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Abbreviations 

 

AE   Adaptively evolved 

APCI   Atmospheric pressure chemical ionisation 

bp   base pair of DNA 

CDGJM  Chemically Defined Grape Juice Medium 

CDGJM+PP  CDGJM enriched with polyphenol extract 

CME   Cold methanol extraction 

CI    Confidence interval 

DNA   deoxyribonucleic acid 

dNTP   deoxynucleotide triphosphate 

ENDO   Endometabolome 

ESI   Electrospray ionisation 

EXO   Exometabolome 

FACS   Fluorescence Activated Cell Sorting 

FAN   Free amino acid nitrogen 

FM16   Mixed culture of evolved yeast derived from commercial strain L2056 

FM16-C7  Clonal isolate from FM16 and equivalent to L2056-C7 

GC-MS   Gas chromatography-mass spectrometry 

GO   Gene Ontology 

GFH1   Glycosyl hydrolase family 1 

HILIC   Hydrophobic liquid interaction chromatography 

HPLC   High performance liquid chromatography 

HEE   Hot ethanol extraction 

HNE   High nitrogen efficiency 

HSF   High sugar fermentation 

kb   kilo base of DNA 

LAB   Lactic acid bacteria 

LC-MS   Liquid chromatography-mass spectrometry 

MLF   Malo-lactic fermentation 

MRS   de Man Rogosa and Sharpe media/broth 

OD   Optical density 

ORF   Open reading frame 

PEP-PTS  Phosphoenolpyruvate-phosphotransferase system 

PBS   Phosphate buffered saline 

PCR    Polymerase chain reaction 

QTL   Quantitative trait loci 
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RFLP   Restriction fragment length polymorphism 

RI   Refractive index 

RNA   Ribonucleic acid 

RP   Reverse phase 

Rpm   revolutions per minute 

SIM   Selective Ion Monitoring 

SNP   Single nucleotide polymorphism 

SPME   Solid phase micro extraction 

TAE   Tris acetate EDTA 

TOF   Time of flight 

UTR   untranslated region 

X-gal or BCIG  5-bromo-4-chloro-indolyl-galactopyranoside 
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Abstract 
 
This project sought to provide a better understanding of the potential influence of yeast and lactic acid 
bacteria (LAB) in fermentation and the resulting wine. We have identified a number of genes required for 
or enhancing fermentation using techniques such as genome sequencing, whole genome screening and 
metabolomic analysis and comparative fermentation.  These genes are future ‘targets’ in directing yeast 
improvement programs. As part of this project we have developed high-throughput micro-fermentation 
systems and enzyme assays for key metabolites such as malic acid, reducing sugars and nitrogen. The 
project also completed the first screening of the lab yeast deletion library under oenological fermentation 
conditions. Again, highlighted were several genes and therefore cellular processes critical to successful 
fermentation completion.   
 
We have defined the potential contribution of LAB in terms of whole cells and associated esterase and 
glycosidase activities to wine composition. We have biochemically characterised four esterase enzymes 
from Oenococcus oeni and heterologously expressed and purified them from E. coli. Action against 
artificial substrates indicates a greater preference for short-chain esters, such as ethyl acetate, raising the 
possibility of their application to wine to control this undesirable ester. Preliminary data in wine, 
however, reveals conflicting results with ethyl acetate unchanged or increasing, whilst significant changes 
were also seen for other esters. Further work will explore the opportunities for specific enzymatic 
modulation of wine ester profile. Three glycosidase enzymes have been cloned and heterologously 
expressed in E. coli. Insight into their importance to cell function and potential impact on wine 
composition, aroma and colour compounds was obtained. These findings go some way towards a more 
informed application of LAB or their enzyme extracts for use in wine making.  
 
 
Future directions detailed herein including commercialisation plans have been incorporated into the new 
project: UA 11/01, Innovative Microbials for Winemaking Excellence. 
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Executive Summary 
 
This project sought to increase the knowledge base specifically in relation to the contribution of 
microorganisms to fermentation kinetics and wine composition. In addition, it sought to define the basis 
for these contributions and to develop strategies and strains or treatments which could be used to tailor 
winemaking in a predictable manner. The key findings are listed below. 
 
o Extensive expertise in yeast and bacterial functional genomics has been developed through this 

project along with an impressive inventory of strains and specialist research infrastructure. These 
form the foundation of further work to benefit the industry including, but not limited to, efforts 
recently initiated through project UA 11/01.    

o Nutrient efficient yeast were isolated and/or characterised. The extent to which these proof-of-
concept strains are also metabolically distinct (with regard to their output of sensorily significant 
metabolites) is still being evaluated.  

 A transposon mutagenesis strategy has successfully been applied to identify yeast genes whose 
manipulation alters fermentation performance. Deletion of one such gene, ECM33, specifically 
increased nitrogen efficiency (in low nitrogen media) and fermentation rate (in nitrogen sufficient 
media). These outcomes have been confirmed for laboratory and wine yeast strains in a 
chemically defined grape juice medium and grape juices. Efforts to attain analogous (non-
recombinant) strains are warranted as they will offer winemakers greater reliability during 
fermentation, especially in low nitrogen juices.   

 Further characterisation of other High Nitrogen Efficiency (HNE) strains, namely deletants Δngr1 
and Δgid7, confirmed their nitrogen efficiency as single deletants. However, unlike the laboratory 
strain background, deletion of both genes in wine strain DR4 was not synergistic in providing 
further reductions in fermentation duration compared to the respective single deletion mutants. 

 The ngr1 and gid7 mutants were further charactersised through a number of approaches including 
phenotypic arrays and metabolomic analysis to provide a greater understanding of the metabolic 
perturbation in these strains. The precise link between these genes and nitrogen efficiency 
remains to be determined.   

 We demonstrated for the first time the existence of haploproficiency in a wine fermentation 
context. Heterozygous diploid deletants (i.e. halving of the gene copy number) were found to be 
haploproficient for wine fermentation, completing fermentation under FAN-limited conditions in 
reduced time compared to the parental strain. Genes highlighted were IRC9, RMD6, HSP150 and 
RPL2B. Further investigation exploiting these genes could yield enhanced strains according to 
this entirely novel concept. 

 Optimised strains previously isolated via adaptive evolution strategies were characterised to a 
high degree using fermentation screens, phenotypic arrays, genome sequencing and metabolomic 
analysis. The fermentation efficient phenotype of evolved strains FM16, FM5 and L2056-C7 is 
not due to a single gene modification but rather a number of gene modifications. However single 
deletion mutants of key candidate genes did display partial fermentation efficient phenotype. 
These genes can therefore form the basis of optimised strains with increased fermentation 
robustness. 
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 The evolved strains FM5 and FM16 tended toward higher glycerol yield (~10%), while the clonal 
isolate L2056-C7 (FM16-C7) yielded 20% more glycerol. 

 Intra-specific hybridisation viz spore-spore mating of Saccharomyces cerevisiae wine yeast by 
methodologies developed ‘in house’, and utilising sorting of hybrids by Fluorescence Activated 
Cell Sorting followed by molecular typing of yeast was successfully achieved. 

 Hybridisation between commercial strains (chosen for their distinct properties) produced 
approximately 120 hybrids. The properties of some hybrids clearly differed from the parents, 
however, the magnitude of these properties (at least for the small number of hybrids examined 
here) fell within the range observed across the entire collection of commercial strains. A 
screening exercise utilising a much larger set of hybrids is warranted. At the time this was not 
available, thus this work was abandoned. However, in the latter stages of this project we 
developed a high-throughput micro fermentation screening system utilising robotic liquid 
handling. Revisiting our collection of candidate hybrids will now likely prove rewarding.   

o A comprehensive dataset pertaining to the enzymatic (glycosidase and esterase) activities of lactic 
acid bacteria was accumulated.  

 In order to characterise these enzymic properties without interference from other activities of the 
cell, we sought to clone and heterologously express the structural genes before purifying and 
biochemically analyzing the proteins. Using a bioinformatic approach sequence information 
derived from the genome sequence of Oenococcus oeni strain PSU-1 and sequences of enzymes 
from related bacteria it was possible to reveal the existence of two operons (bgl and cel) involved 
in glycoside utilization and several putative esterase genes.  

 We exceeded the planned number of strains (8 vs 2) to be characterized in terms of their 
enzymatic properties. Specifically, the growth of Oenococcus oeni on natural glycoside substrates 
(not specifically derived from grapes) was used to demonstrate the importance of these 
compounds to cell nutrition. Data on the expression pattern of the related genes (e.g. celC, celD 
and bglD) provided insight into the conditions and timing during growth when these substrates 
might of greatest importance.  

 MLF trials using Cabernet Sauvignon and Chardonnay were used to investigate the possible 
impact of selected LAB on the volatile profile of these wines. Methods for analysis of volatile 
aroma compounds by GC/MS, including purification of compound standards were developed. 
Notable findings were that some strains were able to reduce the ethyl acetate, ethyl hexonoate and 
isoamyl acetate content of wines. Opportunities therefore exist for selective use of such strains to 
eliminate the former, at times undesirable, compound from wine.  

o Many targets for the generation of optimised yeast strains were identified. 

 In addition to the genes mentioned above and identified through our study of high nitrogen 
efficiency or haploproficiency, we have identified some 90 genes that are important for 
fermentation of high sugar media (see below). In addition, a population of adaptively evolved, 
fermentation robust strains is available to be screened using our recently developed high-
throughput micro-fermentation screening systems. 

o A limited number of pilot scale trials on selected LAB and/or enzymes or optimised yeast were 
conducted. Results of those that were conducted are nonetheless very promising  
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 Delays in achieving performance targets for the earlier parts of the project (due to the ambitious 
nature of the work, unforeseen technical difficulties and staff absences) as well as the 
complications of the last 3 vintages (2 x drought, 1 x excessive rain and disease pressures) greatly 
restricted opportunities for large scale trials. To begin to address this, trials were very recently 
conducted at UC Davis to take advantage of an alternate vintage. Analysis of the resulting wines 
is pending. 

o A complete list of genes essential for the completion of fermentation of a high sugar medium i.e the 
High Sugar Fermentation HSF gene set has successfully been defined through use of the commercial 
yeast deletion library. This is the first time this gene set has been defined. It represents a novel finding 
since previous screens of the library have only looked at growth or short term fermentation under the 
influence of a single stressor. This is the first time genes needed for growth and completion of an 
extended, high sugar fermentation have been reported. Complementary gene sets were sought through 
attempts to screen the yeast over-expression library.  

 Preliminary work demonstrated the validity of using the commercially available lab yeast 
deletion library to conduct a high sugar fermentation screen for genes of importance. Specifically, 
a supplementation approach that allowed these auxotrophic strains to be grown in a defined 
medium was shown to be appropriate. This work preceded the availability of at least a partial 
deletion library in a wine yeast background as being prepared by the AWRI.   

 Using the lab yeast deletion library in supplemented media, 80 genes, when deleted, were 
identified as essential for the completion of fermentation under high sugar conditions. The 
deletants exhibited extended fermentation with most eventually completing catabolism of sugars. 
Even so, such mutants did not meet the criterion of a timely completion of fermentation. By 
comparison, nine genes, when deleted, were shown to result in ‘stuck’ fermentation, these genes 
are central to transcription (RPA12, SIN3, ZAP1), NAD recycling (NPT1), trehalose synthesis 
(TPS1 and TPS2), signalling (PLC1), ubiquitin recycling (DOA4) and ion homeostasis (SSQ1). 
These genes and the HSF gene set as a whole highlight key cellular processes, particularly ion 
homeostasis, as being critical for successful fermentation.  

 In an effort to produce a complementary data set, significant efforts were made to take advantage 
of the over-expression library. Methos for large scale preparation of this library of some 5000 
plasmids were developed. The outstanding requirement is developing a strain background in 
which the GALpromoter driven constructs will operate in the presence of glucose (as found in juice). 
Despite several promising leads, this work was eventually abandoned due to limited time and 
availability of an alternate, non-unique (i.e. multiple genes in each construct) library. In 
preparation of utilising this Genomic Tiling Collection, a recipient strain derived from a wine 
yeast and bearing a leucine auxotrophy was successfully constructed. Introduction of the 
collection into this strain background is underway with screening for various phenotypes 
(performance in high and low nitrogen or high sugar conditions, aroma compound production, 
etc) to be undertaken by current PhD students.      

o We successfully cloned and heterologously expressed structural genes for 7 (vs the planned 2) 
hydrolytic enzymes from lactic acid bacteria. These proteins were largely produced in active form 
and subjected to extensive biochemical characterisation.  

 Putative genes encoding esterase and β-glucosidase (ultimately found to be phospho-β-
glucosidase) enzymes were identified by sequence comparison of known enzymes from related 
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bacteria and the reported genome sequence for PSU-1. Two phospho-β-glucosidases and four 
esterases from O. oeni were successfully expressed in E. coli as soluble recombinant proteins 
(HIS-tagged fusion proteins) and were highly purified. The above enzymes were biochemically 
characterised in terms of substrate specificity (using artificial p- or o- nitrophenyl linked 
substrates), and effect of temperature, pH and metal ions on enzyme activity. 

 Site directed mutagenesis of the characterised GHF1 phospho-β-glucosidase BglD (S432E) 
demonstrated the importance of this residue for catalytic activity. Although the enzyme 
specificity was not altered towards non-phosphorylated substrates as expected, the modified 
protein lacked activity towards phosphorylated substrates. This finding adds to the knowledge 
about this group of enzymes and the basis for their substrate specificity. 

 The activity of the esterase EstB28 was not diminished by the presence of increasing ethanol 
content. In fact activity was found to increase 250% in 28% ethanol (w/v) with some 80% of 
activity retained at enthanol concentrations as high as 50% (w/v). Although not fully 
characterised this enzyme demonstrates excellent potential for application in fortified wines and 
other high ethanol content processes, perhaps unrelated to wine making. 

 The potential of esterase EstA2 as a potential winemaking additive was highlighted in that the 
enzyme reduced ethyl acetate. Further characterisation of EstA2 is required in terms of enzyme 
stability at temperatures and time frames relative to winemaking practises. 

o The basis for the superior performance of the adaptively evolved strains L2056-C7 was sought 
through a very comprehensive analysis of these strains. Work undertaken eventually included a 
complete genome sequence, comprehensive metabolomic analysis and trails of various candidate 
deletion strains (reflecting the mutations observed in the evolved strains). In the process this work has 
allow significant expertise to be developed in the group and paved the way for strong linkages with 
expert groups around the world.  

 Our pioneering work with collaborators at the Universities of Manchester and Cambridge allowed 
the development of sample preparation and analytical approaches for the analysis of complex, 
wine-like fermentation samples.  

 This was achieved with great effort ahead of the now more readily available services of 
Metabolomics Australia (MA). In fact, ours were amongst the first sets of fermentation samples 
to be analysed by MA, thereby requiring the workflow and analytical protocols to be developed - 
in part the reason for the long delay in seeing these analyses completed.    

 Metabolomic analysis revealed about 35 discriminatory metabolites across the endo- and exo-
metabolome. The links between these and the observed superior fermentation phenotype of 
L2056-C7 are under investigation, though some tentative associations with key metabolic 
pathways have been found.  

 Genome sequencing of L2056-C7 has reveals some 200 mutations (SNPs) in recognised open 
reading frames which result in an amino acid change in the encoded protein. Some of these have 
the potential to affect genes related to sterol and lipid metabolism (more specifically the 
mevalonate/isoprenoid pathway), DNA architecture (histone binding), extracellular nucleotide 
metabolism and methionine/cysteine biosynthesis. Genes of particular interest with SNPs unique 
to the evolved strain included HIF1 (chromatin assembly), CRC1 (mitochondrial carnitine 
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transporter), HMG2 (HMG-CoA reductase), ERG10 (Acetyl-CoA C-acetyltransferase), ASP1 
(cytosolic L-asparaginase) and AXG1 (alanine:glyoxylate amino transferase). Hypotheses for how 
these mutations may contrinbute to the fermentation phenotype L2056-C7 have been developed.  

 The genetic and physiological basis for the fermentation vigour exhibited by the evolved strain 
L2056-C7 has been extensively examined using systems biology multiplatforms: whole genome 
comparison, metabolomics and phenotype analysis. We believe this to be the first report of its 
kind for a wine yeast. This comprehensive characterisation of the evolved strains has introduced 
many opportunities for the targeted generation of superior strains. Many such leads will be taken 
up in project UA 11/01.  

 The fermentation efficient phenotype exhibited by L2056-C7 was shown to be stable even after 
50 generations of non-selective growth on rich media (YPD) suggesting that the desirable 
mutations are stably incorporated into the genome. 

o Data from larger scale trials has been produced from a limited number of opportunities to conduct 
such work. The standout result related to L2056-C7 whose fermentation performance, along with that 
of the reference strains, varies depending on the medium and fermentation conditions of the trial – as 
is seen for most strains. Thus the precise niche for application of this strain is being identified through 
further trials. At very least the strain performs as well as or better than its parent, L2056, or EC1118, 
the strain currently considered to be the best available.  

o A clear commercialisation plan has been developed for the strains and enzymes derived from this 
project. Potential winery and supplier partners have been identified and preliminary discussion held. 
The protection of IP from this project is being pursued via Plant Breeders Rights (PBR) in the first 
instance for our evolved yeast strains.  

o The project has trained almost 20 research students in areas of strong relevance to the wine industry, 
thereby increasing the intellectual capital in this field. Specifically, 5 PhD students with a further 3 
part-way through candidature were trained. In addition, 2 Master of Oenology and 8 Honours students 
undertook work connected with this project. Seven Summer Scholarship students and 2 visiting 
researchers participated as well.     

o Our findings have been disseminated through 13 peer-reviewed publications, 4 written articles, and 
over 30 conference/seminar/workshop presentations (national and international). 
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Background 
 
Winemaking involves at least two key microbial phases: the alcoholic and malolactic fermentations 
conducted by yeast and lactic acid bacteria, respectively. The scope and magnitude of their influence is 
considerable with regards to process efficiency, wine composition, quality and style, and shelf-life. It is 
clear therefore that research targets in the wine microbiology area must include both the fundamental 
issues such as reliability of yeasts or bacteria in making their core contribution to wine (ie sugar 
catabolism or MLF). Further targets must include the definition and exploitation of other contributions of 
microbes to wine composition and production efficiency.  The key to capturing the broader benefits 
offered through microorganisms as biological catalysts with multiple capabilities is a greater 
understanding of the genetic, metabolic and biochemical basis for these properties, so that they can be 
deliberately and reliably applied. At present, a comprehensive understanding of how and why microbes 
interact with the juice during fermentation is not fully understood. As such we are some way from being 
able to achieve predictable outcomes let alone being able to tailor outcomes to a specific winemaking 
target.  
 
This GWRDC project UA 05/01 (Better Wine Through Novel and Better Informed Application of 
Microbiology) consolidates the achievements of previous GWDRC project UA 01/04 (Microbial 
Enhancement of Wine Quality and Complexity) with the view of having outcomes which are application-
ready. At the scheduled mid-point review of project UA 05/01 (3 yr) the proposal was modified in 
response to feedback from the GWRDC, industry trends and emerging issues, where the objectives were 
reiterated. Most notably, the yeast-based activities were expanded, while the work on lactic acid bacteria 
(i.e. 2 PhD projects) would be concluded.  
 
We have used cutting-edge molecular biological techniques for ‘proof-of-concept’ work and non-
recombinant and high-throughput screening strategies (previously proven to yield ‘industry-ready’ 
strains). It is anticipated that our research findings will benefit the Australian wine research community in 
helping to maintain its technological advantage. 
 
Project Aims and Performance Targets 
 
The aim of the project objectives, stated below (from the 2008 grant renewal), was to attempt to address 
the limited knowledge as to how and why microbes interact with the juice during fermentation.  They 
were as follows: 
 

 Define the genetic determinants of fermentation performance (fermentation reliability, nutrient 
efficiency, etc) by exploiting laboratory yeast deletion and over-expression libraries.  

 

 Produce or isolate strains with superior fermentation reliability (by adaptive evolution, 
hybridization of commercial strains or using recombinant methods). 

 

 Produce yeast that consistently make distinct and novel contributions to wine composition and 
flavour (i.e. through production of flavour compounds or elaboration of flavour or colour 
modifying enzymes and metabolites). 

 

 (LAB Projects): Characterise oenologically important enzymes (e.g. esterases and glycosidases) 
from lactic acid bacteria and develop protocols of the application of strains or extracts for specific 
winemaking outcomes.  
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In most cases for this ambitious project we have successfully achieved these objectives and associated 
performance targets, whilst for the few exceptions, we have made significant in-roads towards achieving 
the goals in the new GWRDC grant (UA 11/01 Innovative Microbials for Winemaking Excellence). 
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Project Aims and Performance Targets 
 
The Outputs and Performance Targets outlined in the original application for the first 3 years (2005-2008) 
of the proposed 5 year project are shown below.  
 
A scheduled mid-point review of the project was undertaken in the 3rd year and Outputs and Performance 
Targets revised in light of this review, feedback from the GWRDC, industry trends and emerging issues. 
Updated Outputs and Performance Targets for a further 3 years of the project (2008-2011; see below) 
were included in the Final Project Application (8th February 2008) made to the GWRDC for support for 
this period.  
 
After two approved variations (28 January 2010, 7 October 2011), the end date of the project was 
adjusted to 30 November 2011.  
 
To simplify reference to these Outputs throughout the report, they have been grouped around common 
themes (e.g. dissemination, lactic acid bacteria, student recruitment/graduation, etc) and have been 
renumbered (A – M). Those Outputs with multiple components through the project are colour coded. The 
Performance Targets have also been renumbered (1 – 29).  
 
Outputs and Performance Targets 2005-2006 
Outputs Performance Targets 
A. Nutrient efficient yeast 1. Outputs from UA 01/04 consolidated to give at least 2 novel 

yeasts with improved efficiency of use of limited nutrient 
groups (e.g. nitrogen and oxygen) and hence greater 
fermentation reliability.  

A. Metabolically distinct yeast 2. Outputs from UA 01/04 consolidated to give at least 2 strains 
via non-recombinant means (hybridisation of commercial 
strains, adaptive evolution or genome shuffling) with distinct 
and predictable yield of metabolites which impact on wine 
quality or processing. 

L. PhD graduates 18. 1-3 PhD candidates (currently part of UA 01/04) to complete 
and submit their theses. 

M. Disseminated findings 23. 1-3 publications/seminar presentations detailing project 
findings. 

L. PhD students recruited 21. 1-2 PhD students recruited to work on aspects detailed 
within this project application. 

 
Outputs and Performance Targets 2006-2007 
Outputs Performance Targets 
B. Information on LAB with 

distinct properties 
4. 2 LAB strains with distinct hydrolytic properties of potential 

oenological value identified. Enzymatic basis for these 
defined. 

B. Optimised bacterial strains 
and application protocols 

5. 1 LAB strain with greater enzymatic activities (e.g. 
glycosidase, tannase, esterase, anthocyanase) and a 
method for application in winemaking. Larger-scale/industry 
trials completed (’07 vintage). 

C. Identification of targets for 
‘second generation’ (G2) 
optimised yeast 

7. Complete preliminary assessment of candidate properties to 
form basis for a ‘second generation’ (G2) of non-GM 
optimised yeast strains that have enhancements in at least 
two key properties. 

M. Disseminated findings 24. 1-3 publications/seminar presentations detailing project 
findings. 

L. Honours graduate 19. 1 Honours graduate from work undertaken as part of this 
project. 
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Outputs and Performance Targets 2007-2008 
Outputs Performance Targets 
D. Industry or pilot scale 

information on selected 
LAB and/or enzymes 

8. Complete analysis from larger-scale/industrial trails from the 
’07 vintage. Report on findings with recommendations to 
facilitate adoption by industry. 

D. Industry or pilot scale 
information on properties 
of G2 yeast 

9. G2 ferments completed and analysed (’08 vintage). Report 
prepared for dissemination to industry and yeast suppliers. 

E. Interim progress review 
and proposal for Yrs 4 & 5 

10. Review of progress and re-assessment of project related 
priority areas prepared for GWRDC. 

M. Disseminated findings 25. 1-3 publications/seminar presentations detailing project 
findings. 

L. Honours graduate 20. 1 Honours graduate from work undertaken as part of this 
project. 

 
Outputs and Performance Targets 2008-2009 
Outputs Performance Targets 
L. Hons/PhD student(s) 

recruited 
22. 1-3 additional students recruited to the project to support 

emerging areas. 
F. Identity of yeast genes vital 

to winemaking 
11. Screening of laboratory yeast deletion and over-expression 

libraries completed. Data analysis. Initiate preparation of list 
of genes key to wine making prepared. 

A. Novel hybrid yeasts 3. 1-2 strains developed through hybridisation of commercial 
yeasts. Fermentation properties defined. 

M. Publication on 
characterisation of initial 
AE strain 

26. 1 paper describing properties of initial AE strain with 
commentary on gross genetic differences in the strain. 

G. Characterised LAB 
enzymes 

12. 1-2 recombinant esterases or glycosidases purified and 
characterised. Action on natural substrates tested. 

B. ‘Special purpose’ LAB 
identified 

6. Strains with specific esterase or glycoside modifying 
properties identified. Application protocols developed. 

 
Outputs and Performance Targets 2009-2010 
Outputs Performance Targets 
M. Preliminary trial data 

disseminated 
27. Initial trials of above conducted during ’09 vintage. Data 

disseminated via 1-3 papers, seminars or workshops. 
H. Basis for evolved strains 

defined 
13. Genetic or physiological basis for novel properties of AE 

strains defined and used to guide further optimisation. 
I. New yeast/LAB strains 

constructed 
14. 1-2 new strains with greater robustness and reliability (e.g. 

sugar and/or salt tolerance) constructed via methods and 
expertise derived from early part of project. 

J. Linkages with wineries and 
industry suppliers 

15. Initiation of Phase 1 industry trials of yeast, bacteria and 
enzymes. Initiate commercial preparation. 

 
Outputs and Performance Targets 2010-2011 
Outputs Performance Targets 
M. Data from Phase 1 trials 

disseminated 
28. 1-3 publications, seminar presentation or workshops. 

Benefits for industry promulgated. 
K. Data from Phase 2 industry 

trials 
16. Data (incl. sensory) for novel yeast, bacteria and enzyme 

treatments collected in ’10 vintage. Wines set aside for 
medium-term (<2 yrs) storage trials of above. 

K. Commercialisation plan 17. Plan for commercialisation of beneficial strains or treatments 
developed. 

M. Final report and data 
dissemination 

29. Final report on project to date. 1-3 publications, seminars or 
workshops for researchers and winemakers. 
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Outputs 
 
Given the scope of the work reported herein, we have elected to report Methods, Results and Discussion 
according to the Output groupings detailed above.  

 

 
 

Contributors: 
Past PhD students: Maria Astorga and Colin McBryde 
Current PhD students: Jin Zhang 
Past Honours students: Thomas Parker 
Postdoctoral fellows and/or student supervisors: Drs Michelle Walker, Jennie Gardner, Paul Grbin, 
Miguel de Barros Lopes (AWRI) and Assoc Prof Vladimir Jiranek. 

 
Background: 
Through this aspect of the project we set out to 1) progress the work initiated by Jennifer Gardner, and 
subsequently Maria Astorga and Jin Zhang on generating strains of High Nitrogen Efficiency 2) evaluate 
these and other strains (for instance evaluation of single gene manipulations highlighted from 
transcriptional analysis of adaptively evolved strains) for novel metabolite profiles as well as 3) explore 
hybridisation of commercial Saccharomyces cerevisiae wine yeast as a means of generating strains of 
increased genetic diversity and, ideally, distinct traits.  
 
Nitrogen efficiency is defined as the ability to catabolise an increased amount of sugar when supplied 
with a defined amount of nitrogen. Nitrogen deficiency is known to lead to an arrest of protein synthesis, 
a restriction of biomass formation and also a rapid inactivation of sugar transport systems, ultimately 
resulting in a retarded or even stuck fermentation. An option for the prevention of retarded or stuck 
fermentation which is being employed industrially is the use of “nitrogen efficient” wine yeast strains.  
Nitrogen metabolism couples with carbon metabolism to be not only the ultimate pathways contributing 
to fermentation efficiency, but also those heavily contributing to metabolites extruded from the cell and 
influencing the quality of wine. For these reasons it is valuable to further analyse metabolic effects of 
HNE mutants as well as gain a better understanding of the mechanism of how each gene involved 
contributes to this desirable phenotype. 
 
Maria Astorga and Jin Zhang continued the work initiated by Jennie Gardner during her PhD studies. 
Specifically, Maria used the transposon mutagenesis approach to generate a library of mutants in a wine 
yeast background to identify genes important for high nitrogen efficiency (i.e. efficient fermentation 
under low nitrogen availability). Jin continued on from Maria, expanding the current list of potential HNE 

Output A: Nutrient efficient and metabolically distinct yeast 
 

1. Outputs from UA 01/04 consolidated to give at least 2 novel yeasts with improved 
efficiency of use of limited nutrient groups (eg nitrogen and oxygen) and hence 
greater fermentation reliability. 

 
2. Outputs from UA 01/04 consolidated to give at least 2 strains via non-

recombinant means (hybridisation of commercial strain, adaptive evolution or 
genome shuffling) with distinct and predictable yield of metabolites which impact 
on wine quality or processing. 

 
3.  1-2 strains developed through hybridisation of commercial yeasts. Fermentation 

properties defined. 
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strains through extensive literature analysis and further analysing the phenotypes of such mutants within 
fermentation.   
A further project area developed out of the availability of an Honours student part way through the 
project. Thomas Parker, examined genes highlighted to be of importance not through their complete 
deletion but rather their reduced dosage. The concept of haploproficiency was first described in yeast by 
Stephen Oliver’s group (University of Cambridge) and refers to genes for which deletion of a single copy 
in a diploid strain produces superior strain performance. Thomas examined a subset of genes identified 
from a data base search performed by Dr Jiranek during an extended stay in Cambridge and in 
collaboration with the Oliver group. The specific focus was genes involved in the proteosome, important 
for nitrogen recycling in the cell and therefore with the potential to be important to efficient utilisation of 
nitrogen. 
 
Through UA 01/04 we also found that a rich source of metabolic differences in spent fermentation media 
was with the use of evolved strains FM5, FM16 and clonal isolates of such. Transcriptional analysis of 
these strains at pertinent time points throughout fermentation revealed a set of genes we suspect are the 
major influencers upon the desirable fermentation phenotypes. Colin McBryde continued this work here 
in this project by construction of a panel of single gene mutants, both deletion and overexpression strains, 
and evaluated their fermentation and metabolite profiles.  
 
It is well known that fermentation characteristics vary widely between industrial yeast strains, with very 
few possessing, what are considered to be a perfect set of attributes. Not only this, but the demand for the 
availability of strains with novel attributes, such as an influence on the aroma profile, palate structure or 
fermentation robustness in industrial winemaking is still high. We chose to exploit this natural variation 
by undertaking a breeding program, through hybridisation of strains with desirable traits, undertaken by 
Drs Michelle Walker and Jennie Gardner, followed by screening and selection of improved progeny for 
desirable metabolic outcomes, undertaken by Michelle Walker. 
 

Methods: 
Yeast strains and growth conditions 
Strains used in this study are listed in Tables A.1 and A.2. 
 
YPD liquid starter cultures were inoculated from YPD agar plates (in the case of the wine yeast strains, 
cell mass was selected from a streak rather than an individual colony, to include variation that may occur 
within a culture sample).  
 
Experimental fermentations were undertaken with three biological replicates of 100 mL cultures (in 250 
mL Erlenmeyer flasks) in Chemically Defined Grape Juice Medium (CDGJM, McBryde et al., 2006) 
with 590 mg FAN/L, supplied as ammonia (except where highlighted). These media were prepared with 
analytical grade reagents. CDGJM was inoculated with 1 x 105 or 5 x 106 cells/mL, as highlighted in the 
text (from an intermediate CDGJM starter medium with half the amount of glucose at 100 g/L and also 

with the addition of sterols) and incubation was at 25C, as this is representative of the temperature of a 
typical industrial wine fermentation. Experiments were undertaken in an automated fermentation facility 
(www.agwine.adelaide.edu.au/wine/facilities/msff/). Fermentation progress was monitored by cumulative 
weight loss (due to carbon dioxide evolution; Bely et al., 1990) and refractive index of residual sugar in 
clarified supernatant samples. Samples were extracted from flasks where necessary with a sterile needle 
through a silicon seal. The samples were stored at -20°C for later analyses. Fermentations were 
considered finished when the residual sugar was less than 2.5 g/L as determined by Clinitest™ (Cat: 
2107, Bayer).  
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Culture development was monitored during logarithmic phase by determining the optical density at 600 
nm (OD600). Culture dry weight was determined by collecting biomass from 5 mL culture aliquots on a 
pre-dried and pre-weighed 0.22 μm membrane filter, followed by washing, drying, and reweighing. 
Commercially available kits were used for enzymatic quantitation of glucose and fructose (Boehringer 
Mannheim, Germany). Succinic acid, acetic acid, acetaldehyde, glycerol, and ethanol were determined by 
HPLC analysis as described previously (Walker et al. 2003). 
 
 
Table A.1: Strains of Saccharomyces cerevisiae used in this output 
Yeast Strain Genotype Source 
L2056 Industrial wine yeast Lallemand Pty Ltd 
C911D L2056 ho∆ MATa (Walker et al., 2003) 
S288C MATα gal2 (Mortimer and Johnston, 

1986) 
BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 (Brachmann et al., 1998) 
BY4743 MATa/MATα his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 

LYS2/lys2Δ0 MET15/met15Δ0 ura3Δ0/ura3Δ0 
(Brachmann et al., 1998) 

FM5 Adaptively evolved mutant of C911D (~250 
generations, mixed culture) 

UA 01/04 

FM16 Adaptively evolved mutant of L-2056 (~350 
generations, mixed culture) 

UA 01/04 

L2056-C7 Adaptively evolved mutant, clonal culture 
derived from FM16 

UA 01/04 

1922 BY4741 hxt1∆::kanMX4 (Winzeler et al., 1999) 
586 BY4741 hxt2∆::kanMX4 (Winzeler et al., 1999) 
4182 BY4741 hxt3∆:kanMX4 (Winzeler et al., 1999) 
3913 BY4741 gdh2∆kanMX4 (Winzeler et al., 1999) 
6388 BY4741 glc3∆::kanMX4 (Winzeler et al., 1999) 
2767 BY4741 ald6∆:kanMX4 (Winzeler et al., 1999) 
1272 BY4741 ino1∆::kanMX4 (Winzeler et al., 1999) 
4959 BY4741 hap4∆kanMX4 (Winzeler et al., 1999) 
5575 BY4741 gph1∆::kanMX4 (Winzeler et al., 1999) 
4525 BY4741 rck1∆::kanMX4 (Winzeler et al., 1999) 
C911D hxt1 L-2056 ho∆ hxt1∆::kanMX4 MATa This study 
C911D hxt2 L-2056 ho∆ hxt2∆::kanMX4 MATa This study 
C911D hxt3 L-2056 ho∆ hxt3∆::kanMX4 MATa This study 
C911D gdh2 L-2056 ho∆ gdh2∆::kanMX4 MATa This study 
C911D glc3 L-2056 ho∆ glc3∆::kanMX4 MATa This study 
C911D ald6 L-2056 ho∆ ald6∆::kanMX4 MATa This study 
C911D ino1 L-2056 ho∆ ino1∆::kanMX4 MATa This study 
C911D hap4 L-2056 ho∆ hap4∆::kanMX4 MATa This study 
L-2056 ald6 L-2056 ald6∆::kanMX4/ald6∆::kanMX4 This study 
L-2056 gph1 L-2056 gph1∆::kanMX4/gph1∆::kanMX4 This study 
L-2056 rck1 L-2056 rck1∆::kanMX4/rck1∆::kanMX4 This study 
C911D adh2UP C911D integrant [pCMTDH3BADH2UP] This study 
C911D adr1UP C911D integrant [pCMTDH3AADR1UP] This study 
C911D vid24UP C911D integrant [pCMTDH3EVID24UP] This study 
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DR4-20a 
DR4-20c 
DR4-20a ngr1 
DR4-20c gid7 

DR4 ho∆ MATa 
DR4 ho∆ MATalpha 
DR4 ngr1∆ ho∆ MATa 
DR4 gid7∆ ho∆ MATalpha 

UA 01/04 
UA 01/04 
This study 
This study 

 
 
 
General molecular methods 
Basic molecular methods such as DNA preparation, polymerase chain reaction (PCR), Southern blot, 
mating and sporulation of yeast were performed as detailed in the previous report UA 01/04. 
 

Construction of key yeast gene deletion mutants 
The entire open reading frames of a number of genes of interest, as highlighted in the text, were disrupted 
in C911D (wine yeast haploid), using the kanMX gene replacement strategy (Wach, 1996). We took 
advantage of the readily available yeast deletion strains from the Yeast Deletion Project 
(http://wwwsequence.stanford.edu/group/yeast_deletion_project/deletions3.html). PCR products 
corresponding to the kanMX4 module flanked by approx. 200 – 500 bases of sequence of the gene of 
interest were amplified from genomic DNA purified from the corresponding yeast deletion mutants with 
primers GENEA and GENED (Table A.3 or, where not listed, as described by the Yeast Deletion Project). 
C911D, or other parent strain, where stated, was transformed with these PCR products (Gietz et al., 1992) 
and transformants were selected on YPD-geneticin (400 µg/mL). 
 
Heterozygous deletions were constructed using the same protocol used for haploid gene replacement. 
After gene replacement of a single gene copy, strains were sporulated, dissected and allowed to 
rediploidise. Homozygous diploid deletion strains were then identified. 
 
Deletion of each ORF was confirmed by Southern Blot hybridisation with a probe specific for kanMX4 
(data not shown). The kanMX4 probe was PCR amplified from pFA6-lackanMX4 (Wach et al., 1994). 
The probe was generated using DNA from a KanMX4 containing plasmid; pFA6a (Wach et al., 1994) and 
gene specific primers G418F and G418R (Table A.3). 
 

Construction of overexpression strains of genes of interest 
Over-expression strains were constructed based on the self-cloning gene expression system, with a two-
step gene replacement (Hirosawa et al., 2004). In brief, a 0.7 kb DNA fragment of the TDH3 promoter 
was amplified using C911D genomic DNA and primers TDH3-1 through TDH3-5 (Table A.4, depending 
on restriction sites of gene and upstream sequences), digested with the appropriate restriction enzymes 
and inserted into pGG119 to form pCMTDH3AE. Fragments of the gene of interest were also 
amplified from C911D gDNA, with the corresponding primers, e.g. ADR1 (+ 1  + 1273) with ADR1-
NCO and ADR1-XMA, ADH2 (+1  + 987) with ADH2-NCO and ADH2-XBA and VID24 (+ 1  + 
815) with VID24-NCO and VID24-XMA (Table A.4). The ADR1 and AHD2 fragments were digested 
with NcoI and XbaI for insertion into the corresponding sites in pCMTDH3A and pCMTDH3B 
respectively, the VID24 fragment was digested with NcoI and XmaI and inserted into the corresponding 
sites in pCMTDH3E. All genes were located downstream of the promoter. The 5’ upstream regions of 
each gene were also amplified using the following primer configurations, ADR1-UPEAG and ADR1-
UCAAT (-1981  -77), ADH2-UPEAG and ADH2-UCAVR (-1943  -69), and VID24-SPE VID24-
AAT (-1885  -9). Upstream fragments and corresponding plasmids were digested with the appropriate 
restriction enzymes before ligation (Table A.5). Finally plasmids were restriction digested before 
transformation into C911D (Gietz et al., 1992). The transformation mixture was spread on minimal plates 
containing 1.0 µg/mL cerulenin. The cerulenin-resistant colonies were streaked on minimal plates 
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containing 0.5 µg/mL cycloheximide as a double-check (Akada et al., 2002). For counter-selection, 
transformants were grown at 28°C for 1 day in liquid YPGal medium and then cells were spread on 
YPGal plates at approximately 100 cells/plate. Colonies that grew on YPGal plates after 36–48 hours 
incubation at 28°C were selected. Confirmation of integration of the correct product was confirmed by 
sequencing (data not shown). Several other plasmid constructs were attempted, including those for genes 
HSP10, SIP18, AHP1 and HXT5, however these were unsuccessful and due to time limitations were not 
completed.  
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Table A.2: High Nitrogen Efficiency deletions in haploid wine yeast C911D 
Strains name Construction Descriptions  of HNE genes (adapted from Saccharomyces Genome Database) 

C911D ptp1::KanMX4 Maria Astorga 
Phosphotyrosine-specific protein phosphatase that dephosphorylates a broad range of substrates in vivo, 
including Fpr3p; localized to the cytoplasm and the mitochondria; proposed to be a negative regulator of 
filamentation 

C911D ssn8::KanMX4 Maria Astorga 
Cyclin-like component of the RNA polymerase II holoenzyme, involved in phosphorylation of the RNA 
polymerase II C-terminal domain; involved in glucose repression and telomere maintenance Also known as: 
CycC 

C911D YNL134C::KanMX4 Maria Astorga 
Putative protein of unknown function with similarity to dehydrogenases from other model organisms; green 
fluorescent protein (GFP)-fusion protein localizes to both the cytoplasm and nucleus and is induced by the 
DNA-damaging agent MMS 

C911D leu3::KanMX4 Maria Astorga 
Zinc-finger transcription factor that regulates genes involved in branched chain amino acid biosynthesis and 
ammonia assimilation; positively regulated by alpha-isopropylmalate, an intermediate in leucine 
biosynthesis 

C911D ecm33::KanMX4 Maria Astorga GPI-anchored protein of unknown function, has a possible role in apical bud growth; GPI-anchoring on the 
plasma membrane crucial to function; phosphorylated in mitochondria; similar to Sps2p and Pst1p 

C911D ngr1::KanMX4 Jennie Gardner 
RNA binding protein that negatively regulates growth rate; interacts with the 3' UTR of the mitochondrial 
porin (POR1) mRNA and enhances its degradation; over-expression impairs mitochondrial function; 
expressed in stationary phase 

C911D gid7::KanMX4 Jennie Gardner 
Protein of unknown function, involved in proteasome-dependent catabolite inactivation of fructose-1,6-
bisphosphatase; contains six WD40 repeats; computational analysis suggests that Gid7p and Moh1p have 
similar functions 

C911D psr1::KanMX4 Jin Zhang 
Plasma membrane associated protein phosphatase involved in the general stress response; required along 
with binding partner Whi2p for full activation of STRE-mediated gene expression, possibly through 
dephosphorylation of Msn2p 

C911D pst1::KanMX4 Jin Zhang 
Cell wall protein that contains a putative GPI-attachment site; secreted by regenerating protoplasts; up-
regulated by activation of the cell integrity pathway, as mediated by Rlm1p; upregulated by cell wall 
damage via disruption of FKS1 

C911D syn8::KanMX4 Jin Zhang Endosomal SNARE related to mammalian syntaxin 8 (Syn8p) 

C911D slt2::KanMX4 
Jin Zhang; not 
confirmed 

Serine/threonine MAP kinase; involved in regulating maintenance of cell wall integrity, progression through 
the cell cycle, and nuclear mRNA retention in heat shock; required for mitophagy and pexophagy; affects 
recruitment of mitochondria to the phagophore assembly site (PAS); regulated by the PKC1-mediated 
signaling pathway 

C911D sps2::KanMX4 Jin Zhang Protein expressed during sporulation, redundant with Sps22p for organization of the beta-glucan layer of the 
spore wall; Schizosaccharomyces pombe ortholog is a spore wall component 
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Phenotype Microarrays 
Phenotype microarrays were performed by BIOLOG (www.biolog.com, Hayward, CA, USA) as 
described by Bochner et al. (2001). 
 

Generation of hemizygous deletion mutants by mating 
Haploid strains were grown in 0.4 mL YPD at 28°C (approximate inoculum: 5 x 108 cells mL-1) for 6 
hours in 96-well plates. An equal volume of each mating type was combined in the same well of a 96-
well plate, centrifuged at 405 x g for 2 min and incubated statically for 20 hours at 28°C. Resulting 
diploids were selected using two rounds of growth in 0.6 mL synthetic minimal galactose medium 
containing inositol (SC MIN I+ Gal: Sherman, 2002) at 28°C for 20 hours and streaked out on solid 
SC MIN I+ Gal for selection of single colonies. The ability to sporulate was confirmed on solid 
potassium acetate media. Ploidy was determined by mating type (MAT) PCR according to Huxley et 
al. (1990). 
 

Generation of hemizygous mutants by gene disruption 
5’ and 3’ templates of gene-specific deletion cassettes were provided by Professor Charles Boone 
(University of Toronto, Canada). The primers DC-FWD and KanC5, and DC-REV and KanB2 were 
used in separate PCRs to amplify the 5’ and 3’ ends of the deletion constructs respectively (Figure A.1 
and Table A.6). The PCRs were performed in 50 μl reactions with 0.25 mM dNTPs, and 0.5 μM of 
each primer using 0.5 U Phusion Hot Start DNA polymerase (Finnzymes), over 40 cycles at 95°C, 30 
s; 55.5°C, 30 s; 72°C, 45 s.  The PCR products were separated by gel electrophoresis and the paired 

products combined and purified together using the Wizard SV Gel and PCR Clean-Up System 
(Promega). The purified DNA was used for yeast transformation as described by Gietz et al. (1992). 
Transformants were selected on YPD agar containing 200 mg/L geneticin (G418 sulfate; Amresco). 
PCR analysis was used to confirm the identity of the gene disruptions (Table A.6). 
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Table A.3: PCR primers for construction of yeast deletion strains 
Primer Sequence (5’  3’) 
G418F AAAAGACTCACGTTTCGAGGC 
G418R CGAGCATCAAATGAAACTGC 
HXT1A TGAGAAAAAGAATATTCATCAAGTGC 
HXT1D GAACTATGTATAGCGCCTATGTGGT 
HXT2A CGACAACAATAAGTCGCCCATTTTTTAT 
HXT2D TCAATACCTCGAAGCAGCGTTTCA 
HXT3A GGAGAAAGAAACAACTCAATAACGA 
HXT3D GTTTTCTAACTCTACTGCGCACTT 
GDH2A GCAATTGGGGTAAAAATACACATTA 
GDH2D AGTTTTTATTGATTTTCGATCGTTG 
GLC3A CTGATGAGCTTTCACTATCTCTTCC 
GLC3D AACCAATGCTTCGTTTTAGACATAC 
ALD6A CATCCAGCTTCTATATCGCTTTAAC 
ALD6D AATATGATTTTGTGTGGGATGTTTT 
INO1A CTTTTTCTTCGTTCCTTTTGTTCTT 
INO1D TTGTGTTTTTCAGCTTCTTCTTTCT 
HAP4A TTAATTCCTTCACCTCTCTAAACCC 
HAP4D AACGGATATGTGAAAATGCTCTTAG 
GPH1A GAGGAAATAAGTAAGGGGTGGATAA 
GPH1D TTCGAGTAAGTGATAATAAGGACCG 
RCK1A GATTTTCAGTTATATGGAGTGGGTG 
RCK1D CAAGTTTTTCCGTGTTTCTAGGATA 

 
 
 
Table A.4: PCR primers for the construction of over-expression plasmids  
Primer Sequence (5’  3’)* 
TDH3-1 GGGCGGCCGGACGTCTTTATCATTATCAATACTGCCATTTC 
TDH3-2 GGGCGGCCGCCTAGGTTTATCATTATCAATACTGCCATTTC 
TDH3-3 GGGACTAGTGACGTCTTTATCATTATCAATACTGCCATTTCA
TDH3-4 GCATCTAGACCATGGTTGTTTGTTTATGTGTGTTTATTCGA 
TDH3-5 GCACCCGGGCCATGGTTGTTTGTTTATGTGTGTTTATTCG 
ADH2-NCO GGGCCATGGATGTCTATTCCAGAAACTCAAAAAG 
ADH2-XBA GGGTCTAGAAATTTCTGGTAAACTGGATAAGC 
ADH2-UPEAG GAGCGGCCGTCTTTATCAACGAAGGGC 
ADH2-UCAVR GGGCCTAGGACCAAGAAGAAACAAGAAGTGA 
ADR1-NCO GGGCCATGGATGGCTAACGTAGAAAAACCAAAC 
ADR1-XMA GGGCCCGGGATCGACGAAATCAGGTTGGT 
ADR1-UPEAG ATACGGCCGGGGGAAGGTTATATCTTTG 
ADR1-UCAAT GGGGACGTCGTAGCAGAATATTTTTCTGAAGTG 
VID24-NCO GGGCCATGGATGATCAATAATCCTAAGGTAGACA 
VID24-XMA GGGCCCGGGATTCTTGATATGTTACCAG 
VID24-UPSPE GGGACTAGTATAATGAAACGGGGATGG 
VID24-UCAAT TTTGACGTCCTTGCGATATGTGTTGG 

*Underlined text denotes restriction site 
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Table A.5: Plasmids, primers and insertion sites for construction of integrative over-expression cassettes 
Plasmid Promoter 

Fowardprimer 
Promoter 
Reverse 
primer 

5’ Promoter 
restriction sites 

Insertion of gene 3’ Promoter 
restriction sites 

Insertion of upstream 
sequence 

Linearisation 
restriction site for 
transformation 

pCMTDH3A TDH3-1 TDH3-4 NcoIXbaI pCMTDH3AADR1 EagIAatII pCMTDH3AADR1UP SphI 
pCMTDH3B TDH3-2 TDH3-4 NcoIXbaI pCMTDH3BADH2 EagIAvrII pCMTDH3BADH2UP AocI 
pCMTDH3E TDH3-3 TDH3-5 NcoIXbaI pCMTDH3EVID24 SpeIAatII pCMTDH3EVID24UP AflII 

 
 
 
 
 

 

Figure A.1: Two overlapping DNA fragments used for gene disruption by homologous recombination. Separate halves of the deletion construct were 
amplified from 5’ and 3’ DNA templates provided by Professor Charles Boone (University of Toronto) using primers as indicated (see Table F.8). Note the 541 bp of 
overlapping sequence is smaller than the original 700 bp overlap in order to accommodate a primer with increased annealing efficiency. 
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Table A.6: Oligonucleotides used for PCR and expected PCR product sizes 

 
a,b primers used for amplification of deletion cassettes. a primers provided by Professor Charles Boone (University of 
Toronto). c,d primers used for strain verification. d strain-specific primers (Winzler et al., 1999; see website 
http://www-sequence.stanford.edu/group/ yeast_deletion_ project/deletions3.html). e primers used for screening of 
putative transformants. f primers used for MAT PCR (Huxley et al., 1990). * primer pairs and expected product sizes 
of various sizes depending on individual deletion cassette. 

 
 
 
Intra-specific hybridisation of wine yeast 
Spore-spore mating of labelled cells 
Sporulation was performed on solid potassium acetate media for 7 days at 30°C.  The degree of 
sporulation was checked under the microscope, prior to overnight digestion (30°C) in 1 mL of sterile MQ 
water with 15 μL β-glucoronidase.  The suspension was vortexed, and washed twice (centrifugation of 
cells, and resuspension) in YPD before a final resuspension in 1 mL YPD.   
 

Spore labelling 
Spore labelling and FACS (fluorescence activated cell sorting) was according to Attfield et al. (1998) 
with minor modification.  For labelling with epicocconone, 1 x 107 cells were pelleted by centrifugation 
and resuspended in 50 μL YPD.  Two μL of epicocconone (1 mg/mL) and 48 μL sterile MQ was added to 
give a final concentration of 4.8 μM, and thoroughly mixed before incubation at ambient temperature in 
the dark for 45 min.  
 
For labelling with CT-BODIPY-Green, 1 x 107 cells were pelleted by centrifugation and resuspended in 
950 μL YPD with 10.53 μM of CT-BODIPY-Green.  The cells were thoroughly mixed and incubated at 
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30°C in the dark for 45 min. The unbound label was removed by washing 3 times with 1 mL YPD, before 
transferring to a new tube and repeating the washing step 3 times. The cells were resuspended in 0.5 mL 
YPD per 1 x 107 cells.   
 

Mating of labelled yeast cells 
0.5 mL of each of labelled strains was added to a tube, mixed by vortexing, and pelleted by 
centrifugation. The pellet in YPD was incubated at 25°C for 19-20 h (in the dark). 
 

Fluorescence Activated Cell Sorting (FACS) sorting of dual-labelled yeast cells and 
microdissection of zygotes 
The cells were spun down and resuspended in 1-2 mL phosphate buffered saline for FACS sorting with a 
BD FACS Aria (at IMVS).  Unlabelled and singularly labelled cells of each strain (1 x 107 cells) were 
used as FACS compensation controls.  The samples were vortexed prior to sorting.  40,000 to 50,000 
events were sorted, of which the fraction containing dual labelled cells represented ~1%.  The cells were 
concentrated by centrifugation and resuspended in a small volume of YPD prior to micro-dissection of the 
zygotes onto thin YPD agar plates, and grown 2 days at 30°C.  NB: very few zygotes were identified with 
most of the cells present as doublets in the sample. 
 

Molecular Typing of wine Saccharomyces cerevisiae by Delta sequence typing 
Genomic DNA was prepared from the strain S288C according to Adams et al. (1998). Delta sequencing 
was performed according to Schuller et al. (2004) with minor modifications to the primers and protocol 
(see Table A.7).  Amplification reactions were performed using 100 pmols each of primers δ1A/T and δ2 
(primer set 1) or δ2 and δ12 (primer set 2) in 50 μL reactions with 1U DyNAzyme Ext DNA polymerase 
(Finnzymes), 3.5 mM MgCl2 and 0.2 mM dNTPs.  After initial denaturation (95°C, 2 min), the reaction 
mix was cycled firstly for 2 cycles (95°C: 30 s, 42°C: 30 s, 72°C: 2 min) followed by 29 cycles (95°C: 30 
s, 45°C: 30 s, 72°C: 2 min), followed by a final extension of 72°C for 10 min.  The amplification products 
were separated on a 1.5% (w/v) agarose gel containing ethidium bromide or Biotium Gel Red™ 
(Biotum), and visualised under UV light. 
 
 

Table A.7: Primers used in Delta sequence typing 
Primer Sequence (5'-3') 
δ1A/T CAAAATTCACCTAA(A/T)TCTCA 
δ2 GTGGATTTTTATTCCAACA 
δ12 TCAACAATGGAATCCCAAC 
 

 

Mitochondrial DNA preparations 
Yeast were grown in 100 mL of 2% lactate medium (Supplementary Table 1) for 24 h at 30°C.  The cells 
were pelleted by centrifugation (5,000 rpm for 5 min), and washed in 0.6 M KCl, and centrifuged again. 
The pellet was washed in 10 mL 0.9 M sorbitol, 0.1 M EDTA pH 7.5, and re-centrifuged before final 
resuspension in 3 mL of fresh media.  The cells were incubated with 33 μL of 3 mg/mL lyticase (Sigma) 
at 37°C for 60 minutes before re-centrifugation.  The cell pellet was resuspended in 5 mL 50 mM Tris pH 
7.4, 20 mM EDTA to which 0.5 mL 10% SDS was added. 
 
After 30 minutes incubation at 65°C, 1.5 mL of 5 M potassium acetate was added prior to incubation on 
ice for 45 min.  The suspension was centrifuged in a Beckman centrifuge (JA17 rotor), 10,000 rpm for 10 
min at ambient temperature, and the supernatant transferred into a clean tube. The DNA was precipitated 
with 2 volumes of ethanol at ambient temperature (minimum 1 hr), and subsequent centrifugation (5,000 
rpm for 15 min at ambient temperature).  The DNA pellet was air-dried and resuspended in 0.4 mL TE (1 
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mM Tris pH 8.0, 0.1 mM EDTA) and digested with 5 μl RNAse cocktail (Ambien) for 1 hr at 37°C.  
DNA was precipitated with 1 mL ethanol (10 min, ambient temperature), followed by centrifugation (10 
min, ambient temperature, 14,000 rpm). The DNA pellet was air-dried for 20 min, and resuspended in 0.5 
mL sterile MQ water. 
 

Mitochondrial restriction fragment length polymorphism (mRFLP) analysis 
20 μL DNA was digested overnight in a 50 μL reaction, with 20 units of the following restriction 
enzymes: EcoRV, RsaI or HinfI (according to manufacturer’s instructions).  The total digest was loaded 
onto a 0.8% (w/v) agarose gel in TAE buffer, and separated by gel electrophoresis. 
 

Microsatellite analysis  
Methods are described in Output F.  
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Results and Discussion: 
 

Identification of High Nitrogen Efficiency genes: Enhanced fermentation performance of 
wine yeast deletion mutants under variable nitrogen conditions  
A number of genes have been identified as High Nitrogen Efficiency genes:  GID7, NGR1 (Gardner et al., 
2005), LEU3, ECM33, SSN8, PTP1, MIP6, YDL133W, YNL134C (a selection of these were reported in 
UA 01/04) and PUT4 (Poole et al., 2009 and UA 00/5). The HNE phenotype (shortened fermentation 
duration) was evident for yeast expressing a modified PUT4 gene, which resulted in constitutive 
expression during fermentation. This was due to increased uptake of proline and increased tolerance to 
osmotic stress (Poole et al., 2009).  
 
Fermentation profiles of a number of the HNE mutants (in wine yeast) were reported in UA 01/04: ∆ssn8, 
∆leu3, ∆ptp1, ∆ecm33, ∆ynl134c. The fermentations were conducted in nitrogen-limited CDGJM (55 mg 
FAN/L as amino acids and ammonia).  The parental strain of these deletants was not C9, as reported, but 
a derivative C911D (Walker et al., 2003).  Several new deletants (∆slt2, ∆psr1, ∆pst1, ∆syn8, ∆sps2) 
were recently constructed in the same background (C911D; Table A.2). Fermentation performance was 
evaluated under high and low nitrogen conditions in CDGJM for some of the mutants (∆ssn8, ∆leu3, 
∆ptp1, ∆ecm33, ∆ynl134c) as shown in Table A.8. All of the mutants conducted fermentation within 10 
% of the parent strain under both high and low nitrogen containing CDGJM, with the exception of 
∆ecm33.  This mutant performed significantly faster in both high (69.9 ± 4.8%) and low nitrogen (57.8 ± 
1.8%) when compared with the parent strain C911D. The ability of this mutant to retain the HNE 
phenotype in unsupplemented white juice (~125 - 150 mg FAN/L) is promising given the fermentation 
duration was shortened by ~2 days, which has obvious economic implications (efficient turnover of tank 
space). Ecm33p, a GPI-anchored protein of unknown function, is only functional when anchored to the 
plasma membrane (Terashima et al., 2003). Although similar to Pst1p, the latter does not have the same 
HNE phenotype in fermentation (Table A.8) and sensitivities to stress inducing compounds such as 
calcofluor white, hygromycin B and caffeine (Pardo et al., 2004). Ecm33p is the current focus of our 
research due to dramatic improvement of fermentation when it is deleted.  We would like to understand 
how deletion of this protein enables the yeast to withstand the stresses imposed during fermentation, 
concomitant in a reduction in fermentation duration. We speculate that the HNE phenotype is a secondary 
effect from the suppression of the growth defect (resulting from abnormal cell wall structure) by the high 
external sugar content of the juice.  The sugar, acts as an external osmo-protectant, whilst initiating the 
cell wall damage response pathway, similar to protoplasts being maintained in hyper-osmotic 
concentrations of sugar prior to regeneration of the cell walls (Guthrie and Fink, 1991).   
 
Screening of the over-expression library in a wine yeast (currently still under construction, Output F) will 
be useful in identifying other genes with the HNE phenotype, specifically under nitrogen-limited 
conditions.  Currently, this is not possible with the commercially available deletion libraries (in lab yeast) 
because of the auxotrophic requirement.  Recently, the AWRI has offered to make available their deletion 
library in the wine yeast AWRI 1631, for purposes of conducting fermentation screens to look at specific 
fermentation traits such as nitrogen utilisation. Utilisation of this library for these purposes would clearly 
be very useful and may be possible via UA 11/01. 
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Table A.8: Fermentations conducted by C911D and HNE mutants in CDGJM, Riesling and Chardonnay Juice 
Triplicate 100 mL scale ferments were performed in CDGJM (Henschke & Jiranek, 1993; McBryde et al., 2006) and two white grape juices; Chardonnay and Reisling in shake flasks, as 
described in Methods.  Tabulated results represent the time taken to complete fermentation (< 2.5 g/L residual sugar), expressed relative to that of the parent (as a percentage). 
CDGJM fermention
 High nitrogen (450 mg FAN/L) Low nitrogen (55 mg FAN/L) 
Strain  Duration (hrs) % of parent Duration (hrs) % of parent 

C911D 
 

150.50 ± 0.00 100 590.92 ± 14.43 100 
C911D ssn8::KanMX4 129.97 ± 7.23 86.35 ± 4.80 559.25 ± 26.41 94.64 ± 4.48 

C911D ecm33::KanMX4 105.17 ± 7.22 69.88 ± 4.79 341.75 ± 10.83 57.84 ± 1.83  
C911D leu3::KanMX4 153.94 ± 5.96 102.29 ± 3.96 559.08 ± 26.27 94.61 ± 4.45  
C911D ptp1::KanMX4 138.00 ± 0.00 91.69 ± 0.00 590.92 ± 14.43 100.00 ± 2.44  
C911D ynl134C::KanMX4 141.33 ± 2.89 93.91 ± 1.92 599.58 ± 22.88 101.47±  3.87  
     
Grape juice fermentation    
 Fermentation Duration Time % of parent

Strain  
Chardonnay 

(152 mg YAN/L)  
Riesling 

(124 mg YAN/L) Chardonnay Riesling 

C911D 
 

267.33 ± 8.08 341 ± 11.79 84.23 ± 5.77 80.94 ± 2.03 
C911D ecm33::KanMX4 225.17 ± 15.43 276 ± 6.93
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Further analysis of high nitrogen efficient genes NGR1 and GID7, construction of a 
wine yeast double mutant 
As described, NGR1 and GID7 were discovered as nitrogen efficient genes (Gardner et al., 2005 
and UA 01/04) and as previously reported construction of a double deletion of these in a 
laboratory yeast strain (W303) resulted in a further reduction of fermentation duration. However, 
we wished to evaluate whether this further enhancement was transferrable to a wine yeast strain.  
 
Ngr1p is an RNA binding protein that interacts with the 3' UTR of the mitochondrial porin 
(POR1) mRNA and enhances its degradation (Buu et al., 2004; Lee & Moss, 1993), through the 
interaction of Dhh1p (Chang & Lee, 2011). It is expressed during stationary phase (Martinez et 
al., 2004) and is thought to negatively regulate growth rate (Akada et al., 1997) and 
overexpression impairs mitochondrial function (Buu et al., 2004). 
 
Gid7p is involved in proteasome-dependent catabolite inactivation of fructose-1,6-bisphosphatase 
(Regelmann et al., 2003) and apart from increasing nitrogen efficiency in low nitrogen conditions, 
we previously have shown that the transcription of GDH2 is dramatically increased when GID7 is 
deleted (Gardner et al., 2005). The predominant function of Gdh2p is to release ammonium and α-
ketoglutarate from glutamate as part of Central Nitrogen Catabolism. Gdh2p is functional when 
cells are grown on glutamate or nitrogen sources that are glutamate precursors, thereby making 
ammonium available for the formation of glutamine.  
 
Construction of a wine yeast strain harbouring whole gene deletions of NGR1 and GID7 proved 
quite troublesome, single deletions were constructed in C911D (haploid derivative of L2056, as 
reported in UA 01/04). However, a double deletion in this strain seemed to not be viable. We 
eventually managed construction in a related strain, DR4 (a ho mutant constructed using seamless 
gene modification, UA 01/04). Strains harbouring a single gene deletion of either NGR1 or GID7 
were constructed in both mating types of DR4 (20a and 20c), as detailed previously (Gardner et 
al., 2005). Strains DR4-20a ngr1 and DR4-20c gid7 were then mated, sporulated and double 
homozygous deletions identified by Southern blot hybridisation (Figure A.2). 
 
The fermentation dynamics of a NGR1 GID7 double deletion mutant in DR4 were then analysed 
as was in Gardner et al. (2005), in CDGJM with 75 mg FAN/L (as a complex mix of amino acids 
and ammonium). However we found that in this wine yeast strain, there was no extra benefit (no 
extra decrease in fermentation duration) with the deletion of both genes. For instance the DR4 
parent completed fermentation in 218 hrs, DR4-20a ngr1 in 156.5 hrs, and DR4-20c gid7 or DR4 
gid7 ngr1 each completed in 192 hrs. It was unexpected that the double deletion did not complete 
in at least the same time as the fastest mutant (Δngr1). This infers that there may be some (albeit 
distant) interaction between these gene products. Certainly also, the effect on fermentation of 
mutants of NGR1 and GID7 appears to be different between lab and wine yeast. 
 
To further analyse the function of these genes in fermentation, we attempted to analyse their 
expression profile during fermentation with the use of Real Time PCR. However, due to technical 
difficulties this could not be completed within the time constraints of this project. 
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Figure A.2: Southern blot hybridisation of EcoR1 digested genomic DNA from DR4-20a 
ngr1 (lanes 1 and 6), DR4-20c gid7 (lanes 3 and 5) and DR4-ngr1 gid7 double deletions (lanes 
2 and 7) A G418 specific probe (generated with gene specific primers G418F and G418R) was 
used. 
 
 

Analysis of NGR1 and GID7 function utilising phenotype arrays 
We also analysed these gene mutants in phenotype arrays and in the metabolomic studies that 
were underway in the laboratory (Section H). Metabolomic data is unfortunately yet to be fully 
analysed. However phenotype arrays (performed with the laboratory yeast strain versions W303 
ngr1 and W303 gid7) did reveal the following: deletion of NGR1 resulted in resistance to piperine 
and 100 mM sodium nitrate, and sensitivity to D,L-serine hydroxamate and deletion of GID7 also 
resulted in resistance to 100 mM sodium nitrate and a loss of the specific ability to use the 
dipeptides Met-Ala and Gly-Glu as nitrogen sources. 
 
Piperine is thought to supress lipid accumulation through the action of diacylglycerol acyl 
transferase (Kamisaka et al., 2011; Kimura et al., 2006), encoded by DGA1, which catalyzes the 
terminal step of triacylglycerol formation by acylatingdiacylglycerol using acyl-CoA as an acyl 
donor. Triacylglycerol biosynthesis, a key component of lipid homeostasis, is coordinated with 
nutritional requirements in yeast (as reviewed in Kohlwein, 2010). Perhaps Ngr1p normally 
functions as repressor of lipid formation in the presence of piperine. 
 
Sodium nitrate, a common food preservative, affects yeast growth. There is very little information 
regarding how yeast confer resistance but there are some reports of strains with decreased 
mitochondrial activity or in stationary phase resulting in resistance (Święciło, 2008). Since both 
strains display this increased resistance to sodium nitrate, it is possible that there is a common link 
between NGR1 and GID7, however we suspect that this phenotype may actually be due to the 
presence of the geneticin resistance cassette KanMX4. Further studies are required to be certain. 
 
D,L-serine hydroxamate is a serine analogue and inhibitor of yeast and bacterial seryl-
tRNAsynthetases (Ahel et al., 2005). Amino acyl tRNAsynthetases catalyze acylation of transfer 
RNAs with their cognate amino acids (in this case serine), and thus possess a central role in 
assuring faithful translation of RNA to protein. This phenotype may be related to the already 
reported RNA binding (and potential destabilisation). 
 
Dipeptide utilisation by laboratory yeast is well known to be poor compared to that of other yeast 
strains (i.e. W303 and S288C vs wine yeast strains). Peptide transporters include Ptr2p and Dal5p, 
and the recently described FOT family (Damon et al., 2011). These transporters are able to use 
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many types of dipeptides, Ptr2p is known to be able to transport over 100. The loss of the 
utilisation of specifically these two dipeptides in GID7 mutant is intriguing given the seeming 
lack of specificity of peptide transporters. Furthermore Damon and colleagues (2011) did show 
that Met-Ala depends on Ptr2p and not Dal5p. 
 

Identification of genes in hemizygous deletion mutants which confer 
haploproficiency during a wine fermentation 
Hemizygous diploid mutants possess both an active and inactive copy of a particular gene 
(Winzeler et al., 1999). Haploproficiency describes the phenotypic response of such mutants, 
which exhibit an increased fitness when compared with the wild type homozygote. Recently, 
Delneri and coworkers (2008) identified haploproficiency in a competition experiment using 
continuous culturing of the yeast hemizygous (heterozygous) diploid deletion library under four 
aerobic conditions: glucose limited, phosphate limited, nitrogen limited and juice-like conditions. 
Although the nitrogen limited and juice-like conditions are of interest, the continuous culturing of 
yeast is very different to the batch culturing of a wine ferment, whereby most of the fermentation 
is conducted by stationary cells. We asked, in a project undertaken by Thomas Parker, would the 
hemizygous mutants identified by Delneri et al. (2008) also exhibit haploproficiency in a wine 
context, i.e. enhanced fermentation performance rather than increased fitness?  
 
Ninety five candidate genes were chosen to address this question (Table A.9). Of these 72 had 
previously been identified by Delneri et al. (2008) as haploproficient: 28 encoded subunits of the 
26S proteosome, 33 were essential for viability (Giaever et al., 2002), whilst others included 6 
dubious ORFs, 2 pseudogenes, as well as NGR1 and GID7, included as controls and because of 
our ongoing interest in these (Gardner et al., 2005).  
 
Prototrophic hemizygous mutants were constructed to enable experiments to be conducted under 
nitrogen sufficient and limiting conditions. The genetic background of the mutants was derived 
from S288C (MATα, prototrophic) and BY4741 (MATa, auxotrophic). For the non-essential genes, 
the corresponding haploid deletion mutants in BY4741 were crossed with S288C. For the 
essential genes, the hemizygous mutants were sourced from the heterozygous diploid deletion 
library in BY4743 (Invitrogen; from Steve Oliver, University of Cambridge), and compared with 
the parent BY4743. Attempts to generate the mutants in the BY4741/S288c background by 
transformation with the appropriate deletion cassette proved difficult; firstly in the construction of 
each of the ORF::KanMX cassettes by PCR amplification of two corresponding overlapping 
halves, and secondly in the yeast transformation, which relied on the formation of each functional 
cassette from the two halves in vivo and integration into the genome, thus conferring resistance to 
G418. Only two hemizygous mutants were generated, ∆pup2::kanMX and ∆rpt1::kanMX., which 
were included in the initial micro-fermentation evaluation of a total of 97 mutants (sacrificial plate 
method; 3 time points). 375 mg FAN/L was used as a ‘standard’ concentration of FAN whereas 
75 mg FAN/L was used to simulate a FAN-deficient grape must. Nineteen strains which 
consistently yielded a post-fermentation supernatant refractive index (RI) of less than 95 % of the 
parental strain (p < 0.05) across all three time points were selected for lab scale  
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Table A.9: List of candidate genes selected for fermentation analysis in CDGJM under high 
and low N conditions to evaluate their haploproficiency. Unless shaded or marked with ^, all genes 
were identified as haploproficient in all four conditions evaluated by Delneri et al. (2008). * genes essential 
for viability. The genes highlighted by shading and semi-shading form part of the 26S proteasome.  ^ genes 
previously identified as important in nitrogen efficiency during fermentation (Gardner et al., 2005). 
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fermentation (Figure A.3). Four genes were identified as being haploproficient for wine 
fermentation: HSP150, IRC9, RMD6 and RPL2B under FAN-limited conditions (ca -91.4 ± 3.4, -
91.4 ± 3.4, -57.1 ± 3.4, and -57.1 ± 3.4 hours cf parent), and HSP150 under FAN-sufficient 
conditions (ca -48.1 ± 3.4 hours cf parent). Hsp150p is an O-mannosylated 
heat shock protein that is secreted and covalently attached to the cell wall via beta-1,3-glucan and 
disulfide bridges. It is required for cell wall stability and is induced by heat shock, oxidative 
stress, and nitrogen limitation. IRC9 appears not to encode a protein, although the sequence 
partially overlaps that of YJL141C, which encodes Yak1p, a serine-threonine protein kinase, 
involved in glucose-sensing (involving the RAS/PKA signalling pathway and stress responsive 
transcription factors Msn2p and Hsf1p) and inhibiting growth in response to glucose availability. 
The remaining two genes, RPL2B and RMD6, encode for Rpl2bp, a protein component of the 
large ribosomal subunit, and Rmd6p, a protein required for sporulation. The role of these genes in 
fermentation is unclear. Further work is required to determine this as well as examine ways of 
utilising these genes in future strain constructs and optimisation. 
 
 

 
Figure A.3: Percentage difference in fermentation duration relative to the parent strain 
S288C/ BY4741 for hemizygous mutant strains analysed in 100 mL ferments. Fermentations 
were performed in CDGJM under two different FAN concentrations: FAN-sufficient (375 mg/L) and FAN-
limited (75 mg/L). Shaded bars indicate significantly different values. Common names of the systematic 
gene names listed are found in Table A.9. 
 
 
Genes encoding subunits of the 26S proteasome, previously identified as haploproficient in a 
FAN-limited culture (Delneri et al., 2008), posed interesting candidates for haploproficiency in a 
wine fermentation because of the proposed conservation of proteins from having a less active 26S 
proteasome, under FAN-limited conditions. Most of wine fermentation is spent in stationary 
phase, where very little if any cellular growth occurs, and thus decreased turnover of proteins 
might help the yeast endure the multiple stresses of fermentation. Interestingly, deletion of many 
of the genes of the proteasome, as hemizygous mutants, produced behaviour similar to the parent 



 

34 
 

strain (data not shown). However, the deletants in other proteasome genes (PUP2, RPN3, RPN9, 
RPN12 and PRE6) exhibited haploinsufficiency in FAN-limited media, in that they consistently 
catabolised less sugar than the parent strain (data not shown). This finding is of interest with 
regards to the identification of genes critical for fermentation. Halving the gene dosage for these 
genes in a diploid, results in decreased fermentation performance, whilst complete deletion is 
lethal to the cell as all five genes are essential for viability. As such, they were not present in the 
homozygous diploid library used for the HSF screen (Output F) and thereby an advantage of this 
approach is that it allowed a more comprehensive screening of the genome for genes important to 
fermentation. DOA4, encoding ubiquitin isopeptidase, was identified in the HSF screen wherein 
deletion of both copies of the gene resulted in stuck fermentation. Doa4p is required for recycling 
ubiquitin from proteasome-bound ubiquitinated intermediates, acting at the late 
endosome/prevacuolar compartment to recover ubiquitin from ubiquitinated membrane proteins 
en route to the vacuole.  
 

