferments, EC1118,
VIN7, X5, QA23 and SVG were fermented in single ferments and in 1:9 co‐ferments with
P. kluyveri I. This time, the ferments were conducted at 14°C, since this is closer to the
temperature used for Sauvignon Blanc fermentation in commercial wineries. The
results for this experiment are shown in Figure 24.

The data show that there is variance within the different yeasts and co‐ferments in 3MH
and 3MHA concentration. A single factor ANOVA testing the effect of yeast strain on
3MH and 3MHA concentration in the single ferments showed significant differences
(p=5.61×10‐7 for 3MH and p=7.63×10‐7 for 3MHA). Interestingly, the addition of P.
kluyveri I to the different commercial wine yeasts exhibits different 3MH and 3MHA
concentration patterns, depending on the co‐fermentation partner (see Figure 24). The
asterisks in Figure 24 indicate significant (p<0.01) differences between the single
ferment of the wine yeasts and their respective co‐ferments as calculated with t‐tests.
The two commercial wine yeasts VIN7 and X5 showed a similar pattern of thiol release
as VL3 with significantly increased concentrations of 3MHA (p<0.00001 for VIN7 and
p=0.0013 for X5) and no significant change in 3MH concentration (p=0.1337 for VIN7
and p=0.6438 for X5). EC1118, QA23 and SVG on the other hand showed no significantly
altered 3MHA release (p=0.6614, p=0.13 and p=0.7167 respectively) but showed a
significant decrease in 3MH concentration (p=0.0022, p=0.0055 and p=0.0002
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Figure 24: Concentrations of 3MH and 3MHA in single and coferments of five different
commercial wine yeasts and P. kluyveri I. The coferments were inoculated at a 1:9 ratio wine
yeast to P. kluyveri I with total inoculum size of 2.5×106 cells mL1. The fermentation was
conducted at 14°C. Values are mean ± s.e.m. n=3. **p<0.01 calculated using a ttest.

respectively). This indicates that the co‐ferment with P. kluyveri I cannot necessarily be
generalized but differs depending on the co‐fermentation partner. The VL3 and P.
kluyveri I co‐ferment again showed a significant 2.5 times increase of 3MHA
concentration compared to the VL3 single ferment (p=0.0003).
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3.3.3.4

Sequential inoculation

Swiegers et al. (2006a) discovered in their experiments that some wine yeast strains are
good releasers of 3MH (e.g. VIN7) and others good converters of 3MH into 3MHA (e.g.
VL3). To increase thiol concentrations in ferments, Swiegers et al. (2006a) suggested
combining good thiol releasers with good converters. In previous experiments, the non‐
Saccharomyces yeasts C. zemplinina and P. kluyveri were identified as good thiol
releasers and converters respectively. In this experiment, the effect of sequential
inoculation on the 3MH and 3MHA concentrations is tested. To allow the non‐
Saccharomyces yeasts to become established in the ferment and start producing
metabolites, they were inoculated four days prior to, in this case, VL3 and VIN7. The
hypothesis is that the combination of C. zemplinina and VL3 might lead to higher 3MH
and 3MHA concentration as C. zemplinina is a good 3MH releaser while VL3 is a good
converter. For C. zemplinina and VIN7, an increase in 3MH concentration is expected in
comparison to the single ferments as both are good releasers of this particular thiol. As
a good converter of 3MH to 3MHA, P. kluyveri in combination with VL3 and VIN7 should
result in an increase in 3MHA concentration in comparison to the respective single
ferments. The data for this experiment are shown in Figure 25.
3MH

Pair wise comparison of the sequential inoculations of P. kluyveri I and II with VL3 and
VIN7 to the respective single ferments show the concentrations for 3MH were
significantly decreased in the sequential inoculations (p<0.0008). The same analysis for
C. zemplinina I and II shows no significant differences in 3MH concentration to the
respective single ferments (p>0.08) with the exception of C. zemplinina II and VL3
(p=0.0036).
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Figure 25: Concentration of 3MH and 3MHA in wines inoculated with P. kluyveri I, II, C. zemplinina
I, II and VL3 and VIN7 added after 4 days of fermentation. Values are mean ± s.e.m. n=3.

3MHA

Pair wise comparisons using t‐tests revealed significantly decreased concentrations of
3MHA for all P. kluyveri combinations (p<0.018) compared to the respective single
ferments. The same was observed for all C. zemplinina combinations (p<0.003).
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Instead of the expected increase in thiol concentration, most combinations showed
significantly decreased concentrations of 3MH and 3MHA compared to the single
ferment controls. The only exception is the combination of C. zemplinina II and VL3
which is significantly increased in comparison to the single VL3 ferment. However, with
VL3 reported to be a good converter of 3MH to 3MHA (Swiegers et al. 2006a), this
particular combination of yeasts, C. zemplinina and VL3, which was predicted to show
elevated 3MHA levels, proved not to be the case. In fact, almost 11 times less 3MHA was
found in this combination than in the VL3 single ferment. Interestingly, all C. zemplinina
co‐ferments showed significantly reduced 3MHA concentration.

In summary, none of the sequentially inoculated co‐ferments achieved the elevated thiol
concentrations observed in simultaneously inoculated co‐ferments. This shows that
different modes of inoculation impact on the final concentrations of 3MH and 3MHA in
wine. Thus, if higher thiol concentrations are desired, sequential inoculation with P.
kluyveri and C. zemplinina is not recommended. However, it has to be noted that with
the inoculation of VL3 or VIN7 after four days to the non‐Saccharomyces ferments, no
extra nutrients were given, which potentially influenced the fermentation progress of
these ferments as well as the aroma profile of the finished wine.

3.3.4

Five litre upscale experiment

All of the previous experiments were performed in 210 mL Sauvignon Blanc grape juice.
In order to see if the increase in thiol concentration observed in small scale ferments
can be observed in larger scale ferments, 5 L ferments were conducted. In this
experiment, VIN7 was chosen as fermentation partner for the non‐Saccharomyces
yeasts as VIN7 proved to be able to finish co‐fermented microferments regardless of the
temperature. In addition to the VIN7 and P. kluyveri I co‐ferment at the 1:9 ratio, three
other treatments were chosen: 1. VIN7 with P. kluyveri I and II, 2. VIN7 with P. kluyveri I
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and II and C. zemplinina I and II and 3. VIN7 with C. zemplinina I and II. In all treatments
VIN7 was inoculated at 10% and the non‐Saccharomyces species at 90%, split evenly
between them for a total inoculum of 2.5×106 cells mL‐1. The additional treatments with
more than one non‐Saccharomyces strain in the co‐ferment were chosen to test whether
their presence would have an impact on 3MH and 3MHA concentration. Both P. kluyveri
strains are good converters of 3MH to 3MHA and the combination of the two together
with VIN7 may result in higher concentrations of 3MHA. The opposite would apply to
the two C. zemplinina strains being good 3MH releasers. The combination of all four
should theoretically increase both thiol concentrations. The data for the thiol analysis
are shown in Figure 26.

Pair wise comparison (two tailed t‐test) showed a significant increase of 3MH
concentration for most of the co‐ferments (indicated by asterisks in Figure 26) apart
from the VIN7 and C. zemplinina I and II ferment where concentration of 3MH was not
different to the single ferment control.

The same analysis for 3MHA showed that most of the co‐ferments were not significantly
different to the VIN7 control ferment, with the exception of the co‐ferment with VIN7
and P. kluyveri I which resulted in a significant increase of 3MHA (p=0.047, indicated
with an asterisk in Figure 26).

In this experiment, the 3MHA concentration in the co‐ferment with P. kluyveri I showed
a 1.3 times increase compared to the VIN7 single control. However, this increase was
significantly smaller (p=0.025) than in the small scale ferment of VIN7 and P. kluyveri I
(Figure 24) where 3MHA concentration was increased 1.8 times.
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Figure 26: Concentrations of 3MH and 3MHA in 5 L wines of single and coferments. Coferments
were initiated with 10% (=2.5×105 cells mL1) VIN7 and 90% (=2.25×106 cells mL1) split evenly
between the nonSaccharomyces yeasts if needed. Values are mean ± s.e.m. n=4, *p<0.05
(calculated with two tailed ttest in comparison to the single VIN7 control).

Even though significant increase in 3MH concentrations was found in all co‐ferments
with P. kluyveri strains, they were only about 1.3 times higher than in the single
ferment. Both 3MH and 3MHA only increased 1.3 times in the VIN7 and P. kluyveri I co‐
ferment. However, translating this increase into increase of potential perception, 3MH
increased 15 times whereas 3MHA increased 108 times. As the more potent thiol of the
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two, the 1.3 times increase in 3MHA concentration potentially is able to have an impact
on the final aroma and flavour of the wine that could be perceived by consumers.

Examination of other parameters in these ferments (Brix and weight loss, Figure 27)
showed no significant differences between the different treatments in fermentation
kinetics.

Figure 27: Fermentation progress of the 5 L single and coferments measured via weight loss and
Brix measurement. The values for weight loss are mean ± s.e.m. with n=4.

All co‐ferments completed fermentations as a residual sugar test on day 11 revealed. A
Winescan was performed on the finished ferments to examine common wine variables
like pH, total acidity (in g L‐1), volatile acidity (in g L‐1), residual sugar (in g L‐1) and
glycerol (in g L‐1) levels (see Figure 28).
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Figure 28: Winescan results for the 5 L fermentations. Shown here are the values for residual
sugar, total acidity, glycerol, pH and volatile acidity. Values are mean ± s.e.m. n=8 *p<0.05, **p<
0.01 as calculated with ttests in comparison to the VIN7 single ferment.

The volatile acidity in all co‐ferments was significantly higher (p<0.032) compared to
the VIN7 single ferment; however, all these were still within the acceptable ranges for
wine. No significant differences were found for total acidity and pH in the different
treatments. The glycerol levels were in two cases significantly lower (VIN7 and P.
kluyveri I p=0.011 and VIN7 co‐fermented with all four non‐Saccharomyces p=0.043) in
comparison to the single VIN7 ferment. In only one case, VIN7 and C. zemplinina I and II,
was glycerol significantly higher (p=0.013). The residual sugar levels were significantly
higher in three of the co‐ferments but still in an acceptable range for wine makers (<2 g
L‐1). A value of 2 g L‐1 or less is considered dry by winemakers, and thus all of the
ferments may be considered dry. Even though some significant differences between the
single ferment and the co‐ferments are found, the range over where they differ is only
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very small and within acceptable standards for wine. As none of the measured
parameters exceeded acceptable limits these wines were used in a sensory analysis.

In summary, the results for the 1:9 VIN7:P. kluyveri I co‐ferment did not replicate what
was observed in the microferments (Figure 24) for 3MH and 3MHA concentrations.
Even though significant increase in 3MH and 3MHA concentrations were observed, the
increase was less than observed before. However, whether this result was due to the
larger fermentation volume cannot be deduced from this experiment as there was a
second variable in this experiment, Sauvignon Blanc juice from a different vineyard. All
microfermentations were carried out with Sauvignon Blanc juice from Rapaura
(Marlborough), but this 5 litre ferment used juiced obtained from Dillons Point Rd
vineyard (Marlborough). Only one study so far looked at the effect of juice from
different vineyards in Marlborough, New Zealand and found up to an 8‐fold difference in
3MH and 3MHA concentration when the juices were fermented with the same yeast
(Lee et al. 2008). Regional differences of Sauvignon Blanc aroma within New Zealand
are also shown in Lee’s et al. (2008) study, as they also looked at different Sauvignon
Blanc juice from the Hawke’s Bay region which is in the North Island. They already point
out that Sauvignon Blanc aroma and flavor is likely influenced by the origin of the juice
or ‘terroir’.

3.3.4.1

Consumer tasting of co‐fermented wines

The five litre ferments discussed in the previous section were employed in a consumer
wine tasting. The purpose of this tasting was to find out whether the differences in thiol
concentration observed on a chemical level would be perceivable to untrained wine
consumers. Sixty‐four volunteers from the University of Auckland tasted three different
co‐ferments: VIN7:P. kluyveri I (CoF1); VIN7:P. kluyveri I and II (CoF2); and, VIN7:C.
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zemplinina I and II and P. kluyveri I and II (CoF3). In addition, the volunteers were given
the VIN7 single ferment to taste and a commercial Sauvignon Blanc, which was always
given as the first wine to get the volunteers used to the tasting. For the tasting, the
volunteers were asked to rate the wines according to the aroma and taste and how
much they liked or disliked it and whether the wines exhibited fruity notes or green
characteristics (see Appendix B Figure 47). The fruity notes possibly from thiols in the
wine (Tominaga et al. 1996; Tominaga et al. 1998c; Nicolau et al. 2006) and the green
characteristics likely represent methoxypyrazines found in Sauvignon Blanc (Nicolau et
al. 2006). At the end, the volunteers were asked to rate differences of the wines tasted
in comparison to a reference wine, which was again the VIN7 single ferment (see
Appendix B Figure 48). To improve the reliability of the data from the difference test,
datasets were used only if the candidate had successfully identified the VIN7 single
ferment as the same as the reference wine. The results of the difference test showed
that only 7 of 64 participants, whether by luck or skill, correctly selected the control
wine from the sample wines. Therefore, the difference test was omitted from this study.
However, the overall results for all 64 volunteers for aroma and taste and for fruity and
green characters are shown in Figure 29.
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Figure 29: Results of the consumer wine tasting of three coferments with VIN7 in comparison to
the single VIN7 ferment. The dashed line in a) indicates the category of neither like nor dislike.
Values are mean ± s.e.m, n=64.