Analysis of the fermentation dynamics of key gene mutants, as identified by 
transcriptome analysis of FM5 and FM16 
As described in Final Report UA 01/04, Section 3.2.2, analysis of the transcriptome of the 
adaptively evolved strains FM5 and FM16 led to the identification of a number of genes with 
differential expression during fermentation. To follow on from this work we constructed a series 
of deletion and overexpression strains in an attempt to replicate some or all of the fermentation 
phenotypes of these strains. Where a gene was found to be down-regulated in the mutant (FM5 or 
FM16), the fermentation profile of a mutant harbouring a single deletion of that gene was 
analysed, and likewise where an increase in expression was recorded, an overexpression mutant 
was constructed and analysed. Overexpression studies were only carried out in haploid strains due 
to appropriate background strain availability and time constraints. 
 

Analysis of the fermentation dynamics of key gene deletion mutants relevant to FM5 and 
FM16 
Unfortunately no strains constructed in C911D with gene deletions were found to have a reduced 
fermentation duration (Table A.10). However, disruption of three (Δglc3, Δald6, Δhxt3) of the 
seven genes in C911D, were found to increase fermentation duration, considered as an undesirable 
trait. Aside from these, the remaining fermentations yielded no strain differences in the duration to 
catabolise available sugar. 
 
There were a number of alterations in metabolites accumulated at the end of fermentation (Table 
A.10). For example four strains had altered succinic acid accumulation (Δhxt3, Δ hxt2, Δgdh2 and 
Δglc3). The lactic acid produced by Δhxt3 was almost double that of the parent (0.61 vs. 0.33 
g/L), contrasting to this Δald6 only produced 17 % of the lactic acid of that produced by C911D. 
Four strains had increased glycerol production (Δhxt1, Δhxt3, Δald6 and Δino1), of greatest note, 
deletion of ALD6 resulted in 1.1 g/L (16 %) more glycerol than that of C911D. The yield of acetic 
acid was significantly reduced in Δald6 and Δhxt3, while increased in Δhxt1. With regard to 
acetaldehyde production and ethanol production, again significant variations were seen. 
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Table A.10: Dry weight, fermentation duration and major metabolites present in terminal fermentation samples of C911D deletion strains 
 Duration 

hr 
Succinic Acid 
g/L 

Lactic acid 
g/L 

Glycerol 
g/L 

Acetic acid 
g/L 

Acetaldehyde 
g/L 

Ethanol 
g/L 

Dry weight 
g/L 

C911D 62.0 ± 2.0  0.73 ± 0.01 0.34 ± 0.01  7.09 ± 0.08  1.39 ± 0.03  0.03 ± 0.00  102.4 ± 1.2  6.2 ± 0.2  

C911D hxt1 100 ± 2.0 95.6 ± 0.1 105.8 ± 0.1 106.5 ± 0.1 106.7 ± 0.1 120 ± 0.1 91.2 ± 4.3 104.6 ± 0.2 
C911D hxt2 100 ± 2.0 90.5 ± 0.1 96.7 ± 0.2 104.3 ± 0.1 105.7 ± 0.1 130 ± 0.1 92.6 ± 3.9 114.5 ± 0.5 
C911D hxt3 130.6 ± 2.0 140.7 ± 0.1 179.6 ± 0.1 106.1 ± 0.1 86.8 ± 0.1 60 ± 0.1 94.2 ± 1.4 105.4 ± 01.3 
C911D gdh2 100 ± 2.0 90.3 ± 0.1 105.3 ± 0.1 102.4 ± 0.1 104.4 ± 0.1 120 ± 0.1 91.5 ± 4.8 111.7 ± 0.3 
C911D glc3 104.8 ± 2.0 87.7 ± 0.1 104.0 ± 0.1 102.8 ± 0.1 101.6 ± 0.1 105 ± 0.1 88.7 ± 0.2 102.9 ± 0.1 
C911D ald6 130.6 ± 2.0 114.4 ± 0.1 17.1 ± 0.1 116.8 ± 0.1 20.8 ± 0.1 200 ± 0.1 94.0 ± 2.0 102.4 ± 0.5 
C911D ino1 100 ± 2.0 113.9 ± 0.1 105.5 ± 0.1 106.3 ± 0.1 102.2 ± 0.1 120 ± 0.1 91.6 ± 4.5 107.2 ± 0.1 
C911D hap4 100 ± 2.0 95.2 ± 0.1 98.9 ± 0.1 104.2 ± 0.1 98.8 ± 0.1 120 ± 0.1 86.8 ± 4.2 106.5 ± 0.3 
FM5 100 ± 2.0 97.4 ± 0.1 100 ± 0.1 110.3 ± 0.1 109.1± 0.1 120 ± 0.1 86.5± 0.8 108.6 ± 0.1 

Values are the mean of triplicate experiments and are shown as a percentage of the parent (C911D) strain ± standard deviation. Absolute values for C911D are shown. Values 
which were increased or decreased by > 5 % and were also significantly different to the parent, i.e. p < 0.05 (Student’s t-test) are highlighted by yellow or red respectively. 
 
 
 
Table A.11: Dry weight, fermentation duration and major metabolites concentrations present in terminal fermentation samples of L2056 
homozygous deletion strains 

 Duration 
hr 

Succinic Acid 
g/L 

Lactic acid 
g/L 

Glycerol 
g/L 

Acetic acid 
g/L 

Acetaldehyde 
g/L 

Ethanol 
g/L 

Dry weight 
g/L 

L2056 99.0 ± 2.0  0.42 ± 0.05  0.22 ± 0.03  8.37 ± 0.49  1.64 ± 0.05  0.05 ± 0.00  97.0 ± 4.8  4.41 ± 0.35  
L2056 ald6 60.6 ± 2.0 78.2 ± 0.1 105.3 ± 0.1 113.2 ± 0.1 102.6 ± 0.1 207.4 ± 0.1 107.3 ± 8.3 98.4 ± 0.1 
L2056 gph1 71.2 ± 2.0 90.0 ± 0.1 110.5 ± 0.1 121.8 ± 0.3 98.2 ± 0.1 274.1 ± 0.1 105.3 ± 6.3 100.3 ± 0.1 
L2056 rck1 75.8 ± 2.0 82.9 ± 0.1 104.2 ± 0.1 90.6 ± 0.1 102.0 ± 0.1 133.3 ± 0.1 107.3 ± 6.8 100.0 ± 0.3 
FM16 60.6 ± 2.0 92.6 ± 0.1 93.4 ± 0.1 106.2 ± 0.1 96.1 ± 0.1 140.7 ± 0.1 101.9 ± 10.7 102.3 ± 0.2 
L2056-C7 59.3 ± 2.0 105.7 ± 0.1 175.4 ± 0.1 121.1 ± 0.3 99.8 ± 0.2 94.4 ± 0.1 107.7 ± 6.7 104.3 ± 0.4 

Values are the mean of triplicate experiments and are shown as a percentage of the parent (L2056) strain ± standard deviation. Absolute values for L-2056 are shown. Values 
which were increased or decreased by > 5 % and were also significantly different to the parent, i.e. p < 0.05 (Student’s t-test) are highlighted by yellow or red respectively.
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All three homozygous deletion strains (Δald6, Δgph1 and Δrck1) were able to complete 
fermentation within a shorter duration than the parent (Table A.11; the fastest being 61 % of the 
duration of L2056). The glycerol concentrations at the end of fermentation by Δald6 and Δgph1 
were also increased by 1.1 g/L and 1.8 g/L (13.2 % and 21.8 %) respectively, whereas deletion of 
RCK1 decreased glycerol accumulation. The other significant finding was the dramatic increase in 
acetaldehyde Δald6 and Δgph1 strains. Interestingly, deletion of ALD6, as described here in 
L2056 (a diploid) has a different effect than deletion from C911D (haploid version of L2056). For 
instance, L2056 ald6 has shorter fermentation duration and increased glycerol and acetaldehyde, 
whereas C911D ald6 has increased duration, decreased lactic and acetic acid, and increased 
glycerol and acetaldehyde (Table A.10 vs. Table A.11). 
 
Ald6p, which preferentially uses NADP+ (Meaden et al., 1997; Wang et al., 1998), together with 
other ACDH’s is responsible for oxidation of acetaldehyde to acetate during fermentation 
(Meaden et al., 1997; Remize et al., 2000; Saint-Prix et al., 2004). In ald6 mutants, the 
mitochondrial route of acetate formation is operative due largely to the presence of Ald4p, 
however the cytosolic route can be markedly decreased (thought to be due to the functionality of 
ALD2 and ALD3 - encoding only a minor form of a cytosolic, stress induced, glucose repressed 
ACDH (Navarro-Avino et al., 1999; Norbeck & Blomberg, 1997). Deletion of ALD6, the main 
cytosolic ACDH, results in a decrease in NADPH formation (Kurita & Ito, 1994). However, the 
NADP/NAD ratio might also be affected in these mutants, depending on the contribution of other 
ACDHs that can use NAD (Ald2p and Ald3p (Navarro-Avino et al., 1999)) or NAD and NADP 
(Ald4p). The increased glycerol production noted in C911D ald6 and L2056 ald6, therefore, could 
reflect deregulation mechanisms. 
 
Theoretically, an Δald6 mutant may have to achieve redox balance in individual cellular 
compartments (i.e. cytosol or mitochondria). The compensation of the mitochondrial enzymes for 
the loss of ALD6 would most likely result in redox imbalance. The low concentration of acetic 
acid in C911D, maybe a function of compartmentalisation of ACDH’s, that is, the inability of 
other ACDH’s to oxidise acetaldehyde. However, the somewhat unchanged concentration of 
acetic acid in L2056 ald6 could be accounted for by Ald4p, as the function of this protein is 
thought to be strain dependent (Wang et al., 1998).  
 
GLC3 encodes the glycogen branching enzyme involved in glycogen biosynthesis (Rowen et al., 
1992; Thon et al., 1992). Branching of glycogen is required for cellular accumulation of glycogen, 
thereby helping the cell cope with heat or osmotic stress (Parrou et al., 1997), as well as 
enhancing survival upon deprivation of nutrients such as carbohydrates and assimilable nitrogen 
(Lillie & Pringle, 1980; Parrou et al., 1999). The initiation of glycogen accumulation is a function 
of glycogenin, a self-glucosylating protein which initiates biosynthesis acting on UDP-glucose 
(formed from glucose 1-phosphate) (see review by Francois & Parrou, 2001). Consequently 
disruption of GLC3 may allow for the shuffling of glucose 6-phosphate into the production of 
another storage carbohydrate, trehalose (Lillie & Pringle, 1980; Parrou et al., 1999, 1997), 
proposed to play a regulatory role in glycolysis, through inhibition of hexokinases, which 
phosphorylate glucose and fructose (Blazquez et al., 1993). Thus glycolytic capacity of the cell is 
limited when trehalose accumulates and this might explain the increased fermentation duration in 
the glc3 deletant.  
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RCK1 is thought to encode a protein kinase (Dahlkvist & Sunnerhagen, 1994), as well as having a 
general involvement in meiosis (Ramne et al., 2000). Specifically, Rck1p is implicated in the high 
osmolarity glycerol (HOG) pathway, through Hog1p, which is thought to suppress protein 
synthesis after osmotic shock as well as promote intracellular osmolyte production. The change in 
fermentation phenotype of Δrck1 may be a consequence of the HOG pathway, activating a 
response to high osmolarity (Schwartz & Madhani, 2004). Rck1p is phosphorylated by Hog1p 
which is known to down-regulate protein synthesis (Teige et al., 2001). Consequently loss of 
function of RCK1 may alleviate the negative regulation of Hog1p under conditions of stress, thus 
allowing sustained protein production by HOG1 at a sacrifice of osmolyte production, hence the 
reduced fermentation duration. 
 

Analysis of the fermentation dynamics of key gene overexpression mutants relevant to 
FM5 and FM16 
There were no clear associations between the phenotypes observed in constructed over-expression 
strains compared to FM5-M, with the exception of the marginal increase in acetic acid 
concentration in C911D vid24UP (Table A.12). An increase in lactic acid concentration was noted 
in C911D vid24UP and C911D adr1UP, however, this contrasts to that of the phenotype of FM5, 
where no difference in production has been found. There was also a significant increase in 
fermentation duration observed in C911D vid24UP, this too is dissimilar to reported phenotype of 
FM5. Further analysis is required to explain these discrepencies. 
 
Summary of outcomes from single gene modifications, as identified from transcriptome 
analysis of FM5 and FM16 

a) Deletion of either HXT1, HXT2, HXT3, GLC3, GDH2, ALD6 or INO1 from C911D 
resulted in fermentation phenotypes similar to that of FM5. 

b) Deletion of either ALD6, GPH1, RCK1 from L2056 resulted in fermentation phenotypes 
similar to that of FM16 and L2056-C7. 

c) No single deletion resulted in all of the desirable fermentation characteristics of either 
FM5, FM16 or L2056-C7. 

d) Deletion of ALD6 from C911D and L2056 have different outcomes. 
 
In summary, the complex phenotype of each of the evolved strains is not explained by a single 
gene modification. We certainly did not expect this to be the case, instead it is most likely that a 
number of cellular activities have been altered. For this reason, a systems biology approach to 
further characterise these strains (namely L2056-C7) was undertaken (see Output H). We have 
however also discovered many gross metabolite changes as direct effects of single gene 
manipulations, many of these of great significance to industrial winemaking, and this information 
will be used to further direct future yeast strain development. 
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Table A.12: Dry weight, fermentation duration and major metabolites present in terminal fermentation samples of C911D over-expression strains 
 Duration 

hr 
Succinic Acid 
g/L 

Lactic acid 
g/L 

Glycerol 
g/L 

Acetic acid 
g/L 

Acetaldehyde 
g/L 

Ethanol 
g/L 

Dry weight 
g/L 

C911D 79.0 ± 3.5  0.36 ± 0.01  0.37 ± 0.01  7.66 ± 0.36  1.67 ± 0.02  0.05 ± 0.00  104.4 ± 0.6  5.27 ± 0.31  
C911D adh2UP 100.0 ± 2.0 108.3 ± 0.1 112.8 ± 0.1 103.9 ± 0.1 102 ± 0.1 96.7 ± 0.1 102.9 ± 6.2 105.5 ± 0.2 
C911D adr1UP 105.5 ± 2.0 93.8 ± 0.1 133.6 ± 0.1 105.4 ± 0.1 103.8 ± 0.1 100 ± 0.1 102.0 ± 4.1 89.1 ± 0.4 
C911D vid24UP 116.5 ± 2.0 89.8 ± 0.1 111.9 ± 0.1 105.4 ± 0.1 105.9 ± 0.1 90.9 ± 0.1 100.2 ± 7.1 96.2 ± 0.3 
FM5 95.0 ± 2.0 98.6 ± 0.1 114.0 ± 0.1 107.1 ± 0.1 108.7 ± 0.1 97.0 ± 0.1 93.7 ± 0.6 112.8 ± 0.1 

Values are the mean of triplicate experiments and are shown as a percentage of the parent (C911D) strain ± standard deviation. Absolute values for C911D are shown. Values 
which were increased or decreased by > 5 % and were also significantly different to the parent, i.e. p < 0.05 (Student’s t-test) are highlighted by yellow or red respectively. 
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Generation of novel commercial wine yeast strains through hybridisation 
The hybrid program was initiated as part of the outputs from UA 01/04 and initially focused on 
generating new strains by sporulation from a number of commercial strains, chosen for their distinct 
properties. As commercial wine yeast are often heterozygous (Bradbury et al., 2006), it was envisaged 
that there would be sufficient diversity within the re-diploidised ‘selfed’ progeny in terms of 
fermentation attributes.  Some of the properties of the commercial strains and their re-diploidised 
spores measured are reported in the final report UA 01/04.  
 
An alternative method is intra-specific hybridisation that is hybridisation of two strains of the same 
species.  As wine yeast are usually diploid and do not readily mate, the procedure relies on sporulation 
and mating of the haploid spore progeny prior to their switching mating type and re-diploidising.  This 
form of rare mating is referred to as spore-spore mating. 
 
Commercial strains, with distinct properties (H2S production, increased tolerance to 12% ethanol, 0.5 
M NaCl, and growth at 15°C) were evaluated for their ability to sporulate with reasonable efficiency, 
with the production of tetrads with 4 viable spores. Three methods for molecular typing were used to 
differentiate between strains: delta PCR (Schuller et al., 2004), mitochondrial RFLP (Schuller et al., 
2004) and microsatellite analysis (Bradbury et al., 2006). Rare mating was performed on sporulating 
cultures from commercial wine yeast identified as having sufficiently different phenotypes. For each 
mating set of two strains (sporulating cultures), one strain was labelled with either epicocconone 
(Beljian Red) and the other with CT-BODIPY Green and the two allowed to mate for 20 hours prior 
to sorting of dual labelled zygotes by FACS.  The zygotes within the collected fraction were isolated 
by manual micro-manipulation using a dissecting microscope. Approximately 120 hybrids were 
produced and identified by molecular typing. These strains were evaluated for fermentation 
performance and effect on colour in both micro-fermentation and lab scale fermentation experiments 
(100 mL CDGJM or 1 kg lots of grape berries).  A number of hybrids produced different colour 
outcomes (compared with their parents) following fermentation, however, the overall fermentation 
performance or impact on wine colour was not dissimilar from the parent strains (UA 05/06).  A 
collection of 91 brewing yeast hybrids generated as part of this study, were genotyped by PCR 
amplification of delta sequences and micro-satellite analysis (UA 05/06).  To date, no fermentation 
trials have been conducted due to limited availability of personnel.  
 
The hybridisation program per se was abandoned at this point and the focus of attention was diverted 
to directed (adaptive) evolution as a means of generating new yeast strains which perform well under 
sub-optimal nutrient conditions.  However, valuable knowledge and insight was gained into intra-
specific hybridisation and screening of measurable phenotypes, relevant to fermentation.  Firstly, wine 
Saccharomyces cerevisiae are highly evolved, adapted to the harsh environment of the juice ferment, 
with largely similar performance under supplemented conditions, although there may be differences in 
their aroma profile, nitrogen requirements, etc.  As such, in order to show heterosis (hybrid vigour) 
within the progeny, that is, an improved phenotype such as fermentation performance under a number 
of conditions, compared to the parent, a large number of progeny would need to be identified (at least 
100 per cross).  This was a limitation of the present study as only 120 hybrids were isolated from 20 
crosses between commercial wine yeast.  
 
An improvement on the methodology would be to perform the mating with unlabelled cultures as 
described prior to inoculation into batch ferments; each with an individual stress condition such as 
low nitrogen, or high sugar.  The hybridisation strategy (perhaps in combination with chemical 
mutagenesis) would increase the genetic diversity as compared to inoculation with only parental 
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strains. Adaptive evolution, a proven tool in this lab, would be used in a batch fermentation approach, 
over only 50-100 generations, which is considerably shorter than the usual 3-400 generations reported 
(McBryde et al., 2006).  High through-put screening (robotic handling and micro-ferments) will 
enable screening of hundreds of colonies under several stress conditions.  Those exhibiting desired 
cross-tolerance phenotypes would be chosen for further evaluation in white juice or grape must (100 
mL to 10 L scale).  
 

Conclusion: 
This investigation of strains that are nutrient efficient or metabolically distinct has yielded a rich 
source of information that is directly applicable to future yeast strain development. Also, collectively, 
a wealth of experience has been attained from this output, which is paramount for success in the next 
phase of our wine yeast generation strategies. We have produced a large collection of commercial 
yeast derivatives and non-GMO yeast, which will provide the raw material for future yeast 
improvement programs.  
 
The list of genes, now known to contribute to nitrogen efficiency during fermentation has been 
expanded, with ECM33 of particular interest due to its significant shortening of fermentation duration, 
being 60-70% of its parent in defined mediums and up to 2 days shorter in grape juices. Four genes 
have also been found to be haploproficient in both limiting (IRC9, RMD6 and RPL2B) and limiting or 
sufficient (HSP150) nitrogen fermentation. Future studies should include evaluation of combinatory 
mutants, such as that done with NGR1 and GID7 in an attempt to further improve desirable 
characteristics.  
 
So far the probable mechanisms underlying this phenotype seem to be very broad. Connections 
between known HNE genes are very limited and functional analysis employing phenotype 
microarrays revealed few obvious connections to fermentation dynamics. We expect that this 
phenotype is in fact brought about by small perturbations in multiple unrelated metabolic pathways. 
This is not surprising since nitrogen and carbon metabolism is central to life, and impacts upon many 
other pathways.  
 
Further identification of more HNE genes would be extremely valuable, a complete list of all possible 
genes contributing to this phenotype should allow a thorough analysis of all involved pathways. This 
is now achievable with the recent availability of the AWRI wine yeast deletion library (albeit 
incomplete), which has no auxotrophies and thus can be screened for HNE genes, in the presence of 
limited nitrogen. 
 
Analysis of single gene mutants, as identified from transcriptional analysis of adaptively evolved 
strains revealed the complex associations between genes and the consequences, be it metabolites or 
dynamics of fermentation. We found that alteration of single genes could result in dramatic metabolic 
effects, and in some cases these were strain dependent. 
 
The yeast hybridisation program generated valuable insights in to how best to perform these types of 
intra-specific hybridisations. However, we found that phenotypic variability between hybrids and their 
parents was quite low, leading to the requirement of a larger than possible program to be undertaken 
for the successful generation of strains with novel attributes.  
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Contributors: 
Current PhD students: Alana Capaldo (submitted) and Krista Sumby 
Postdoctoral fellows and/or student supervisors: Drs Michelle Walker, Jennie Gardner, Chris Ford, 
Paul Grbin and Assoc Prof Vladimir Jiranek.  
 

Background: 
Investigations undertaken in UA 01/04 included a comprehensive screening of some 50 isolates of 
Oenococcus oeni, Pediococci and Lactobacilli for tannase, lichenase, cellulose, β-glucanase, 
xylanase, esterase and various glycosidic activities. With the exception of xylanases, all activities 
were represented across at least some isolates of all genera. The esterases and β-glucosidases were 
selected for further characterisation. Specifically the sequences of the structural genes were deduced 
from comparisons of the genome sequence of the O. oeni strain PSU-1 with sequences of similar 
enzymes from related bacteria. Such sequence information was also used to enable cloning, 
heterologous expression and characterisation of these enzymes free from other complicating activities 
(See Output F for full details). Information about the expression patterns of some of these genes was 
also collected in order to determine the conditions under which their influence might be maximal.  
 

In the case of the -glucosidases, basic information about their potential contribution to strain growth 
and metabolism was sought through supplementation experiments using natural glycosidic substrates 
(e.g. arbutin and salicin). Esterase activities were further characterised through examination of the 
impact of whole bacterial cells on esters and ester formation in natural substrates. 
 

Methods: 
Strains 
Several strains including O. oeni and Lactobacillus hilgardii were used in this part of the project. 
They were selected based on their possession of high activities against glycosylated or ester substrates 
(UA 01/05, Grimaldi et al., 2005a, Matthews et al., 2006; Table B.1). 
 

Bioinformatic analysis 
Sequences with potential to be a structural gene for the enzymic activities observed in earlier work 
were sought. Six genes across at least two putative operons (bgl and cel) were identified (AG1, ORF 
1, ORF 2, ORF 3, ORF 4 and ORF 5) based on comparative sequence analysis of the published PSU-1 
O. oeni genome with glucosidase sequences from other lactic acid bacteria (Makarova et al., 2006). 
Candidates were identified based on the presence of signature sequences important in GHF 1 and 3 β-

Output B: Information on LAB with distinct properties; Optimised bacterial 
strains and application protocols; ‘Special Purpose’ LAB 
identified 

 
4. 2 LAB strains with distinct hydrolytic properties of potential oenological value 

identified. Enzymatic basis for these defined. 
 
5. 1 LAB strain with greater enzymatic activities (eg glycosidase, tannase, esterase, 

anthocyanase) and a method for application in winemaking. Larger-scale/industry 
trials completed (’07 vintage). 

 
6. Strains with specific esterase or glycoside modifying properties identified. 

Application protocols developed. 
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glycosidases (Table B.2). Two candidates, ORF 1 and 5, had a leucine in the place of a methionine as 
a start codon, the potential impact of which on activity of the gene product was not known. An 
analogous sequence comparison approach was used to identify putative esterase genes, estA2, estA7, 
estB28 and estCOo8 from O. oeni as well as estC34 from L. hilgardii.  
 
 
Table B.1: Lactic acid bacteria strains used in this study 
Strain Species Comment Origin* 
Ooeni8 Oenococcus oeni High esterase activity CHR Hansen Viniflora 
Ooeni28 Oenococcus oeni High esterase activity Lallemand nuovi Ceppi Oo2 
Lac34 (CSCC-5489) Lactobacillus hilgardii  High esterase activity SCRC 
Lalvin 4X (VL92) Oenococcus oeni High glycosidase activities Lallemand 
* Isolates from commercial starter cultures or purchased from the Australian Starter Culture Research Centre 
(SCRC) 
 
 
Table B.2: Putative genes identified in O. oeni PSU-1 which may be responsible for β-
glucosidase metabolism 
Gene Putative function  Gene length (bp) Position in genome Gene ID* 
AG1 β-glucosidase/6-phospho-β-

glucosidase/β-galactosidase 
1332 Complement 

(211150..212482) 
- 

ORF 1 β-glucosidase/6-phospho-β-
glucosidase/β-galactosidase  

1443 Complement 
(211150..212592) 

OEOE_0224 

ORF 2 β-glucosidase/6-phospho-β-
glucosidase/β-galactosidase 

1458 (331260..332717) OEOE_0341 

ORF 3 β-glucosidase/6-phospho-β-
glucosidase/β-galactosidase 

1446 (329798..331243) OEOE_0340 

ORF 4 β-glucosidase/6-phospho-β-
glucosidase/β-galactosidase 

1323 (1143928..1145250) OEOE_1210 

ORF 5 β-glucosidase-related glycosidase  2214 Complement 
(1486489..1488702) 

OEOE_1569 

*NCBI Gene tag 
 
 

Growth of O. oeni on glycosidic substrates 
The O. oeni wine strain Lalvin 4X (VL92) was cultured for approximately five days in de Man, 
Rogosa and Sharpe (MRS) broth supplemented with 10% filter sterilized preservative-free apple juice 
(commercially available).  This culture was used to inoculate 50 mL flasks of MRS (1:100 dilution) 
made up without meat extract or dextrose, supplemented with 1% (w/v) of arbutin, cellobiose, salicin, 
arbutin/glucose, cellobiose/glucose or salicin/glucose, which was subsequently filter sterilized.  
Growth was monitored by measuring the optical density at 600 nm (OD600) and visual confirmation 
by observing the cells at a 1000 x magnification. 

 
Transcription analysis 
Samples (1 mL) were taken from a culture of O. oeni strain Lalvin 4X (VL92) at an OD600 of 0.5 and 
1.0, and centrifuged at 14,000 x g for 10 min.  After the supernatant was removed, RNA was extracted 
using the High Pure RNA Isolation Kit (Roche), reverse-transcribed using iScript cDNA Synthesis 
Kit (Bio-Rad) according to the manufacturer’s instructions and quantified using a NanoDrop 1000 
(Thermo Scientific).  Primers were synthesized by Sigma-Aldrich Australia (Table B.3).  PCR 
amplification was carried out using DyNAzyme Ext (Finnzymes) using the cDNA as a template.  The 
reference genes ldhD and gyrA were included as they have been validated for O. oeni in response to 
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stress conditions as a useful tool for relative transcript quantification.  The resulting cDNA was 
validated on a 2% (w/v) agarose gel stained with GelRed™ (Biotium, distributed by Jomar 
Diagnostics) run in 1% TAE buffer at 100 V. The reaction conditions are described in Appendix 5: 
Supplementary Tables 3 and 4. 
 
 
Table B.3: Primers used for transcriptional analysis of the cel and bgl operon 
Gene Primer 5’ – 3’ Tm* Amplicon length (bp) 
ldhD ldhDprobe155Fwd ggacgtttatgaaaatgagattgg 64.50 73 
ldhD ldhDprobe155Rev caaacgagcatcagggaact 64.55 
gyrA gyrAprobe148Fwd ccaaaggaatcccggttatta 63.79 70 
gyrA gyrAprobe148Rev acatttataacggcctgaacg 62.92 
celD celDprobe11Fwd agcggcctgcgtaaagat 65.16 83 
celD celDprobe11Rev cctttgccatccacatcc 64.52 
celC celCprobe44Fwd cagattgcgcatcgtattga 65.11 67 
celC celCprobe44Fwd cggataaatcgggcacat 63.72 
bglD bglDprobe61Fwd cagcgtcgttattggtttagc 63.71 91 
bglD bglDprobe61Rev ccggacgaaagttgttctgt 64.43 
*TM, primer melting temperature 
 
 

Volatile fingerprinting 
Malolactic fermentation trails were carried out to determine if the ester profile of wine could be 
altered in a distinct way by addition of a particular strain of LAB. Two wines were used in this study, 
a Cabernet Sauvignon and a Chardonnay and up to 8 strains of LAB (Table B.4). Initial and final 
malic acid concentrations for both wines were determined using a spectrophotometric-based 
enzymatic analysis kit. Wine was aliquoted into 3x 22 mL GCMS grade glass vials (sterilised by 

autoclaving) and inoculated according to the table below (Table B.5). Wines were incubated at 21C 
without agitation for the duration of malolactic fermentation (MLF). MLF was deemed to be complete 
when the concentration of malic acid was less than 0.1 g/L. At the completion of MLF all samples 

were filter sterilised (0.22 m) and stored in 2x 10 mL GCMS grade glass vials at 4C to minimise 
changes in ester concentration due to shifts in water activity when freezing. All samples were 
analysed within one month.  
 
 

Table B.4: Esterase activity of LAB strains used in MLF of wine 
Strain Esterase activity# Origin 
Ooeni8 High CHR Hansen Viniflora 
Ooeni12 High Lalvin 3X 1Step 
Ooeni28 High Lallemand nuovi Ceppi Oo2 
Ooeni2 Low Lalvin 4X(VL92) 
Ooeni3 Low Inobacter 
Ooeni6A Low Lalvin MT01 Standard 
Lac34 High SCRC 
Lac40 Low SCRC 
SCRC strains were purchased from the Australian Starter Culture Research Centre. #Refers to the level of 
esterase activity seen by previous experiments in this laboratory. 
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Table B.5: Samples analysed by volatile fingerprinting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample #  Treatment  Wine sample 
1  No inoculation  Cabernet Sauvignon 
2  No inoculation  Cabernet Sauvignon 
3  No inoculation  Cabernet Sauvignon 
4  Strain1 (Ooeni8)  Cabernet Sauvignon 
5  Strain1 (Ooeni8)  Cabernet Sauvignon 
6  Strain1 (Ooeni8)  Cabernet Sauvignon 
7  Strain2 (Ooeni12)  Cabernet Sauvignon 
8  Strain2 (Ooeni12)  Cabernet Sauvignon 
9  Strain2 (Ooeni12)  Cabernet Sauvignon 
10  Strain3 (Ooeni28)  Cabernet Sauvignon 
11  Strain3 (Ooeni28)  Cabernet Sauvignon 
12  Strain3 (Ooeni28)  Cabernet Sauvignon 
13  Strain4 (Ooeni2)  Cabernet Sauvignon 
14  Strain4 (Ooeni2)  Cabernet Sauvignon 
15  Strain4 (Ooeni2)  Cabernet Sauvignon 
16  Strain5 (Ooeni3)  Cabernet Sauvignon 
17  Strain5 (Ooeni3)  Cabernet Sauvignon 
18  Strain5 (Ooeni3)  Cabernet Sauvignon 
19  Strain6 (Ooeni6A)  Cabernet Sauvignon 
20  Strain6 (Ooeni6A)  Cabernet Sauvignon 
21  Strain6 (Ooeni6A)  Cabernet Sauvignon 
22  Strain7 (Lac34)  Cabernet Sauvignon 
23  Strain7 (Lac34)  Cabernet Sauvignon 
24  Strain7 (Lac34)  Cabernet Sauvignon 
25  Strain8 (Lac40)  Cabernet Sauvignon 
26  Strain8 (Lac40)  Cabernet Sauvignon 
27  Strain8 (Lac40)  Cabernet Sauvignon 
28  No inoculation  Chardonnay 
29  No inoculation  Chardonnay 
30  No inoculation  Chardonnay 
31  Strain1 (Ooeni8)  Chardonnay 
32  Strain1 (Ooeni8)  Chardonnay 
33  Strain1 (Ooeni8)  Chardonnay 
34  Strain2 (Ooeni12)  Chardonnay 

Sample #  Treatment  Wine sample 
35  Strain2 (Ooeni12)  Chardonnay 
36  Strain2 (Ooeni12)  Chardonnay 
37  Strain3 (Ooeni28)  Chardonnay 
38  Strain3 (Ooeni28)  Chardonnay 
39  Strain3 (Ooeni28)  Chardonnay 
40  Strain4 (Ooeni2)  Chardonnay 
41  Strain4 (Ooeni2)  Chardonnay 
42  Strain4 (Ooeni2)  Chardonnay 
43  Strain5 (Ooeni3)  Chardonnay 
44  Strain5 (Ooeni3)  Chardonnay 
45  Strain5 (Ooeni3)  Chardonnay 
46  Strain6 (Ooeni6A)  Chardonnay 
47  Strain6 (Ooeni6A)  Chardonnay 
48  Strain6 (Ooeni6A)  Chardonnay 
49  Strain7 (Lac34)  Chardonnay 
50  Strain7 (Lac34)  Chardonnay 
51  Strain7 (Lac34)  Chardonnay 
52  Strain8 (Lac40)  Chardonnay 
53  Strain8 (Lac40)  Chardonnay 
54  Strain8 (Lac40)  Chardonnay 
55  No inoculation  Chardonnay + ethyl acetate 
56  No inoculation  Chardonnay + ethyl acetate 
57  No inoculation  Chardonnay + ethyl acetate 
58  Strain1 (Ooeni8)  Chardonnay + ethyl acetate 
59  Strain1 (Ooeni8)  Chardonnay + ethyl acetate 
60  Strain1 (Ooeni8)  Chardonnay + ethyl acetate 
61  Strain2 (Ooeni12)  Chardonnay + ethyl acetate 
62  Strain2 (Ooeni12)  Chardonnay + ethyl acetate 
63  Strain2 (Ooeni12)  Chardonnay + ethyl acetate 
64  Strain3 (Ooeni28)  Chardonnay + ethyl acetate 
65  Strain3 (Ooeni28)  Chardonnay + ethyl acetate 
66  Strain3 (Ooeni28)  Chardonnay + ethyl acetate 
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Volatile fingerprinting of all treatments was carried out by Metabolomics Australia. Deliverables 
resulting from services carried out including preliminary PCA analysis. The volatile fingerprinting 
screening technique was employed in an attempt to reduce the number of samples required for 
quantitative analysis. Samples analysed by this method are shown in Table B.5. However due to a lack of 
sensitivity in this technique it was deemed necessary to carry out more in-depth analysis on a smaller 
sample set using SPME-GCMS. 

 
Analysis of fermentation-derived volatiles 
Standard solutions were prepared using analytical reagent grade chemicals (Sigma). Stock solutions of 
each compound were prepared in ethanol. A combined standard solution was prepared for each group of 
compounds (esters, acetates, alcohols and acids) from the stock solutions. 
 
For volatile analysis, an Agilent CP9205 gas chromatograph (Agilent Technologies) was equipped with a 
Gerstel MPS2 multi-purpose sampler and coupled to a mass selective detector. The instrument was 
controlled and the data analysed with MSD ChemStation E.02.00.493 software (Agilent Technologies). 
The gas chromatograph was fitted with a 30 m x 0.25 mm Phenomenex fused silica capillary column ZB-

Wax (0.25 m film thickness). The carrier gas was helium (Air Liquide or BOC, Ultra High Purity), 
linear velocity 36 cm/s, flow rate 1.0 mL/min in constant flow mode. The oven temperature was started at 

40 C, held at this temperature for 5 min, then increased to 120 C at 3 C/min, then increased to 240 C 

at 10 C/min and held at this temperature for 10 min. The inlet was fitted with a borosilicate glass SPME 

inlet liner (0.75 mm I.D., Supelco) and was held at 230 C. The mass spectrometer quadrupole 

temperature was set at 150 C, the source was set at 230 C, and the transfer line was held at 240 C. 
Positive ion electron impact spectra at 70 eV were recorded in scan mode from 40 to 250. The conditions 
for headspace SPME sampling were as follows: a 10 mL aliquot of sample was added to a 20 mL vial 
containing 2 g of sodium chloride, and the vial was immediately capped (magnetic, Teflon lined rubber 

septum). The vial and its contents were heated to 40 C for 10 min. The Supelco 
Carboxen/divinylbenzene/Polydimethylsiloxane (CAR/DVBPDMS) 50/30 μm fibre was exposed to the 
headspace for 10 min with agitation of the vial at 250 rpm. The SPME fibre was desorbed in the split 
mode, at 10:1. The fibre was allowed to bake in the inlet for 15 min. 
 

Results and Discussion: 
O. oeni was unable to grow significantly (OD600  < 0.1) in the absence of a carbon source (Figure B.1). 

When provided with the naturally occurring plant -glucosides salicin and arbutin and the disaccharide 
cellobiose (with two glucose moieties) as sole carbon source, growth was observed. Glucose was added at 
1% (w/v) to three growth assays to establish the impact on growth patterns, and also to determine whether 

glucose repressed the phospho--glucosidase genes characterised in Output G. The three cultures, one 
each containing supplementation from salicin, arbutin or cellobiose, had a greater lag (approximately 10 
days) than cultures grown on salicin and cellobiose with added glucose (approximately 5 days). In the 
presence of arbutin plus glucose, the cells still had a 10 day lag before increasing exponentially. When 
glucose was additionally present, the maximum OD attained was typically twice that seen in the absence 
of glucose. These findings confirm the ability of this wine strain of O. oeni to grow on natural 
glycosylated substrates and thereby underline the importance of the associated utilisation systems and in 
turn their genes.  
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Figure B.1: Growth of O. oeni strain Lalvin 4X (VL92) in MRS broth lacking meat extract and 
dextrose at 30°C under anaerobic conditions. The MRS broth was supplemented with 1% (w/v) of A) 
Arbutin, B) Salicin, C) Cellobiose, D) Salicin/Glucose, E) Arbutin/Glucose, F) Cellobiose/Glucose, G) No carbon 
source, H) uninoculated (blank). 
 
 

The cultures were examined daily under the light microscope. Figure B.2 shows images taken of cells 16 
days post inoculation. The cells grown in the presence of glucose carbon source were more numerous and 
tended to grow in small clusters. In the absence of glucose, clusters comprised longer chains of cells, 
perhaps indicative of the slower growth under these conditions. 
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Figure B.2: Images of O. oeni strain Lalvin 4X (VL92) after 16 days growth in MRS broth lacking 
meat extract dextrose but containing various carbon sources. Taken at 1000 x magnification.  Arbutin) 
growth on 1% (w/v) arbutin; Arbutin/Glucose) growth on 1% arbutin and 1% glucose; Cellobiose) growth on 1% 
cellobiose; Cellobiose/Glucose) growth on 1% cellobiose and 1% glucose; Salicin) growth on 1% salicin; 
Salicin/Glucose) growth on 1% salicin and 1% glucose. 
 
 
To gain insight into the regulation of the glycosidase genes investigated in this project, their 
pattern of expression during the course of growth was examined. RNA was extracted from the 
cultures when at an OD600 of 0.5 and 1.0, reverse transcribed and used as a template for PCR. Five 
gene products were amplified: celC, celD, bglD and ldhD and gyrA. The cDNA was quantified as 
described, and 20 μL (over 1100 ng/μl of amplified cDNA for all the samples) was loaded into each well 
of the 2% (w/v) agarose gel, to allow for maximum product visibility. The cDNA from cultures sampled 
at OD600 0.5 was only evident for the reference genes ldhD and gyrA, and no product was observed for 
bglD, celC and celD at this time point (data not shown). Figure B.3 depicts electrophoretic analysis of 
amplicons from cultures sampled at OD600 1.0. No PCR products were visible using the celC primers. 
However, bands of approximately 80 bp corresponding to the reference genes ldhD and gyrA were 
observed under UV illumination when the same cDNA template was used (refer to Table B.3 for expected 
amplicon sizes). Different amounts of product could be identified between the different templates when 
amplified with the reference gene primers. This may be due to an inconsistent RNA extraction or 
efficiency of reverse transcription. Amplification with celD primers yielded a faint product approximately 
100 bp in size for all assays with the exception of arbutin. Amplification using bglD primers produced a 

       Arbutin                          Arbutin/Glucose 

 
Cellobiose         Cellobiose/Glucose 

 
          Salicin                     Salicin/Glucose 

 100 μM 100 μM 

100 μM 100 μM 

100 μM 100 μM 
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faint product (just discernible, see arrow) when cells were grown in arbutin as the sole carbon source. 
This implies that the expression of the bglD and celD genes may be induced to different degrees 
depending on the carbon source. The impact of a wine-like environment on expression of these genes is 
therefore warranted. Notably, the residual content of glucose in wines is likely to be less than the 1% (10 
g/L) used here. 

 
 

 
Figure B.3: Electrophoresis of amplification products derived from cDNA (as template) and gene 
specific primers for celC, celD and bglD.  ldhD and gyrA genes were used as controls for quantification 
purposes.  DNA was visualised under UV, following separation on a 2% agarose gel in the presence of GelRed. 
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The potential implication of esterase activities of lactic acid bacteria for the ester profile of wines was 
examined. A Cabernet Sauvignon and a Chardonnay wine were inoculated with up to 8 different strains as 
detailed in Table B.4. In some cases the wines were spiked with ethyl acetate (Table B.5). At the 
completion of MLF volatile fingerprinting of all treatments was carried out by Metabolomics Australia. 
Preliminary PCA analysis showed minimal differences between the tested treatments (e.g. see Figure B.4 
and Appendix 5 – Supplementary Figures 1-3). Whilst the samples are clustered according to wine 
variety, there are no clear distinctions between the strains or the uninoculated samples. Some of the ethyl 
acetate spiked wines did form a distinct group suggesting that they contained a high residual of ethyl 
acetate, a derivative therof or a metabolite produced in response to this ester. 
 
 

 
Figure B.4: Scores and Loading Plot from the PCA of all samples (including those spiked with ethyl 
acetate) analysed for impact of MLF on volatile profile (PC1 and PC2). 
 
 
In order to gain greater resolution between the samples, some were analysed using SPME-GCMS. A 
summary of the results is in Tables B.6 and B.7. All strains changed the ester profile of the wine relative 
to the uninoculated control. In the Cabernet Sauvignon, only Ooeni8 produced a statistically significant 
reduction in ethyl acetate (i.e. ~61 g/L vs 36 mg/L). Ooeni8 also produced the greatest reduction in ethyl 
acetate in the Chardonnay wine (i.e. ~85 mg/L vs 20 mg/L; Table B.7). In this case all strains with ‘high’ 
esterase activity (reported in UA 01/04 with artificial substrates) reduced ethyl acetate to a statistically 
significant level. Whilst significant, the reduction in ethyl acetate by Ooeni3 was not as great, again in 
agreement with the low acetate-specific esterase activity of the strain. Ethyl acetate is often an important 
contributor to wine aroma; at low concentrations (< 100 mg/L) giving a desirable and fruity character to 
the wine, however, at higher concentrations it can impart a solvent/nail varnish-like aroma. Therefore it is 
ideal to keep this ester below this undesirable level, but at the same time it may not be desirable to reduce 
other esters present in the wine. Importantly, most strains could alter ethyl hexanoate content of the 
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Cabernet Sauvignon, at times around the aroma threshold. Isoamyl acetate in Chardonnay was reduced 

10-fold by Ooeni8, although the lowest content (324 g/L) remained above the aroma threshold (160 
mg/L). Other changes in the Chardonnay were unlikely to be detected by a sensory panel when 
considering the contents of individual compounds, however effects arising out of interactions cannot be 
excluded. It would therefore be of interest to explore these results further using sensory analysis.  
 

Conclusions: 
The work undertaken as part of this Output has succeeded in identifying strains with distinct hydrolytic 
properties. In fact, rather than the projected two strains, up to eight have been characterised. Based on 
their potential contribution to wine composition and sensory properties, the enzymes behind the 
glycosidic and esterase activities of a selection of these 8 strains were examined. Ultimately they were 
investigated through a cloning of putative structural genes, heterologous production of active enzymes 
and their biochemical characterisation (see Output G). This approach was taken because of the high level 
of complexity of the enzymatic systems of these strains (i.e. multiple enzymes in whole cells). Ahead of 
such analyses, we began to define the basis and function of some of these activities. Thus growth of LAB 
on natural glycosidase supports the involvement of the glycosidases in the metabolism of these 
compounds. It also suggests the ability of these strains to attack glycosides in grapes. Further work will 
be needed to confirm this. Expression patterns for three putative glycosidase genes (celC, celD and bglD) 
reveal marked differences in terms of expression according to strain and growth conditions. Where such 
genes are involved in glycosidase metabolism, there remains an opportunity to selectively utilise strains to 
modify glycoside content of wine. 
 
Parallel work extended our seminal observations regarding esterases in LAB. Importantly, trials with 
wine demonstrated that at least the strains tested have the ability to modify ester profiles. In keeping with 
their performance on artificial substrates, those with high activity against acetate esters also exhibited 
strong hydrolysis of ethyl acetate in wine. Such strains may represent an approach to reducing the ethyl 
acetate content of wines. Modifications to other esters were observed with future sensory analysis being 
called for to establish the net sensory impact of the use of these strains.  
 
In each case, larger scale trials are planned as part of the follow-on project, UA 11/01. 
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Table: B.6: The concentrations of selected esters prior to and post MLF for five strains of O. oeni in Cabernet Sauvignon wine 
 

Values are the mean of triplicate determinations,  standard deviation, of a single wine by analysed by SPME-GCMS. Aroma thresholds as reported previously (reviewed by Sumby 
et al. 2010). Values determined in: a 10% (v/v) aqueous ethanol, b beer, w wine. *Significant difference, P < 0.05 inoculated strain vs. control (uninoculated), analysed using one way 
ANOVA in GraphPad Prism. 
 
 
Table: B.7: The concentrations of selected esters prior to and post MLF for four strains of O. oeni in Chardonnay wine 

Values are the mean of triplicate determinations,  standard deviation, of a single wine by analysed by SPME-GCMS. Aroma thresholds as reported previously (reviewed by Sumby 
et al. 2010). Values determined in: a 10% (v/v) aqueous ethanol, b beer, w wine. *Significant difference, P < 0.05 inoculated strain vs. control (uninoculated), analysed using one way 
ANOVA in GraphPad Prism. 

Ester (g/L) Uninoc-ulated Ooeni8 Ooeni12 Ooeni28 Ooeni3 Ooeni6A Reported aroma 
threshold (g/L) 

ethyl acetate 61247  3398 36008  6091* 39409  6919 39422  12709 85091  2251 46759  14915 12270w 

ethyl butanoate 323  46 191  80 204  62 168  90 497  46 298  104 20a, 40b 

isobutyl acetate 58  14 514  24 69  19 69  20 72  21 94  31 1600b 

isoamyl acetate 1156  255 616  323 805  395 815  375 1919  122 1080  337 160w 

ethyl hexanoate 381  32 220  11* 284  22* 288  20* 507  8* 344  29 80-850w 

hexyl acetate 80  5 91  8 96  6 90  10 127  2* 127  8* 670w 

ethyl lactate 11231  841 64264  11009* 66990  10732* 90851  24263* 37728  2963 67356  9652* 150000w 

ethyl octanoate 214  37 638  78* 450  66 * 411  14* 721  24* 579  112* 580w 

Ester (g/L) Uninoc-ulated Ooeni8 Ooeni12 Ooeni28 Ooeni3 Reported aroma threshold (g/L) 

ethyl acetate 82538  5940 19781  377* 28543  2412* 27380  7742* 49883  14774* 12270w 

ethyl butanoate 1278 141 202  14* 429  62* 451  91* 604  80* 20a, 40b 

isobutyl acetate 21  8 26  7 29  9 27  6 30  7 1600b 

isoamyl acetate 3510   392 324  89* 638  172* 1092  107* 633  41* 160w 

ethyl hexanoate 833  90 442  57* 672  22 575  61* 807  78 80-850w 

hexyl acetate 63  10 95  10* 85  6 101  9* 83  14 670w 

ethyl lactate ND 46708  7158* 50998 8725* 39091  4854* 18251  3927* 150000w 

ethyl octanoate 1123  125 1010  34 1172  97 1184  147 1247  89 580w 
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Contributors: 
Past PhD student: Colin McBryde 
Current PhD students: Jin Zhang, Jade Forrester and Trung Dung Nguyen 
Past Honours students: Thomas Parker 
Postdoctoral fellows and/or student supervisors: Drs Michelle Walker, Jennie Gardner, Joanna 
Sundstrom and Assoc Prof Vladimir Jiranek 
 
 

Background: 
It is recognised that the ‘ideal’ yeast possesses a number of preferred traits relating to fermentation 
performance, particularly under extreme conditions, as well as positive sensory contributions. Many 
genes and expression patterns underpin these traits, thereby requiring modification at a number of loci. 
While the Systems Biology approach is being put forward as a means of achieving multiple changes in a 
complex biological system, at the commencement of this project only the reductionist approach (dealing 
with one or a few genes at a time) was possible. Nonetheless, this approach remains highly relevant and 
offers significant promise for strain optimisation.  
 
Through UA 01/04 and the present project numerous targets for modification have been identified, 
typically each impacting on a single target attribute e.g. nitrogen efficiency, fermentation robustness, 
elevated yields of specific metabolites, etc. The objective of this output was to generate a shortlist of 
likely candidates for co-introduction into a single strain or else (in the case of recombinant strains) to 
generate non-recombinant equivalents.  
 
Certainly preliminary assessment of the properties of candidate strains has been completed and is detailed 
in other Outputs of this project. A short list is reported here (Table C.1), while the ongoing work by this 
group continues to reveal further candidates. 
 

Methods:  
The methods relevent to the identification of the genes and attributes are detailed in the relevant Outputs. 
 

Results and Discussion: 
Canditates (gene or attributes) for further investigation (including via UA 11/01), co-introduction into a 
single strain or else as targets for regeneration as non-recombinant strains are listed below in Table C.1. 
 
  

Output C: Identification of targets for ‘second generation’ (G2) optimised 
yeast 

 
7. Complete preliminary assessment of candidate properties to form basis for a 

‘second generation’ (G2) or non-GM optimised yeast strains that have 
enhancements in at least two key properties. 
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Table C.1. Promising candidate genes or strains representing targets for generation of multi-trait 
optimised strains 
Gene/Strain Attribute(s) Winemaking Application 
NGR1 Deletion increases nitrogen efficiency Nitrogen deficient juices 
GID7 Deletion increases nitrogen efficiency Nitrogen deficient juices 
ECM33 Deletion increases nitrogen efficiency Nitrogen deficient juices 
FM16 (series) Adaptively evolved yeasts with robust 

fermentation 
Shortened fermentation duration 

HSP150 Haploproficient in N-limited of N-
sufficient media 

Nitrogen deficient juices or standard 
fermentations 

IRC9 Haploproficient in N-limited media Nitrogen deficient juices 
RMD6 Haploproficient in N-limited media Nitrogen deficient juices 
RPL2B Haploproficient in N-limited media Nitrogen deficient juices 
High Sugar Fermentation 
(HSF)  genes e.g. RPA12, 
SIN3, ZAP1, NPT1, TPS1, 
TPS2, PLC1, DOA4,  SSQ1 

Deletion results in stuck fermentation a 
(not attributable to poor growth) 

Standard/high sugar fermentations 

Further HSF genes (~80) Deletion results in protracted fermentation 
(not attributable to poor growth) 

Standard/high sugar fermentations 

 
 
Conclusion: 
We have developed an expansive list of gene targets and actual yeast strains with novel fermentation 
attributes, with the highlights listed here. These now form the raw material for our ongoing efforts in 
yeast strain optimisation as well as contributing to the understanding of which parts of metabolism are 
manipulable in industrial oenological fermentation. 
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Summary:  
As part of the process of assessing the effectivenes of selected LAB or else enzymes isolated from these, 
trials in juices/wines on a larger scale were planned. Trials with intact LAB have been postponed while 
the enzymatic basis for the observed activities of selected strains was defined (see Output B). The latter 
has progressed well with purified heterologously expressed enzymes being produced more recently (see 
Output G). Preliminary, lab-scale trials of these have only been undertaken in the last year (Output G). 
Assuming the generation of large enough quantities of enzyme is straightforward, the next opportunity to 
undertake large scale trials will be the coming (2012) vintage. LAB will be included in such trials, with 
these in fact being a planned component of UA 11/01.  
 
Whilst not strictly G2, the most fully characterised output from this project is the adaptively evolved 
strain L2056-C7. This strain has undergone numerous comparative fermentation trials on a progressively 
increasing scale, including a trial at UC Davis, California in late October 2011. With revision of the 
timelines around this activity (e.g. during the review at year 3), many of the data pertaining to these trials 
is included in Output K. 

 
 
 

Output D: Industry or pilot scale information on selected LAB and/or 
enzymes; Industry or pilot scale information on properties of G2 
yeast 

 
8. Complete analysis from larger-scale/industrial trails from the ’07 vintage. Report 

on findings with recommendations to facilitate adoption by industry. 
 
9.  G2 ferments completed and analysed (’08 vintage). Report prepared for 

dissemination to industry and yeast suppliers. 
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Summary: 
The planned review was completed and reported to the GWRDC in the form of an application for funding 
for subsequent 3 years. Success of this application permitted extension of the work until late 2011. 

 
 

Output E: Interim progress review and proposal for Yrs 4 & 5 
 

10. Review of progress and re-assessment of project related priority areas prepared 
for GWRDC. 
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Contributors:  
Past undergraduate students: Nicholas Kalatzis, May Yong, Phylicia Toh, Damon DeSouza and Ruben 
Jacobs  
Past Honours students: Paul Easton  
Past PhD students: Tommaso Liccioli. 
Current PhD students: Jade Forrester, Trung D. Nguyen and Jin Zhang 
Past Research Assistant: Nga Lam 
Postdoctoral fellows and/or student supervisors: Drs Jennie Gardner, Frank Schmid, Joanna Sundstrom, 
Michelle Walker, Kerry Wilkinson, Paul Chambers (AWRI), Prof Dennis Taylor and Assoc Prof Vladimir 
Jiranek. 
 

Background:  
We sought to utilise the commercially available laboratory yeast deletion library as a vehicle for the 
discovery of genes important to various oenological traits. No wine yeast deletion library was available at 
the commencement of this project (or even now). The logic behind use of a deletion library is that where 
a gene is important to a particular outcome (e.g. the timely completion of fermentation) then its deletion 
prevents this outcome from being achieved.  
 
Apart from fermentation completion, performance in the presence of limited or selected assimilable 
nitrogen was a key topic of interest (based on previous projects supported by GWRDC). However, since 
the latter requires the withholding of assimilable nitrogen, particularly amino acids, such work was not 
compatible with the use of the laboratory strain background of the deletion library since such strains 
possess autotrophic markers and must be supplied the corresponding amino acids in order to even grow. 
Supplementation trials were therefore performed to determine the appropriateness of using media 
supplemented with the auxotrophic requirement to at least permit fermentation performance to be 
assessed for the library of deletants. 
 
A deletion library allows one to look at the consequences of the loss of function of the deleted gene. 
Generally a screen of such a library identifies genes whose function is critical to the desired phenotype 
(e.g. fermentation completion). Thus by eliminating these genes the strain performs worse. Conversely, 
genes which are detrimental to a capability can be found as their deletion improves the phenotype of 
interest. In contrast, an over-expression library offers the ability to confirm findings from a deletion 
library screen as well as find new genes. Thus ‘good’ genes, when over-expressed, may produce an even 
better result, whereas over-expression of others becomes problematic for the strains.  
 
The commercially available over-expression library is marketed as a collection of plasmids for 
transformation into your strain of choice. Whilst it becomes possible to insert such constructs into a wine 
yeast background, the limitation is that the gene sequences are driven by a GAL promoter, which is 
activated in the presence of the alternate carbon source, galactose. Unfortunately, such a promoter does 
not function in the presence of the preferred carbon sources, glucose or fructose, which predominate in 
oenological fermentations. As a consequence some effort was put into modifying a wine strain in order to 

Output F: Identity of yeast genes vital to winemaking 
 

11. Screening of laboratory yeast deletion and over-expression libraries completed. 
Data analysis. Initiate preparation of list of genes key to wine making prepared. 
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permit the effective expression of the GALpromoter-driven constructs in this preferred background under 
wine conditions (i.e. high glucose and fructose concentration). 
 

 

Methods: 
Yeast strains 
The study used the collection of yeast diploid deletion strains developed by the Yeast Genome Deletion 
Project (Winzeler et al., 1999) which is available from Open Biosystems 
(www.openbiosystems.com/GeneExpression/Yeast/YKO/).  The homozygous (∆orf::KanMX4) gene 
deletions were in BY4743 (MATa/a, his3∆1/his3∆1,  leu2∆0 /leu2∆0,  lys2∆0/LYS2, MET15/met15∆0,  
ura3∆0 /ura3∆0 (BY4741/BY4742)). The haploid strain BY4741 (MATa, his3∆1, leu2∆0, met15∆0, 
ura3∆0) was used in the construction of a prototrophic derivative (BY4741P).  
 

Media and growth conditions 
Strains were maintained on YPD (1% yeast extract, 2% bactopeptone, 2% D-glucose [w/v]) containing 200 
mg/L geneticin (G418 sulfate; Amresco). Solidified minimal drop out medium (Sherman, 2002) was used 
for the selection of the prototrophic derivative BY4741P. Potassium acetate medium (10 g/L potassium 
acetate, 1 g/L yeast extract, 0.5 g/L glucose) was used to induce yeast sporulation. Media was solidified 
with 2% (w/v) bacteriological agar (Amyl Media). 
 
Chemically Defined Grape Juice Medium (CDGJM) containing 200 g/L equimolar glucose and fructose 
and 450 mg/L FAN (Henschke & Jiranek, 1993) was used in the preliminary fermentation evaluations of 
BY4741 and BY4741P. Supplementation of the medium with 150 mg/L uracil was required in order to 
attain satisfactory growth of BY4741. For the purpose of screening of the deletion library (in BY4743), the 
CDGJM was supplemented with 150 mg/L uracil. A further potential inhibitor of yeast under oenological 
conditions, polyphenols, was included as 3 g/L of a polyphenol extract (Cat: Tppr, OenoProd, Sarl), which 
had been dissolved in 100% ethanol (3 g powder in 5 mL, 24 h, in dark) prior to addition to the sterile 
medium. The enriched medium (CDGJM+PP) was stored in the dark for up to 24 h (4°C) before use. 
 

Construction of a prototrophic derivative (BY4741P) of BY4741  
Genomic DNA was prepared from the laboratory strain S288C according to Adams et al. (1998). The genes 
HIS3, LEU2, MET15 and URA3 were amplified using gene-specific primers (Table F.1) and Pfu Ultra II 
DNA polymerase (Integrated Sciences). Amplification was for 30 cycles of: 95°C, 30 s; 60°C (+/- 3°C), 30 
s; 72°C, 1 min 10 s. The gel purified DNA fragments for each functional gene (HIS3, LEU2, MET15 and 
URA3) were sequentially transformed into BY4741 and five gene deletants (Table F.2) according to Gietz 
and Schiestl (2007) with a minor modification. Replacement of water in the wash step with phosphate 
buffered saline (PBS) was shown to increase transformation efficiency 10-fold. Transformants were 
selected on minimal drop-out medium lacking the appropriate amino acid or uracil (Sherman, 2002).  
 
Possible contamination during the sequential transformation process was ruled out by molecular typing 

using delta sequence specific primers 1 and 2 (See Output A). The strain-dependent sized fragments 
were visualised with Sybrasafe (Invitrogen) following separation on a 1% (v/w) agarose gel run in 1x 
TAE (Tris Acetate EDTA pH 8) buffer. 
 

Comparative fermentations of supplemented auxotrophic vs. prototrophic yeast strains 
The auxotrophic strain BY4741 and its prototrophic derivative BY4741P were grown overnight in YPD 
and inoculated at 5 x 106 cells/mL into starter CDGJM (with supplementation) (Henschke & Jiranek, 
1993; McBryde et al., 2006). Following 24 h growth, the starter cultures were used to inoculate 100 mL 
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Table F.1: Primers used to amplify functional genes used to restore prototrophy in yeast 
Primer Sequence (5’-3’) Fragment size (kb) 
HIS3 FWDa  CACCCCGTAATTGGTCAA CA 2.088  
HIS3 REVa ATCCTCGGGGACACCAAATA 2.088  
URA3F1 FWDa AGGGAAGACAAGCAACGAAA 2.149  
URA3R1 REVa CGATTACTGCTGCTGTTCCA 2.149  
MET15 FWDa CGTTTTCTACTTTCTTCTGCTGCT 3.302  
MET15 REVa ATGGTCTCTAGCGGGATCG 3.302  
LEU2 FWDa CGAGACCAAGAAGAACATTGC 2.967  
LEU2 REVa GTGGCCAAGAGAGAGGATTG 2.967  

a Primers for amplification 
 
 
of CDGJM (with supplementation) at 5 x 106 cells/mL. Fermentations were conducted in triplicate at 
25°C in an automated fermentation facility (www.agwine.adelaide.edu.au/wine/facilities/msff/). 
Fermentation progress was monitored by cumulative weight loss (due to CO2 evolution; Bely et al., 1990) 
and RI measurement of residual sugar in clarified supernatant samples. The samples were stored at -20°C 
for spectrophotometric glucose/fructose assays (Bergmeyer et al., 1983). Fermentations were considered 
finished when the residual sugar was less than 2.5 g/L as determined by Clinitest™ (Cat: 2107, Bayer). A 
one-way ANOVA and a t-test (95% CI) were performed for the glucose/fructose assays, to determine 
whether there were significant differences between the fermentation profiles of BY4741 and BY4741P. 
 
 
Table F.2: Yeast strains used in the transformation and comparative fermentation trials 

Yeast strain Deleted ORF name Relevant genotype Source 
BY4741  MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Winzeler et al. 1999 

3446 YCL039W BY4741 gid7::KANMX4 Winzeler et al. 1999 
3352 YBR212W BY4741 ngr1::KANMX4 Winzeler et al. 1999 

-2098* YPL154C BY4741 pep4::KANMX4 Winzeler et al. 1999 
5351* YNL025C BY4741 ssn8::KANMX4 Winzeler et al. 1999 
1922* YHR094C BY4741 hxt1::KANMX4 Winzeler et al. 1999 

BY4741P  BY4741P1 This Project 
3446P YCL039W BY4741P ngr1 This Project 
3352P YBR212W BY4741P gid7 This Project 

1 P denotes prototrophic strain, * denotes strain not used in the fermentation trial 
 
 

Screening of the diploid gene deletion library for fermentation performance 
Liquid handling of the library and resulting fermentation samples was performed using a Corbett 

CAS3800 robot (Corbett Robotics, Sydney). The library was replicated (6 L) into 96-deep-well plates 
(0.6 mL YPD) and incubated 24-48 h at 28°C. Each plate had 11 rows (A1-11 to H1-11) containing single 
samples of the deletion strains and four replicates of the parental strain (BY4743; A12-D12) and 

CDGJM+PP (E12-H12). Cells were resuspended by agitation on a mini-shaker and 6L inoculated into 
0.6 mL CDGJM+PP in 96-deep-well plates, which were covered with breathable sealing film (Cat: 
AXYBF-400, Axygen).  
 
The first fermentation screen (of some 5,000 deletants) was performed in duplicate. The plates were 
placed on pre-wet paper towel in sealed plastic containers to reduce evaporation. After 180 h at 28°C, the 
cells were pelleted by centrifugation (3,000 rpm, 5 min) and 0.2 mL samples were dispensed into 96-well 
flat bottomed plates (Cat: P-96-300F-PS, Axygen) and frozen at -20°C for sugar analysis. Residual 
glucose and fructose were quantified using the spectrophotometric method described by Bergmeyer et al. 
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(1983) modified to suit the 96-well plate format. The total volume of the reaction was reduced from 1.62 
mL to 0.125 mL. Three times the concentration of the reaction buffer was used to provide NADP and 

ATP to excess. To ensure accurate pipetting of the enzymes, 10 L of a 1:10 dilution in MQ water was 

used (as opposed to 1 L). Absorbance at 340 nm was measured using a Quant Microplate 
spectrophotometer (Bio-Tek Instruments). The samples were diluted 1:10 (for < 20 g/L) and 1:100 (for > 
20 g/L) and determined against a set of identically diluted standards which were within the linear range of 
the reaction (0 - 0.08g/L). 
 
The second screen, of a smaller subset (336 strains) of deletion strains identified in the first screen, was 
performed in duplicate as above. Using the sacrifical plate method (Liccioli et al., 2011), a plate was used 
at specific time points (41, 89, 113, 137 and 190 h) to measure growth (OD600) and residual sugar before 
subsequent disposal. Absorbance measurements (OD600) were taken using a 1:10 diluted sample after 
agitation of the culture to resuspend the cells.  
 
To ensure that the inability to complete fermentation was a phenotype associated with the high sugar 
content of the media (vs. some other feature of the medium), a third screen using the same subset of 336 
deletion strains was performed in a low sugar medium. The method was identical to the second screen, 
except CDGJM+PP containing 20 g/L equimolar glucose and fructose and 450 mg/L FAN was used, with 
growth and residual sugar being measured at 32 h and 56 h.  
 

Evaluation of identified deletion mutants in laboratory scale (100 mL) fermentations 
Triplicate (100 mL) fermentations were performed in CDGJM enriched with polyphenols (i.e. 
CDGJM+PP; 200 g/L equimolar glucose and fructose; 450 mg/L FAN) in 250 mL Erlenmeyer flasks 
fitted with airlocks (Walker et al., 2003, McBryde et al., 2006). N2 sparging was omitted as the 
fermentation is anaerobic within 4-6 hours of commencement (data not shown). Fermentation was 
monitored as described above. 
 

Classification and numerical enrichment of identified genes annotated to Gene Ontology 
(GO) terms using computational software tools 
The datasets were analysed using GOToolBox; specifically GO-Stats (http://genome.crg.es/GOToolBox/) 
(Martin et al., 2004) and GO Finder Version 0.83 software (http://www.yeastgenome.org/cgi-
bin/GO/goTermFinder.pl), which allowed the hierarchical clustering (and over-representation/enrichment 
or under-representation/depletion) of genes based on shared Gene Ontology (GO) terms. Both 
computational tools use a hypergeometric distribution with Multiple Hypothesis (Bonferroni) Correction 
(and additional False Discovery Rate; GO Finder) to calculate p-values. The clustering of genes based on 
their shared gene annotations was also determined using GO-Proxy (http://genome.crg.es/GOToolBox/) 
and SGD Gene Ontology Slim Mapper (http://www.yeastgenome.org/cgi-bin/GO/goSlimMapper.pl). The 
yeast genetic interaction networks between genes annotated to a particular GO term were visualised using 
the DRYGIN database (http://www.drygin.ccbr.utoronto.ca/) (Costanzo et al., 2010). 
 

Molecular typing of Saccharomyces cerevisiae strains by microsatellite analysis 
The method used was described in Bradbury et al. (2006). Genomic DNA was prepared from a single 
colony resuspended in 0.3 mL 5% Chelex 100 Molecular Biology Grade Resin (Cat No. 142-1253, Bio-
Rad) made up in sterile MQ water. The cell suspension was heated (100°C) for 10 min prior to vortexing 
for 10 sec and centrifugation (12,000 rpm, 3 min). The DNA extract is stable for 1 month at -20°C, but 
requires centrifugation before each use in microsatellite analysis. 
 
Microsatellite analysis was performed using Qiagen Multiplex PCR Kit (Cat No. 206143). The primers 
were supplied as a 0.1 mM solution and kept in the dark at -20°C. Each primer set had a forward primer 
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which was labelled with a fluorescent marker and a reverse primer which was unlabelled. The markers 
were Fam (blue), Hex (green) or NedD (yellow). Table F.3 and F.4 describe preparation of the 10x primer 
stock and information of the primer sets. A 10x primer stock was made containing all the primers (refer to 

Table F.3 for preparation of the 10x primer stock). A 10 l multiplex reaction was performed for each 

strain using 5l 2x Qiagen multiplex PCR master mix, 1 l 10x primer stock, 2l DNA, 2 l H2O. The 
PCR cycling conditions were: 95°C, 15 min (denaturation); 35 cycles of amplification (95°C, 30 s; 54°C, 
90 s; 72°C, 60 s) followed by a final extension at 60°C for 30 min. The reactions were kept overnight 
prior to running on a capillary sequencer (ABI 3130X or ABI 3730). 
 
 
Table F.3: Preparation of 10x primer mix for multiplex PCR reaction 
Primer Concentration in reaction (M) Volume in 10x primer mix (l) 
C3-fam 0.1 1 
C3-R 0.1 1 
C8-ned 0.25 2.5 
C8-R 0.25 2.5 
C5-hex 0.1 1 
C5-R 0.1 1 
AT4-fam 0.75 7.5 
AT4-R 0.75 7.5 
091C-ned 0.5 5 
091C-R 0.5 5 
C4-hex 0.75 7.5 
C4-R 0.75 7.5 
009C-fam 0.2 2 
009C-R 0.2 2 
AT2-fam 1 10 
AT2-R 1 10 
267C-hex 0.2 2 
267-R 0.2 2 
Scaat3-ned (160W) 1 10 
Scaat3-R (160W) 1 10 
Alpha-fam 0.1 1 
a-hex 0.1 1 
Mat-R 0.1 1 
Total 10 M 100 l 
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Table F.4: Primer sets used in microsatellite analysis 

 
Two sets of primers were used for the microsatellite analysis: Set A (Bradbury et al., 2006) and Set B (modified from Bradbury et al., 2006). Alias names are given to the following 
primers: Scaat1-ned (091-ned), ORF2-hex (267-hex), ORF3-fam (009-fam). The primers in coloured blocks were labelled with fluorophores HEX (green), FAM (blue) and NED (yellow). 
Nucleotides in italics represent ‘pigtails’ added to gene sequence to reduce slippage during PCR, making markers easier to score.  
* the microsatellite repeat in lab strain S288c.  
 
 

Set A
Locus Name Label Gene Allele sizes Alleles Repeat* Chromosome Fwd primer Rev primer

YGL139W C3-fam FAM unknown 94-135 12 (CAA)13 VII GTGTCT CTTTTTATTTACGAGCGGGCCAT AAATCTCATGCCTGTGAGGGGTAT

YLL049W AT4-fam FAM unknown 270-302 11 (TA)19 XII GCAACATAATGATTTTGAGGT GTGTCT TGTGTGAGCATAGTGGAGAA

YBR240C AT2-fam FAM THI2 338-366 11 (AT)18 II TTTCCAACCAATCTGCGA CCATTTGGTTCTAGTGCGG

YPL009C ORF3-fam FAM unknown 403-466 16 (GAA)16 XVI GTGTCT GGGTTTTGGATTTTTATGGA GTGTCT TTCAATTTTCCTCTTTTACCAC

MAT alpha alpha-fam FAM MATalpha 468 (cere) na na III GGTGCATTTGTCATCCGTC CAGCACGGAATATGGGACT
YGLO14W C8-ned NED PUF4 128-157 12 (TAA)13 VII GTGTCT CAGGTCGTTCTAACGTTGGTAAAATG GCTGTTGCTGTTGGTAGCATTACTGT

YML091C SCAAT1-ned NED RPM2 243--326 26 (AAT)35 XIII GTGTCT AAGCCTCTTCAAGCATGAC GTGTCT GGACAATTTTGCCACCTTA

YDR160W SCAAT3-ned NED SSY1 340-465 15 (AAT)23 IV GTGTCT GAGGAGGGAAATGGACAG GCCTGAAGATGCTTTTAG

YFR028C C5-hex HEX CDC14 117-179 23 (GT)30 VI GTGTCT TGACACAATAGCAATGGCCTTCA GCAAGCGACTAGAACAACAATCACA

YOL109W C4-hex HEX ZEO1 242-361 16 (TAA)13(TAG)5 XV GTGTCT AGGAGAAAAATGCTGTTTATTCTGACC TTTTCCTCCGGGACGTGAAATA

YOR267C ORF2-hex HEX HRK1 369-460 12 (CAA)20 XV GTGTCT CGATGTTGACGATGATTG GTGTCT TGAAGCATGTGGTAGTAGACG

MATa a-hex HEX MATa 492 (cere) na na III GGTGCATTTGTCATCCGTC CAATGATTAAAATAGCATAGTCGG

Set B
Locus Name Label Gene Allele sizes Alleles Repeat* Chromosome Fwd primer Rev primer

YGL139W C3-fam FAM unknown 94-135 12 (CAA)13 VII GTGTCT CTTTTTATTTACGAGCGGGCCAT AAATCTCATGCCTGTGAGGGGTAT

YLL049W AT4-fam FAM unknown 270-302 11 (TA)19 XII GCAACATAATGATTTTGAGGT GTGTCT TGTGTGAGCATAGTGGAGAA

YBR240C AT2-fam FAM THI2 338-366 11 (AT)18 II TTTCCAACCAATCTGCGA GTGTCT CCATTTGGTTCTAGTGCGG

YPL009C ORF3-fam FAM unknown 403-466 16 (GAA)16 XVI GGGTTTTGGATTTTTATGGA GTGTCT TTCAATTTTCCTCTTTTACCAC

MAT alpha alpha-fam FAM MATalpha 468 (cere) na na III GGTGCATTTGTCATCCGTC CAGCACGGAATATGGGACT
YGLO14W C8-ned NED PUF4 128-157 12 (TAA)13 VII GTGTCT CAGGTCGTTCTAACGTTGGTAAAATG GCTGTTGCTGTTGGTAGCATTACTGT

YML091C SCAAT1-ned NED RPM2 243--326 26 (AAT)35 XIII AAGCCTCTTCAAGCATGAC GTGTCT GGACAATTTTGCCACCTTA

YDR160W SCAAT3-ned NED SSY1 340-465 15 (AAT)23 IV GTGTCT GAGGAGGGAAATGGACAG GCCTGAAGATGCTTTTAG

YFR028C C5-hex HEX CDC14 117-179 23 (GT)30 VI GTGTCT TGACACAATAGCAATGGCCTTCA GCAAGCGACTAGAACAACAATCACA

YOL109W C4-hex HEX ZEO1 242-361 16 (TAA)13(TAG)5 XV GTGTCT AGGAGAAAAATGCTGTTTATTCTGACC TTTTCCTCCGGGACGTGAAATA

YOR267C ORF2-hex HEX HRK1 369-460 12 (CAA)20 XV CGATGTTGACGATGATTG GTGTCT TGAAGCATGTGGTAGTAGACG

MATa a-hex HEX MATa 492 (cere) na na III GGTGCATTTGTCATCCGTC CAATGATTAAAATAGCATAGTCGG
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Construction of a GAL1promoter-LACZ reporter system to evaluate the over-expression 
library during fermentation in CDGJM 
Plasmid pYES2-OEP (from Phunbum Park, University of Suwon, Korea) was used as the source of pYES2 
vector. The plasmid has the 1053 bp OEP1 gene (Soy Bean ononitol epimerase) cloned at the SacI and 
XhoI sites in the multiple cloning site. The plasmid ‘backbone’ was used for the GAL1p-LACZ reporter 
construct as a 5.9 kb KpnI –XbaI DNA fragment (these sites are external of the SacI-XhoI sites used to 
clone OEP1). The LACZ gene was PCR amplified from plasmid pT161T (gift of Keith Shearwin, 

University of Adelaide) using Pfu Ultra II DNA polymerase (Integrated Sciences) and 25 pmol/L primers 
(Table F.5). Reaction conditions were: 95°C, 2 min (denaturation) followed by 30 cycles of: 95°C, 20 s; 
60°C, 45 s; 72°C, 50 s. The PCR product was gel purified and digested with KpnI and XbaI and repurified. 
The LACZ PCR product was ligated with pYES2 (KpnI-XbaI) fragment. E. coli transformants containing 

the plasmid pYES2-LACZ were isolated following transformation into DH5. The identity of the plasmid 
from four transformants was confirmed by restriction digest and DNA sequence analysis. Plasmid DNA 
was transformed into haploid wine yeast 1B14 (MATa, ∆ho::KanMX, ∆ura3::KanMX) using the lithium 
acetate method (Gietz & Schiestl, 2007). Cells were plated onto minimal drop out medium without uracil 
(0.5 g/L glucose, 20 g/L galactose). A volume of 0.1 mL 2% (w/v) X-gal (BCIG; Astral Scientific) was 

spread on the plate to enable colour selection (blue colonies) of transformants expressing -galactosidase 
enzyme.  
 
 
Table F.5: Primers used in the construction of GAL1p-LACZ reporter construct  
Primer  Sequence (5’-3’) 
KpnILACZ Fwda 
XbaILACZreva 
Fwd primer Gal1pb 
LacZfwd_nestb 

GGGGTACC*ATGATTACGGAATTCACTG 
TGCTCTAGATTAT TTTTGACACCAGACCAACT 
TCTATACTTTAACGTCAAGGAGA 
CGGTTTCCATATGGGGATTGG 

 a Primers for amplification. b Primers for DNA sequencing. * bases (underlined) are restriction sites.  
 
 

PCR amplification of GAL4(T859 I) gene sequence 
Plasmid DNA was used as template to amplify the Gal4c gene sequence from pRS413-Gal using 

DNAzyme EXT DNA polymerase (Finnzymes). PCR amplification conditions were 94C, 2 min 

(denaturation) followed by 25 cycles of: 94C, 30 s; 60C, 30 s; 72C, 2 mins and a final extension at 

72C for 5 mins. The A-tailed PCR products were gel purified using the Wizard SV Gel and PCR Clean-
Up System (Promega) as per manufacturer’s instructions. The purified PCR product was cloned into the 
pGEMT Easy Vector (Promega) using TA cloning as per the manufacturer’s instructions before 
transformation into E. coli. Colonies were isolated and plasmid DNA extracted using the Wizard® Plus 
SV Minipreps DNA Purification System (Promega) as per the manufacturer’s instructions. Sequence 
analysis using the primers listed below (Table F.6) confirmed the presence of the mutated Gal4c 
sequence. 
 

Generation of a leucine auxotroph of the haploid wine yeast isoC9 required for the Yeast 
Genomic Tiling Collection in pGP564 
The leu2::KanMX disruption cassette was constructed in the plasmid pBS418 (Walker et al., 2005). 
Genomic DNA was extracted from isoC9d and used as template in a PCR reaction to amplify the 5’ and 
3’ non-coding (UTR) sequences of LEU2 using the primers in Table F.7 and DNAzyme EXT polymerase 

(Finnzymes). PCR amplification conditions were 94°C, 2 min (denaturation) followed by 32 cycles of: 
94°C, 30 s; 58°C, 30 s; 72°C, 30 s and final extension 72°C for 5 min. The A-tailed PCR products were 

gel purified before cloning into pGEMT (Promega) using TA cloning. The 3’UTR (228 bp) and 5’UTR 
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Table F.6: Primers used in the PCR amplification of GAL4c gene 
Primer Sequence (5'-3') 
GAL4c mutation_Fa GAC TTA AAA AGC TCA AGT GCT CCA 
GAL4c mutation_Ra TTA CTC TTT TTT TGG GTT TGG TGG 
T7b TAA TAC GAC TCA CTA TAG GG 
Gal4_600bp_F b ATG GGT TCT TTG GCG ACG G 
Gal4_1300bp_F b CAT GGC ATC ATT GAA ACA GC 
Gal4_1900bp_F b GTA CTG GAA GAG GTA TGT GC 
a Primers for amplification. b Primers for DNA sequencing. 

 
 
(250 bp) sequences were verified by DNA sequence analysis. The EcoRI and XhoI 3’ UTR and BamHI- 
XbaI 5’ UTR fragments were sequentially cloned into pBS418 using standard molecular techniques 
(Sambrook & Russell, 2001). The leu2::KanMX deletion cassette was gel purified following restriction 
digestion of the plasmid with XbaI and XhoI and used to transform isoC9d. Transformants were selected 
on YPD containing 0.2 mg/L. Leucine auxotrophy was demonstrated by lack of growth on minimal 
dropout medium without leucine. Fermentation trials were performed using CDGJM supplemented with 
leucine. 
 
 
Table F.7: Primers used in construction of a leucine auxotroph of haploid wine yeast 
Primer  Sequence (5’-3’) 
5’ UTR leu2 XbaI fwda,b CCGAGCGGTCTAGA*GCGCCTGATTCAAG 
5’ UTR leu2 BamHI reva CCGGATCCGGCGCTCTCACCTTTCCTT 
3’UTR leu2 EcoRI fwda CGGAATTCTAATGGCTCAACGTGATAAGGAA 
3’UTR leu2 XhoI reva CTTTCTCGAGTATGGGAAATGGTTCAAGAAGG 

KanMX3 revb CATCCATGTTGGAATTTAATCGCGGCCTCG 
a Primers for amplification. b Primers for sequencing. * bases (underlined) are restriction sites.  
 
 

Plasmid DNA amplification and purification: Yeast Genomic Tiling Collection in pGP564 
The collection comprised of 1500 E. coli clones, each containing the pGP564 plasmid with a unique 
region of S. cerevisiae genomic DNA. 10 mL cultures were grown overnight in LB lennox liquid media 
(low salt) with the addition of kanamycin 50 mg/L for plasmid selection, as recommended by Open 
Biosystems. Plasmid minipreps were performed using the Wizard® Plus SV Minipreps DNA Purification 
System (Promega) as per the manufacturer’s instructions. The plasmid DNA was transferred back into the 
same 96-well format as the original E. coli glycerol collection from Open Biosystems, and stored at -
20°C.  
 

Yeast transformation: Yeast Genomic Tiling Collection in pGP564 
A 96-well plate yeast transformation method was tested using the isoC9d leu2::KanMX yeast strain 
developed in this laboratory. Each transformation used ~50 ng of plasmid DNA per well. The method is 
described on the “Prelich Lab Yeast Systematic Over-expression Library Methods” website 
(http://steelhead.aecom.yu.edu/SystematicLibrary.html#Library_transformation_and_screening.). 
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Results and Discussion: 
 

Modification of yeast deletion library – Restoration of prototrophy to allow screening for 
fermentation traits under low nitrogen conditions 
In order to allow exploitation of the commercial laboratory yeast deletion library under nitrogen-limited 
conditions, we sought to restore the strain background to prototrophy. Rather than eliminate all 
auxotrophies through sequential transformations to replace each of the auxotrophic markers his3∆1, 
leu2∆0 and ura3∆0 (in strain BY4743) individually by homologous recombination (for each of the 
~4,500 deletants in question), we sought to attempt a single transformation with a ‘triple auxotrophy 
rescue fragment’ targeted to the his3∆1/his3∆1 locus. Construction of the 6.78 kb LEU2::HIS3::URA3 
fragment flanked by 1299 bases of 5’ and 1166 bases of 3’ HIS3 sequence attempted by sequential PCR 
amplification and cloning into pGEMT (Promega). A 9.2 kb PvuII digested 
([5’HIS3]::LEU2::HIS3::URA3::[3’HIS3]) fragment was to be isolated and used for transformation 
(Gietz & Schiestl, 2007). Rescue of the auxotrophic markers by homologous recombination of the 9.2 kb 
fragment into the his3∆1/his3∆1 locus would result in the ability of the transformants to grow on minimal 
media lacking histidine. Replica plating of the transformants onto minimal media lacking uracil and 
leucine would confirm the integration of the entire fragment. If successful, the complete library was to be 
transformed using a modified 96-well transformation procedure. In the case of BY4741, an additional 
transformation step would be required for the restoration of the met15∆0 allele. Unfortunately, the triple-
auxotrophy construct could not be generated, likely due to its large size.  
 
As an alternate approach a sequential transformation procedure was trialled. The individual auxotrophic 
markers were to be replaced by homologous recombination of the corresponding functional genes as PCR 
amplified DNA fragments. A protocol for high efficiency transformation was developed. Several strains 
were selected from the haploid library (in BY4741) for use in the preliminary trial. A comparison of how 
many of the functional genes (HIS3, LEU2, MET15, and URA3) could be inserted in the same 
transformation reaction was undertaken. The mean efficiencies of this study are shown in Table F.8: The 
greatest transformation efficiency was seen for the single genes, however, the efficiencies were lower 

than for that expected for plasmid DNA: 1 x 10-2 cells/g DNA (Gietz & Schiestl, 2007). Double 
transformations occurred at a lower frequency, which in turn declined for further insertions. The inability 
to simultaneously insert all four functional genes was not surprising as the most successful mean 

efficiency for single transformations was 1.65 x 10-7 cells/g DNA, which suggests the arithmetic 
probability of inserting all four genes would be 1.65 x 10-28. It was therefore established that a multiple 
DNA insertion method was not feasible for transformation of the entire library of some 5,000 deletants. 
Furthermore, transformation of the entire library using a sequential approach to generate prototrophic 
strains would be far too time consuming and laborious given it would require some 20,000 successful 
transformations. At this point, modification of the deletion library was abandoned (as per advice to the 
GWRDC, 22 Dec 2009).  
 
Despite the challenges faced in eliminating auxotrophies from the laboratory yeast deletion library, we 
still wished to utilise this resource to identify genes vital to winemaking. Accordingly, the influence of 
supplementation on the performance of the unmodified, deletant (i.e. auxotrophic) strains was examined. 
In order to do this, prototrophic strains were generated from BY4741 and two deletants, BY4741ngr1∆ 
and BY4741gid7∆. These strains were in fact largely produced through the transformation trials described 
above. Comparative fermentation of the strains grown in the presence and absence of supplementation 
was undertaken (Figure F.1.).  
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Table F.8: Mean transformation efficiency for strains BY4741, BY4741ngr1∆ and 
BY4741gid7∆ 

DNA fragments na %b BY4741 BY4741ngr1∆ BY4741gid7∆ 

   Mean Transformation Efficiency (cells/µg DNA)c 
Single 68 51 1.65 x 10-7 2.88 x 10-7 2.62 x 10-7 
Double 37 19 3.33 x 10-7 6.67 x 10-7 1.00 x 10-8 

All 17 0 0 0 0 
96 well format 33 9 1.00 x 10-6 Not tested 1.00 x 10-8 

a total number of single transformation experiments performed. b percentage of successful 
transformations (i.e. where 1 or more transformants were generated). c mean transformation efficiency 
(number of transformants / total number of cells). 
 
 

 
 
 
 
 
 
 
Figure F.1: Comparative fermentations by 
auxotrophic and prototrophic laboratory 
yeast strains in CDGJM. Panel a) sugar 
catabolism by the parental strain BY4741 (MATa 
his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 with () or 
without () supplementation, compared to the 
prototrophic strain BY4741P in unsupplemented 
medium (). Panel b) sugar catabolism by deletant 
strain BY4741ngr1∆ () and the equivalent 
deletant in a prototrophic background, 
BY4741Pngr1∆ (). Panel c) sugar catabolism by 
deletant strain BY4741gid7∆ () and equivalent 
deletant in a prototrophic background, 
BY4741Pgid7∆ ().  Fermentations were 
performed in CDGJM containing 200 g L-1 of 
sugars (glucose and fructose), 600 mg L-1 FAN and 
supplemented with 150 mg l-1of uracil (unless 
stated otherwise). NB: smaller error bars are 
concealed behind the data symbols.   
 
 

 
 

Auxotrophic strains without nutritional supplementation failed to complete fermentation supporting the 
fact that auxotrophs require supplements for growth (Harsch et al., 2010). Importantly, however, there 
were negligible differences between sugar catabolism of supplemented auxotrophic and prototrophic 

a) 

b) 

c) 
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strains (statistically confirmed by a t-test with a 95% CI). A recent study by Harsch et al. (2010) using the 
parental strain BY4742 (MATa, his3∆1, leu2∆0, lys2∆0, ura3∆0) from a similar gene deletion library 
(Winzeler et al., 1999) supports our findings. Harsch and coworkers demonstrated that full 
supplementation of the genetic auxotrophies in the laboratory yeast BY4742 had relatively minor affect 
on growth and fermentation compared to a prototrophic S288C strain. Both haploid strains are able to 
complete fermentation within a similar time (5-10 days) to the commercial wine yeast (Bisson, 1999). It 
can be concluded that both haploid and diploid deletion libraries can be screened with supplementation, at 
least in terms of attributes such as fermentation duration. We therefore proceeded to utilise the library 
with this specific objective. 
 

Screening of unmodified yeast deletion library – Ability to complete fermentation under 
high sugar conditions 
To date, the use of the collections of laboratory yeast of gene deletion mutants (deletants) to ascertain the 
genetic mechanisms behind wine yeast’s ability to adapt to the high sugar conditions of a juice 
environment and complete fermentation has been limited. Several studies have focused on growth 
response to single parameters such as anaerobic conditions (Reiner et al., 2006), high sugar content 
(Ando et al., 2006; Teixeira et al., 2010) and increasing concentrations of ethanol (van Voorst et al., 
2006; Teixeira et al., 2009), which are implicated in fermentation. However, these studies do not require 
the completion of fermentation and were conducted under aerobic conditions for short periods of time (24 
– 72 h). 
 
This study used a fermentation approach to identify those genes required for the ability of yeast to 
complete fermentation in high sugar media (200g/L total as glucose and fructose). The distinguishing 
feature of this approach is that the yeast must adapt to multiple stresses consecutively or sequentially for 
the duration of the fermentation. Not only must the yeast grow in the presence of these, they must also 
complete fermentation of most of the sugar.  
 
The collection of homozygous diploid deletion mutants in BY4743 were screened in CDGJM containing 
grape skin polyphenols (CDGJM+PP) for two fermentation parameters: (i) modulation of wine colour and 
(ii) ability to complete fermentation under high sugar conditions. The effect of gene deletions on 
modulating wine colour (increasing or decreasing colour intensity) is reported in the final report for UA 
05/06 “The effect of wine yeast on colour extraction and stabilisation in red wine”. The present report 
details the affect of gene deletions on the yeast’s ability to complete fermentation. Where a deletant 
produced a protracted (or stuck) fermentation but without an effect on growth, the corresponding gene 
was considered fundamental for successful fermentation in the high sugar conditions as found in juice. 
The classification of the genes into specific groups or Gene Ontology (GO) terms related to biological 
process, cellular function, and cellular component was useful in gaining an understanding of the many 
cellular mechanisms behind yeast’s adaptation to the stresses encountered during such fermentations.  
 
The initial screen of the deletant library was undertaken for 180 h because the parental strain BY4743 was 
able to complete fermentation within 144 h (data not shown). 336 deletants were unable to complete 
fermentation after 180 h, retaining residual sugar in excess of 2.5 g/L. Any such deletants whose growth 
was also markedly affected, as shown by an optical density (600 nm) less than 70% of the parent, were 
eliminated. In this way, 100 deletants were shown to have ‘normal’ growth but were unable to complete 
fermentation. As a control, these 100 deletants could complete fermentation under low sugar conditions 
(CDGJM+PP; 20 g/L) within 56 h (the parent required 32 h), confirming that their impediment was 
specifically related to extended, high sugar fermentation. All strains exhibited similar growth to the 
parent. 
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In a subsequent screen, fermentation performance of the 100 deletants was compared with the parental 
strain in triplicate 100 mL ferments to see whether the fermentation phenotype was reproducible at a 
larger scale. The larger scale permitted greater control over parameters that can influence experimental 
reproducibility and fermentation outcome. In particular, inoculation rate and inoculum preparation can be 
standardised. In this case, 71% of the deletants were shown to have protracted fermentation. Specifically, 
the time it took to complete fermentation was 20% or more greater than the parent strain. An example of 
such ferments conducted over a series of experiments is shown in Figure F.2. The 71 genes confirmed in 
this way to be important in the completion of fermentation under high sugar conditions are referred to as 
the High Sugar Fermentation (HSF) data set. 
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Figure F.2: Comparative fermentations with parent yeast BY4743 and deletants ∆gtr2, ∆meh1, 
∆slm4 in high sugar media. Fermentations were conducted with the parent yeast BY4743 and deletants ∆gtr2, 
∆meh1, ∆slm4 in high sugar media (CDGJM+PP, 450 mg N/L as free amino acids, 200 g/L total sugar (as glucose 
and fructose)). Genes MEH1 and SLM4 appear to be required for high sugar fermentation since their deletion results 
in protracted fermentation, whilst GTR2 does not appear essential as the deletants behave similarly to the parent. 
 
 
The 89 gene HSF dataset was compared with datasets from previous studies related to fermentation (Abe 
& Minegishi, 2008; Ando et al., 2006, 2007; Fujita et al., 2006; Mollapour et al., 2004; Reiner et al., 
2006; Teixeira et al., 2009, 2010; Tucker & Fields, 2004; van Voorst et al., 2006; Auesukaree et al., 
2009). Sixty four of the genes (Figure F.3) had been reported in previous growth studies (typically single 
stress parameters) and a transcriptomics study looking at the gene expression profile of strain VIN13 
fermenting Riesling juice in response to increasing ethanol concentrations (Marks et al., 2008).  
 
Laboratory scale ferments were also conducted on 81 genes, which were shown to be functionally related 
to the HFS genes, but which either had been able to complete fermentation in the initial micro-
fermentation screen or were excluded because of their growth defect (< 70% of the optical density of the 
parent strain). Of these, 17 deletants (21%) were shown to have protracted fermentation and thus were 
also considered essential for fermentation. Nine deletants that gave rise to stuck fermentations are central 
to transcription (RPA12, SIN3, ZAP1), NAD recycling (NPT1), trehalose synthesis (TPS1, TPS2), 
signalling (PLC1), ubiquitin recycling (DOA4) and ion homeostasis (SSQ1). 
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Figure F.3: Comparison of genes identified in this study with genes identified in 
growth studies to single stress conditions and a transcriptomics study of 
fermentation. Sixty four genes were shown to result in protracted fermentation when deleted. 
The Venn diagrams depict the number of genes withing the 64 gene High Sugar Fermentation 
(HSF) dataset which show cross-sensitivity to A. Ethanol, sorbate, sucrose and salt (NaCl); B. 
Ethanol, high pressure and cold, heat, freeze-thaw; C. Ethanol, H2O2 and menadione, anaerobic 
growth and fermentation stress response (FSR); and D. Ethanol, sorbate, sucrose and glucose. 

 
 
 
 
The HSF dataset (89 genes) was classified into groups of genes annotated to distinct groups based on 
their role in biological process, function within the cell and cellular localisations as shown in Table F.9 
(only those GO terms with statistically significant over-representation or enrichment of genes relevant to 
fermentation are presented). The clustering and enrichment of genes annotated as these GO terms is 
useful in understanding the cellular mechanisms behind the yeast’s adaption to the fermentation 
environment. Numerical enrichment of genes within the HSF dataset annotated to these GO terms, as 
compared to their occurrence within the genome, is useful in highlighting the potential role of such 
cellular mechanisms in response to the yeast’s exposure and adaptation to fermentation stress.  
Accordingly, HSF genes were over-represented in GO terms relating to cellular ion homeostasis, vacuolar 
acidification, ion transport, cellular pH reduction, autophagy and regulation of transcription. Not 
surprisingly, these genes were also annotated to the vacuole, and to a lesser extent, the endosome. The 
vacuole has a multifunctional role; trafficking of membrane proteins to the plasma membrane, proteolytic 
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degradation and recycling of proteins sent to the vacuole, sequestration of toxic metal ions, ion 
homeostasis (calcium and phosphate), osmo-regulation (Na+/K+ accumulation) and storage of amino 
acids.  
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Table F.9: Classification and numerical enrichment of genes annotated to biological process, function, and cellular component 

GO ID GO Term Description 
6873 Cellular ion homeostasis*** 

DBF2 YGR092W 
Ser/Thr kinase involved in transcription and stress response; functions as part of a network of genes in exit from mitosis; localization is cell 
cycle regulated; activated by Cdc15p during the exit from mitosis 

HRK1 YOR267C 
Protein kinase implicated in activation of the plasma membrane H(+)-ATPase Pma1p in response to glucose metabolism; plays a role in ion 
homeostasis 

MEH1 YKR007W 
Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
sorting of amino acid permease Gap1p; loss results in a defect in vacuolar acidification 

NHX1 YDR456W 
Na+/H+ and K+/H+ exchanger, required for intracellular sequestration of Na+ and K+; located in the vacuole and late endosome 
compartments; required for osmotolerance to acute hypertonic shock and for vacuolar fusion 

OCT1 YKL134C 
Mitochondrial intermediate peptidase, cleaves destabilizing N-terminal residues of a subset of proteins upon import, after their cleavage by 
mitochondrial processing peptidase (Mas1p-Mas2p); may contribute to mitochondrial iron homeostasis 

RAV1 YJR033C 
Subunit of the RAVE complex (Rav1p, Rav2p, Skp1p), which promotes assembly of the V-ATPase holoenzyme; required for transport between 
the early and late endosome/PVC and for localization of TGN membrane proteins; potential Cdc28p substrate 

RAV2 YDR202C 
Subunit of RAVE (Rav1p, Rav2p, Skp1p), a complex that associates with the V1 domain of the vacuolar membrane (H+)-ATPase (V-ATPase) 
and promotes assembly and reassembly of the holoenzyme 

DBF2 YGR092W 
Ser/Thr kinase involved in transcription and stress response; functions as part of a network of genes in exit from mitosis; localization is cell 
cycle regulated; activated by Cdc15p during the exit from mitosis 

HRK1 YOR267C 
Protein kinase implicated in activation of the plasma membrane H(+)-ATPase Pma1p in response to glucose metabolism; plays a role in ion 
homeostasis 

MEH1 YKR007W 
Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
sorting of amino acid permease Gap1p; loss results in a defect in vacuolar acidification 

SSQ1 YLR369W 
Mitochondrial hsp70-type molecular chaperone, required for assembly of iron/sulfur clusters into proteins at a step after cluster synthesis, and 
for maturation of Yfh1p, which is a homolog of human frataxin implicated in Friedreich's ataxia 

TRK1 YJL129C 
Component of the Trk1p-Trk2p potassium transport system; 180 kDa high affinity potassium transporter; phosphorylated in vivo and interacts 
physically with the phosphatase Ppz1p, suggesting Trk1p acitivy is regulated by phosphorylation 

TFP1 YDL185W 
VMA1; Subunit A of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase; protein precursor undergoes self-catalyzed 
splicing to yield the extein Tfp1p and the intein Vde (PI-SceI), which is a site-specific endonuclease 

VMA2 YBR127C 
Subunit B of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; contains nucleotide binding sites; also detected in the cytoplasm 

VMA3 YEL027W 
Proteolipid subunit of the vacuolar H(+)-ATPase V0 sector (subunit c; dicyclohexylcarbodiimide binding subunit); required for vacuolar 
acidification and important for copper and iron metal ion homeostasis 

VMA5 YKL080W 
Subunit C of the eight-subunit V1 peripheral membrane domain of vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; required for the V1 domain to assemble onto the vacuolar membrane 

VMA7 YGR020C 
Subunit F of the eight-subunit V1 peripheral membrane domain of vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; required for the V1 domain to assemble onto the vacuolar membrane 

VMA8 YEL051W Subunit D of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
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throughout the endomembrane system; plays a role in the coupling of proton transport and ATP hydrolysis 

VMA10 YHR039C-A
Subunit G of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; involved in vacuolar acidification 

VMA13 YPR036W 
Subunit H of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; serves as an activator or a structural stabilizer of the V-ATPase 

VMA16 YHR026W PPA1; Subunit c'' of the vacuolar ATPase, which functions in acidification of the vacuole; one of three proteolipid subunits of the V0 domain 

VPH1 YOR270C 
Subunit a of vacuolar-ATPase V0 domain, one of two isoforms (Vph1p and Stv1p); Vph1p is located in V-ATPase complexes of the vacuole 
while Stv1p is located in V-ATPase complexes of the Golgi and endosomes 

VPH2 YKL119C 
Integral membrane protein required for vacuolar H+-ATPase (V-ATPase) function, although not an actual component of the V-ATPase 
complex; functions in the assembly of the V-ATPase; localized to the endoplasmic reticulum (ER) 

7035 
51452 

vacuolar acidification***                   (VMA5,DBF2,MEH1,VMA2,NHX1,VMA13,VMA10,VMA7,VPH1,TFP1,RAV1,RAV2,VPH2,VMA8) 
intracellular pH reduction***              (VMA5,DBF2,MEH1,VMA2,NHX1,VMA13,VMA10,VMA7,VPH1,TFP1,RAV1,RAV2,VPH2,VMA8) 

DBF2 YGR092W 
Ser/Thr kinase involved in transcription and stress response; functions as part of a network of genes in exit from mitosis; localization is cell 
cycle regulated; activated by Cdc15p during the exit from mitosis 

MEH1 YKR007W 
Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
sorting of amino acid permease Gap1p; loss results in a defect in vacuolar acidification 

NHX1 YDR456W 
Na+/H+ and K+/H+ exchanger, required for intracellular sequestration of Na+ and K+; located in the vacuole and late endosome 
compartments; required for osmotolerance to acute hypertonic shock and for vacuolar fusion 

RAV1 YJR033C 
Subunit of the RAVE complex (Rav1p, Rav2p, Skp1p), which promotes assembly of the V-ATPase holoenzyme; required for transport between 
the early and late endosome/PVC and for localization of TGN membrane proteins; potential Cdc28p substrate 

RAV2 YDR202C 
Subunit of RAVE (Rav1p, Rav2p, Skp1p), a complex that associates with the V1 domain of the vacuolar membrane (H+)-ATPase (V-ATPase) 
and promotes assembly and reassembly of the holoenzyme 

TFP1 YDL185W 
VMA1; Subunit A of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase; protein precursor undergoes self-catalyzed 
splicing to yield the extein Tfp1p and the intein Vde (PI-SceI), which is a site-specific endonuclease 

VMA2 YBR127C 
Subunit B of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; contains nucleotide binding sites; also detected in the cytoplasm 

VMA3 YEL027W 
Proteolipid subunit of the vacuolar H(+)-ATPase V0 sector (subunit c; dicyclohexylcarbodiimide binding subunit); required for vacuolar 
acidification and important for copper and iron metal ion homeostasis 

VMA5 YKL080W 
Subunit C of the eight-subunit V1 peripheral membrane domain of vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; required for the V1 domain to assemble onto the vacuolar membrane 

VMA7 YGR020C 
Subunit F of the eight-subunit V1 peripheral membrane domain of vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; required for the V1 domain to assemble onto the vacuolar membrane 

VMA8 YEL051W 
Subunit D of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; plays a role in the coupling of proton transport and ATP hydrolysis 

VMA10 YHR039C-A
Subunit G of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; involved in vacuolar acidification 

VMA13 YPR036W 
Subunit H of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; serves as an activator or a structural stabilizer of the V-ATPase 
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VMA16 YHR026W PPA1; Subunit c'' of the vacuolar ATPase, which functions in acidification of the vacuole; one of three proteolipid subunits of the V0 domain 

VPH1 YOR270C 
Subunit a of vacuolar-ATPase V0 domain, one of two isoforms (Vph1p and Stv1p); Vph1p is located in V-ATPase complexes of the vacuole 
while Stv1p is located in V-ATPase complexes of the Golgi and endosomes 

VPH2 YKL119C 
Integral membrane protein required for vacuolar H+-ATPase (V-ATPase) function, although not an actual component of the V-ATPase 
complex; functions in the assembly of the V-ATPase; localized to the endoplasmic reticulum (ER) 

42625 
46961 

ATPase activity, coupled to transmembrane movement of ions***              (VMA5,VMA2,VMA13,VMA10,VMA7,VPH1,TFP1,RAV1,VMA8) 
proton-transporting ATPase activity, rotational mechanism***                   (VMA5,VMA2,VMA13,VMA10,VMA7,VPH1,TFP1,RAV1,VMA8) 

220 vacuolar proton-transporting V-type ATPase, V0 domain***                        (VMA3, VMA16, VPH1) 
34220 ion transmembrane transport***                                                                      (VMA5,VMA2,VMA13,VMA7,VPH1,TFP1,VMA8) 

TFP1 YDL185W 
VMA1; Subunit A of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase; protein precursor undergoes self-catalyzed 
splicing to yield the extein Tfp1p and the intein Vde (PI-SceI), which is a site-specific endonuclease 

VPH1 YOR270C 
Subunit a of vacuolar-ATPase V0 domain, one of two isoforms (Vph1p and Stv1p); Vph1p is located in V-ATPase complexes of the vacuole 
while Stv1p is located in V-ATPase complexes of the Golgi and endosomes 

VMA2 YBR127C 
Subunit B of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; contains nucleotide binding sites; also detected in the cytoplasm 

VMA5 YKL080W 
Subunit C of the eight-subunit V1 peripheral membrane domain of vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; required for the V1 domain to assemble onto the vacuolar membrane 

VMA7 YGR020C 
Subunit F of the eight-subunit V1 peripheral membrane domain of vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; required for the V1 domain to assemble onto the vacuolar membrane 

VMA8 YEL051W 
Subunit D of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; plays a role in the coupling of proton transport and ATP hydrolysis 

VMA10 YHR039C-A
Subunit G of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; involved in vacuolar acidification 

VMA13 YPR036W 
Subunit H of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; serves as an activator or a structural stabilizer of the V-ATPase 

VMA16 YHR026W PPA1; Subunit c'' of the vacuolar ATPase, which functions in acidification of the vacuole; one of three proteolipid subunits of the V0 domain 

70072 vacuolar proton-transporting V-type ATPase complex assembly 

PKR1 YMR123W 
V-ATPase assembly factor, functions with other V-ATPase assembly factors in the ER to efficiently assemble the V-ATPase membrane sector 
(V0) 

VPH2 YKL119C 
Integral membrane protein required for vacuolar H+-ATPase (V-ATPase) function, although not an actual component of the V-ATPase 
complex; functions in the assembly of the V-ATPase; localized to the endoplasmic reticulum (ER) 

10324 membrane invagination*** 

ATG7 YHR171W 
Autophagy-related protein and dual specificity member of the E1 family of ubiquitin-activating enzymes; mediates the conjugation of Atg12p 
with Atg5p and Atg8p with phosphatidylethanolamine, required steps in autophagosome formation 

CIS1 YDR022C 
Autophagy-specific protein required for autophagosome formation; may form a complex with Atg17p and Atg29p that localizes other proteins to 
the pre-autophagosomal structure; high-copy suppressor of CIK1 deletion 

DOA4 YDR069C Ubiquitin isopeptidase, required for recycling ubiquitin from proteasome-bound ubiquitinated intermediates, acts at the late 
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endosome/prevacuolar compartment to recover ubiquitin from ubiquitinated membrane proteins en route to the vacuole 

MEH1 YKR007W 
Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
sorting of amino acid permease Gap1p; loss results in a defect in vacuolar acidification 

SLM4 YBR077C 
Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
sorting of amino acid permease Gap1p; gene exhibits synthetic genetic interaction with MSS4 

SNX4 YJL036W 
Sorting nexin, involved in retrieval of late-Golgi SNAREs from post-Golgi endosomes to the trans-Golgi network and in cytoplasm to vacuole 
transport; contains a PX phosphoinositide-binding domain; forms complexes with Snx41p and with Atg20p 

VAC8 YEL013W 
Phosphorylated and palmitoylated vacuolar membrane protein that interacts with Atg13p, required for the cytoplasm-to-vacuole targeting (Cvt) 
pathway; interacts with Nvj1p to form nucleus-vacuole junctions 

VAM3 YOR106W 
Syntaxin-related protein required for vacuolar assembly; functions with Vam7p in vacuolar protein trafficking; multispecificity vacuolar t-SNARE 
that mediates docking/fusion of multiple distinct late transport intermediates with the vacuole 

VMA3 YEL027W 
Proteolipid subunit of the vacuolar H(+)-ATPase V0 sector (subunit c; dicyclohexylcarbodiimide binding subunit); required for vacuolar 
acidification and important for copper and iron metal ion homeostasis 

VPS41 YDR080W 
Vacuolar membrane protein that is a subunit of the homotypic vacuole fusion and vacuole protein sorting (HOPS) complex; essential for 
membrane docking and fusion at the Golgi-to-endosome and endosome-to-vacuole stages of protein transport 

6914 autophagy******                                                              (ATG7, CCZ1, CIS1, MEH1, SLM4, SNX4, VAC8, VAM3, VPS41)
16237 microautophagy***                                                         (ATG7, CIS1, MEH1, SLM4, SNX4, VAC8, VAM3, VPS41)
34727 piecemeal microautophagy of nucleus***                    (ATG7, CIS1, SLM4, VAC8, VAM3, VPS41) 
42594 response to starvation                                                   (CCZ1, VAC8, VAM3, ZAP1, ATG7)
422 mitochondrion degradation***                                       (ATG7, CIS1,SNX4, VAC8, VAM3, VPS41)

ATG7 YHR171W 
Autophagy-related protein and dual specificity member of the E1 family of ubiquitin-activating enzymes; mediates the conjugation of Atg12p 
with Atg5p and Atg8p with phosphatidylethanolamine, required steps in autophagosome formation 

CCZ1 YBR131W Protein involved in vacuolar assembly, essential for autophagy and the cytoplasm-to-vacuole pathway 

CIS1 YDR022C 
Autophagy-specific protein required for autophagosome formation; may form a complex with Atg17p and Atg29p that localizes other proteins to 
the pre-autophagosomal structure; high-copy suppressor of CIK1 deletion 

MEH1 YKR007W 
Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
sorting of amino acid permease Gap1p; loss results in a defect in vacuolar acidification 

SLM4 YBR077C 
Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
sorting of amino acid permease Gap1p; gene exhibits synthetic genetic interaction with MSS4 

SNX4 YJL036W 
Sorting nexin, involved in retrieval of late-Golgi SNAREs from post-Golgi endosomes to the trans-Golgi network and in cytoplasm to vacuole 
transport; contains a PX phosphoinositide-binding domain; forms complexes with Snx41p and with Atg20p 

VAC8 YEL013W 
Phosphorylated and palmitoylated vacuolar membrane protein that interacts with Atg13p, required for the cytoplasm-to-vacuole targeting (Cvt) 
pathway; interacts with Nvj1p to form nucleus-vacuole junctions 

VAM3 YOR106W 
Syntaxin-related protein required for vacuolar assembly; functions with Vam7p in vacuolar protein trafficking; multispecificity vacuolar t-SNARE 
that mediates docking/fusion of multiple distinct late transport intermediates with the vacuole 

VPS41 YDR080W 
Vacuolar membrane protein that is a subunit of the homotypic vacuole fusion and vacuole protein sorting (HOPS) complex; essential for 
membrane docking and fusion at the Golgi-to-endosome and endosome-to-vacuole stages of protein transport 

ZAP1 YJL056C 
Zinc-regulated transcription factor; binds to zinc-responsive promoters to induce transcription of certain genes in presence of zinc, represses 
other genes in low zinc; regulates its own transcription; contains seven zinc-finger domains 
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5773 vacuole***             (VMA5,VAM3,SLM4,MEH1,VMA2,VPS41,VMA13,VMA10,VMA7,VPH1,TCO89,TFP1,RAV1,CCZ1,VAC8,VMA8) 

MEH1 YKR007W 
Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
sorting of amino acid permease Gap1p; loss results in a defect in vacuolar acidification 

NHX1 YDR456W 
Na+/H+ and K+/H+ exchanger, required for intracellular sequestration of Na+ and K+; located in the vacuole and late endosome 
compartments; required for osmotolerance to acute hypertonic shock and for vacuolar fusion 

SLM4 YBR077C 
Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
sorting of amino acid permease Gap1p; gene exhibits synthetic genetic interaction with MSS4 

TCO89 YPL180W 
Subunit of TORC1 (Tor1p or Tor2p-Kog1p-Lst8p-Tco89p), a complex that regulates growth in response to nutrient availability; cooperates with 
Ssd1p in the maintenance of cellular integrity; deletion strains are hypersensitive to rapamycin 

TFP1 YDL185W 
VMA1; Subunit A of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase; protein precursor undergoes self-catalyzed 
splicing to yield the extein Tfp1p and the intein Vde (PI-SceI), which is a site-specific endonuclease 

VAC8 YEL013W 
Phosphorylated and palmitoylated vacuolar membrane protein that interacts with Atg13p, required for the cytoplasm-to-vacuole targeting (Cvt) 
pathway; interacts with Nvj1p to form nucleus-vacuole junctions 

VAM3 YOR106W 
Syntaxin-related protein required for vacuolar assembly; functions with Vam7p in vacuolar protein trafficking; multispecificity vacuolar t-SNARE 
that mediates docking/fusion of multiple distinct late transport intermediates with the vacuole 

VMA2 YBR127C 
Subunit B of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; contains nucleotide binding sites; also detected in the cytoplasm 

VMA3 YEL027W 
Proteolipid subunit of the vacuolar H(+)-ATPase V0 sector (subunit c; dicyclohexylcarbodiimide binding subunit); required for vacuolar 
acidification and important for copper and iron metal ion homeostasis 

VMA5 YKL080W 
Subunit C of the eight-subunit V1 peripheral membrane domain of vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; required for the V1 domain to assemble onto the vacuolar membrane 

VMA7 YGR020C 
Subunit F of the eight-subunit V1 peripheral membrane domain of vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; required for the V1 domain to assemble onto the vacuolar membrane 

VMA8 YEL051W 
Subunit D of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; plays a role in the coupling of proton transport and ATP hydrolysis 

VMA10 YHR039C-A
Subunit G of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; involved in vacuolar acidification 

VMA13 YPR036W 
Subunit H of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-ATPase (V-ATPase), an electrogenic proton pump found 
throughout the endomembrane system; serves as an activator or a structural stabilizer of the V-ATPase 

VMA16 YHR026W PPA1; Subunit c'' of the vacuolar ATPase, which functions in acidification of the vacuole; one of three proteolipid subunits of the V0 domain 

VPH1 YOR270C 
Subunit a of vacuolar-ATPase V0 domain, one of two isoforms (Vph1p and Stv1p); Vph1p is located in V-ATPase complexes of the vacuole 
while Stv1p is located in V-ATPase complexes of the Golgi and endosomes 

VPS41 YDR080W 
Vacuolar membrane protein that is a subunit of the homotypic vacuole fusion and vacuole protein sorting (HOPS) complex; essential for 
membrane docking and fusion at the Golgi-to-endosome and endosome-to-vacuole stages of protein transport 

5768 endosome**                                                                                  (CCZ1, DOA4, MEH1, NHX1, RAV2, SLM4, SNX4, VPS41) 
CCZ1 YBR131W Protein involved in vacuolar assembly, essential for autophagy and the cytoplasm-to-vacuole pathway 

DOA4 YDR069C 
Ubiquitin isopeptidase, required for recycling ubiquitin from proteasome-bound ubiquitinated intermediates, acts at the late 
endosome/prevacuolar compartment to recover ubiquitin from ubiquitinated membrane proteins en route to the vacuole 

MEH1 YKR007W Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
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sorting of amino acid permease Gap1p; loss results in a defect in vacuolar acidification 

NHX1 YDR456W 
Na+/H+ and K+/H+ exchanger, required for intracellular sequestration of Na+ and K+; located in the vacuole and late endosome 
compartments; required for osmotolerance to acute hypertonic shock and for vacuolar fusion 

RAV2 YDR202C 
Subunit of RAVE (Rav1p, Rav2p, Skp1p), a complex that associates with the V1 domain of the vacuolar membrane (H+)-ATPase (V-ATPase) 
and promotes assembly and reassembly of the holoenzyme 

SLM4 YBR077C 
Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
sorting of amino acid permease Gap1p; gene exhibits synthetic genetic interaction with MSS4 

SNX4 YJL036W 
Sorting nexin, involved in retrieval of late-Golgi SNAREs from post-Golgi endosomes to the trans-Golgi network and in cytoplasm to vacuole 
transport; contains a PX phosphoinositide-binding domain; forms complexes with Snx41p and with Atg20p 

VPS41 YDR080W 
Vacuolar membrane protein that is a subunit of the homotypic vacuole fusion and vacuole protein sorting (HOPS) complex; essential for 
membrane docking and fusion at the Golgi-to-endosome and endosome-to-vacuole stages of protein transport 

6366  transcription from RNA polymerase II promoter                  (CCR4, DST1, HFI1, HOG1, MKS1, PAF1, RTT103, SAP30, SIN3, SPT4, ZAP1) 
6360 transcription from RNA polymerase I promoter***                (DST1, PAF1, RPA12, RXT13, SAP30, SIN3, SPT4) 

CCR4 YAL021C 
Component of the CCR4-NOT transcriptional complex, which is involved in regulation of gene expression; component of the major cytoplasmic 
deadenylase, which is involved in mRNA poly(A) tail shortening 

DST1 YGL043W 
General transcription elongation factor TFIIS, enables RNA polymerase II to read through blocks to elongation by stimulating cleavage of 
nascent transcripts stalled at transcription arrest sites 

HFI1 YPL254W 
Adaptor protein required for structural integrity of the SAGA complex, a histone acetyltransferase-coactivator complex that is involved in global 
regulation of gene expression through acetylation and transcription functions 

HOG1 YLR113W 
Mitogen-activated protein kinase involved in osmoregulation via three independent osmosensors; mediates the recruitment and activation of 
RNA Pol II at Hot1p-dependent promoters; localization regulated by Ptp2p and Ptp3p 

MKS1 YNL076W 
Pleiotropic negative transcriptional regulator involved in Ras-CAMP and lysine biosynthetic pathways and nitrogen regulation; involved in 
retrograde (RTG) mitochondria-to-nucleus signaling 

OPI1 YHL020C 
Transcriptional regulator of a variety of genes; phosphorylation by protein kinase A stimulates Opi1p function in negative regulation of 
phospholipid biosynthetic genes; involved in telomere maintenance 

PAF1 YBR279W 
Component of the Paf1p complex that binds to and modulates the activity of RNA polymerases I and II; required for expression of a subset of 
genes, including cell cycle-regulated genes; homolog of human PD2/hPAF1 

RPA12 YJR063W 
RNA polymerase I subunit A12.2; contains two zinc binding domains, and the N terminal domain is responsible for anchoring to the RNA pol I 
complex 

RTT103 YDR289C 
Protein that interacts with exonuclease Rat1p and Rai1p and plays a role in transcription termination by RNA polymerase II, has an RPR 
domain (carboxy-terminal domain interacting domain); also involved in regulation of Ty1 transposition 

RXT3 YDL076C Subunit of the RPD3L complex; involved in histone deacetylation 

SAP30 YMR263W 
Subunit of a histone deacetylase complex, along with Rpd3p and Sin3p, that is involved in silencing at telomeres, rDNA, and silent mating-type 
loci; involved in telomere maintenance 

SIN3 YOL004W 
Component of the Sin3p-Rpd3p histone deacetylase complex, involved in transcriptional repression and activation of diverse processes, 
including mating-type switching and meiosis; involved in the maintenance of chromosomal integrity 

SPT4 YGR063C 
Protein involved in the regulating Pol I and Pol II transcription, pre-mRNA processing, kinetochore function, and gene silencing; forms a 
complex with Spt5p 

ZAP1 YJL056C Zinc-regulated transcription factor; binds to zinc-responsive promoters to induce transcription of certain genes in presence of zinc, represses 
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other genes in low zinc; regulates its own transcription; contains seven zinc-finger domains 
9408 response to heat***                                                    

HOG1 YLR113W 
Mitogen-activated protein kinase involved in osmoregulation via three independent osmosensors; mediates the recruitment and activation of 
RNA Pol II at Hot1p-dependent promoters; localization regulated by Ptp2p and Ptp3p 

NUP133 YKR082W 
Subunit of the Nup84p subcomplex of the nuclear pore complex (NPC), localizes to both sides of the NPC, required to establish a normal 
nucleocytoplasmic concentration gradient of the GTPase Gsp1p 

NUP188 YML103C 
Subunit of the nuclear pore complex (NPC), involved in the structural organization of the complex and of the nuclear envelope, also involved in 
nuclear envelope permeability, interacts with Pom152p and Nic96p 

PBS2 YJL128C 
MAP kinase kinase that plays a pivotal role in the osmosensing signal-transduction pathway, activated under severe osmotic stress; plays a 
role in regulating Ty1 transposition 

SAP30 YMR263W 
Subunit of a histone deacetylase complex, along with Rpd3p and Sin3p, that is involved in silencing at telomeres, rDNA, and silent mating-type 
loci; involved in telomere maintenance 

SIN3 YOL004W 
Component of the Sin3p-Rpd3p histone deacetylase complex, involved in transcriptional repression and activation of diverse processes, 
including mating-type switching and meiosis; involved in the maintenance of chromosomal integrity 

7154 cell communication***                                                (ASC1, GPA2, GPR1, HOG1, MKS1, OPI1, PBS2, PLC1, SLM4, TCO89, VAC8, VAM3, ZAP1) 
23052  signalling                                                                    (ASC1, GPA2, GPR1, HOG1, MKS1, OPI1, PBS2, PEX1, PLC1, SLM4, TCO89) 
9757 hexose mediated signaling***                                    (ASC1, GPA2, GPR1) 

ASC1 YMR116C 
G-protein beta subunit and guanine nucleotide dissociation inhibitor for Gpa2p; ortholog of RACK1 that inhibits translation; core component of 
the small (40S) ribosomal subunit; represses Gcn4p in the absence of amino acid starvation 

ATG7 YHR171W 
Autophagy-related protein and dual specificity member of the E1 family of ubiquitin-activating enzymes; mediates the conjugation of Atg12p 
with Atg5p and Atg8p with phosphatidylethanolamine, required steps in autophagosome formation 

CCZ1 YBR131W Protein involved in vacuolar assembly, essential for autophagy and the cytoplasm-to-vacuole pathway 

GPA2 YER020W 
Nucleotide binding alpha subunit of the heterotrimeric G protein that interacts with the receptor Gpr1p, has signaling role in response to 
nutrients; green fluorescent protein (GFP)-fusion protein localizes to the cell periphery 

GPR1 YDL035C 
Plasma membrane G protein coupled receptor (GPCR) that interacts with the heterotrimeric G protein alpha subunit, Gpa2p, and with Plc1p; 
sensor that integrates nutritional signals with the modulation of cell fate via PKA and cAMP synthesis 

HOG1 YLR113W 
Mitogen-activated protein kinase involved in osmoregulation via three independent osmosensors; mediates the recruitment and activation of 
RNA Pol II at Hot1p-dependent promoters; localization regulated by Ptp2p and Ptp3p 

MKS1 YNL076W 
Pleiotropic negative transcriptional regulator involved in Ras-CAMP and lysine biosynthetic pathways and nitrogen regulation; involved in 
retrograde (RTG) mitochondria-to-nucleus signaling 

OPI1 YHL020C 
Transcriptional regulator of a variety of genes; phosphorylation by protein kinase A stimulates Opi1p function in negative regulation of 
phospholipid biosynthetic genes; involved in telomere maintenance 

PBS2 YJL128C 
MAP kinase kinase that plays a pivotal role in the osmosensing signal-transduction pathway, activated under severe osmotic stress; plays a 
role in regulating Ty1 transposition 

PEX1 YKL197C 
AAA-peroxin that heterodimerizes with AAA-peroxin Pex6p and participates in the recycling of peroxisomal signal receptor Pex5p from the 
peroxisomal membrane to the cystosol; induced by oleic acid and upregulated during anaerobiosis 

PLC1 YPL268W 
Phospholipase C, hydrolyzes phosphatidylinositol 4,5-biphosphate (PIP2) to generate the signaling molecules inositol 1,4,5-triphosphate (IP3) 
and 1,2-diacylglycerol (DAG); involved in regulating many cellular processes 

SLM4 YBR077C Component of the EGO complex, which is involved in the regulation of microautophagy, and of the GSE complex, which is required for proper 
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sorting of amino acid permease Gap1p; gene exhibits synthetic genetic interaction with MSS4 

TCO89 YPL180W 
Subunit of TORC1 (Tor1p or Tor2p-Kog1p-Lst8p-Tco89p), a complex that regulates growth in response to nutrient availability; cooperates with 
Ssd1p in the maintenance of cellular integrity; deletion strains are hypersensitive to rapamycin 

VAC8 YEL013W 
Phosphorylated and palmitoylated vacuolar membrane protein that interacts with Atg13p, required for the cytoplasm-to-vacuole targeting (Cvt) 
pathway; interacts with Nvj1p to form nucleus-vacuole junctions 

VAM3 YOR106W 
Syntaxin-related protein required for vacuolar assembly; functions with Vam7p in vacuolar protein trafficking; multispecificity vacuolar t-SNARE 
that mediates docking/fusion of multiple distinct late transport intermediates with the vacuole 

ZAP1 YJL056C 
Zinc-regulated transcription factor; binds to zinc-responsive promoters to induce transcription of certain genes in presence of zinc, represses 
other genes in low zinc; regulates its own transcription; contains seven zinc-finger domains 

51186  cofactor metabolic process 

SSQ1 YLR369W 
Mitochondrial hsp70-type molecular chaperone, required for assembly of iron/sulfur clusters into proteins at a step after cluster synthesis, and 
for maturation of Yfh1p, which is a homolog of human frataxin implicated in Friedreich's ataxia 

NPT1 YOR209C 
Nicotinate phosphoribosyltransferase, acts in the salvage pathway of NAD+ biosynthesis; required for silencing at rDNA and telomeres and 
has a role in silencing at mating-type loci; localized to the nucleus 

TKL1 YPR074C 
Transketolase, similar to Tkl2p; catalyzes conversion of xylulose-5-phosphate and ribose-5-phosphate to sedoheptulose-7-phosphate and 
glyceraldehyde-3-phosphate in the pentose phosphate pathway; needed for synthesis of aromatic amino acids 

9116 nucleoside metabolic process 

ADO1 YJR105W 
Adenosine kinase, required for the utilization of S-adenosylmethionine (AdoMet); may be involved in recycling adenosine produced through the 
methyl cycle 

10525 regulation of transposition, RNA-mediated 

ASC1 YMR116C 
G-protein beta subunit and guanine nucleotide dissociation inhibitor for Gpa2p; ortholog of RACK1 that inhibits translation; core component of 
the small (40S) ribosomal subunit; represses Gcn4p in the absence of amino acid starvation 

BUD27 YFL023W 
Unconventional prefoldin protein involved in translation initiation; mutants have inappropriate expression of nutrient sensitive genes due to 
translational derepression of Gcn4p transcription factor; diploid mutants show random budding 

PAF1 YBR279W 
Component of the Paf1p complex that binds to and modulates the activity of RNA polymerases I and II; required for expression of a subset of 
genes, including cell cycle-regulated genes; homolog of human PD2/hPAF1 

RTT103 YDR289C 
Protein that interacts with exonuclease Rat1p and Rai1p and plays a role in transcription termination by RNA polymerase II, has an RPR 
domain (carboxy-terminal domain interacting domain); also involved in regulation of Ty1 transposition 

6629  lipid metabolic process 

ERG6 YML008C 
Delta(24)-sterol C-methyltransferase, converts zymosterol to fecosterol in the ergosterol biosynthetic pathway by methylating position C-24; 
localized to both lipid particles and mitochondrial outer membrane 

RML2 YEL050C 
Mitochondrial ribosomal protein of the large subunit, has similarity to E. coli L2 ribosomal protein; fat21 mutant allele causes inability to utilize 
oleate and may interfere with activity of the Adr1p transcription factor 

MCT1 YOR221C 
Predicted malonyl-CoA:ACP transferase, putative component of a type-II mitochondrial fatty acid synthase that produces intermediates for 
phospholipid remodelling 

PLC1 YPL268W 
Phospholipase C, hydrolyzes phosphatidylinositol 4,5-biphosphate (PIP2) to generate the signaling molecules inositol 1,4,5-triphosphate (IP3) 
and 1,2-diacylglycerol (DAG); involved in regulating many cellular processes 

OPI1 YHL020C 
Transcriptional regulator of a variety of genes; phosphorylation by protein kinase A stimulates Opi1p function in negative regulation of 
phospholipid biosynthetic genes; involved in telomere maintenance 
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5991 trehalose metabolic process 

TPS1 YBR126C 
Synthase subunit of trehalose-6-phosphate synthase/phosphatase complex, which synthesizes the storage carbohydrate trehalose; also found 
in a monomeric form; expression is induced by the stress response and repressed by the Ras-cAMP pathway 

TPS2 YDR074W 
Phosphatase subunit of the trehalose-6-phosphate synthase/phosphatase complex, which synthesizes the storage carbohydrate trehalose; 
expression is induced by stress conditions and repressed by the Ras-cAMP pathway 

46164 alcohol catabolic process**                                 (HXK1, TKL1) 
8645 Hexose transport                                                  (HXK1) 

HXK1 YFR053C 
Hexokinase isoenzyme 1, a cytosolic protein that catalyzes phosphorylation of glucose during glucose metabolism; expression is highest 
during growth on non-glucose carbon sources; glucose-induced repression involves the hexokinase Hxk2p 

TKL1 YPR074C 
Transketolase, similar to Tkl2p; catalyzes conversion of xylulose-5-phosphate and ribose-5-phosphate to sedoheptulose-7-phosphate and 
glyceraldehyde-3-phosphate in the pentose phosphate pathway; needed for synthesis of aromatic amino acids 

278  mitotic cell cycle 

CCR4 YAL021C 
Component of the CCR4-NOT transcriptional complex, which is involved in regulation of gene expression; component of the major cytoplasmic 
deadenylase, which is involved in mRNA poly(A) tail shortening 

CNM67 YNL225C Component of the spindle pole body outer plaque; required for spindle orientation and mitotic nuclear migration 

DCC1 YCL016C 
Subunit of a complex with Ctf8p and Ctf18p that shares some components with Replication Factor C, required for sister chromatid cohesion 
and telomere length maintenance 

SIN3 YOL004W 
Component of the Sin3p-Rpd3p histone deacetylase complex, involved in transcriptional repression and activation of diverse processes, 
including mating-type switching and meiosis; involved in the maintenance of chromosomal integrity 

SPC72 YAL047C 
Component of the cytoplasmic Tub4p (gamma-tubulin) complex, binds spindle pole bodies and links them to microtubules; has roles in astral 
microtubule formation and stabilization 

TOM1 YDR457W 
E3 ubiquitin ligase of the hect-domain class; has a role in mRNA export from the nucleus and may regulate transcriptional coactivators; 
involved in degradation of excess histones 

VHS1 YDR247W 
Cytoplasmic serine/threonine protein kinase; identified as a high-copy suppressor of the synthetic lethality of a sis2 sit4 double mutant, 
suggesting a role in G1/S phase progression; homolog of Sks1p 

910 cytokinesis  

CYK3 YDL117W 
SH3-domain protein located in the mother-bud neck and the cytokinetic actin ring; mutant phenotype and genetic interactions suggest a role in 
cytokinesis 

BUD31 YCR063W 
Component of the SF3b subcomplex of the U2 snRNP; diploid mutants display a random budding pattern instead of the wild-type bipolar 
pattern 

7568 Aging  

GPA2 YER020W 
Nucleotide binding alpha subunit of the heterotrimeric G protein that interacts with the receptor Gpr1p, has signaling role in response to 
nutrients; green fluorescent protein (GFP)-fusion protein localizes to the cell periphery 

GPR1 YDL035C 
Plasma membrane G protein coupled receptor (GPCR) that interacts with the heterotrimeric G protein alpha subunit, Gpa2p, and with Plc1p; 
sensor that integrates nutritional signals with the modulation of cell fate via PKA and cAMP synthesis 

NPT1 YOR209C 
Nicotinate phosphoribosyltransferase, acts in the salvage pathway of NAD+ biosynthesis; required for silencing at rDNA and telomeres and 
has a role in silencing at mating-type loci; localized to the nucleus 

398 nuclear mRNA splicing, via spliceosome 
LSM1 YJL124C Lsm (Like Sm) protein; forms heteroheptameric complex (with Lsm2p, Lsm3p, Lsm4p, Lsm5p, Lsm6p, and Lsm7p) involved in degradation of 
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cytoplasmic mRNAs 

SNT309 YPR101W 
Member of the NineTeen Complex (NTC) that contains Prp19p and stabilizes U6 snRNA in catalytic forms of the spliceosome containing U2, 
U5, and U6 snRNAs; interacts physically and genetically with Prp19p 

BUD31 YCR063W 
Component of the SF3b subcomplex of the U2 snRNP; diploid mutants display a random budding pattern instead of the wild-type bipolar 
pattern 

6974  response to DNA damage stimulus 

DCC1 YCL016C 
Subunit of a complex with Ctf8p and Ctf18p that shares some components with Replication Factor C, required for sister chromatid cohesion 
and telomere length maintenance 

SIN3 YOL004W 
Component of the Sin3p-Rpd3p histone deacetylase complex, involved in transcriptional repression and activation of diverse processes, 
including mating-type switching and meiosis; involved in the maintenance of chromosomal integrity 

SNF5 YBR289W 
Subunit of the SWI/SNF chromatin remodeling complex involved in transcriptional regulation; functions interdependently in transcriptional 
activation with Snf2p and Snf6p 

SPT4 YGR063C 
Protein involved in the regulating Pol I and Pol II transcription, pre-mRNA processing, kinetochore function, and gene silencing; forms a 
complex with Spt5p 

XRS2 YDR369C 
Protein required for DNA repair; component of the Mre11 complex, which is involved in double strand breaks, meiotic recombination, telomere 
maintenance, and checkpoint signaling 

YDR433W YDR433W Dubious open reading frame unlikely to encode a functional protein 
51052  regulation of DNA metabolic process 

DIA2 YOR080W 
Origin-binding F-box protein; forms an SCF ubiquitin ligase complex with Skp1p and Cdc53p; plays a role in DNA replication; plays a role in 
transcription; required for correct assembly of RSC complex, correct RSC-mediated transcription regulation, and cor 

CCR4 YAL021C 
Component of the CCR4-NOT transcriptional complex, which is involved in regulation of gene expression; component of the major cytoplasmic 
deadenylase, which is involved in mRNA poly(A) tail shortening 

DOA4 YDR069C 
Ubiquitin isopeptidase, required for recycling ubiquitin from proteasome-bound ubiquitinated intermediates, acts at the late 
endosome/prevacuolar compartment to recover ubiquitin from ubiquitinated membrane proteins en route to the vacuole 

SIN3 YOL004W 
Component of the Sin3p-Rpd3p histone deacetylase complex, involved in transcriptional repression and activation of diverse processes, 
including mating-type switching and meiosis; involved in the maintenance of chromosomal integrity 

226 microtubule cytoskeleton organization

RBL2 YOR265W 
Protein involved in microtubule morphogenesis, required for protection from excess free beta-tubulin; proposed to be involved the folding of 
beta-tubulin; similar to mouse beta-tubulin cofactor A 

CNM67 YNL225C Component of the spindle pole body outer plaque; required for spindle orientation and mitotic nuclear migration 

SPC72 YAL047C 
Component of the cytoplasmic Tub4p (gamma-tubulin) complex, binds spindle pole bodies and links them to microtubules; has roles in astral 
microtubule formation and stabilization 

6417  regulation of translation 

ZUO1 YGR285C 
Cytosolic ribosome-associated chaperone that acts, together with Ssz1p and the Ssb proteins, as a chaperone for nascent polypeptide chains; 
contains a DnaJ domain and functions as a J-protein partner for Ssb1p and Ssb2p 

PAT1 YCR077C 
Topoisomerase II-associated deadenylation-dependent mRNA-decapping factor; also required for faithful chromosome transmission, 
maintenance of rDNA locus stability, and protection of mRNA 3'-UTRs from trimming; functionally linked to Pab1p 

ASC1 YMR116C 
G-protein beta subunit and guanine nucleotide dissociation inhibitor for Gpa2p; ortholog of RACK1 that inhibits translation; core component of 
the small (40S) ribosomal subunit; represses Gcn4p in the absence of amino acid starvation 
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7005  mitochondrion organization 
MSW1 YDR268W Mitochondrial tryptophanyl-tRNA synthetase 

TPM1 YNL079C 
Major isoform of tropomyosin; binds to and stabilizes actin cables and filaments, which direct polarized cell growth and the distribution of 
several organelles; acetylated by the NatB complex and acetylated form binds actin most efficiently 

OCT1 YKL134C 
Mitochondrial intermediate peptidase, cleaves destabilizing N-terminal residues of a subset of proteins upon import, after their cleavage by 
mitochondrial processing peptidase (Mas1p-Mas2p); may contribute to mitochondrial iron homeostasis 

34394 protein localization at cell surface 

GSF2 YML048W 
ER localized integral membrane protein that may promote secretion of certain hexose transporters, including Gal2p; involved in glucose-
dependent repression 

other Other  

PUG1 YER185W 
Plasma membrane protein with roles in the uptake of protoprophyrin IX and the efflux of heme; expression is induced under both low-heme 
and low-oxygen conditions; member of the fungal lipid-translocating exporter (LTE) family of proteins 

YGR064W YGR064W Dubious open reading frame unlikely to encode a protein 

8150  biological process unknown 

YCL007C YCL007C Dubious ORF unlikely to encode a protein 

IES6 YEL044W 
Protein that associates with the INO80 chromatin remodeling complex under low-salt conditions; human ortholog INO80C is a member of the 
human INO80 complex; implicated in DNA repair based on genetic interactions with RAD52 epistasis genes 

YLL007C YLL007C Putative protein of unknown function 
YFL012W YFL012W Putative protein of unknown function; transcribed during sporulation; null mutant exhibits increased resistance to rapamycin 

DUF1  YOL087C Putative protein of unknown function 
Genes were classified using the computational tools GO Finder, Slim Mapper (SGD database; (http://www.yeastgenome.org/) and GOToolBox (Martin et al., 2004) into categories based on 
GO terms for biological process, function and cellular component.  Description of genes is taken from SGD database. Enrichment of genes annotated to particular GO terms is highlighted 
with asterisk as shown ***enrichment (p <0.01), **enrichment (p <0.05). 
 
Key to genes:  
genes in regular font were identified in all 1st and 2nd screen and lab scale ferments 
genes in regular underlined font were identified in 1st screen and lab scale ferments 
genes in bold font were identified through GO analysis
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Role of vacuolar H+ ATPase complex in fermentation 
Interestingly, a large number of the HSF genes are involved in the assembly and function of the 
vacuolar H+-ATPase (V-ATPase) complex (Kane, 2006; Kane & Smardon, 2003). The V-ATPase 
complex is essential in maintaining intracellular pH through acidification of the vacuolar lumen 
relative to the cystosol. The action of the V-ATPase in organelle acidification is essential in 
maintaining cellular (ion) homeostasis (through action of antiporters utilizing the electrochemical or 
proton gradient generated), proteolytic activation (digestion of the autophagasomes during autophagy 
or vacuolar proteolysis induced by starvation), endocytosis, and vacuole fusion (Graham et al., 2003). 
Cell wall structure and function, cytoskeletal organisation and maintenance and phospholipid content 
are also implicated (Zhang et al., 1998; Kane, 2006). Yeast vma (vacuolar membrane ATPase) 
deletants, through the loss of V-ATPase activity, exhibit growth sensitivity in high pH (pH 7 or 
higher) and extracellular calcium and are unable to grow on non-fermentable carbon sources (Kane, 
2006). 
 
The importance of the assembly and function of V-ATPase complex, was highlighted in the number 
of genes identified which encode for either the subunits of the V1 peripheral membrane and Vo 
integral membrane domains or the assembly factors including the RAVE complex, which are required 
for the reversible assembly and disassembly into the free V1 and Vo domains, in response to glucose 
(Figure F.4; Kane, 2006; Kane & Smardon 2003). The assembly of V-ATPases is thought to prevent 
cytosolic acidification when metabolism is active, whilst when energy sources are limited (glucose), 
the disassembly might conserve ATP. Interestingly, not all the vma mutants, where deletion of these 
genes leads to the loss of organelle acidification (Kane, 2006), exhibit the protracted fermentation 
phenotype (Table F.10). Deletion of subunits E (VMA4) c’ (VMA11), d (VMA6) and subunit of the 
golgi/endosome located V-ATPase (STV1) did not affect fermentation. Speculation arises as to 
whether passive diffusion, or the Vo and V1 domains (lacking a subunit) are able to assemble and 
partially associate into an unstable albeit active holoenzyme, to maintain the proton gradient essential 
for many cellular processes. Furthermore, the V-ATPase in the golgi apparatus/endosome may not be 
required, as the vacuolar V-ATPase, whilst in transit to the vacuole, could contribute to endosomal 
acidification under certain conditions (Kane, 2006). 
  
 
A             B 

 

 

 

 

 

 

 

 

Figure F.4: Subunit composition and structural model of yeast V-ATPase and RAVE complex.  
A.  Structural model of yeast V-ATPase. V1 subunits are shown in pink and purple, and V0 subunits in green. A 
single stator stalk containing subunits C, E, G, H is shown (sourced from Kane, 2006). B. RAVE complex. 
Rav1p is central to binding of RAVE complex to V1 domain of V-ATPase via subunits E and/or G (sourced 
from Kane & Smardon, 2003). 
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Table F.10:  Genes encoding vacuolar H+ ATPase (V-ATPase) whose deletion affects high sugar 
fermentation 

Gene Subunit Proposed Function Genes essential 
for fermentation 

Genes non-
essential for 
fermentation 

 V1 

domain 
(eight subunit peripheral domain) 

VMA1 (TFP1) A ATP hydrolysis VMA1 (TFP1)  
VMA2 B Regulatory, ATP binding? VMA2  
VMA5 C Stator VMA5  
VMA8 D Rotor VMA8  
VMA4 E Stator  VMA4 
VMA7 F Rotor VMA7  

VMA10 G Stator VMA10  
VMA13 H Stator VMA13  

 Vo 
domain 

(five subunit integral domain)   

VPH1 A Proton pore, stator, sorting (vacuole) VPH1  
STV1 a (Stv1p) Proton pore, stator, sorting (golgi/endosome)  STV1 
VMA3 C Proton pore, rotor (dicyclohexylcarbodiimide binding) VMA3  

VMA11 (TFP3) c’ Proton pore, rotor  VMA11 (TFP3)
VMA16 (PPA1) c” Proton pore, rotor VMA16 (PPA1)  

VMA6 D Rotor  VMA6 
VMA9 E ? nd nd 

 Assembly Factors 
VPH2 (VMA12) Vph2p Integral membrane protein, assembly of V-ATPase VPH2 (VMA12)  

VMA22 Vma22p Peripheral membrane protein required for V-ATPase 
assembly 

 VMA22 

VMA21 Vma21p Integral membrane protein required for vacuolar H+-
ATPase (V-ATPase) function, although not a part of 
V-ATPase complex; functions in V-ATPase assembly; 
localized to yeast endoplasmic reticulum (ER) 

nd nd 

VPS3 Vps3p CORVET tethering complex; cytoplasmic protein 
required for sorting & processing of soluble vacuolar 
proteins, acidification of vacuolar lumen, & assembly 
of V-ATPase 

 VPS3 

PKR1 
 

Pkr1p V-ATPase assembly factor, functions with other V-
ATPase assembly factors in ER for efficient assemble 
the V-ATPase membrane sector (V0) 

PKR1  

 RAVE complex   
SKP1 Skp1p Evolutionarily conserved kinetochore protein; part of 

SCF ubiquitin ligase complex,  CBF3 complex 
binding centromeric DNA, & RAVE complex 
regulating assembly of the V-ATPase 

nd nd 

RAV1 Rav1p Subunit of RAVE complex (Rav1p, Rav2p, Skp1p), 
promotes assembly of V-ATPase  

RAV1  

RAV2 Rav2p Subunit of RAVE complex (Rav1p, Rav2p, Skp1p), 
promotes assembly of V-ATPase 

RAV2  

nd, not determined. Deletants which completed fermentation in the initial micro-fermentation screen were 
VMA21 (YGR105W); not determined for 100 mL scale, VMA11 (YPL234C),VMA6 (YLR447C), VMA4 
(YOR332W), VMA22 (YHR060W), STV1 (YMR054W), VPS3 (YDR495C). SKP1 (YDR328C) is essential 
gene. VMA9 (YCL005W-A) was not in homozygous diploid deletion library. 
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The role of other cellular mechanisms in fermentation 
The molecular basis of yeast resistance to ethanol and ethanol toxicity appears to be multi-factorial 
resulting in the interaction of many genes and their products in several key processes in cellular 
metabolism. Single genes such as FPS1, encoding a plasma membrane aquaglycoporin, which 
mediates controlled glycerol efflux, has been suggested to play a role in maintaining intracellular 
ethanol levels during fermentation and thus resulting in increasing ethanol concentrations in the wine 
(Teixeira et al., 2009). Interestingly, this gene was not identified in the current study. Two genes 
involved in trehalose biosynthesis are also implicated in having a protective role against ethanol 
stress. The trehalose biosynthetic genes TPS1 (trehalose-6-phosphate synthase) and TPS2 (trehalose-
6-phosphate phosphatase) were identified in our screen as having stuck fermentations. The 
fermentation conducted by the ∆tps1 deletant was 1.9 times longer than the parent, having 5.36 ± 0.73 
g/L residual sugar, whilst that of ∆tps2 was extended 6-fold, with considerable residual sugar (32.87 ± 
3.96 g/L). Trehalose, a non-reducing disaccharide, is known to accumulate during stationary phase, 
towards the end of fermentation (Majara et al., 1996, cited in Gibson et al., 2008), and is involved in 
protecting cells from several stresses. The trehalose biosynthetic genes TPS1 and TPS2 were 
previously identified through growth sensitivity of the ∆tps1 to ethanol (van Voorst et al., 2006) and 
oxidative stress (Tucker & Fields, 2004) and ∆tps2 to ethanol, heat and NaCl (Auesukaree et al., 
2009), high acidity (Mollapour et al., 2004) and oxidative stress (Tucker & Fields, 2004; Auesukaree 
et al., 2009), respectively. V-ATPase is thought to protect yeast from alcohol stress (Fujiata et al., 
2006, Teixeira et al., 2010), osmotic stress (Teixeira et al., 2009), acid stress (Mollapour et al., 2004) 
as well as against air-drying (Shima et al., 2008). The latter is important as wine and brewers’ yeast 
are supplied as dried yeast preparations. Ethanol, the main product of fermentation, has an inhibitory 
effect on growth and viability, with Marks et al. (2008) implicating ethanol rather than nutrient 
depletion as causing cells to enter stationary phase, where the majority of fermentation is conducted. 
Interestingly, Marks and co-workers (2008) were unable to show any up-regulation of the genes 
encoding V-ATPase, in response to increasing ethanol as observed in a wine fermentation.  
 
Osmotic stress, whether salt or sugar induced, has a direct effect on cellular ion homeostasis. A 
number of genes involved in ion homeostasis were identified as having a role in fermentation. 
Hohmann (2002) showed that a proton gradient was required for increased uptake of K+ ions, to 
compensate for the high external osmolarity. Interestingly, Trk1p, a high affinity K+ transporter, is 
required for high-glucose (Teixeira et al., 2009), high acidity (Mollapour et al., 2004) stress resistance 
and completion of fermentation (this study). Nhx1p, an endosomal Na+/H+ and K+/H+ exchanger 
required for intracellular sequestration of Na+ and K+ was identified in the screen. Nhx1p, located in 
the late endosome/prevacuolar compartment (PVC), confers osmotolerance to acute hypertonic shock 
in postdiauxic/stationary phase cells (Nass & Rao, 1999). Teixeira and coworkers (2010) 
demonstrated the importance of the plasma membrane ATPAse, Pma1p, in maintenance of 
intracellular pH in response to high osmolarity. Although Pma1p was not identified in this study, 
Hrk1p, a protein kinase implicated in activation of the plasma membrane H+-ATPase, Pma1p, in 
response to glucose metabolism, was identified. Genes required for cellular division and maintenance 
of cell structure, which were implicated in tolerance to ethanol and osmotic stress, such as BUD31, 
CNM67, CYK3, TC089, TPM1, and RBL2 (Fujita et al., 2006; Teixeira et al., 2009, 2010; Ando et al., 
2006) not surprisingly have also been identified in this study.  
 