The data over all participants showed no significant differences between the wines. If
the volunteers were divided into male and female, the five different age groups (18+,
25+, 35+, 45+ and 55+) or into experienced (at least one glass of wine every fortnight or
more often) and not experienced, still no significant differences were observed. Table
13 summarizes the preferences of these different groups. However, they were not
significantly different.
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Table 13: Preferences of the different groups concerning aroma, taste and the most fruity and
green.

Nevertheless, some significant differences were found when age groups were compared
to one another. It seems like the ‘younger’ age groups especially group 25+ significantly
(p<0.01) preferred the aroma and taste of the co‐fermented wines particularly CoF2
and CoF3 compared to all the other age groups.
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3.4 Conclusion
This chapter provides first insights into the potential of non‐Saccharomyces species’
contribution to Sauvignon Blanc wines. Four non‐Saccharomyces species, C. zemplinina I
and II and P. kluyveri I and II, have been identified to release 3MH or 3MHA, two
characteristic aroma compounds of Sauvignon Blanc. In combination with commercial
wine yeast, these species have the ability to increase or decrease these levels, depending
on the co‐fermentation partner and the fermenting conditions.
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4.1 Introduction
The data presented in Chapter 3 show that co‐ferments with S. cerevisiae and P. kluyveri
I increased the concentration of 3MHA in the final wines compared to the respective
single ferments. Nevertheless, it is not clear how the presence of a second species in the
ferment alters thiol concentration. Since both yeasts release 3MHA in single ferments,
there are in principle two explanations: either the increase is due to a simple additive
effect or due to a more complicated non‐additive interaction. This chapter will focus on
3MHA, as, of the two thiols examined, its perception threshold is 15 times lower than
that of 3MH and thus the increased concentration of 3MHA observed in co‐ferments of
VL3 and P. kluyveri I may possibly be more greatly perceived. Furthermore, the 3MH
concentrations observed in co‐ferments of VL3 and P. kluyveri I are not significantly
(Figure 24) different from the single ferment and thus are likely to have less of an
impact. This chapter begins by testing the hypothesis that the concentration of 3MHA
seen in co‐ferments is simply the sum of 3MHA concentrations produced by each strain
independently. In order to test this, ferments were repeated and the population
dynamics of the two species in single and co‐ferments were monitored.

4.1.1

Co‐fermentations with non‐Saccharomyces
species

Spontaneous fermentation, as opposed to inoculated fermentation, relies solely on the
yeast flora naturally present in the grape juice. Usually a succession of different yeast
species carries out these fermentations. Non‐Saccharomyces yeasts dominate the first
stages of fermentation and Saccharomyces species take over and finish the ferment
(Pretorius 2000; Goddard 2008). In the past, no particular interest was paid to non‐
Saccharomyces species as the general opinion was that these yeasts do not survive long
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in a ferment as they are ethanol sensitive. With increasing evidence to show that non‐
Saccharomyces yeasts survive beyond the initial stages of fermentation (Heard and Fleet
1985), non‐Saccharomyces yeast have been investigated for their oenological properties
and potential contribution to wine aroma (Ciani and Maccarelli 1998; Lambrechts and
Pretorius 2000; Jolly et al. 2003a). With increasing knowledge that non‐Saccharomyces
species can contribute positively to wine aroma and flavour, research articles have
begun to address the topic of co‐fermentation with two or even more yeast species
(Zironi et al. 1993; Soden et al. 2000; Zohre and Erten 2002; Moreira et al. 2005; Kim et
al. 2008; Kurita 2008; Moreira et al. 2008). It now seems that non‐Saccharomyces yeast
do survive during a ferment and thus contribute to the metabolites produced. This
depends on many factors like temperature, nutrient availability, sulfur dioxide levels,
oxygen availability, interactions with other organisms and tolerance to low pH, high
osmotic pressure and ethanol (Lambrechts and Pretorius 2000; Goddard 2008).

4.1.2

Factors influencing yeast survival during
fermentation

Abiotic factors are the physical and chemical factors of an environment with which
organisms interact (Begon et al. 1996). In fermentations, these factors include pH,
nutrient availability, oxygen availability, temperature, sulfur dioxide levels and ethanol
levels as well as many other compounds produced by the various organisms present.
During fermentation these factors constantly change and thus present a challenge to the
yeasts within the ferment. A number of papers have investigated some of these factors.
Temperature seems to have a major contribution to the survival of non‐Saccharomyces
species during a ferment. According to Erten (2002), temperatures up to 15°C favour
growth of Kloeckera apiculata during the first days of fermentation, whereas at
temperatures higher than 20°C appear to favour S. cerevisiae. Similar results were found
by Goddard (2008) who observed that S. cerevisiae had a growth advantage over non‐
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Saccharomyces species when temperatures were higher than 20°C in grape juice. Since
fermentation is an exogenic reaction, meaning it releases energy, it has been calculated
that the energy released by fermentation would theoretically be sufficient to heat up
one litre of grape juice by 30°C under ideal conditions (Williams 1982). Indeed, the
temperature of fermentations carried out in an air‐conditioned room increased by
about 10°C, from 15°C to 25°C, and this increase correlated to an increase of S. cerevisiae
population (Goddard 2008). Along with direct lab studies, this led Goddard (2008) to
conclude that fermentation favours S. cerevisiae as this increases its fitness due to
ethanol production but also due to the generation of heat. Charoenchai et al. (1998)
found that lower temperatures increased the ethanol tolerance of the non‐
Saccharomyces species tested. These findings are in agreement with another study by
Gao and Fleet (1988) who found Kloeckera apiculata and Canida stellata can survive
ethanol concentration of up to 15% when incubated at temperatures of 15°C and below.
Charoenchai et al. (1998) found that the variation of pH between 3 and 4 did not have
significant effects on the growth rates of the non‐Saccharomyces species (Charoenchai et
al. 1998). Other studies show the importance of oxygen availability as Hansen et al.
(2001) found that the early death of Torulaspora delbrueckii and Kluyveromyces
thermotolerans was due to a lack of oxygen rather than other inhibiting factors like
ethanol. Nutrients play another important role. Even though grape must is not limiting
for carbon sources, nitrogen availability can cause problems. It also has been reported
that some non‐Saccharomyces species utilize micronutrients at the beginning of
fermentation which are essential for S. cerevisiae development, thus causing problems
for the fermentation at later stages (Fleet 2003).

Fleet (2003) has summarized the possible interactions between yeasts and other
microorganisms during fermentation. However, the interactions described are more of a
chemical than physical nature: his summary mainly comprises the compounds
produced by different species to potentially inhibit others (Fleet 2003). The intriguing
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question is, whether these compounds are considered to be of abiotic or biotic nature?
For example, a compound may be considered of biotic nature if it was exclusively
produced only when another species is present. However, compounds produced during
regular metabolic activities but potentially affect the growth of other species may be
considered abiotic. There is evidence for quorum sensing in S. cerevisiae, but it is scarce
and so few biotic factors are known for this species. Chen and Fink (2006) found that
the transition of unicellular to filamentous growth in S. cerevisiae is regulated by
tyrosol, an aromatic alcohol, which is regulated by nitrogen levels and cell density. High
cell density and low nitrogen stimulates aromatic alcohol release and leads to
filamentous growth (Chen and Fink 2006).

The first study to investigate direct physical interactions was conducted by Nissen et al.
(2003). This study examined whether quorum sensing molecules lead to the growth
arrest of non‐Saccharomyces species in co‐ferments, or actual cell‐cell contact did.
Nissen et al. (2003) did not find evidence for quorum sensing molecules, but found cell‐
cell contact with viable S. cerevisiae cells led to the growth arrest and early death of non‐
Saccharomyces species in co‐ferments (Nissen and Arneborg 2003; Nissen et al. 2003).
Pérez‐Nevado et al. (2006) adopted the experiments of Nissen et al. (2003) and
examined the early deaths of H. guilliermondii and H. uvarum in mixed ferments with S.
cerevisiae. They found evidence that unknown inhibitory compounds were responsible
for the early deaths of both non‐Saccharomyces yeasts in mixed ferments, but found no
evidence that cell‐cell contact played a role in the early deaths of H. guilliermondii and H.
uvarum (PérezNevado et al. 2006). These two studies suggest that the interactions
during ferments between species are very complex and may differ according to the
yeast species present, thus leaving the outcome of a co‐ferment unpredictable.

In the previous chapter, co‐ferments with S. cerevisiae and P. kluyveri led to an increase
of 3MH and 3MHA concentration, two key aroma compounds in NZ Sauvignon Blanc.
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The simplest explanation for an increase in the co‐ferments is that it is an additive
effect. However, if this hypothesis is rejected then this implies that there are some other
interactions between the two species leading to thiol increase in the final wine. The co‐
ferments with VL3 and P. kluyveri I at 14°C, were slower compared to the VL3 single
ferment, and often were not completed in the given time. This already indicates that
there might be other interactions between the two species. These interactions may be
either passive, for example different nutrient requirements at different stages of the
ferment or they may be active, i.e. inhibitory compounds are excreted by either one or
even both species influencing fermentation behavior.

4.1.3
I.

Aims

To test whether the increase of 3MHA concentration in co‐ferments of VL3 and P.
kluyveri I is due to an additive effect. To achieve this, the population dynamics of
single and co‐ferments of VL3 and P. kluyveri I will be monitored and put into
relation with 3MHA production.

II.

To test the hypothesis that inhibitory compounds are produced as a result of a
second species in the ferment.

III.

To test the hypothesis that there is competition for nutrients in co‐ferments
between yeast species.
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4.2 Materials and Methods
4.2.1

Population dynamics of P. kluyveri I and VL3 in
single and co‐ferments

In order to test the hypothesis that 3MHA increase is due to an additive effect between
VL3 (a commercial S. cerevisiae strain) and P. kluyveri I, the population dynamics of both
species in single and co‐ferments were assessed. Microferments similar to those
described in chapter three were set up (compare Section 3.2.2.2). Here, 230 mL of
sterile 2006 Sauvignon Blanc juice was used in 250 mL Erlenmeyer flasks, fitted with a
side‐port for sampling. Fermentation was carried out at 14°C for 16 to 23 days with
gentle agitation at 100 rpm. Initially VL3 was used in combination with P. kluyveri I at
three different ratios, 1:1, 1:9, 9:1. Single ferments of both yeasts were also conducted.
The total inoculum size in all cases was 2.5 ×106 cells mL‐1. Two mL samples were taken
every day and fermentation progress was monitored via weight loss. Each sample was
diluted appropriately to obtain at least 150 to 300 colonies and spread on to YPD agar
(2% (w/v) glucose, 2% (w/v) peptone, 1% (w/v) yeast extract, 2% (w/v) agar) or
Lysine agar (0.19% (w/v) YNB without amino acids, carbon and nitrogen, 1% (w/v)
glucose, 0.25% (w/v) L‐lysine‐HCl, 2% (w/v) agar). YPD medium allows growth of both
yeast species, whereas Lysine medium inhibits the growth of VL3 but allows P. kluyveri I
to grow. Different colony morphologies of P. kluyveri I and VL3 allowed discrimination
between the two on YPD medium, see Figure 30. With an increasing S. cerevisiae
population and decreasing P. kluyveri I population during the course of fermentation,
dilutions plated on YPD failed to give a complete picture of the population dynamics as
P. kluyveri I became rare. Lysine agar plates were then used to plate lower dilutions of
the samples to estimate the decreasing population of P. kluyveri I. Both YPD and Lysine
plates were incubated at 30°C for a day before colonies were counted.
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Figure 30: VL3 and P. kluyveri I together on a YPD plate.

4.2.2

Assay for inhibitory compounds

To find out whether there are any compounds excreted by P. kluyveri I, VL3 or VIN7 that
inhibit the growth of other yeasts, experiments conducted by Nissen et al. (2003) were
modified. VIN7 was included in this experiment as it shows similar thiol patterns in co‐
ferments with P. kluyveri I as VL3 (see Section 3.3.3.3) and is able to complete co‐
fermentations at 14°C. Cultures were grown in grape juice until mid‐exponential phase
and then harvested. The media were then exchanged for either the supernatant from a
different ferment or fresh sterile grape juice. After exchange of the media, growth was
measured once again. Table 14 shows the procedure using P. kluyveri I as an example.

Single ferments of P. kluyveri I, VL3 and VIN7 as well as co‐ferments, using the 1:9 ratio,
were set up using 230 mL sterile Sauvignon Blanc juice at a total inoculum of 2.5 ×106
cells mL‐1. The ferments were incubated at 14°C and 100 rpm and samples were taken
approximately every 7 hours from a sideport in the flask. After 34 hours, the ferments
were centrifuged (6000 g, 10 min) and the supernatant removed and then further
clarified by centrifugation (6000 g, 10 min) for another two times. The harvested pellets
of cells were then inoculated into the clarified supernatants from the various ferments
or a fresh sterile juice sample. The cells were allowed to grow for another 2 ½ days at
14°C and samples were taken approximately every seven hours. The samples taken
were appropriately diluted and plated on YPD agar, incubated at 30°C and counted after
incubation for a day. All treatments were carried out in triplicate.
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Table 14: Set up of inhibitory compound assay for P. kluyveri I; co= coferment.

The experiment for VL3 or VIN7 was carried out accordingly and the procedure for both
is shown in Table 15.
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Table 15: Set up of inhibitory compound assay for VL3 and VIN7; co= coferment.

4.2.3

Nutrient assay

To find out whether nutrient depletion due to the presence of P. kluyveri I could be
responsible for the slower fermentation activity in co‐ferments with VL3, the
glucose/fructose and the Yeast Available Nitrogen (YAN) concentrations were
measured every second day in another microfermentation experiment. VIN7 was also
included to find out whether the faster fermentation activity in co‐ferments of VIN7:P.
kluyveri I in comparison to co‐ferments with VL3 is reflected in nutrient usage. In this
experiment, single ferments of P. kluyveri I, VL3 and VIN7 together with co‐ferments at
the 1:9 ratio of VL3/VIN7:P. kluyveri I were conducted. Two hundred and thirty mL of
sterile Sauvignon Blanc grape juice were inoculated with a total of 2.5×106 cells mL‐1.
The microferments were incubated at 14°C and 100 rpm and fermentation progress
was monitored via weight loss. All treatments were carried out in triplicate. To measure
the glucose and fructose concentrations the D‐Glucose/Fructose kit from Unitech
Scientific (California, USA) Flex reagent (G/F‐F500) was used according to the
instructions of the supplier. For the YAN measurements, two kits from Unitech Scientific
(California, USA) were employed to measure ammonia (AMM‐500) and primary amino
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nitrogen (PANBL‐500). The sum of both gives the total amount of YAN. It should be
noted that the primary amino nitrogen kit does not detect proline or hydroxyproline.
This kit measures amino acids utilizing a reaction occurring between the primary amino
group and o‐Phthaldialdehyde and N‐acetyl‐L‐cysteine. As proline is missing the
primary amino group it is not able to form derivates that can be spectrophotometically
measured with this assay (Dukes and Butzke 1998). As proline is not considered to be of
major importance to S. cerevisiae under anaerobic conditions, it has not been found
necessary to include proline measurement in the test kit (Dukes and Butzke 1998).

4.2.4

Proline assay

As the primary amino nitrogen kit used in the nutrition experiment is not able to detect
proline and hydroxyproline, an additional experiment was conducted to determine
whether proline can be used as a nitrogen source by P. kluyveri I, VL3 and VIN7. The
conditions of the experiment were the same as the microferments (see Chapter 3
Section 3.2.2.2), but instead of sterile grape juice, a synthetic medium containing 0.17%
(w/v) YNB (yeast nitrogen base without aa, c or n), 20% (w/v) glucose, 0.045% (w/v)
proline was used. The medium was designed to contain approximately the same amount
of sugar as grape juice (~200 g L‐1) and as much proline as found in the Sauvignon Blanc
juice employed in all previous experiments, but no other nitrogen sources. The
Sauvignon Blanc juice used in these experiments was analyzed at the Institute of Food,
Nutrition and Human Health (Massey University, Palmerston North, NZ) for its amino
acid content and found to contain approximately 450 mg L‐1 proline. Single ferments of
P. kluyveri I, VL3 and VIN7 were conducted in this medium at 14°C, 100 rpm with a total
inoculum size of 2.5×106 cells mL‐1. Samples were taken every day to assay the
population dynamics and fermentation progress was again monitored via weight loss.
The samples were appropriately diluted and plated on YPD agar for further assessment.
The experiment was carried out in triplicate.
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4.3 Results and Discussion
4.3.1

Population dynamics of P. kluyveri I and VL3 in
single and co‐ferments

In order to find out whether the increased 3MHA concentration in co‐ferments is simply
due to an additive effect of 3MHA production from both co‐fermentation partners, the
population dynamics of single and co‐ferments were measured. Figure 31 shows the
population dynamics of P. kluyveri I and VL3 single ferments together with the
respective fermentation progress measured via weight loss.

Figure 31: Population dynamics of VL3 (blue) and P. kluyveri I (yellow) single ferments and the
fermentation progress over time measured in weight loss for VL3 (green) and P. kluyveri I (red).
Values are mean ± s.e.m. n=6 for population dynamics and n=3 for weight loss data.

Previous ferments with P. kluyveri I showed that it has a very limited fermentation
ability (see Chapter 3 Figure 18), and the weight loss data seen here confirm this.
However, the population size for P. kluyveri I is large, and exceeds the population size of
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VL3. Both species reach their maximum population size after three days and then
decrease in cell numbers. VL3 stabilizes at around 7×106 cells mL‐1 after seven days, but
P. kluyveri I reaches a second maximum on day eight and then gradually decreases in
population size until the end of the ferment where twice as many cells were isolated
compared to the VL3 ferment (6.57×106 cells mL‐1 P.k.I and 2.75×106 cells mL‐1 VL3).

In line with the experiments in Section 3.3.3, co‐ferments of S. cerevisiae (VL3) and P.
kluyveri I (P.k.I) were conducted at three different ratios (1:1, 9:1 and 1:9). The co‐
ferment with the 9:1 VL3:P.k.I starting ratio was dominated by S. cerevisiae as expected.
P. kluyveri I immediately decreases in frequency and no cells were detected after day six
(see Figure 32 a). In the co‐ferment using equal amounts of VL3 and P. kluyveri I to start
with, P. kluyveri I was also very quickly out‐competed by VL3, although P. kluyveri I was
still detected at day 14 at a frequency of 1 in 4.5×104 S. cerevisiae cells (see Figure 32 b).
In the 1:9 VL3:P. kluyveri I co‐ferment however, P. kluyveri I gradually decreased in
frequency, but still dominated the ferment up to day nine when both yeasts reached
equal frequencies. From day nine onwards VL3 dominated and P. kluyveri I continued to
decrease (see Figure 32 c). Looking at the actual cell numbers, rather than proportions,
in this co‐ferment, both yeasts reach their maximum population size on day three, see
Figure 33. Again, P. kluyveri I grew to higher cell numbers than VL3 but reached only
half the maximum population size in comparison to its single ferment (see Figure 31).
VL3 only grew to a fifth of its population size seen in the single ferment, but showed a
second maximum on day five in the co‐ferment (see Figure 33). In comparison to the
single ferment, VL3 did not attain as large a population and entered stationary phase at
day five as opposed to day seven (see Figure 33). Even though P. kluyveri I ‘s population
size gradually decreased, it was still detectable at high numbers (9.3×103 cells mL‐1) at
the end of the co‐ferment.
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Figure 32: Frequencies of VL3 and P. kluyveri I in coferments inoculated at three different ratios
(9:1, 1:1 and 1:9). Values are mean ± s.e.m. n=3.
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Figure 33: Cell concentrations of VL3 (blue) and P. kluyveri I (yellow) in a 1:9 coferment. Grey
circles show the total amount of cells mL1 in the coferment. Green triangles show the
fermentation progress measured via weight loss. Values are mean ± s.e.m. n=6 for cell
concentration and n=3 for weight loss.

Interestingly, in the 1:9 VL3:P.kluyveri I co‐ferment, the total cell numbers of both
species on day three is smaller, 5 times and 2.2 times for VL3 and P. kluyveri I
respectively, than the population size in the single ferment on the same day (see Figure
31 and Figure 33), suggesting some form of interaction that influenced their growth
rate. The most likely explanation is that the available nutrients in the juice have to be
shared between the two species. While the 1:1 and 9:1 co‐ferments for S. cerevisiae and
P. kluyveri I were able to consume all the sugar in 23 days (see Appendix D Figure 52),
the 1:9 co‐ferment still had 32% residual sugar after 23 days (less than 2.5% residual
sugar is considered to be fermented to dryness). This correlates with observations from
previous experiments (see Chapter 3 Figure 14), where the VL3 and P. kluyveri I co‐
ferment still contained 25.6% residual sugar.

Even though the literature on population dynamics in co‐ferments is scarce, especially
concerning the different growth behavior of the co‐fermentation partners as compared
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to single ferments, the results presented here are similar to other authors’ observations
in co‐ferments (Rojas et al. 2003; Kim et al. 2008; Kurita 2008).

In experiments performed by Rojas et al. (2003), S. cerevisiae reached a maximum
population size on day three in red grape must (Bobal cultivar) fermented at 25°C and
then declined in cell number before entering stationary phase. This mirrors the data
shown in Figure 31 and Figure 33. In Rojas et al. (2003) however, S. cerevisiae reached
cell numbers in co‐ferments with either Pichia anomala or Hanseniaspora guilliermondii
similar to those seen in single ferments (Rojas et al. 2003).

Similar behaviour for S. cerevisiae has also been observed by Kim et al. (2008) and
Kurita (2008). Looking at the reduction of malic acid content in wine, Kim et al. (2008)
used 1:1 co‐fermentation with Issatchenkia orientalis and S. cerevisiae and found an
increase of I. orientalis population up to day three of co‐fermentation and then a
decrease in population size but still detectable cell numbers by the end of the ferment.
The S. cerevisiae population in this case increased until day seven and then slowly
decreased but it showed the same pattern and population size in the co‐ferment as in
the single control experiment (Kim et al. 2008).

Investigating metabolite formation, particularly ethyl acetate formation, Kurita (2008)
used 1:1 co‐fermentation in synthetic medium with Pichia anomala and S. cerevisiae.
The S. cerevisiae population in these experiments behaved the same in both the co‐
ferment and the single ferment control with respect to population size and population
evolution over the course of the ferment (Kurita 2008). The P. anomala population,
however, exceeded 107 cells mL‐1 in the single culture ferments over the course of
fermentation, entered the death phase after two days in the co‐ferment and disappeared
completely after day five (Kurita 2008).
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Other studies also found the S. cerevisiae population size in mixed ferments to be similar
to its population sizes in the respective single ferments (Soden et al. 2000; Zohre and
Erten 2002; Moreira et al. 2005). Here, instead of declining in cell number after reaching
the maximum population size, S. cerevisiae entered the stationary phase (Soden et al.
2000; Zohre and Erten 2002; Moreira et al. 2005). Only Soden et al. (2000) reported a
small decrease in growth rate and maximum population size of S. cerevisiae in co‐
ferments with Candida stellata. As for the single ferments, only Kurita (2008) found
higher population sizes for P. anomala than S. cerevisiae throughout their respective
single ferments when compared to the co‐ferments. However, some of these studies
were carried out in media other than grape juice, like synthetic media (Moreira et al.
2005; Kurita 2008). Most of these studies reported the non‐Saccharomyces yeasts
entered a death phase after achieving the maximum population size on day two or three
in the co‐ferment (Zohre and Erten 2002; Rojas et al. 2003; Kim et al. 2008; Kurita
2008). This death phase was either short or gradual, but no non‐Saccharomyces yeasts
were able to be isolated at the end of the respective fermentations. Some studies
reported slower fermentation rates for the co‐ferments, even though they consumed all
the available sugar (Kim et al. 2008). However, it should be noted that only Soden et al.
(2000) used comparable ratios in their co‐ferments, 10:1 for C. stellata:S. cerevisiae.
Also, all of the studies mentioned above were carried out at higher fermentation
temperatures between 18°C and 25°C. According to Erten (2002), temperature had an
effect on non‐Saccharomyces and S. cerevisiae growth in co‐ferments. In line with
findings of Goddard et al. (2008), Erten (2002) found in co‐ferments of Kloeckera
apiculata and S. cerevisiae, that S. cerevisiae dominated the ferment at temperatures
above 20°C whereas K. apiculata was the dominant yeast for the first four days before S.
cerevisiae took over at temperatures between 10°C and 15°C (Erten 2002). Even though
S. cerevisiae reached large cell concentrations in the lower temperature ferments, they
were not as large as in the ferments performed at temperatures above 20°C (Erten
2002).

127

Chapter 4

Results and Discussion

_____________________________________________________________________________________________________
Overall, the data presented here agree with reports from other ferments, but it seems
the combination with P. kluyveri I suppresses population size of VL3 and that P. kluyveri
I is more persistent in co‐ferments compared to other non‐Saccharomyces yeasts.

4.3.1.1

Is 3MHA increase due to an additive effect?