Microautophagy and the EGO/GSE complex and fermentation 
The EGO complex is a vacuolar membrane-associated protein complex composed of Meh1p, Gtr2p 
and Slm4p, which is required for activation of microautophagy (Dubouloz et al., 2005). The GSE 
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(GAP1 Sorting in the Endosomes) complex is a GTPase complex required for intracellular sorting of 
Gap1p out of the endosome, for eventual delivery to the plasma membrane (Gao & Kaiser, 2006). The 
GSE complex is composed of two small GTPases (Gtr1p and Gtr2p), as well as three other proteins 
(Slm4p, Meh1p and Ltv1p) that are located in the late endosomal membrane. 
 
Microautophagy and the EGO/GSE complex have been previously implicated as mechanisms 
allowing yeast cells to grow under low temperature and high pressure. Abe and Minegishi (2008) 
demonstrated a marked defect in uptake of histidine, leucine and lysine in the EGO/GSE complex 
mutants (∆gtr1, ∆gtr2, ∆meh1 (∆ego1) and ∆slm4 (∆ego3)), following high-pressure and low 
temperature incubation. The authors hypothesise that the EGO/GSE complex is likely to play a 
primary role in cell surface delivery of amino acid permeases at low temperature, and under high 
pressure conditions, the complex has multiple yet undefined roles. In our study GTR2 does not appear 
to have a role in fermentation, as ∆gtr2 completed fermentation at the same time as the parental strain, 
BY4743. Deletion of GTR1 and LTV1 resulted in 7% and 5% slower fermentation (thus they are 
considered not essential for fermentation), whilst deletion of MEH1 and SLM4 severely affected 
fermentation (65% slower than the parent). These findings suggest that MEH1 and SLM4 play a role 
in fermentation, through vacuolar acidification (Meh1p), microautophagy and protein sorting of 
Gap1p. The localisation and degradation of this broad specificity permease is regulated by the quality 
of the nitrogen source (Roberg et al., 1997; Springael & Andre, 1998).  
 

Intracellular signalling and fermentation 
Intracellular signal transduction, specifically, that related to nutrient sensing of rapidly fermentable 
sugar, and nutrients essential for growth (including amino acids and ammonium) is a fundamental 
process to enable yeast to adaptively respond to changing environments such as during fermentation. 
Nutrient sensing occurs through either nutrient transporters, which act as nutrient sensors, or non-
transporting nutrient carrier homologues or transceptors. The high affinity phosphate transporter 
Pho84p, general amino acid permease Gap1p, and ammonium transporters, Mep1p, Mep2p, are 
examples of the first, whilst the Snf3p and Rgt2p are glucose transceptors and Ssy1p is an amino acid 
transceptor (reviewed by Rubio-Texeira et al., 2010).  Surprisingly, none of these genes were 
identified in the micro-fermentation screen, however, genes encoding two proteins of the sugar G 

Protein Coupled Receptor system; the receptor, Gpr1p, and G protein Gpa2p were identified as 
having protracted fermentation. Gpr1p is important for the rapid adaption to extracellular glucose (and 
not fructose), via the cAMP-PKA pathway. The latter is thought to activate cAMP signalling via a 
glucose phosphorylation mechanism (reviewed by Rubio-Texeira et al., 2010). Hxk1p, identified in 
this study, is one of three protein kinases (Glk1p, Hxk1p, and/or Hxk2p) required for glucose 
phosphorylation, as a means of intracellular signalling via Gpr1p-Gpa2p. Further, Asc1p, a guanine 
dissociation inhibitor of Gpa2p, links glucose metabolism to nitrogen metabolism, as it represses 
Gcn4p in the absence of amino acid starvation (reviewed by Rubio-Texeira et al., 2010). Another 
gene identified in this study was PLC1, deletion of which resulted in stuck fermentation. This 
phenotype alludes to the importance of the phosphoinositide signalling pathway (e.g. Plc1 pathway) in 
cellular metabolism, however, the physiological roles are not clearly understood. Phospholipase C, 
hydrolyzes phosphatidylinositol 4,5-biphosphate (PIP2) to generate the signalling molecules inositol 
1,4,5-triphosphate (IP3) and 1,2-diacylglycerol (DAG). Plc1p has been suggested to be involved in 
activation of Pkc1p controlling the MAP kinase cascade, which is essential to adaptation to high 
osmolarity and cell wall integrity. It is also implicated in nutrient induced signal transduction via the 
Gpr1p-Gpa2p mediated GPCR system, coupling glucose and nitrogen signalling at the sensor level 
(reviewed by Wera et al., 2001, Palacek et al., 2002).  
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The high-osmolarity glycerol (HOG) response pathway is responsible for induction of glycerol-3-
phosphate dehydrogenase (GPDH), in response to hyperosmotic stress, resulting in the increased 
production and retention of glycercol. Not surprisingly, a Hog1p and its activator, Pbs2p, were 
identified in the fermentation screen, whilst interestingly, the other four genes of the pathway, OPY2, 
RCK2, RGD1 and SHO1, were not essential for fermentation completion. The signalling cascade 
which regulates gene expression in response to nutrient status was also identified as having a role in 
fermentation. This is not surprising, as the TORC1 complex mediates cell growth in response to 
nutrient availability and cellular stresses by regulating protein synthesis, ribosome biogenesis, 
autophagy, cell cycle, transcriptional activation and permease trafficking. A component of the TORC1 
was identified, Tco89p, which is localised to the plasma membrane and vacuole membrane, having a 
role in cell wall integrity. 
 
Many of these processes and signalling cascades are related to stress response. Recently Villa-García 
and coworkers (2011) implicated lipid metabolism, specifically, inositol-containing lipids in stress 
response signalling, as genes annotated to processes such as vacuolar acidification (V-ATPase), 
protein trafficking and turnover, TOR and HOG signalling pathways, when deleted, were associated 
with inositol auxotrophy. The nature of such lipid signal molecules has not been discerned. 
 
It is evident that a number of mechanisms involving a myriad of genes are involved in the adaptive 
response to the four major stressors encountered during fermentation: high osmolarity (extracellular 
sugar), low pH, increasing levels of ethanol and nutrient depletion. Only some of which have been 
alluded to in this report. Further investigation is required to produce a comprehensive interpretation 
and inturn exploitation of the results of this unique experiment and dataset.  
 

Utilisation of yeast over-expression libraries in a wine yeast background: Enabling 
GAL1 promoter driven expression to allow use of the Yeast ORF over-expression 
collection and exploitation of the Yeast Genomic Tiling Collection 
 

Regulation of GAL1 under glucose repressive conditions 
Genes in the galactose utilisation pathway are tightly regulated, being induced when cells are grown 
on galactose and repressed when grown on glucose. Gal gene expression requires the transcriptional 
activator protein Gal4p, which binds to and activates a number of genes in the galactose utilisation 
pathway including GAL1. Gal4p function is inhibited by the Gal80p repressor protein, which binds 
directly to Gal4p, and by Mig1, which represses GAL1 and GAL4 expression, when cells are grown in 
the presence of glucose (Ostergaard et al., 2000). Gal3p mediates the galactose induced release of 
Gal4p from Gal80p (Lohr et al., 1995).  Deletion of GAL80 and MIG1 results in growth defects due to 
their pleiotropic nature, and as such, were not considered good candidates for modulation of the 
galactose utilisation pathway. Instead, the first genes to be deleted were GAL1 (Galactose kinase), 
GAL83 (one of three beta-subunits of the Snf1 kinase complex) and REG1 (Regulatory subunit of type 
1 protein phosphatase Glc7p), with the view of affecting GAL1 expression in the presence of 
inhibitory concentrations of glucose (and a small amount of galactose, which could not be utilised).  
 
An alternative paradigm was the over-expression of Gal4p and/or Gal3p, such that the ratio of the 
activators Gal4p (and/or Gal3p) was greater than that of Gal80p, allowing induction of GAL1 
promoter, in the presence of glucose. Li et al. (2010) demonstrated that various GAL4 mutants, 
encoding Gal4p with reduced interaction with the Gal80p repressor, could induce the expression of 
LACZ under the control of the GAL1 promoter, in the presence of glucose. It was envisaged that if 
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one of these GAL4 mutations could be recombined into the genomic DNA of a yeast strain, in place of 
the native GAL4 gene sequence, this yeast strain could subsequently be used to screen the Yeast ORF 
Collection (see below). Such strains would allow over-expression of the yeast gene within each 
plasmid under the control of the GAL1 promoter even in high glucose conditions, where expression 
would normally be repressed. One of these mutants was kindly provided by Li and co-workers in the 
plasmid pRS413. This particular GAL4 mutant has a single base pair change in the GAL4 coding 
sequence (Thr859 to Ile) and is referred to as Gal4c in this report.  
 

Yeast ORF Collection 
The Yeast ORF Collection is a library of individual open reading frames (genes) cloned behind the 
GAL1 promoter in plasmid pBG1805, which has a URA3 selectable marker for maintenance in yeast. 
The collection of individual clones was amplified in E. coli in a 96-well format and the DNA 
extracted for future transformation into a haploid derivative of the diploid wine yeast Lalvin Rhone 
L2056 (Lallemand). 
 

Construction of a GAL1p-LACZ reporter system to evaluate the Yeast ORF Collection during 
fermentation in CDGJM 
A LACZ reporter construct was generated for purposes of testing -galactosidase expression under the 
control of the GAL1 promoter (as for the yeast ORF collection). The source of the full length LACZ 
gene (1027 aa) was plasmid pT161T (8589 bp) for expression in mammalian cells (a kind gift from 
Keith Shearwin, University of Adelaide). The LACZ sequence is shown in Appendix 5: 
Supplementary Figure 4. The LACZ gene was cloned into pYES2 (Invitrogen) by conventional 
cloning to give pYES2-LACZ. Plasmid pYES2 is comparable to pBG1805 having the same selective 
markers, GAL1 promoter and CYC1 terminator although it is not a GATEWAY vector (Promega). 
 

Construction of isogenic haploid wine yeast isoC9c and isoC9d 
We have previously generated three haploids of the commercial strain L2056: C9 (MATa, ∆ho), 

C911d (MATa, ∆ho) and C911a (MAT∆ho) (Walker et al., 2003). The extensive heterogeneity 
(53%) of L2056, as shown by Bradbury et al. (2006) using microsatellite analysis of 17 loci, 
highlighted the need for an isogenic version of one of these original strains. As C911d was 

extensively used, an isogenic set of strains, isoC9c (MAT∆ho) and isoC9d (MATa,∆ho) were 
constructed. Strain C911d was transformed with a plasmid-borne functional HO, encoding 
homothallic switching endonuclease, enabling mating-type switching and re-diploidisation. The 
diploid strain was cured of the plasmid prior to sporulation. A spore was picked for transformation 
with the HO plasmid and the procedure of rediploidisation, plasmid curing and sporulation was 
repeated. In the final (third) round of the procedure, four haploid spore colonies from a single tetrad 
(isoC9a to isoC9d) were evaluated for fermentation performance in CDGJM (220 g/L sugar, 125 mg 
N/L as ammonium sulphate, 25°C). The isogenic strains were shown to have comparable fermentation 
performance to L2056 and C9. The dry cell weight is less for the haploid strains than the diploid 
L2056 because of the smaller cell size (Appendix 5: Supplementary Figure 5). 
 
Microsatellite data analysis of the isogenic clones and the original haploid strains C9, C911a and 
C911d (Walker et al., 2003) showed the inheritance of the alleles for 10 loci (see Appendix 5: 
Supplementary Table 2). The four isogenic strains isoC9a to isoC9d were identical to C9 and C911D 
for these 10 loci. Microsatellite analysis was also performed on the strains used in the construction of 
another haploid strain using repeat DNA sequence originating from HO itself (reported in Walker et 
al., 2005). This strain was referred to as 3-3a (MATa, ∆ho). Neither 3-3a nor the other haploids 
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generated through backcrossing with 4-5a (MAT, ∆ho::KanMX):- 18a (MATa, ∆ho) and 18d (MAT, 
∆ho) were used for further strain construction. Interestingly, the L2056 isolate used in the 
construction of the ‘C9 series’ of haploids was slightly different (Keith Richards, pers. comm.) to that 
typed by Bradbury et al. (2006), and the isolate used to construct the ‘DR4 series’. Nine out of 10 loci 
were identical, however, there was a difference noted in peak size for C5-hex (CDC14/YFR028C). 
The latter two isolates were identical, producing a 121 bp peak with C5-hex whilst the isolate used in 
the ‘C9 series’ of haploids resulted in a larger 161 bp peak.  
 

Modification of isogenic haploid wine yeast strains isoC9c and isoC9d 
The selection marker for the over-expression library is URA3 (orotidine-5'-phosphate decarboxylase) 
which requires a recipient yeast strain to have an auxotrophic growth requirement for uracil. Thus 
ura3::KanMX deletants of isoC9c and isoC9d were constructed by gene disruption using a 2.5 kb 
SacII-KpnI ura3::KanMX DNA fragment from plasmid pDR1123 (Replogle et.al., 1998). The strains 
were unable to grow on minimal medium lacking uracil thereby indicating success in achieving the set 
objective. 
 
Gene disruptions of the genes GAL1/YBR020W, REG1/YDR028C and GAL83/YER027C were made in 
isoC9c and isoC9d using the deletion cassettes derived from the homozygous diploid deletion library. 
The individual library clones were cultured and genomic DNA extracted for PCR amplification of the 
deletion cassettes using Velocity DNA polymerase (Bioline) and gene specific primers (http://www-
sequence.stanford.edu/group/yeast_deletion_project/deletions3.html). Both the lab yeast and wine 
yeast clones were confirmed by PCR analysis and DNA sequencing analysis (data not shown). 
Fermentation performance was evaluated for the gene deletants in CDGJM as shown in Appendix 5: 
Supplementary Figure 6. The ∆gal1::KanMX mutants were not evaluated for fermentation.  
 
The ∆gal83::KanMX mutant in the lab and wine yeast behaved similarly to the parental strains. 
However, the ∆reg::KanMX mutants showed protracted fermentation when compared with the 
parents. Performance differences were noted for the ∆reg1 mutants of the haploid wine yeast which 
was dependent on mating type. IsoC9c∆reg1::KanMX completed fermentation ~101 h after the 
parental strain, whilst isoC9d ∆reg1::KanMX was unable to complete fermentation (113 g/L residual 
sugar after ~292 h).  Colony size variation was also noted for the two mating types for the ∆reg1 
mutants (data not shown). These phenotype disparities may be due to the genetic variation between 
different haploid strains because of the original heterogeneity of the wine strain L2056 (Bradbury et 
al., 2006). The ∆reg1 mutants were not suitable for further modification for purposes of a host strain 
for the library.  
 
As regulation of galactose metabolism is complex, involving a number of genes, multiple deletants 
were constructed for further evaluation using a GAL1-LACZ reporter plasmid (analogous to 
pBG1805). Their construction required the mating of the haploid mating types with different gene 

deletions. For example isoC9c ∆gal83::KanMX (MAT) mated with strain 5.3.3 (MATa, 
∆gal1::KanMX, ∆ura3::KanMX) to give a diploid which had 4 viable spores per tetrad. The desired 
strains (∆gal1::KanMX, ∆gal83::KanMX, ∆ura3::KanMX) of both mating types were identified by 
PCR analysis of the spore progeny. As yet, the strains are to be tested using the GAL1-LACZ reporter 
construct in minimal media without uracil using 2% glucose and 0.5% galactose as carbon source.  
 
Recently, Li et al. (2010) demonstrated that a T859I variant of Gal4p was shown not to bind to Gal80p 
(a negative regulator of Gal4p), allowing GAL1 expression under repressive conditions. The 
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GAL4(T859I) gene was amplified as a DNA fragment and confirmed by DNA sequencing. As there 
was not selectable marker incorporated with the mutated GAL4 gene sequence, a screening method to 
identify those yeast colonies with the mutated GAL4 gene compared to the native gene was required. 
The plasmid pYES-LACZ, encoding the LACZ reporter gene under the control of the GAL1 promoter, 
was developed for this purpose (see above). When transformed into a yeast strain of interest, colonies 
expressing LACZ can be identified by growth on media containing X-Gal. This substrate is cleaved by 

-galactosidase, the protein encoded by the LACZ reporter gene, resulting in blue, rather than white 
colonies. Wild type yeast, transformed with the pYES2-LACZ plasmid, grown on media containing 
galactose and low or no glucose should turn blue due to the activation of expression from the GAL1 

promoter and hence -galactosidase activity. In addition, yeast containing the mutated Gal4c gene 
instead of the native GAL4 gene, grown on media containing glucose should turn blue due to the 

activation of expression from the GAL1 promoter and hence -galactosidase activity, due to the 
reduced interaction of GAL4p with GAL80p. 
 
To incorporate this GAL1::LACZ reporter system haploid yeast strains iso C9c ura3::KanMX and iso 
C9d ura3::KanMX were transformed with plasmid pYES2-LACZ. Cells were plated onto minimal 
drop-out media lacking uracil (20 g/L glucose) to identify transformed yeast with an incorporated 
pYES2-LACZ plasmid. These transformants were re-streaked onto minimal drop-out media lacking 
uracil (0.5 g/L glucose, 20 g/L galactose), which had first been spread with 40 µL X-Gal (50 mg/mL), 

to identify those expressing -galactosidase enzyme (blue colonies). It was anticipated that all yeast 
transformed with the pYES2-LACZ plasmid grown on these plates with a low glucose and high 
galactose concentration would induce expression from the GAL1 promoter, express the LACZ gene 

resulting in -galactosidase enzyme activity and therefore blue colonies. The haploid wine yeast 1B14 
previously transformed with pYES2-LACZ was also spread onto these plates as a control. These were 
the only colonies to turn blue. The reason for failure of the other constructs is not clear. 
 
This approach to utilizing an over-expression library was demoted in the list of project priorities due 
to difficulties in obtaining a screening system. Attention has instead focused on the yeast genomic 
tiling collection, which is a smaller, non-unique library (i.e. multiple yeast genes present in each 
construct) that permits study of the effect of over-expression of yeast genes (due to multiple gene 
copy number) on fermentation performance. 
 

Generation of a leucine auxotroph of haploid wine yeast isoC9 as host for Yeast 
Genomic Tiling Collection in plasmid pGP564 
The use of the over-expression library in a wine yeast background will allow comprehensive 
screening under a variety of nutritional conditions including low nitrogen, and high sugar (> 200 g/L), 
which would not be possible in a laboratory strain with multiple auxotrophic requirements. It was 
therefore decided to use the haploid wine strain, isoC9 as the host strain as it was shown to behave 
like L2056 in fermentation (profile and key metabolites). A leucine auxotroph of isoC9 was required 
for stable maintenance of the library (as independent plasmids) in the yeast. As a leu2::KanMX 
disruption cassette was not available as a deletion library clone, one was constructed in the plasmid 
pBS418 (a derivative of pBluescript, Stratagene). The cassette was used to transform isoC9d to 
leucine auxotrophy, with the transformants being selected for resistance to G418 and inability to grow 
on minimal drop-out media without leucine. Three isoC9∆leu2::KanMX isolates were evaluated for 
fermentation performance in CDGJM and were able to complete fermentation in leucine 
supplemented media at a similar time as the parental strain isoC9d (unsupplemented CDGJM; data 
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not shown). IsoC9∆leu2::kanMX transformant 1 was chosen as the genetic background for the Yeast 
Genomic Tiling Collection in plasmid pGP564.  
 
Transformation of isoC9∆leu2::KanMX with the library is in progress using the transformation 
procedure described on the “Prelich Lab Yeast Systematic Overexpression Library Methods” 
webpage http://steelhead.aecom.yu.edu/SystematicLibrary.html#Library_transformation_ 
and_screening. The over-expression library will be invaluable in identifying genes that are required 
for a number of fermentation traits including nitrogen efficiency, yeast ‘robustness’, ethanol tolerance, 
and wine quality (production of yeast derived aroma compounds). In the latter case, initial studies 
using isoC9 and isoC9∆leu2 in CDGJM show promising results, in that both are able to produce most 
of the 38 yeast derived metabolites chosen for their importance based on odour activity rating. The 
exceptions were ethyl lactate, hexyl acetate, butanol and hexanol. The 38 compounds have been 
synthesised and purified as standards to use in quantifying wine samples. Work in progress will 
modify the CDGJM to allow for these compounds to be synthesised (Jade Forrester, personal 
communication). The application of the over-expression library for identifying which genes play a 
role in the synthesis and modification of these compounds will be a first in oenological research, and 
the development of identification protocols will be useful in wine quality analysis. 
 

Conclusion: 
The above work has been successful in identifying a large number of genes whose deletion results in 
modified fermentation performance under various conditions. Such genes are designated HSF, i.e. 
essential to high sugar fermentation. The identification of these genes allows the critical processes in 
which they participate to be highlighted thereby revealing potentially new foci for research for strain 
optimisation or else new strategies for managing fermentation conditions and therefore outcome. 
Several of these genes will be incorporated into UA 11/01 as a means of generating industry-ready 
solutions to fermentation problems. In addition, further summer, Honours and PhD students will be 
sought to extend these studies. 
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Contributors:  
Current PhD students: Alana Capaldo and Krista Sumby  
Past Honours students: Paul Easton and Thomas Parker 
Postdoctoral fellows and/or student supervisors: Drs Michelle Walker, Jennie Gardner and Assoc 
Prof Vladimir Jiranek. 
 
 

Background: 
Work reported in UA 01/04, demonstrated the widespread occurrence of hydrolytic enzymes in LAB 
which may impact on winemaking and product quality. Glycosidase and esterase enzymes were 
selected for more detailed characterisation as an extension to Output B. In this Output the presumptive 
identification, cloning and heterologous expression of structural genes for these enzymes is detailed. 
The enzymes encoded by these genes were then purified and characterised. The performance target of 
this Output (1-2 enzymes) has been exceeded with the cloning of at least 7 genes and the 
characterisation of their enzymes. Much of this work has been published and as such these papers are 
included in Appendix 1. The following is largely limited to any additional or as yet unpublished 
findings.  
 

Methods: 
Refer to publications in Appendix 1: Sumby et al. (2009); Capaldo et al. (2011a); Capaldo et al. 
(2011b). Only the unpublished mnethods are detailed below. 
 

BglD gene synthesis 
The gene bglD was synthesised by Gene Oracle, Inc (Mountain View, CA 94043) with a mutation to 
incorporate a glutamic acid (E) residue in the place of S432 and NdeI and XhoI restriction sites at the 5’ 
and 3’ ends of the sequence. This mutation was selected because of its speculated importance in the 
affinity of GHF 1 phospho-β-glucosidases towards phosphorylated substrates. The gene was supplied 
cloned into a pUC based vector, pGOV4, devoid of most common restriction sites (All rights of this 
vector are licensed to Gene Oracle, https://www.geneoracle.com/services/pGOV4.pdf.). 
 

Overexpression and purification of the recombinant esterases 
Potential esterase genes were identified by sequence comparison between known esterases and the 
reported genome sequence for PSU-1 (Mills et al., 2005). The putative genes, cloned into pET14.b, 
and once positive clones had been sequenced, one was chosen for further experiments. The E. coli 
[BL21(λDE3)] cells containing the plasmid of interest were induced and cell extracts obtained for 
analysis by SDS-polyacrylamide gel electrophoresis. Crude cell extracts were assayed for activity as 
described in Sumby et al. (2009). EstA2, EstCOo8 and EstC34 were purified from the whole-cell 
lysate to electrophoretic homogeneity using affinity chromatography. The purified enzymes could be 
stored without significant loss of activity for several weeks at -80°C in 0.1 M McIlvaine buffer (pH 
5.0) (EstA2), or Elution buffer (EstCOo8, EstC34), supplemented with glycerol (10%, v/v). 

Output G: Characterised LAB enzymes 
 

12. 1-2 recombinant esterases or glycosidases purified and characterised. Action on natural 
substrates tested. 
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Analysis of ester-related volatiles 
Standard solutions were prepared using analytical reagent grade chemicals (Sigma). Stock solutions of 
each compound were prepared in ethanol. A combined standard solution was prepared for each group 
of compounds (esters, acetates, alcohols and acids) from the stock solutions. 
 
An Agilent CP9205 gas chromatograph (Agilent Technologies) was equipped with a Gerstel MPS2 
multi-purpose sampler and coupled to a mass selective detector. The instrument was controlled and 
the data analysed with MSD ChemStation E.02.00.493 software (Agilent Technologies). The gas 
chromatograph was fitted with a 60 m x 0.25 mm Phenomenex fused silica capillary column ZB-Wax, 

0.25 m film thickness. The carrier gas was helium (Air Liquide or BOC, Ultra High Purity), linear 
velocity 36 cm/s, flow rate 1.0 mL/min in constant flow mode. The oven temperature was started at 

40C, held at this temperature for 5 min, then increased to 120C at 3C/min, then increased to 240C 

at 10C/min and held at this temperature for 15 min. The inlet was fitted with a borosilicate glass 

SPME inlet liner (0.75 mm I.D., Supelco) and was held at 230C. The mass spectrometer quadrupole 

temperature was set at 150C, the source was set at 230C, and the transfer line was held at 240C. 
Positive ion electron impact spectra at 70 eV were recorded selective ion monitoring (SIM) for the 
dwell times shown in Table G.1. The conditions for headspace SPME sampling were as follows: a 10 
mL aliquot of sample was added to a 20 mL vial containing 2 g of sodium chloride, and the vial was 
immediately capped (magnetic, Teflon lined rubber septum). The vial and its contents were heated to 

40C for 10 min. The Supelco Carboxen/divinylbenzene/Polydimethylsiloxane (CAR/DVBPDMS) 
50/30 μm fibre was exposed to the headspace for 10 min with agitation of the vial at 250 rpm. The 
SPME fibre was desorbed in the split mode, at 10:1. The fibre was allowed to bake in the inlet for 15 
min. 
 
 
Table G.1: SIM dwell times 
 Compound m/z 
Ethyl acetate 61,70,73 
Ethyl butanoate 71,43,88 
Ethyl propanoate 29,57,27 
Ethyl hexanoate 88,99,60 
Ethyl octanoate 88,101,127 
Acetic acid 43,45,60 
Butyric acid  
Hexanoic acid 60,73,87 
Octanoic acid 60,73,101 

 
 

Results and Discussion: 
Purification and characterisation of recombinant phospho-β-glucosidases 
Alana Capaldo submitted her PhD thesis on this topic on 25 November 2011. She has published two 
articles on her research on the cloning and characterisation of three genes involved in β-glucoside 
metabolism in O. oeni (see Output M). The enzymes encoded by these genes (celC, celD and bglD) 
were ultimately determined to be phospho-β-glucosidases based on their near strict dependence on 
phosphorylated substrates. Figures G.1 and G.2 (adapted from the Capaldo papers) summarise the 
specific activity of the respective enzymes.  
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BglD possessed 480 residues and a molecular mass of 55.5 kD, His-tagged CelD had 485 residues and 
a MW of 55.8 kDa while celc had 481 residues and a MW of 55.7 kDa. BglD and celD exhibited high 
activity towards the phosphorylated β glucoside para-nitrophenol-β-D-glucopyranoside-6-phosphate 
(pNPβD6P), with a pH optimum of ~5. Both proteins showed maximal activity at 40°C, however little 
loss of activity was seen even at temperatures of ~5°C.  CelC was not investigated further as it 
showed only minor activity towards phosphorylated and non-phosphorylated β-glucopyranosides. 
These proteins are proposed to function in conjunction with the phosphoenolpyruvate-phospho 
transferase system (PEP-PTS) to hydrolyse β-glucosides, as alternative carbon sources to glucose, by 
simultaneous uptake and phosphorylation of the substrate (Deutscher et al., 2006). CelD and BglD 
exhibited affinity towards phosphorylated substrates despite showing high homology to glycosyl 
hydrolase family 1 (GHF 1) β-glucosidases (Cantarel et al. 2009).  This could have been expected 
given that β-glucosidases and phospho-β-glucosidases share high sequence similarity in conserved 
regions and use the same catalytic mechanism. Although the substrate specificity differs, the phospho-
β-glucosidases additionally only require a phosphate group at C6 of the glucose moiety in order to 
bind to the substrate (Wiesmann, et al., 1995). 
 
 
 

 

Figure G.1: Effect of pH, 
temperature, metal ions and substrate 
concentration on activity of bglD. 
A) Enzyme activity was assayed at 37°C 
for 30 min in McIlvaine buffer of 
indicated pH.  B) Effect of temperature on 
the specific activity of bglD.  Activity was 
assayed at pH 5.5 for 30 min at the 
indicated temperature.  The buffer was 
brought to temperature 10 min prior to 
commencement of the assay in a PCR 
machine.  C) Effect of 10 mM addition of 
Ca2+, Co2+, Cu2+, Mg2 and Mn2+ on the 
specific activity of bglD.  Enzyme activity 
was assayed at pH 5.5 for 30 min. D) 
Effect of substrate concentration on 
enzyme kinetics, analysed with 
Michaelis-Menten non-linear regression 
analysis. 
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Figure G.2: Effect of pH, metal ion 
and temperature on CelD activity. 
A) Effect of pH on specific activity of 
CelD.  Activity was assayed at 37°C for 
30 min in McIlvaine buffers of indicated 
pH. B) Effect of temperature on specific 
activity of CelD. Actiivity was assayed 
at pH 5.5 for 30 min at the indicated 
temperature. The buffer was brought to 
temperature 10 min prior to 
commencement of the assay in a PCR 
machine.  C) Effect of addition of 10 
mM Ca2+, Co2+, Cu2+, Mg2+ or Mn2+ on 
activity of CelD. Enzyme activity was 
assayed at pH 5.5 for 30 min. D) Effect 
of substrate concentration on enzyme 
kinetics (CelD), analysed with allosteric 
sigmoidal non linear regression.  
* Indicates significant differences 
compared to control on each panel (one-
way ANOVA with Tukey’s multiple 
comparison post test, p < 0.05). 

 
 
It is proposed that the phospho-β-glucosidases associated with PEP-PTS, may contribute to some of 
the β-glucosidase activity detected in whole cells of wine O. oeni (Grimaldi et al., 2000, 2005a). 
However, the majority of the activity is dependent on extracellular or cell wall associated β-
glucosidases (Weber et al., 1998).  To date, two β-glucosidases have been identified in wine O. oeni 
(Spano et al., 2005; Michelmyer et al., 2010). The β-glucosidase isolated by Michelmyer et al. (2010) 
is a GHF-3 β-glucosidase (Cantarel et al., 2009), which has the same sequence as the putative β-
glucosidase (ORF5) identified but not cloned or expressed in E. coli, as part of this study. BglD and 
celC and celD are part of the β-glucoside bgl and cel operons respectively (including the PEP-PTS), 
based on sequence comparison of lactic acid bacteria (Capaldo et al., 2011a, b). 
 
In this study, the substrate specificity of bglB and celD towards naturally occurring substrates such as 
wine glycosides (which require purification or synthesis), and commercially available plant β-
glucosides salicin and arbutin and disaccharide cellobiose, was not investigated because of the 
specificity towards phosphorylated substrates. However, given the stability of these enzymes at low 
temperatures and retention of some activity below a pH of 4, it may be of value to investigate the 
impact of purified enzyme in juice and wine – even though they possess specificity for 
phosphorylated substrates.  
 

Site-directed mutagenesis of O. oeni GHF-1 BglD 
The characterised GHF 1 phospho-β-glucosidase BglD was mutated in an attempt to alter its 
specificity towards non-phosphorylated substrates and thereby determine the basis for the observed 
preference for these. Mutations were introduced into GHF 1 β-glucosidases to target the proposed 
phosphate group recognition site and thereby change the specificity towards phosphorylated β-
glucosides (Kaper et al. 2000) and broaden specificity towards β-glycosides (Hancock et al., 2005, 
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Corbett et al., 2001). No information (in reported literature) is available about mutating the 
phosphorylation site of GHF 1 phospho-β-glucosidases towards nonphosphorylated substrates. 
 
A lysate of E. coli bearing the characterized GHF 1 phospho-β-glucosidase with the serine in position 
432 mutated into a glutamic acid (plasmid pET 14.b-BglD_S-E) was assayed against pNP-β-D-
glucopyranoside-6-phosphate (pNPβD6P) and pNP-β-D-glucopyranoside (pNPβG). Lysates had 
greatly reduced activity towards the phosphorylated substrates but did not gain marked activity 
against non-phosphorylated substrates (Figure G.3).  
 
 

 
 
The purified protein BglD S-E was assayed against an extensive range of non-phosphorylated pNP 
substrates but with no observable activity (data not shown).  
 
Elements of GHF 1 enzymes such as the N-terminal signature sequence and the catalytic sites are well 
characterized. In the instance of the active sites, two glutamic acid residues in positions E178 and 
E377 are highly conserved in GHF 1 enzymes and have been experimentally validated many times 
(An et al., 2004, 2005, Hong et al., 2007, Hong et al., 2006, Wiesmann et al., 1997). A third site, 
located inside the cavity that the two catalytic glutamic acids form, is important for the broad 
substrate specificity demonstrated by most GHF 1 enzymes and the phosphate group-enzyme 
interaction of GHF 1 phospho-β-glucosidases (Wiesmann et al., 1995, Hill & Reilly, 2008). The 
single point mutation E417S in CelB demonstrated not only an increase in affinity towards 
phosphorylated substrates but a shift in pH optimum from 4.0 to 5.0 (Kaper et al., 2000). It is 
interesting to note that the wild type β-glucosidase CelB was able to hydrolyse oNP-β-D-
galactopyranoside-6-phosphate (oNPβD6P) whereby BglD_S-E had lost the ability to hydrolyse 
pNPβD6P (Kaper et al., 2000). This reinforces the hypothesis that it is likely 
that more than one residue is important in the interaction of the phosphate group from the substrate 
with the phosphate receival site in GHF 1 phospho-β-glucosidase/galactosidases. However, in 
accordance with the conclusions made by Kaper et al. (2000), the equivalent BglD S432 seems to be 
the determining factor for the difference in substrate specificity between the two types of family 1 
glycosidases. 
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 Figure G.3: Activity of crude extract from cell 

bearing wildtype BglD vs BglD carrying the 
S453E substitution against pNPβD6P. Activity was 
assayed at 37°C for 1 hr in McIlvaine buffer pH 5.5. 
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In this study BglD was successfully modified and we observed a predicted lack of activity towards 
phosphorylated substrates. It would be of interest to also mutate the residues around S432 (BglD 
numbering) to provide insight into substrate specificities of GHF 1 enzymes and crystalize the wild 
type enzyme as the first crystalized GHF 1 phospho-β-glucosidase with associated characterisation 
data. 
 

Esterases 
We cloned, heterologously expressed and purified the following esterases: EstCOo8 from O. oeni 
strain Ooeni8; EstB28, EstA2 and EstA7 from O. oeni strain Ooeni28; and EstC34 from L. hilgardii 
strain LAC34. Crude extracts reveal high activity for all except EstA7 (data not shown). As such, only 
the remaining four were affinity-purified and characterised further.  
 

Determination and characterization of esterase activity 
The relative activity of all four purified esterase enzymes was tested with pNP butanoate. EstA2 and 
EstB28 had 10-fold the esterase activity of EstCOo8 and EstC34 (Figure G.4). Having established that 
the product of the cloned estB28, estA2, estCOo8 and estC34 genes confer esterase activity, further 
characterisation of these products commenced.  
 
 

 
 
Substrate specificity was determined using pNP-linked esters of various acyl chain lengths (C2 to 
C18) at 37°C, along with the impact of pH, temperature and ethanol. Results for EstB28 are shown in 
Figure G.5, while the data for the remaining esterases is shown in Appendix 5 (Supplementary 
Figures 7 – 9). Although the enzymes were active at all of the pH values tested, the highest activity 
was observed at pH 5.0 for EstC34 and EstB28, and pH 5.5 for EstA2 and EstCOo8. The esterases 
were also active at temperatures of between 10 and 60°C, with the highest activity being observed at 

40°C for EstCOo8 and EstB28, and 50C for EstA2 and EstC34. The influence of ethanol on esterase 
activity was tested at 37°C. EstA2 activity increased with increasing ethanol concentration, however, 
EstCOo8 and EstC34 did not. EstB28 was quite remarkable in that activity increased (to ~250%) with 
ethanol content up to 28% (v/v) and even retained some 80% of activity at ethanol contents as high as 
50% (v/v). The possibilities for application of such a robust esterase likely extend beyond wine and 
even fortified wines to other processes outside of the industry.  
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Figure G.4: The relative activity of all 
four purified esterase enzymes, tested 
with pNP butanoate. 
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EstCOo8 had highest activity at ethanol concentration of 6% and EstC34 had highest activity at 
ethanol concentration of 10% (Appendix 5: Supplementary Figures 7 and 8). As a consequence of this 
only EstA2 and EstB28 were tested with the full range of natural substrates and in wine (Table G.2). 
 
 

 
 
Figure G.5: Characterization of EstB28. Values are the means of triplicates standard deviations. Values 
are shown relative to the highest observed activity, which was arbitrarily designated 100%, except for panel C, 
where values are shown relative to the activity observed in the absence of ethanol, which was arbitrarily 
designated 100%. (A) Influence of pH on esterase activity of EstB28. (B) Influence of temperature on esterase 
activity of EstB28. (C) Influence of ethanol on esterase activity of EstB28. (D) Influence of sulfite on esterase 
activity of EstB28. Free SO2 includes the concentrations of sulfur dioxide forms which are in equilibrium and 
are not bound to any compound in solution. This is defined as [SO2] + [HSO3

-] ([SO3
2-] is minimal, i.e., 0.02%) 

at pH 3.5, where 98% of the sulfur dioxide exists as bisulfite ion (HSO3
-). 

 
 

Enzyme activity with natural substarates 
Enzyme activity was detected towards all the natural substrates tested, showing potential for these 
enzymes to synthesise/hydrolyse a variety of wine esters (Table G.2). 
 

Enzyme activity in wine 
The concentrations of selected esters detected in wine with and without the addition of purified 
enzymes are reported in Table G.3. Neither enzyme significantly decreased ethyl acetate 
concentrations in either wine. Addition of EstB28 to the Cabernet Sauvignon wine increased ethyl 
acetate in both wines although the result was only significant in the Cabernet Sauvignon wine. An 
increase in ethyl acetate is generally undesirable as higher concentrations increase the risk of a 
solvent/balsamic aroma. There was no significant change in ethyl butanoate, ethyl hexanoate, hexyl 
acetate, and ethyl lactate for both enzymes additions in both of the tested wines. In all cases isobutyl 
acetate was detected below the reported threshold in wine so any changes detected would not impact 
on final wine quality. EstB28 increased isoamyl acetate concentrations in both wines, and EstA2 
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decreased isoamyl acetate concentrations in both wines (although only statistically significant in the 
Chardonnay wine). EstA2 decreased the high concentration of ethyl octanoate in the Chardonnay 
wine. There were no other changes in ethyl octanoate concentrations. Overall EstA2 is the most 
promising candidate of the two tested enzymes to decrease high ester concentrations in wine, whereas 
EstB28 consistently increases ester concentration. 
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Table G.2: Activity of purified enzymes towards artificial and natural substrates 

* detected activity was highest towards these substrates. ᶲ enzyme specific activity was 10-fold lower for these enzymes 
 
 
 
 
Table G.3: The concentrations of selected esters, after incubation with purified esterase for 3 weeks, in Cabernet Sauvignon and Chardonnay wine. 
Values are the mean of duplicate determinations,  standard deviation, of a single wine by analysed by SPME-GCMS. 

Cabernet Sauvignon Chardonnay 

Ester No enzyme EstA2 EstB28 No enzyme EstA2 EstB28 

ethyl acetate 64765  1136 64541  358 71558  1060* 89938 1684 89572 1175 93164 1731 

ethyl butanoate 285.1  1 320.9  10 317.5  36 1328.8  82 1253.0  44 1549.9  31 

isobutyl acetate 93.4  1 106.3  1* 109.3  4* 12.2  1 13.8  2 6.4  9 

isoamyl acetate 924.7  17 899.3  19 1069.3  9* 3451.5  15 3020.2  14* 3766.6  28* 

ethyl hexanoate 308.3  1 301.4  1 315.3  3 777.3  42 666.8  4 810.9  25 

hexyl acetate 111.0  7 102.6  5 106.3  7 171.1828  5 173.0  3 171.5  9 

ethyl lactate 12393  295 11633  570 12040  342 793.9  23 802.5  15 795.3  43 

ethyl octanoate 165.6  13 162.8  14 159.9  11 902.7  17 725.0  19* 924.7  42 

*Significant difference, P < 0.05 inoculated strain vs control (not inoculated), analysed using one way ANOVA in GraphPad Prism. 
 

Enzyme Activity – substrates towards which activity was detected 

Purified 
Esterase 

Source 
Strain 

pNP linked substrates hydrolysis Natural substrate synthesis Natural substrate hydrolysis 

EstA2 Ooeni28 pNP-acetate (C2)*, pNP-butanoate (C4), pNP-hexanoate (C6)*, pNP-
octanoate (C8), pNP-decanoate (C10), pNP-dodecanoate (C12) 

ethyl acetate, ethyl butanoate*, ethyl 
hexanoate, ethyl octanoate 

ethyl acetate, ethyl butanoate*, ethyl 
hexanoate, ethyl octanoate 

EstB28 Ooeni28 pNP-acetate (C2), pNP-butanoate (C4), pNP-hexanoate (C6)*, pNP-
octanoate (C8), pNP-decanoate (C10), pNP-dodecanoate (C12) 

ethyl acetate, ethyl butanoate, ethyl 
hexanoate*, ethyl octanoate 

ethyl acetate, ethyl butanoate, ethyl 
hexanoate*, ethyl octanoate* 

EstCOo8ᶲ Ooeni8 pNP-acetate (C2)*, pNP-butanoate (C4), pNP-hexanoate (C6)*, pNP-
octanoate (C8), pNP-decanoate (C10), pNP-dodecanoate (C12) 

ethyl butanoate ethyl butanoate 

EstC34ᶲ Lac34 pNP-acetate (C2)*, pNP-butanoate (C4), pNP-hexanoate (C6)*, pNP-
octanoate (C8), pNP-decanoate (C10), pNP-dodecanoate (C12) 

ethyl butanoate ethyl butanoate 
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Conclusion: 
Two phospho-β-glucosidases CelD and BglD and four esterases (EstA2, EstB28, EstCO08, EstC34) 
were characterised in terms of their substrate specificity, and effect of temperature, pH, metal ion and 
ethanol concentration on their enzyme activity.  
 
The work on β-glucosidases resulted in the cloning and characterisation of three phospho-β-
glucosidases, which share highly similar sequence homology (protein and DNA) to β-glucosidases, 
which are desirable as potential winemaking additives.  As these intracellular enzymes participate in 
glycoside metabolism in conjunction with the PTS system, as a mechanism for obtaining glucose to 
be used in energy production, their application in the wine industry is limited. Of interest would be the 
characterisation of β-glucosidases such as those isolated by Michlmayr et al. (2010) which is identical 
to the ORF5 cloned but not expressed in E. coli in this study. 
 
The potential industrial use of one esterase (EstA2) is highlighted in that the enzyme reduced ethyl 
acetate levels in wine, an outcome which would be beneficial.  The other esterase enzymes tested 
resulted in increased levels of ethyl acetate, which is potentially undesirable as an ‘off-aroma’ at 
concentrations exceeding the aroma threshold may result.  Further characterisation of EstA2 in terms 
of enzyme stability (time frame, temperature, etc) and situations related to wine making 
(fermentation, aging, and storage) is required prior to undertaking any plan to commercialise the 
enzyme.  This would include small-scale fermentation trials with either the added enzyme or O. oeni 
strain (Ooeni28) to determine the potential action on the wine produced. Basic sensory analysis 
(difference testing: duo trio for aroma) as well as chemical analysis of aroma compounds found in 
wine would be required as part of such characterisation. Application methodologies such as selection 
of immobilisation matrices, free form versus bound, would be well within the scope of a future PhD 
project.  
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Contributors:  
Past PhD students: Colin McBryde 
Postdoctoral fellows and/or student supervisors: Drs Jennie Gardner, Michelle Walker and Assoc Prof 
Vladimir Jiranek. 
Collaborators: Steve Oliver and Douglas Kell groups at the University of Manchester (S.O. now 
University of Cambridge), specifically Marie Brown, Elisabeth Bilsland and Warwick Dunn. 
 
 

Background: 
Analysis of both the genetic and physiological basis for the adaptively evolved strain L2056-C7 (a 
diploid, fermentation efficient wine yeast strain, a clonal isolate of FM16, derived from L2056 (McBryde 
et al., 2006, generated as part of UA 01/04)) is essential for a better understanding of the mechanism(s) 
behind its efficient fermentation profile. A cross platform approach was undertaken incorporating 
genomic, metabolomic and a phenotype array analysis. Since these types of analyses involve highly 
specialised equipment and expertise, the initial raw data collection was either outsourced or performed by 
collaborators, where as preparation of biological samples and final data interpretation was done in-house 
in all cases. Where possible, preliminary integration of results from each of these platforms was also 
attempted in-house, however, due to the complexities of each dataset and time constraints, this was 
limited with current available capabilities.  
 
A complete understanding of how such strains enable more reliable fermentation will allow a more 
specific, targeted approach in further yeast strain development as well as a better understanding of some 
of the main contributing metabolic pathways influenced in oenological fermentation. We plan to extend 
this research where possible. 
 
  

Materials and Methods: 
Yeast strains, growth conditions 
The adaptively evolved wine stain L2056-C7 (McBryde et al., 2006), its parent L2056 (Lallemand 
Australia), and the deletion strains W303 ngr1, W303 gid7 (Gardner et al., 2005) and their parent W303 
were used for this study.  
 
YPD liquid starter cultures were inoculated from YPD agar plates (in the case of the wine yeast strains, 
cell mass was selected from a streak rather than an individual colony, to include variation that may occur 
within a culture sample).  
 
Experimental fermentations were undertaken with six biological replicates of 100 mL cultures (in 250 mL 
Erlenmeyer flasks). Either Footprinting medium (FM), F1-limited nitrogen medium (F1) with 97.5 mg 
FAN/L supplied as ammonia (Baganz et al., 1997) or Chemically Defined Grape Juice Medium 
(CDGJM) with 590 mg FAN/L, supplied as ammonia (McBryde et al., 2006) was employed. These media 
were prepared with analytical grade reagents. 

Output H: Basis for evolved strains defined 
 

13. Genetic or physiological basis for novel properties of AE strains defined and used to 
guide further optimisation. 
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Media were inoculated with 5 x 105 cells/mL (pre-washed in PBS) and cultures were incubated at 30C. 
In the case of CDGJM, media was inoculated with 5 x 106 cells/mL (from an intermediate CDGJM starter 
medium with half the amount of glucose at 100 g/L and also with the addition of sterols) and incubation 

was at 25C, as this is more representative of the temperature of a typical industrial wine fermentation. 
Exponential phase cultures were collected once the culture reached 1 x 107 cells/mL and stationary phase 
cultures were collected 48 hrs after inoculation, except in the case of CDGJM cultures where samples 
were collected at the time where all glucose and fructose were exhausted. 
 

Metabolome sampling procedure 
Samples for examination of the exometabolome were harvested by centrifugation (8,000 x g for 5 
minutes) of 1.5-10 mL of culture followed by collection of the supernatant. 
 
Quenching and extraction of internal metabolites (endometabolome) was primarily achieved using the hot 
ethanol extraction method (HEE) which was performed as Castrillo and colleagues described (2003), 
originally based on the method developed by Gonzaez et al. (1997). Briefly, 10 mL (equating to 
approximately 30 mg of dry cell weight) of each culture was sampled and quenched directly in 25 mL of 

methanol (60%)-tricine (10 mM; pH = 7.4) buffer at -50C for 3 minutes. Following this, cells were 

collected by centrifugation (770 x g, 20 minutes, -20C). Cells were then washed a further 3 times in 10 
mL of the same buffer to ensure no metabolites from the growth medium remained. HEE of the cell pellet 

was then performed in 5 mL of ethanol (75%)-tricine (0.5 mM; pH = 7.4) at 80C for 3 minutes. 
Extracted metabolites were then separated from the cell debris by centrifugation (500 x g for 10 minutes 

at 4C).  
 
The suitability of quenching and extraction of metabolites of samples using a cold methanol extraction 
method (CME) was also evaluated. In short, the method was performed as for HEE except following 

washing, cells were resuspended (vortexed) in 0.75 mL of pure methanol at -40C, frozen in liquid 
nitrogen, thawed on ice and the supernatant collected by centrifugation, as developed by Villas-Boas 
(2005). The freeze-thaw procedure was repeated once and supernatants pooled to a total of 1.5 mL. 
 
All samples for Gas Chromatography Mass Spectrometry (GC-MS) analysis (exo and endo-metabolome) 

were stored at -80C until being concentrated and dried by evaporation in a Speedvac concentrator 
connected to a Freeze dryer (Thermo Life Sciences, UK) at the soonest possible time after collection. 
Samples evaluated by Liquid Chromatography Mass Spectrometry (LC-MS) were left untreated. 
 

Metabolite detection for metabolomics analysis 
GC-MS analysis was performed on an Agilent 6890N gas chromatograph and LECO Pegasus III TOF 
mass spectrometer at The University of Manchester as described by O'Hagan et al. (2005). 
 
LC-MS analysis was performed by Metabolomics Australia on an Agilent 1200 SL HPLC coupled to a 
BrukermicroTOF-Q II. Both Reverse Phase (Electrospray ionisation (ESI) + and – mode and 
Atmospheric Pressure Chemical Ionisation (APCI; + and -) and HILIC (Hydrophilic Interaction Liquid 
Chromatogrpahy, ESI + and -) methods were employed. For Reverse Phase ESI + and – modes, 30 μL of 
neat sample was injected on to an Agilent Poroshell 120 SB-C18 150 mm x 2.1 mm column with matched 
guard cartridge. Two solvents were used: 0.1 % (v/v) formic acid (solvent A) and 0.1 % (v/v) formic acid 
in methanol (solvent B). Solvents were run at a flow rate of 0.35 mL/min according to the following 
timetable: 1 % solvent B, 0-55 min, 100 % solvent B, 55-70 min, 1 % solvent B 72-80 min at an oven 
temperature of 45°C and a DAD acquisition range of 200-400 nm. Every 5th sample was analysed in 
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duplicate with an equilibration time between samples. Mass Spectrometer settings for each method and 
mode are described in Table H.1. Calibration was achieved using Bruker’sDataAnalysis (v4.0 SP2) 
software, mass spectra (line) were calibrated on sodium formate cluster ions in the range 90-906 m/z for + 
mode and 112-928 for - mode using a sodium formate solution (5 mM sodium hydroxide, 0.2 % (v/v) 
formic acid, 50 % (v/v) 2-propanol), introduced immediately following sample injection via an inline 
post-column switching valve and sample loop. Bruker’s enhanced quadratic algorithm was used for mass 
calibration.  
 
For Reverse Phase APCI + and - modes, the method was the same as for ESI except for the following 
modifications; 100 μL of sample was injected on to the HPLC, the oven temperature was set at 50°C and 
DAD acquisition range 190-400 nm. Solvents were run according to the following timetable: 0 min; 0 % 
solvent B a flow rate of 0.5 mL/min, 0.6 min; 0 % solvent B, 0.1 mL/min, 40 min; 100 % solvent B, 0.1 
mL/min, 60 min; 0 % Solvent B, 0.1 mL/min, 68 min; 0% solvent B, 0.5 mL/min. Mass spectra was 
calibrated on ions in the range of 121-1221 (APCI +) and 119-955 (APCI -) m/z using Agilent APCI 
tuning mix.  
 
For the HILIC analysis the method was the same as for Reverse phase ESI except for the following 
modifications, 100 μL of sample was diluted with 900 μL of 50 % methanol, 0.05 % (v/v) formic acid and 
4 μL was injected on to a Cogent Diamond Hydride 150 mm x 2.1 mm column with matched guard 
column. For HILIC ESI + mode Solvent B consisted of 0.1 % (v/v) formic acid in 97 % acetonitrile, 
where as – mode solvent A consisted of 0.1 % formic acid, 0.1 % acetic acid and solvent B consisted of 
0.1 % ammonium acetate, 0.1 % acetic acid in 90 % acetonitrile. The oven temperature was 50°C and 
solvents were run at a flow rate of 0.4 mL/min (+ mode) and 0.3 mL/min (- mode) and according to the 
following timetables: + mode:0 min; 100 % solvent B, 29 min; 20 % solvent B, 31 min; 100 % solvent B 
and - mode: 0 min; 100 % solvent B, 11 min; 50 % Solvent B; 17 min; 100 % solvent B. Mass spectra 
was calibrated on sodium formate cluster ions in the range 90-634 m/z (+ mode) and 112-656 (- mode). 
 
 
Table H.1: Mass Spectrometer parameters for each of the 6 analytical methods used for Liquid 
Chromatography (RP: Reverse Phase) 

Parameter RP-ESI + RP-ESI - RP-APCI+ RP-APCI- HILIC-ESI+ HILIC-ESI- 
Capillary voltage Positive Negative Positive Negative Positive Negative 
End plate offset 200 ºC 200 ºC 200 ºC 200 ºC 200 ºC 200 ºC 
Nebuliser pressure 3.0 Bar 4.0 Bar 4.0 Bar 4.0 Bar 2.0 Bar 2.0 Bar 
Dry gas flow 9.0 L/min 9.0 L/min 9.0 L/min 9.0 L/min 9.0 L/min 9.0 L/min
Capillary voltage 4,000 V 3,000 V 4,500 V 4,000 V 3,500 V 2,500 V 
End plate offset -500 V -500 V -500 V -500 V -500 V -500 V 
Mass range 50 - 2000 m/z 50 - 2000 m/z 50 - 2000 m/z 50 – 1600 m/z 50 - 1000 m/z 50 - 1000 m/z 
Acquisition rate 0.5 Hz 0.5 Hz 0.5 Hz 0.5 Hz 0.5 Hz 0.5 Hz 
MSnmode Auto MSn (top 3) Auto MSn (top 3) Auto MSn (top 3) Auto MSn (top 3) Auto MSn (top 3) Auto MSn (top 3) 

Corona Current N/A N/A 10 000 nA 10 000 nA N/A N/A 
APCI heater N/A N/A 400 ºC 400 ºC N/A N/A 

 
 

Data extraction and analysis for metabolomics 
GC-MS raw data analysis was performed as described by Castrillo et al. (2007). Discriminant 
metabolites, either between parent and mutant or between exponential and stationary phase were 
identified by Principle Component Analysis (PCA) or univariate analysis (Kruskall Wallis) where 
appropriate, but often both. Relative proportions of the presence of certain metabolites were determined 
by comparison of peak areas between related strains and conditions. Since GC-MS spectral libraries are 
continually evolving, updated metabolite identifications was also performed in November 2011. 
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LC-MS raw data analysis was performed by Metabolomics Australia. Briefly, the “Find Molecular 
Features” algorithm was used to extract molecular features from each sample’s mass chromatogram and 
ProfileAnalysis v2.0 and the Advanced Bucketing algorithm (Bruker, Germany) was used to compile a 
data matrix, which was subsequently used as the basis for statistical analysis. Boxplots of log2 scaled 
bucket intensities did not reveal any gross outlier samples (data not shown), thus all were retained for 
further analysis. A simple ANOVA model fitted to the data for each bucket ascertained any differences in 
bucket intensities between parent and mutant profiles and both a Bonferroni and Benjamini and Hochberg 
correction was applied. Following this, the matrix was filtered such that a bucket must contain a value in 
80 % of all parents and/or all mutants. Quantile normalisation and Pareto scaling were applied and 
Principal Component Analysis was performed.  
 
Since a single metabolite can yield multiple signals and indeed the same metabolite is detectable across 
the different analytical platforms, we consolidated likely related candidates to single peak groups both 
within and across the 6 analytical platforms. A ranking of significant features was also performed to 
select individual features with low p-values. Rank 3 indicates features with false discovery corrected p 
value less than 0.05, rank 2 have p values less than 0.01 and rank 1 for p value less than 0.002. 
Additionally, features that were detected in each sample of one cohort (parent or mutant) but were not 
detected in any samples of the remaining cohort were scored as rank 4. Any features that were present in 
a peak group with a ranked feature were given a promoted ranking to the lowest number rank score for 
that peak group. 
 

Genome sequencing of FM16-C7 
Yeast cultures were obtained from original in-house glycerol cultures, which in the case of industrial 
strains were from commercially available freeze-dried preparations. Genomic DNA was extracted using 
Qiagen kits (as per the manufacturer’s instruction). 
 
Library construction and sequencing was performed at The University of Cambridge (Steve Oliver’s 
laboratory), using the GS FLX Titanium series (Roche Diagnostics, Branford, USA) shotgun and non 
paired-end protocols. Half a titanium plate was used for each strain (L2056 and L2056-C7) with 275 and 
230 Mb read length, generated respectively. This equates to approximately a 20-fold coverage of 
chromosomal regions corresponding to 11.9 and 11.8 Mb total length, respectively. 
 
Sequences were assembled de novo using Newbler software and/or CLC Genomics workbench 4.0.2. 
software (www.clcbio.com) and scaffolded against the most up to date version of the S288C laboratory 
yeast strain genome (Goffeau et al., 1996) using CLC Genomics workbench software. The reference 
genome was 12.1 Mb total length. The unmapped regions of L2056 were analysed using NCBI 
MULTIBLAST. Alignment of L2056-C7 and L-2056 was also performed against publically available 
whole genome sequences of the haploid derivatives (haplotypes) of wine yeast EC1118 and AWRI 1631 
and bioethanol yeast JAY291. The final alignment was performed against AWRI 796, whereby the 
alignment was to the 16 yeast chromosomes. 
 
Single nucleotide polymorphisms (SNPs) within open reading frames between L2056 and L2056-C7 were 
then identified using CLC Genomics workbench software. Initially, the two wine sequences were 
compared with S288C and EC1118 to determine the SNPs, prior to identifying which SNPs were unique 
to L2056-C7. From past studies we believed that L2056-C7 was effectively homozygous whilst the 
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L2056 was heterozygous, so we hypothesised that we would find hetereozygosity in certain alleles. In this 
initial investigation this was only taken in to consideration at the final analysis of deleterious SNPs.  
 
Final sequence contigs will soon be deposited at DDBJ/EMBL/GenBank. 
 

Phenotype Microarrays 
Phenotype microarrays were performed by BIOLOG (www.biolog.com, Hayward, CA, USA) as 
described by (Bochner et al., 2001).  
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Results and Discussion: 
 

Development of optimal methodology for the metabolomics analysis of AE (and other 
interesting) wine yeast strains 
To further evaluate the basis of strains of interest (in this case adaptively evolved and specific gene 
mutants), and consequently their effect on an oenological fermentation we decided to develop methods 
that would enable us to measure as many metabolites as possible, this was a specific objective outlined in 
UA 05/01. The possibility of measurement of all metabolic outcomes (metabolomics) allows for the direct 
evaluation of cellular responses. The application of this type of analysis within the field of winemaking is 
very exciting since it has the potential to reveal the exact metabolic differences between wines, without 
any prior knowledge and thus a precise measure of experimental treatments. The scope within this project 
for the use of metabolomics as a rapid wine yeast phenotyping tool is also very valuable.  
 
At the time these analyses were conducted, the exact and appropriate method of sampling and extraction 
was still in debate, leaving many choices for experimental design. Not only this, but in a microbiological 
context, strains can be analysed from different growth phases and environmental conditions. We wished 
to discover which metabolic differences were detectable when the metabolic profile of two closely related 
wine strains were compared in different media (notably one which is similar to an oenological 
fermentation), with different extractions and at different growth phases. Following on from this we 
wished to use these profiles as a tool to predict the physiological differences between an adaptively 
evolved strain (L2056-C7) and its parent. 
 
We chose 3 key yeast strains of interest to evaluate; L2056-C7, W303 ngr1, W303 gid7, due to their 
efficient fermentation characteristics as previously described, UA 01/04, (Gardner et al., 2005, McBryde 
et al., 2006). However, this report only contains results pertaining to L2056-C7. Inclusion of Δngr1 and 
Δgid7 strains contributed to the understanding of a broader range of fermentation efficient mutants, 
however, for the purpose of this research project we concentrated on L2056-C7 due to its potential for 
being directly applicable to industry (as it is a non-GM wine yeast). 
 
Identification and measurement of each and every metabolite of an entire metabolome is a difficult task 
due to both their complex and unexplored nature. Advances in this field however are being made at an 
extremely rapid rate. At the time of these analyses, the best available option was the use of Gas 
Chromatography Electrospray Ionisation Time of Flight Mass Spectrometry (GC-ESI-TOF-MS) a system 
currently being used for yeast metabolomics at the University of Manchester. The robustness of peak data 
across this platform allows for a more straightforward method of metabolite identification. 
 
For application of metabolomics to the wine industry, obviously the metabolome of the finished wine is 
of the highest priority, however, since we were interested in the metabolite changes induced by particular 
strains of yeast we also examined their intracellular metabolome. This is known as the endometabolome, 
whereas the medium that the yeast is/has been in, and has contributed metabolites to, would be referred to 
as the exometabolome. In the case of winemaking the exometabolome equates to the compositon of the 
must or finished wine. Unfortunately initial attempts to prepare samples of the exometabolome from 
Chemically Defined Grape Juice Medium for analysis by Gas Chromatography were unsuccessful since 
this analytical method requires samples to be dried down. The presence of high concentrations of salts 
(amongst other metabolites) did not allow this to occur successfully. Consequently the exometabolome 
was examined using Liquid Chromatography. 
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Due to the technical difficulties and requirement of expertise for chromatographic analyses, and 
subsequent complex data interpretations such as these, all of the work related to examination of the 
metabolome was done with either our collaborators at The University of Manchester (the groups of Steve 
Oliver, now located in Cambridge, and Douglas Kell) or through Metabolomics Australia. Since the bulk 
of analytical work was carried out by third parties, and indeed many of the methods utilised were new 
technologies (in the case of MA, this was the first type of analysis of this kind) we had little control over 
timelines and as such, many delays were encountered. 
 
Three different media were used to examine their usefulness in evaluation of industrial strains, these 
being Footprinting medium (FM, Allen et al., 2003), F1-limited nitrogen medium (F1, Baganz et al., 
1997, Castrillo et al., 2007) and Chemically Defined Grape Juice Medium (CDGJM, McBryde et al., 
2006). Briefly, FM is a synthetically defined minimal medium supplemented with a cocktail of amino 
acids, bases and organic acids. It was specifically designed to minimise the contribution of small 
inorganic ions lest these interfere with the mass spectrometric analysis. F1 has been used to examine the 
effect of a number of nutrient limitations by metabolomics analysis. We chose a nitrogen limited version 
of F1 as this has specific relevance to wine making, with many musts found to be nitrogen deficient 
(Amerine et al., 1980, Henschke & Jiranek, 1993). Thirdly, CDGJM is the commonly used synthetic 
medium for industrial wine making studies (Henschke & Jiranek, 1993, McBryde et al., 2006). 
 
Both exometabolic and endometabolic samples were collected from cultures grown in each medium from 
both exponential and stationary phases. However, as mentioned, a number of the exometabolic samples 
were not able to be processed using methods for gas chromatographic analysis, as the requirement for 
concentration and drying often resulted in formation of an insoluble gel. For instance drying of samples of 
the exometabolome from CDGJM or F1 was unsuccessful, most likely arising due to the residual salts 
and/or sugars present. Thus, the only exometabolic fraction examinable by gas chromatography was from 
cultures grown in FM. As described, the exometabolic fraction of cultures grown in CDGJM was instead 
analysed by LC-MS. Two different extraction methods were also trialled, hot ethanol extraction (HEE) 
and cold methanol extraction (CME). 
 
Based on the significant ions selected from the GC-MS and LC-MS data, principal component analysis 
was used to determine which metabolites (including those of which the identity still remains unknown) 
were discriminating between conditions or strains. 
 
Discrimination of a mutant strain from its parent was achievable by PCA of internal metabolites in all 
three media. An example of GC-MS data is shown in Figure H.1 and a summary of all LC-MS analysis in 
CDGJM is shown in Figure H.2. Separate clustering of each strain in the scores plots shows that each of 
these analytical methods can differentiate between these strains at a metabolic level. Put more simply, 
these analytical methods can detect differences in the metabolome of these yeast strains, when cultured in 
F1, FM or CDGJM, and sampled at either stationary or exponential growth phase.  
 

Figure H.1: The scores plot of a principle component 

analysis of endometabolites at stationary growth phase of 

L2056 and L2056-C7 when grown in footprinting media. 

The axes represent the two main principle components. 
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Figure H.2: Principal 
Component Analysis Scores 
and Loadings plots for all 
LC-MS analysis methods of 
spent chemically defined 
grape juice medium. Scores 
plot; L2056-C7 (mutant) is 
represented in red, whilst L2056 
(parent) is in blue. Results from 
each LC-MS method is shown 
separately; A) Reverse Phase ESI 
+, B) Reverse Phase ESI -, C) 
Reverse Phase APCI +, D) 
Reverse Phase APCI -, E) HILIC 
ESI +, F) HILIC ESI-. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
It is commonly known that single metabolomics methods only have the potential to probe a proportion of 
the measurable metabolome, and choices of methodology largely impact on these. For this reason, we 
decided to investigate a number of preparatory methods (then analysed by GC-MS), to not only analyse 
the outcomes, but to appreciate where limitations are evident and also to reveal as complete a metabolome 
as possible. Initial observation of raw chromatograms revealed many differences between mutants and 
parents, which was certainly promising, and the complexity of data generated is shown in an example 
chromatagram (Figure H.3). To gain some understanding of how different analytical choices might 
contribute to a metabolome, we undertook an analysis of detected metabolites for each condition tested. 
Unfortunately not all permutations of media x growth stage x extraction techniques could be completed as 
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there was limited access to analytical equipment in our collaborators’ laboratories. However enough 
conditions were examined to allow us to make some recommendations for future studies. For example, 
the metabolome of yeast grown in CDGJM or F1 was more complex than that grown in FM as shown in 
Table H.2. Here, the average total and identified metabolites detected for each condition and analysed by 
GC-MS is displayed, with cultures grown in F1 or CDGJM clearly having approximately double the 
number of detectable metabolites (96 and 84 respectively vs 34 - 48). This is not surprising since these 
media are themselves more complex, thus able to probe a greater number of yeast metabolic pathways. 
 
 
 

 
Figure H.3: Chromatograms of the endometabolome of yeast strain L2056, (A, B) and L2056-C7 
(C, D) grown in CDGJM and sampled at stationary phase and extracted by HEE. (B, D) display 
expanded versions of chromatograms A and C. 
 
 
 
Table H.2: The average total features detected and metabolites identified from either the 
endometabolome (ENDO) or exometabolome (EXO) of average (combined) results from 
L2056 and L2056-C7 cultures grown in various media, at either exponential (EXP), 
stationary (STAT) phase or from the end of fermentation (EOF), that is upon exhaustion 
of all sugars. Features chosen are those whose p < 0.05.  

COMPARTMENT ENDO ENDO ENDO ENDO ENDO ENDO EXO ENDO 

MEDIUM F1 F1 FM FM FM FM FM CDGJM 

EXTRACTION METHOD HEE HEE HEE HEE CME CME N/A HEE 

GROWTH PHASE EXP STAT EXP STAT EXP STAT STAT EOF 

TOTAL FEATURES DETECTED 97 67 46 42 44 34 48 84 

TOTAL METABOLITES IDENTIFIED 42 30 19 17 21 16 34 36 

% METABOLITES IDENTIFIED 43% 45% 41% 40% 48% 47% 71% 42% 

A B 

C D 

 Expanded

Expanded
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The actual percentage of metabolites identified from those detected was usually around 45%, except 
where the exometabolome was examined from FM. This is most likely a reflection of the knowledge of 
original media components and subsequent purposeful inclusion of them in spectral libraries. In general, 
more metabolites were identified from the exponential growth phase, which is not surprising since it is at 
this stage that cells are in the process of rapid growth and active metabolism. The hot ethanol extraction 
also tended to yield marginally more detectable metabolites, but as discussed below cold methanol 
extraction is definitely a useful inclusion. 
 
As we were ultimately interested in determining the metabolite differences between parent and mutant 
strains, an analysis of just the discriminatory metabolites identified using GC-MS was also performed 
across the various methods, and is represented as Venn diagrams in Figure H.4. Overall it is evident that 
there is little overlap between detected metabolites between conditions, revealing that in fact only a 
proportion of the metabolome is detectable by a single condition, and highlighting the advantage of 
multiple analyses. Comparison of the endo- and exometabolomes also reveals few common 
discriminatory metabolites (Figure H.4C). 
 
 

 
Figure H.4 A-C: Correlation of discriminatory metabolites of the L2056-C7 endometabolome, 
(except where highlighted as exometabolome in C), in comparison to L2056 at exponential phase 
(A), or stationary phase (B) when grown in F1-N limiting (F1), Footprinting (FM) or Chemically 
defined grape juice (CDGJM) medium. Either Hot ethanol extractions (HEE) or cold metahanol extraction 
(CME) were performed. D: Correlation of discriminatory metabolites of stationary and exponential phases identified 
from various yeast strains when grown in FM. 
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In some cases, the same discriminatory metabolites were identified from growth in different media. For 
instance, four discriminatory metabolites were identified between L2056-C7 and its parent, when grown 
in either FM or CDGJM at stationary phase (Figure H.4B), with three of these, namely fumaric acid, 
isopropylmalic acid or 2-hydroxy glutaric acid being extracted by either the hot ethanol or cold methanol 
methods. This is of particular interest as it introduces robustness into the evaluation of how to decipher 
how a particular genotype impacts the production of certain metabolites. Not only this, but the difference 
in yeast response to changes in media composition is also of interest and can potentially be informative 
when relating back to the original media composition. 
 
Discriminatory metabolomics may also be used to reveal underlying processes of complex metabolism in 
a robust manner. For instance, we compared the endometabolome of cells in either stationary or 
exponential growth phase, identified discriminatory metabolites and then compared these results across 
four strains (Figure H.4D). Two of the 62 metabolites identified were found to be discriminatory in all 
strains and a further three in at least three of the four strains. This result uncovers the potential for the 
identification of “global metabolic responses”, for instance, those metabolites that change irrespective of 
these particular strain differences, under these particular conditions. Potentially, this method could be 
expanded upon, to reveal specific metabolic biomarkers. 
 

Analysis of the metabolome of yeast strain L2056-C7 
Since the desirable fermentation phenotype of L2056-C7 is evident in CDGJM and our research priority 
is to elucidate effects on oenological fermentation, this was the medium of choice for a metabolomic 
evaluation. The use of a defined medium instead of gape juice here was necessary since a known initial 
medium composition would allow a more straightforward examination of the metabolite changes.  
 
The endometabolome of cells cultured in CDGJM, sampled at the end of fermentation (after exhaustion 
of all available sugars) and extracted by HEE was evaluated by GC-ESI-TOF-MS and the 
exometabolome was analysed by all 6 LC-MS analytical protocols as detailed in the methods section of 
this Output. Note that the GC and LC analyses were performed in separate laboratories (Uni. of 
Manchester and Metabolomics Australia, respectively) and for this reason the statistical analyses was also 
performed separately. GC-MS analysis revealed that 84 features were detected with 36 of these being 
identified (Table H.2). At a statistical confidence of p < 0.05, the concentration of 16 of these features 
differed (data not shown) of which 9 were putatively identified by cross referencing to spectral libraries 
(Table H.3A and H.3B). Analysis of gross fermentation metabolites of spent fermentation media was also 
performed by HPLC, as is standard operation within this laboratory, but no significant differences were 
found (Table H.3C). 
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Table H.3A: Putatively annotated discriminatory metabolites of L2056-C7 identified by both GC-ESI-TOF-MS and a combination of LC-MS 
methods. Compounds with alike biological groups are consolidated and whether they have been reported in the literature as being found in yeast is noted. The fold change by 
comparison of the peak area (mutant/parent) or whether they are only detectable in one or other strain and the detected location of the metabolite (EXO: exometabolome, 
ENDO: endometabolome) is listed. Metabolites identified from the EXO by LC-MS methods are at a significance of p < 0.02 and from the ENDO by GC-MS at p < 0.05. 

Biological Group Dicriminatory Metabolite Involved in Known in Yeast? 
Fold Change  
(mutant/parent) 

Location 

Steroid Hormones Androst-4-ene-3, 17 dione Steroid hormone biosynthesis No Parent only EXO 

  Urocortisone Steroid hormone biosynthesis No Parent only EXO 

  Estradiol-17B (Beta) Steroid hormone biosynthesis No 4.57 EXO 

  Estradiol-17A (Alpha) Estrogen biosynthesis No 4.88 EXO 

Jadomycin intermediates Prejadomycin Jadomycin biosynthesis  No 1.12 EXO 

  UWM6 Jadomycin biosynthesis  No 1.19 EXO 

Terpenoids and Quinones 6-decylubiquinone synthetic derivative of ubiquinone No Parent only EXO 

  2-methyl-6-farnesyl-1,4-benzoquinol Plastoquinone-9 and tocochromanol biosynthesis No Parent only EXO 

  3-geranyl-4-hydroxybenzoate Glutathione and shikonin biosynthesis Yes Parent only EXO 

  Menaquinone-2 Ubiquinone and other terpenoid-quinone biosynthesis No -3.07 EXO 

 Gibberellin A15 (closed lactone from) Gibberrellin biosynthesis Yes Mutant only  EXO 

TCA cycle intermediates Fumaric acid TCA cycle, tyrosine, arginine and proline metabolism Yes 9.57 ENDO 

  Succinic acid TCA cycle Yes 11.86 ENDO 

Amino acid metabolism Alanine  Amino acid metabolism Yes 1.67 ENDO 

  2-isopropylmalic acid Amino acid metabolism Yes 5.35 ENDO 

Unsaturated fatty acids Oleic acid Fatty acid biosynthesis Yes Parent only ENDO 

  Palmitin Fatty acid biosynthesis Yes -1.67 ENDO 

  
(6Z,8E,10E,14Z)-(5S,12R)-5,12,20-Trihydroxyicosa-
6,8,10,14- tetraenoate Arachidonic acid synthesis Yes Mutant only EXO 
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Table H.3B: Putatively annotated discriminatory metabolites of L2056-C7 identified by both GC-ESI-TOF-MS and a combination of LC-MS methods. 
Compounds do not have obvious similar biological groups and whether they have been reported in the literature as being found in yeast is noted. The fold change by comparison 
of the peak area (mutant/parent) or whether they are only detectable in one or other strain and the detected location of the metabolite (EXO: exometabolome, ENDO: 
endometabolome) is listed. Metabolites identified from the EXO by LC-MS methods are at a significance of p < 0.02 and from the ENDO by GC-MS at p < 0.05. 

Biological Group Dicriminatory Metabolite Involved in Known in Yeast? 
Fold Change  
(mutant/parent) 

Location 

Ungrouped metabolites  Elymoclavine An Ergoline No Parent only EXO 

  Indole-3-glycol Tryptophan degradation  Yes Parent only EXO 

  5'-amino-5'-deoxyuridine Deoxynucleoside Yes Parent only EXO 

  Flavin Mitochondrial enzymatic cofactor Yes Parent only EXO 

  5-pentadecatrienyl resorcinol-3-methyl ether Sorgoleone biosynthesis in plants  No Parent only EXO 

  4-hydroxy-5-methyl-2-propyl-3(2H)-furanone Furaneol biosynthesis No Parent only EXO 

  2-hydroxyglutaric acid Butanoate metabolism Yes -4.23 ENDO 

  Bestatin Statin biosynthesis No -3.07 EXO 

  (-)-jasmonoyl-L-valine Jasmonate pathway No -3.07 EXO 

  1-acyl-sn-glycero-3-phosphoethanolamine (n-C12:0) Glycerophospholipid metabolism Yes -2.38 EXO 

  6,7-dihydropteridine Folate biosynthesis Yes -1.47 EXO 

  Me-IP Cytokinin degradation Yes -1.41 EXO 

  2-oxo-9-methylthiononanoate Glucosinolate biosynthesis Yes 3.13 EXO 

  Myoinositol Phosphatidylinositol biosynthesis Yes 4.1 ENDO 

  Lactic acid Glycolysis Yes 4.91 ENDO 

  Valpromide A Pentanoic acid No 5.65 EXO 

 Eserine Melatonin pathway  No Mutant only EXO 
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Table H3.C: HPLC analysis of spent fermentation media from fermentations performed in 
CDGJM by L2056-C7 and L2056. These are the same biological samples used for exometabolic analysis by 
LCMS. The average and standard deviation of six biological replicates are shown as well as the percentage detected 
in L2056-C7 as compared to the parent. 
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L2056 (average) 0 1.39 7.55 0.30 138.7 0.43 1.13 2.85 0.48 0.60 1.83 

L2056 (st. deviation) NA 0.20 0.23 0.01 0.53 0.07 0.40 0.07 0.02 0.02 0.16 

             

L2056-C7 (average) 0 0.92 7.85 0.31 136.3 0.41 1.03 2.77 0.46 0.61 1.85 

L2056-C7 (st. deviation) NA 0.11 0.06 0.02 3.06 0.01 0.37 0.04 0.01 0.02 0.06 

             

Pecentage of parent (%) 100 66.15 104.01 103.28 98.28 95.16 91.49 97.20 94.40 100.78 101.30 

  NA 12.46 0.73 6.13 2.24 2.06 35.61 1.37 2.21 2.53 3.01 

 
 
Statistical analysis of LC-MS data was immediately focussed on only the discriminatory features, thus a 
total feature count is currently unavailable. Nonetheless, many discriminatory features are detected with 
this method, for example at a confidence of p < 0.05, 197 peak groups (most likely to be unique 
metabolites) are detected (Table H.4). Since the process of putative annotation of these features is quite 
laboursome and we currently do not have the in-house expertise, we were limited to examination of only 
those peak groups with a p value of < 0.002 and those only detected in parent or mutant. Of these 59 peak 
groups, 26 metabolites were putatively annotated (Table H.3A and H.3B). As explained in the methods, 
these putative identifications were achieved by comparison to spectral libraries, which is not as robust a 
method of identification as in GC-MS. Thus for definite identification, standards of each metabolite must 
be run on the same machine as the data was obtained. This is currently underway for this set of 26 
metabolites with Metabolomics Australia. Obviously further identifications of all discriminatory peak 
groups at a confidence of p < 0.05 would be extremely valuable. 
 
 
Table H.4: Discriminatory features counted from the combination of all LC-MS analyses at 
different statistical relevance from the exometabolome of L2056-C7 cultures grown in CDGJM.  
A ranking of significant features was performed to select individual features with low p values. Some features were 
found to be related and assumed to be derived from the same metabolite, these were assigned to a peak group (most 
likely these groups represent unique metabolites). Any features that were present in a peak group with a ranked 
feature was given a promoted ranking to the lowest number rank score for that peak group. 4 (all and none) 
encompasses those features that are only detectable in one or other of L2056 or L2056-C7. 
 

Marker priority score Feature count Promoted feature count 
 

Peak group count 

1 (p < 0.002) 30 50 23 

2 (p < 0.01) 65 90 48 

3 (p < 0.05) 114 171 90 

4 (all and none) 48 53 36 

Total 257 364 197 
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Of the discriminatory metabolites identified, none are identified in both endometabolome and 
exometabolome, possibly a reflection of the subset of metabolites examined and that not all compounds 
are transported outside of the cell. However upon examination of discriminatory metabolites from FM 
media in stationary phase (Table H.5), there are some commonly identified compounds both between the 
endo and exo-metabolome (glycerol, isomaltose and sucrose), and between FM and CDGJM media 
(fumaric acid, 2-isopropylmalic acid and 2-hydroxyglutaric acid). However, this may be a reflection of 
preparation and analytical methods, as each of these were identified in the GC-MS analysis. 
 
 
Table H.5: Discriminatory metabolites of L2056-C7 identified by GC-MS from stationary phase 
cultures in FM medium from either the endometabolome or the exometabolome. (Fold change ratio 
not yet determined). The total discriminatory features from the endometabolome = 22 and exometabolome = 19). 
 

ENDOMETABOLOME EXOMETABOLOME 
Glycerol Glycerol 
Isomaltose Isomaltose 
Sucrose Sucrose 
Fumaric acid Phosphocreatine 
2-isopropylmalic acid Malic acid 
2-hydroxyglutaric acid Threiotol or erythritol 
Uracil Octadecanoic acid 
Mannose  
Glucose  

 
 

Analysis of the metabolic consequence of fermentation with L2056-C7 
Preliminary analysis of the putative discriminatory metabolites was undertaken using a number of 
programs designed to find biologically meaningful patterns, such as PAPi (Aggio et al., 2010) and MetPA 
(Xia & Wishart, 2010). Unfortunately, using these tools, no patterns were revealed. Upon discussion with 
others in the field (discussions held at The International Metabolomics Society Conference 2011, funded 
by GWT 1015) we found that this was not an uncommon occurrence, most likely since only a subset of 
the metabolome had actually been identified and only a proportion of these annotated to a central 
reference library (Jewison et al., 2011). Nonetheless we then began a manual investigation of each 
metabolite, its possible relationship with any other from the list, and how the change in its concentration 
may be a consequence or cause of the efficient fermentation phenotype of L2056-C7. 
 
From this manual analysis we were able to class 18 of the 35 metabolites to 6 broad biological groups 
with 17 being seemingly unrelated (Tables H.3A-B). Many of these compounds have not yet been 
described in yeast. Whether they are in fact a misidentification, or that they actually are present is still 
under investigation. Since this analysis is on-going (Metabolomics Australia are in the process of refining 
the analysis with the inclusion of standards), and when considered in isolation, effects of such are only 
speculative, as such details of only a few metabolites are highlighted in this section. More detail, where 
meritorious is provided in following sections. Those metabolites not found in yeast or that do not have a 
known yeast derived precursor are, in general, not discussed. 
 
Classical steroid hormones such as those highlighted in Table H.3A are thought to be absent from S. 
cerevisiae. In fact typical steroid biosynthetic pathway of yeast ends in the production of ergosterol 
(Brocard-Masson & Dumas, 2006) whereas in plants and mammals this is only the starting entity for 
steroid hormone biosynthesis. There are many conversions required for the production of steroid 
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hormones such as these from ergosterol, thus it is unlikely these are in fact present. Yeasts are known 
however to have steroid metabolizing enzymes, such as Atf2p, which can catalyse the conversion of 
pregnenolone to acetylpregnenolone (Cauet et al., 1999) and interestingly Atf2 is an alcohol O-acetyl 
transferase responsible for the formation of volatile esters in yeast (Verstrepen et al., 2003). 
 
The yeast isoprenoid pathway results in production of many end products including precursors for steroid 
like metabolites including the essential and well studied ergosterol (as reviewed by Kuranda et al., 2010). 
A number of other non-steroid like discriminatory metabolites of L2056-C7 are also associated with this 
pathway, notably 3-gernayl-4-hydroxybenzoate, menaquinone-2 and Gibberellin A15. Each of these 
compounds have gernayldiphosphate as a common (but not direct) precursor for their synthesis in various 
fungi, however as yet there is no definitive evidence for their synthesis in S. cerevisiae. Putative 
identification of these from this study would be their first report, and certainly interesting from the point 
of view of involvement of the isoprenoid/mevalonate pathway in fermentation. Additionally, gibberellins 
are well known as growth hormones in higher plants and have been recently examined in fungi 
(Tudzynski, 2005). Gibberellins may have a similar role to plants (perhaps in environemtal signalling) in 
yeast, and since Gibberellin A15 is only detectable in L2056-C7, its presence may modify cellular 
processes in response to the environment. 
 
The citrate cycle (TCA cycle) is an important pathway during aerobic growth that provides reducing 
equivalents for the respiratory chain, which in turn produces energy in the form of ATP. However during 
fermentative growth, such as that studied here, the TCA cycle is repressed by glucose and lack of oxygen. 
Residual TCA pathway activity does however remain, in fact it is commonly thought to function in two 
separate branches, instead of a cycle, one oxidative, leading to formation of 2-oxoglutarate (Nunez de 
Castro et al., 1970), the other reductive, leading to the formation of organic acids such as fumarate and 
succinate (Camarasa et al., 2003). The increased abundance of fumarate (ca. 9.57-fold more) and succinic 
acid (ca. 11.86-fold more) detected intracellularly in L2056-C7 is expected to be a result of increased flux 
through the reductive arm of the TCA cycle. These organic acids are of interest in winemaking since they 
(succinic acid in particular) contribute to wine acidity. However, it is worth noting that no increase in 
extracellular succinic acid was found by HPLC (Table H.3C). Succinic acid can also be formed by the 
cytosolic located glyoxylate cycle, an off-shoot of the TCA cycle where isocitratelyase catalyses the 
formation of succinate from isocitrate (as reviewed in Strijbis & Distel, 2010). However, flux through this 
cycle is normally only activated by growth on non-fermentable carbon sources. Lin et al.(2011) found 
that deletion of genes such as FUM1 (fumerase) led to accumulation of fumarate and succinate in 
respiring cells and is linked to the retrograde response pathway, and as such further studies should include 
checking the activity of Fum1p in L2056-C7. 
 
Isopropylmalic acid, is an intermediate of leucine biosynthesis, generated from 2-oxoisovalarate or from 
pyruvate metabolism. It is also known to be secreted and then thought to chelate aluminium ions leading 
to aluminium tolerance (Suzuki et al., 2007). The more than five fold increase in intracellular 2-
isopropylmalic acid in L2056-C7 is expected to reflect an increase in flux of this pathway and may result 
in an increased tolerance to potentially damaging environmental ions. 
 
Myo-inositol, the most prominent form of inositol in nature plays an important role as the structural basis 
for a number of secondary messengers in eukaryotic cells, including inositol phosphates, 
phosphatidylinositol and phosphatidylinositol phosphate lipids, also important structural components for 
cellular membranes. The four fold increase of intracellular myo-inositol in L2056-C7 may be a reflection 
of a modified membrane structure. Earlier work by Jiranek et al. (1998) has in fact demonstrated 
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increesed stress (salt) tolerance by laboratory strains that overproduce inositol. Whether a similar effect is 
being observed in the evolved wine strains is to be confirmed. 
 
Fatty acids are also important membrane components, together with energy storage and protein 
modification their synthesis is essential since yeast rarely grow in the presence of utilisable fatty acids. 
The biosynthesis of the two unsaturated fatty acids highlighted by this study, oleic acid and palmitin, are 
generally considered the most common products of fatty acid biosynthesis (Tehlivets et al., 2007). The 
third highlighted fatty acid, (6Z,8E,10E,14Z)-(5S,12R)-5,12,20-trihydroxyicosa-6,8,10,14- tetraenoate, 
also known as 20-OH-LTB4, is thought to be a by-product of arachidonic acid metabolism. Interestingly 
some very recent and preliminary results from a collaborative laboratory (David Block, UC Davis, CA) 
report that the ratios of phospholipids found in L2056-C7 membranes were in fact altered (data not 
shown) similar to what they have seen with a selection of wine yeast that have varying tolerance to 
ethanol (Henderson et al., 2011). 
 
Many more discriminatory metabolites have been found from experiments with L2056-C7, however, as 
highlighted earlier, without the integration with other related data sets, the mechanisms causing these 
changes can only be speculated upon. Future work ion these is planned however. 
 

Genomic analysis of L2056-C7 
The genomic sequences of the adaptively evolved strain L2056-C7 and its parent L2056 were obtained 
and compared. A total of 200 mutations, or single nucleotide polymorphisms (SNPs), which led to amino 
acid changes (non-synonymous) were identified in 176 open reading frames (ORFs, Table H.6). SNPs 
from non-coding regions are yet to be determined, however, this has recently become a priority to 
complete since recent discoveries reveal the extreme complexity and importance of cellular regulation of 
yeast, (as well as almost all other living organisms) by non-coding or thought to be non-coding, genetic 
material (Ito et al., 2008, Granovskaia et al., 2010, Mercer et al., 2011).  
 
Interestingly in 23 cases, 2 mutations are found in the same ORF, and a single gene YDR179W-A, 
currently of unknown function harbours 3. Perhaps this set of genes could be viewed as “hot spots” for 
mutations during this particular adaptive evolution, a possibility that certainly warrants separate detailed 
analysis.  

 
A Gene Ontology (GO, Ashburner et al., 2000; date performed: 10/09/11) analysis was then performed 
on this list of genes to determine if any biological processes were enriched for SNPs. Using either GO 
TERM FINDER (function) or GO STATS (both part of the suite of tools from GO TOOLBOX) only one 
GO term; Histone Binding, was found to be significantly enriched, with 7 genes from 23 of those 
annotated to this term existing within this set (Table H.7 and H.10). Analysis with GO TERM FINDER 
(process) revealed 8 more significant GO terms notably DNA packaging, regulation of various cellular 
processes and Response to Stimulus (Table H.8). It is worth noting that a number of genes associated 
with Histone Binding are also associated with DNA packaging (Table H.10). GO PROXY analysis of 
how the selected genes cluster resulted in 84 classes of GO terms (data not shown). 
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Table H.6: The distribution of mutations (SNPs) in the L2056-C7 genome compared to L2056 

Chromosome 
Open Reading 

Frames 
Chromosome 

length 
Total genes 
(mutated) 

Total 
mutations 

% mutated genes in 
chromosome 

Chr as % of 
genome 

16 511 948,066 27 28 5.3 7.9

15 598 1,091,291 6 7 1.0 9.0

14 435 784,333 8 10 1.8 6.5

13 505 924,431 12 12 2.4 7.7

12 578 1,078,177 23 28 4.0 8.9

11 348 666,816 2 2 0.6 5.5

10 398 745,751 0 0 0.0 6.2

8 321 562,643 8 11 2.5 4.7

7 583 1,090,940 14 14 2.4 9.0

6 141 270,161 4 4 2.8 2.2

5 324 576,874 4 4 1.2 4.8

9 241 439,888 0 0 0.0 3.6

4 836 1,531,933 61 72 7.3 12.7

3 183 316,620 5 6 2.7 2.6

2 456 813,184 1 1 0.2 6.7

1 117 230,218 1 1 0.9 1.9

TOTAL 6575 12, 071,326 176 200 100 100 

 
 
 
Table H.7: GO (Function) Terms enriched in L2056-C7 SNP set, p < 0.05 

GO Term Cluster frequency Background frequency P-value Genes annotated to the term 

Histone Binding 7 out of 175 genes, 4.0% 40 out of 7168 background genes, 0.6% 0.00602 RAD9/YDR217C: 
SIR4/YDR227W: 
HIF1/YLL022C: 
SIR3/YLR442C: 
FPR4/YLR449W: 
CAC2/YML102W: 
RTT106/YNL206C 

 
 
 
Table H.8: GO (Process) Terms enriched in L2056-C7 set, p < 0.05 

GO Term Cluster frequency Background frequency P-value 

DNA packaging 8 out of 175 genes, 4.6% 49 out of 7168 background genes, 0.7% 0.01304 

cellular process 145 out of 175 genes, 82.9% 4966 out of 7168 background genes, 69.3% 0.01616 

regulation of cellular biosynthetic process 32 out of 175 genes, 18.3% 628 out of 7168 background genes, 8.8% 0.0271 

regulation of biosynthetic process 32 out of 175 genes, 18.3% 628 out of 7168 background genes, 8.8% 0.0271 

regulation of cellular metabolic process 36 out of 175 genes, 20.6% 751 out of 7168 background genes, 10.5% 0.03066 

regulation of cellular macromolecule 
biosynthetic process 

31 out of 175 genes, 17.7% 606 out of 7168 background genes, 8.5% 0.03384 

regulation of macromolecule biosynthetic 
process 

31 out of 175 genes, 17.7% 608 out of 7168 background genes, 8.5% 0.03603 

response to stimulus 41 out of 175 genes, 23.4% 917 out of 7168 background genes, 12.8% 0.04132 
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Table H.9: Expanded GO (Process) Term DNA Packaging enriched in L2056-C7 set, p < 0.05  
GO Term Cluster frequency Background frequency P-value Genes annotated to the term 

DNA packaging 8 out of 175 genes, 4.6% 49 out of 7168 background genes, 0.7% 0.01304 MCD1/YDL003W: 
SCC2/YDR180W: 
YCG1/YDR325W: 
HIF1/YLL022C: 
SIR3/YLR442C: 
FPR4/YLR449W: 
CAC2/YML102W: 
RTT106/YNL206C 

 
 
Further analysis used the Pathway Enrichment tool (part of YEAST MINE, http:// yeastgenome.org), 
which is designed to identify those curated pathways that are also enriched within the gene set, 
highlighted the isoprenoid/mevalonate pathway (p = 0.02). Only 2 genes however, ERG10 and HMG2 
from this gene set are included, with the mutations in L2056-C7 predicted to be tolerated (Table H.10). 
 
The GO term Histone Binding is defined as “Interacting selectively and non-covalently with a histone, 
any of a group of water-soluble proteins found in association with the DNA of plant and animal 
chromosomes”. They are involved in the condensation and coiling of chromosomes during cell division 
and have also been implicated in nonspecific suppression of gene activity (EMBL-EBI, 
http://www.ebi.ac.uk/QuickGO). It is well known that access to transcriptional binding sites is a common 
method of transcriptional regulation, and a general modification such as this may be indicative of 
loosening of transcriptional suppression. This has recently become quite a hot topic with the discovery 
that nucleosomes are preferentially positioned over exons, another method of regulation and 
transcriptional feedback (Nahkuri et al., 2009, Tilgner et al., 2009). Perhaps with this gene complement 
the evolved mutant L2056-C7 has less restrictions placed upon genes contributing towards fermentation 
activity. Presumably a loss or modification of general transcriptional suppression at the level of 
chromosomal superstructure, in part controlled by histone binding, at key times when normally they 
would be down regulated due to environmental cues (such as an increase in environmental stress such as 
that in the latter parts of an oenological fermentation) results in the cell maintaining an efficient 
fermentation rate. 
 
It is well known that for transcription of a gene, the necessary machinery must first assemble and then 
move along the body of the gene, but before this can occur DNA must be unravelled from its packaging 
in nucleosomes (Williams & Tyler, 2007). Precise regulation of transcription at the level of chromatin is 
possible since nucelosomes and indeed histones can be removed by the action of a number of factors, 
such as histone chaperones, in a coordinated fashion (Avvakumov et al., 2011). Some of the genes found 
to have mutations in L2056-C7 appear to have precisely this role in gene silencing at the level of 
chromatin, for example SIR3, SIR4, HIF1, FPR4 and CAC2, interestingly SIR3 accommodating two 
separate amino acid changes (K305E and M755L). However only the E324G amino acid change of HIF1 
in L2056-C7 is predicted by SIFT analysis to result in one which affects protein function (Table H.10). 
Hif1p is an interacting and linking component between the yeast heterotrimeric HAT-B complex and 
chromatin assembly in the nucleus (Ai & Parthun, 2004, Poveda et al., 2004). HAT-B, made up of the 
gene products of HAT1 and HAT2, specifically acetylates lysine 12 and 5 of free non-chromatin-bound 
histone H4. Histone acetylation is known to be a dynamic process that correlates with modulation of gene 
expression (Roth et al., 2001). Hif1p seems to be a non-essential subunit of the complex since HIF1 
mutants still have functional HAT-B. However, this deletion does cause a minor telomeric silencing 
defect, similar to that seen in Δ hat1 or Δ hat2 mutants, as observable in the presence of certain histone 
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H3 lysine-to-arginine mutations (Poveda et al., 2004).This may indicate that again, L2056-C7 may well 
have a modified transcriptional regulation acting through more the mechanisms of DNA architecture. 
 
 
Table H.10: SIFT predictions of selected gene mutations of L2056-C7. Scores predicted by SIFT are 
shown, an amino acid substitution is predicted damaging if the score is <= 0.05, highlighted in red, and tolerated if 
the score is > 0.05. Scores < 0.2 are highlighted in orange as these should be examined in more detail. 

GENE aaMUTATION SIFT PREDICTION SCORE 

LIPID AND STEROL METABOLIC PROCESS 

ERG10 E311Q TOLERATED 0.33 

HMG2 D940A TOLERATED 0.12 

SUR2 V87I TOLERATED 0.86 

CRC1 S224R AFFECT PROTEIN FUNCTION 0 

IPT1 L90I TOLERATED 1 

ARE1 V57M TOLERATED 0.21 

CELLULAR AMINO ACID METABOLIC PROCESS 

ARO3 N54G TOLERATED 0.32 

AGX1 R239G TOLERATED 0.1 

ASP1 Q130stp AFFECT PROTEIN FUNCTION 0 

SPE4 R129H AFFECT PROTEIN FUNCTION 0 

BNA7 L53P TOLERATED 0.15 

HISTONE BINDING 

RAD9 T50A TOLERATED 0.72 

SIR4 S336L TOLERATED 0.32 

DNA PACKAGING 

MCD1 L176I TOLERATED 0.86 

SCC2 T104I TOLERATED 0.18 

YCG1 T913I TOLERATED 0.21 

HISTONE BINDING and DNA PACKAGING 

HIF1 E324G AFFECT PROTEIN FUNCTION 0.02 

SIR3 M755L TOLERATED 0.65 

 SIR3 K305E TOLERATED 1.0 

FPR4 N58T TOLERATED 0.38 

CAC2 N243T TOLERATED 0.35 

RTT106 N439G ANALYSIS NOT AVAILABLE N/A 

 RTT106 N328G ANALYSIS NOT AVAILABLE N/A 

 
 

Integration of genomic and metabolomic data from L2056-C7 
Genomic and metabolomic data were manually inspected for commonalities. Initially GO terms generated 
by GO PROXY were sorted for those that have links to the discriminatory metabolites. Two broad classes 
were highlighted by this analysis, that is, lipid and sterol metabolic processes and amino acid metabolic 
processes. Mutations in genes belonging to these classes were checked by SIFT analysis (Table H.10), 
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among those of the lipid and sterol metabolic processes a S224R change in CRC1 is predicted to be 
deleterious to protein function and a D940A change in HMG2 is predicted to be tolerated, however, with 
low confidence (a SIFT score of 0.12) inferring that this change should be examined more closely. 
Similarly from the cellular amino acid processes mutations in ASP1 and SPE4 are predicted to affect 
protein function and AGX1 and BNA7 should be further examined. 
 
Phospholipids in yeast are the major building blocks of plasma and organelle membranes. However a 
variety of other lipid types are also found, for example glycolipids, inositol phospholipids, free fatty acids 
and sterols. The composition of a membrane is extremely influential upon cell health since it modulates 
the fluidity, permeability, thickness and opportunity for signalling. Thus the involvement of the lipid and 
sterol metabolic processes in this mutant could be a direct reflection of a general improvement of cell 
health in a fermentation environment. SNPs in the genes CRC1 and HMG2 have been found to be likely 
effectors. 
 
CRC1 encodes the mitochondrial inner membrane carnitine transporter, the orthologue of the human 
mitochondrial carnitine acyl carnitine translocase and is required for transport of acetyl CoA (a product of 
beta-oxidation of fatty acids in the peroxisome) into the mitochondrial inner membrane where it is used in 
the citric acid cycle (van Roermund et al., 1999). Biosynthesis of fatty acids and in turn phospholipids is 
dependent upon the availability of an essential building block, acetyl CoA (as reviewed in Strijbis & 
Distel, 2010). Briefly, acetyl CoA is produced from pyruvate (ex glycolysis) and in yeast via the beta-
oxidation of fatty acids in the peroxisome. Acetyl CoA alone can not transverse membranes, thus requires 
transport, for example by Crc1p. ΔCrc1 strains have been reported to be viable, have increased 
competitive fitness (on minimal media) (Breslow et al., 2008) and a putative increase in replicative 
lifespan (this mutation was short listed, however failed to pass a very strict verification criteria) 
(Kaeberlein et al., 2005). Perhaps during fermentation, a mutation in Crc1p allows more readily available 
cytosolic acetyl CoA leading to a modification in the production of lipid components (produced in the 
cytosol) and in turn a robustness during fermentation. 
 
HMG2 encodes one of two isozymes of HMG-CoA reductase that convert HMG-CoA to mevalonate, part 
of the mevalonate/isoprenoid (as reviewed in Kuranda et al., 2010). ΔHmg2 strains exhibit abnormal lipid 
particle morphology in stationary phase cultures as well as low lipid droplet content (Bozaquel-Morais et 
al., 2010). As discussed above, the D940A mutation found in L2056-C7 was predicted to be tolerated (at 
low confidence), however, it merits discussion here since there are multiple links with identified 
discriminatory metabolites. The early parts of the mevalonate pathway appear to be located in the cytosol 
(Farhi et al., 2011) and begin with 2 acetyl CoA (possibly providing a link with a modified CRC1 as 
explained previously). Subsequent reactions lead to the formation of farnesyldiphosphate, 
geranyldiphosphate and geranylgeranyldiphosphate, amongst others. These compounds are non-direct 
precursors for steroid biosynthesis, ubiquinone and other terpenoid biosynthesis, and the formation of 
gibberrellins, which are amongst some of the identified pathways of discriminatory metabolites of L2056-
C7, as reported above (see Figure H.5 for a diagramatic representation). Also, a modification of ERG10, 
an acetyl-CoA C-acetyltransferase involved in the first step in mevalonate biosynthesis, is found in 
L2056-C7; E311Q which is again, predicted to be tolerated. 
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Figure H.5: Links between discriminatory metabolites of L2056-C7 and amino acid changes 
surrounding the mevalonate/Isoprenoid pathway of S. cerevisiae. Genes mutated in L2056-C7 and their 
associated amino acid changes are highlighted in yellow and discriminatory metabolites and their relative change in 
concentration are in red (decreased in L2056-C7 compared in L2056) or green (increased in L2056-C7). 

 
 
The involvement of cellular amino acid processes directly links the changes of metabolism of this mutant 
to nitrogen metabolism. The importance of yeast assimilable nitrogen (YAN) in wine fermentation is well 
known, with deficiencies of such a common cause of fermentation faults. Amino acids are the main 
source of YAN in grape juice and their relative compositions are extremely variable (Henschke & 
Jiranek, 1993). Potentially deleterious SNPs found in ASP1 and SPE4 associates these genes.  
 
ASP1 encodes the cytosolic L-asparaginase, involved in asparagine catabolism, it is constitutively 
expressed and responsible for the main flux of conversion of asparagine to aspartate and ammonia 
(Sinclair et al., 1994). Another asparaginase does exists in yeast, Asp3p, of which there are 4 copies, it is 
activated in response to nitrogen starvation (Bon et al., 1997). Asparagine however is only reported to be 
present at very low percentages worldwide, with a mean of less than 1% found across a range of 
Australian grape varieties (Henschke & Jiranek, 1993). Certainly since asparagine was not included in the 
selection medium for the evolution of L2056-C7 the loss of an asparaginase would appear not to have 
been a selective determinant, and in fact is most likely to have little effect.  Asparagine is however rapidly 
transported and utilized by wine yeast (Jiranek et al., 1995) and is described as a preferred nitrogen 
source (Cooper, 1982). Perhaps this is indicative that a modification in asparagine catabolism could 
influence central nitrogen catabolic pathways resulting in an increase in fermentation efficiency through 
an adjustment of central nitrogen metabolism. ASP1 alleles have also recently been highlighted as 
important to industrial oenological fermentation since Marullo and colleagues (2007) identified ASP1 as a 
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quantitative trait loci (QTL) responsible for variation in acetic acid production between two non 
commercial yeast strains directly isolated from grape must. 
 
SPE4 encodes spermine synthase, required for the biosynthesis of spermine from spermidine (Hamasaki-
Katagiri et al., 1998). Spermine in yeast is a precursor for β-alanine (and subsequently pantothenic acid) 
intermediates of coenzyme A (CoA) biosynthesis, a cofactor required by a large number of metabolic 
enzymes. Spermine is ubiquitously produced as the final product of polyamine biosynthesis and is 
essential for growth when β-alanine and/or pantothenic acid are lacking from the medium (White et al., 
2001). Interestingly the metabolome analysis of L2056-C7 highlighted an increase in intracellular alanine 
which is strangely the reverse of that which is expected in an SPE4 mutant, pending the relationship 
between alanine and β-alanine. This increase in alanine could alternatively be explained by the disruption 
of AGX1 (R239G in L2056-C7, tolerated with a SIFT score of 0.1). AGX1 encodes the alanine glyoxylate 
aminotransferase, for glycine production on non-fermentable carbon sources (Schlosser et al., 2004). 
Perhaps the inactivity of AGX1, even in the presence of fermentation, leads to an accumulation of alanine. 
 
As discussed above the methodologies for analysis of connections between genes and their products, as 
used here in the form of a GO analysis is extremely useful in this type of analysis. Unfortunately the 
current methods for discovery of connections with metabolites to each other and within biochemical 
pathways overlaid on the underlying enzymes involved are not as well advanced. We however used 
knowledge from the literature to link metabolites with GO terms and then looked for enrichment of those 
terms. The term Lipid Biosynthetic Process, which encompasses daughter terms such as Fatty Acid 
Biosynthesis, Isoprenoid Biosynthetic Process, Glycerophospholipid Biosynthetic Process, Steroid and 
Sterol Biosynthetic Process was highlighted with nine metabolites being linked. Notably whichever 
analysis is used to relate genomic and metabolomic data, commonalities between biochemical pathways 
have been uncovered. 
 

Analysis of L2056-C7 by phenotype microarray 
Phentoype microarrays comparing L2056-C7 and L2056 were performed by BIOLOG (Hayward, CA, 
USA). In brief this analysis can compare around 2000 phenotypes in a single experiment by use of 
cellular respiration as a universal reporter when exposed to different mediums (Bochner et al., 2001). An 
actively respiring cell (for instance in a medium with a particular carbon source) reduces a tetrazolium 
dye, resulting in an easily measurable colorimetric reaction. 
 
This analysis revealed that L2056-C7 was somewhat resistant to potassium chromate and was unable to 
utilise four compounds as sources of phosphate, these being the cyclic monophosphates, adenosine 2’3’ 
cyclic monophosphate, cytidine-2’3’ cyclic monophosphate and thymidine 3’5’ cyclic monophosphate as 
well as dithiophosphate. 
 
Potassium chromate is used as a toxic analogue of sulphate, and as such resistance is due to a 
modification of the sulphate assimilation pathway. Mutations in genes such as the SUL family of sulphate 
transporters (Cherest et al., 1997), or the MET (mainly MET3) family involved in the incorporation of 
sulphate in to methionine and cysteine (Breton & Surdin-Kerjan, 1977) have been shown, however the 
coding regions of these genes in L2056-C7 were identified as being the same as wildtype. As explained 
previously, it can not be ruled out that regulation of one or more of these genes is altered in L2056-C7, 
and analysis of non-coding regions will reveal this. There are many interacting factors known for both the 
SUL and MET genes, and although an exhaustive comparison of each of these has not yet been completed, 
2 genes, RAS2 and APA1, that are interacting factors of MET3 are indeed altered in L2056-C7. 
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The availability of phosphate from the environment is a critical determinant for yeast growth. 
Environmental phosphate limitation leads to activation of the PHO response, where acquisition of 
phosphate from the environment is done so in a coordinated fashion. This includes transcriptional up-
regulation of acid phosphatases which break down extracellular phosphate containing molecules, such as 
nucleotides. Of these acid phosphatases, the gene encoding Npp2p (described as a Nucleotide 
Pyrophosphatases/Phosphodiesterases (Kennedy et al., 2005)), is mutated in L2056-C7. Furthermore this 
I474F amino acid change is predicted by SIFT to be deleterious with a score of 0. We expect this 
mutation is the cause of this strains auxotrophy for the above phosphate sources. Since it appears that 
Npp2p is only required for utilization of these specific phosphate sources, and that indeed many others are 
available in grape juices, it is not expected that this would cause a problem in industrial applications, 
however this phenotype certainly warrants further exploration.  
 
Interestingly in humans, the NPP family regulate extracellular nucleotide metabolism and nucleotide-
derived intercellular signaling. Intercellular signaling is also very important in yeast, including during 
sporulation (Jakubowski, 1986). For instance yeast cells are known to maintain high concentrations of 
extracellular purines and produce adenosine 5’tetraphosphate and adenosine 5’-pentaphosphate to mark 
ascospore formation during sporulation and intriguingly NPP2 expression is strongly induced during 
sporulation (Chu et al., 1998). Kennedy et al. (2005) infer that for these reasons NPP2, may be implicated 
in a novel intercellular signaling role by regulating extracellular nucleotide metabolism. This is further 
supported since NPP2 deletions have been reported to have an increased resistance to hyperosmotic stress 
(1 M NaCl) and also in increased competitive fitness. These phenotypes certainly align well with the 
known fermentation phenotype of L2056-C7. 
 

Conclusion: 
Our approach to develop the use of metabolomics as a phenotyping tool for wine yeast involved many 
facets of experimental design, including choices such as medium, growth stage, extraction and analytical 
techniques. We found that both GC-MS and LC-MS analytical techniques were extremely sensitive, being 
affected by most parameters. This led us to choose, where possible, to include as many variables as was 
practical in each experiment and subsequently led us to successfully develop an analytical pipeline 
appropriate for the use of metabolomics in this context of wine yeast in oenological fermentation. 
 
The use of a multi-platform approach to elucidate mechanisms behind the fermentation efficient 
phenotype of L2056-C7 has certainly proven fruitful. The major findings so far are stated below in brief. 
Metabolomic analysis at the end of fermentation revealed 35 putatively identified discriminatory 
metabolites of L2056-C7, of which some were from similar chemical and biological groups. Of these the 
mevalonate/isoprenoid pathway was shown to be significantly enriched for discriminatory metabolites. 
Whole genome sequencing of both L2056-C7 and L2056 revealed 200 single nucleotide polymorphisms 
which lead to amino acid changes. For the affected genes, enriched GO terms included Histone Binding 
(function) as well as the processes of DNA Packaging, Regulation of Biosynthetic Processes and 
Response to Stimuli. Phenotype array analysis found very few significant differences between L2056-C7 
and its parent, but did include the inability to utilise four phosphate sources as well as resistance to 
potassium chromate. 
 
Integration of each of these data sets has revealed a number of pathways that are likely to link the 
fermentation efficiency phenotype of L2056-C7 and those highlighted are more than worthy of further 
investigation. For example a number of SNPs and related discriminatory metabolites were found in the 
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mevalonate/isoprenoid pathway, as were in Fatty Acid/Phospholipid Biosynthesis. Extracellular 
Nucleotide Metabolism and involvement of Methionine/Cysteine Biosynthesis was also highlighted in 
phenotype microarrays with SNPs found in L2056-C7 that are the likely effectors. 
 
We hypothesise that a complex combination of metabolic changes contribute to the phenotype of L2056-
C7 during fermentation, but of particular interest are those that contribute to the ability to maintain 
fermentation in an ever increasing stressful environment. Based on these analyses this may involve 
alteration of lipids in the membrane, contributing to stress resistance, gene silencing (or an inability of 
such) through histone binding activities and DNA architecture, leading to continuation or slowing of the 
deactivation of fermentation, a change in cell signaling, perhaps due to the loss of Npp2p associated 
intercellular signaling or the change in production of signaling compounds, such as gibberellin. Further 
analysis will involve testing of key components highlighted from this study and identification of SNPs 
from the non-coding regions of L2056-C7. Also a comprehensive transcriptional profile of multiple time 
points during fermentation, employing RNA deep sequencing would be extremely useful to elucidate if 
there is differential regulation, RNA signaling, or even editing at the RNA level, as seen in higher 
eukaryotes (Mattick, 2010). 
 
Ultimately these data will be useful in guiding strain construction, isolation or generation strategies. 
Specifically genes or processes deemed important to a given attribute of yeast will be targeted to develop 
superior trains. Alternatively, the conditions prevailing during wine making may be able to be modified in a 
determined manner to evoke a desired response in yeast in terms of fermentation kinetics or metabolite 
yields.  
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As detailed above, in previous progress reports and the application for project UA 11/01, much of this 
Output has been delayed given its dependence on the preceding parts of the project. The activities planned 
here will largely be undertaken in UA 11/01. Output I does warrant mention however that strain FM16 or 
its derivatives, whilst produced in UA 01/04, have been the subject of much research effort in the present 
project. Such strains are being explored further specifically because of interest in commercialising them 
and thereby making available to the wine industry. The data generated for these strains will help define 
the specific conditions under which they offer benefit to the winemaker. In addition, such data is forming 
part of a submission to secure IP protection over the strains. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Output I: New yeast/LAB strains constructed 
 

14. 1-2 new strains with greater robustness and reliability (eg sugar and/or salt tolerance) 
constructed via methods and expertise derived from early part of project. 
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The Jiranek group has ongoing working relationships with numerous industry suppliers and wineries. All 
have expressed an interest in extending existing collaborations to include evlaution of strains and 
enzymes derived from this project. These opportunities will be followed-up as part of UA 11/01.  

Output J:  Linkages with wineries and industry suppliers 
 

15. Initiation of Phase 1 industry trials of yeast, bacteria and enzymes. Initiate commercial 
preparation. 
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Contributors: 
Michelle Walker, Jennie Gardner, Joanna Sundstrom, Tommaso Liccioli, Assoc Prof Vladimir Jiranek 
and Charles “Chik” Brennan (Winemaker,UC Davis)  
 

Methods: 
Strains and growth conditions 
Essentially all was performed as described in the Methods for Outputs A, F and H. 
 

Laboratory scale micro-plate fermentations 
Sacrificial micro-plate fermentations were performed essentially as described by Liccioli et al. (2011). 

Briefly, 600 µL YPD cultures were grown in deep well plates at 30C overnight. Following this, 2 uL of 
each was used to inoculate 200 µL of CDGJM starter medium (100 g/L glucose:fructose, 450 mg/L of 
nitrogen as a complex mixture of ammonium and amino acids) in fresh deep well plates and grown again 
overnight. These plates were then diluted with 800 µL of fresh CDGJM and acted as the source plate to 

inoculate (10 µL) in nine replicates of fresh plates with 190 µL CDGJM. Plates were grown at 30C. At 

each time point of interest during fermentation a replicate plate was placed at -20C. Glucose and fructose 
was measured by enzymatic assay. 
 

Industrial Scale fermentations - University of Adelaide 
Small industrial-like red grape fermentations were performed in triplicate with 20 kg lots of randomly 
sorted handpicked grapes. Each lot was de-stemmed and crushed separately and then transferred 
immediately to 30 litre plastic drums, provided with a 7 mm hole for release of CO2. Two different 
batches of Merlot grapes were used and the initial juice parameters are shown in Table K.1. Juices were 
ameliorated with tartaric acid (respectively 2.3 and 1 g/L), nitrogen as diammonium phosphate (200 and 
40 mg/L at 50 and 80 hrs post inoculation, respectively) and potassium metabisulphite (50 mg/L to give 
25 mg/L of molecular SO2). Yeast was inoculated (from fresh YPD-Agar) into YPD broth and grown 
overnight at 30°C with agitation at 160 rpm on a shaker bench. Cells of each culture were inoculated into 
aliquots of pre-sterilized white grape (Chardonnay 2010) juice diluted 1:1 with sterile water to an 
inoculation density of 2.5 x 106 cells/mL and grown overnight at 20°C with agitation at 160 rpm on a 
shaker bench. Triplicate ferments were then inoculated at 5 x 106 cells/mL and fermentation conduced at 
room temperature (~25°C). Every 12 hours, caps were plunged for 1 minute and 1 mL samples were 
collected and stored at -20°C for later analyses (residual sugars, relevant organic acids and alcohols and 
colour measurements).  
 
 
 
 
 

 
Output K: Data from Phase 2 industry trials and commercialisation plan 
 

16. Data (incl. sensory) for novel yeast, bacteria and enzyme treatments collected in ’10 
vintage. Wines set aside for medium-term (<2 yrs) storage trials of above. 

 
17. Plan for commercialisation of beneficial strains or treatments developed. 
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Table K.1: Key compositional features of 2010 Merlot grapes used to evaluate mutant fermentation 
performance. Grapes were harvested from the Waite Institute experimental vineyards (Adelaide, South Australia) 
or from Lobethal (South Australia). 

  
 
 
 
 

 

 

 

 

 

 
 
Fermentations - University of California Davis  
Small scale fermentations were conducted in triplicate at the UC Davis Winery, California using 2011 
Cabernet Sauvignon must. Each fermentation tank (33.5 US gallons or ~127 L working volume) was 
equipped with sensors for on-line monitoring of temperature (°C) and sugar content (°Brix). Data was 
collected from fermentations at 96 timepoints per day. The resultant wines were bottled and stored at the 
Winery for later shipment to University of Adelaide for sensory and chemical analyses. 
 
Microsatellite typing 
This was undertaken essentially as described in Output F.  
 

Evaluation of stability of clones of L2056-C7 through a 50-generation passage  
10 mL of YPD was inoculated with a fresh streak of yeast (either L2056-C7 or L2056) grown on YPD-

Agar and grown overnight with shaking at 28C. Cell number was enumerated and fresh YPD was 
inoculated with 1 x 106 cells/mL. This was repeated seven times to total approximately 50 generations of 
cell growth. Cultures were then streak plated and 34 single isolates were selected at random. 
 
 

Results and Discussion: 
Molecular Typing of adaptively evolved strain L2056-C7 
Microsatellite analysis of both mixed cultures and clonal cultures of evolved strains was performed at 10 
loci (data not shown). There was no discernable difference between FM16, L2056-C7 and their original 
parent L2056, providing good evidence for direct inheritance but not a method to differentiate them. 
 

Stability of the fermentation efficient phenotype of L2056-C7 through multiple generations 
Since L2056-C7 is being developed for commercial release, it is important to check the stability of the 
genetic changes, or more specifically the desirable phenotype for which it was chosen. To examine this 
we passaged L2056-C7 (and its parent L2056) for 50 generations with no selection and tested 34 clonal 
isolates to see if they had retained the fermentation efficient phenotype. Additional to this we also 

PARAMETER 

VALUES 

Merlot "Waite" Merlot "Lobethal" 

Glucose + fructose (g/L) 250 265 

pH 4.02 3.87 

Total acidity (g/L) 3.3 5.0 

Alpha Amino Nitrogen (mg/L) 96 93 

Ammonia (mg/L) 34 22 

Yeast Assimilable Nitrogen (mg/L) 124 111 

ADDITIONS   

SO2 ( mg/L) 25 25 
Tartaric acid (g/L) 2.3 1 

Diammonium phosphate (mg/L) 200 40 
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included, what we believe to be a heterozygous version of L2056-C7. Micro-fermentations were 
performed so as to examine many isolates in a single experiment. Nine timepoints throughout 
fermentation. 
 
All of the passaged isolates were found to behave as their parents (an example of a single time point, 185 
hrs is shown in Figure K.1), irrespective of being passaged through 50 cellular generations. Thus, we 
believe the fermentation efficient phenotype of L2056-C7 is suitably stable. 
 
 

 
Figure K.1: The average total sugar (glucose + fructose) remaining in the medium after 185 hrs of 
fermentation by L2056-C7, homozygous or heterozygous version or L2056 (grey bars) or an 
average of 34 clonal isolates after being passaged for 50 cellular generations (black bars). 
 
 

Small industrial scale fermentations utilising L2056-C7 
The fermentation performance of L2056-C7 was evaluated in small industrial-scale grape juice 
fermentations from the 2010 vintage. A number of grape varieties were chosen, however due to the poor 
quality of some of the parcels, some failed to complete. However, in almost all cases, L2056-C7 
performed either as well as, or better than the parent. As an example the fermentation profile of two 
separate parcels of Merlot (one from Waite and another from Lobethal) are shown in Figures K.2 and 
K.3. L2056-C7 finished fermentation in 1 or 2 days prior to L2056 (Waite Merlot: 157 hrs vs 180 hrs and 
Lobethal Merlot: 230 hrs vs 270 hrs). Major metabolites found in the final wine were very similar 
(Figures K.4-5). There was however a slight decrease in lactic acid from fermentations with L2056-C7 
across both wines. 
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Figure K.2: Catabolism of sugars by L2056-C7 (dotted line) and L2056 (solid line) when grown in 
grape must (2010 Merlot from Lobethal) under industrial-like oenological conditions. Standard 
deviations are also included. 
 
 
 
 
 
 

 
Figure K.3: Catabolism of sugars by L2056-C7 (dotted line) and L2056 (solid line) when grown in 
grape must (2010 Merlot from Waite) under industrial-like oenological conditions. Standard 
deviations are also include
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Figure K.4: Major metabolites, 
measured by HPLC of spent 
fermentation samples of 2010 
Lobethal Merlot fermented by 
either L2056 (solid bars) or 
L2056-C7 (white bars). Standard 
deviations are also included.  
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure K.5: Major metabolites, 
measured by HPLC of spent 
fermentation samples of 2010 
Waite Merlot fermented by 
either L2056 (solid bars) or 
L2056-C7 (white bars). Standard 
deviations are also included. 

 
 
 
 
 
 
 
 
 
 
 

 
 
Comparative fermentation trials were also conducted at the UC Davis winery by Charles Brenneman 
(resident winemaker) using 2011 Cabernet Sauvignon must. Fermentation kinetics of L2056-C7 was 
compared to L2056 and PDM. PDM being used here as our ‘benchmark’ strain, being regarded as the best 
commercial strain available in terms of fermentation vigour and performance. The initial juice parameters 
are still forthcoming and unfortunately not available at the time of the report. The evolved yeast strain, 
L2056-C7, performed similarly to the parental strain L2056 and was only 15 hours slower than PDM as 
shown in Figure K.6.  Noteably the difference in fermentation times may be smaller given that the data is 
in °Brix and not residual sugar, whereby less than 2.5 g/L is considered dry. We are also in the process of 
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negotiating shipment of wines, and will use the bottled wine to define the metabolic and sensory impacts 
of the use of L2056-C7 on an American Cabernet must. 
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Figure K.6:  Fermentation profiles of evolved yeast strain L2056-C7 with parental strain L2056, 
and PDM 
 
 

Commercialisation plan 
A key objective of this project was to deliver microbial tools which could be applied by winemakers to 
deal with fermentation problems and improve flavour complexity. Since the University of Adelaide and 
the Jiranek group are not in a position to directly market and distribute such tools to the industry, we are 
obliged to partner with an industry supplier. In securing such a partnership it is essential to develop a 
portfolio of information highlighting the attributes of the particular strain or derivative we wish to share. 
It is generally accepted that securing IP protection over these developments will also aid in this goal.  
 
To that end much of the work in this project has been an attempt to define the precise genetic and 
physiological basis for the novel attributes of e.g. evolved yeast strains, determine the particular 
fermentation scenario they are most relevant for (e.g. high sugar, low nutrient juices, etc) demonstrate 
their benefits in at least a number of red and white juices.  
 
This work is ongoing, but we have already begun to define the ‘typical’ behaviour of the evolved strains. 
Specifically they typically perform better than (i.e. ferment faster) or are equal to the lead commercial 
reference strains PDM or EC1118. We are taking the novel approach of seeking Plant Breeders Rights 
(covers plants and fungi – yeast is a micro fungi) to protect our strains, since PBR can be cheaper or 
easier to secure compared to a patent. To assist in the process, Dr Jiranek was formally registered with IP 
Australia in 2010 as a so-called “Qualified Person”, who can aid in prepation of the necessary submission 
to IP Australia. In support of a PBR application we are collecting both fermentation data as well as 
distinguishing attributes, the latter not necessarily being related to fermentation, for example, colony and 
cell morphology. Sensory attributes of finished wines will also be important. For this reason obtaining the 
wines produced a UC Davis in early 2012 will be important.  
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Once PBR have been secured and the strain is licenced to a yeast manufacturer, it will ideally be 
produced as a active dried yeast preparation and sold to the industry.  
 

Conclusion: 
We have examined the fermentation dynamics of the adaptively evolved yeast strain, L2056-C7, in a 
number of different industrial scale fermentations, with grape must from different South Australian 
regions as well as one from Californina, and in each case it performed equally as well as its parent, or 
PDM (commonly regarded as a robust fermentation yeast) and in some juices the use of L2056-C7 
actually shortened fermentation duration. Wines produced by L2056-C7 also had slightly lower lactic 
acid. It is also noteworthy to mention that this novel strain also performed well in the hands of 
winemakers other than those from this group. 
 
It was also pleasing to find that the phenotype exhibited by this strain, under controlled conditions was 
also shown to be very stable. After 50 generations of growth on non-selective medium, the same 
reduction in fermentation was apparent. Genetic stability is central to commercialisation potential, 
considering the strain is required to be grown in large volumes prior to dehydration of the yeast for 
packaging. 
 
We have accumulated extensive data regarding this strain’s genetic background, the potential relationship 
between genotype and phenotype (fermentation traits) and metabolite profile of both the intracellular 
contents of the yeast and extracellular metabolites that would impact on the quality of a wine (see Output 
H).  This data is in support of the application for the future commercialisation of L2056-C7.   
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The Jiranek group has recruited a number of PhD, Masters and Honours students, as well as a number of 
undergraduate students who completed projects over the summer vacation period, throughout the duration 
of project UA 05/01.  These student recruitments and completions have seen completion of Output L 18-
22 and are summarised below. 
 
PhD Students 
Name Thesis Title Year 

Completed 
Output

Jennifer M. Gardner Identification of genes affecting glucose catabolism in 
nitrogen-limited fermentation 

2006 L 18 

Colin McBryde Development of novel wine yeast strains using adaptive 
evolution 

2006 L 18 

Angela H. Matthews Biochemical and molecular characterisation of 
oenologically important enzymes identified in lactic acid 
bacteria 

2007 L 18 

Alana Capaldo Genes and mechanisms responsible for the β-glucosidase 
metabolisim in the oenologically important lactic acid 
bacteria Oenococcus Oeni 

2011 
(submitted) 

L 21 

Name Thesis Title Year 
Commenced 

Output

Krista Sumby Identification and characterisation of esterases from wine 
associated lactic acid bacteria 

2007 L 21 

Jade Forrester Characterisation of the wine meta-metabolome: Linking 
sensory attributes to yeast genotype 

2010 L 22 

Trung D. Nguyen Generating robust yeast for successful fermentation in 
high sugar media 

2010 L 22 

Jin Zhang Assimilable nitrogen catabolism by wine yeast 2010 L 22 

 
 

Master of Oenology Students 
Name Thesis Title Year 

Completed 
Output

Scott Robinson^ The effect of sodium chloride on malolactic 
fermentation 

2009 N/A 

Leah Adint^ Limiting hydrogen sulfide production in wine yeast by 
knockout of sulfate transporters 

2011 N/A 

Output L: Honours and PhD graduates and recruitment   
 

18. 1-3 PhD candidates (currently part of UA01/04) to complete and submit their 
theses (2005-2006). 

    
19. 1 Honours graduate from work undertaken in 2006-2007. 

 
20. 1 Honours graduate from work undertaken in 2007-2008. 

 
21. 1-2 PhD students recruited to work on aspects detailed within this project 

application (2005-2006). 
 

22. 1-3 additional Hons/PhD students recruited to the project to support emerging 
areas (2008-2009). 
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Honours Students 
Name Thesis Title Year 

Completed 
Output

Katherine Katalinic* Genetic engineering of an opi1 mutant of 
Saccharomyces cerevisiae to biosynthesise inositol and 
its derivatives 

2005 N/A 

Matthew Zadow* Predicting fermentation outcome.  What do measures 
of yeast assimilable nitrogen needs actually tell us? 

2005 N/A 

Alana Capaldo** Characterisation of -glucosidase gene from 
Oenococcus oeni for oenological use 

2006 L 19 

Robert Storey* Use of a high throughput fermentation system to 
evaluate novel yeast strains 

2007 L 19 

Rauri Donkin* Sodium chloride in Australian grape juice and its 
effect on fermentation 

2008 L20 

Paul Easton* Identification of genes important to an oenological 
fermentation 

2009 L22 

Thomas Parker** Identification of genes haploproficient for wine 
fermentation 

2009 L22 

Vic Xin Yang Investigation of the role of Dmo1p, a novel cation 
transporter, in yeast fermentation 

2010 N/A 

*12 unit honours = One year, half-time research component and half-time coursework 
**24 unit honours = One year, full-time research component  

 
 
Summer Scholars 
Name Project Area Year 
Ruben Jacobs Yeast gene deletion library replication 2006/2007 

Damian DeSouza Yeast gene deletion library replication 2006/2007 

Christian Knott Fermentation trials of adaptively evolved yeast strains 2007 

May Yong Yeast gene deletion library pilot screen 2008/2009 

Phyllicia Toh Yeast gene deletion library pilot screen 2008/2009 

Nick Kalatzis Yeast gene deletion library screening 2009/2010 

 
 
Visiting Scholars/Staff 

Name Project Area Year 
Karen Block Yeast overexpression library set up 2007/2008 

Nga Lam Yeast overexpression library plasmid amplification 2008/2009 
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The Jiranek group has disseminated project findings through a number of peer-reviewed journal articles, 
other forms of written media, invited seminar presentations and poster presentations and talks at a number 
of national and international conferences.  These are summarised below and achieve Output M 23-25 and 
part of output M 29 (this report forming the final part of Output M 29). 
 
Output M 26 was delayed up until now as the manuscript describing the properties of the initial AE strain 
L2056-C7 required a greater scope of experimental work and analysis to be suitable for publication. 
Having recently obtained the required metabolomic and genome sequence data, the manuscript is under 
revision for proposed submission in early 2012. Outputs M26-28 which related to data collection from 
several comparative fermentation trials were disseminated as part of this report and seminar presentations. 
The collective data (including that from work forming part of the continuation project UA 11/01) will be 
reported in industry journals/magazines and local seminars.  
 

Refereed journal articles (Attached in Appendix 1) 
Grimaldi A., Bartowsky E. & Jiranek V. (2005) A survey of glycosidase activities of commercial strains 

of Oenococcus oeni. International Journal of Food Microbiology 105:233-244 
Grimaldi A., Bartowsky E. & Jiranek V. (2005) Screening of Lactobacillus spp. and Pediococcus spp. for 

glycosidase activities that are important in oenology. Journal of Applied Microbiology 99:1061-69 
Gardner J. M., McBryde C., Vystavelova A., de Barros Lopes M. & Jiranek V. (2005) Identification of 

genes affecting glucose catabolism in nitrogen limited fermentation. FEMS Yeast Research 5:791-
800 

Walker M. E., Vystavelova A., Pedler S., Eglinton J. & Jiranek V. (2005) PCR-based gene disruption and 
recombinatory marker excision to produce modified industrial Saccharomyces cerevisiae without 
added sequences. Journal of Microbiology Methods 63:193-204 

McBryde C., Gardner J. M., de Barros Lopes M. & Jiranek V. (2006) Generation of novel wine yeast 
strains by adaptive evolution. American Journal of Enology and Viticulture, 57:423-430 

Matthews A., Grbin P. R. & Jiranek V. (2006) A survey of lactic acid bacteria for enzymes of interest to 
oenology. Australian Journal of Grape and Wine Research 12:235-244 

Astorga A. M., Gardner J. M., McBryde C., Schmid F., Walker M. & Jiranek V. (2007) Optimisation of 
industrial strains of Saccharomyces cerevisiae using recombinant and non-recombinant methods. 
Microbiology Australia 25:62-63 

Output M: Disseminated findings 
 

23.  1-3 publications/seminar presentations detailing project findings (2005-2006). 
 

24.  1-3 publications/seminar presentations detailing project findings (2006-2007). 
 

25. 1-3 publications/seminar presentations detailing project findings (2007-2008). 
 

26. 1 paper describing properties of initial AE strain with commentary on gross genetic 
differences in the strain (2008-2009). 

 
27. Initial trials of above conducted during ’09 vintage. Data disseminated via 1-3 papers, 

seminars or workshops (2009-2010). 
  

28. Data from Phase 1 trials disseminated. 1-3 publications, seminar presentation or 
workshops. Benefits for industry promulgated (2010-2011). 

 
29. Final report on project to date. 1-3 publications, seminars or workshops for researchers 

and winemakers (2010-2011).
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Matthews A., Grbin P. R. & Jiranek V. (2007) Biochemical characterisation of the esterase activities of 
wine lactic acid bacteria. Applied Microbiology and Biotechnology 77:329-337 

Poole K., Walker M. E., Warren T.,Gardner J. M., McBryde C., de Barros Lopes M. &. Jiranek V. (2009) 
Proline transport and stress tolerance of ammonia-insensitive mutants of PUT4-encoded proline-
specific permease in yeast. Journal of General Applied Microbiology 55(6):427-39 

Sumby K. M., Matthews A. H., Grbin P. R. & Jiranek V. (2009) Cloning and characterization of an 
intracellular esterase from the wine-associated lactic acid bacterium Oenococcus oeni. Applied and 
Environmental Microbiology 75(21): 6729–6735 

Sumby K. M., Grbin P. R. & Jiranek V. (2010) Microbial modulation of aromatic esters in wine: Current 
knowledge and future prospects. Food Chemistry 121:1-16 

Capaldo A., Walker M. E., Ford C. M. & Jiranek V. (2011a) -Glucoside metabolism in Oenococcus 
oeni: Cloning and characterisation of the phospho--glucosidase bglD. Food Chemistry 125:476–
482 

Capaldo A., Walker M. E., Ford C. M. & Jiranek V. (2011b) -Glucoside metabolism in Oenococcus 
oeni: Cloning and characterisation of the phospho--glucosidase CelD. Journal of Molecular 
Catalysis B: Enzymatic 69:27–34 

 

Other written articles 
Gardner J. M., McBryde C., de Barros Lopes M. & Jiranek V. (2005) Recent efforts to optimise wine 

yeast and its fermentation performance. Australian and New Zealand Wine Industry Journal 
20(6):43-45 

McBryde C., Gardner J.M., de Barros Lopes M. & Jiranek V. (2006) Adaptive (directed) evolution yields 
superior, “ready-to-use” wine yeast strains. Australian and New Zealand Wine Industry Journal 
22(2):44-48 

V. Jiranek (2007) Adaptive evolution can produce hardy yeast. R&D at Work: GWRDC Newsletter, April 
2007 

McBryde C., Gardner J. M., de Barros Lopes M. & Jiranek V. (2008) Ready-to-Use wine yeasts: 
Generation of superior “ready-to-use” wine yeasts using adaptive (directed) evolution. Wine 
Business Monthly, April 2008 

 

Conference and seminar presentations 
2006 
Jiranek, V. “Making yeast make more of nitrogen”. Invited oral presensentation at the International Wine 

Microbiology Conference, Yosemite, USA  
 
2007 
Astorga, M. A., Gardner, J. M., Walker, M. E., de Barros Lopes, M. & Jiranek, V. “Screening of 

transposon mutation libraries in a wine yeast background to identify genes contributing to 
successful fermentation”.  Poster presentation at the 23rd International Conference on Yeast 
Genetics and Molecular Biology, Melbourne, Australia 

Capaldo A., Walker M. E., Ford C. & Jiranek V. “Expression and characterisation of a β-glucosidase 
gene from Oenococcus oeni for oenological use”. Poster presentation at the 13th Australian Wine 
Industry Technical Conference, Adelaide, Australia 

Gardner, J. M., Astorga, A.M., Walker, M. E. & Jiranek, V. “Screening of a mutagenic transposon library 
in a wine yeast background to identify genes contributing to successful fermentation”. Poster 
presentation at the 23rd International Conference of Yeast Genetics and Molecular Biology, 
Melbourne, Australia 
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Gardner, J., McBryde, C., Astorga, M., Walker, M. & Jiranek, V. “Tackling the impacts of climate 
change on winemaking through novel and improved wine yeasts”. Invited oral presentation 
discussion at the 8th International Symposium on Innovations in Enology, Stuttgart, Germany 

Jiranek V. “An update on the nutritional management of the primary fermentation”. Invited oral 
presentation at the 13th Australian Wine Industry Technical Conference, Adelaide, Australia 

Jiranek V. “Getting more out of winemaking microorganisms”. Invite oral presentation at the Australian 
Society for Microbiology Annual Conference, Adelaide, Australia 

Jiranek V. “Optimisation of winemaking strains: A range of approaches for a range of tastes”. An invited 
oral presentation at CSIRO, Plant Industry, Adelaide, Australia 

Lam N., Walker M. E. & Jiranek V. “Construction of wine yeast with increased tolerance to osmotic 
stress and their evaluation under wine fermentation”. Poster presentation at the 13th Australian 
Wine Industry Technical Conference, Adelaide, Australia 

Matthews A., Grbin P. R. & Jiranek V. “Esterases of Oenococcus oeni”. Poster presentation at the 13th 
Australian Wine Industry Technical Conference, Adelaide, Australia 

McBryde, C.M., Gardner, J.M. & Jiranek, V. “Using adaptive evolution to enhance wine yeast”.  Poster 
presentation at the 23rd International Conference of Yeast Genetics and Molecular Biology, 
Melbourne, Australia 

McBryde, C.M., Gardner, J.M. & Jiranek, V. “Characterisation of adaptively evolved wine yeast under 
pilot conditions”.  Poster presentation at the 23rd International Conference of Yeast Genetics and 
Molecular Biology, Melbourne, Australia 

Schmid F., Walker M. E. & Jiranek V. “Automated fermentation system for evaluation of large numbers 
of yeast strains in laboratory wine fermentations”. Poster presentation at the 23rd International 
Conference on Yeast Genetics and Molecular Biology, Melbourne, Australia 

Schmid F., Walker M. E. & Jiranek V. “An automated fermentation system for evaluation of large 
numbers of yeast strains in laboratory wine fermentations”.  Poster presentation at the 13th 
Australian Wine Industries Technical Conference Adelaide, Australia 

Sumby K., Capaldo A., Walker M. E., Grbin P. R., Ford C. & Jiranek V. “Enzymatic activities of lactic 
acid bacteria: Distribution, cloning and characterisation of esterases and glycosidases”. Poster 
presentation at the 13th Australian Wine Industries Technical Conference Adelaide, Australia 

Walker M. E., Gardner J. M., McBryde C., Schmid F., Macintyre A., Bishop A. & Jiranek V. “Strategies 
for the generation of wine yeast strains with novel fermentation traits”.  Poster presentation at the 
23rd International Conference on Yeast Genetics and Molecular Biology, Melbourne, Australia 

Walker M. E., Gardner J. M., McBryde C., Schmid F., Macintyre A., Bishop A. & Jiranek V. “Strategies 
for the generation of wine yeast strains with novel fermentation traits”. Poster presentation at the 
13th Australian Wine Industry Technical Conference, Adelaide, Australia 

 
2008 
Jiranek V. “Yeast genomics: Medium and long term goals”. Invited oral presentation at the Wine 2030 

Blue Sky 2008 Symposium: Research to Transform the Wine Industry, Adelaide, Australia 
 
2009 
Gardner J. M., McBryde C., Walker M. E. & Jiranek V. “Progress towards characterisation of an 

adaptively evolved wine yeast strain”.  Poster presentation at the 4th Australian Conference on 
Yeast: Products and Discovery, Adelaide, Australia 

Jiranek V. “Challenges of commercialisation (of microbial tools)”. Invited seminar at the Wine 2030 Blue 
Sky 2009 Symposium: Research to Transform the Wine Industry, Adelaide, Australia 

Jiranek V. “Characterisation and optimisation of wine microbes”. Invited seminar at the Department of 
Enology and Viticulture, UC-Davis, Davis, California, USA 
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Jiranek V. “Inside the microbial ‘black box’ of winemaking”. Invited oral presentation at the Wine 
Innovation Cluster Research Day Symposium.  

McBryde C., Gardner J. M., Walker M. E. & Jiranek V. “Adaptive evolution strategies for the generation 
of novel wine yeast”. Poster presentation at the 24th International Conference on Yeast Genetics 
and Molecular Biology, Manchester, UK 

Walker M. E., Liccioli T., Warren T., Capaldo A., Schmid F. & Jiranek V. “The influence of wine yeast 
on colour extraction and stabilisation in red wine”. Poster presentation at the 24th International 
Conference on Yeast Genetics and Molecular Biology, Manchester, UK 

Walker M. E., Gardner J. M., Liccioli T., Schmid F., McBryde C. & Jiranek V. “Progress towards 
improvement of industrial yeast for the wine industry”.  Oral presentation at the 4th Australian 
Conference on Yeast: Products and Discovery, Adelaide, Australia  

 
2010 
Gardner J. M., McBryde C., Dunn W., Brown M., Oliver S. & Jiranek V. “Using metabolomics to probe 

the impact of an adaptively evolved wine yeast on oenological fermentation”. Poster presentation 
at the 14th Australian Wine Industry Technical Conference, Adelaide, Australia 

Jiranek V. “Development of new yeast strains for the wine industry”. Invited seminar at the Oregon Wine 
Industry Symposium, Eugene, Oregon, USA 

Jiranek, V. “Overview of the Jiranek group’s research”. Invited seminar at the University of Rioja, 
Logrono, Spain 

Jiranek V. “Temperature distributions in fermentors during red winemaking: potential implications”. 
Invited oral presentation and panel discussion at the 9th International Symposium on Innovations in 
Enology, Stuttgart, Germany 

Jiranek V. “Wine microbiology for fermentation success and wine quality”. Invited seminar at the School 
of Biological Sciences, University of Auckland, Auckland, New Zealand 

Walker M.E., Liccioli T., Schmid F., Kalatzis N., Gardner J.M., Grbin P.R. & Jiranek, V. “The 
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Outcome/Conclusion 
 
This project succeeded in providing greater insight into the role of microorganisms in the winemaking 
process. Specifically, we were able to generate superior strains of yeast (in terms of fermentation 
robustness) via a range of methods, and identify LAB and their enzymes which have potential as ways of 
modifying wine composition. Such yeast strains include those with increased nitrogen efficiency as well 
as general improvements in wine fermentation performance, whilst the LAB included strains with specific 

esterase and -glucosidase activities. Enzyme preparations from LAB were also generated.  
 
In addition to the above we have established a comprehensive set of methodologies and expertise for the 
generation and screening of candidate optimised yeast and bacteria, along with methodologies 
(bioinformatics, functional genomics, metabolomics, etc) to characterise such developments to a high 
degree.  
 
The ambitious nature of this project combined with difficult vintages meant that some aspects were not 
advanced to the extent intended. However, on the whole, performance targets that were achieved were 
exceeded many-fold in terms of number of strains or enzymes examined.  
 
There are undoubtedly significant potential benefits for the industry. We are in the process of developing 
a case to protect (in terms of IP) and commercialise some of the strains from this work. The same can be 
said of some of the LAB enzymes characterised herein. We would hope to see novel yeast strain from this 
work enter the marker in 2012/2013. At very least the winemaker could see immediate advantages from 
the selective use of LAB strains in the winemaking process. 
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Recommendations 
 
Many of the recommendations that would have come from this project have already been taken up by 
virtue of the continuation of funding to support specific parts of this project though UA 11/01. That wine 
microbiology can influence wine processing and composition remains and undeniable fact. As such the 
industry would be well served to continue support of research in this area. We have developed a large 
number of promising strains, derivatives and leads. Not all will be accommodated within UA 11/01. As 
such we will seek to underwrite further work in this area by continuing to attract research students to 
work on relevant topics.  
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Appendix 1: Communication 
 
Extensive communication and dissemination of findings from this research has been achieved. In addition 
to the written and oral presentations detailed in Output M, outlines of this work have been provided to 
wine industry groups visiting the Waite campus. In addition the work has been detailed as cutting-edge 
developments in wine microbiology through lectures to undergraduate and postgraduate oenology 
students as well as BSc (Biotechnology) students at the University of Adelaide. 
 
The peer-reviewed publications largely arising from this work are attached here.  
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d

4
.0

(i.e.
w
in
e
p
H
).

T
h
e
fact

th
at

th
is

p
H

o
p
tim

u
m

d
o
es

n
o
t
co
rresp

o
n
d
w
ith

th
e
o
p
ti-

m
al

p
H

fo
r
th
e
g
ro
w
th

o
f
th
ese

o
rg
an
ism

s
(~
p
H

4
.2
–

4
.8
;
v
an

V
u
u
ren

an
d
D
ick

s,
1
9
9
3
)
arg

u
es

ag
ain

st
th
e

in
flu

en
ce

o
f
p
H
m
erely

b
ein

g
a
co
n
seq

u
en
ce

o
f
d
iffer-

en
tial

g
ro
w
th

o
f
th
e
b
io
m
ass

d
u
rin

g
th
e
assay

p
erio

d
.

F
o
r
th
e
th
ree

g
ly
co
sid

ases,h
-d
-g
lu
co
p
y
ran

o
sid

ase,

a
-d
-g
lu
co
p
y
ran

o
sid

ase
an
d

h
-d
-x
y
lo
p
y
ran

o
sid

ase,

m
ark

ed
h
y
d
ro
ly
tic

activ
ity

w
as

retain
ed

ab
o
v
e
w
in
e

p
H

v
alu

es,
u
p
to

n
eu
tral,

su
g
g
estin

g
th
e
p
o
ssib

le
u
se

o
f
th
ese

en
zy
m
es

at
su
ch

p
H

v
alu

es.
In

co
n
trast,

h
y
d
ro
ly
sis

o
f

p
N
P
-a
R
h
a

an
d

p
N
P
-a
A
ra

q
u
ick

ly

d
im

in
ish

ed
w
ith

p
H

v
alu

es
ab
o
v
e

4
.0
.
T
h
is

latter

fin
d
in
g
also

ex
p
lain

s
o
u
r
p
rev

io
u
s
in
ab
ility

to
d
etect

sig
n
ifican

t
a
-l
-rh

am
n
o
p
y
ran

o
sid

ase
activ

ity
in

1
3
O
.

o
en
i
iso

lates,
w
h
ere

m
easu

rem
en
ts
w
ere

co
n
d
u
cted

at

p
H

5
.0

(G
rim

ald
i
et

al.,
2
0
0
0
).

A
lso

o
f
n
o
te

is
th
e

ex
isten

ce
o
f
tw
o

p
eak

s
o
f
h
-d
-g
lu
co
p
y
ran

o
sid

ase

activ
ity

at
q
u
ite

d
istin

ct
p
H
v
alu

es
(F
ig
.
1
).
T
h
is
resu

lt

m
ig
h
t
b
e
in
d
icativ

e
o
f
th
e
in
v
o
lv
em

en
t
o
f
m
u
ltip

le

en
zy
m
es,

each
w
ith

th
eir

o
w
n
p
H

o
p
tim

u
m
.
A
ltern

a-

tiv
ely,

it
is

p
o
ssib

le
th
is

stu
d
y
h
as

actu
ally

rev
ealed

an
o
th
er

ex
am

p
le
o
f
th
at
u
n
co
m
m
o
n
g
ro
u
p
o
f
en
zy
m
es

th
at

h
av
e
d
u
al

p
H

o
p
tim

a
(e.g

.
L
ev
in

an
d
B
o
d
an
sk
y,

1
9
6
6
;
G
ee

et
al.,

1
9
8
8
;
N
ag
ash

im
a

et
al.,

1
9
9
9
).

O
p
p
o
sin

g
th
e
latter

n
o
tio

n
are

rep
o
rts

o
f
m
u
ltip

le
h
-

d
-g
lu
co
p
y
ran

o
sid

ases
in

L
a
cto

b
a
cillu

s
p
la
n
ta
ru
m

(M
arasco

et
al.,

1
9
9
8
,
2
0
0
0
)
an
d

o
th
er

lactic
acid

b
acteria.

A
p
relim

in
ary

search
o
f
th
e

O
en
o
co
ccu

s

g
en
o
m
e

seq
u
en
ce

(C
o
u
tin

h
o

an
d

H
en
rissat,

1
9
9
9
)

also
rev

eals
th
e
p
resen

ce
o
f
m
u
ltip

le
p
u
tativ

e
o
p
en

read
in
g
fram

es
w
ith

h
ig
h
h
o
m
o
lo
g
y
to

a
co
n
sen

su
s

seq
u
en
ce

d
eriv

ed
fro

m
m
o
re

fu
lly

ch
aracterised

h
-d
-

g
lu
co
p
y
ran

o
sid

ases
fro

m
o
th
er

o
rg
an
ism

s
(d
ata

n
o
t

sh
o
w
n
).