The null hypothesis states that each partner releases the same concentration of 3MHA
regardless of the presence of the second species and thus the total amount of 3MHA
measured would be the sum of the two independently. The alternative hypothesis
suggests a non‐additive effect and implies that the co‐fermentation partners somehow
interact to release a different concentration of thiol. One mechanism might be by one
partner providing 3MH that can be used by the second to convert into 3MHA, which
follows the interconversion model suggested by Swiegers et al. (2006b) (see also
Section 3.3.3.1 in Chapter 3). However, as the interconversion of 3MH and 3MHA via the
enzymes ATF1 and IAH1 have not yet been conclusively proven (Swiegers et al. 2006b),
it is entirely possible that other interactions between the co‐fermentation partners are
taking place leading to an increase in 3MHA concentration. In order to test these ideas, I
looked at the population dynamics within the co‐ferments to find out whether VL3 and
P. kluyveri I show the same dynamics as in the respective single ferments (see Section
4.3.1). The results from the population dynamics in the 1:9 S. cerevisiae:P. kluyveri I co‐
ferment show that both fermentation partners have smaller population sizes compared
to their respective single population size, S. cerevisiae is 0.2 as large and P. kluyveri I is
0.5 as large (see Figure 31 and Figure 33). It is not unreasonable to assume that there is
a constant rate of thiol release per cell and thus that population size will effect thiol
concentration. Indeed, the observations described in Section 3.3.3.2 show that a
reduction in starting population does alter the overall thiol release. To estimate the
amount of 3MHA released in this co‐ferment if the total concentration was due to an
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additive effect, the following equation was used: (relative maximum population size of
S.c. in co‐ferment × 3MHA concentration in single ferment) + (relative maximum
population size of P.k. I in co‐ferment × 3MHA concentration in single ferment). The
3MHA concentrations of the first co‐ferment at 14°C (see Chapter 3 Figure 24) was used
in the following calculation:

Comparing the predicted amount to the observed amount of 1005.12 ng L‐1 3MHA (see
Chapter 3 Figure 24), the co‐ferment produces more than twice as much 3MHA as
predicted under the additive model. This provides evidence to reject the null hypothesis
and suggests that the release of 3MHA is not due to an additive effect of both
fermentation partners but due to some non‐additive interaction.

4.3.2

Assay for inhibitory compounds

The results from the first population dynamics study revealed that both co‐
fermentation partners in the 1:9 S. cerevisiae:P. kluyveri I co‐ferment were decreased
compared to their population sizes in single ferments. The persistence of yeasts during
a ferment is affected by several factors like temperature, pH, ethanol tolerance, nutrient
depletion and also other yeasts (Fleet 2003). Apart from these factors, compounds
produced by yeasts can inhibit other species from growth. One of the first studies to
investigate early growth arrest of a non‐Saccharomyces species in co‐ferments was
Nissen et al. (2003). They explored the idea of signal molecules in the medium, similar
to quorum sensing, and cell‐cell contact as a way of communication between cells. They
found the growth arrest and early death of Kluyveromyces thermotolerans and
Torulaspora delbrueckii in co‐ferments with S. cerevisiae were due to high cell densities
of viable S. cerevisiae cells and therefore due to a cell‐cell contact mechanism (Nissen
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and Arneborg 2003; Nissen et al. 2003). In their experiments, they could not find toxic
compounds or nutrient depletion responsible for the early deaths of the non‐
Saccharomyces yeasts. Following the experiments of Nissen et al. (2003), Pérez‐Nevado
et al. (2006) found the growth of Hanseniaspora guilliermondii and Hanseniaspora
uvarum in co‐ferments with S. cerevisiae was inhibited by potentially toxic compounds
produced by S. cerevisiae and not due to cell‐cell contact mechanisms or nutrient
depletion. In all these studies the non‐Saccharomyces yeasts were the focus. Here, the
growth of S. cerevisiae is significantly affected by its fermentation partner P. kluyveri I (t‐
test of maximum population in single and co‐ferment of VL3 p=0.008). To test whether
the decrease in population size of P. kluyveri I and VL3 and VIN7 in co‐ferments is due to
the presence of inhibitory substances in the medium, the experiments of Nissen et al.
(2003) regarding toxic compound production were modified. Here, sterile grape juice
was used for the ferments and the fermenting conditions were the same as before, 14°C
and gentle agitation (100 rpm). The species were grown on their own and after 34h,
which was approximately the mid‐exponential phase, harvested. To test whether P.
kluyveri I was able to grow in a medium previously occupied by VL3 or VIN7 for 34h,
respectively the supernatant of these ferments were inoculated with harvested P.
kluyveri I cells, and growth was monitored for another 2 ½ days. In addition, harvested
P. kluyveri I cells were further grown in fresh juice and supernatant of mixed ferments
with 1:9 ratio of either VL3 or VIN7 with P. kluyveri I as well as the appropriate controls.
This was repeated for VL3 and VIN7 respectively. The results for P. kluyveri I growth
subjected to different media of previous single ferments of VL3 or VIN7 or co‐ferments
of those with P. kluyveri I at 1:9 ratio are shown in Figure 34.
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Figure 34: Inhibitory compound assay with P. kluyveri I. P. kluyveri I cells grown to mid
exponential phase were subjected to different supernatant: fresh grape juice and single ferments
of VL3, VIN7 and P. kluyveri I (as control), or coferments of VL3/ VIN7 with P. kluyveri I at 1:9 ratio
after growth for 34 hours. Values are mean ± s.e.m. n=6.

In this experiment, no differences are expected before the exchange of supernatants as
they are all single ferments of P. kluyveri I. The P. kluyveri I control, where P. kluyveri I is
put back into its own supernatant, and the fresh juice treatment behave similarly, (t‐test
comparing each time point p>0.08), suggesting that nutrient depletion is not
responsible for decreased population size. Most of the other treatments show similar
behavior to the control and no significant differences were found between the
treatments and the control (p>0.05). However, there were significant differences
between different treatments and the most interesting ones were between the single
VL3 or VIN7 treatment and their respective co‐ferments with P. kluyveri I. T‐test
analyses of these results show that these differences are significant for the time period
between 48 and 82 hours (p=0.0022 to 0.039 for VL3 and its co‐ferment and p=0.0001
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to 0.038 for VIN7 and its co‐ferment). Here, growth of P. kluyveri I was decreased when
given single ferment supernatant as opposed to growth in co‐ferment supernatant. This
might suggest that VL3 or VIN7 single ferments have different metabolite and/or
nutrition profiles which are altered in the presence of P. kluyveri I to its advantage.
However, as the single ferment treatments were not significantly different to the control
treatment it seems unlikely that toxic compounds play a role in decreasing P. kluyveri’s I
population size. Overall, this suggests that there were no growth inhibiting substances
released in the particular ferments up to the point of harvest at 34 hours and that
nutrient depletion within the control had not taken place yet as the growth of P. kluyveri
I subjected to fresh medium did not significantly increase in growth rate.

Figure 35: Inhibitory compound assay with VL3. VL3 cells grown to midexponential phase were
subjected to different supernatants: fresh grape juice and single ferments of P. kluyveri I and VL3
(as control), or coferments of VL3 with P. kluyveri I at 1:9 ratio after growth for 34 hours. Values
are mean ± s.e.m. n=6.
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In contrast to P. kluyveri I, VL3 shows significantly increased cell numbers in the last 30
hours of the experiment when its supernatant was replaced by fresh juice (t‐test
p=0.000003 to 0.027), see Figure 35, suggesting that nutrient depletion had already
started. Interestingly, both of the treatments involving the supernatant of either the
single or co‐ferment with P. kluyveri I, VL3 still grew slightly better than the control and
in case of the single P. kluyveri I ferment the VL3 population in the last 24 hours of this
experiment was significantly higher compared to the control (t‐test p= 0.017 to 0.028).
These results suggest that no growth inhibitory compounds were released by P. kluyveri
I up to mid‐exponential phase, but that possibly nutrient depletion influenced the
growth behavior of VL3.

Figure 36: Inhibitory compound assay with VIN7. VIN7 cells grown to midexponential phase were
subjected to different supernatants: fresh grape juice and single ferments of P. kluyveri I and VIN7
(as control), or coferments of VIN7 with P. kluyveri I at 1:9 ratio after growth for 34 hours. Values
are mean ± s.e.m. n=6.

When VIN7 cells were subjected to different supernatants, the results look very similar
to those obtained for VL3 (see Figure 35 and Figure 36). Here, the fresh juice treatment
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also led to a significantly increased growth right from the exchange of the media (t‐tests
p=0.0001 to 0.05), indicating for VIN7 and VL3 some kind of nutrient depletion after
only 34 hours. Even though slight differences can be observed for the treatments with
single and co‐fermented P. kluyveri I, these were not significant. And as it was observed
for VL3, no signs of any inhibitory compounds limiting the growth of VIN7 were
observed.

Overall, the results in this section do not support the hypothesis that population sizes of
the species in co‐ferments are decreased due to the release of inhibitory compounds by
the other species. This hypothesis can be rejected. However, results from experiments
with VL3 and VIN7 indicate that nutrient depletion may play a role, resulting in smaller
population sizes in the co‐ferment.

4.3.3

Nutrient assay

The results of the inhibitory compound assay suggest that reduced growth is not due to
inhibitory compounds produced by these yeasts. However, the results obtained for VL3
and VIN7 suggest that nutrient depletion could be a growth limiting factor: growth
increases when the old medium is exchanged with fresh juice. To investigate this
further, the following experiment examines single ferments of P. kluyveri I, VL3, VIN7
and the co‐ferments at 1:9 ratio between VL3 or VIN7 and P. kluyveri I respectively for
the use of the main carbon sources, glucose and fructose and yeast available nitrogen
(YAN) which comprises ammonium and primary amino nitrogen, in a Sauvignon Blanc
ferment. The results for the use of the main nutrient sources of yeasts in grape juice are
shown in Figure 37.
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Figure 37: a) YAN and b) glucose/fructose usage in single and coferments with P. kluyveri I. c)
weight loss of the respective ferments. Values are mean ± s.e.m. n=3.
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In the single ferments of VL3 and VIN7, the main nitrogen sources are quickly utilized
and by day 6 depleted to around 50 mg L‐1. The main carbon sources more gradually
decreased over time until completely utilized. The co‐ferments show a delayed usage of
both the carbon and nitrogen sources of 1 to 2 days (see Figure 37). There was about 90
g L‐1 sugar left in the VL3 and P. kluyveri I co‐ferment at day 15, and this treatment also
had higher amounts of YAN left (90 mg L‐1 as compared to 60 mg L‐1 for the single VL3
ferment), see Figure 37 a and b). Also, this co‐ferment did not lose as much weight in the
given time, confirming that not all the sugar available had been fermented (see Figure
37c). Most unexpected though was the use of nitrogen and the carbon sources by P.
kluyveri I: hardly any of the available nutrient sources were depleted in these
treatments. In Figure 38, the corresponding population dynamics for the single
ferments in this experiment are shown.

Figure 38: Population dynamics of the single ferments of VL3, VIN7 and P. kluyveri I in the
nutrition experiment. Values are mean ± s.e.m. n=6.

Even though P. kluyveri I did not seem to utilize the main carbon and nitrogen sources, it
is clear that it still achieved high population sizes and decreased in population size less
rapidly than VL3 and VIN7 (Figure 38). It should be noted that it is not clear whether
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the conditions in the P. kluyveri I single ferment were anaerobic to begin with or not.
The respiration of small amounts of glucose/fructose may explain the increase in
population size. These results provide one possible explanation for the observations of
increased growth after supernatant transfer in the previous experiment (see Figure 35
and Figure 36). After only two days almost all (80%) and at least half (54%) of the yeast
available nitrogen has been utilized by VL3 and VIN7 (compare Figure 37 a) but only
6% has been used by P. kluyveri I.

Since all ferments were harvested after approximately 1 ½ days, at this time the P.
kluyveri I single ferment still contained almost all the nitrogen sources. The nitrogen
sources were then available to VL3 and VIN7 once the supernatant was transferred.
This may explain the increase in growth of VL3 and VIN7 when they received the
supernatant from P. kluyveri I ferments. Taking into account the data obtained in this
experiment, the co‐ferments with VL3 or VIN7 and P. kluyveri I still had about 70% and
80% nitrogen left on day two and so could possibly enhance the growth of VL3 or VIN7
when the supernatant was transferred.

In summary, the hypothesis that nutrient depletion is a limiting growth factor in co‐
ferments can be rejected. With P. kluyveri I hardly using any of the main carbon and
nitrogen sources it seems unlikely that the yeasts have to compete for these nutrients in
a co‐ferment. However, the co‐ferments show delayed usage of these nutrients and
particularly in case of the VL3:P. kluyveri I co‐ferment not all available nutrients are
utilized, suggesting a different kind of interaction between the yeasts, preventing them
from utilizing all resources given.

In addition, the observations in this experiment prompt yet a new question: what
nitrogen and carbon source is P. kluyveri I utilizing in a ferment?
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4.3.4

Proline assay

For the yeast available nitrogen (YAN) measurement two test kits were used: one to
measure ammonia and the second one to measure primary amino nitrogen. The sum of
both gives the total YAN. The test kit for measuring the primary amino nitrogen does
not detect proline or hydroxyproline. The general understanding of the proline
degradation pathway in S. cerevisiae, involves two enzymes to break down proline to
glutamate. The first enzyme, proline oxidase, requires oxygen and its expression is at
least 10 fold lower under anaerobic conditions (Ingledew et al. 1987; Wang and
Brandriss 1987). The gene expression of proline oxidase seems to be co‐regulated by
proline and PUT3, a transcription factor, responding to the quality of other nitrogen
sources in the environment (Wang and Brandriss 1987; Huang and Brandriss 2000).
Since the proline degradation pathway involves an enzyme that requires oxygen,
proline utilization in a ferment by S. cerevisiae is unlikely and was therefore omitted
from further investigations of amino acid utilization by yeast in a ferment (Jiranek et al.
1995). The ability of other yeast species to utilize proline under anaerobic conditions or
otherwise is unknown. However, proline is one of the most abundant amino acids in
grape juice, with a range starting as low as 24 mg L‐1 up to about 4500 mg L‐1 (Ough and
Stashak 1974; Huang and Ough 1991; Spayd and Andersen‐Bagge 1996). The Sauvignon
Blanc juice used in these experiments contained 450 mg L‐1 proline. Proline may well be
the main source of nitrogen for P. kluyveri I in ferments, yet was not measured in
previous experiments. To test the hypothesis that P. kluyveri I can utilize proline under
fermenting conditions, the growth of P. kluyveri I, VL3 and VIN7 was tested in a
synthetic defined medium, using 450 mg L‐1 proline as sole nitrogen source and
200 g L‐1 glucose in the medium as carbon source. The amount of proline used in this
medium matched that of the Sauvignon Blanc juice used in this study. The experiment
was set up as a micro ferment and the samples were fermented at 14°C with gentle
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agitation (100 rpm). Again, samples were withdrawn daily and the population size was
estimated by plating. The results of this experiment are shown in Figure 39.

Figure 39: Population dynamics of P. kluyveri I, VL3 and VIN7 in synthetic media with proline as
sole nitrogen source and 200 g L1 glucose as carbon source. Values are mean ± s.e.m., n=6.

The results clearly demonstrate that P. kluyveri I is able to grow to high cell numbers in
a medium where proline is the sole nitrogen source. Analysis show that P. kluyveri I was
significantly growing better in this medium than VL3 (t‐tests p<0.0111) and VIN7 with
the exception of day two and day six (t‐tests p<0.0111; day two p=0.5074; day six
p=0.1375). The P. kluyveri I population in this experiment expanded from 2.5×106 cells
mL‐1 to 2.48×107 cells mL‐1 which represents around three population doublings and
the viability of this population remained high throughout the ferment: it was still
1.27×107 cells mL‐1 at day 21. In contrast, while VIN7 initially also achieved around
three population doublings the viability of this population rapidly collapsed. VL3
achieved less than two population doublings and the viable population count also
rapidly decreased, see Figure 39.
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To find out whether the growth of these species in synthetic proline medium is different
from their growth in grape juice, results for population dynamics from previous
experiments, population dynamics in Section 4.3.1 and nutrition assay in Section 4.3.3,
were compared with the results in this section, see Figure 40. The hypothesis is that
there should be no significant differences in growth in both media if the species is able
to utilize proline.

Comparing the populations of P. kluyveri I from previous experiments in grape juice
(Figure 31, Figure 38 and Figure 39 summarized in Figure 40 a) with the population in
synthetic proline medium, analyses show that there was no significant differences up to
day three and no differences from day five to eight. In contrast, populations of VL3 in
juice were significantly higher than its population in synthetic proline media from day
one until day 11 (p<0.0319) with the exception of day two (p=0.06240) comparing the
initial population dynamics experiment from Section 4.3.1 with the synthetic proline
medium, see Figure 40 b. For VIN7, apart from day one and three, the population grown
in the juice sample was significantly higher (p<0.039) than the population in synthetic
proline medium up to day 10, see Figure 40 c.

Looking at the first three days of fermentation, the hypothesis that P. kluyveri is able to
utilize proline in synthetic medium can be accepted. For VL3 this hypothesis needs to be
rejected as growth in proline medium was significantly reduced and therefore suggest
that VL3 was not able to utilize proline in these conditions. VIN7 also showed
significantly decreased growth on day two and after day three, however, it seems that
VIN7 was able to utilize proline in the first few days. In this experiment, oxygen in the
ferments was not measured, so no final conclusions as to whether or not VIN7 and P.
kluyveri I are able to use proline under anaerobic conditions can be made. The set up of
the ferments, however, is similar to the oxygen restricted set up of Hansen et al. (2001)
who found a dramatic decrease in dissolved oxygen after the first day and found the
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Figure 40: Comparison of population dynamics in grape juice (previous experiments see Section
4.3.1 population dynamics (blue) and Section 4.3.3 nutrition assay (green)) and in synthetic
proline media. Values are mean ± s.e.m. n=6.
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dissolved oxygen levels were staying low over the whole time of the experiment.
Another possible explanation as to why VIN7 achieved almost three population
doublings might be due to an experimental artifact as the proline medium was
inoculated with VIN7 cells straight from the pre‐culture in YPD without removing
excess YPD. The nitrogen carried over from the pre‐culture should be in such small
amounts that it would not explain the dramatic increase of VIN7 but may be sufficient to
explain the small growth of VIN7 in the first few days.

Nonetheless, as observed in the nutrition experiment, P. kluyveri I appears to use few of
the main nitrogen sources, so that the growth of P. kluyveri I is most likely due to the
proline in the synthetic medium rather than an artifact of stored resources from the
pre‐culture. This suggests that the persistence of P. kluyveri I in a co‐ferment starting
with low numbers of S. cerevisiae is possibly due to an adaptation to an unused nutrient
source by S. cerevisiae. However, further experiments need to confirm that proline is in
fact used by P. kluyveri I.
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4.4 Conclusion
The experiment in this chapter showed that the increase in 3MHA observed for the 1:9
S. cerevisiae:P. kluyveri I co‐ferments was not due to an additive effect of both
fermentation partners but more likely due to a synergistic interaction. Furthermore, it
was shown that the early growth arrest of P. kluyveri I and S. cerevisiae was not due to
inhibitory compounds or nutrient depletion. Instead, the results suggest that P. kluyveri
I is accessing proline as nitrogen source, which is not accessible to S. cerevisiae.
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Introduction
Sauvignon Blanc is one of the most important grape varieties to New Zealand’s
economy. Wines made from this variety constitute for over half (59% in 2008) of New
Zealand’s grape harvest and 75% of export wines7. Its characteristic aroma profile puts
New Zealand on the wine map of the world. In order to guarantee the reputation of a
high quality product in the international wine market it is important to understand the
unique characteristics of New Zealand Sauvignon Blanc. What are the characteristic
aroma compounds in New Zealand Sauvignon Blanc? Where do they originate from?
How can the Sauvignon Blanc aroma be manipulated and preserved over time? To
address these questions the Foundation for Research Science and Technology, together
with the New Zealand wine industry granted the largest ever New Zealand wine
research project in 2004. As part of this project, this thesis investigated the contribution
of yeasts to New Zealand Sauvignon Blanc aroma and their application as a tool in order
to manipulate the aroma profile of New Zealand Sauvignon Blanc.

New Zealand Sauvignon Blanc aroma is dominated by only a few chemical compounds.
3‐Mercaptohexan‐1‐ol (3MH) and 3‐mercaptohexyl acetate (3MHA) have been
identified as key aroma compounds in New Zealand Sauvignon Blanc. These thiols were
found to be significantly higher in Marlborough Sauvignon Blanc from New Zealand
when compared to Sauvignon Blanc from other countries (Nicolau et al. 2006).
Tominaga et al. (1998c) showed that these compounds are liberated during
fermentation due to the metabolic action of yeasts. Investigations of the potential of
different commercial S. cerevisiae isolates on thiol release showed significant
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differences between them (Murat et al. 2001; Swiegers et al. 2006a). However, no study
so far has considered the potential of natural isolates of S. cerevisiae (as opposed to
commercial available strains) and other non‐Saccharomyces species to release these
thiols.

The main questions addressed in this thesis were:
Is there a S. cerevisiae population outside the winery in New Zealand?
Are natural Saccharomyces and non‐Saccharomyces yeast able to release 3MH and
3MHA? If so, how can that be applied to improve Sauvignon Blanc aroma?

5.1 S. cerevisiae population outside the winery
Wine making in New Zealand only started about 100 years ago when Reverend Samuel
Marsden planted the first vines in Kerikeri, Northland (Berrysmith 1968). Since then the
one known study into the origin of wine yeasts in New Zealand did not find a S.
cerevisiae population outside the winery (Parle and di Menna 1965). This thesis
investigated the diversity and origin of S. cerevisiae in a New Zealand vineyard (Matua
Valley vineyard) (see Chapter 2). In addition, the insect dispersal theory proposed by
Parle and di Menna (1965) was also tested. In this case, the insect of choice were bees
and a nearby apiary to the Matua Valley vineyard was included in the study. As I was
exclusively interested in the isolation of S. cerevisiae rather than an accurate reflection
of its ecology, enrichment culture technique was used to enable isolation of rare S.
cerevisiae. One hundred and sixty eight confirmed S. cerevisiae strains were isolated
mainly from vineyard soil samples, bark and a buttercup flower in the vineyard. Parle
and di Menna (1965) found soil to be a poor habitat for S. cerevisiae, even though they
also used enrichment culture techniques for their survey. Microsatellite analysis
performed to investigate the population structure of the isolated S. cerevisiae strains
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revealed a diverse population in the vineyard. Forty one different genotypes were found
among 112 S. cerevisiae strains. Interestingly, all 41 genotypes appeared to be
homozygous which is in contrast to Mortimer’s (2000) data which found 65%
heterozygosity among S. cerevisiae strains isolated from Californian vineyards. In a
recent study by Goddard et al. (2009) the data of the vineyard population of this study
were combined with the data from spontaneous Chardonnay ferments of another New
Zealand winery close to Matua Valley vineyard. No matches of microsatellite profiles
were detected between them. Comparison with a data set of commercial available
yeasts also did not result in any matches, ruling out the hypothesis that vineyard and
winery populations might originate from ‘escaped’ commercial yeasts (Goddard et al.
2009). Furthermore, the comparison of the New Zealand S. cerevisiae populations with
data from international studies revealed a distinct New Zealand population (Goddard et
al. 2009).

In order to examine the insect vector hypothesis, an apiary close to Matua Valley
vineyard was visited five times during winter and spring. Two strains isolated in spring
were confirmed to be S. cerevisiae. The microsatellite profiles of these two strains were
compared to the Matua Valley vineyard strain profiles and resulted in two exact
matches. One of the matching microsatellite profiles in the vineyard was isolated from a
flower and soil sample. This was the first evidence for bees being transport vectors for
S. cerevisiae. However, S. cerevisiae in this case was not isolated directly from a bee, but
indirectly from the honeycomb. Nevertheless, Snowdon and Cliver (1996) noted that
yeast or bacteria found in honeycomb derive from bees, nectar and/or other external
sources. In this study, the number of samples from the beehive was small. In order to
get a better idea of the diversity of yeasts and especially S. cerevisiae associated with
bees and beehives, more samples throughout the year including living bees should have
been taken. S. cerevisiae has previously been isolated from bees around vineyards
(Stevic 1962) and found during winter in the beehive (Stevic 1962). Stevic (1962) also
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isolated S. cerevisiae from vineyards but could not conclusively show that both beehive
and vineyard isolates were closely related. In this study, no S. cerevisiae isolates were
detected during winter and the hypothesis that S. cerevisiae can over‐winter in beehives
could not be confirmed.

However, the question remains whether bees are the main source of transportation for
S. cerevisiae? As vines do not need to be pollinated by bees, bees are not essential to
vineyards and seem only occasional visitors. During my time spent at the vineyard only
on one occasion a bee was caught in the area of the sample sites but other insects, like
small flies, ants and cicadas seemed more plentiful than bees. Furthermore, it is still not
clear why most of the S. cerevisiae samples were found in soil and how they might find
their way from soil to flowers and fruit. A different group of insects not historically
associated with yeasts are cicadas. Cicadas have a very interesting life cycle involving
the possibly longest known juvenile stage that can last up to 17 years depending on the
species. The juvenile stage is entirely spent underground and the soil is only left when
the fifth instar nymph is about to convert into the adult cicada. The nymph digs its way
out of the soil and usually climbs onto an elevated surface likely a nearby tree, where it
sheds its skin and flies away (Williams and Simon 1995). These skins have been found
on almost every vine sampled during spring. I also identified holes in the ground from
where the nymphs probably emerged. The adults live for another four to six weeks,
mate and then the females lay eggs on twigs. After hatching, the nymphs immediately
enter the ground. Cicada nymphs mainly feed on root xylem (Williams and Simon 1995).
Interestingly, Gognies et al. (2001) showed that S. cerevisiae can act as a potential
pathogen towards grapevines and could be located inside plantlets. However, the exact
location has not been reported yet and the experiments so far have only been done
under laboratory conditions. Nevertheless, the authors suggest the possibility that S.
cerevisiae survives within the vine in the vineyard (Gognies et al. 2001). If S. cerevisiae is
able to survive inside plants, it would be possible that it is spread inside the plant via
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the plant’s transport systems, xylem and phloem. If this is the case, cicadas could
possibly take up S. cerevisiae from xylem fluids. However, it would not be clear whether
S. cerevisiae would be able to survive inside the nymphs, as viable cells or possibly as
ascospores. Studies in fruit flies have shown that viable S. cerevisiae cells are digested
and only ascospores survived and are possibly distributed (Reuter et al. 2007). Another
interesting fact is that cicadas are also associated with oak trees, another habitat from
which S. cerevisiae has previously been isolated (Sniegowski et al. 2002; Sampaio and
Gonçalves 2008).