D
etailed

ch
aracterisatio

n
o
f
p
u
rified

fo
rm

s

o
f
th
e
en
zy
m
e(s)

in
q
u
estio

n
w
ill

reso
lv
e
th
is

issu
e.

T
h
e
fin

d
in
g

th
at

few
O
.
o
en
i
strain

s
p
o
ssessed

co
n
sisten

tly
h
ig
h

activ
ities

fo
r
all

su
b
strates

u
sed

(T
ab
le

2
),
reiterates

th
e
im

p
o
rtan

ce
o
f
strain

selectio
n

w
h
en

co
n
sid

erin
g
th
e
ap
p
licatio

n
o
f
O
.
o
en
i
in

th
e

m
o
d
ificatio

n
o
f
th
e
g
ly
co
sid

e
p
ro
file

o
f
w
in
e.

S
u
ch

v
ariab

ility
m
ig
h
t
also

b
e
co
n
sid

ered
in
d
icativ

e
o
f
th
e

in
v
o
lv
em

en
t
o
f
m
u
ltip

le
en
zy
m
es

w
ith

lim
ited

su
b
-

strate
sp
ecificity,

rath
er

th
an

a
sin

g
le

en
zy
m
e
ab
le

to

act
o
n
all

th
e
su
b
strates

tested
.
T
h
e
p
resen

ce
o
f
m
in
i-

m
al

a
-l
-rh

am
n
o
p
y
ran

o
sid

ase
an
d
a
-l
-arab

in
o
fu
ran

o
-

sid
ase

activ
ities

in
p
articu

lar
ag
rees

w
ith

recen
t

fin
d
in
g
s
th
at

O
.
o
en
i
h
as

lo
w

sp
ecificity

fo
r
th
is

im
p
o
rtan

t
g
ro
u
p
o
f
d
isacch

arid
e
aro

m
a-related

co
m
-

A
.
G
rim

a
ld
i
et

a
l.
/
In
tern

a
tio

n
a
l
Jo
u
rn
a
l
o
f
F
o
o
d
M
icro

b
io
lo
g
y
1
0
5
(2
0
0
5
)
2
3
3
–
2
4
4

2
4
1

p
o
u
n
d
s
in

w
in
e
(D

’In
cecco

et
al.,

2
0
0
4
).
T
h
e
in
d
u
s-

trial
sig

n
ifican

ce
o
f
th
ese

activ
ities,

w
h
ich

is
n
o
n
e-

th
eless

d
etectab

le
in

th
ese

strain
s,

d
o
es

still
w
arran

t

fu
rth

er
in
v
estig

atio
n
.

In
in
v
estig

atin
g
th
e
in
flu

en
ce

o
f
sp
ecific

p
h
y
sio

-

ch
em

ical
p
aram

eters,
so
m
e
lig

h
t
h
as

b
een

sh
ed

o
n
th
e

sco
p
e
o
f
th
e
ap
p
licab

ility
o
f
th
e
en
zy
m
es

ex
am

in
ed

in

th
is

stu
d
y.

R
eten

tio
n
o
f
so
m
e
g
ly
co
sid

ic
activ

ity
at

tem
p
eratu

res
b
elo

w
2
0
8C

(F
ig
.
2
)
is
o
f
im

p
o
rtan

ce
fo
r

th
e
w
in
e
in
d
u
stry,

g
iv
en

th
at

w
in
es

are
u
su
ally

sto
red

in
th
is

ran
g
e
d
u
rin

g
th
e
M
L
F
.
T
h
e
g
reatest

activ
ity

w
as

o
b
serv

ed
ab
o
v
e
3
5
8C

.
W
h
ilst

th
is
is
o
u
tsid

e
th
e

ty
p
ical

o
p
eratin

g
ran

g
e
fo
r
w
in
em

ak
in
g
,
it
b
eco

m
es

m
o
re

im
p
o
rtan

t
fo
r
altern

ate
p
ro
cessin

g
o
f
sm

all

b
atch

es
o
f
ju
ice

o
r
w
in
e
o
r
else

o
th
er

in
d
u
strial

ap
p
li-

catio
n
s
(e.g

.
M
o
u
rg
u
es

an
d
B
én
ard

,
1
9
8
2
;
G
irard

et

al.,
1
9
9
7
).

T
h
e
en
h
an
cin

g
effect

o
f
eth

an
o
l,
o
ccu

rrin
g
m
o
st

o
ften

at
lo
w
er

co
n
cen

tratio
n
s
(e.g

.
4
%

v
/v
;
F
ig

3
),

m
irro

rs
p
rev

io
u
s
fin

d
in
g
s
fo
r
O
.
o
en
i
(G

rim
ald

i
et

al.,

2
0
0
0
)
an
d
y
east

b
io
m
ass

(B
lo
n
d
in

et
al.,

1
9
8
3
;
G
o
n
d
é

et
al.,

1
9
8
5
),

th
o
u
g
h
ex
p
ressio

n
o
f
a
h
-g
lu
co
sid

ase

g
en
e

fro
m

L
.
p
la
n
ta
ru
m

h
as

b
een

sh
o
w
n

to
b
e

rep
ressed

b
y
1
2
%

(v
/v
)
eth

an
o
l
(S
p
an
o
et

al.,
2
0
0
5
).

G
iv
en

th
e
d
u
ratio

n
o
f
th
e
assay

u
sed

in
th
is
stu

d
y
it
is

m
o
re

lik
ely

th
at
o
b
serv

ed
in
flu

en
ces

o
f
eth

an
o
l
related

to
ex
istin

g
en
zy
m
e
rath

er
th
an

d
e
n
o
vo

sy
n
th
esis.

H
ere,

eth
an
o
l
p
artially

in
h
ib
ited

g
ly
co
sid

ase
activ

ities,

w
ith

co
m
p
lete

in
h
ib
itio

n
b
ein

g
m
o
st
o
ften

seen
fo
r
a
-

arab
in
o
fu
ran

o
sid

ase
activ

ity.
T
h
e
reten

tio
n
o
f
g
ly
co
-

sid
ase

activ
ity

in
th
e
p
resen

ce
o
f
u
p
to

1
0
%

eth
an
o
l

su
p
p
o
rts

th
e
p
o
ten

tial
u
se

o
f
su
ch

en
zy
m
es

in
th
e

p
ro
cessin

g
o
f
alco

h
o
lic

b
ev
erag

es,
su
ch

as
w
in
e
an
d

b
eer,

w
ith

eth
an
o
l
co
n
cen

tratio
n
s
w
ith

in
th
is
ran

g
e.
A

ch
aracterisatio

n
o
f
p
u
rified

en
zy
m
es

is
n
ecessary

to

d
eterm

in
e
th
e
p
recise

m
an
n
er

in
w
h
ich

eth
an
o
l
in
flu

-

en
ces

th
eir

activ
ity.

N
o
n
-d
istilled

alco
h
o
lic

b
ev
erag

es
o
ften

co
n
tain

resid
u
al

su
g
ars,

w
h
ich

in
th
e
case

o
f
w
in
e
are

m
ain

ly

g
lu
co
se

an
d
fru

cto
se

(B
o
u
lto

n
et
al.,

1
9
9
6
).
In

k
eep

in
g

w
ith

n
u
m
ero

u
s
rep

o
rts

fo
r
g
ly
co
sid

ase
en
zy
m
es

fro
m

v
ario

u
s
so
u
rces

(A
ry
an

et
al.,

1
9
8
7
;
C
o
rd
o
n
n
ier

et
al.,

1
9
8
9
),

th
e

p
resen

ce
o
f
su
ch

su
g
ars

w
as

fo
u
n
d

to

red
u
ce

activ
ity

(F
ig

3
).

T
h
e
k
ey

ex
cep

tio
n
b
ein

g
a

m
ark

ed
en
h
an
cem

en
t
o
f
so
m
e
activ

ities
b
y
fru

cto
se

ev
en

w
h
en

p
resen

t
at
co
n
cen

tratio
n
s
as

h
ig
h
as

0
.7
5
%

v
/v,

th
e
sp
ecified

m
ax
im

u
m

resid
u
al
su
g
ar

co
n
ten

t
fo
r

d
ry

tab
le

w
in
es

(Ilan
d
an
d
G
ag
o
,
2
0
0
2
).
A
s
a
g
en
eral

tren
d
,
alth

o
u
g
h
th
e
th
resh

o
ld

co
n
cen

tratio
n
fo
r
ap
p
ear-

an
ce

o
f
fru

cto
se

in
h
ib
itio

n
w
as

as
at

least
as

lo
w

as

0
.0
1
%
,
a
7
5
-fo

ld
in
crease

in
fru

cto
se

co
n
cen

tratio
n

d
id

n
o
t
p
ro
d
u
ce

a
p
ro
p
o
rtio

n
al

in
crease

in
in
h
ib
itio

n
.

T
h
is

rep
resen

ts
an

im
p
o
rtan

t
d
istin

ctio
n
b
etw

een
O
.

o
en
i
an
d
o
th
er

so
u
rces

o
f
g
ly
co
sid

ases
w
h
erein

th
e

d
eg
ree

o
f
in
h
ib
itio

n
is

m
u
ch

m
o
re

clo
sely

lin
k
ed

to

th
e
co
n
cen

tratio
n
o
f
su
g
ar

p
resen

t
(A

ry
an

et
al.,

1
9
8
7
;

C
o
rd
o
n
n
ier

et
al.,

1
9
8
9
).

In
su
m
m
ary,

in
th
e
sin

g
le

p
aram

eter
ex
p
erim

en
ts,

eth
an
o
l,

su
g
ars

(g
lu
co
se

an
d

fru
cto

se)
an
d
p
H
,
are

ab
le

to
im

p
act

u
p
o
n
th
e
g
ly
co
sid

ic
ab
ility

o
f
O
.
o
en
i

cells
in

a
m
an
n
er

th
at

ran
g
es

b
etw

een
h
ig
h
ly

in
h
ib
i-

to
ry

to
h
ig
h
ly

stim
u
lato

ry.
B
y
ad
d
itio

n
ally

ex
am

in
in
g

th
e
in
flu

en
ce

o
f
th
ese

p
aram

eters
w
h
en

ap
p
lied

in
a

m
u
ltifacto

rial
fash

io
n
,
it
h
as

b
een

p
o
ssib

le
to

g
ain

an

in
sig

h
t
in
to

th
e

p
o
ten

tial
o
f
th
ese

activ
ities

u
n
d
er

co
n
d
itio

n
s
m
o
re

an
alo

g
o
u
s
to

an
in
d
u
strial

settin
g
.

M
o
st

n
o
tab

ly,
co
m
b
in
atio

n
o
f
th
ese

p
aram

eters
g
en
-

erally
resu

lted
in

a
m
o
re

m
o
d
erate

in
flu

en
ce

o
n
d
etect-

ab
le

g
ly
co
sid

ase
activ

ity,
esp

ecially
th
at

ag
ain

st
p
N
P
-

h
G
lu
,
p
N
P
-a
G
lu

an
d
p
N
P
-h
X
y
l
(F
ig
.
4
).
T
h
e
ab
ility

to
h
y
d
ro
ly
se

p
N
P
- a
A
ra

(an
d

p
N
P
-a
R
h
a;

d
ata

n
o
t

sh
o
w
n
)
w
as

ag
ain

fo
u
n
d

to
b
e
w
eak

an
d
,
in

th
is

m
u
ltifacto

rial
ex
p
erim

en
t,

o
n
e

sen
sitiv

e
to

su
g
ars.

T
h
u
s,
w
h
ereas

fru
cto

se
o
n
its

o
w
n
w
as

at
tim

es
seen

to
b
e
stim

u
lato

ry,
w
h
en

su
p
p
lied

w
ith

eth
an
o
l
at

p
H

3
.5

a
m
ark

ed
in
h
ib
itio

n
w
as

ap
p
aren

t.
T
h
is

o
b
serv

a-

tio
n
is

a
lik

ely
ex
p
lan

atio
n
fo
r
th
e
in
ab
ility

o
f
D
’In

-

cecco
et

al.
(2
0
0
4
)
to

d
etect

an
y
g
ly
co
sid

ase
activ

ity

in
w
in
e
(co

n
tain

in
g
eth

an
o
l)
o
th
er

th
an

h
-g
lu
co
sid

ase.

T
h
ere

are
n
o
o
b
v
io
u
s
lin

k
s
b
etw

een
th
e
fin

d
in
g
s
fo
r

th
e
m
u
ltifacto

rial
ex
p
erim

en
ts

co
m
p
ared

to
th
o
se

in

w
h
ich

sin
g
le
p
aram

eters
w
ere

stu
d
ied

.
T
h
ese

o
b
serv

a-

tio
n
s
serv

e
o
n
ly

to
h
ig
h
lig

h
t
th
e
co
m
p
lex

ity
o
f
th
e

in
teractio

n
s
in
v
o
lv
ed

an
d
reiterates

th
e
im

p
o
rtan

ce
o
f

fu
rth

er
w
o
rk

w
ith

p
u
rified

g
ly
co
sid

e
en
zy
m
es.

N
ev
er-

th
eless,

sev
eral

strain
s
stan

d
o
u
t
as

p
o
ssessin

g
h
ig
h

lev
els

o
f
activ

ity
ag
ain

st
th
e
v
ario

u
s
su
b
strates

stu
-

d
ied

.
C
o
n
sid

eratio
n
o
f
su
ch

fin
d
in
g
s
alo

n
g
w
ith

th
e

relativ
e
sen

sitiv
ity

o
f
each

activ
ity

to
th
e
w
in
e-related

in
h
ib
ito

rs
stu

d
ied

allo
w
s
fo
r
th
e
selectio

n
o
f
strain

s
fo
r

fu
rth

er
ev
alu

atio
n
:
eith

er
d
u
rin

g
M
L
F
o
f
w
in
e
o
r
else

u
p
o
n

in
cu
b
atio

n
w
ith

p
u
rified

g
rap

e
g
ly
co
sid

es.
In

ad
d
itio

n
,
w
o
rk

is
cu
rren

tly
u
n
d
erw

ay
in

th
is

lab
o
ra-

to
ry

to
p
u
rify

th
e

p
ro
b
ab
ly

n
u
m
ero

u
s
g
ly
co
sid

ase

en
zy
m
es

fo
u
n
d

in
th
ese

b
acteria,

ah
ead

o
f
th
eir

m
o
re

p
recise

ch
aracterisatio

n
.

A
.
G
rim

a
ld
i
et

a
l.
/
In
tern

a
tio

n
a
l
Jo
u
rn
a
l
o
f
F
o
o
d
M
icro

b
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atériel

en
zy
m
atiq

u
e
ad
ap
té
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e,

T
.,

A
n
azaw

a,
H
.,

1
9
9
9
.
D
ep
h
o
sp
h
o
ry
la-

tio
n
o
f
p
h
y
tate

b
y
u
sin

g
th
e
A
sp
erg

illu
s
n
ig
er

p
h
y
tase

w
ith

a
h
ig
h

affin
ity

fo
r

p
h
y
tate.

A
p
p
l.

E
n
v
iro

n
.
M
icro

b
io
l.

6
5
,

4
6
8
2
–
4
6
8
4
.

R
azu

n
g
les,

A
.,
G
ü
n
ata,

Z
.,
P
in
an
te,

S
.,
B
au
m
es,

R
.,
B
ay
o
n
o
v
e,
C
.,

1
9
9
3
.
E
tu
d
e
q
u
an
titativ

e
d
e
co
m
p
o
sés

terp
én
iq
u
es,

n
o
riso

p
re-

n
o
fd
es

et
leu

rs
p
recu

rseu
rs
d
an
s
d
iv
erses

v
arietés

d
e
raisin

s.
S
ci.

A
lim

en
ts
1
3
,
5
9
–
7
2
.

R
ey
n
o
ld
s,

A
.G
.,
E
d
w
ard

s,
C
.G
.,
C
liff,

M
.A
.,
T
h
o
rn
g
ate,

J.H
.
III,

M
arr,

J.C
.,
2
0
0
1
.
E
v
alu

atio
n
o
f
y
east

strain
s
d
u
rin

g
ferm

en
tatio

n

o
f
R
ieslin

g
an
d
C
h
en
in

b
lan

c
m
u
sts.

A
m
.
J.

E
n
o
l.
V
itic.

5
2
,

3
3
6
–
3
4
4
.

S
an
ch
ez-T

o
rres,

P.,
G
o
n
zalez-C

an
d
elas,

L
.,
R
am

o
n
,
D
.,
1
9
9
8
.
H
et-

ero
lo
g
o
u
s
ex
p
ressio

n
o
f
a
C
a
n
d
id
a
m
o
lisch

ia
n
a
an
th
o
cy
an
in
-h
-

g
lu
co
sid

ase
in

a
w
in
e
y
east

strain
.
J.

A
g
ric.

F
o
o
d
C
h
em

.
4
6
,

3
5
4
–
3
6
0
.

S
ch
n
eid

er,
R
.,
R
azu

n
g
les,

A
.,
A
u
g
ier,

C
.,
B
au
m
es,

R
.,
2
0
0
1
.
M
o
n
o
-

terp
en
ic

an
d
n
o
riso

p
ren

o
id
ic

g
ly
co
co
n
ju
g
ates

o
f
V
itis

vin
ifera

L
.cv

M
elo

n
as

p
recu

rso
rs

o
f
o
d
o
ran

ts
in

M
u
scad

et
w
in
es.

J.

C
h
ro
m
ato

g
r.
9
3
6
,
1
4
5
–
1
5
7
.

S
p
ag
n
a,

G
.,
R
o
m
ag
n
o
li,

D
.,
A
n
g
ela,

M
.,
B
ian

ch
i,
G
.,
P
ifferi,

P.G
.,

1
9
9
8
.
A

sim
p
le

m
eth

o
d
fo
r
p
u
rify

in
g
g
ly
co
sid

ases:
a
-l
-arab

i-

n
o
fu
ran

o
sid

ase
an
d

h
-d
-g
lu
co
p
y
ran

o
sid

ase
fro

m
A
sp
erg

illu
s

n
ig
er

to
in
crease

th
e
aro

m
a
o
f
w
in
e:

P
art

I.
E
n
zy
m
e
M
icro

b
.

T
ech

n
o
l.
2
2
,
2
9
8
–
3
0
4
.

S
p
ag
n
a,

G
.,
B
arb

ag
allo

,
R
.N
.,
G
reco

,
E
.,
M
an
en
ti,

I.,
P
ifferi,

P.G
.,

2
0
0
2
.
A
m
ix
tu
re

o
f
p
u
rified

g
ly
co
sid

ases
fro

m
A
sp
erg

illu
s
n
ig
er

fo
r
o
en
o
lo
g
ical

ap
p
licatio

n
im

m
o
b
ilised

b
y
in
clu

sio
n
in

ch
ito

san

g
els.

E
n
zy
m
e
M
icro

b
.
T
ech

n
o
l.
3
0
,
8
0
–
8
9
.

S
p
an
o
,
G
.,

R
in
ald

i,
A
.,

U
g
lian

o
,
M
.,

M
o
io
,
L
.,

B
en
ed
u
ce,

L
.,

M
assa,

S
.,
2
0
0
5
.
A

b
eta-g

lu
co
sid

ase
g
en
e
iso

lated
fro

m
w
in
e

L
a
cto

b
a
cillu

s
p
la
n
ta
ru
m

is
reg

u
lated

b
y

ab
io
tic

stresses.
J.

A
p
p
l.
M
icro

b
io
l.
9
8
,
8
5
5
–
8
6
1
.

S
trau

ss,
C
.R
.,
W
ilso

n
,
B
.,
G
o
o
ley,

P.R
.,
W
illiam

s,
P.J.,

1
9
8
6
.
R
o
le

o
f
m
o
n
o
terp

en
es

in
g
rap

e
an
d
w
in
e
flav

o
r.
In
:
P
arlim

en
t,

H
.,

C
ro
teau

,
R
.
(E
d
s.),

B
io
g
en
eratio

n
o
f
A
ro
m
as,

A
C
S
S
y
m
p
o
siu

m

S
eries,

v
o
l.
3
1
7
.
A
m
erican

C
h
em

ical
S
o
ciety,

W
ash

in
g
to
n
,
D
C
,

p
p
.
2
2
2
–
2
4
2
.

T
zan

etak
is,

N
.,
L
ito

p
o
u
lo
u
-T
zan

etak
is,

E
.,
1
9
8
9
.
B
io
ch
em

ical
activ

-

ities
o
f
P
ed
io
co
ccu

s
p
en
to
sa
ceu

s.
J.

D
airy

S
ci.

7
2
,
8
5
9
–
8
6
3
.

U
g
lian

o
,
M
.,
G
en
o
v
ese,

A
.,
M
o
io
,
L
.,
2
0
0
3
.
H
y
d
ro
ly
sis

o
f
w
in
e

aro
m
a
p
recu

rso
rs
d
u
rin

g
m
alo

lactic
ferm

en
tatio

n
w
ith

fo
u
r
co
m
-

m
ercial

starter
cu
ltu

res
o
f
O
en
o
co
ccu

s
o
en
i.

J.
A
g
ric.

F
o
o
d

C
h
em

.
5
1
,
5
0
7
3
–
5
0
7
8
.

v
an

R
en
sb
u
rg
,
P.,

P
reto

riu
s,

I.S
.,
2
0
0
0
.
E
n
zy
m
es

in
w
in
em

ak
in
g
,

h
arn

essin
g
n
atu

ral
cataly

sts
fo
r
efficien

t
b
io
tran

sfo
rm

atio
n
s—

a

rev
iew

.
S
.
A
fr.

J.
E
n
o
l.
V
itic.

2
1
,
5
2
–
7
3
.

v
an

V
u
u
ren

,
H
.J.J.,

D
ick

s,
L
.M

.T
.,
1
9
9
3
.
L
eu
co
n
o
sto

c
o
en
o
s:

a

rev
iew

.
A
m
.
J.
E
n
o
l.
V
itic.

4
4
,
9
9
–
1
1
2
.

V
o
irin

,
S
.,
B
au
m
es,

R
.L
.,
B
itteu

r,
S
.M

.,
G
ü
n
ata,

Z
.Y
.,
B
ay
an
o
v
e,

C
.L
.,
1
9
9
0
.
N
o
v
el

m
o
n
o
terp

en
e
d
isacch

rid
e
g
ly
co
sid

es
o
f
V
itis

vin
ifera

g
rap

es.
J.
A
g
ric.

F
o
o
d
C
h
em

.
3
8
,
1
3
7
3
–
1
3
7
8
.

W
illiam

s,
P.J.,

S
trau

ss,
C
.R
.,
W
ilso

n
,
B
.,
M
assey

-W
estro

p
p
,
R
.A
.,

1
9
8
2
.
S
tu
d
ies

o
n
th
e
h
y
d
ro
ly
sis

o
f
V
itis

vin
ifera

m
o
n
o
terp

en
e

p
recu

rso
r
co
m
p
o
u
n
d
s
an
d
m
o
d
el

m
o
n
o
terp

en
e
h
-d
-g
lu
co
sid

es

ratio
n
alizin

g
th
e
m
o
n
o
terp

en
e
co
m
p
o
sitio

n
o
f
g
rap

es.
J.
A
g
ric.

F
o
o
d
C
h
em

.
3
0
,
1
2
1
9
–
1
2
2
3
.

W
in
terh

alter,
P.,

S
k
o
u
ro
u
m
o
u
n
is,

G
.K
.,

1
9
9
7
.
G
ly
co
co
n
ju
g
ated

aro
m
a
co
m
p
o
u
n
d
s:
o
ccu

rren
ce,

ro
le

an
d
b
io
tech

n
o
lo
g
ical

tran
s-

fo
rm

atio
n
.
In
:
S
h
ep
er,

T
.
(E
d
.),

A
d
v
an
ces

in
B
io
ch
em

ical
E
n
g
i-

n
eerin

g
/B
io
tech

n
o
lo
g
y.

S
p
rin

g
er-V

erlan
g
,
B
erlin

,
p
p
.
7
4
–
9
9
.

A
.
G
rim

a
ld
i
et

a
l.
/
In
tern

a
tio

n
a
l
Jo
u
rn
a
l
o
f
F
o
o
d
M
icro

b
io
lo
g
y
1
0
5
(2
0
0
5
)
2
3
3
–
2
4
4

2
4
4
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S
c
re
e
n
in
g
o
f
L
a
c
to
b
a
c
illu

s
s
p
p
.
a
n
d
P
e
d
io
c
o
c
c
u
s
s
p
p
.
fo
r

g
ly
c
o
s
id
a
s
e
a
c
tiv

itie
s
th
a
t
a
re

im
p
o
rta

n
t
in

o
e
n
o
lo
g
y

A
.
G
rim

a
ld
i 1,

E
.
B
a
rto

w
s
k
y
2
a
n
d
V
.
J
ira

n
e
k
1

1S
c
h
o
o
l
o
f
A
g
ric

u
ltu

re
a
n
d
W
in
e
,
T
h
e
U
n
iv
e
rs
ity

o
f
A
d
e
la
id
e
,
G
le
n
O
s
m
o
n
d
,
S
A
,
a
n
d

2T
h
e
A
u
s
tra

lia
n
W
in
e
R
e
s
e
a
rc
h
In
s
titu

te
,
G
le
n

O
s
m
o
n
d
,
S
A
,
A
u
s
tra

lia

2
0
0
5
/0
2
1
5
:
re
c
e
iv
e
d
2
M
a
rc
h
2
0
0
4
,
re
v
is
e
d
2
6
M
a
y
2
0
0
5
a
n
d
a
c
c
e
p
te
d
2
8
M
a
y
2
0
0
5

A
B
S
T
R
A
C
T

A
.
G
R
IM

A
L
D
I,

E
.
B
A
R
T
O
W

S
K
Y

A
N
D

V
.
J
IR

A
N
E
K
.
2
0
0
5
.

A
im

s:
T
o
assess

glycosid
ase

activities
from

a
ran

ge
of

L
actobacillus

an
d
P
ediococcus

sp
ecies

an
d
ch
aracterize

th
ese

activities
u
n
d
er

con
d
ition

s
p
ertin

en
t
to

th
e
w
in
e
in
d
u
stry.

M
e
th
o
d
s
a
n
d
R
e
su
lts:

L
actic

acid
b
acteria

w
ere

cu
ltu

red
in

M
R
S
b
roth

su
p
p
lem

en
ted

w
ith

ap
p
le

ju
ice

b
efore

b
ein

g
h
arvested

,
w
ash

ed
an
d
assayed

for
glycosid

ase
activity

u
sin

g
p-n

itrop
h
en
ol-lin

ked
su
b
strates.

A
ll
strain

s

exh
ib
ited

a
d
etectab

le
cap

acity
for

th
e
h
yd
rolysis

of
th
e
b
-
an
d
a
-
DD
-glu

cop
yran

osid
es.

T
h
e
m
agn

itu
d
e
of

th
ese

activities
an
d
th
eir

resp
on
se

to
th
e
p
h
ysico-ch

em
ical

p
aram

eters
in
vestigated

varied
in

a
strain

-d
ep
en
d
en
t
m
an
n
er.

T
h
e
u
se

of
an

assay
b
u
ffer

w
ith

a
p
H

b
elow

4
gen

erally
resu

lted
in

a
red

u
ced

h
yd
rolysis

of
b
oth

su
b
strates

w
h
ile

tem
p
eratu

re
op
tim

a
ran

ged
b
etw

een
35

an
d
45�C

.
T
h
e
effect

of
th
e
in
clu

sion
of

eth
an
ol

in
th
e
assay

b
u
ffer

(u
p
to

12%
,
v/
v)

ran
ged

from
n
ear

com
p
lete

in
h
ib
ition

to
in
creases

in
activity

ap
p
roach

in
g
80%

.
W
ith

th
e
clear

excep
tion

of
a
sin

gle
strain

,
glu

cose
an
d
fru

ctose
(0Æ1–

20
g
l )
1)
acted

as
in
h
ib
itors.

A
n
assessm

en
t
of

glycosid
ase

activity
d
u
rin

g
sim

u
ltan

eou
s
exp

osu
re

to
glu

cose
an
d
eth

an
ol
at
a
p
H

of
3Æ5

su
ggested

th
at
eth

an
ol
d
ecreased

loss
of

activity
u
n
d
er

th
ese

w
in
e-like

con
d
ition

s.

C
o
n
c
lu
sio

n
s:

L
actobacillus

sp
p
.
an
d
P
ediococcus

sp
p
.
p
ossess

varyin
g
d
egrees

of
b
-
an
d
a
-
DD
-glu

cop
yran

osid
ase

activities,
w
h
ich

in
tu
rn

are
in
fl
u
en
ced

d
ifferen

tly
b
y
exp

osu
re

to
eth

an
ol

an
d
/
or

su
gars,

tem
p
eratu

re
an
d
p
H
.

S
everal

strain
s
ap
p
eared

su
ited

for
fu
rth

er
evalu

ation
u
n
d
er

w
in
em

akin
g
con

d
ition

s.

S
ig
n
ifi
c
a
n
c
e
a
n
d
Im

p
a
c
t
o
f
th
e
S
tu
d
y
:
T
h
is
w
ork

h
igh

ligh
ts
th
e
fact

th
at
strain

s
of

L
actobacillus

an
d
P
ediococcus

h
ave

th
e
p
oten

tial
to

in
fl
u
en
ce

th
e
glycosid

e
com

p
osition

of
w
in
e.

T
ailorin

g
of

w
in
e
m
ay

th
erefore

b
e
p
ossib

le

th
rou

gh
selective

ap
p
lication

of
strain

s
or

en
zym

atic
extracts

th
ereof.

K
e
y
w
o
rd
s:

arom
a,
fl
avou

r,
glycosid

ase,
lactic

acid
b
acteria,

m
alolactic

ferm
en
tation

,
w
in
e.

IN
T
R
O
D
U
C
T
IO

N

T
h
ree

g
en
era

o
f
lactic

acid
b
acteria

(L
A
B
)
are

co
m
m
o
n
ly

asso
ciated

w
ith

th
e
w
in
em

ak
in
g
p
ro
cess:

O
enococcus,

P
edio-

coccus
an
d

L
actobacillus

(W
ib
o
w
o

et
al.

1
9
8
5
;
F
u
g
elsan

g

1
9
9
7
).
O
f
th
ese,

o
ften

o
n
ly

O
enococcus

is
ab
le

to
su
rv
iv
e
in

th
e
later

stag
es

o
f
th
e
p
ro
cess

w
h
en

eth
an
o
l
co
n
cen

tratio
n
s

are
h
ig
h

(W
ib
o
w
o
et
al.

1985;
L
on
vau

d
-F
u
n
el

1999;
L
iu

2
0
0
2
),

u
p

to
15%

(w
/
v)

(Ilan
d

an
d

G
ago

2002).
T
h
is

m
ak
es

O
enococcus

oeni
th
e
m
ain

b
acteriu

m
of

th
e
m
alolactic

ferm
en
tatio

n
(M

L
F
)
in

w
in
e.
B
y
th
is
p
rocess,

LL
-m

alic
acid

,

an
astrin

g
en
t
acid

con
ferrin

g
a

fl
avou

r
of

green
ap
p
les

(u
n
rip

e
fru

it),
is

tran
sform

ed
to

lactic
acid

,
w
h
ich

,
th
an
ks

to
its

m
o
n
o
carb

oxylic
n
atu

re,
im

p
arts

a
m
ore

elegan
t
an
d

ro
u
n
d
taste

to
th
e
w
in
e.
W
h
ile

som
e
sp
ecies

of
L
actobacillus

are
th
o
u
g
h
t
to

stron
gly

con
trib

u
te

to
M
L
F

(S
ieiro

et
al.

1
9
9
0
),

th
e

m
ain

in
fl
u
en
ce

on
w
in
e

b
y

P
ediococcus

an
d

C
orrespondence

to:
V
ladim

ir
Jiranek,

S
chool

of
A
griculture

and
W
ine,

T
he

U
niversity

of
A
delaide,

P
M
B
1,

G
len

O
sm
ond,

S
A

5064,
A
ustralia

(e-m
ail:

vladim
ir.jiranek@

adelaide.edu.au).

ª
2
0
0
5
T
h
e
S
o
c
ie
ty

fo
r
A
p
p
lie
d
M
ic
ro
b
io
lo
g
y

J
o
u
rn
a
l
o
f
A
p
p
lie
d
M
ic
ro
b
io
lo
g
y
2
0
0
5
,
9
9
,
1
0
6
1
–
1
0
6
9

d
o
i:1

0
.1
1
1
1
/j.1

3
6
5
-2
6
7
2
.2
0
0
5
.0
2
7
0
7
.x

L
actobacillus

is
likely

to
orig

in
ate

fro
m

th
eir

p
resen

ce

ou
tsid

e
alcoh

olic
ferm

en
tation

.
T
h
at

is,
in

th
e
earlier

stages

of
a
n
o
rm

al
or

d
elayed

ferm
en
tation

(p
rio

r
to

accu
m
u
lation

of
h
igh

con
cen

tratio
n
s
of

eth
an
o
l)
or

in
a
sp
o
ilage

con
tex

t

in
w
in
es

w
ith

low
su
lfu

r
d
ioxid

e
an
d
/
or

h
igh

er
p
H

valu
es

(>
3Æ5)

(C
ostello

et
al.

19
83
;
F
u
gelsan

g
19
97
).

G
iven

th
eir

n
atu

ral
association

w
ith

th
e
w
in
em

akin
g
p
ro
cess

an
d

th
e

fact
th
at

O
.
oeni

grow
th

p
erfo

rm
an
ce

in
w
in
es

is
at

tim
es

p
oor,

P
ediococcus

an
d
p
articu

larly
L
actobacillus

are
attract-

in
g

greater
in
terest

as
M
L
F

starters
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d
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b
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ed

L
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sp
p
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an
d
P
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sp
p
.
o
n
ly

acted
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b
-

an
d
a
-
DD
-glu
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yran
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es
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n
ot

sh
ow
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b
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-
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d
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w
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rolysis

ofb
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n
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F
ig.

1.
F
or

b
oth

L
actobacillus

sp
p
.
(F
ig
.
1a,b

)
an
d

P
ediococcus

sp
p
.
(F
ig.

1
c,d

)
m
axim

u
m

activ
ities

ran
ged

b
etw

een
0Æ1

an
d
0Æ4

u
n
its,

w
ith

on
ly

strain
P
ed
18

sh
ow

in
g

a
h
igh

er
activity

(1Æ2
u
n
its).
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everal

strain
s
(P
ed
17,

P
ed
3
,

P
ed
1
1,
P
ed
24

an
d
L
ac25

)
p
o
ssessed

eith
er
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activity

or
else

ap
p
eared

u
n
ab
le

to
h
yd
ro
lyse

pN
P
-b
G
lu

u
n
d
er

th
e
con

d
i-

tion
s
u
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.
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th
e
case

of
P
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strain
s
w
ith

m
arked

activity
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o
w
ed

a
co
n
ven
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al

b
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cu
rve

resp
on
se

to
p
H

w
h
ereas,

for
m
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strain
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activ
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u
en
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b
y
p
H
.
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p
ortan
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p
H

valu
es
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p
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f
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P
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th
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b
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act

b
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th
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p
H
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ge.

A
ll
L
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strain
s
acted
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pN
P
-

a
G
lu
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su
b
strate

(F
ig
.
2
a,b
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b
u
t
strain

P
ed
1
8
w
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th
e
on
ly

P
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sp
p
.
ab
le

to
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o

so
(F
ig
.
2c).

T
h
e

ran
ge

of

m
axim

u
m

activities
w
as
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to
th
at
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for

pN
P
-b
G
lu

w
ith

stron
g
activ

ity
b
ein
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retain

ed
at

w
in
e
p
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es.

E
ffe
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con
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b
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u
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o
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h
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d

con
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L
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b
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ig.
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b
-
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ase
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w
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h
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ced

am
on
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p
.
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.
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P
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p
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b
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con
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in
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con
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b
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b
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b
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b
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con
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p
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.
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W
in
terh

alter
an
d

S
k
o
u
ro
u
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o
u
n
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1
9
9
7
;
G
rim

ald
i
et
al.

2
0
0
0
,
2
0
0
5
).
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clu

sio
n

o
f

g
lu
co
se
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o
n
e

o
f
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e

fo
u
r
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n
cen
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n
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d
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–
2
0
g
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1)

p
ro
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attern

o
f

in
h
ib
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p
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p
y
ran

o
sid

ase
w
as

co
m
p
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P
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b
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p
e
ra
tu
re

G
iv
en

th
at

m
u
ch

o
f
th
e

w
in
em

ak
in
g

p
ro
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b
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b
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p
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.
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p
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m
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p
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b
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p
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M
an
y
stu

d
ies

h
ave

b
een

carried
ou
t
to

in
vestigate

th
e
ab
ility

of
L
actobacillus

an
d
P
ediococcus

sp
ecies

to
p
rod

u
ce

glycos-

id
ase

en
zym

es
(D

e
V
os

an
d
G
asson

1989;
T
zan

etakis
an
d

L
itop

ou
lou

-T
zan

etak
is

1989;
A
n
tu
n
a
an
d
M
artin

ez-A
n
aya

1993;
B
ian

ch
i-S

alvad
ori

et
al.

1995;
M
arasco

et
al.

1998,

2000).
T
h
e
m
ajority

of
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ch

w
ork

s,
h
ow

ever,
h
ave

con
cen

-

trated
on

d
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isolates.
L
ittle
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tion

,
if

an
y,

h
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b
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e
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o
f
th
e
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ases
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w
in
e

L
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P
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fl
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g
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ro
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ostello

et
al.

19
83
;
B
ou
lton

et
al.

1996;
F
u
gelsan

g
19
97
)
an
d

h
av
e

b
ecom

e
com

m
ercially

availab
le

as
altern

ate
M
L
F

starters
(P
ilatte

an
d

P
rah

l

1997),
a
m
ore

d
etailed

ch
aracterizatio

n
is
ju
stifi

ed
.

O
u
r
in
vestigation

s
h
av
e
sh
ow

n
th
at

th
e
L
actobacillus

an
d

P
ediococcus

strain
s
stu

d
ied

h
ere

p
ro
d
u
ce

little
b
eyon

d
a
-
an
d

b
-
DD
-glu

cop
yran

osid
ase

activities.
T
h
e
form

er
activity

m
ay

b
e
of

im
p
o
rtan

ce
in

th
e
lib

eration
of

n
u
trien

ts
from

yeast-

d
eriv

ed
m
acrom

olecu
les

w
h
ich

can
en
h
an
ce

th
e
gro

w
th

of

L
A
B

(G
u
illou

x-B
en
atier

et
al.

1993).
W
h
ile

b
-
DD
-glu

cop
yr-

an
osid

ases
can

p
lay

a
role

in
lib

eration
of

sen
sorially

d
etectab

le
grap

e
agly

co
n
es

from
th
eir

glycosylated
form

s,

th
is
p
rocess

m
ay

req
u
ire

th
e
rem

o
val

of
m
u
ltip

le
glycosid

e

sp
ecies,

p
oten

tially
in

a
seq

u
en
tial

m
an
n
er

(G
ü
n
ata

et
al.

1988).
A
ccord

in
gly,

th
e

lim
ited

n
u
m
b
er

of
ad
d
ition

al

glycosid
ase

activ
ities

from
th
ese

organ
ism

s
red

u
ces

th
e

p
o
ten

tial
im

p
act

of
L
actobacillus

an
d
P
ediococcus

strain
s
on

th
e
typ

ically
m
ixed

p
op
u
lation

of
fl
avou

r
p
recu

rsors
fou

n
d

in
grap

es.
F
u
rth

erm
ore

th
ese

activities
w
ere

ap
p
ro
xim

ately

on
e
ord

er
of

m
agn

itu
d
e
less

th
an

th
ose

seen
for

O
.
oeni

in

p
reviou

s
w
ork

(G
rim

ald
i
et
al.

2000
,
2005).

E
ven

so,
th
e

activ
ities

stu
d
ied

h
ere

m
igh

t
still

h
ave

m
arked

im
p
act

on
th
e

fl
avou

r
p
ro
fi
le

of
w
in
e.

T
o
d
eterm

in
e
th
eir

relativ
e
im

p
ort-

an
ce

in
a
w
in
e-lik

e
en
viron

m
en
t,

several
key

p
aram

eters

w
ere

exam
in
ed

in
d
iv
id
u
ally

an
d
in

com
b
in
ation

.

M
irrorin

g
recen

t
fi
n
d
in
gs

for
O
.oeni

(G
rim

ald
iet

al.
2000,

2005;U
glian

o
et
al.2003;B

arb
agallo

et
al.2004),b

oth
b
-
an
d

a
-
DD
-glu

cop
yran

osid
ase

activities
w
ere

in
fl
u
en
ced

b
y

p
H
,

th
o
u
gh

to
varyin

g
d
egrees

(F
ig
.
1).

T
h
e
relative

stab
ility

of

L
actobacillus

b
-
an
d
a
-
DD
-glu

cop
yran

osid
ase

activ
ities

to
p
H

ch
an
ges

an
d
low

p
H

valu
es

su
g
gests

th
at
th
ese

isolates
rath

er

th
an

th
e

w
in
e-related

P
ediococcus

w
ou
ld

b
e

of
greater

im
p
o
rtan

ce
in

w
in
es

w
ith

typ
ical

p
H

valu
es

b
etw

een
3Æ0

an
d

4Æ0.
T
h
e
sole

excep
tion

,
P
ediococcus

strain
P
ed
1
8,

w
h
ich

w
as

n
o
t
of

w
in
e
origin

,
m
igh

t,
in

fact,
en
jo
y
oen

ological
ap
p
lica-

tion
s.
T
h
e
h
igh

overall
activity

of
P
ed
18

w
as

su
ch

th
at

even
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F
ig
.
4

In
fl
u
en
ce

of
glu

cose
on

th
e
en
zym

atic
activ

ities
of

L
actobacillus

sp
p
.
again

st
pN

P
-b
G
lu

(a)
or

pN
P
-a
G
lu

(b
)
an
d
P
ediococcus

sp
p
.
again

st

pN
P
-b
G
lu

(c)
or

pN
P
-a
G
lu

(d
).
V
alu

es
are

sh
ow

n
relative

(%
)
to

th
e
activity

ob
served

for
th
e
con

trol
p
erform

ed
u
n
d
er

th
e
sam

e
con

d
ition

s
in

th
e

ab
sen

ce
of

eth
an
ol

an
d
are

th
e
m
ean

valu
es

of
d
u
p
licate

d
eterm

in
ation

s.
G
lu
cose:

0Æ1
g
l )
1;
j

1
g
l )
1;(

7Æ5
g
l )
1;
j

20
g
l )
1

1
0
6
6

A
.
G
R
IM

A
L
D
I
E
T
A
L
.

ª
2
0
0
5
T
h
e
S
o
c
ie
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fo
r
A
p
p
lie
d
M
ic
ro
b
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lo
g
y
,
J
o
u
rn
a
l
o
f
A
p
p
lie
d
M
ic
ro
b
io
lo
g
y
,
9
9
,
1
0
6
1
–
1
0
6
9
,
d
o
i:1

0
.1
1
1
1
/j.1

3
6
5
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6
7
2
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0
5
.0
2
7
0
7
.x

151



after
b
ein

g
d
im

in
ish

ed
b
y
w
in
e
p
H

v
alu

es,
m
ark

ed
resid

u
al

activ
ities,

co
m
p
arab

le
to

L
actobacillus

strain
s,
rem

ain
ed
.

T
h
e
v
ariab

ility
o
f
th
e
resp

o
n
se

o
f
th
e
stu

d
ied

g
ly
co
sid

ase

activ
ities

to
eth

an
o
l,

g
lu
co
se

an
d

fru
cto

se
is

n
o
t
w
ith

o
u
t

p
reced

en
t
in

o
th
er

o
rg
an
ism

s,
o
r
O
.
oeni

(W
illiam

s
1
9
9
3
;

W
in
terh

alter
an
d

S
k
o
u
ro
u
m
o
u
n
is

1
9
9
7
;
G
rim

ald
i
et
al.

2
0
0
0
,
2
0
0
5
).
W
h
ile

still
sh
o
w
in
g
stro

n
g
strain

d
ep
en
d
en
ce,

o
u
r

fi
n
d
in
g
s

rev
eal

eth
an
o
l
to

in
d
u
ce

a
tren

d
to
w
ard

s

en
h
an
cem

en
t
o
f
h
y
d
ro
ly
sis

o
f
b
o
th

su
b
strates

am
o
n
g
st

L
actobacillus

strain
s
co
m
p
ared

w
ith

a
red

u
ctio

n
o
r
u
n
altered

h
y
d
ro
ly
sis

b
y
P
ediococcus

strain
s
(F
ig
.
3
).

W
h
ile

th
is

d
ata

o
ffer

n
o
fu
rth

er
clu

es
as

to
th
e
b
asis

fo
r
th
ese

resp
o
n
ses,

th
e

av
ailab

ility
o
f

co
n
sid

erab
le

strain
v
ariatio

n
in
tro

d
u
ces

th
e
p
o
ssib

ility
o
f
selectin

g
an
d
ap
p
ly
in
g
iso

lates
acco

rd
in
g

th
e
eth

an
o
l
co
n
cen

tratio
n
o
f
th
e
ferm

en
tin

g
ju
ice

o
r
w
in
e.

C
o
n
trastin

g
th
e

v
ariab

ility
o
f
th
e

resp
o
n
se

to
eth

an
o
l,

g
lu
co
se

(a
p
o
ssib

le
en
d
-p
ro
d
u
ct

o
f
g
ly
co
sid

ase
activ

ity
)
w
as

seen
to

b
e
in
h
ib
ito

ry
to

h
y
d
ro
ly
sis

o
f
b
o
th

pN
P
-b
G
lu

an
d

pN
P
-a
G
lu

w
ith

few
ex
cep

tio
n
s
(F
ig
s
4
an
d
5
).

A
g
ain

th
e

ex
isten

ce
o
f
an

iso
late

(P
ed
1
7
)
w
h
o
se

b
-
DD
-g
lu
co
p
y
ran

o
sid

ase

activ
ity

is
stro

n
g
ly

en
h
an
ced

b
y
b
o
th

g
lu
co
se

an
d
fru

cto
se,

o
ffers

a
p
o
ten

tially
v
alu

ab
le

so
u
rce

fro
m

w
h
ich

a
su
p
erio

r

en
zy
m
e
m
ig
h
t
b
e
p
u
rifi

ed
.
S
u
ch

a
p
rep

aratio
n
o
r
strain

is
an

ex
cellen

t
can

d
id
ate

for
overcom

in
g
th
e
m
arked

sen
sitivity

seen
am

o
n
g
st

existin
g
en
zym

e
p
rep

aration
s
to

th
ese

su
gars

(rev
iew

ed
b
y
W
in
terh

alter
an
d
S
kou

rou
m
ou
n
is
1997).

T
h
e
fi
n
al
p
aram

eter
con

sid
ered

in
th
is
stu

d
y
w
as

in
clu

d
ed

o
u
t
o
f
reco

g
n
ition

of
th
e
fact

th
at

it
varies

w
id
ely

d
u
rin

g

w
in
em

ak
in
g
.
O
p
tim

al
tem

p
eratu

res
for

pN
P
-b
G
lu

an
d
pN

P
-

a
G
lu

h
y
d
ro
lysis

(35–
4
5�C

)
w
ere

h
igh

er
th
an

th
e
typ

ical

w
o
rk
in
g
ran

g
e
seen

d
u
rin

g
fru

it
p
ro
cessin

g,
ferm

en
tation

an
d

m
atu

ration
(B
ou
lto

n
et
al.

1996).
C
om

p
ared

w
ith

O
.

oeni
(G

rim
ald

i
et
al.

2005),
L
actobacillus

an
d

P
ediococcus

strain
s
sh
o
w
ed

a
red

u
ced

sen
sitivity

to
tem

p
eratu

res
ou
tsid

e

th
e
o
p
tim

a.
A
gain

th
is
fact

su
ggests

th
at
th
ese

gen
era

m
ay

b
e

a
b
etter

so
u
rce

of
en
zym

es
for

ap
p
licatio

n
to

low
tem

p
era-

tu
re

ju
ices

o
r
w
in
es.

A
n
an
aly

sis
of

th
e
im

p
act

of
th
e
sim

u
ltan

eou
s
exp

osu
re

of

b
acterial

b
io
m
ass

to
m
u
ltip

le
p
aram

eters
p
ro
ved

in
form

ative.

B
o
th

L
actobacillus

strain
s
L
ac12

an
d
L
ac19

ten
d
ed

tow
ard

s

en
h
an
ced

activities,
su
g
gestin

g
th
at

th
e
resp

on
se

to
eth

an
ol

w
as

th
e

d
o
m
in
an
t
effect.

T
h
e

overrid
in
g

in
fl
u
en
ce

on

activ
ity

b
y
P
ediococcus

strain
P
ed
1
5
w
as

th
e
low

p
H

of
th
e

m
ed
iu
m

(i.e.
3Æ5)

resu
ltin

g
in

m
in
im

al
activity

u
p
on

w
h
ich

th
e
in
fl
u
en
ces

of
eth

an
o
l
an
d

glu
cose

w
ere

m
in
o
r.

T
h
e

n
atu

re
o
f
th
e
resp

on
se

to
eth

an
ol

an
d

glu
cose

w
as

m
ore
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F
ig
.
5

In
fl
u
en
ce

o
f
fru

cto
se

o
n
th
e
en
zy
m
atic

activ
ities

o
f
L
actobacillus

sp
p
.
ag
ain

st
pN

P
-b
G
lu

(a)
or

pN
P
-a
G
lu

(b
)
an
d
P
ediococcus

sp
p
.
again

st
pN

P
-

b
G
lu

(c)
o
r
pN

P
-a
G
lu

(d
).
V
alu

es
are

sh
o
w
n
relativ

e
(%

)
to

th
e
activ

ity
o
b
serv

ed
fo
r
th
e
co
n
trol

p
erform

ed
u
n
d
er

th
e
sam

e
con

d
ition

s
in

th
e
ab
sen

ce

o
f
eth

an
o
l
an
d
are

th
e
m
ean

v
alu

es
o
f
d
u
p
licate

d
eterm

in
atio

n
s.
F
ru
cto

se:
0Æ1

g
l )
1;
j

1
g
l )
1;(

7Æ5
g
l )
1;
j

20
g
l )
1

G
L
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C
O
S
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o
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A
p
p
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M
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g
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clearly
seen

again
st
th
e
b
ack

grou
n
d
of

th
e
h
igh

er
activ

ity
of

strain
P
ed
18.

In
th
is

case,
b
-
DD
-glu

cop
yran

osid
ase

activity

w
as

red
u
ced

,
rep

licatin
g
th
e
p
attern

seen
in

th
e
p
resen

ce
of

eth
an
ol

alon
e
(F
ig
.
3c).

S
im

ilarly,
a
-
DD
-glu

cop
yran

osid
ase

activ
ity

w
as

in
creased

,
again

as
seen

p
reviou

sly
(F
ig.

3d
)

w
h
en

th
is
strain

s
w
as

exp
osed

to
eth

an
o
l
on
ly.

In
su
m
m
ary,

th
is

stu
d
y
com

p
letes

th
e
su
rvey

p
erform

ed

on
w
in
e
L
A
B
strain

s
in

ou
r
collection

(G
rim

ald
i
et
al.

2000,

2005).
H
avin

g
d
em

on
strated

th
at

all
tested

strain
s
h
ave

at

least
on
e
clear

d
etectab

le
glycosid

ic
activity

,
som

e
p
oin

ts
can

b
e
m
ad
e
regard

in
g
d
ifferen

ces
b
etw

een
th
e
gen

era,
L
acto-

bacillus,
P
ediococcus

an
d
O
enococcus.

W
h
ile

th
e
latter

h
ave

a

very
w
id
e
ran

ge
of

activities,
th
e
form

er
effect

h
yd
rolysis

of

on
ly

a
lim

ited
n
u
m
b
er

of
su
b
strates,

sp
ecifi

cally
th
e
b
-
an
d

a
-
DD
-glu

cop
yran

osid
es.

T
h
e

ab
ility

of
L
actobacillus

an
d

P
ediococcus

to
h
yd
rolyse

th
e

pN
P
-b
G
lu

an
d

pN
P
-a
G
lu

su
b
strates

w
as

also
low

er
th
an

O
enococcus.

Im
p
o
rtan

tly,
th
e

p
resen

ce
of

su
g
ars

in
th
e

assay
m
ed
iu
m

w
as

h
igh

ly

in
h
ib
itory

to
b
oth

en
zym

atic
activ

ities.
A
t
face

valu
e
th
is

m
igh

t
im

p
ly
th
at
u
se

of
su
ch

organ
ism

s
for

fl
avou

r
lib

eration

is
lim

ited
to

th
e
latter

stages
of

ferm
en
tation

w
h
en

ju
ice

su
g
ar

con
ten

ts
are

low
.
In
terestin

gly,
su
gar

con
cen

tration
s
as

low
as

0Æ1
g
l )
1
w
ere

in
h
ib
itory

to
glycosid

ic
activities,

an
d

con
cen

tratio
n
s
u
p

to
20

g
l )
1
w
ere

on
ly

m
argin

ally
m
ore

in
h
ib
itory.

In
ad
d
ition

,
en
h
an
cem

en
t

of
h
yd
ro
lysis

b
y

eth
an
ol

ap
p
eared

to
overrid

e
in
h
ib
ition

b
y
su
g
ar.

T
h
u
s
th
e

w
in
d
ow

of
su
g
ar

con
cen

tratio
n
s
w
ith

in
w
h
ich

su
ch

strain
s

m
igh

t
b
e
ap
p
lied

d
u
rin

g
th
e
ferm

en
tatio

n
m
ay

w
ell

b
e
w
id
er

th
an

th
at

exam
in
ed

h
ere.

It
is

also
w
orth

reiteratin
g
th
at

glycosid
ic
activities

b
y
on
e
strain

in
th
is
su
rvey,

P
ed
17,

w
ere

in
fact

en
h
an
ced

b
y
su
g
ars.

T
h
e
fi
n
d
in
gs

rep
orted

h
ere

form
th
e
b
asis

for
th
e
selection

of
isolates

for
th
e
p
u
rifi

cation
an
d
fu
rth

er
ch
aracterizatio

n
of

p
o
ten

tially
u
sefu

l
glycosid

ase
en
zym

es.
In

ad
d
ition

,
th
is

stu
d
y
is

b
ein

g
exten

d
ed

to
con

sid
er

th
e
ab
ility

of
selected

isolates
to

act
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m
l
m
in �

1.
P
eak

s
w
ere

d
etected

w
ith

a
R
ID

-
10A

refractive
in
d
ex

d
etecto

r
(S
h
im

ad
zu
,
K
yo

to
,
Jap

an
)

an
d
q
u
an

tifi
ed

b
y
co
m
p
ariso

n
w
ith

p
rep

ared
stan

d
ard

s
in

C
D
G
JM

u
sin

g
D
elta

in
tegratio

n
so
ftw

are
(D

eltaW
are

D
ataw

o
rk
s,
B
risb

an
e,
A
u
stralia).

O
p
tical

d
en
sity

(600
n
m
)
o
f
ap

p
ro
p
riately

d
ilu

ted
cu
l-

tu
re

sam
p
les

w
as

u
sed

as
an

estim
ate

o
f
yeast

cell
gro

w
th
.
B
io
m
ass

yield
w
as

d
eterm

in
ed

fro
m

th
e
w
eigh

t
o
f

w
ash

ed
(10

m
l
d
eio

n
ised

w
ater)

an
d

d
ried

cells
(600

W
m
icro

w
ave

o
ven

,
m
ed
iu
m

settin
g,

10
m
in
)
co
l-

lected
fro

m
5
to

10
m
l
cu
ltu

re
sam

p
les

o
n
0.22

l
m

fi
lter

d
isk

s
(p
re-d

ried
an

d
p
re-w

eigh
ed
).

3
.
R
esu

lts

3
.1
.
S
creen

in
g
fo
r
n
itro

g
en
-effi

cien
t
y
ea
st

m
u
ta
n
ts

T
ran

sp
o
so
n
in
sertio

n
m
u
tan

ts
w
ere

gen
erated

in
th
e

gen
o
m
e
o
f
strain

s
JM

G
2
an

d
JM

G
3.

S
electio

n
o
n
m
in
-

im
al

m
ed
iu
m

elim
in
ated

au
xo

tro
p
h
ic

m
u
tatio

n
s.

P
reli-

m
in
ary

w
o
rk

(d
ata

n
o
t

sh
o
w
n
)

su
ggested

th
at

n
itro

gen
-effi

cien
t
strain

s
co
u
ld

b
e
id
en
tifi

ed
eith

er
fro

m
th
eir

red
u
ced

n
itro

gen
co
n
su
m
p
tio

n
in

n
itro

gen
-

excess:carb
o
n
-lim

ited
m
ed
ia

(e.g.
750

m
g
F
A
N

l �
1,

200
g
glu

co
se

l �
1)

o
r

else
fro

m
th
eir

greater
glu

co
se

catab
o
lism

in
n
itro

gen
-lim

ited
:carb

o
n
-excess

m
ed
ia

(�
75

m
g
F
A
N

l �
1,
200

g
glu

co
se

l �
1).

T
h
e
later

fo
rm

u
la-

tio
n
w
as

ad
o
p
ted

fo
r
th
e
m
ed
iu
m

in
w
h
ich

large
n
u
m
-

b
ers

o
f
m
u
tan

ts
w
ere

evalu
ated

in
th
e
p
rim

ary
screen

,
sin

ce
th
e
exten

t
o
f
glu

co
se

catab
o
lism

w
as

easily
esti-

m
ated

u
sin

g
a

refracto
m
eter.

In
th
is

w
ay,

fro
m

th
e

5000
m
u
tan

ts
assessed

,
110

(2%
)
p
relim

in
a
ry

iso
lates

w
ere

selected
as

th
e
m
o
st

n
itro

gen
-effi

cien
t
an

d
retain

ed
fo
r
fu
rth

er
in
vestigatio

n
(F
ig.

1).
T
h
ese

m
u
tan

ts
catab

o
-

lised
at

least
10%

m
o
re

glu
co
se

th
an

th
e
p
aren

tal
strain

.
In

a
seco

n
d
ary

screen
u
sin

g
th
e
sam

e
m
ed
iu
m

b
u
t
p
er-

fo
rm

ed
in

trip
licate

5
m
l
ferm

en
tatio

n
s,
40

o
f
th
ese

m
u
-

tan
ts

(36%
)
w
ere

again
sh
o
w
n
to

catab
o
lise

at
least

10%
m
o
re

glu
co
se

th
an

th
e
p
aren

tal
strain

(d
ata

n
o
t
sh
o
w
n
).

T
h
is
16.5-fo

ld
en
rich

m
en
t
fo
r
n
itro

gen
-effi

cien
t
m
u
tan

ts
su
p
p
o
rted

th
e
su
itab

ility
o
f
th
e
m
eth

o
d
.
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(b
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F
ig.

1.
H
isto

gram
s
sh
o
w
in
g
th
e
d
istrib

u
tio

n
o
f
fi
n
al

refractive
in
d
ex

valu
es

fo
r
in
d
ivid

u
al

m
icro

-ferm
en
tatio

n
s
p
erfo

rm
ed

b
y
ap

p
ro
xim

ately
1000

tran
sp
o
so
n
m
u
tan

ts
(a)

o
r
50

sep
arate

cu
ltu

res
o
f
th
e
w
ild

typ
e

K
P
2
(b
).
A
ll
cu
ltu

res
w
ere

gro
w
n
fo
r
14

d
ays

in
C
D
G
JM

co
n
tain

in
g

100
m
g
F
A
N

l �
1
as

am
m
o
n
iu
m
.
V
alu

es
are

d
erived

fro
m

a
typ

ical
exp

erim
en
t
fo
r
a
su
b
set

o
f
th
e
to
tal

5000
m
u
tan

ts
exam

in
ed
.
T
h
e
grey

b
ars

(P
an

el
a)

co
rresp

o
n
d

to
th
e

m
u
tan

ts
selected

fo
r

fu
rth

er
in
vestigatio

n
.

7
9
4

J
.M

.
G
a
rd
n
er

et
a
l.
/
F
E
M
S
Y
ea
st

R
esea

rch
5
(
2
0
0
5
)
7
9
1
–
8
0
0

G
rap

e
ju
ices

typ
ically

co
n
tain

assim
ilab

le
n
itro

gen
as

a
co
m
p
lex

m
ixtu

re
o
f
co
m
p
o
u
n
d
s,p

rim
arily

am
in
o
acid

s
an

d
am

m
o
n
iu
m

[15,28].
A
ll
screen

in
g
o
f
m
u
tan

ts
u
p
to

th
is

p
o
in
t,
h
o
w
ever,

h
ad

b
een

co
n
d
u
cted

u
sin

g
am

m
o
-

n
iu
m

alo
n
e.

T
h
e
relative

n
itro

gen
effi

cien
cy

o
f
th
e
se-

lected
m
u
tan

ts
w
as

th
erefo

re
exam

in
ed

d
u
rin

g
gro

w
th

in
a
lim

ited
-n
itro

gen
m
ed
iu
m

(75
m
g
F
A
N

l �
1),

in
stead

co
m
p
rised

o
f
a
m
ix

o
f
n
itro

gen
co
m
p
o
u
n
d
s.

In
gen

eral
th
e
exten

t
o
f
glu

co
se

catab
o
lism

w
as

d
ecreased

w
h
en

a
m
ixed

,
lim

itin
g

so
u
rce

o
f
n
itro

gen
w
as

p
ro
vid

ed
,
yet

th
e
m
ajo

rity
o
f
m
u
tan

ts
still

p
ro
ved

su
p
erio

r
to

th
e

p
aren

tal
strain

(F
ig.

2).
F
o
r
a
sm

all
n
u
m
b
er

o
f
m
u
tan

ts
th
ere

w
as

little
ch
an

ge
in

effi
cien

cy
acro

ss
th
e
tw

o
n
itro

-
gen

so
u
rces.

3
.2
.
Id
en
tifi

ca
tio

n
a
n
d
ch
a
ra
cterisa

tio
n
o
f
g
en
es

in
fl
u
en
cin

g
n
itro

g
en

effi
cien

cy

T
en

m
u
tan

ts
w
ith

th
e
m
o
st

en
h
an

ced
p
erfo

rm
an

ce,
th
at

is
w
h
ere

sign
ifi
can

tly
m
o
re

glu
co
se

is
catab

o
lised

w
h
en

n
itro

gen
is
su
p
p
lied

as
a
co
m
p
lex

m
ix

o
r
as

so
lely

am
m
o
n
iu
m
,
w
ere

selected
fro

m
th
e
ab

o
ve

screen
s
an

d
assessed

in
150

m
l
ferm

en
tatio

n
s
o
f
C
D
G
JM

co
n
tain

in
g

75
m
g
F
A
N

l �
1
as

am
in
o

acid
s
an

d
am

m
o
n
iu
m
.
S
u
ch

vo
lu
m
es

p
erm

itted
a
m
o
re

co
m
p
reh

en
sive

sam
p
lin

g
re-

gim
e
an

d
h
en
ce

m
o
re

accu
rate

d
eterm

in
atio

n
o
f
ferm

en
-

tatio
n

k
in
etics,

yield
o
f
b
io
m
ass

an
d

k
ey

m
etab

o
lites.

U
n
d
er

th
ese

co
n
d
itio

n
s

m
u
tan

ts
JM

G
2.113

an
d

JM
G
2.120

w
ere

ch
o
sen

fo
r
gen

etic
an

alysis
b
ecau

se
in

co
m
p
ariso

n
to

th
e
p
aren

tal
strain

,
after

glu
co
se

ferm
en
-

tatio
n
h
ad

b
eco

m
e
p
ro
tracted

th
ey

h
ad

catab
o
lised

7.3%
an

d
22.2%

m
o
re

glu
co

se,
resp

ectively,
u
n
d
er

th
e
n
itro

-
gen

-lim
ited

co
n
d
itio

n
s
(d
ata

n
o
t
sh
o
w
n
).

T
h
e
gen

o
m
ic

lo
catio

n
o
f
th
e
tran

sp
o
so
n

w
as

th
erefo

re
d
eterm

in
ed

fo
r
b
o
th

strain
s
b
y
IP
C
R

am
p
lifi

catio
n
an

d
seq

u
en
cin

g
o
f
gen

o
m
ic

fragm
en
ts

co
n
tain

in
g
th
e
in
sert.

JM
G
2.113

b
o
re

an
in
sertio

n
at

+
1533

b
p

o
f
N
G
R
1/Y

B
R
2
1
2
W

(N
egative

G
ro
w
th

R
egu

lato
ry

p
ro
tein

)
[29],

an
d

JM
G
2.120

at
+
956

b
p

o
f
G
ID

7/Y
C
L
0
3
9
W

(glu
co
se-

in
d
u
ced

d
egrad

atio
n
p
ro
cess

o
f
F
B
P
ase)

[30].
T
h
e
en
tire

o
p
en

read
in
g
fram

e
o
f
each

gen
e
w
as

in
tu
rn

d
eleted

in
strain

K
P
2
an

d
th
e
w
in
e
yeast

d
erivative,

C
9,

an
d
th
e
resu

ltan
t
d
eletan

ts
cu
ltu

red
in

m
ed
ia

o
f
var-

io
u
s
n
itro

gen
co
n
ten

ts.
D
eletio

n
o
f
N
G
R
1
o
r
G
ID

7
fro

m
th
e
lab

o
rato

ry
strain

K
P
2
in
creased

th
e
am

o
u
n
t
o
f
glu

-
co
se

catab
o
lised

u
n
d
er

m
o
st

co
n
d
itio

n
s
exam

in
ed
.
In

m
ed
ia

co
n
tain

in
g

lim
itin

g
am

m
o
n
iu
m

th
ese

strain
s

failed
to

su
p
p
o
rt

co
m
p
letio

n
o
f
ferm

en
tatio

n
,
th
at

is

F
ig.

2.
C
o
m
p
ariso

n
o
f

th
e

resid
u
al

glu
co
se

co
n
cen

tratio
n
s

after
14

d
ays

o
f
ferm

en
tatio

n
b
y

selected
tran

sp
o
so
n

m
u
tan

ts
(r

),
in

p
articu

lar
JM

G
2.113

an
d
JM

G
2.120

(s
),
an

d
th
e
w
ild

typ
e,

K
P
2
(}

),
w
h
en

gro
w
n
in

5
m
l
o
f
C
D
G
JM

co
n
tain

in
g
75

m
g
F
A
N

l �
1
su
p
p
lied

as
am

m
o
n
iu
m

o
r
as

an
am

m
o
n
iu
m

an
d
am

in
o
acid

(co
m
p
lex)

n
itro

gen
so
u
rce.

M
u
tan

t
strain

s
th
at

catab
o
lised

th
e
m
o
st

glu
co
se,

th
at

is
th
o
se

ferm
en
tatio

n
s
w
ith

less
resid

u
al

glu
co
se

th
an

th
e
selectio

n
th
resh

o
ld

(d
o
tted

lin
es)

w
ere

ch
o
sen

fo
r
fu
rth

er
an

alysis.

T
ab

le
3

D
u
ratio

n
o
f
glu

co
se

ferm
en
tatio

n
an

d
th
e
yield

o
f
b
io
m
ass

fo
r
w
ild

typ
e
an

d
m
u
tan

ts
d
u
rin

g
gro

w
th

at
tw

o
n
itro

gen
co
n
cen

tratio
n
s,

su
p
p
lied

as
eith

er
am

m
o
n
iu
m

o
r
am

m
o
n
iu
m

an
d
am

in
o
acid

s

A
m
m
o
n
iu
m

C
o
m
p
lex

N

75
m
g
F
A
N

l �
1

300
m
g
F
A
N

l �
1

75
m
g
F
A
N

l �
1

300
m
g
F
A
N

l �
1

D
u
ratio

n
(h
)

B
io
m
ass

(g
l �

1)
D
u
ratio

n
(h
)

B
io
m
ass

(g
l �

1)
D
u
ratio

n
(h
)

B
io
m
ass

(g
l �

1)
D
u
ratio

n
(h
)

B
io
m
ass

(g
l �

1)

K
P
2

–
a

2.2
±

0.1
105

5.6
±

0.1
326

3.4
±

0.1
74

6.1
±

0.2
C
9

190
3.1

±
0.1

70
6.9

±
0.4

190
2.9

±
0.1

78
6.9

±
0.4

(%
)

(%
)

(%
)

(%
)

(%
)

(%
)

(%
)

(%
)

K
P
2
n
g
r1

4.9
a

104
±

3.9
100

92
±

5.1
100

101
±

5.2
95

107
±

7.2
K
P
2
g
id
7

17.3
a

100
±

3.1
90

98
±

2.1
92

82
±

4.4
95

110
±

2.0
C
9
n
g
r1

85
85

±
2.0

100
77

±
7.2

73
78

±
2.1

85
87

±
1.3

C
9
g
id
7

100
100

±
2.0

100
98

±
1.7

91
97

±
1.5

87
108

±
9.7

V
alu

es
fo
r
th
e
m
u
tan

t
strain

s
are

exp
ressed

as
a
p
ercen

tage
o
f
th
e
p
aren

tal
strain

gro
w
n
u
n
d
er

th
e
sam

e
co
n
d
itio

n
s.
B
io
m
ass

is
exp

ressed
as

±
S
D
.

F
erm

en
tatio

n
d
u
ratio

n
s
are

th
e
average

o
f
trip

licate
ferm

en
tatio

n
s
an

d
w
ere

w
ith

in
3%

o
f
th
e
rep

o
rted

fi
gu

re.
a
C
o
m
p
lete

catab
o
lism

o
f
glu

co
se

d
id

n
o
t
o
ccu

r,
th
u
s
valu

es
rep

o
rted

are
th
e
p
ercen

tage
in
crease

in
glu

co
se

catab
o
lism

co
m
p
ared

to
th
at

o
f
th
e

p
aren

tal
strain

,
after

450
h
.

J
.M

.
G
a
rd
n
er

et
a
l.
/
F
E
M
S
Y
ea
st

R
esea

rch
5
(
2
0
0
5
)
7
9
1
–
8
0
0

7
9
5
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th
ey

b
ecam

e
‘‘stu

ck
’’

(T
ab

le
3).

N
everth

eless
strain

s
K
P
2
n
g
r1

an
d
K
P
2
g
id
7,

gro
w
n
in

th
e
m
ed
ia

u
sed

fo
r

th
e
p
rim

ary
an

d
seco

n
d
ary

screen
(i.e.

75
m
g
F
A
N

l �
1,

su
p
p
lied

as
am

m
o
n
iu
m
),

still
co
n
su
m
ed

m
o
re

glu
co
se

th
an

th
e
w
ild

typ
e,

K
P
2,

b
efo

re
ferm

en
tatio

n
arrested

.
In

m
ed
ia

o
f
h
igh

er
am

m
o
n
iu
m

co
n
ten

t
o
r
else

co
m
p
lex

n
itro

gen
-lim

ited
m
ed
ia,

K
P
2
g
id
7
co
m
p
leted

ferm
en
ta-

tio
n
so
o
n
er,

th
at

is
in

ap
p
ro
xim

ately
90%

o
f
th
e
tim

e
o
f
th
e
w
ild

typ
e.

In
co
m
p
lex

m
ed
ia

o
f
300

m
g
F
A
N

l �
1

b
o
th

d
eletan

ts
in

K
P
2
d
isp

layed
a
ferm

en
tatio

n
d
u
ratio

n
sim

ilar
to

th
at

o
f
th
e
p
aren

t
strain

.
W
h
ere

d
eletio

n
s
w
ere

in
tro

d
u
ced

in
to

th
e
C
9
b
ack

-
gro

u
n
d

an
d

th
e
strain

s
cu
ltu

red
in

m
ed
ia

co
n
tain

in
g

am
m
o
n
iu
m

as
so
le

n
itro

gen
so
u
rce,

im
p
ro
vem

en
ts

in
ferm

en
tatio

n
p
erfo

rm
an

ce
w
ere

seen
fo
r
C
9
n
g
r1

cu
l-

tu
red

in
n
itro

gen
-lim

ited
m
ed
ia

(T
ab

le
3).

In
th
is

case,
ferm

en
tatio

n
d
u
ratio

n
w
as

red
u
ced

to
85%

o
f
th
e
w
ild

typ
e.

B
y
co
m
p
ariso

n
,
d
eletio

n
o
f
eith

er
N
G
R
1
o
r
G
ID

7

in
C
9
red

u
ced

th
e
d
u
ratio

n
o
f
ferm

en
tatio

n
in

all
cases

w
h
ere

m
ed
ia

co
m
p
risin

g
m
ixed

n
itro

gen
so
u
rces

w
ere

u
sed

.
M
o
st

n
o
tab

ly,
C
9
n
g
r1

gro
w
n
in

co
m
p
lex

n
itro

-
gen

-lim
ited

m
ed
ia

w
as

ab
le
to

red
u
ce

ferm
en
tatio

n
d
u
ra-

tio
n
b
y
27%

co
m
p
ared

w
ith

th
e
w
ild

typ
e
gro

w
n
u
n
d
er

th
e
sam

e
co
n
d
itio

n
s.

B
io
m
ass

yield
s
b
y

all
cu
ltu

res
w
ere

d
eterm

in
ed

to
estab

lish
w
h
eth

er
an

y
im

p
ro
vem

en
ts

in
n
itro

gen
effi

-
cien

cy
w
ere

attrib
u
tab

le
to

a
red

u
ced

fo
rm

atio
n
o
f
b
io
-

m
ass.

T
h
ere

w
as,

h
o
w
ever,

n
o

co
rrelatio

n
b
etw

een
b
io
m
ass

yield
an

d
ferm

en
tatio

n
d
u
ratio

n
.

3
.3
.
G
lu
co
se

u
tilisa

tio
n
b
y
K
P
2
/3

n
g
r1

g
id
7

T
h
e
d
o
u
b
le-d

eletio
n
strain

K
P
2/3

n
g
r1

g
id
7
w
as

co
n
-

stru
cted

as
d
escrib

ed
in

S
ectio

n
2.