In summary, a great diversity of S. cerevisiae strains was successfully isolated from a
New Zealand vineyard and strains isolated from a beehive exactly matched strains from
the vineyard. These findings led to the conclusion that bees and other insects can
disperse S. cerevisiae locally. Furthermore, I speculate that cicadas may pose an
interesting new addition to insects potentially involved in the distribution of S.
cerevisiae for the above discussed reasons.

5.2 Influence of natural yeast isolates on Sauvignon Blanc
aroma and flavour
Parallel to establishing whether there is a natural S. cerevisiae population outside the
winery environment in New Zealand, S. cerevisiae as well as non‐Saccharomyces isolates
from a spontaneous Chardonnay ferment in New Zealand (Goddard 2008) and other
sources, summarised in Table 8 and Table 9 (in Section 3.2.2.1), S. paradoxus isolates
from oak trees in England (Johnson et al. 2004) and other members of the
Saccharomyces sensu stricto group from various sources were investigated for their
ability to release 3MH and 3MHA (see Section 3.3.2.1 and 3.3.2.2). The results clearly
demonstrated that all Saccharomyces sensu stricto group members are able to release
3MH and 3MHA, apart from S. cariocanus which did not liberate 3MHA. Furthermore,
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the data showed variation between strains and species for 3MH and 3MHA production
of about 10‐fold between the lowest and the highest concentrations for both thiols.
There was a significant correlation between 3MH and 3MHA values amongst the
Saccharomyces sensu stricto species (r=0.95, p=0.001), meaning a strain that produced
high concentration of one thiol, also produces high concentration of the other. Non‐
Saccharomyces species were also able to release 3MH at concentrations above the
perception threshold of 60 ng L‐1 (Tominaga et al. 1998a), suggesting that these yeasts
could potentially contribute to the 3MH concentrations in Sauvignon Blanc wines.
However, only nine of nineteen tested non‐Saccharomyces yeasts were capable of
releasing the acetate ester 3MHA. Surprisingly, the strains able to release the most
3MHA, namely P. kluyveri I and II, showed only small concentrations of 3MH.
Furthermore the two strains of C. zemplinina which produced the most 3MH out of all
non‐Saccharomyces strains tested, only released little or even no 3MHA. 3MH and 3MHA
release for the non‐Saccharomyces strains was inversely correlated (r=‐0.95 p=0.046).
This observation led to the working hypothesis that certain yeast species might be
specific producers of specific varietal thiols. This was the first study that investigated
natural S. cerevisiae isolates, including other members of the Saccharomyces sensu
stricto group as well as non‐Saccharomyces species for 3MH and 3MHA release. To date,
only a few commercial S. cerevisiae isolates have been investigated for their thiol release
potential and shown variation in thiol release between each other (Murat et al. 2001;
Howell et al. 2004; Swiegers et al. 2006a). Variations of thiol production between the
isolates were also observed in this study. However, the most interesting finding was the
four non‐Saccharomyces strains C. zemplinina I and II and P. kluyveri I and II with their
specific thiol release of either 3MH or 3MHA. Those yeasts might be used to understand
the underlying pathways of 3MH and 3MHA release. Up to now, no precursor has been
found for 3MHA, the acetate ester of 3MH. Swiegers et al. (2006b) investigated an
alternative pathway of 3MHA release. Swiegers et al. (2006b) identified the two
enzymes ATF1 and IAH1, able to convert 3MH into 3MHA, or degrade 3MHA probably
back to 3MH, respectively. Considering that C. zemplinina I and II released high
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concentration of 3MH but none or only little 3MHA and vice versa for P. kluyveri I and II
strain, they might either have some defects in the 3MH to 3MHA conversion pathway
suggested by Swiegers et al. (2006b), or possibly use an alternative pathway to the one
postulated for S. cerevisiae. However, the elucidation of the pathway for 3MH and 3MHA
release was not part of this thesis, but I believe that these two species might hold the
key to understanding the biosynthesis of these key aroma compound and should be
investigated further.

5.3 Manipulation of Sauvignon Blanc aroma and flavour
using co‐fermentation
Bearing in mind that certain yeast species might be producers of specific thiols, the
question arose whether the two C. zemplinina and P. kluyveri species were able to
increase the concentration of the two varietal thiols 3MH and 3MHA in Sauvignon Blanc
when co‐fermented with commercial wine yeast (see Chapter 3, Section 3.3.3). VL3
(commercial S. cerevisiae strain) was chosen as co‐fermentation partner for the four
non‐Saccharomyces yeast strains. Three different ratios were applied for co‐inoculation
of the yeasts. Depending on the non‐Saccharomyces yeast strain and the co‐inoculation
ratio the results for 3MH and 3MHA concentration in the final product differed. The
highest increase in 3MH and 3MHA was observed for the VL3:P. kluyveri I at an initial
ratio of 1:9. This ratio was chosen as it emulates the conditions in a spontaneous
ferment where non‐Saccharomyces yeast predominates over S. cerevisiae initially.
Nonetheless, the results demonstrated that all four non‐Saccharomyces yeasts were able
to alter the concentration of 3MH and 3MHA in a co‐ferment, and therefore could be
used to manipulate the aroma and flavour of Sauvignon Blanc. Further investigations
revealed that a lower fermentation temperature does not increase the 3MH level in the
VL3 and P. kluyveri I co‐ferment at 1:9 ratio, suggesting that 3MH release is temperature
independent. To date, there are only a few studies on the effect of temperature on thiol
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release (Howell et al. 2004; Masneuf‐Pomarede et al. 2006; Swiegers et al. 2006a), and
these did not conclusively demonstrate whether the effect on thiol concentrations was
due to temperature or the yeast strain (Howell et al. 2004). Additionally, the results
presented in Chapter 3 Section 3.3.3.3 imply that thiol release in co‐ferments depends
on the co‐fermentation partner of P. kluyveri I.

Most of these experiments were carried out as microferments using 210 mL Sauvignon
Blanc grape juice, thus a 5 L upscale experiment was performed using VIN7 as co‐
fermentation partner for the non‐Saccharomyces yeasts to validate these results. Even
though a significant increase in 3MH and 3MHA concentration for VIN7 and P. kluyveri I
was observed compared to the VIN7 single ferment, the values were significantly lower
than those observed for the microferments. It is important to note that apart from the
volume, the juice for the 5 L ferments was obtained from a different vineyard in the
Marlborough region than the juice utilized in all previous experiments. A study by Lee et
al. (2008) found that 3MH and 3MHA concentration is dependent on grape juice. They
investigated seven Sauvignon Blanc juices from different vineyards in the Marlborough
region and found an 8‐fold range difference in 3MH and 3MHA concentration after
fermentation with the same yeast. Consequently, it is not possible to draw conclusions
whether the smaller increase in 3MH and 3MHA concentrations in large‐scale
fermentations (as opposed to microferments) is due to the volume increase or the juice.

In summary, it was shown that co‐ferments with the four non‐Saccharomyces strains
can manipulate the concentrations of 3MH and 3MHA in the final wine. However, this is
probably not only temperature dependent, but also co‐fermentation partner and juice
dependent. Investigation into the population dynamics of the VL3 and P. kluyveri I 1:9
co‐ferment also revealed that the 3MHA increase was not due to an additive effect but
rather to an unknown interaction, as the increase in 3MHA was higher than the sum of
3MHA of both co‐fermentation partners in single ferments.
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5.4 Interactions in co‐ferments
Investigating the population dynamics in the VL3:P. kluyveri I co‐ferment at 1:9 ratio,
revealed that VL3 struggled to dominate the ferment and did not reach the population
size seen in its single ferment (see Chapter 4). P. kluyveri I also did not reach the
population size observed in the single ferment, which prompted the questions whether
inhibitory compounds might cause the smaller population sizes. Experiments
performed by Nissen et al. (2003) were modified and showed that neither P. kluyveri I
nor VL3 or VIN7 (another commercial wine yeast used in co‐ferments with P. kluyveri I)
seem to excrete inhibitory compounds likely to arrest growth of the other partner. In
case of VL3 and VIN7, it was observed that nutrient depletion might play a role in
achieving smaller population sizes. Therefore, the main carbon and nitrogen sources in
juice were monitored during the course of fermentation. The yeast available nitrogen
(YAN) was quickly (by day six) utilized in the single VL3 and VIN7 ferments and the co‐
ferments of both with P. kluyveri I only lagged two days behind. A similar observation
was made for the main carbon sources, glucose and fructose, although these were
gradually utilized rather than within the first days. The co‐ferments also lagged two
days behind in utilizing the carbon sources, whilst VIN7 and P. kluyveri I co‐ferments
were able to consume all sugars, and VL3 co‐ferments with P. kluyveri I seemed to get
stuck. Surprisingly, P. kluyveri I did not seem to use the main carbon and nitrogen
sources available in grape juice, but still managed more than four population doublings
in the first four days of the ferment and only gradually decreased in population size in
the single ferment. This observation posed the question: what carbon and nitrogen
sources does P. kluyveri I use in grape juice? Since the test for primary amino nitrogen
(part of the test for yeast available nitrogen) did not detect proline, this amino acid
became the compound of interest as nitrogen source for P. kluyveri I. Proline is one of
the most abundant amino acids in grape juice and is not utilized by S. cerevisiae: the
proline utilization pathway involves an enzyme that requires oxygen, and its expression
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is at least ten fold lower under the anaerobic conditions prevailing in ferments
(Ingledew et al. 1987; Wang and Brandriss 1987). Single ferments of P. kluyveri I in a
synthetic medium containing proline (at concentrations found in the Sauvignon Blanc
grape juice utilized in previous experiments) as sole nitrogen source and 200 g L‐1
glucose as carbon source showed that there was no significant differences in growth of
P. kluyveri I in this medium compared to the grape juice ferments. This indicates that
this non‐Saccharomyces yeast is likely to use proline as its nitrogen source. If true, it
might also explain the survival of P. kluyveri I alongside S. cerevisiae in ferments, as it is
capable of utilising at least one nutrient source that is not accessible to S. cerevisiae.
However, further experiments need to be conducted to unambiguously confirm the
theory that P. kluyveri I is uses proline under anaerobic conditions in grape juice
ferments.

5.5 Are there benefits for yeasts in thiol release?
This thesis mainly concentrated on how yeasts can be used to manipulate the aroma of
Sauvignon Blanc and investigated possible applications for winemakers. Only little
research was done to investigate the potential benefits to yeasts from thiol release.

In Chapter 3, the idea was explored whether yeasts gain a nutritional benefit from
releasing 4MMP. In theory, the release of 4MMP from the 4MMP‐cysteine precursor also
leads to the formation of pyruvate and ammonia; two compounds that could be
metabolized by yeast and possibly promote growth (Figure 14 and Figure 15). However,
due to the unavailability of a pure cysteine‐4MMP precursor at the time, the results
were inconclusive. Nevertheless, I showed that this precursor possibly inhibits, rather
than promotes growth at certain concentrations, and it seems S. paradoxus was able to
grow when the precursor was present at a certain range of concentration. Even though
hardly any growth of the examined species was observed, one could certainly smell that
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something was happening to the precursor, as the cultures all exhibited a cat’s pee
smell, which indicates high concentrations of 4MMP. However, this evidence is merely
anecdotal as 4MMP was not quantified. In addition, the question as to what the main
precursors for thiols are is still not resolved, and other potential, yet un‐discovered,
precursors might or might not lead to the formation of by‐products that could
nutritionally benefit yeasts.

No other studies have looked into the benefits of thiol release to yeasts, however,
Saerens et al. (Saerens et al. 2010) just reviewed the physiological role of ester
synthesis in yeasts and discussed several hypothesis. Early opinions thought that esters
were just overspill products from the sugar metabolism (Swiegers and Pretorius 2005;
Saerens et al. 2010) but the energy input and the complex regulation of ester synthesis
suggest otherwise. It is possibly that volatile release serves several different functions,
that may be limited to specific life cycle stages or environmental conditions (Saerens et
al. 2010). To get a better understanding of the possible benefits for yeast from aroma
compound synthesis, it is crucial to understand the biosynthesis and regulation of these
pathways first.

For esters, several different hypothesis for physiological benefits are discussed, like the
regeneration of free CoA or the possibility that some esters to function as unsaturated
fatty acid analogues and maintain membrane fluidity. Other ideas suggest ester
formation as a detoxification process for medium chain fatty acids. However, none of
these ideas have been specifically tested. These hypotheses cannot easily be generalized
to other aroma compounds as chemical structures and also the biosynthesis and
regulation mechanisms are different. For thiols the biosynthesis and therefore the
regulation of the release pathways are still not completely understood, making it
difficult to predict possible benefits for the yeasts.
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Nevertheless, one hypothesis independent of the biosynthesis and regulatory pathways,
suggests that esters or aroma compounds in general may be produced to attract
potential vectors to spread yeasts in nature. Drosophila species have been found to take
up yeasts possibly by feeding on rotting/fermenting fruit or plant parts (Saerens et al.
2010). While research has shown that viable yeast cells are digested by the fruit flies
within 24 hours, it was found that spores are able to survive the passage through the
fruit fly and are likely to be dispersed in nature. Also it was found that the chances for
outbreeding are increased in this case (Reuter et al. 2007) (see also Chapter 2 and
Section 5.1). Research regarding the odour response of Drosophila odour receptors
showed that the strongest responses for most odour receptors are measured when
exposed to esters and alcohols (Hallem and Carlson, 2006), adding evidence to support
this hypothesis.

However, no experiments have so far been conducted to test the hypothesis that esters
or aroma compounds, like thiols, are produced to attract insect vectors for the purpose
of dissipation in nature.

The first part of this thesis investigated the presence of a S. cerevisiae population
outside the winery in New Zealand and also looked at possible dispersal mechanisms
for S. cerevisiae. The insect vectors investigated in this case were honey bees. As already
discussed in Chapter 2 and Section 5.1, S. cerevisiae was isolated from the beehive and
matched samples found in the vineyard, isolated from soil and a buttercup flower. This
provided evidence that insects can play a role in S. cerevisiae dispersal. However,
whether the bees were attracted to the flower by aroma compounds, possibly produced
by S. cerevisiae residing in the flower, or by other means of attraction, like colour of the
flower, remains unknown at this stage.

156

Chapter 5

General Discussion

_____________________________________________________________________________________________________
In general, thiol release or aroma compound production by yeasts might not only lead to
a pleasant experience for wine consumers but also be a vital part in the yeasts’ life cycle
to ensure their survival in nature. Nevertheless, more research is needed to confirm this
hypothesis.

5.6 Summary
This thesis was able to prove that there is an existing S. cerevisiae population outside
the winery environment contradicting results obtained 40 years ago by Parle and di
Menna (1965). Furthermore, evidence was found to support the bee transport‐vector
hypothesis for dispersal of S. cerevisiae in the local environment.

Moreover, this project demonstrated the great potential of natural yeast isolates to
contribute to the aroma and flavour of Sauvignon Blanc. Apart from the immediate
possibility to apply the findings in the winery (using spontaneous ferments, or co‐
ferments) there are also scientific questions that the four non‐Saccharomyces species C.
zemplinina I and II and P. kluyveri I and II discovered here may be able to answer, like
the 3MH and 3MHA release pathway.

Further investigation into the interactions in co‐ferments revealed that P. kluyveri I does
not utilise the principal carbon and nitrogen sources available in juice, but rather seems
to be able to access proline. Proline is not accessible to S. cerevisiae under anaerobic
conditions, thus P. kluyveri I might have different proline utilisation pathways than S.
cerevisiae. Given that P. kluyveri I accesses different nutrient sources to S. cerevisiae,
does not actively inhibit S. cerevisiae in a ferment, increases thiols release in a co‐
ferment with certain S. cerevisiae strains, P. kluyveri I is a good fermentation partner for
S. cerevisiae. Thus, giving winemakers a new tool to manipulate their Sauvignon Blanc
wine.
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Appendices
Appendix A

Evaluation

of

two

isolation

protocols

for

Saccharomyces cerevisiae from natural samples

A.1 Introduction
With Pasteur’s discovery that S. cerevisiae is the organism responsible for alcoholic
fermentation around 1850 (reviewed by Martini 1993; Vaughan‐Martini and Martini
1995), interest in the natural habitat of this organism has led to several surveys of its
ecology. These early surveys suggest that S. cerevisiae is an omnipresent organism in
nature, especially on the surface of fruits and in soil. However, recent surveys
attempting to confirm these results have only rarely been able to isolate S. cerevisiae
from environmental samples. Martini (1993) found that the earlier surveys used
enrichment cultures for the isolation of S. cerevisiae, whereas the recent surveys
interested in the ecology of S. cerevisiae used direct plating techniques. The different
results obtained from these surveys not only sparked the question as to whether there
is a natural habitat of S. cerevisiae, but also what kind of isolation method needs to be
used to accurately elucidate the ecology of S. cerevisiae (see also Section 2.1.1). Both
techniques used thus far, enrichment and direct plating, have their limitations and the
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aim of the experiment determines which method to use. In this project I was exclusively
interested in the isolation of S. cerevisiae from a range of samples which prompted me
to use enrichment cultures as they proved to be more successful than conventional
plating techniques for a wide range of samples (Martini 1993; Mortimer and Polsinelli
1999; Sniegowski et al. 2002).

A.2 Comparison of two isolation protocols
To elucidate the natural habitat of S. cerevisiae, an isolation method is needed that is
able to detect even the smallest number of S. cerevisiae cells in an environment.
Traditional plating methods rarely isolate S. cerevisiae from vineyards whereas
enrichment cultures proved to be more efficient. Here, two protocols both using
enrichment cultures are compared. One of these protocols has been developed by
Mortimer and Polsinelli (1999) and the other by Sniegowski et al. (2002). Mortimer and
Polsinelli (1999) used SelMed as enrichment culture medium, followed by YPD medium,
Sniegowski et al. (2002) used PIM1 for enrichment and PIM2 medium for further
selection. Both methods adjust the media to apply selection pressures towards
fermenting yeast species by adding ethanol and using high sugar concentrations
(Mortimer and Polsinelli 1999) or adding HCl and chloramphenicol (Sniegowski et al.
2002). A full list of the components of these media is shown in Table 16.
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Table 16: Comparison of the media used by Mortimer and Polsinelli (1999) and Sniegowski et al.
(2002) for isolation of Saccharomyces species (all concentrations w/v unless otherwise indicated).

To elucidate the limitations of both protocols, three different mixtures of S. cerevisiae
and Torulaspora delbrueckii were used with different concentrations of S. cerevisiae
cells in a constant population of T. delbrueckii. T. delbrueckii was chosen for its known
association with fruits and fermentations. Both yeasts utilized in this study were
isolated from grape juice samples from the Montana winery in Gisborne, NZ (Bradbury
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2004) and therefore thought to be good representatives of a natural sample. The
concentration of S. cerevisiae cells ranged from 105 cells mL‐1 to 10 cells mL‐1 (Table 17).

Table 17: Yeast mixtures utilized to explore the limitations of the isolation protocols of Mortimer
and Polsinelli (1999) and Sniegowski et al. (2002).

For the first comparison, no more than 2×108 cells mL‐1 of the three different yeast
mixtures were inoculated into 10 mL of SelMed and PIM1 respectively. Samples were
performed in duplicate and for the lowest S. cerevisiae cell concentration in triplicate.
The samples were treated as described in the original protocols and incubated at 30°C
without shaking (Mortimer and Polsinelli 1999; Sniegowski et al. 2002). The SelMed
samples showed CO2 production for mixtures with 105 and 103 S. cerevisiae cells after
four days of incubation and for mixtures with 10 S. cerevisiae cells after seven days. Five
hundred µL aliquots were taken after four and seven days from the SelMed samples
showing gas formation and transferred into 12.5 mL fresh SelMed medium. No visible
reactions were observed for PIM1 samples during the time of incubation. S. cerevisiae
and T. delbrueckii cannot be distinguished by colony morphology but can be
distinguished under the microscope. One mL aliquots of samples were taken after 11
days, diluted, and the number of cells of each type then counted under the microscope
using a haemocytometer. In addition, SelMed samples were diluted and plated onto
YPD, and PIM1 samples on PIM2. After 2 days incubation at 30°C growth was observed
on all YPD plates but not on the PIM2 plates.
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Figure 41: Total cell numbers for T. delbrueckii and S. cerevisiae after incubation in SelMed and
PIM1. 10, 103 and 105 represent the starting concentration (cells mL1) of S. cerevisiae in the
media. mean ± s.e.m.; n=3 for samples with starting concentration of 10 S. cerevisiae cells mL1 and
n=2 for all others.

Even though no gas (CO2) formation was observed in the PIM1 samples, both species
were identified under the microscope after 11 days (see Figure 41). Both media proved
to be successful in recovering S. cerevisiae even from the mixture with the lowest
starting concentration of only 10 S. cerevisiae cells mL‐1. Comparison of SelMed samples
and PIM1 samples using t‐tests showed significantly fewer T. delbrueckii cells for the
highest and lowest S. cerevisiae/T. delbrueckii mixture in PIM1 (p=0.029 and p=0.0019
respectively). Comparing the T. delbrueckii cell concentration of the SelMed samples to
the concentrations in SelMed medium after the transfer step (transferred SelMed), a t‐
test shows that the concentration of T. delbrueckii cells in the transferred samples is
significantly reduced (p<0.024). However, the recovery of S. cerevisiae cells was not
significantly different between the SelMed treatments. The concentration of T.
delbrueckii cells in transferred SelMed samples is also significantly reduced in
comparison to the concentrations in PIM1 (p<0.05) with the exception of the mixture
with the lowest S. cerevisiae starting concentration (p=0.064). The results here show
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that the transfer step in the SelMed protocol leads to further enrichment of S. cerevisiae
while inhibiting further growth of T. delbrueckii.

A.2.1

Bark and Soil experiment

To take the preliminary experiment one step further, soil and bark samples were chosen
to represent natural samples to be inoculated with the artificial community mixture.
Soil and bark were autoclaved, then inoculated with half strength YPD medium (50 mL
YPD and 50 mL sterile water) and incubated over night shaking at room temperature
(to provide some nutrients for better colonization). The medium was discarded and
replaced with 100 mL artificial community consisting of 10 3 cells mL‐1 of S. cerevisiae
and 108 cells mL‐1 of T. delbrueckii (in water). The samples were incubated for another
two days at room temperature (see Figure 42). After that, the supernatant was
discarded and the soil and bark samples equally distributed into 30 mL vials.

Figure 42: a) sterile bark pieces submerged in lab yeast mix; b) sterile soil submerged in lab yeast
mix.

In addition to testing the two media SelMed and PIM1, two different pre‐isolation
treatments, where the samples were either sonicated or vortexed, were included
(Martini et al. 1980). All treatments were carried out in triplicate. For the sonication
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samples, 10 mL sterile water was added and the samples were then sonicated 3 times
for 10 sec at 5 watts using an ultrasonic probe, then 10 mL of either SelMed or PIM1
were added. The vortexed samples were covered in either SelMed or PIM1
(approximately 10 to 15 mL) and then vortexed vigorously for about 15 sec. The control
samples were covered in SelMed or PIM1 and without any further treatment incubated.
All samples were incubated at 30°C without shaking. During the 10 days of incubation,
all samples, including the PIM1 samples showed signs of fermentation (CO2 production)
and some samples even had white sediment formed (indicative of cell growth, possibly
of fermenting yeast species). This time no transfer step for the SelMed samples was
included and aliquots of all samples were counted after 10 days of incubation under the
microscope using a haemocytometer. The results are shown in Figure 43.

Figure 43: Total cell concentration for T. delbrueckii and S. cerevisiae after recovering from bark
and soil samples using different preisolation techniques and two different media, SelMed and
PIM1 respectively. Initial concentration of 103 cells mL1 S. cerevisiae in 108 cells mL1 of T.
delbrueckii cells. Mean ± s.e.m.; n=3.
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T‐tests were used to compare the different treatments. The statistical analysis for the
recovery of T. delbrueckii cells showed significantly higher concentration of T.
delbrueckii in the sonicated bark sample in SelMed than most of the other samples
(p<0.0153), with the exceptions being the vortexed soil and bark sample as well as the
untreated soil sample in SelMed, and also the vortexed soil sample in PIM1. Also
significantly fewer T. delbrueckii cells were isolated from sonicated bark samples in
PIM1 in comparison to all bark treatments in SelMed and the vortexed bark sample in
PIM1 (p<0.0483). For the isolation of S. cerevisiae, the untreated and vortexed soil and
bark samples all resulted in significantly higher cell concentrations of S. cerevisiae than
the respective treatments in PIM1 (p<0.0467). Even though no additional transfer step
was included in this experiment, SelMed was able to recover significantly more S.
cerevisiae cells than all samples in PIM1. The untreated and vortexed samples in SelMed
were not significantly different from each other. However, as the vortexing of samples
does not require much effort, but is presumably able to aid in breaking up attached cells
of surfaces, it was included in the isolation process.