D
eletio

n
o
f
b
o
th

gen
es

w
as

co
n
fi
rm

ed
b
y

S
o
u
th
ern

-b
lo
t
h
yb

rid
izatio

n
(d
ata

n
o
t
sh
o
w
n
).
In

ferm
en
tatio

n
trials

u
tilisin

g
n
itro

-
gen

-lim
ited

m
ed
ia

co
n
tain

in
g
am

m
o
n
iu
m

as
so
le

n
itro

-
gen

so
u
rce,

th
e

rate
o
f

glu
co

se
catab

o
lism

w
as

m
ark

ed
ly

in
creased

in
K
P
2/3

n
g
r1

g
id
7
su
ch

th
at

o
n
ly

th
is
strain

co
m
p
leted

th
e
ferm

en
tatio

n
o
f
all

th
e
glu

co
se

(200
g
l �

1)
w
ith

in
th
e
d
u
ratio

n
o
f
th
e
exp

erim
en

t
(F

ig.
3).

In
so

d
o
in
g
th
e
d
o
u
b
le
m
u
tan

t
catab

o
lised

71%
m
o
re

glu
co
se

th
an

th
e
w
ild

-typ
e
strain

(K
P
2,

116.5
g
l �

1),
44%

m
o
re

glu
co

se
th
an

K
P
2
n
g
r1

(139.3
g
l �

1)
an

d
30%

m
o
re

th
an

K
P
2
g
id
7
(154.3

g
l �

1).A
ttem

p
ts
w
ere

m
ad

e
to

co
n
-

stru
ct

an
N
G
R
1
an

d
G
ID

7
d
o
u
b
le

m
u
tan

t
in

C
9,

h
o
w
-

ever,
th
e

co
m
b
in
atio

n
o
f

b
o
th

m
u
tatio

n
s

in
th
is

b
ack

gro
u
n
d
ap

p
eared

to
b
e
leth

al.

3
.4
.
N
itro

g
en

u
tilisa

tio
n
,
b
io
m
a
ss

a
n
d
g
ly
cero

l
y
ield

s
b
y

d
eleta

n
ts

D
iff
eren

ces
in

n
itro

gen
effi

cien
cy

h
ave

p
revio

u
sly

b
een

su
ggested

th
ro
u
gh

d
eterm

in
atio

n
s
o
f
th
e
m
axim

u
m

am
o
u
n
t
o
f
n
itro

gen
th
at

is
u
tilised

b
y
a
strain

in
co
n
d
i-

tio
n
s
o
f
n
itro

gen
excess

[11,12].
T
h
erefo

re
th
e
m
axim

u
m

n
itro

gen
u
tilisatio

n
o
f
th
e

d
eletan

ts
w
as

d
eterm

in
ed

u
sin

g
m
ed
ia

co
n
tain

in
g

am
m
o
n
iu
m

as
so
le

n
itro

gen
so
u
rce

an
d

su
p
p
lied

in
excess

to
th
e
req

u
irem

en
ts

o
f

th
ese

strain
s
(750

m
g
F
A
N

l �
1).

In
terestin

gly,
n
itro

gen
u
tilisatio

n
w
as

n
o
t
gen

erally
seen

to
b
e
red

u
ced

fo
r
th
ese

d
eletan

ts
co
m
p
ared

w
ith

th
e

p
aren

tal
strain

s
(276

±
18

m
g
l �

1
fo
r
K
P
2
an

d
218

±
14

m
g
l �

1
fo
r
C
9).

In
fact,

strain
C
9
g
id
7
ten

d
ed

to
w
ard

a
h
igh

er
co
n
su
m
p
-

tio
n
o
f
am

m
o
n
iu
m

(246
±

9
m
g
l �

1).
B
io
m
ass

yield
s
an

d
cell

n
u
m
b
ers

w
ere

also
d
eter-

m
in
ed
.
N
o

d
iff
eren

ces
w
ere

seen
in

th
e
latter

b
etw

een
th
e

m
u
tan

ts
an

d
co
rresp

o
n
d
in
g

w
ild

typ
e

(d
ata

n
o
t

sh
o
w
n
).
H
o
w
ever,

ju
st

as
b
io
m
ass

yield
h
ad

n
o
t
co
rre-

lated
w
ith

ferm
en
tatio

n
d
u
ratio

n
(T
ab

le
3),

th
ere

w
as

n
o
clear

lin
k
b
etw

een
b
io
m
ass

yield
an

d
d
egree

o
f
n
itro

-
gen

co
n
su
m
p
tio

n
d
eterm

in
ed

u
n
d
er

th
e
co
n
d
itio

n
s
o
f

th
is

exp
erim

en
t
(d
ata

n
o
t
sh
o
w
n
).

S
train

C
9
n
g
r1

w
as

p
erh

ap
s
th
e
so
le

excep
tio

n
,
sh
o
w
in
g
co
m
p
arab

le
red

u
c-

tio
n
s
in

b
io
m
ass

yield
an

d
n
itro

gen
u
tilisatio

n
.
R
ed
u
ced

b
io
m
ass

yield
s
w
ere

a
recu

rrin
g
featu

re
o
f
C
9
n
g
r1,

su
ch

th
at

acro
ss

all
exp

erim
en
ts

b
io
m
ass

yield
s
ran

ged
b
e-

tw
een

77%
an

d
87%

o
f
th
at

o
f
th
e
w
ild

typ
e,

in
d
ep
en
-

d
en
t

o
f

th
e

am
o
u
n
t

o
r

typ
e

o
f

n
itro

gen
su
p
p
lied

.
R
ed
u
ced

b
io
m
ass

yield
s
co
m
b
in
ed

w
ith

u
n
ch
an

ged
cell

n
u
m
b
ers

su
ggest

th
at

C
9
n
g
r1

p
ro
d
u
ce

cells
th
at

w
ere

sm
aller

th
an

th
e
w
ild

typ
e.

T
h
e
fi
n
al

p
aram

eter
d
eterm

in
ed

at
th
e
co
n
clu

sio
n
o
f

ferm
en
tatio

n
w
as

th
e
yield

o
f
gro

ss
m
etab

o
lites,

n
am

ely,
eth

an
o
l,
glycero

l,
acetic

acid
,
su
ccin

ic
acid

,
citric

acid
an

d
acetald

eh
yd

e.
M
o
st

an
alytes

w
ere

u
n
ch
an

ged
in

th
eir

co
n
cen

tratio
n

acro
ss

th
e
strain

s
exam

in
ed

(d
ata

n
o
t
sh
o
w
n
).
G
lycero

l
yield

s
ap

p
eared

to
in
crease

in
m
o
st

cases,
b
u
t
sign

ifi
can

t
in
creases

o
f
u
p
to

�
17%

w
ere

lim
-

ited
to

strain
C
9
n
g
r1

in
b
o
th

m
ed
ia

(F
ig.

4).
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F
ig.

3.
C
atab

o
lism

o
f
glu

co
se

b
y

w
ild

-typ
e

strain
K
P
2

(r
)
an

d
d
eletio

n
strain

s
K
P
2
n
g
r1

(m
),
K
P
2
g
id
7
(j

)
an

d
K
P
2/3

n
g
r1

g
id
7
(d

).
F
erm

en
tatio

n
s

w
ere

p
erfo

rm
ed

in
C
D
G
JM

w
ith

75
m
g
F
A
N

l �
1

as
am

m
o
n
iu
m
.
D
ata

p
o
in
ts

are
th
e
m
ean

fro
m

trip
licate

ferm
en
ta-

tio
n
s
±
S
D
.
N
B
:
sm

aller
erro

r
b
ars

are
co
n
cealed

b
eh
in
d

th
e
d
ata

sym
b
o
ls.

7
9
6

J
.M

.
G
a
rd
n
er

et
a
l.
/
F
E
M
S
Y
ea
st

R
esea

rch
5
(
2
0
0
5
)
7
9
1
–
8
0
0

4
.
D
iscu

ssio
n

T
h
e

catab
o
lism

o
f
essen

tially
all

su
gars

fro
m

an
in
d
u
strial

w
in
e
ferm

en
tatio

n
is

vital
to

th
e
su
ccessfu

l
p
ro
d
u
ctio

n
o
f
a
�d
ry�

w
in
e
w
ith

in
stylistic

sp
ecifi

catio
n
s

[31].
P
ro
b
lem

ferm
en
tatio

n
s,

w
h
ich

o
ften

arise
d
u
e
to

an
in
su
ffi
cien

t
su
p
p
ly

o
f
yeast-assim

ilab
le

n
itro

gen
[1–

5]
are

typ
ically

ad
d
ressed

th
ro
u
gh

vin
eyard

o
r
w
in
ery

p
ractices

th
at

in
crease

th
e
am

o
u
n
t
o
f
availab

le
n
itro

gen
.

T
h
e
exp

lo
itatio

n
o
f
yeast

strain
s
th
at

are
m
o
re

n
itro

gen
-

effi
cien

t
[10,13,14]

is
b
eco

m
in
g
a
m
o
re

co
m
m
o
n

so
lu
-

tio
n
.
C
o
n
cep

tu
ally,

in
creased

n
itro

gen
effi

cien
cy

m
igh

t
co
m
e
ab

o
u
t
eith

er
w
ith

o
r
w
ith

o
u
t
a
n
ett

red
u
ctio

n
in

th
e
am

o
u
n
t
o
f
n
itro

gen
assim

ilated
.
S
u
ch

im
p
ro
vem

en
ts

co
u
ld

p
resu

m
ab

ly
arise

th
ro
u
gh

o
n
e
o
r
a
co
m
b
in
atio

n
o
f

(i)
m
ain

ten
an

ce
o
f
su
gar

tran
sp
o
rt

system
s,

catab
o
lic

an
d
asso

ciated
en
zym

o
lo
gy

an
d
p
ro
cesses

o
r
(ii)

a
re-

d
u
ced

exp
en
d
itu

re
o
f
n
itro

gen
o
n

n
o
n
-essen

tial
p
ro
-

cesses,
th
ereb

y
d
isen

gagin
g

n
itro

gen
to

su
p
p
o
rt

co
re

ferm
en
tative

activities.
H
igh

ly
n
itro

gen
-effi

cien
t
strain

s
th
at

are
a
m
an

ifestatio
n
o
f
eith

er
scen

ario
w
o
u
ld

b
e
u
se-

fu
l
to

in
d
u
stry.

W
e
so
u
gh

t
to

in
crease

th
e
u
n
d
erstan

d
in
g
o
f
th
e
b
asis

fo
r
d
iff
eren

ces
in

n
itro

gen
effi

cien
cy,

as
a

p
relu

d
e
to

m
an

ip
u
latin

g
th
is

attrib
u
te

in
in
d
u
strial

strain
s

fo
r

greater
ferm

en
tatio

n
reliab

ility.
A

tran
sp
o
so
n
-b
ased

sys-
tem

an
d
m
u
lti-w

ell
p
late

fo
rm

at
ferm

en
tatio

n
s
w
ere

su
c-

cessfu
lly

u
sed

to
gen

erate
an

d
id
en
tify

m
u
tan

ts
w
h
o
se

cap
acity

to
catab

o
lise

su
gar

h
ad

b
een

altered
(see

F
ig.

2).
M
u
tan

ts
w
ith

in
creases

o
r
d
ecreases

in
n
itro

gen
effi

-
cien

cy
w
ere

b
o
th

co
n
sid

ered
p
o
ten

tially
valu

ab
le

to
th
is

stu
d
y.

N
everth

eless,
given

th
at

m
o
st
m
u
tatio

n
s
p
ro
b
ab

ly
resu

lted
fro

m
a

lo
ss

o
f
fu
n
ctio

n
in

th
e

target
gen

e
[32,33],

th
o
se

yield
in
g
an

in
crease

in
n
itro

gen
effi

cien
cy

w
ere

co
n
sid

ered
m
o
re

lik
ely

to
b
e
lin

k
ed

w
ith

ch
an

ges
in

n
itro

gen
m
etab

o
lism

.
W
h
ereas

m
u
tan

ts
w
ith

red
u
ced

n
itro

gen
effi

cien
cy

m
igh

t
arise

fro
m

an
y
m
u
tatio

n
th
at

d
eb
ilitates

gro
w
th

an
d
/o
r
an

y
stage

o
f
su
gar

catab
o
lism

,
m
u
tan

ts
w
ith

in
creased

n
itro

gen
effi

cien
cy

w
ere

h
yp

o
th
-

esised
to

co
m
e
ab

o
u
t
th
ro
u
gh

d
isru

p
tio

n
o
f
a
gen

e
o
r

m
etab

o
lic

o
u
tco

m
e

n
o
rm

ally
an

tago
n
istic

to
effi

cien
t

exp
lo
itatio

n
o
f
n
itro

gen
.

U
p
to

40
tran

sp
o
so
n
m
u
tan

ts
as

w
ell

as
d
eletan

ts
o
f

N
G
R
1
an

d
G
ID

7
in

a
lab

o
rato

ry
an

d
a
w
in
e
strain

d
eriv-

ative
w
ere

evalu
ated

th
ro
u
g
h
several

ferm
en
tatio

n
s.
T
h
e

tran
sp
o
so
n
m
u
tan

ts,
sh
o
w
n
to

h
ave

in
creased

n
itro

gen
effi

cien
cy

in
aero

b
ic
ferm

en
tatio

n
s
o
f
m
ed
ia

w
ith

lim
ited

n
itro

gen
su
p
p
lied

as
am

m
o
n
iu
m
,
typ

ically
catab

o
lised

less
glu

co
se

w
h
en

gro
w
n
o
n
a
co
m
p
lex

n
itro

gen
so
u
rce

(F
ig.

2).
S
u
b
seq

u
en
t
trials

w
ith

th
e
d
eletan

ts
co
n
d
u
cted

u
n
d
er

sem
i-an

aero
b
ic

co
n
d
itio

n
s
gen

erally
yield

ed
su
p
e-

rio
r
p
erfo

rm
an

ce
in

m
ed
ia

w
ith

m
ixed

n
itro

gen
so
u
rces

(T
ab

le
3).

T
h
ese

ap
p
aren

tly
d
iscrep

an
t
resu

lts
in

fact
agree

w
ith

p
revio

u
s
rep

o
rts

an
d

m
ay

b
e
attrib

u
ted

to
th
e
d
iff
eren

t
availab

ility
o
f
o
xygen

in
each

case.
A
m
m
o
-

n
iu
m

is
a
m
o
re

effi
cien

t
n
itro

gen
so
u
rce

th
an

m
o
st

am
i-

n
o

acid
s
in

aero
b
ic

cu
ltu

res
o
f
lab

o
rato

ry
strain

s
[34]

w
h
ereas,

u
n
d
er

self-an
aero

b
ic

o
en
o
lo
gical

co
n
d
itio

n
s,

su
p
p
lem

en
tatio

n
o
f
grap

e
ju
ice

ferm
en
tatio

n
s

yield
s

h
igh

er
ferm

en
tatio

n
rates

fro
m

m
ixed

n
itro

gen
so
u
rces

rath
er

th
an

am
m
o
n
iu
m

[35,36].
Q
u
an

titatio
n
o
f
th
e
n
itro

gen
req

u
irem

en
t
o
f
d
eletan

ts
revealed

th
at

u
n
lik

e
p
revio

u
sly

ch
aracterised

n
itro

gen
-

effi
cien

t
w
in
e
yeasts

[10,11],
d
eletio

n
o
f
G
ID

7
o
r
N
G
R
1

typ
ically

d
id

n
o
t
red

u
ce

th
e
am

o
u
n
t
o
f
n
itro

gen
rem

o
ved

fro
m

th
e
m
ed
iu
m
.
F
erm

en
tatio

n
s
o
f
n
itro

gen
-d
efi
cien

t
m
ed
ia

b
y
su
ch

strain
s
m
igh

t
th
erefo

re
b
e
exp

ected
to

b
e-

co
m
e

n
itro

gen
-d
ep
leted

,
even

th
o
u
gh

ferm
en
tatio

n
sh
o
u
ld

p
ro
gress

an
d
co
m
p
lete

ah
ead

o
f
th
e
w
ild

typ
e.

T
h
e
u
sefu

ln
ess

o
f
th
ese

strain
s
as

a
m
ean

s
o
f
eff
ectin

g
ferm

en
tatio

n
o
f
n
itro

gen
-d
efi
cien

t
ju
ices

rem
ain

s
h
igh

,
h
o
w
ever,

th
e
p
o
ten

tial
fo
r
d
evelo

p
m
en
t
o
f
o
th
er

p
ro
b
-

lem
s,

su
ch

as
lib

eratio
n
o
f
h
yd

ro
gen

su
lfi
d
e
[37],

w
o
u
ld

n
eed

to
b
e
assessed

u
n
d
er

su
ch

co
n
d
itio

n
s.

A
s
alread

y
d
escrib

ed
,
tw

o
gen

es
w
ere

iso
lated

an
d
d
e-

leted
fro

m
a
lab

o
rato

ry
an

d
a
w
in
e
strain

d
erivative

to
allo

w
m
o
re

d
etailed

ch
aracterisatio

n
.
T
h
at

d
eletio

n
o
f

N
G
R
1
o
r
G
ID

7
h
as

b
en
efi
ts

fo
r
n
itro

gen
effi

cien
cy

w
as

m
ad

e
clear

b
y
th
e
fact

th
at

o
u
t
o
f
th
e
16

d
eletan

t:m
ed
ia

co
m
b
in
atio

n
s
trailled

,
eleven

resu
lted

in
m
o
re

glu
co
se

catab
o
lised

th
an

b
y
th
e
p
aren

t
strain

.
F
o
r
th
e
rem

ain
in
g

fi
ve

co
m
b
in
atio

n
s,

d
eletan

ts
p
erfo

rm
ed

eq
u
ivalen

tly
to

th
e
w
ild

typ
e
(T
ab

le
3).

T
h
e
m
o
st

rap
id

ferm
en
tatio

n
o
f
a

sin
gle-gen

e
d
eletio

n
w
as

o
b
served

fo
r
C
9

n
g
r1

gro
w
n
in

a
m
ed
iu
m

o
f
lim

ited
,
m
ixed

n
itro

gen
,
w
h
erein

0 2 4 6 8 10 12

aa
aa

aa
aa

K
P

2 ngr1 
K

P
2 gid7

C
9  gid7

C
9  ngr1

Y
east strain

Glycerol (g l-1)

N
H

4 +
N

H
4 +

N
H

4 +
N

H
4 +

*
*

F
ig.

4.
T
h
e
co
n
cen

tratio
n
o
f
glycero

l
at

ferm
en
tatio

n
co
m
p
letio

n
o
r

arrest
(in

th
e
case

o
f
K
P
2,

K
P
2
n
g
r1

an
d

K
P
2
g
id
7
su
p
p
lied

w
ith

am
m
o
n
iu
m
),
w
h
en

co
n
d
u
cted

b
y
w
ild

typ
e
(j

)
K
P
2
an

d
C
9
o
r
th
eir

d
erivatives

b
earin

g
d
eletio

n
s
o
f
N
G
R
1
(h

)
o
r
G
ID

7
(

).
T
rip

licate
ferm

en
tatio

n
s
w
ere

p
erfo

rm
ed

in
C
D
G
JM

co
n
tain

in
g
lo
w

n
itro

gen
(75

m
g
F
A
N

l �
1)

as
eith

er
am

m
o
n
iu
m

o
r
as

a
m
ixtu

re
o
f
co
m
p
lete

am
in
o
acid

s
an

d
am

m
o
n
iu
m

(aa)
as

in
d
icated

.V
alu

es
sh
o
w
n
in

th
e
fi
rst

eigh
t
b
ars

w
ere

d
erived

fro
m

a
sep

arate
exp

erim
en
t
to

th
at

w
h
ich

yield
ed

th
e
valu

es
sh
o
w
n

in
th
e
last

eigh
t
b
ars.

G
lycero

l
yield

s
b
y

m
u
tan

ts
w
h
ich

w
ere

sign
ifi
can

tly
d
iff
eren

t
(p

<
0.05,

S
tu
d
en
t�s

t-test)
fro

m
th
e
co
rresp

o
n
d
in
g
w
ild

typ
e
are

in
d
icated

(*).

J
.M

.
G
a
rd
n
er

et
a
l.
/
F
E
M
S
Y
ea
st

R
esea

rch
5
(
2
0
0
5
)
7
9
1
–
8
0
0

7
9
7
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to
tal

ferm
en
tatio

n
d
u
ratio

n
w
as

red
u
ced

b
y
u
p
to

27%
(ap

p
ro
x.

50
h
).
In

th
e
co
n
text

o
f
an

in
d
u
strial

ferm
en
ta-

tio
n
p
ro
cess

lik
e
w
in
em

ak
in
g,

su
ch

a
red

u
ctio

n
in

th
e

resid
en
ce

tim
e

in
exp

en
sive

ferm
en
ter

in
frastru

ctu
re

can
h
ave

sign
ifi
can

t
b
en
efi
ts

fo
r
p
lan

t
th
ro
u
gh

p
u
t
an

d
p
ro
d
u
ctivity.

T
h
e
d
eletio

n
o
f
b
o
th

N
G
R
1

an
d

G
ID

7
fro

m
K
P
2
seem

ed
also

to
sign

ifi
can

tly
en
h
an

ce
ferm

en
-

tatio
n
,
in
creasin

g
th
e
to
tal

glu
co
se

catab
o
lised

b
y
u
p

to
71%

o
f
th
e
p
aren

t
strain

.
U
n
fo
rtu

n
ately,

th
is
co
m
b
i-

n
atio

n
o
f
d
eletio

n
s
ap

p
ears

leth
al

in
th
e
w
in
e
yeast

strain
C
9.

F
u
rth

er
w
o
rk

w
ith

o
th
er

in
d
u
strial

strain
s
w
ill

h
elp

d
eterm

in
e
w
h
eth

er
leth

ality
o
f
th
e
n
g
r1/g

id
7
d
eletio

n
s

w
as

sp
ecifi

cally
related

to
th
ese

m
o
d
ifi
catio

n
s
o
r
else

ar-
o
se

th
ro
u
gh

u
n
related

eff
ects

su
ch

as
a
ran

d
o
m
izatio

n
o
f

ch
ro
m
o
so
m
es.

A
seco

n
d

criterio
n

fo
r
evalu

atio
n

o
f
d
eletan

ts
w
as

th
eir

p
attern

o
f
m
etab

o
lite

p
ro
d
u
ctio

n
.
It

is
n
o
tew

o
rth

y
th
at

n
o
t
o
n
ly

d
id

d
eletio

n
o
f
N
G
R
1
o
r
G
ID

7
fail

to
p
ro
-

d
u
ce

d
etrim

en
tal

co
n
seq

u
en
ce

fo
r
th
e
p
aram

eters
exam

-
in
ed
,
in

so
m
e
cases

p
o
ten

tial
im

p
ro
vem

en
ts

w
ere

n
o
ted

.
P
ro
d
u
ctio

n
o
f
glycero

l,
a
m
etab

o
lite

co
n
ferrin

g
d
esirab

le
�m

o
u
th
-feel�

p
ro
p
erties

to
w
in
e
w
h
en

in
co
n
cen

tratio
n
s

ab
o
ve

its
taste

th
resh

o
ld

level
o
f
5.2

g
l �

1
[38],

w
as

in
fact

p
ro
d
u
ced

in
in
creased

am
o
u
n
ts

(b
y
u
p
to

�
17%

)
b
y
so
m
e
d
eletan

ts
(F

ig.
4).

A
p
art

fro
m

an
y
sen

so
ry

co
n
-

trib
u
tio

n
s,

in
creased

p
ro
d
u
ctio

n
o
f
glycero

l
m
ay

in
d
i-

cate
an

alteratio
n

in
th
e
red

o
x

b
alan

ce
o
f
d
eletan

ts.
G
lycero

l
is

p
ro
d
u
ced

d
u
rin

g
th
e

regen
eratio

n
o
f

N
A
D

+
,
a
req

u
irem

en
t
fo
r
an

ab
o
lic

m
etab

o
lism

,
p
articu

-
larly

d
u
rin

g
an

aero
b
io
sis.

It
is
also

k
n
o
w
n
to

b
e
im

p
o
r-

tan
t
in

th
e
b
alan

ce
o
f
o
sm

o
tic

p
ressu

re
[39].

P
revio

u
sly,

a
glycero

l-o
verp

ro
d
u
cin

g
strain

,
gen

erated
b
y

o
ver-

exp
ressin

g
G
P
D
1,

w
as

sh
o
w
n
to

h
ave

a
h
igh

er
ferm

en
ta-

tio
n

rate
at

statio
n
ary

p
h
ase

[40].
R
esearch

ers
h
yp

o
th
esise

th
at

th
is

co
u
ld

b
e
d
u
e
to

an
en
h
an

ced
re-

lease
o
f
in
o
rgan

ic
p
h
o
sp
h
ate

o
r
a
red

u
ced

p
ro
d
u
ctio

n
o
f
A
T
P

[41].
It

is
th
erefo

re
p
o
ssib

le
th
at

an
y
b
en
efi
t

fo
r
ferm

en
tatio

n
seen

in
N
G
R
1/G

ID
7
d
eletan

ts
is
a
sec-

o
n
d
ary

eff
ect

o
f
elevated

glycero
l
p
ro
d
u
ctio

n
o
r
fl
u
xes

o
f

in
o
rgan

ic
p
h
o
sp
h
ate

o
r
A
T
P
.

D
eterm

in
in
g

p
recisely

h
o
w

d
eletio

n
o
f
N
G
R
1

o
r

G
ID

7
in
creases

n
itro

gen
effi

cien
cy

w
ill

req
u
ire

fu
rth

er
in
vestigatio

n
.
N
o

clear
exp

lan
atio

n
s

can
b
e

d
erived

fro
m

rep
o
rts

to
d
ate

o
n

th
e
ch
aracterisatio

n
o
f
th
ese

gen
es.

N
o
n
eth

eless,
th
e
in
sigh

ts
o
ff
ered

b
y

th
is

stu
d
y

d
o

allo
w

fo
r
so
m
e
sp
ecu

latio
n

as
to

th
e
b
asis

fo
r
th
e

in
fl
u
en
ce

o
f
N
G
R
1
an

d
G
ID

7
o
n
n
itro

gen
effi

cien
cy.

A
lab

o
rato

ry
strain

b
earin

g
a
d
eletio

n
o
f
b
o
th

gen
es

w
as

cap
ab

le
o
f
catab

o
lisin

g
a
greater

am
o
u
n
t
o
f
glu

co
se

d
u
r-

in
g
ferm

en
tatio

n
th
an

eith
er

sin
gle

d
eletan

t
u
n
d
er

eq
u
iv-

alen
t
n
itro

gen
-lim

ited
co
n
d
itio

n
s
(F

ig.
3).

It
th
erefo

re
seem

s
lik

ely
th
at

in
K
P
2
th
e
gen

es
fu
n
ctio

n
in

sep
arate

p
ath

w
ays

in
o
rd
er

to
p
ro
d
u
ce

an
ad

d
itive

eff
ect.

H
o
w
-

ever,
th
is

co
m
b
in
atio

n
o
f
d
eletio

n
s
in

C
9

ap
p
ears

to
co
n
fer

leth
ality

su
ggestin

g
a

fu
n
ctio

n
al

lin
k

b
etw

een
th
ese

tw
o
gen

es.

T
h
e
p
recise

b
io
lo
gical

fu
n
ctio

n
(s)

o
f
N
G
R
1

is
u
n
-

k
n
o
w
n
b
u
t
th
e
gen

e
is
glu

co
se-rep

ressib
le

[29],
is
lin

k
ed

to
th
e
resp

o
n
se

to
h
igh

-su
gar

stress
[42]

an
d
,
m
o
st

re-
cen

tly,
N
G
R
1
(R

B
P
1)

h
as

b
een

sh
o
w
n
to

p
ro
m
o
te

d
eg-

rad
atio

n
o
f
m
ito

ch
o
n
d
rial

p
o
rin

m
R
N
A

[43],
p
o
ssib

ly
b
y
b
in
d
in
g
to

its
3 0U

T
R

via
its

R
N
A

reco
gn

itio
n
m
o
tifs

[29].
O
f
relevan

ce
to

th
e
p
resen

t
stu

d
y
is

th
e
fact

th
at

N
G
R
1
(n
egative

gro
w
th

regu
lato

r
(1)

w
as

o
rigin

ally
iso

-
lated

b
ased

o
n
its

in
fl
u
en
ce

o
n
gro

w
th

rate
[29,44,45].

D
eletio

n
o
f
th
e

o
p
en

read
in
g

fram
e

in
creased

early
lo
g-p

h
ase

gro
w
th

rate
b
y
30%

d
u
rin

g
gro

w
th

o
n
glu

co
se,

o
r
b
y
60%

o
r
75%

d
u
rin

g
gro

w
th

o
n
galacto

se
o
r
glyc-

ero
l,

resp
ectively.

C
o
n
versely,

o
ver-exp

ressio
n

o
f

N
G
R
1

(R
B
P
1)

resu
lted

in
red

u
ctio

n
s
in

gro
w
th

rate
[45].

W
e
h
ave

n
o
t
d
etected

an
y
d
iff
eren

ce
in

gro
w
th

rate
o
f
n
g
r1

strain
s
in

th
is
stu

d
y
(d
ata

n
o
t
sh
o
w
n
).
T
h
e
o
n
ly

im
p
act

o
n

a
gro

w
th

attrib
u
te

is
th
at

d
eletan

ts
co
n
sis-

ten
tly

yield
a
red

u
ced

b
io
m
ass

w
ith

little
ch
an

ge
to

cell
n
u
m
b
er.

C
ells

o
f
n
g
r1

strain
s

are
th
erefo

re
sm

aller
an

d
/o
r
ligh

ter.
T
h
e
p
ro
p
o
sed

red
u
ctio

n
in

cell
size

d
id

n
o
t
alter

th
e
u
p
tak

e
o
f
am

m
o
n
iu
m

(d
ata

n
o
t
sh
o
w
n
),

as
su
ggested

fo
r
o
th
er

o
en
o
lo
gical

strain
s
o
f
red

u
ced

size
[46].

H
o
w
ever,

it
is

p
o
ssib

le
th
at

th
e
b
asis

fo
r
th
e
in
-

creased
n
itro

gen
effi

cien
cy

seen
in

su
ch

m
u
tan

ts
is

re-
lated

to
a
red

u
ctio

n
in

n
itro

gen
-d
em

an
d
in
g
syn

th
eses,

p
erh

ap
s
th
o
se

in
vo

lved
in

fo
rm

atio
n
o
f
cellu

lar
reserve

co
m
p
o
u
n
d
s
o
r
cell

en
largem

en
t,

th
ereb

y
settin

g
free

n
itro

gen
to

su
p
p
o
rt

faster
o
r

exten
d
ed

ferm
en
tative

activity.
G
ID

7
is

o
n
e
o
f
several

G
ID

gen
es,

k
n
o
w
n
to

b
e
in
-

vo
lved

in
catab

o
lite

d
egrad

atio
n

o
f
fru

cto
se-1,6-p

h
o
s-

p
h
atase,

sin
ce

th
is

activity
is

still
p
resen

t
in

g
id
7

strain
s
th
at

h
ave

b
een

sh
ifted

to
a
glu

co
se-co

n
tain

in
g

m
ed
iu
m

[30].
T
h
e
p
u
tative

G
ID

7
p
ro
tein

is
p
red

icted
to

co
n
tain

fi
ve

W
D
40

rep
eats

(S
M
A
R
T
,
h
ttp

://sm
ar-

t.em
b
l-h

eid
elb

erg.d
e/),

w
h
ich

are
th
o
u
gh

t
to

m
ed
iate

p
ro
tein

–p
ro
tein

in
teractio

n
s
an

d
are

fo
u
n
d
in

m
an

y
reg-

u
lato

ry
p
ro
tein

s
su
ch

as
th
e
b
-su

b
u
n
it
o
f
th
e
h
etero

tri-
m
eric

G
-p
ro
tein

G
T
P
ase

[47].
S
ystem

atic
search

es
fo
r

p
ro
tein

in
teractio

n
s
h
ave

h
igh

ligh
ted

p
u
tative

in
terac-

tio
n
s
o
f
G
id
7p

w
ith

o
th
er

G
ID

p
ro
tein

s
[48],

b
u
t
also

w
ith

th
e
h
igh

-affi
n
ity

h
exo

se
tran

sp
o
rter

en
co
d
ed

b
y

H
X
T
7.

T
h
is

tran
sp
o
rter

is
im

p
o
rtan

t
at

th
e
en
d
o
f
fer-

m
en
tatio

n
fo
r
m
ain

ten
an

ce
o
f
h
exo

se
tran

sp
o
rt

[49]
an

d
k
n
o
w
n
to

b
e
rap

id
ly

d
egrad

ed
u
p
o
n
th
e
d
ep
letio

n
o
f
n
itro

gen
[50].

P
erh

ap
s,

th
erefo

re,
th
e

ab
sen

ce
o
f

G
id
7p

p
reven

ts
d
eactivatio

n
o
f
H
xt7p

,
alik

e
to

F
B
P
ase,

en
h
an

cin
g
th
e
m
u
tan

ts
ab

ility
to

m
ain

tain
its

glu
co
se-

catab
o
lic

activity
u
n
d
er

co
n
d
itio

n
s
o
f
n
itro

gen
starva-

tio
n
.

A
n

altern
ative

p
o
ssib

ility
fo
r

th
e

im
p
act

o
n

n
itro

gen
effi

cien
cy

o
f
d
eletio

n
o
f
G
ID

7
co
m
es

fro
m

w
o
rk

o
n

an
o
th
er

G
ID

gen
e.

V
ID

3
0
(G

ID
1),

is
u
p
-regu

lated
o
n

lo
w

am
m
o
n
iu
m

[51],
resu

ltin
g

in
a

ch
an

n
elin

g
o
f

n
itro

gen
m
etab

o
lism

to
w
ard

s
glu

tam
ate

fo
rm

atio
n
.
It

m
igh

t
th
erefo

re
b
e
sp
ecu

lated
th
at

G
ID

7
fu
n
ctio

n
s
in

a
sim

ilar
m
an

n
er

to
V
ID

3
0
su
ch

th
at

d
isru

p
tio

n
o
f
G
ID

7

7
9
8

J
.M

.
G
a
rd
n
er

et
a
l.
/
F
E
M
S
Y
ea
st

R
esea

rch
5
(
2
0
0
5
)
7
9
1
–
8
0
0

b
rin

gs
ab

o
u
t
a
re-d

irectio
n
o
f
n
itro

gen
w
h
ich

u
ltim

ately
b
en
efi
ts

m
ain

ten
an

ce
o
f
ferm

en
tatio

n
.

R
egard

less
o
f
h
o
w

d
eletio

n
o
f
N
G
R
1
an

d
G
ID

7
en
-

h
an

ces
n
itro

gen
effi

cien
cy

d
u
rin

g
ferm

en
tatio

n
,
th
ese

fi
n
d
in
gs

p
ro
vid

e
n
ew

strategies
fo
r
th
e
co
n
stru

ctio
n
o
r

selectio
n
o
f
o
p
tim

ised
strain

s
w
ith

greater
ferm

en
tatio

n
reliab

ility.
W
h
ile

th
e
su
p
erio

r
n
itro

gen
effi

cien
cy

o
f
th
e

d
o
u
b
le-d

eletio
n
strain

s
is

attractive,
it

cu
rren

tly
seem

s
in
ap

p
licab

le
fo
r
p
ro
d
u
cin

g
im

p
ro
ved

w
in
e

yeasts,
at

least
in

th
e
C
9
d
erivatives

o
f
th
e
w
in
e
strain

,
L
-2056.

A
lso

,
a

co
m
p
reh

en
sive

ch
eck

fo
r
th
e
in
tro

d
u
ctio

n
o
f

an
y

d
etrim

en
tal

ch
an

ges,
su
ch

as
o
ver-p

ro
d
u
ctio

n
o
f

u
n
d
esirab

le
m
etab

o
lites

[52],
is

yet
to

b
e
carried

o
u
t.

F
u
rth

er
w
o
rk

is
th
erefo

re
req

u
ired

n
o
t
o
n
ly

to
d
eterm

in
e

if
th
is
strategy

can
b
e
ap

p
lied

to
o
th
er

w
in
e
yeast

strain
s,

b
u
t
also

to
d
efi
n
e
th
e
m
etab

o
lic

b
asis

fo
r
th
e
en
h
an

ce-
m
en
t
in

th
ese

strain
s
as

w
ell

as
an

y
fu
rth

er
m
u
tan

ts
iso

-
lated

u
sin

g
th
e
m
eth

o
d
set-o

u
t
in

th
is
rep

o
rt.

A
ck
n
o
w
led

g
em

en
ts

T
h
is
p
ro
ject

is
su
p
p
o
rted

b
y
A
u
stralia�s

grap
egro

w
ers

an
d

w
in
em

ak
ers

th
ro
u
gh

th
eir

in
vestm

en
t
b
o
d
y

th
e

G
rap

e
an

d
W
in
e
R
esearch

an
d
D
evelo

p
m
en
t
C
o
rp
o
ra-

tio
n
(G

W
R
D
C
),
w
ith

m
atch

in
g
fu
n
d
s
fro

m
th
e
A
u
stra-

lian
G
o
vern

m
en
t
(p
ro
jects

U
A

00/5
an

d
U
A

01/04).
F
u
rth

er
su
p
p
o
rt

w
as

k
in
d
ly

p
ro
vid

ed
b
y

L
allem

an
d

A
u
stralia.

W
e
w
ish

to
th
an

k
K
ate

P
o
o
le

fo
r
strain

s
K
P
2
an

d
K
P
3,

M
ich

ael
S
n
yd

er
fo
r
a
gift

o
f
th
e
tran

sp
o
-

so
n
in
sertio

n
lib

rary,
W
ill

G
ard

n
er

fo
r
m
an

u
factu

re
o
f

th
e
48-p

in
n
ed

rep
licato

r,
an

d
S
ak

k
ie

P
reto

riu
s
an

d
M
i-

ch
elle

W
alk

er
fo
r
critical

read
in
g
o
f
th
e
m
an

u
scrip

t.
Jen

-
n
ifer

G
ard

n
er

is
a
h
o
ld
er

o
f
an

A
u
stralian

P
o
stgrad

u
ate

A
w
ard

.
C
o
lin

M
cB

ryd
e
is

a
h
o
ld
er

o
f
a
P
o
stgrad

u
ate

A
w
ard

fro
m

T
h
e
U
n
iversity

o
f
A
d
elaid

e
as

w
ellas

a
su
p
-

p
lem

en
tary

sch
o
larsh

ip
fro

m
th
e
G
W
R
D
C
.

R
eferen

ces

[1]
In
gled

ew
,
W
.M

.
an

d
K
u
n
k
ee,

R
.E
.
(1985)

F
acto

rs
in
fl
u
en
cin

g
slu

ggish
ferm

en
tatio

n
s
o
f
grap

e
ju
ice.

A
m
.
J.

E
n
o
l.
V
itic.

36,
65–

76.
[2]

B
ely,

M
.,

S
ab

layro
lles,

J.M
.
an

d
B
arre,

P
.
(1990)

A
u
to
m
atic

d
etectio

n
o
f
assim

ilab
le

n
itro

gen
d
efi
cien

cies
d
u
rin

g
alco

h
o
lic

ferm
en
tatio

n
in

o
en
o
lo
gical

co
n
d
itio

n
s.
J.
F
erm

.
B
io
en
g.

70,
246–

252.
[3]

S
tratfo

rd
,
M
.
an

d
R
o
se,

A
.H

.
(1985)

H
yd

ro
gen

su
lp
h
id
e
p
ro
d
u
c-

tio
n
fro

m
su
lp
h
ite

b
y
S
a
cch

a
ro
m
y
ces

cerevisia
e.

J.
G
en
.
M
icro

-
b
io
l.
132,

1–6.
[4]

A
lexan

d
re,

H
.
an

d
C
h
arp

en
tier,

C
.
(1998)

B
io
ch
em

ical
asp

ects
o
f

stu
ck

an
d
slu

ggish
ferm

en
tatio

n
in

grap
e
m
u
st.

J.
In
d
.
M
icro

b
io
l.

B
io
tech

n
o
l.
20,

20–27.
[5]

P
ierce,

J.S
.
(1987)

H
o
race

B
ro
w
n
m
em

o
rial

lectu
re:

T
h
e
ro
le

o
f

n
itro

gen
in

b
rew

in
g.

J.
In
st.

B
rew

.
93,

378–381.
[6]

O
u
gh

,
C
.S
.
(1991)

In
fl
u
en
ce

o
f
n
itro

gen
co
m
p
o
u
n
d
s
in

grap
es

o
n

eth
yl

carb
am

ate
fo
rm

atio
n
in

w
in
es

In
:
In
tern

atio
n
al

S
ym

p
o
siu

m
o
n
N
itro

gen
in

G
rap

es
an

d
W
in
e
(R

an
tz,

J.M
.,
E
d
.),

p
p
.
165–171.

A
m
erican

S
o
ciety

fo
r
E
n
o
lo
gy

an
d
V
iticu

ltu
re,

D
avis,

C
A
.

[7]
M
o
n
teiro

,
F
.F
.,
T
ro
u
sd
ale,

E
.K

.
an

d
B
isso

n
,
L
.F
.
(1989)

E
th
yl

carb
am

ate
fo
rm

atio
n
in

w
in
e:

U
se

o
f
rad

io
active

p
recu

rso
rs

to
d
em

o
n
strate

th
e
in
vo

lvem
en
t
o
f
u
rea.

A
m
.
J.

E
n
o
l.
V
itic.

40,
1–8.

[8]
A
ren

a,
M
.E
.
an

d
M
an

ca
D
e
N
ad

ra,
M
.C
.
(2001)

B
io
gen

ic
am

in
e

p
ro
d
u
ctio

n
b
y

L
a
cto

b
a
cillu

s.
J.

A
p
p
l.

M
icro

b
io
l.

90,
158–

162.
[9]

T
o
rrea,

D
.,
F
raile,

P
.,
G
ard

e,
T
.
an

d
A
n
cin

,
C
.
(2003)

P
ro
d
u
ctio

n
o
f
vo

latile
co
m
p
o
u
n
d
s
in

th
e
ferm

en
tatio

n
o
f
C
h
ard

o
n
n
ay

m
u
sts

in
o
cu
lated

w
ith

tw
o

strain
s

o
f

S
a
cch

a
ro
m
y
ces

cerevisia
e

w
ith

d
iff
eren

t
n
itro

gen
d
em

an
d
s.

F
o
o
d

C
o
n
tro

l
14,

565–
571.

[10]
Jiran

ek
,
V
.,

L
an

grid
ge,

P
.
an

d
H
en
sch

k
e,

P
.A

.
(1991)

Y
east

n
itro

gen
d
em

an
d
:
S
electio

n
criterio

n
fo
r
w
in
e
yeasts

fo
r
ferm

en
-

tatio
n

o
f
lo
w

n
itro

gen
m
u
sts

In
:
In
tern

atio
n
al

S
ym

p
o
siu

m
o
n

N
itro

gen
in

G
rap

es
an

d
W
in
e
(R

an
tz,

J.M
.,
E
d
.),

p
p
.
266–269.

A
m
erican

S
o
ciety

fo
r
E
n
o
lo
gy

an
d
V
iticu

ltu
re,

D
avis,

C
A
.

[11]
Jiran

ek
,
V
.,
L
an

grid
ge,

P
.
an

d
H
en
sch

k
e,
P
.A

.
(1995)

A
m
in
o
acid

an
d

am
m
o
n
iu
m

u
tilizatio

n
b
y

S
a
cch

a
ro
m
y
ces

cerevisia
e

w
in
e

yeasts
fro

m
a
ch
em

ically-d
efi
n
ed

m
ed
iu
m
.
A
m
.
J.

E
n
o
l.
V
itic.

46,
75–83.

[12]
M
an

gin
o
t,

C
.,

R
o
u
stan

,
J.L

.
an

d
S
ab

layro
lles,

J.M
.
(1998)

N
itro

gen
d
em

an
d

o
f

d
iff
eren

t
yeast

strain
s

d
u
rin

g
alco

h
o
lic

ferm
en
tatio

n
:
Im

p
o
rtan

ce
o
f
th
e
statio

n
ary

p
h
ase.

E
n
z.

M
icro

.
T
ech

n
o
l.
23,

511–517.
[13]

G
ard

n
er,

J.M
.,

P
o
o
le,

K
.
an

d
Jiran

ek
,
V
.
(2002)

P
ractical

sign
ifi
can

ce
o
f
relative

assim
ilab

le
n
itro

gen
req

u
irem

en
ts

o
f
yeast:

A
p
relim

in
ary

stu
d
y
o
f
ferm

en
tatio

n
p
erfo

rm
an

ce
an

d
lib

eratio
n

o
f
H

2 S
.
A
u
st.

J.
G
rap

e
W
in
e
R
es.

8,
175–179.

[14]
Ju
lien

,
A
.,
R
o
u
stan

,
J.L

.,
D
u
lau

,
L
.
an

d
S
ab

layro
lles,

J.M
.
(2000)

C
o
m
p
ariso

n
o
f
n
itro

gen
an

d
o
xygen

d
em

an
d
s

o
f
en
o
lo
gical

yeasts:
T
ech

n
o
lo
gical

co
n
seq

u
en
ces.

A
m
.
J.

E
n
o
l.
V
itic.

51,
215–

222.
[15]

H
en
sch

k
e,

P
.A

.
an

d
Jiran

ek
,
V
.
(1993)

Y
easts-m

etab
o
lism

o
f

n
itro

gen
co
m
p
o
u
n
d
s
In
:
W
in
e
M
icro

b
io
lo
gy

an
d
B
io
tech

n
o
lo
gy

(F
leet,

G
.H

.,
E
d
.),

p
p
.
77–163.

H
arw

o
o
d
A
cad

em
ic

P
u
b
lish

ers,
C
h
u
r.

[16]
C
u
lb
ertso

n
,
M
.R

.
an

d
H
en
ry,

S
.A

.
(1975)

In
o
sito

l-req
u
irin

g
m
u
tan

ts
o
f

S
a
cch

a
ro
m
y
ces

cerevisia
e.

G
en
etics

80,
23–

40.
[17]

W
alk

er,
M
.E
.,
G
ard

n
er,

J.M
.,
V
ystavelo

va,
A
.,
M
cB

ryd
e,

C
.,
d
e

B
arro

s
L
o
p
es,

M
.
an

d
Jiran

ek
,
V
.
(2003)

A
p
p
licatio

n
o
f
th
e

reu
seab

le,
K
a
n
M
X
-selectab

le
m
ark

er
to

in
d
u
strial

yeast:
C
o
n
-

stru
ctio

n
an

d
evalu

atio
n
o
f
h
etero

th
allic

w
in
e
strain

s
o
f
S
a
cch

a
-

ro
m
y
ces

cerevisia
e,

p
o
ssessin

g
m
in
im

al
fo
reign

D
N
A

seq
u
en
ces.

F
E
M
S
Y
east

R
es.

4,
339–347.

[18]
A
d
am

s,A
.,G

o
ttsch

lin
g,D

.E
.,K

aiser,C
.A

.an
d
S
tearn

s,T
.(1997)

M
eth

o
d
s
in

Y
east

G
en
etics.

C
o
ld

S
p
rin

g
H
arb

o
r
L
ab

o
rato

ry
P
ress,

N
ew

Y
o
rk
.

[19]
G
u
th
rie,

C
.
an

d
F
in
k
,
G
.R

.
(1991)

G
u
id
e
to

yeast
gen

etics
an

d
m
o
lecu

lar
b
io
lo
gy.

M
eth

.
E
n
zym

o
l.
194,

281–302.
[20]

G
ietz,

D
.,
S
t
Jean

,
A
.,
W
o
o
d
s,

R
.A

.
an

d
S
ch
iestl,

R
.H

.
(1992)

Im
p
ro
ved

m
eth

o
d

fo
r
h
igh

effi
cien

cy
tran

sfo
rm

atio
n

o
f
in
tact

yeast
cells.

N
u
cl.

A
cid

s
R
es.

20,
1425.

[21]
W
ach

,
A
.,
B
rach

at,
A
.,
P
o
h
lm

an
n
,
R
.
an

d
P
h
ilip

p
sen

,
P
.
(1994)

N
ew

h
etero

lo
go

u
s

m
o
d
u
les

fo
r

classical
o
r

P
C
R
-b
ased

gen
e
d
isru

p
tio

n
s
in

S
a
cch

a
ro
m
y
ces

cerevisia
e.

Y
east

10,
1793–

1808.
[22]

R
o
ss-M

acd
o
n
ald

,
P
.,
S
h
eeh

an
,
A
.,
R
o
ed
er,

G
.S
.
an

d
S
n
yd

er,
M
.

(1997)
A

m
u
ltip

u
rp
o
se

tran
sp
o
so
n
system

fo
r
an

alysin
g
p
ro
tein

p
ro
d
u
ctio

n
,
lo
calisatio

n
an

d
fu
n
ctio

n
in

S
a
cch

a
ro
m
y
ces

cerevisia
e.

P
ro
c.

N
atl.

A
cad

.
S
ci.

U
S
A

94,
190–195.

[23]
M
artin

,
V
.J.J.

an
d

M
o
h
n
,
W
.W

.
(1999)

A
n

altern
ative

in
verse

P
C
R

(IP
C
R
)
m
eth

o
d
to

am
p
lify

D
N
A

seq
u
en
ces

fl
an

k
in
g
T
n
5

tran
sp
o
so
n
in
sertio

n
s.
J.

M
icro

b
io
l.
M
eth

.
35,

163–166.
[24]

H
u
an

g,G
.,
Z
h
an

g,
L
.
an

d
B
irch

,
R
.G

.
(2000)

R
ap

id
am

p
lifi

catio
n

an
d

clo
n
in
g

o
f
T
n
5

fl
an

k
in
g
fragm

en
ts

b
y
in
verse

P
C
R
.
L
ett.

A
p
p
l.
M
icro

b
io
l.
31,

149–153.

J
.M

.
G
a
rd
n
er

et
a
l.
/
F
E
M
S
Y
ea
st

R
esea

rch
5
(
2
0
0
5
)
7
9
1
–
8
0
0

7
9
9

157



[25]
S
am

b
ro
o
k
,
J.,

F
ritsch

,
E
.F
.
an

d
M
an

iatis
(2001)

M
o
lecu

lar
C
lo
n
in
g:

A
L
ab

o
rato

ry
M
an

u
al.

C
o
ld

S
p
rin

g
H
arb

o
r
P
ress,

N
ew

Y
o
rk
.

[26]
van

M
ilten

b
u
rg,

R
.,
R
u
ger,

B
.,
G
ru
n
ew

ald
-Jan

h
o
,
S
.,
L
eo
n
s,
M
.

an
d

S
ch
ro
d
er,

C
.
(1995)

T
h
e

D
IG

U
ser�s

G
u
id
e

fo
r

F
ilter

H
yb

rid
isatio

n
.
B
o
eh
rin

ger
M
an

n
h
eim

,
G
erm

an
y.

[27]
H
u
xley,C

.,
G
reen

,
E
.D

.
an

d
D
u
n
b
am

,I.
(1990)

R
ap

id
assessm

en
t

o
f
S
a
cch

a
ro
m
y
ces

cerevisia
e
m
atin

g
typ

e
b
y
P
C
R
.
T
ren

d
s
G
en
et.

6,
236.

[28]
B
o
u
lto

n
,
R
.B
.,
S
in
gleto

n
,
V
.L
.,
B
isso

n
,
L
.F
.
an

d
K
u
n
k
ee,

R
.E
.

(1996)
P
rin

cip
les

an
d
P
ractices

o
f
W
in
em

ak
in
g.

A
sp
en

P
u
b
lish

ers,
In
c.,

G
aith

ersb
u
rg.

[29]
L
ee,

F
.
an

d
M
o
ss,

J.
(1993)

A
n

R
N
A
-b
in
d
in
g

p
ro
tein

gen
e

(R
B
P
1)

o
f
S
a
cch

a
ro
m
y
ces

cerevisia
e
en
co
d
es

a
p
u
tative

glu
co
se-

rep
ressib

le
p
ro
tein

co
n
tain

in
g
tw

o
R
N
A

reco
gn

itio
n

m
o
tifs.

J.
B
io
l.
C
h
em

.
268,

15080–15087.
[30]

R
egelm

an
n
,
J.,

S
ch
u
le,

T
.,
Jo
su
p
eit,

F
.S
.,
H
o
rak

,
J.,

R
o
se,

M
.,

E
n
tian

,
K
.-D

.,
T
h
u
m
m
,
M
.
an

d
W
o
lf,

D
.H

.
(2003)

C
atab

o
lite

d
egrad

atio
n
o
f
fru

cto
se-1,6-b

isp
h
o
sp
h
atase

in
th
e
yeast

S
a
cch

a
-

ro
m
y
ces

cerevisia
e:

A
gen

o
m
e-w

id
e
screen

id
en
tifi

es
eigh

t
n
o
vel

G
ID

gen
es

an
d

in
d
icates

th
e

existen
ce

o
f

tw
o

d
egrad

atio
n

p
ath

w
ays.

M
o
l.
B
io
l.
C
ell

14,
1652–1663.

[31]
Ilan

d
,
P
.
an

d
G
ago

,
P
.
(2002)

A
u
stralian

W
in
e:
S
tyles

an
d
T
astes.

P
atrick

Ilan
d
W
in
e
P
ro
m
o
tio

n
s,
C
am

p
b
ell

T
o
w
n
,
A
u
stralia.

[32]
S
eifert,

H
.S
.,
C
h
en
,
E
.Y

,
S
o
,
M
.
an

d
H
eff
ro
n
,
F
.
(1986)

S
h
u
ttle

m
u
tagen

esis:
A

m
eth

o
d

o
f

tran
sp
o
so
n

m
u
tagen

esis
fo
r

S
a
cch

a
ro
m
y
ces

cerevisia
e.

P
ro
c.

N
atl.

A
cad

.
S
ci.

U
S
A

83,
735–

739.
[33]

D
aign

an
-F
o
rn
ier,

B
.
an

d
B
o
lo
tin

-F
u
k
u
h
ara,

M
.
(1988)

In
vivo

fu
n
ctio

n
al

ch
aracterizatio

n
o
f
a
yeast

n
u
cleo

tid
e
seq

u
en
ce:

co
n
-

stru
ctio

n
o
f
a
m
in
i-M

u
d
erivative

ad
ap

ted
to

yeast.
G
en
e
62,

45–
54.

[34]
C
o
o
p
er,

T
.G

.
(1982)

N
itro

gen
m
etab

o
lism

in
S
a
cch

a
ro
m
y
ces

cerevisia
e
In
:
T
h
e
M
o
lecu

lar
B
io
lo
gy

o
f
th
e
Y
east

S
acch

aro
m
yces.

M
etab

o
lism

an
d
G
en
e
E
xp

ressio
n
(S
trath

ern
,
J.N

.,
Jo
n
es,

E
.W

.
an

d
B
ro
ach

,
J.R

.,
E
d
s.),

vo
l.
2.

C
o
ld

S
p
rin

g
H
arb

o
r
L
ab

o
rato

ry,
C
o
ld

S
p
rin

g
H
arb

o
r,
N
ew

Y
o
rk
.

[35]
M
o
n
k
,P

.R
.,
H
o
o
k
,D

.
an

d
F
reem

an
,B

.M
.
(1986)

In
:
P
ro
ceed

in
gs

o
f
th
e
S
ixth

A
u
stralian

W
in
e
In
d
u
stry

T
ech

n
ical

C
o
n
feren

ce,
(L
ee,

T
.H

.,
E
d
.)
A
m
in
o
acid

m
etab

o
lism

b
y
yeasts.

p
p
.
129–133.

W
in
etitles,

A
d
elaid

e,
A
u
stralia.

[36]
M
o
n
teiro

,
F
.F
.
an

d
B
isso

n
,
L
.F
.
(1992)

N
itro

gen
su
p
p
lem

en
ta-

tio
n

o
f
grap

e
ju
ice:

II.
E
ff
ect

o
n

am
in
o

acid
an

d
u
rea

release
fo
llo

w
in
g
ferm

en
tatio

n
.
A
m
.
J.

E
n
o
l.
V
itic.

43,
11–17.

[37]
Jiran

ek
,
V
.,
L
an

grid
ge,

P
.
an

d
H
en
sch

k
e,

P
.A

.
(1995)

R
egu

latio
n

o
f
h
yd

ro
gen

su
lfi
d
e
lib

eratio
n
in

w
in
e-p

ro
d
u
cin

g
S
a
cch

a
ro
m
y
ces

cerevisia
e
strain

s
b
y
assim

ilab
le

n
itro

gen
.
A
p
p
l.
E
n
viro

n
.
M
icro

-
b
io
l.
61,

461–467.
[38]

S
can

es,
K
.,

H
o
h
m
an

n
,
S
.
an

d
P
rio

r,
B
.A

.
(1998)

G
lycero

l
p
ro
d
u
ctio

n
b
y
th
e
yeast

S
a
cch

a
ro
m
y
ces

cerevisia
e.
S
.
A
fr.

J.
V
itic.

19,
17–24.

[39]
T
ah

erzad
eh
,
M
.J.,

A
d
ler,

L
.
an

d
L
id
en
,
G
.
(2002)

S
trategies

fo
r

en
h
an

cin
g

ferm
en
tative

p
ro
d
u
ctio

n
o
f
glycero

l:
a

review
.
E
n
z.

M
icro

.
T
ech

n
o
l.
31,

53–66.
[40]

R
em

ize,
F
.,

R
o
u
stan

,
J.L

.,
S
ab

layro
lles,

J.M
.,

B
arre,

P
.
an

d
D
eq
u
in
,
S
.
(1999)

G
lycero

l
o
verp

ro
d
u
ctio

n
b
y
en
gin

eered
S
a
c-

ch
a
ro
m
y
ces

cerevisia
e

w
in
e

yeast
strain

s
lead

s
to

su
b
stan

tial
ch
an

ges
in

b
y-p

ro
d
u
ct

fo
rm

atio
n

an
d

to
a

stim
u
latio

n
o
f

ferm
en
tatio

n
rate

in
statio

n
ary

p
h
ase.

A
p
p
l.
E
n
viro

n
.
M
icro

b
io
l.

65,
143–149.

[41]
L
arsso

n
,
C
.,
N
ilsso

n
,
A
.,
B
lo
m
b
erg,

A
.
an

d
G
u
stafsso

n
,
L
.
(1997)

G
lyco

lytic
fl
u
x
is
co
n
d
itio

n
ally

co
rrelated

w
ith

A
T
P
co
n
cen

tratio
n

in
S
a
cch

a
ro
m
y
ces

cerevisia
e:

a
ch
em

o
stat

stu
d
y
u
n
d
er

carb
o
n
-
o
r

n
itro

gen
-lim

itin
g
co
n
d
itio

n
s.
J.

B
acterio

l.
179,

7243–7250.
[42]

E
rasm

u
s,

D
.J.,

van
d
er

M
erw

e,
G
.K

.
an

d
van

V
u
u
ren

,
H
.J.J.

(2003)
G
en
o
m
e-w

id
e
exp

ressio
n
an

alyses:
M
etab

o
lic

ad
ap

tatio
n

o
f
S
a
cch

a
ro
m
y
ces

cerevisia
e
to

h
igh

su
gar

stress.
F
E
M
S

Y
east

R
es.

3,
375–399.

[43]
B
u
u
,
L
.-M

.,
Jan

g,
L
.-T

.
an

d
L
ee,

F
.-J.S

.
(2004)

T
h
e
yeast

R
N
A
-

b
in
d
in
g
p
ro
tein

R
b
p
1p

m
o
d
ifi
es

th
e
stab

ility
o
f
m
ito

ch
o
n
d
rial

p
o
rin

m
R
N
A
.
J.

B
io
l.
C
h
em

.
279,

453–462.
[44]

Ik
ed
a,

M
.,
K
en
-ich

i,
A
.
an

d
M
asai,

H
.
(1996)

A
fu
sio

n
p
ro
tein

lib
rary:

an
im

p
ro
ved

m
eth

o
d
fo
r
rap

id
screen

in
g
an

d
ch
aracter-

izatio
n
o
f
D
N
A

b
in
d
in
g
o
r
in
teractin

g
p
ro
tein

s.
G
en
e
181,

167–
171.

[45]
A
k
ad

a,R
.,
Y
am

am
o
to
,
J.an

d
Y
am

ash
ita,I.

(1997)
S
creen

in
g
an

d
id
en
tifi

catio
n

o
f
yeast

seq
u
en
ces

th
at

cau
se

gro
w
th

in
h
ib
itio

n
w
h
en

o
verexp

ressed
.
M
o
l.
G
en
.
G
en
et.

254,
267–274.

[46]
S
alm

o
n
,
J.M

.
(1997)

E
n
o
lo
gical

ferm
en
tatio

n
k
in
etics

o
f
an

iso
gen

ic
p
lo
id
y
series

d
erived

fro
m

an
in
d
u
strial

S
a
cch

a
ro
m
y
ces

cerevisia
e
strain

.
J.

F
erm

.
B
io
en
g.

83,
253–260.

[47]
F
o
n
g,

H
.K

.,
H
u
rley,

J.B
.,
H
o
p
k
in
s,

R
.S
.,
M
iak

e-L
ye,

R
.,
Jo
h
n
-

so
n
,
M
.S
.,

D
o
o
little,

R
.F
.
an

d
S
im

o
n
,
M
.I.

(1986)
R
ep
etitive

segm
en
tal

stru
ctu

re
o
f
th
e
tran

sd
u
cin

b
eta

su
b
u
n
it:

h
o
m
o
lo
gy

w
ith

th
e
C
D
C
4
gen

e
an

d
id
en
tifi

catio
n
o
f
related

m
R
N
A
s.

P
ro
c.

N
atl.

A
cad

.
S
ci.

U
S
A

83,
2162–2166.

[48]
H
o
,
Y
.,

G
ru
h
ler,

A
.,

H
eilb

u
t,

A
.,

B
ad

er,
G
.D

.,
M
o
o
re,

L
.,

A
d
am

s,
S
.L
.,
M
illar,

A
.,
T
aylo

r,
P
.,
B
en
n
ett,

K
.,
B
o
u
tilier,

K
.,

Y
an

g,
L
.,
W
o
ltin

g,
C
.,
D
o
n
ald

so
n
,
I.,

S
ch
an

d
o
rff
,
S
.,
S
h
ew

n
a-

ran
e,

J.,
V
o
,
M
.,

T
aggart,

J.,
G
o
u
d
reau

lt,
M
.,

M
u
sk
at,

B
.,

A
lfaran

o
,
C
.,

D
ew

ar,
D
.,

L
in
,
Z
.,

M
ich

alick
o
va,

K
.,

W
illem

s,
A
.R

.,
S
assi,

H
.,
N
ielsen

,
P
.A

.,
R
asm

u
ssen

,
K
.J.,

A
n
d
ersen

,
J.R

.,
Jo
h
an

sen
,
L
.E
.,
H
an

sen
,
L
.H

.,
Jesp

ersen
,
H
.,
P
o
d
telejn

ik
o
v,

A
.,

N
ielsen

,
E
.,
C
raw

fo
rd
,
J.,

P
o
u
lsen

,
V
.,
S
o
ren

sen
,
B
.D

.,
M
atth

ie-
sen

,
J.,

H
en
d
rick

so
n
,
R
.C
.,

G
leeso

n
,
F
.,

P
aw

so
n
,
T
.,

M
o
ran

,
M
.F
.,
D
u
ro
ch
er,

D
.,
M
an

n
,
M
.,
H
o
gu

e,
C
.W

.,
F
igeys,

D
.
an

d
T
yers,

M
.
(2002)

S
ystem

atic
id
en
tifi

catio
n
o
f
p
ro
tein

co
m
p
lexes

in
S
a
cch

a
ro
m
y
ces

cerevisia
e
b
y
m
ass

sp
ectro

m
etry.

N
atu

re
415,

180–
183.

[49]
L
u
yten

,
K
.,

R
io
u
,
C
.
an

d
B
lo
n
d
in
,
B
.
(2002)

T
h
e

h
exo

se
tran

sp
o
rters

o
f

S
a
cch

a
ro
m
y
ces

cerevisia
e

p
lay

d
iff
eren

t
ro
les

d
u
rin

g
en
o
lo
gical

ferm
en
tatio

n
.
Y
east

19,
713–726.

[50]
K
ram

p
e,

S
.
an

d
B
o
les,

E
.
(2002)

S
tarvatio

n
-in

d
u
ced

d
egrad

atio
n

o
f
yeast

h
exo

se
tran

sp
o
rter

H
xt7p

is
d
ep
en
d
en
t
o
n
en
d
o
cyto

sis,
au

to
p
h
agy

an
d

th
e
term

in
al

seq
u
en
ces

o
f
th
e
p
erm

ease.
F
E
B
S

L
ett.

513,
193–196.

[51]
van

d
er

M
erw

e,
G
.K

.,
C
o
o
p
er,

T
.G

.
an

d
van

V
u
u
ren

,
H
.J.J.

(2001)
A
m
m
o
n
ia
regu

lates
V
ID

3
0
exp

ressio
n
an

d
V
id
30p

fu
n
ctio

n
sh
ifts

n
itro

gen
m
etab

o
lism

to
w
ard

glu
tam

ate
fo
rm

atio
n
esp

ecially
w
h
en

S
a
cch

a
ro
m
y
ces

cerevisia
e
is
gro

w
n
in

lo
w

co
n
cen

tratio
n
s
o
f

am
m
o
n
ia.

J.
B
io
l.
C
h
em

.
276,

28659–28666.
[52]

d
e
B
arro

s
L
o
p
es,

M
.,
R
eh
m
an

,
A
.U

.,
G
o
ck
o
w
iak

,
H
.,
H
ein

rich
,

A
.J.,

L
an

grid
ge,

P
.
an

d
H
en
sch

k
e,

P
.A

.
(2000)

F
erm

en
tatio

n
p
ro
p
erties

o
f
a

w
in
e
yeast

o
ver

exp
ressin

g
th
e
S
a
cch

a
ro
m
y
ces

cerevisia
e

glycero
l
3-p

h
o
sp
h
ate

d
eh
yd

ro
gen

ase
gen

e
(G

P
D
2).

A
u
st.

J.
G
rap

e
W
in
e
R
es.

6,
208–215.

8
0
0

J
.M

.
G
a
rd
n
er

et
a
l.
/
F
E
M
S
Y
ea
st

R
esea

rch
5
(
2
0
0
5
)
7
9
1
–
8
0
0

P
C
R
-b
ased

g
en
e
d
isru

p
tio

n
an
d
reco

m
b
in
ato

ry
m
ark

er
ex
cisio

n
to

p
ro
d
u
ce

m
o
d
ified

in
d
u
strial

S
a
cch

a
ro
m
yces

cerevisia
e
w
ith

o
u
t

ad
d
ed

seq
u
en
ces

M
ich

elle
W
alk

er
a,
A
n
d
rea

V
y
stav

elo
v
a
a,
S
co
tt
P
ed
ler

a
,1,

Jeff
E
g
lin

to
n
b,
V
lad

im
ir
Jiran

ek
a
,T

aS
ch
o
o
l
o
f
A
g
ricu

ltu
re

a
n
d
W
in
e,

T
h
e
U
n
iversity

o
f
A
d
ela

id
e,

P
M
B
1
G
len

O
sm

o
n
d
,
A
d
ela

id
e,

S
A
5
0
6
4
,
A
u
stra

lia
bT
h
e
A
u
stra

lia
n
W
in
e
R
esea

rch
In
stitu

te,
A
d
ela

id
e,

S
A
,
A
u
stra

lia

R
eceiv

ed
2
0
D
ecem

b
er

2
0
0
4
;
receiv

ed
in

rev
ised

fo
rm

7
M
arch

2
0
0
5
;
accep

ted
2
3
M
arch

2
0
0
5

A
v
ailab

le
o
n
lin

e
8
Ju
n
e
2
0
0
5

A
b
stra

ct

T
h
e
d
o
m
in
an
t
selectab

le
K
a
n
r
m
ark

er,
w
h
ich

co
n
fers

g
en
eticin

resistan
ce

in
y
east,

is
ex
ten

siv
ely

u
sed

fo
r
P
C
R

b
ased

d
isru

p
tio

n
o
f
g
en
es

in
fu
n
ctio

n
al
an
aly

sis
stu

d
ies

in
lab

o
rato

ry
strain

s
o
f
S
a
cch

a
ro
m
yces

cerevisia
e
.
W
e
h
av
e
d
ev
elo

p
ed

a
g
en
e

d
isru

p
tio

n
cassette,

w
h
ich

in
co
rp
o
rates

th
e
K
a
n
r
m
ark

er,
an
d
d
irect

rep
eat

seq
u
en
ces

d
esig

n
ed

fro
m

th
e
targ

et
g
en
e
to

en
ab
le
th
e

d
eletio

n
o
f
th
e
g
en
e
w
ith

o
u
t
th
e
in
tro

d
u
ctio

n
o
f
ad
d
ed

D
N
A

seq
u
en
ces.

W
e
rep

o
rt
o
n
th
e
d
isru

p
tio

n
o
f
th
e
H
O

g
en
e
as

a
test

case,
u
sin

g
th
e
h
o
d
r–
K
a
n
r–
h
o
d
r
cassette.

T
h
e
cassette

w
as

sh
o
w
n
to

in
teg

rate
at
th
e
H
O

lo
cu
s
an
d
th
e
K
a
n
r
m
ark

er
ex
cised

b
y

reco
m
b
in
atio

n
b
etw

een
th
e
tw
o
d
irect

rep
eat

seq
u
en
ces.

T
h
e
d
isru

p
tio

n
/ex

cisio
n
ev
en
t
resu

lted
in

th
e
rem

o
v
al

o
f
o
n
e
d
irect

rep
eat

an
d
th
e
co
d
in
g
seq

u
en
ce

o
f
th
e
g
en
e,
an
d
h
en
ce

in
th
is
case

lo
ss

o
f
H
O

fu
n
ctio

n
,
w
ith

th
e
in
tro

d
u
ctio

n
o
f
n
o
fo
reig

n
o
r

ad
d
itio

n
al
seq

u
en
ces,

in
clu

d
in
g
th
e
K
a
n
r
m
ark

er.
H
av
in
g
b
een

d
eriv

ed
fro

m
th
e
targ

et
site,

th
e
rem

ain
in
g
d
irect

rep
eat

seq
u
en
ce

is
n
ativ

e
seq

u
en
ce

in
its

n
ativ

e
lo
catio

n
.
T
h
is
d
esig

n
tem

p
late

h
as

th
e
p
o
ten

tial
to

b
e
ad
ap
ted

to
o
th
er

g
en
es,

an
d
as

su
ch

w
ill

b
e

o
f
ad
v
an
tag

e
in

in
stan

ces
su
ch

as
th
e
o
p
tim

izatio
n
o
f
strain

s
b
y
reco

m
b
in
an
t
D
N
A
tech

n
o
lo
g
y
w
h
ere

th
e
reten

tio
n
o
f
m
in
im

al
o
r

n
o
fo
reig

n
seq

u
en
ces

is
d
esired

.

D
2
0
0
5
E
lsev

ier
B
.V
.
A
ll
rig

h
ts
reserv

ed
.

K
eyw

o
rd
s:

G
4
1
8
;
P
C
R
-b
ased

g
en
e
d
isru

p
tio

n
;
H
o
m
o
lo
g
o
u
s
reco

m
b
in
atio

n
;
W
in
e
y
east;

H
ap
lo
id

1
.
In
tro

d
u
ctio

n

T
h
e

d
em

an
d

fo
r
im

p
ro
v
ed

in
d
u
strial

strain
s
o
f

S
a
cch

a
ro
m
yces

cerevisia
e
rem

ain
s
stro

n
g
.
H
o
w
ev
er,

w
h
ere

im
p
ro
v
em

en
t
strateg

ies
u
tilise

reco
m
b
in
an
t

tech
n
iq
u
es,

th
e
p
ro
to
tro

p
h
ic

an
d
h
ig
h
er-p

lo
id
y
n
atu

re

o
f
in
d
u
strial

strain
s
p
reclu

d
es

th
e
u
se

o
f
trad

itio
n
al

0
1
6
7
-7
0
1
2
/$

-
see

fro
n
t
m
atter

D
2
0
0
5
E
lsev

ier
B
.V
.
A
ll
rig

h
ts
reserv

ed
.

d
o
i:1

0
.1
0
1
6
/j.m

im
et.2

0
0
5
.0
3
.0
1
5

T
C
o
rresp

o
n
d
in
g
au
th
o
r.
T
el.:

+
6
1
8
3
0
3
6
6
5
1
;
fax

:
+
6
1
8
3
0
3
7
4
1
5
.

E
-m

a
il
a
d
d
resses:

m
ich

elle.w
alk

er@
ad
elaid

e.ed
u
.au

(M
.W

alk
er),

v
lad

im
ir.jiran

ek
@
ad
elaid

e.ed
u
.au

(V
.
Jiran

ek
).

1
P
resen

t
ad
d
ress:

H
ard

y
W
in
e

C
o
.
B
erri

E
states,

B
erri,

S
A
,

A
u
stralia.

Jo
u
rn
al

o
f
M
icro

b
io
lo
g
ical

M
eth

o
d
s
6
3
(2
0
0
5
)
1
9
3
–
2
0
4

w
w
w
.elsev

ier.co
m
/lo

cate/jm
icm

eth

158



selectio
n

sy
stem

s
b
ased

u
p
o
n

co
m
p
lem

en
tatio

n
o
f
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b
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tralisatio
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re-d
ip
lo
id
isatio

n
o
f
h
ap
-

lo
id
s.
T
h
is
h
as

b
een

ach
iev

ed
b
y
eith

er
n
o
n
-reco

m
b
i-

n
a
n
t
a
p
p
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c
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p
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b
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re
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c
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d
ev
elo

p
m
en
t
o
f
su
ch

a

co
n
stru

ct,
p
G
E
M
T
h
o
::K

an
M
X
,
w
h
ich

in
ad
d
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d
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p
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b
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d
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p
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b
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d
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b
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d
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b
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ab
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reu
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b
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p
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b
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d
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p
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b
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b
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b
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d
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b
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v
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d
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p
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m
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b
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b
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b
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d
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b
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b
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b
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c
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m
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b
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b
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ra
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b
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b
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f
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b
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d
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p
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b
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p
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d
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p
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m
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b
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f
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p
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p
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p
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b
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m
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p
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p
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m
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p
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b
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b
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f
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p
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p
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b
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P
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p
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p
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b
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D
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p
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b
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u
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p
la
sm

id
p
B
S
4
1
8

T
h
e

g
en
e

en
co
d
in
g

b
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resistan
ce

to
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p
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p
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p
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m
eg
a).