A.2.2

Viability of S. cerevisiae and T. delbrueckii in
enrichment culture media

The cell counts for T. delbrueckii in the preliminary tests still show a high proportion of
cells by the end of the experiments (Figure 41 and Figure 43). To determine whether
the cells observed at the end of the experiments are actually viable, the initial SelMed
and PIM1 experiment was repeated with the S. cerevisiae and T. delbrueckii mixture
containing only 10 cells of S. cerevisiae mL‐1 in 108 cells mL‐1 of T. delbrueckii. After five
days of incubation at 30°C without shaking, samples were taken and counted under the
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microscope. This time the cells were stained using Methylene Blue8 to distinguish
between living (white) and dead (blue) cells. The total cell counts (alive and dead) for S.
cerevisiae and T. delbrueckii are shown in Figure 44.

Figure 44: Total cell count for S. cerevisiae and T. delbrueckii after five days (red) compared to day
zero (yellow). Mean ± s.e.m. (on day five); n=9 for counts on day five.

After only five days of incubation in SelMed and PIM1, the total cell number of S.
cerevisiae increased from 10 cells mL‐1 to 1.27×107 cells mL‐1 (see Figure 44) in both
cases, whereas the cell numbers of T. delbrueckii decreased from 108 cells mL‐1 to
4.82×106 cells mL‐1 in SelMed and 4.67×105 cells mL‐1 in PIM1 (Figure 44). This
accounts for a 95% decrease in SelMed and almost 100% in PIM1 for T. delbrueckii.

8

To determine the viability of yeast cells, equal amounts of yeast sample and Methylene Blue solution

(0.01 g 100 mL‐1 Methylene Blue; 2 g 100 mL‐1 sodium citrate, stirred until dissolved and filtered before
use) were mixed and incubated for 5 min at room temperature before assessing the cell numbers. Blue
stained cells represent dead cells and white cells are alive.
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Methylene Blue staining showed that 97% of S. cerevisiae cells counted on day five were
alive in SelMed and 95% in PIM1 (Figure 45). However, only 15% of T. delbrueckii cells
were still alive on day five in SelMed medium but still 28% in PIM1 (Figure 45).

Figure 45: Cell counts of living (white) and dead (blue) S. cerevisiae and T. delbrueckii cells after
five days of incubation in SelMed and PIM1 respectively. Mean ± s.e.m.; n=9.

The above experiment revealed that only a small percentage of T. delbrueckii cells were
still alive after five days of incubation in either SelMed or PIM1. To find out when the
cells start to die, 5 mL of SelMed and PIM1 were inoculated with 107 T. delbrueckii cells
mL‐1 and incubated as before without shaking at 30°C. Five hundred µL aliquots were
taken every day, appropriately diluted and counted under the microscope using
Methylene Blue staining. The results are shown in Figure 46.

This experiment showed that the cell numbers of T. delbrueckii significantly decreased
in SelMed medium after only 24 h (p=0.000049, t‐test) and after another 24 h only 10%
of the cells in SelMed were still alive (see Figure 46). PIM1 seems to have a similar effect
on T. delbrueckii but not as dramatic as seen in SelMed, there was no significant
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decrease in cell number after 24 h (p=0.41, t‐test) and after 48 h 36% of the cells
counted were still alive (see Figure 46).

Figure 46: Changes of living (open triangle and square) to dead (blue triangle and square) T.
delbrueckii cells in SelMed (square) and PIM1 (triangle) over 48 hours. Mean ± s.e.m.; n=3.

Overall the results of the above tests showed that SelMed is a powerful medium for
isolating even the smallest numbers of S. cerevisiae reliably and also has proven to be
able to inhibit the growth of T. delbrueckii even if present at high numbers initially.
Together with the pre‐isolation treatment of vortexing and also including a transfer step
after four to five days, this protocol was chosen for the isolation of S. cerevisiae from
natural samples in this thesis.

A.2.3

PIM2 Test

For the first evaluation of the different protocols used by Sniegowski et al. (2002) and
Mortimer and Polsinelli (1999) samples from the respective enrichment cultures (PIM1
and SelMed respectively) were plated on selective media described in their protocols.
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PIM1 samples were plated on PIM2 plates. In order to isolate S. cerevisiae in SelMed,
samples were plated on YPD medium: the additional transfer step during enrichment
should have eliminated most of the non‐fermenting species thus no selection on plates
is required. After incubation for two days at 30°C, growth was observed on YPD plates
but none on the PIM2 plates. The PIM2 medium was chosen by Sniegowski et al. (2002)
as a further selection medium for Saccharomyces species. PIM2 contains methyl‐α‐D‐
glucopyranoside as sole carbon source, and as Sniegowski et al. (2002) clearly point out,
only organisms able to utilize this particular carbon source will be able to grow. To find
out whether PIM2 is suitable for the isolation experiment in this project, a variety of
Saccharomyces yeasts as well as non‐Saccharomyces yeast were streaked onto PIM2
plates and their growth assessed. In addition the yeasts were plated on another four
different media to investigate which component of the PIM2 medium might cause the
yeast investigated here not to grow. Table 18 lists the different media and their
composition. In addition to S. cerevisiae and T. delbrueckii a variety of other yeast
species were employed in this experiment, these are listed in Table 19.

Table 18: Composition of PIM2 medium and four other media to test the single components of the
PIM2 medium (all% w/v, unless otherwise indicated).

169

Appendices

Appendix A

_____________________________________________________________________________________________________

Table 19: Yeast species utilized in the PIM2 medium test.

The yeasts listed in Table 19 were streaked on the various media described in Table 18.
The plates were incubated at 30°C for 13 days. The growth of the yeast was scored as
follows, + = growth as usual (compared to SD control medium); +/‐ = micro‐colonies; ‐ =
no growth and the results are shown in Table 20.
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Table 20: PIM 2 medium test with different Saccharomyces and nonSaccharomyces isolates.

Most yeasts showed growth on the SD control medium after 24 h incubation but
struggled to grow on the other media. The Saccharomyces species tested in this
experiment all had problems growing well on all other plates (Table 20). Only S.
bayanus was able to grow normally on PIM2, even though it was not growing on the SD
medium with methyl‐α‐D‐glucopyranoside as carbon source, but it was growing on all
other media normally. Most Saccharomyces yeast tested were not able to grow well on
the SD medium with methyl‐α‐D‐glucopyranoside as carbon source, which might
explain that they were not able to grow on PIM2.
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Of the non‐Saccharomyces yeast tested, only I. orientalis did not grow on SD control
medium (Table 20). M. pulcherrima was the only organism in this test that was able to
grow normally on all media tested. Apart from M. pulcherrima, four other non‐
Saccharomyces yeasts tested were able to grow micro colonies on PIM2. Overall, the
non‐Saccharomyces yeasts were able to grow as well or better on PIM2 as the tested
Saccharomyces strains in this experiment, which ruled out PIM2 as a selection medium
for Saccharomyces species in this project.
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A.3 Conclusion
In summary, both protocols successfully recovered S. cerevisiae even when only present
at very low numbers (10 cells mL‐1 or 1 out of 108 T. delbrueckii cells) with the
enrichment culture medium and the growth of the non‐Saccharomyces yeast T.
delbrueckii was inhibited in both media. Unfortunately PIM2 medium used by
Sniegowski et al. (2002) did not prove to be suitable in selecting for S. cerevisiae strains
in this case.

The protocol used in this thesis is:
•

Samples were covered in SelMed, vortexed and incubated at 30°C without
shaking

•

After six to seven days 500 µL aliquots were transferred into 10 mL fresh SelMed
medium, vortexed and incubated at 30°C without shaking

•

After a further four days of incubation, aliquots were taken from samples
showing signs of fermentation (CO2) and/or white sediment production,
appropriately diluted and plated on YPD plates.

•

The plates were incubated at 30°C and after one and two days checked for off‐
white yeast colonies, which were chosen for further analysis as described in
Chapter 2 Section 2.2.
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Appendix B

Consumer tasting sheets

Figure 47: Consumer tasting sheet to rate the aroma and flavor of each wine.
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Figure 48: Consumer tasting: difference test example sheet.
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Appendix C

Nicole Anfang
School of Biological Sciences
University of Auckland
Private Bag 92019
Auckland 1142
New Zealand
Tel. 3737599‐82777 or 0211355691
e‐mail: nanf002@ec.auckland.ac.nz

Participant Information Sheet

Determination of aromatic differences in Sauvignon Blanc resulting from
co-fermentations with different yeasts
To the participants of the Wine Tasting
My name is Nicole Anfang. I am a PhD student in the School of Biological Sciences.
My PhD is located within the wine science program at the University of Auckland. My
thesis is about the influence of yeasts on the aroma and flavour of New Zealand
Sauvignon Blanc. Being a part of the Sauvignon Blanc Research program, this
project is funded by the Foundation for Research, Science and Technology (FRST).
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You are invited to take part in this wine tasting because I would like to find out if the
every day wine consumer is able to perceive the aroma differences between wines
that we can detect using analytical chemistry. These results may have an impact on
the use of yeasts in the wine making process to achieve certain styles of Sauvignon
Blanc.
The wines you will taste have been made using standard wine making procedures.
The different wines had the same Sauvignon Blanc grape juice to start with and
apart from the inoculated yeasts have all been treated in the same way. The wines
you will taste are made by using different combinations of a commercial wine yeast
and natural yeast isolates (from a natural Chardonnay ferment 2006). All wines have
been monitored for the standard components during the fermentation process and
afterwards and no harmful differences can be seen to other commercially produced
wines.
In this study you will assess the aromatic and flavour properties of wines, which
involves tasting the wines. This study might be able to help recognizing your
personal detection limits of certain aroma compounds and might increase your
awareness of your senses (smell and taste).
You will only be required to attend once for the tasting and this will take no more
than 30min of your time. It may well be your opportunity to taste the Sauvignon Blanc
of tomorrow today.
To take part in this study you must be of age, under age participants will not be
considered.
Alcohol consumption is not recommended to pregnant women or breast feeding
mothers.
If you are taking medication like Antibiotics, you should not drink alcohol and
therefore would not be able to take part in this study. Please check with your
pharmacist or doctor in case you are uncertain about medication that you might take
and their cross reaction with alcohol.
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The standard wine making practice involves the addition of Sulphate to the wines to
prevent oxidation, if you are known to be sensitive towards sulphate or any other
components in wine or wine in general, you should not take part in this study.
The wines all have an alcohol content of around 13%. If you decide to participate in
my study, be aware that you should organize transportation other than driving
yourself as drunk driving is a criminal offence.
If your religious beliefs or cultural traditions forbid consuming of alcohol you will not
be able to take part in this study.
The data obtained from this study is confidential and if published, it will be
anonymously. I will only be using the average results of all participants. If you do
wish to know your personal performance in comparison to the average results you
will be able to obtain this information from me (see below).
The data from this study will be used as part of my PhD thesis.
The participation in this study is voluntary.
All participants of this study have the right to withdraw from the project at any time up
to the 31.03.2008. Data from this study will be stored in a locked cupboard at
University premises until 31.03.2008. Afterwards the data will be destroyed.
Thank you very much in advance for your time and help to make this study possible.
If you have any queries or wish to get more information please do not hesitate to
contact me.
Sincerely
Nicole Anfang
School of Biological Sciences
The University of Auckland
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Private Bag 92019
Auckland.
Email: nanf002@ec.auckland.ac.nz
Phone: 09 373 7599 - 82777 or 0211355691
My Supervisor is:
Dr. Mat Goddard, School of Biological Sciences
University of Auckland, Private Bag 92019, Auckland, Phone: 09 373 7599- 89537
The Head of Department is:
Prof. Joerg Kistler, School of Biological Sciences, University of Auckland, Private
Bag 92019, Tel. 3737599-88250
For any queries regarding ethical concerns you may contact the Chair, The University
of Auckland Human Participants Ethics Committee, The University of Auckland, Office
of the Vice Chancellor, Private Bag 92019, Auckland 1142. Telephone 09 373-7599
extn. 87830.
APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS
ETHICS COMMITTEE ON 5th December 2007 for 3 years on 5.12.2007,
Reference Number 2007/420
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Appendix D
Fermentation progress of the different microferments

Figure 49: Fermentation progress measured via weight loss for the Saccharomyces senso stricto
group yeasts screened for 3MH and 3MHA release (see Figure 16). Values are mean ± s.e.m, n=3.
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Figure 50: Fermentation progress measured via weight loss for the two Candida species releasing
high concentrations of 3MH and the two Pichia species releasing high concentrations of 3MHA (see
Figure 17). Values are mean ± s.e.m., n=3.
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Figure 51: Fermentation progress measured via weight loss for the nonSaccharomyces species
screened for 3MH and 3MHA production (see Figure 17). Values are mean ± s.e.m., n=3.
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Figure 52: Fermentation progress measured via weight loss in single and coferments of VL3 and
C. zemplinina I and II and P. kluyveri I and II. Only the single ferments are shown in the legend as
all the other coferments regardless of the starting ratio cluster right below the VL3 single ferment
indicating a finished fermentation. These ferments were conducted at 25°C. Also see Figure 19.
Values are mean ± s.e.m., n=3.
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