T
h
e
p
rim

ers

w
ere

T
E
F
fw

d
an
d
T
E
F
rev

(T
ab
le

1
).

T
h
e
p
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p
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p
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b
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Table 1

Sequences of the primers used in this study

Primer Sequence (5VY3V)

HO1a,b TCATgagctcTGACAACATGGTAggcgcgccTGTCTCATGGAAATTGATGCAG

HO2a,b TTGGggtaccACAATTAAAATATTTGTTTTTCTTTCGCGTAAATATTTAGCTTGATAACTGTTACTGATAgttaacGTGGACATGACATGAATTTTCGC

HOPIIreva,b TATTTACATCAACATATCGCGAAAATTCATGTCATGTCCACgttaacATATCAGTAACAGTTATCAAGCTA

HOPCRrevb,c TCAGCAGATGGGTCTTCGAT

HOPIVa,b GTGAACGTggtaccTGTAAAGAAAACACTTTGTTGGGTG

HOPVa,b AGATGgtcgacCCAAGCTGAAGAGTTCAAGGC

HOPVIb TGAAGAGTTCAAGGCTGCCGATG

HOPVIIIb GCTGGCATCATTGGGATGTTC

HORgaa,b CAAACCTAATGTGACCGTCGCT

HOFgaa,b,c TGAAGCTGTTGCTTACGGTGC

HOFwdb GTCACGGCTAACTCTTACGTTATGTGCGCA

HOcRevb GCTTCACGAACTTCTATATGCTCGCCGTAC

G418Fwdc,d AAAAGACTCACGTTTCGAGGC

G418Revc,d CGAGCATCAAATGAAACTGC

TEFfwdd CGATTGGACCCGGGGACATGGAGGCCCAGAA

TEFrevd CAAGTCTAGAATTCGCATGCGGCGCGCCCGGCGTTAGTATCGA

Lower case sequences show novel restriction sites designed for cloning of the PCR products. Underlined sequence marks the part of the primer, representing overhangs not involved

in annealing of primer during amplification of HO specific PCR product.
a Primers used in PCR amplification of HO gene fragments.
b Primers used in DNA sequencing of HO gene.
c Primers used as probes in Southern blot analysis.
d Primers used in PCR amplification of Kanr sequences.
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C
3-3a  CAAACCTAAT GTGACCGTCG CTGATTAGCG GATCACGAAA AGTGATCTCG ATACAATTAG AGGATCCACG AAAATGATGT GAATGAATAC ATGAAAGATT   100 
41-3  CAAACCTAAT GTGACCGTCG CTGATTAGCG GATCACGAAA AGTGATCTCG ATACAATTAG AGGATCCACG AAAATGATGT GAATGAATAC ATGAAAGATT   100 

3-3a  CATGagatct GACAACATGG TAGgCGcGcc TGTCTCATGG AAATTGATGC AGTTGAAGAC ATGTGCGTCA CGAAAAAAGA AATCAATCCT ACACAGGGCT   200 
41-3  CATGagatct GACAACACGG TAGACGTGTG TGTCTCATGG AAATTGATGC AGTTGAAGAC ATGTGCGTCA CGAAAAAAGA AATCAATCCT ACACAGGGCT   200 

3-3a TAAGGGCAAA TGTATTCATG TGTGTCACGA AAAGTGAGGT AACTAAATAC ACGATTACCA TGGAAATTAA CGTACCTTTT TTGTGCGTGT ATTGAAATAC   300
41-3 TAAGGGCAAA TGTATTCATG TGTGTCACGA AAAGTGAGGT AACTAAATAC ACGATTACCA TGGAAATTAA CGTGCCTTTT TTGTGCGTGT ATTGAAATAC   300 

3-3a TATGACATAT TACAGAAAGG GTTCACAAGT CCTGTTTCTA TGCCTTTCTC TTAGTAATTC ACGAAATAAA CCTATGGTTT ACGAAATGAT CCACGAAAAT   400
41-3 TATGACATAT TACAGAAAGG GTTCACAAGT CCTGTTTCTA TGCCTTTCTC TTAGTAATTC ACGAAATAAA CCTATGGTTT ACGAAATGAT CCACGAAAAT   400 

3-3a CATGTTATTA TTTACATCAA CATATCGCGA AAATTCATGT CATGTCCACG TTAAcATATC AGTAACAGTT ATCAAGCTAA ATATTTACGC GAAAGAAAAA   500 
41-3 CATGTTATTA TTTACATCAA CATATCGCGA AAATTCATGT CATGTCCACG TTAAcATATC AGTAACAGTT ATCAAGCTAA ATATTTACGC GAAAGAAAAA   500 

3-3a CAAATATTTT AATTGTGATA CTTGTGAATT TTATTTTATT AAGGATACAA AGTTAAGAGA AAACAAAATT TATATACAAT ATAAGTAATA TTCATATATA   600
41-3 CAAATATTTT AATTGTGATA CTTGTGAATT TTATTTTATT AAGGATACAA AGTTAAGAGA AAACAAAATT TATATACAAT ATAAGTAATA TTCATATATA   600 

3-3a TGTGATGAAT GCAGTCTTAA CGAGAAGACA TGGCCTTGGT GACAACTCTC TTCAAACCAA CTTCAGCCTT TCTCAATTCA TCAGCAGATG GGTCTTCGAT   700
41-3 TGTGATGAAT GCAGTCTTAA CGAGAAGACA TGGCCTTGGT GACAACTCTC TTCAAACCAA CTTCAGCCTT TCTCAATTCA TCAGCAGATG GGTCTTCGAT   700 

3-3a TTGCAAAGCA GCCAAAGCAT CGGACAAAGC AGCTTCAATC TTGGACTTGG AACCTCTCTT CAATTTAGAA GACAAGACTG GGTCAGTGAC AGTTTGTTCG   800
41-3 TTGCAAAGCA GCCAAAGCAT CGGACAAAGC AGCTTCAATC TTGGACTTGG AACCTCTCTT CAATTTAGAA GACAAGACTG GGTCAGTGAC AGTTTGTTCG   800 

3-3a ATGGAGGCAA CGTAGGATTC CAATCTTTGT CTAGCTTCGT GCTTCTTGGC AAAAGCTTCA TCGGCAGCCT TGAACTCTTC AGCTTGGTTA ACCATCTTTT   900
41-3 ATGGAGGCAA CGTAGGATTC CAATCTTTGT CTAGCTTCGT GCTTCTTGGC AAAAGCTTCA TCGGCAGCCT TGAACTCTTC AGCTTGGTTA ACCATCTTTT   900 

3-3a CAATTTCTTC AGAAGACAAT CTACCAACAG CGTTAGAGAT AGTGATGTTA GAAGACTTAC CGGTAGACTT TTCGACGGCA GTAACCTTCA AGATACCGTT  1000
41-3 CAATTTCTTC AGAAGACAAT CTACCAACAG CGTTAGAGAT AGTGATGTTA GAAGACTTAC CGGTAGACTT TTCGACGGCA GTAACCTTCA AGATACCGTT  1000 

3-3a AGCATCAACT TCGAAGATAG CTTCCAAGAC TGGTTCACCA GCTGGCATCA TTGGGATGTT CTTCAAGTCG AATTCACCCA ACAAAGTGTT TTCTTTACAg  1100
41-3 AGCATCAACT TCGAAGATAG CTTCCAAGAC TGGTTCACCA GCTGGCATCA TTGGGATGTT CTTCAAGTCG AATTCACCCA ACAAAGTGTT TTCTTTACAg  1100 

3-3a ttaacACGTT CACCTTGGTA GACTGGGAAT TGAACGGcGG TTTGGTTGTC AGCACATGTA GTAAAGGTTC TTCTCTTGAT GGTTGGAACA GTAGTGTTTC  1200 
41-3 ttaacACGTT CACCTTGGTA GACTGGGAAT TGAACGGTGG TTTGGTTGTC AGCACATGTG GTAAAGGTTC TTCTCTTGAT GGTTGGAACA GTAGTGTTTC  1200 

 3-3a  TTGGAACAAC GATACCGAAC ATGTCACCTT GCATACCAAC ACCTAGAGAT AATGGAGCAA CATCTAACAA CAACAAGTCC TTGGTTTCGT CAGATGTGGA  1300 
41-3 TTGGAACAAC GATACCGAAC ATGTCACCTT GCATACCAAC ACCTAGAGAT AATGGAGCAA CATCTAACAA CAACAAGTCC TTGGTTTCGT CAGATGTGGA  1300 

 3-3a  TTGGCCGGTC AAGATAGCAC CTTGAACAGC AGCACCGTAA GCAACAGCTT CA 
 41-3  TTGGCCGGTC AAGATAGCAC CTTGAACAGC AGCACCGTAA GCAACAGCTT CA 
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icrobial en
zym

e-driven
 reac-

tion
s. Tradition

ally, th
e sou

rces of su
ch

 en
zym

es in
clu

ded
grape berry tissu

es, extern
al (su

rface) m
icroorgan

ism
s

associated w
ith

 th
e fru

it (in
 particu

lar, B
otrytis cinerea),

yeasts m
ediatin

g th
e prim

ary ferm
en

tation
, lactic acid bac-

teria (LA
B

) du
rin

g th
e m

alolactic ferm
en

tation
 (M

LF) an
d

spoilage organ
ism

s.
Th

e prim
ary role of LA

B
 in

 w
in

e produ
ction

 is to per-
form

 
a 

secon
dary 

or 
m

alolactic 
ferm

en
tation

. 
M

LF
in

volves th
e decarboxylation

 of m
alic acid to produ

ce
lactic acid an

d carbon
 dioxide by th

e m
alolactic en

zym
e,

an
d is com

m
on

ly con
du

cted in
 w

in
e after th

e yeast h
ave

co
m

p
leted

 
th

e 
alco

h
o

lic 
ferm

en
tatio

n
 

(L
iu

 
2

0
0

2
).

O
enococcus oeni h

as becom
e th

e preferred LA
B

 species for
con

du
ctin

g M
LF, ow

in
g to its ability to tolerate th

e h
arsh

con
dition

s posed by w
in

e (Liu
 2002). Th

e m
alolactic

en
zym

es aside, th
e cu

rren
t u

n
derstan

din
g of th

e en
zym

es
produ

ced by LA
B

 in
 w

in
e rem

ain
s lim

ited. 
H

ow
ever, a review

 of relevan
t literatu

re (M
atth

ew
s et

al. 2004), in
clu

din
g pu

blication
s from

 th
e dairy in

du
stry,

m
akes it clear th

ere exists great poten
tial for th

e iden
tifi

-
cation

 an
d exploitation

 of en
zym

es from
 w

in
e related LA

B
in

 
th

e 
w

in
em

akin
g 

process. 
For 

exam
ple, 

proteolytic
en

zym
es h

ave been
 reported in

 w
in

e Lactobacillus
strain

s
(D

icks an
d V

an
 V

u
u

ren
 1988) an

d m
ore recen

tly, ch
arac-

terised in
 O

. oeni(M
an

ca de N
adra et al. 1999, Farías an

d
M

an
ca de N

adra 2000, M
an

ca de N
adra et al. 2004). D

avis
an

d cow
orkers (1988) con

du
cted a brief stu

dy an
d fou

n
d

som
e w

in
e LA

B
 produ

ced lipase an
d esterase en

zym
es.

Tan
n

ases w
ere also recen

tly observed in
 a n

u
m

ber of w
in

e
Lactobacillus plantarum

strain
s (V

aqu
ero et al. 2004). A

 fi
n

al
grou

p of en
zym

es, th
e glycosidases, w

ou
ld be h

igh
ly valu

-
able in

 liberatin
g desirable arom

a com
pou

n
ds from

 th
eir

n
on

-volatile glycosidic form
s in

 w
in

e an
d h

ave been
reported in

 all th
ree w

in
e LA

B
 gen

era an
d particu

larly 
O

. oeni
(G

rim
aldi et al. 2000, 2005a, 2005b, B

oido et al.
2002, 

B
arbagallo 

et 
al. 

2004, 
D

’In
cecco 

et 
al. 

2004,
U

glian
o et al. 2003). 

A
gain

st th
at backgrou

n
d, w

e sou
gh

t a clearer defi
n

i-
tion

 of en
zym

ic capabilities in
 LA

B
 w

ith
 special em

ph
asis

on
 

en
zym

es 
th

at 
cou

ld 
be 

of 
valu

e 
in

 
w

in
em

akin
g.

A
ccordin

gly, w
e screen

ed 50 LA
B

 isolates for produ
ction

of esterases, lipases, polysacch
aride-h

ydrolysin
g en

zym
es

an
d tan

n
ases. Th

ose assessm
en

ts are reported below
.

M
aterials an

d
 m

eth
o

d
s

LA
B

 strains
Th

e LA
B

 strain
s u

sed in
 th

is stu
dy origin

ated from
 a

n
u

m
ber of sou

rces, th
e details of w

h
ich

 are presen
ted in

Table 1. Th
e collection

 con
sisted of 11 pediococci, 16 lacto-

bacilli an
d 23 O

. oeni. M
ost of th

e bacteria w
ere isolated

from
 freeze-dried LA

B
 starter cu

ltu
res for u

se in
 com

-
m

ercial w
in

em
akin

g. Lactobacillusstrain
s 31 to 40 in

clu
sive

an
d Pediococcus

strain
s 41 an

d 42 w
ere pu

rch
ased from

 th
e

A
u

stralian
 Starter C

u
ltu

re R
esearch

 C
en

tre, w
h

ile Pedio-
coccusstrain

18 an
d Lactobacillus strain

19 w
ere isolated from

a com
m

ercial olive produ
ct. 

A
 survey of lactic acid bacteria for enzym

es 
of interest to oenology 

A
N

G
E

L
A

 M
A

T
T

H
E

W
S

1,PA
U

L
 R

.G
R

B
IN

1
and

V
L

A
D

IM
IR

JIR
A

N
E

K
1,2

1 U
niversity of A

delaide,Faculty of Sciences,School of A
griculture,Food and W

ine (W
aite C

am
pus) 

PM
B 1,G

len O
sm

ond,SA
 5064 

2 C
orresponding author:D

r V
ladim

ir Jiranek,facsim
ile +

61 8 8303 7415,em
ail vladim

ir.jiranek@
adelaide.edu.au.

A
b

stract
Isolates from

 w
in

e-associated gen
era of lactic acid bacteria (LA

B
), in

clu
din

g Lactobacillus, O
enococcus

an
d

P
ediococcu

s, w
ere exam

in
ed for en

zym
atic properties th

at cou
ld be of valu

e in
 th

e produ
ction

 an
d

processin
g of w

in
e. U

p to 438 com
bin

ation
s of bacterial isolates an

d su
bstrates w

ere exam
in

ed. A
cross th

e
50 isolates in

vestigated, all w
ere fou

n
d to h

ydrolyse esters, w
ith

 th
e greatest activity bein

g seen
 am

on
gst

th
e oen

ococci follow
ed by th

e lactobacilli an
d pediococci. Lipase activity w

as restricted to th
ree Lactobacillus

isolates, w
h

ile all tested isolates displayed tan
n

ase activity. C
ellu

lase, β-glu
can

ase an
d lich

en
ase activities

w
ere observed for alm

ost all Pediococcus
an

d Lactobacillus
isolates, w

h
ile su

ch
 activities w

ere seen
 for on

ly
a m

in
ority of oen

ococci. N
o degradation

 of th
e xylan

 su
bstrate w

as detected. O
n

ce con
fi

rm
ed u

n
der w

in
e-

like con
dition

s, ou
r fi

n
din

gs w
ill h

elp defi
n

e poten
tially in

terestin
g gen

era of LA
B

 for w
in

em
akin

g.

A
b

b
rev

iatio
n

s
L

A
B

lactic acid bacteria; M
L

F
m

alolactic ferm
en

tation
; pN

P
p-n

itroph
en

yl 

K
ey w

ords: Lactic acid bacteria, hydrolytic enzym
es, vinification, Lactobacillu

s, O
en

ococcu
s, Pediococcu

s
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Preculturing conditions
A

ll bacteria w
ere stored in

 cryopreservative-treated beads
(Protect, Tech

n
ical Service C

on
su

ltan
ts Ltd.) at –80ºC

 u
n

til
requ

ired. In
 preparation

 for experim
en

ts, bacteria w
ere

cu
ltu

red from
 th

e stock beads in
 de M

an
n

 R
ogosa Sh

arp
m

ediu
m

 (M
R

S) (A
m

yl M
edia) w

h
ich

 w
as su

pplem
en

ted
w

ith
 20%

 (v/v) preservative-free apple ju
ice an

d adju
sted

to pH
 5.0 prior to au

toclavin
g (M

R
S+

A
J). W

h
en

 requ
ired

for screen
in

g, th
ese cu

ltu
res w

ere u
sed to in

ocu
late 5 m

L
volu

m
es of fresh

 M
R

S+
A

J to yield an
 optical den

sity at
600 n

m
 (O

D
600 ) of approxim

ately 1.0 for O
enococcus

strain
s

an
d 0.3 for both

 Lactobacillus an
d Pediococcus strain

s. A
ll

bacteria w
ere th

en
 in

cu
bated at 25ºC

 for 24 h
ou

rs, except
O

. oeni, w
h

ich
 w

as in
cu

bated for 40 h
ou

rs (O
.oen

i 3 an
d

5 w
ere in

cu
bated for 64 h

ou
rs). 

B
iom

ass preparation
Several of th

e en
zym

e assays w
ere con

du
cted u

sin
g liqu

id
su

spen
sion

s of bacteria rath
er th

an
 on

 solid m
edia. In

 su
ch

cases, th
e con

cen
tration

 of bacterial cells requ
ired to pro-

du
ce an

 optical den
sity at 600n

m
 (O

D
600 ) of 0.5 in

 th
e

fi
n

al assay w
as determ

in
ed spectroph

otom
etrically. Th

e
cells w

ere h
arvested an

d w
ash

ed on
ce in

 0.85%
 (w

/v)
N

aC
l solu

tion
 by cen

trifu
gation

 (5,000 ×
g, 5 m

in
u

tes).
C

ells w
ere th

en
 resu

spen
ded in

 th
e appropriate reaction

m
ixtu

res as described below
. D

ry w
eigh

ts w
ere deter-

m
in

ed u
sin

g 10 m
L cu

ltu
re sam

ples adju
sted to an

 O
D

600

of 0.5.

R
eplication

A
ll assays w

ere, as a m
in

im
u

m
, perform

ed in
 du

plicate
an

d assays for w
h

ich
 replicates disagreed by m

ore th
an

5%
 w

ere repeated.

L
actobacilli

Strain
G

en
u

s/sp
ecies

b
O

rigin

Lac6
Lactobacillusspp

Lalvin M
T01 

Standard
Lac12

Lactobacillusspp
Lalvin 3X

 Step 1
Lac13

Lactobacillusspp
Lalvin 1B

 Standard
Lac15

Lactobacillusspp
Lalvin 31 M

B
R

Lac16
Lactobacillusspp

Lalvin 3X
 Standard

Lac19
Lactobacillusspp

O
lives

Lac24
Lactobacillusspp

Lallem
and nuovi 

C
eppi O

o7
Lac25

Lactobacillus plantarum
Lallem

and nuovi 
C

eppi Lp1
Lac26

Lactobacillusspp
Lallem

and nuovi 
C

eppi O
o1

Lac31
Lactobacillus ferm

entum
C

SC
C

-5217
SC

R
C

Lac32
Lactobacillus plantarum

C
SC

C
-5275

SC
R

C
Lac33

Lactobacillus caseiC
SC

C
-2600

SC
R

C
Lac34

Lactobacillus hilgardiiC
SC

C
-5489

SC
R

C
Lac35

Lactobacillus buchneriC
SC

C
-5400

SC
R

C
Lac39

Lactobacillus brevisA
SC

C
-1300

SC
R

C
Lac40

Lactobacillus helveticusA
SC

C
-905

SC
R

C

O
enococcus oeni

Strain
Sp

ecies
O

rigin

O
.oeni1

O
enococcus oeni

Lallem
and O

SU
 

(V
I77)

O
.oeni2

O
enococcus oeni

Lalvin 4X
 (V

L92)
O

.oeni3
O

enococcus oeni
Inobacter

O
.oeni4

O
enococcus oeni

B
itec Vito

O
.oeni5

O
enococcus oeni

Lalvin-Inobacter
O

.oeni6
O

enococcus oeni
Lalvin M

T01 
Standard

O
.oeni7

O
enococcus oeni

Lallem
and 3X

 
(E218)

O
.oeni8

O
enococcus oeni

C
H

R
 H

ansen 
Viniflora

O
.oeni9

O
enococcus oeni

C
H

R
 H

ansen 
Viniflora

O
.oeni10

O
enococcus oeni

Lalvin EQ
54 M

B
R

O
.oeni11

O
enococcus oeni

Lalvin M
C

W
O

.oeni12
O

enococcus oeni
Lalvin 3X

 1Step
O

.oeni13
O

enococcus oeni
Lalvin 1B

 Standard
O

.oeni14
O

enococcus oeni
Enoferm

 A
lpha

O
.oeni16

O
enococcus oeni

Lalvin 3X
 Standard

O
.oeni17

O
enococcus oeni

Lalvin O
SU

 M
B

R
O

.oeni20
O

enococcus oeni
Lallem

and nuovi 
C

eppi O
o3

O
.oeni21

O
enococcus oeni

Lallem
and nuovi 

C
eppi O

o4
O

.oeni22
O

enococcus oeni
Lallem

and nuovi 
C

eppi O
o5

O
.oeni23

O
enococcus oeni

Lallem
and nuovi 

C
eppi O

o8
O

.oeni28
O

enococcus oeni
Lallem

and nuovi 
C

eppi O
o2

O
.oeni29

O
enococcus oeni

Lallem
and nuovi 

C
eppi O

o9
O

.oeni30
O

enococcus oeni
B

ioStart oenos SK
1

P
ed

iococci
Strain

G
en

u
s/sp

ecies
O

rigin

Ped3
Pediococcusspp

Inobacter
Ped10

Pediococcusspp
Lalvin EQ

54 M
B

R
Ped11

Pediococcusspp
Lalvin M

C
W

Ped15
Pediococcusspp

Lalvin 31 M
B

R
Ped16

Pediococcusspp
Lalvin 3X

 Standard
Ped17

Pediococcusspp
Lalvin O

SU
 M

B
R

Ped18
Pediococcusspp

O
lives

Ped24
Pediococcusspp

Lallem
and nuovi 

C
eppi O

o7
Ped27

Pediococcusspp
Lallem

and nuovi 
C

eppi O
o9

Ped41
Pediococcus acidilactiC

SC
C

-2302
SC

R
C

Ped42
Pediococcus pentosaceusC

SC
C

-2304
SC

R
C

a
SC

R
C

: Starter C
ulture R

esearch C
entre. 

b
Species listed w

here it is know
n. The provenance and identification of strains

from
 sources other than designated culture collections is described in earlier

reports (G
rim

aldi et al. 2000, 2005a, 2005b), and in som
e cases included

m
inor, non-oenococci contam

inants.

T
ab

le 1. D
etails of th

e lactic acid bacteria strain
s u

sed in
 th

is stu
dy. a

Tab
le 2. Su

bstrates u
sed to detect polysacch

aride-degrad-
in

g en
zym

es.

E
n

zym
e

Su
bstrate

Su
bstrate

R
eferen

ce
con

cen
tration

C
ellulase

carboxym
ethyl-

1%
 (w

/v)
Strauss et al. 

cellulose,
(2001)

sodium
 salt

β-glucanase
barley β-glucan

0.02%
 (w

/v)
Strauss et al. 
(2001)

Lichenase
lichenan

0.02%
 (w

/v)
Strauss et al. 
(2001)

X
ylanase

R
em

azol B
rilliant  

0.1%
 (w

/v)
Farkaš et al. 

B
lue X

ylan
(1985)

M
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E
sterase activity 

E
sterase activity w

as assessed u
sin

g th
ree p-n

itroph
en

ol-
lin

ked ester su
bstrates (Sigm

a), n
am

ely pN
P-acetate, pN

P-
bu

tyrate an
d pN

P-octan
oate. B

riefl
y, a 25 m

M
 stock su

b-
strate solu

tion
 w

as prepared in
 dim

eth
yl su

lph
oxide or

propan
-2-ol an

d stored at –20ºC
 u

n
til requ

ired. Th
e fi

n
al

1 m
L reaction

 m
ixtu

re con
tain

ed M
cIlvain

e bu
ffer (pH

5.0, D
aw

son
 et al. 1986) an

d w
ash

ed cells to give a fi
n

al
O

D
600

of 0.5 an
d 40 μ

L stock su
bstrate solu

tion
 to yield a

fi
n

al su
bstrate con

cen
tration

 of 1 m
M

. C
on

trol assays con
-

sisted of th
e sam

e reaction
 m

ixtu
re to w

h
ich

 n
o cells w

ere
added. Th

e sam
ples an

d con
trols (perform

ed in
 du

plicate)
w

ere in
cu

bated for 2 h
ou

rs at 37ºC
. Follow

in
g in

cu
bation

,
cells w

ere pelleted by cen
trifu

gation
 (13,000 ×

g, 7 m
in

-
u

tes), 900 μ
L of th

e su
pern

atan
t w

as th
en

 tran
sferred to

a 1.5 m
L disposable cu

vette an
d 100 μ

L of 0.5 M
 sodiu

m
h

ydroxide w
as added for alkalin

isation
. Th

e absorban
ce at

410 n
m

 w
as im

m
ediately determ

in
ed spectroph

otom
etri-

cally an
d th

e activity w
as qu

an
tifi

ed by com
parin

g w
ith

 p-
n

itroph
en

ol stan
dards. 

Lipase activity
Lipase activity w

as detected by observin
g th

e degradation
of 

tribu
tyrin

 
in

 
agar 

plates 
based 

on
 

th
e 

m
eth

od 
of

O
terh

olm
 an

d O
rdal (1966). Th

is m
eth

od w
as adapted for

LA
B

 by u
sin

g M
R

S+
A

J m
ediu

m
 solidifi

ed w
ith

 20 g/L agar
an

d adju
sted to pH

 5.0 prior to au
toclavin

g. Tribu
tyrin

 at
0.3%

 (v/v) w
as dispersed in

to th
e m

ediu
m

 by son
icatin

g
th

e au
toclaved agar w

ith
 an

 eth
an

ol sterilised son
otrobe

for 90 secon
ds at 70 w

atts u
sin

g a B
ran

son
 B

-12 Son
ifi

er
im

m
ediately prior to pou

rin
g. D

u
plicate plates w

ere in
oc-

u
lated w

ith
 30 μ

L drops of a pre-cu
ltu

re of th
e appropri-

ate strain
 (described above), an

d th
en

 in
cu

bated at 28ºC
an

d observed daily for on
e w

eek. Produ
cer colon

ies w
ere

iden
tifi

ed by th
e form

ation
 of a clear h

alo in
 th

e opaqu
e

m
ediu

m
. A

s a positive con
trol th

e lipolytic yeast Yarrow
ia

lipolytica
(C

h
arles Stu

rt U
n

iversity cu
ltu

re collection
), w

h
ich

h
ad been

 grow
n

 overn
igh

t at 28ºC
 on

 Y
PD

 (1%
 w

/v yeast
extract, 2%

 w
/v bactopepton

e, 2%
 w

/v D
-glu

cose, 2%
w

/v agar), w
as bar streaked con

cu
rren

tly on
to th

e sam
e

m
ediu

m
. 

Tannase activity
Tan

n
ases w

ere detected u
sin

g m
eth

yl gallate su
bstrate

based on
 m

eth
ods reported by O

saw
a an

d W
alsh

 (1993)
an

d V
aqu

ero et al. (2004). B
riefl

y, a stock solu
tion

 of 20
m

M
 m

eth
yl gallate w

as prepared in
 0.2 M

 M
cIlvain

e
bu

ffer at pH
 5.0 an

d stored at 4ºC
 u

n
til requ

ired. Th
e assay

con
tain

ed 600 μ
L of su

bstrate solu
tion

 an
d w

ash
ed cells

(h
arvested u

sin
g m

eth
od described above) to a fi

n
al O

D
600

of 0.5. C
on

trol assays w
ere prepared w

ith
ou

t cells. A
ll

assays w
ere in

cu
bated at 37ºC

 for 6 h
ou

rs. Follow
in

g in
cu

-
bation

, th
e sam

ples w
ere cen

trifu
ged (13,000 x g, 5 m

in
-

u
tes) an

d 500 μ
L of su

pern
atan

t w
as rem

oved an
d added

to an
 equ

al volu
m

e of a satu
rated solu

tion
 of N

aH
C

O
3

in
a 48-w

ell plate (C
ostar). Th

e plates w
ere th

en
 covered an

d
h

eld at room
 tem

peratu
re for 1 h

ou
r. Th

e absorban
ce of

th
e 

resu
ltin

g 
green

 
co

lo
u

r 
w

as 
m

easu
red

 
u

sin
g 

a
m

icroplate spectroph
otom

eter (B
io-Tek In

stru
m

en
ts In

c.
μ

Q
u

an
t) 

at 
440 

n
m

. 
A

ll 
assays 

w
ere 

con
du

cted 
in

 

du
plicate an

d th
e resu

lts w
ere th

en
 corrected for n

on
-

en
zym

atic degradation
 of m

eth
yl gallate u

sin
g a cell-free

con
trol. 

A
ctivity of polysaccharide-degrading enzym

es
Th

e su
bstrates an

d th
eir con

cen
tration

 as u
sed to qu

an
tify

th
e degradation

 of variou
s polysacch

arides are listed in
Table 2. D

etails for in
dividu

al su
bstrates are sh

ow
n

 below
.

Cellulases
B

acteria w
ere screen

ed for cellu
lase en

zym
es u

sin
g a

m
eth

od derived from
 Strau

ss et al. (2001). B
acteria w

ere
grow

n
 on

 agar m
ediu

m
 of pH

 5.0 con
tain

in
g 5 g trypton

e
(B

D
), 2.5 g yeast extract (A

m
yl M

edia), 1 g glu
cose, 10 g

carboxym
eth

ylcellu
lose sodiu

m
 salt (Flu

ka) an
d 20 g bac-

teriological agar per litre. 30 μ
L of bacterial pre-cu

ltu
re

w
ere pipetted on

to th
e plate su

rface in
 du

plicate an
d

plates in
cu

bated at 28ºC
 for th

ree days in
 th

e case of
Lactobacillus

an
d Pediococcus

an
d fi

ve days in
 th

e case of O
.

oeni. Follow
in

g in
cu

bation
, th

e colon
ies w

ere rem
oved by

w
ash

in
g w

ith
 sterile M

Q
 w

ater before th
e plate w

as
stain

ed w
ith

 0.1%
 (w

/v) C
on

go R
ed for 15 m

in
u

tes an
d

destain
ed w

ith
 1 M

 N
aC

l as per Teath
er an

d W
ood (1982).

C
ellu

lolytic colon
ies w

ere iden
tifi

ed by th
e presen

ce of an
u

n
stain

ed h
alo arou

n
d th

e colon
y site again

st an
 oran

ge-
pin

k backgrou
n

d. Pu
rifi

ed cellu
lase en

zym
e from

 A
sper-

gillus niger
(Sigm

a) w
as u

sed as a positive con
trol. 

β-glucanases 
Th

e activity of β-glu
can

ases w
as detected u

sin
g barley β-

glu
can

 an
d lich

en
an

 su
bstrates u

sin
g a m

eth
od based on

th
at described by Strau

ss et al. (2001). Th
e m

odifi
ed

m
eth

od u
sed a m

ediu
m

 con
sistin

g of 5 g trypton
e, 2.5 g

yeast extract, 1 g glu
cose, 20 g bacteriological agar an

d
eith

er 0.2 g lich
en

an
 (Sigm

a) or 0.2 g barley β-glu
can

(Sigm
a) per litre. Plates w

ere in
cu

bated u
n

der th
e con

di-
tion

s described for th
e cellu

lase assay. Follow
in

g in
cu

ba-
tion

, th
e plates w

ere stain
ed w

ith
 C

on
go R

ed (Teath
er an

d
W

ood 1982) an
d produ

cer colon
ies w

ere eviden
t by th

e
presen

ce of an
 u

n
stain

ed h
alo arou

n
d th

e colon
y site

again
st a stain

ed oran
ge-pin

k backgrou
n

d.
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X
ylanases

R
em

azol B
rillian

t B
lu

e X
ylan

 (Sigm
a) su

bstrate w
as u

sed
in

 a plate m
eth

od based on
 th

at described by Farkaš et al.
(1985) in

 order to detect xylan
ase activity. Th

e m
ediu

m
con

tain
ed 5 g trypton

e, 2.5 g yeast extract, 1 g R
em

azol
B

rillian
t B

lu
e X

ylan
 an

d 20 g agar per litre an
d 30 μ

L of
LA

B
 pre-cu

ltu
res w

ere pipetted in
 du

plicate on
to th

e
plates an

d in
cu

bated at 25ºC
 for on

e m
on

th
 an

d observed
every tw

o days for produ
cer colon

ies. Th
e effectiven

ess of
th

e m
eth

od at detectin
g xylan

ase activity w
as con

fi
rm

ed
u

sin
g a con

cen
trated xylan

ase produ
ct (Sigm

a).

R
esu

lts

E
sterases

Th
e resu

lts for th
e esterase screen

 u
sin

g th
e p-n

itroph
en

ol-
lin

ked su
bstrates are presen

ted in
 Figu

re 1. A
ll of th

e LA
B

h
ad som

e activity tow
ards th

e ester su
bstrates, bu

t th
ere

w
as 

great 
variation

 
betw

een
 

th
e 

th
ree 

gen
era. 

Th
e

Pediococcus
strain

s, except th
e olive isolate Ped18, sh

ow
ed

very w
eak esterase activity tow

ards th
e th

ree su
bstrates.

M
ost of th

e lactobacilli an
d oen

ococci h
ad sim

ilar esterase
activity tow

ards pN
P-acetate (average of 0.013 an

d 0.019
u

n
its of activity, respectively), w

ith
 th

e exception
 of O

. oeni
strain

s 8, 9, an
d 12, w

h
ich

 w
ere stron

gly esterolytic
tow

ards th
is su

bstrate (approx. 0.040 to 0.050 u
n

its).
E

sterase activity tow
ards 

pN
P-bu

tyrate (A
ve. =

 0.031
u

n
its) an

d pN
P-octan

oate (A
ve. =

 0.036 u
n

its) w
ere sim

-
ilar 

w
ith

in
 

th
e 

O
en

ococcu
s

gen
u

s, 
bu

t 
w

ith
in

 
th

e

Lactobacillus
gen

u
s activity w

as m
in

im
al tow

ards both
 su

b-
strates (A

ve. =
 0.004 an

d A
ve. =

 0.003 u
n

its, respectively),
w

ith
 th

e exception
 of Lac31 an

d Lac39 w
h

ich
 sh

ow
ed

sligh
tly h

igh
er activity tow

ards pN
P-bu

tyrate. O
verall, O

.
oenistrain

s 8, 9, 12 an
d 28 sh

ow
ed th

e stron
gest esterase

activity.

Lipases
O

n
ly th

ree of th
e Lactobacillus

strain
s, Lac25, Lac16 an

d
Lac15, w

ere fou
n

d to be able to h
ydrolyse tribu

tyrin
, as

seen
 by a clearin

g of th
e opaqu

e m
ediu

m
 su

rrou
n

din
g th

e
cell grow

th
 in

 th
e plate assay (data n

ot sh
ow

n
). N

on
e of

th
e Pediococcus

or O
enococcus

strain
s possessed lipase activ-

ity as determ
in

ed u
sin

g th
is m

eth
od.

Tannases
Th

e fi
n

din
gs from

 th
e screen

 for tan
n

ase activity are
sh

ow
n

 in
 Figu

re 2. Th
e green

 colou
ration

 observed du
rin

g
th

e assay is du
e to tan

n
ase-liberated gallic acid u

n
dergo-

in
g 

a 
n

on
-en

zym
atic 

oxidation
 

an
d 

polym
erisation

(O
saw

a an
d W

alsh
 1993). A

ll of th
e LA

B
 tested displayed

som
e 

tan
n

ase 
activity 

as 
determ

in
ed 

by 
th

is 
assay.

G
en

erally, 
th

e 
pediococci 

strain
s 

h
ad 

low
er 

activity
(O

verall average O
D

 of 0.211) th
an

 both
 th

e lactobacilli
(A

ve. O
D

 of 0.328) an
d oen

ococci (A
ve. O

D
 of 0.395).

H
ow

ever, th
ere w

ere som
e exception

s am
on

gst th
e pedio-

cocci, n
am

ely Ped17 an
d Ped18, w

h
ose activities (O

D
 of

0.308 an
d 0.350, respectively) approach

ed th
at of th

e 

0

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

Strain

Units of esterase activity

Lac6
Lac12
Lac13
Lac15
Lac16
Lac19
Lac24
Lac25
Lac26
Lac31
Lac32
Lac33
Lac34
Lac35
Lac39
Lac40
Ped3
Ped10
Ped11
Ped15
Ped16
Ped17
Ped18
Ped24
Ped27
Ped41
Ped42
O.oeni1
O.oeni2
O.oeni3
O.oeni4
O.oeni5
O.oeni6
O.oeni7
O.oeni8
O.oeni9
O.oeni10
O.oeni11
O.oeni12
O.oeni13
O.oeni14
O.oeni16
O.oeni17
O.oeni20
O.oeni21
O.oeni22
O.oeni23
O.oeni28
O.oeni29
O.oeni30

O
ctanoate

Butyrate

Acetate

Figure 1.
Esterase activity of strains of lactic acid bacteria tow

ards p-nitrophenol-linked substrates, expressed as μm
oles of p-nitrophenol

liberated per m
inute per m

g of dry cell w
eight. Values are the m

ean of determ
inations from

 duplicate assays, w
hich in each case w

ere w
ithin

5%
 of one another. Strains are listed in Table 1.
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lactobacilli an
d oen

ococci. W
ith

in
 each

 gen
u

s, th
ere w

as
great variation

 in
 activity, su

ggestin
g tan

n
ase activity is n

ot
on

ly gen
u

s, bu
t also strain

 depen
den

t. O
f th

e lactobacilli,
Lb. brevisstrain

 Lac39 h
ad th

e greatest tan
n

ase activity (i.e.
O

D
 of 0.602) w

h
ile Lb. buchneristrain

 Lac35 sh
ow

ed th
e

low
est activity (O

D
 of 0.127). 

Polysaccharide degrading activities 
C

ellu
lase activity in

 LA
B

 w
as eviden

ced by th
eir ability to

break 
dow

n
 

carboxym
eth

ylcellu
lose, 

w
h

ich
 

in
 

tu
rn

yielded an
 u

n
stain

ed h
alo arou

n
d th

e colon
y site follow

-
in

g 
stain

in
g 

of 
plates 

w
ith

 
C

on
go 

R
ed. 

A
ll 

of 
th

e
Lactobacillus

an
d Pediococcus

strain
s w

ere able to break
dow

n
 th

is su
bstrate, w

ith
 th

e exception
 of th

e Lb. ferm
en-

tum
strain

 Lac31 (Table 3). B
y com

parison
, cellu

lolytic
activity w

as less frequ
en

t am
on

gst th
e O

. oeni,w
ith

 few
er

th
an

 h
alf (9 ou

t of th
e 22 strain

s stu
died) givin

g a positive
respon

se.
U

sin
g barley β-glu

can
 as su

bstrate, LA
B

 w
h

ich
 pro-

du
ced β-glu

can
ase activity w

ere again
 iden

tifi
ed by th

e
form

ation
 of an

 u
n

stain
ed h

alo u
pon

 treatm
en

t of grow
th

plates w
ith

 C
on

go R
ed. A

ccordin
gly, all of th

e lactobacilli
w

ere sh
ow

n
 to produ

ce a β-glu
can

ase activity w
ith

 th
e

exception
 of Lb. helveticus

strain
 Lac40. Sim

ilarly, all of th
e

pediococci gave a positive respon
se w

ith
 th

e exception
 of

th
e olive isolate, Ped18, w

h
ich

 did n
ot. H

ow
ever, tw

o of
th

ese strain
s (Ped10 an

d Ped11) produ
ced sm

all h
alos,

su
ggestin

g w
eak glu

can
ase activity. O

f th
e 22 strain

s of O
.

oeni
tested on

ly 6 exh
ibited a β-glu

can
ase activity. A

secon
d β-glu

can
, lich

en
an

, w
as also u

sed in
 order to fu

r-
th

er differen
tiate th

e strain
s. A

ll of th
e Lactobacillus

strain
s

stu
died w

ere able to h
ydrolyse lich

en
an

 w
ith

 th
e excep-

tion
 of Lb. ferm

entum
strain

 Lac31, w
h

ich
 previou

sly h
ad

been
 iden

tifi
ed as th

e sole Lactobacillus
strain

 th
at lacked

cellu
lase activity. O

f th
e 10 Pediococcus

strain
s, seven

 pos-
sessed lich

en
ase activity. Sim

ilar to th
e cellu

lase fi
n

din
gs,

lich
en

ase activity w
as less frequ

en
t w

ith
in

 th
e O

enococcus
gen

u
s w

ith
 on

ly 3 ou
t of 22 strain

s produ
cin

g a detectable
activity.

Th
e fi

n
al polysacch

aride su
bstrate to be exam

in
ed w

as
R

em
azol B

rillian
t B

lu
e xylan

, h
ow

ever n
on

e of th
e LA

B
proved positive for xylan

ase u
sin

g th
is su

bstrate. 

D
iscu

ssio
n

W
e h

ave described a su
rvey of w

in
e-related lactic acid 

bacteria for poten
tially u

sefu
l en

zym
ic activities, w

h
ich

, to
ou

r kn
ow

ledge, is th
e m

ost com
preh

en
sive su

rvey of its
type to date. O

u
r fi

n
din

gs in
dicate a broad ran

ge in
 th

e
specifi

city 
an

d 
m

agn
itu

de 
of 

th
ese 

activities, 
th

ereby 
reiteratin

g th
e n

otion
 th

at LA
B

 h
ave th

e poten
tial to in

fl
u

-
en

ce w
in

e com
position

 in
 a m

an
n

er w
h

ich
 exten

ds w
ell

beyon
d m

alate decarboxylation
. Th

e sign
ifi

can
ce of th

e
in

dividu
al activities detected is discu

ssed in
 fu

rth
er detail

below
.

Figure 2.Tannase activity of LAB tow
ard m

ethyl gallate substrate, expressed as absorbance at 440 nm
. Values for each strain are the m

ean
of duplicate determ

inations, w
hich in each case w

ere w
ithin 5%

 of one another. Strains are listed in Table 1.
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E
sters are qu

alitatively on
e of th

e m
ost im

portan
t

grou
ps of arom

a com
pou

n
ds fou

n
d in

 w
in

e, an
d are gen

-
erally 

ackn
ow

ledged 
to 

con
tribu

te 
a 

desirable, 
fru

ity
arom

a (E
tievan

t 1991). Th
ey are derived from

 th
e grape

berry (R
app an

d M
an

dery 1986) an
d, perh

aps m
ore sig-

n
ifi

can
tly, th

ey are produ
ced by yeasts du

rin
g ferm

en
ta-

tion
 (You

n
is an

d Stew
art 1998, Lam

brech
ts an

d Pretoriu
s

2000). Som
e esters (an

d th
eir descriptors) com

m
on

ly
fou

n
d above th

eir sen
sory th

resh
old in

 w
in

e in
clu

de eth
yl

acetate (‘fru
ity’ at low

 con
cen

tration
s, bu

t ch
an

gin
g to

‘n
ail polish

 rem
over’ at h

igh
er con

cen
tration

s), isoam
yl

acetate (ban
an

a), eth
yl h

exan
oate (fru

ity, violets), eth
yl

octan
oate (pin

eapple, pear) an
d eth

yl decan
oate (fl

oral)
(M

argalit 1997, Lam
brech

ts an
d Pretoriu

s 2000).
U

n
til n

ow
, perh

aps th
e m

ost im
portan

t eviden
ce th

at
w

in
e LA

B
 possess esterase activity h

as been
 from

 w
in

e-
volatile profi

lin
g stu

dies w
h

ich
 h

ave in
vestigated th

e
ch

an
ges in

 con
cen

tration
s of in

dividu
al esters du

rin
g M

LF.
For exam

ple, in
creases in

 eth
yl acetate (M

aicas et al. 1999,
D

elaqu
is et al. 2000), isoam

yl acetate (Lau
ren

t et al. 1994,
M

aicas et al. 1999, U
glian

o an
d M

oio 2005) an
d eth

yl lac-
tate (D

elaqu
is et al. 2000, G

am
baro et al. 2001, U

glian
o

an
d M

oio 2005) h
ave been

 observed, w
h

ile Zeem
an

 et al.
(1982) reported a decrease in

 som
e esters follow

in
g M

LF.
In

 th
is stu

dy, LA
B

 w
ere screen

ed for th
e produ

ction
 of

esterases capable of h
ydrolysin

g an
 ester su

bstrate. Th
e

strain
s fou

n
d to h

ave th
e greatest h

ydrolytic esterase activ-
ity belon

ged to O
. oeni, th

e organ
ism

 m
ost com

m
on

ly
respon

sible for con
du

ctin
g M

LF in
 com

m
ercial w

in
eries.

D
avis et al. (1988) reported sim

ilar resu
lts in

 th
eir stu

dy,
fi

n
din

g 23 strain
s of w

in
e LA

B
 to h

ave esterase activity,
in

clu
din

g 15 strain
s of Leuconostoc oenos

(n
ow

 classifi
ed as

O
. oeni). Th

ese resu
lts fu

rth
er con

fi
rm

 th
at w

in
e LA

B
 

produ
ce h

ydrolytic esterases an
d su

ggest LA
B

 cou
ld h

ave
an

 im
pact on

 w
in

e arom
a, an

d by exten
sion

 w
in

e qu
ality.

W
h

eth
er or n

ot th
ese activities are in

dicative of poten
tial

ester syn
th

etic capability is yet to be determ
in

ed.
W

in
e lipids can

 origin
ate from

 a n
u

m
ber of sou

rces.
In

itially, lipids are derived from
 th

e grape berry (in
clu

din
g

th
e skin

, seeds an
d pu

lp), w
ith

 th
e con

cen
tration

s an
d

types of lipids varyin
g depen

din
g u

pon
 grape variety

(G
allan

der an
d Pen

g 1980), fru
it m

atu
rity at h

arvest
(B

au
m

an
 et al. 1977), an

d clim
ate (Izzo an

d M
u

ratore
1993) an

d presu
m

ably via m
eth

ods of processin
g of th

e
grapes. 

Su
bsequ

en
tly, 

lipids 
are 

liberated 
from

 
yeast

du
rin

g au
tolysis, in

clu
din

g tri-, di- an
d m

on
o-acylglycerols

an
d sterols (Pu

eyo et al. 2000). 
Th

e action
 of lipases on

 w
in

e lipids cou
ld resu

lt in
 th

e
form

ation
 of a ran

ge of volatile com
pou

n
ds, bu

t perh
aps

th
e m

ost im
portan

t w
ou

ld be liberation
 of fatty acids.

M
an

y fatty acids h
ave low

 arom
a th

resh
olds an

d can
 con

-
tribu

te to w
in

e arom
a, alth

ou
gh

 w
ith

 th
eir odou

rs bein
g

described as ‘vin
egar’, ‘ch

eesy’ an
d ‘sw

eaty’, th
ey cou

ld
h

ave a detrim
en

tal effect on
 w

in
e arom

a (E
tievan

t 1991).
H

ow
ever, a positive con

tribu
tion

 to th
e arom

a of w
in

e
cou

ld th
en

 be m
ade by som

e of th
e volatile com

pou
n

ds
w

h
ich

 are in
 tu

rn
 derived from

 fatty acids, in
clu

din
g

esters, keton
es an

d aldeh
ydes (C

h
arpen

tier an
d Feu

illat
1993).

Th
e lipolytic activity of w

in
e LA

B
 h

as n
ot previou

sly

Tab
le 3.Produ

ction
 of polysacch

aride-degradin
g en

zym
es

by w
in

e lactic acid bacteria. a

Strain
C

ellu
lase

β−glu
can

ase
L

ich
en

ase
X

ylan
ase

Lac6
+

+
+

–

Lac12
+

+
+

–

Lac13
+

+
+

–

Lac15
+

+
+

–

Lac16
+

+
+

–

Lac19
+

+
+

–

Lac24
+

+
+

–

Lac25
+

+
+

–

Lac26
+

+
+

–

Lac31
–

+
–

–

Lac32
+

+
+

–

Lac33
+

+
+

–

Lac34
+

+
+

–

Lac35
+

+
+

–

Lac39
+

+
+

–

Lac40
+

–
+

–

Ped3
+

+
+

–

Ped10
+

w
eak

+
–

Ped11
+

w
eak

+
–

Ped15
+

+
+

–

Ped16
+

+
–

–

Ped17
+

+
+

–

Ped18
+

–
+

–

Ped24
+

+
–

–

Ped27
+

+
–

–

Ped42
+

+
+

–

O
.oeni1

–
–

–
–

O
.oeni2

+
+

–
–

O
.oeni3

–
nd

–
–

O
.oeni4

–
–

–
–

O
.oeni5

–
nd

–
–

O
.oeni6

+
+

–
–

O
.oeni7

–
–

–
–

O
.oeni8

–
–

–
–

O
.oeni9

–
–

–
–

O
.oeni10

–
–

–
–

O
.oeni11

+
+

–
–

O
.oeni12

–
–

–
–

O
.oeni13

+
–

+
–

O
.oeni14

+
–

–
–

O
.oeni16

–
+

–
–

O
.oeni17

–
–

–
–

O
.oeni20

+
+

+
–

O
.oeni21

+
+

–
–

O
.oeni22

–
–

–
–

O
.oeni23

+
–

–
–

O
.oeni28

–
–

–
–

O
.oeni29

+
–

+
–

a
+ = activity detected,

– =  no activity detected,
nd = not determ

ined

been
 th

orou
gh

ly in
vestigated. In

 th
is presen

t stu
dy, lipase

activity w
as observed in

 th
ree Lactobacillus

strain
s, bu

t n
ot

in
 an

y of th
e pediococci or O

. oeni. Sim
ilar resu

lts w
ere

reported by H
errero et al. (1996), w

h
o failed to fi

n
d lipo-

lytic 
activity 

am
o

n
gst 

w
in

e 
iso

lates 
co

m
p

risin
g 

2
Leuconostoc

an
d 3 Lactococcus

strain
s or an

y of th
e 32

Lactobacillus
strain

s th
ey also in

vestigated. B
y con

trast, in
a stu

dy of LA
B

 isolated from
 w

in
es, D

avis et al. (1988)
observed lipase activity tow

ards th
e tribu

tyrin
 su

bstrate in
several strain

s of Leuconostoc oenos
an

d on
e species of

Lactobacillus. 
A

s n
oted above, th

e lipolytic activity of LA
B

 h
as been

m
ore exten

sively research
ed in

 oth
er areas of food pro-

du
ction

. In
 th

e dairy in
du

stry Lactobacillus
lipases are

kn
ow

n
 to con

tribu
te im

portan
t fl

avou
r com

pou
n

ds, par-
ticu

larly to ch
eeses (C

ollin
s et al. 2003), w

h
ile Pediococcus

species can
 sh

ow
 lipase activity (e.g. E

l Soda et al. 1986,
A

n
dersen

 et al. 1995, K
atz et al. 2002) an

d are also fou
n

d
in

 w
in

e. N
on

e of th
ose pu

blish
ed stu

dies w
ere focu

ssed on
w

in
e strain

s specifi
cally. 

Tan
n

ases w
ere explored in

 ou
r stu

dy becau
se of th

e
im

portan
ce 

of 
tan

n
in

s 
to 

th
e 

qu
ality 

of 
red 

w
in

es.
Tan

n
ases w

ere observed in
 all of th

e LA
B

 in
vestigated an

d
several of th

e O
. oenistrain

s w
ere fou

n
d to h

ave h
igh

 tan
-

n
ase activity. Th

ese fi
n

din
gs con

fl
ict w

ith
 th

ose reported
by V

aqu
ero et al. (2004) w

h
o screen

ed a total of 78 grape
an

d 
w

in
e 

LA
B

 
isolates 

from
 

th
e 

gen
era 

Lactobacillus,
Pediococcus,

Leuconostoc
an

d O
enococcus

an
d fou

n
d n

o tan
-

n
ase activity in

 an
y of th

e varian
ts of O

. oeni. O
n

e strain
 of

Lb. plantarum
w

as th
e sole tan

n
ase produ

cer. Previou
s

stu
dies su

ggestin
g tan

n
ases m

ay be produ
ced by LA

B
 w

ere
focu

sed on
 isolates of Lb. plantarum

, Lb. paraplantarum
an

d
Lb. pentosus

from
 h

u
m

an
 faeces an

d ferm
en

ted foods
(O

saw
a et al. 2000, N

ish
itan

i et al. 2004), an
d isolates of

Lb. plantarum
from

 olive w
aste (Lam

ia an
d M

oktar 2003).
A

ddition
al w

ork on
 tan

n
ase occu

rren
ce in

clu
ded LA

B
gen

era n
ot en

dogen
ou

s to w
in

e, in
clu

din
g Streptococcus

species (O
saw

a 1990, O
saw

a et al. 1995). 
Th

e possession
 of tan

n
ase activity by LA

B
 cou

ld con
fer

n
u

trition
al ben

efi
ts on

 th
e bacteria. For exam

ple, gallic
acid stim

u
lates th

e early grow
th

 stages of O
. oeniin

 w
in

e,
togeth

er w
ith

 m
alate degradation

 (V
ivas et al. 1997),

w
h

ereas th
e ellagitan

n
in

, vescalagin
, im

proves th
e via-

bility of n
on

-grow
in

g O
. oeni

(V
ivas et al. 2000). O

th
er

w
orkers h

ave sh
ow

n
 th

at th
e grow

th
 of Lb. hilgardii

w
as

stim
u

lated by ph
en

olic acids, in
clu

din
g gallic, van

illic, 
p-cou

m
aric, caffeic, feru

lic, p-h
ydroxyben

zoic, protocate-
ch

u
ic, an

d syrin
gic acids (C

am
pos et al. 2003). U

n
der

th
ose sam

e con
dition

s, th
e grow

th
 of O

. oeniw
as h

ow
ever

in
h

ibited. C
learly, fu

rth
er w

ork is requ
ired to determ

in
e

th
e precise n

atu
re an

d sign
ifi

can
ce of th

e in
teraction

 of
LA

B
 w

ith
 tan

n
in

s. 
Polysacch

arides w
ere th

e fi
n

al grou
p of su

bstrates con
-

sidered in
 th

is stu
dy. Th

e prin
cipal polysacch

arides of
h

igh
er plan

t cell w
alls an

d m
iddle lam

ellae, w
h

ich
 are

im
portan

t to w
in

em
akin

g, in
clu

de cellu
lose (prim

arily β-
glu

can
s), h

em
icellu

lose (prim
arily xylan

s) an
d pectic su

b-
stan

ces 
(W

h
itaker 

1990). 
Th

ese 
m

acrom
olecu

les 
are

released in
to grape ju

ice eith
er by th

e disru
ption

 of berries
du

rin
g cru

sh
in

g, or th
ey are liberated th

rou
gh

 th
e action

M
atthew

s,G
rbin &

 Jiranek
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of 
grape 

en
zym

es. 
E

n
zym

es 
w

h
ich

 
are 

capable 
of

h
ydrolysin

g polysacch
arides cou

ld (i) in
crease ju

ice yields
(B

erg 1959, H
aigh

t an
d G

u
m

p 1994), (ii) im
prove w

in
e

qu
ality by degradin

g grape cell w
alls to liberate colou

r an
d

arom
a-precu

rsors (W
igh

tm
an

 et al. 1997, B
akker et al.

1999, Pardo et al. 1999), (iii) aid in
 processin

g by avoid-
in

g diffi
cu

lties cau
sed by polysacch

arides (in
clu

din
g fi

lter
fou

lin
g an

d protracted ju
ice sedim

en
tation

 tim
es), an

d (iv)
alter fl

avou
r perception

 (Lan
gou

rieu
x an

d C
rou

zet 1994).
G

lu
can

s represen
t on

e grou
p of polysacch

arides of partic-
u

lar in
terest in

 th
is con

text.
G

lu
can

s are fou
n

d in
 both

 grape ju
ice an

d w
in

e, an
d in

addition
 to bein

g grape-derived, th
ey can

 origin
ate from

yeast, in
clu

din
g Saccharom

yces cerevisiae, du
rin

g prim
ary

ferm
en

tation
 (H

u
m

bert-G
offard et al. 2004). Spoilage

m
icroorgan

ism
s associated w

ith
 w

in
em

akin
g can

 also pro-
du

ce glu
can

s. In
 particu

lar, th
e spoilage LA

B
 Pediococcus

dam
nosus (form

erly Pediococcus cerevisiae) secretes a trisac-
ch

aride, cau
sin

g ‘ropin
ess’ in

 w
in

es. Fu
rth

erm
ore, th

e
grape fu

n
gu

s B
otrytis cinerea

produ
ces a h

igh
 m

olecu
lar

w
eigh

t glu
cose-based glu

can
 w

h
ich

 persists after ferm
en

-
tation

 (D
u

bou
rdieu

 et al. 1980, C
an

al-Llau
beres 1993). 

R
egardless of origin

, glu
can

s can
 im

pair w
in

e clarifi
-

cation
 an

d fi
ltration

. E
arly in

 vin
ifi

cation
, glu

can
s can

 pre-
ven

t sedim
en

tation
 of solids an

d redu
ce ju

ice yields. O
ften

su
ch

 problem
s are overcom

e by cen
trifu

gation
 or ben

-
ton

ite fi
n

in
g. A

lth
ou

gh
 both

 th
ese m

eth
ods accelerate 

sedim
en

tation
, n

eith
er rem

oves th
e cau

sative glu
can

, an
d

fi
ltration

 problem
s persist (H

u
m

bert-G
offard et al. 2004),

particu
larly post-ferm

en
tation

 w
h

en
 th

e problem
 is exac-

erbated by alcoh
ol-in

du
ced polym

erisation
 of th

e glu
can

m
olecu

les 
(V

illettaz 
et 

al. 
1984, 

van
 

R
en

sbu
rg 

an
d

Pretoriu
s 2000). β-glu

can
ases h

ydrolyse th
e glycosidic

lin
kages of β-glu

can
 ch

ain
s, yieldin

g glu
cose an

d oligo-
sacch

arides (H
u

m
bert-G

offard et al. 2004), an
d h

ave pre-
viou

sly been
 sh

ow
n

 to be effective at rem
ovin

g problem
β-glu

can
s from

 w
in

e, in
clu

din
g th

ose from
 botrytised

w
in

es (V
illettaz et al. 1984). LA

B
 represen

t a poten
tially

u
sefu

l sou
rce of β-glu

can
ases for overcom

in
g som

e of th
e

processin
g problem

s posed by glu
can

s in
 w

in
em

akin
g. In

th
is presen

t stu
dy, β-glu

can
ases w

ere detected u
sin

g β-
glu

can
 from

 barley. O
f th

e 16 lactobacilli u
sed in

 ou
r

stu
dy, 15 w

ere fou
n

d to be able to h
ydrolyse β-glu

can
.

Sim
ilarly, 9 of th

e 10 pediococci sh
ow

ed β-glu
can

ase activ-
ity, bu

t activity w
as less com

m
on

 am
on

g th
e O

. oeniw
ith

on
ly 6 strain

s sh
ow

in
g a positive resu

lt. E
arlier reports

h
ave dem

on
strated O

. oeniprodu
ces an

 extracellu
lar glu

-
can

ase 
early 

in
 

th
e 

station
ary 

ph
ase 

of 
cell 

grow
th

(G
u

illou
x-B

en
atier 

et 
al. 

2000). 
In

 
th

at 
stu

dy, 
th

e
en

zym
e w

as fou
n

d to be β-1,3 in
 n

atu
re an

d capable of
h

ydrolysin
g yeast cell-w

all m
acrom

olecu
les, su

ggestin
g it

cou
ld con

tribu
te to yeast cell au

tolysis after alcoh
olic

ferm
en

tation
. Fu

rth
er w

ork w
ill be requ

ired to con
fi

rm
 if

O
. oeni

can
 aid in

 rem
ovin

g problem
 glu

can
s, in

clu
din

g
th

ose secreted by B
otrytis cinerea.

H
em

icellu
lose is a h

eteropolysacch
aride an

d alon
g

w
ith

 cellu
lose is a m

ajor com
pon

en
t of grape berry cell

w
alls. Th

e prim
ary type of h

em
icellu

lose is β-1,4-xylan
 (β-

1
,4

-lin
k

ed
 

D
-x

ylo
p

yran
o

syl), 
w

h
ich

 
is 

bo
th

 
h

igh
ly

bran
ch

ed an
d h

igh
ly polym

erised (van
 R

en
sbu

rg an
d

171
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Pretoriu
s 2000). A

ttach
ed to th

e xylopyran
osyl polym

er
backbon

e are a n
u

m
ber of possible en

tities, in
clu

din
g

acetyl, arabin
osyl an

d glu
can

osyl residu
es (van

 R
en

sbu
rg

an
d Pretoriu

s 2000). O
w

in
g to th

e differen
t side con

-
stitu

en
ts presen

t, a n
u

m
ber of differen

t an
d specifi

c types
of en

zym
es are requ

ired to com
pletely degrade h

em
i-

cellu
lose an

d th
ese in

clu
de galactan

ases, m
an

n
ases an

d
xylan

ases. In
 th

is presen
t stu

dy, n
on

e of th
e LA

B
 w

ere
capable of degradin

g xylan
. 

Lich
en

an
 is a lin

ear 1,3-1,4-β-D
-glu

can
, an

d h
avin

g
1,3- lin

kages, it is stru
ctu

rally sim
ilar to th

e glu
can

 pro-
du

ced by B
otrytis cinerea

du
rin

g grape berry in
fection

(Strau
ss 

et 
al. 

2001). 
Lich

en
ase 

(en
do-β-1,3-1,4-glu

-
can

ase) activity in
 LA

B
 cou

ld aid in
 rem

ovin
g problem

glu
can

s, in
 particu

lar th
ose fou

n
d in

 botrytised w
in

es.
M

ost of th
e Lactobacillusan

d Pediococcusstrain
s in

 th
is stu

dy
w

ere capable of breakin
g dow

n
 lich

en
an

 an
d w

h
ile th

e
lich

en
ase activity w

as less frequ
en

t am
on

g th
e O

. oeni, LA
B

represen
t a poten

tial sou
rce of en

zym
es for targetin

g 
glu

can
s in

 botrytised w
in

e produ
ction

. W
h

ile th
e gen

etics
an

d activity of lich
en

ases h
as been

 ch
aracterised in

 oth
er

bacteria, in
clu

din
g Streptococcus bovis (E

kin
ci et al. 1997),

B
acillus circulans

(K
im

 2003), an
d Clostridium

 therm
ocellum

(Piru
zian

 et al. 2002), to ou
r kn

ow
ledge, th

is is th
e fi

rst
report of lich

en
ase activity am

on
g w

in
e LA

B
.

O
. oeniis th

e preferred organ
ism

 for in
stigatin

g M
LF in

com
m

ercial w
in

em
akin

g, prin
cipally becau

se it is su
ited to

th
e h

arsh
 w

in
e en

viron
m

en
t an

d is n
ot u

su
ally associated

w
ith

 th
e produ

ction
 of spoilage ch

aracteristics. In
 m

an
y

A
u

stralian
 w

in
eries, M

LF is in
itiated by in

ocu
latin

g a m
u

st
or w

in
e w

ith
 a com

m
ercial preparation

 of O
. oeni. In

 th
is

presen
t stu

dy, O
. oeniw

as sh
ow

n
 to produ

ce a n
u

m
ber of

en
zym

es of oen
ological sign

ifi
can

ce. In
 gen

eral, O
. oeni

w
as fou

n
d to h

ave stron
ger esterase an

d tan
n

ase activity
th

an
 an

y of th
e lactobacilli or pediococci. Th

ese fi
n

din
gs

im
ply th

at a ran
ge of LA

B
-derived en

zym
es cou

ld act on
w

in
e su

bstrates du
rin

g M
LF. In

terestin
gly, th

e en
zym

es
capable 

of 
degradin

g 
polysacch

arides 
w

ere 
m

ore 
fre-

qu
en

tly observed am
on

g th
e Lactobacillus

an
d Pediococcus

strain
s – an

 observation
 th

at accords w
ell w

ith
 th

e stage in
w

in
em

akin
g w

h
en

 eth
an

ol con
cen

tration
s are low

est an
d

th
ese bacteria grow

 best. M
oreover, th

eir en
zym

es w
ou

ld
th

en
 be m

ost valu
able, th

at is prior to prim
ary ferm

en
ta-

tion
, an

d at a stage w
h

en
 th

ey cou
ld in

crease ju
ice yields,

as w
ell as aid in

 ju
ice settlin

g an
d clarifi

cation
. Fu

rth
er

w
ork is n

ow
 requ

ired to exam
in

e both
 th

e produ
ction

 an
d

th
e activity of th

e observed en
zym

es u
n

der w
in

e con
di-

tion
s. In

 particu
lar, th

eir activities n
eed to be assessed at

th
e low

 pH
 an

d tem
peratu

res com
m

on
ly en

cou
n

tered in
com

m
ercial w

in
e produ

ction
 an

d in
 th

e presen
ce of w

in
e

in
h

ibitors su
ch

 as eth
an

ol an
d SO

2 .Th
e activity of th

ese
en

zym
es also n

eeds to be assessed u
sin

g w
in

e-specifi
c su

b-
strates. Fu

tu
re research

 m
igh

t also reveal an
y effects th

eir
action

s m
ay h

ave on
 th

e organ
oleptic properties an

d over-
all qu

ality of w
in

es.
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T
he production of ferm

ented beverages such as beer and w
ine 

is typically achieved using strains of Sa
ccha

rom
yces cerevisia

e, 
w

hich have been selected for their reliable ferm
entative properties 

and desirable sensory contribution to the end product.  Even 
so, these strains are not w

ithout shortcom
ings and new

 strains 
are constantly being sought.  In aim

ing to provide such
 strains, 

w
orking w

ith industrial isolates has its ow
n set of challenges. 

W
ine strains of S. cerevisia

e are typically of higher ploidy or 
aneuploid, frequently lack convenient selectable m

arkers and are 
hom

othallic.  Laboratory strains, along w
ith their com

prehensive 
set of genetic tools, m

ight be a m
ore convenient research vehicle, 

but the fact rem
ains that such strains fare poorly under the high

ly 
stressful conditions of industrial ferm

entations: sugar contents 
of over 200 g/L; low

 nutrient availability and pH
; and high final 

ethanol concentrations.  M
ore im

portantly, the w
ines produced 

by laboratory strains of yeast frequently display poor sensory 
properties. 

 
Put 

sim
ply, 

laboratory 
yeast 

lack 
th

e 
desirable 

phenotypic characteristics needed to m
ake w

ine of quality to 
enable industrially relevant studies. 

Som
e progress has been m

ade recently tow
ard the generation 

of appropriate w
ine yeast resources through the developm

ent of 
heterothallic w

ine yeast derivatives
 1.  C

onsequently a com
bined 

approach
 

to 
th

e 
identification 

of 
genes 

im
portant 

to 
w

ine 
ferm

entations has been possible: thus both laboratory and w
ine 

yeast backgrounds have been used to screen gene m
odifications 

(e.g. transposon m
utant libraries

 2) for phenotypes of interest. 
W

here m
utations of interest have been highlighted in the form

er, 
the affected genes w

ere identified by inverse PC
R

 3,4 before th
e 

phenotype associated w
ith their disruption w

as confirm
ed in 

the w
ine yeast derivative.  In this w

ay several genes, including 
N

G
R1 and G

ID
7, have been found during searches for loci w

hose 

disruption proves beneficial to ferm
entation reliability under 

conditions of nitrogen lim
itation

 5.  Such
 genes are considered 

im
portant since a deficiency of assim

ilable nitrogen in grape juice 
is a com

m
on cause of poor biom

ass yield, reduced ferm
entative 

vigour and hence, slow
 or prem

aturely term
inated (so-called 

‘stuck’) ferm
entations by the inoculated yeast  6.  

O
ngoing attem

pts to develop com
m

ercial w
ine yeast strains 

that are m
ore ‘nitrogen efficient’ and better able to function in 

nitrogen-deficient juices
 7,8, m

ay w
ell incorporate m

odifications 
to th

e genes identified to date.  Further genes of im
portance 

to ferm
entation success and w

ine sensory properties are being 
sough

t through
 screening of the standard com

m
ercially available 

laboratory yeast deletion and over-expression libraries.  T
he 

latter 
w

ill 
be 

especially 
im

portant 
in 

revealing 
genes 

acting 
through m

echanism
s other than loss of function.  

A
s w

ell as identifying targets for m
odification by recom

binant 
m

ethods to attain optim
ised strains, w

ork by th
is group also aim

s 
to achieve this goal by non-recom

binant m
eth

ods.  T
herefore, 

h
ybridisation 

strategies 
are 

being 
used 

as 
w

ell 
as 

adaptive 
(directed) evolution approaches

 9,10.  To date, strains h
ave been 

produced 
w

hich 
catabolise 

all 
available 

sugar 
in 

a 
stressful 

oenological 
ferm

entation 
(low

 
inoculation 

rate, 
h

igh
 

sugar 
content, low

 pH
 and oxygenation) in about h

alf th
e tim

e required 
by th

e parent strain (Figure 1).  O
ther potentially useful changes, 

such
 as altered yields of glycerol and ethanol, have also been 

observed.  Im
portantly, having been derived by non-recom

binant 
m

eans, such optim
ised strains could conceivably be im

m
ediately 

adopted by industry.  To our know
ledge, the report arising from

 
th

is w
ork is the first to describe the use of adaptive evolution to 

optim
ise industrial yeast, in this case a w

ine yeast  11.

Figu
re 

1. 
R

elative 
ferm

en
tatio

n
 

p
erfo

rm
an
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o

f 
ad

ap
tively 

evo
lved

 strain
s FM

16-C
5 an

d
 FM

16-C
7 co

m
p
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p
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G
iven 

the 
enorm

ous 
prom

ise 
of 

the 
initial 

outcom
es 

from
 

the use of adaptive evolution, such w
ork is being expanded 

to include further strains and other attributes.  T
hrough this 

w
ork, 

m
any 

hundreds 
of 

candidate 
strains 

or 
m

utants 
that 

require 
m

ore 
intensive 

evaluation 
in 

laboratory 
m

odel 
w

ine 

ferm
entations are being produced.  To better accom

m
odate 

such num
bers an autom

ated ferm
entation phenotyping system

 

has been developed (Figure 2).  B
ased on a system

 designed by 

researchers at IN
R

A
 in M

ontpellier
 12, the present system

 logs 

w
eight loss due to ferm

entative production of carbon dioxide 

from
 sugars.  In this w

ay the need for sam
pling and analysis of 

individual ferm
entation vessels in order to m

onitor ferm
entation 

progress is largely elim
inated.  O

nce deem
ed suitable in term

s 

of basic ferm
entation properties and appropriate production of 

m
ajor m

etabolites, such novel strains w
ill then undergo further 

assessm
ent in pilot scale grape juice ferm

entations.

Conclusion
T

h
e 

p
roduction 

of 
op

tim
ised 

strains 
h

as 
been 

undertaken 

via 
a 

m
ultifaceted 

ap
p

roach
. 

 
R

ecom
binant 

strategies 
h

ave 

utilised both existing laboratory yeast tools as w
ell as recently 

developed derivatives of a com
m

ercial w
ine yeast strain.  H

aving 

been identified through screens of various libraries of m
utants, 

gene m
odifications influencing phenotypes of im

portance to 

w
inem

aking are undergoing further evaluation and m
ay in turn 

be incorporated into future strain im
provem

ent activities.  Parallel 

non-recom
binant strategies, particularly adaptive evolution, have 

also 
yielded 

h
igh

ly 
p

rom
ising, 

candidate 
op

tim
ised 

strains.  

R
egardless of the m

ethod by w
hich they w

ere form
ed, large 

num
bers 

of 
both 

recom
binant 

and 
non-recom

binant 
strains 

are able to be assessed using an autom
ated system

 for conduct 

of m
onitored ferm

entation trials.  T
hrough this w

ork w
e hope 

to achieve both the accelerated production of superior strains 

for 
th

e 
ferm

ented 
beverage 

industries 
as 

w
ell 

as 
a 

better 

understanding of the basis for efficient perform
ance by yeast in 

high stress environm
ents. 
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A
b
stract

E
sters

are
an

im
portant

group
of

volatile
com

-
pounds

that
can

contribute
to

w
ine

flavour.
W

ine
lactic

acid
bacteria

(L
A
B
)have

been
show

n
to

produce
esterases

capable
ofhydrolysing

estersubstrates.T
his

study
aim

s
to

characterise
the

esterase
activities

of
nine

L
A
B

strains
under

im
portant

w
ine

conditions,
nam

ely,
acidic

conditions,
low

tem
perature

(to
10°C

)and
in

the
presence

ofethanol(2–18%
v/v).E

sterase
substrate

specificity
w
as

also
exam

ined
using

seven
different

ester
substrates.T

he
bacteria

w
ere

generally
found

to
have

a
broad

pH
activity

range,w
ith

the
m
ajority

of
strains

show
ing

m
axim

um
activity

close
to

pH
6.0.

E
xceptions

included
an

O
enococcus

oeni
strain

that
retained

m
ost

activity
even

dow
n

to
a
pH

of
4.0.

M
ost

strains
exhibited

highest
activity

across
the

range
30–40°C

.
Increasing

ethanol
concentration

stim
ulated

activity
in

som
e

of
the

strains.
In

particular,
O
.
oeni

show
ed

an
increase

in
activity

up
to

a
m
axim

um
ethanolconcentration

of
around

16%
.G

enerally,strains
w
ere

found
to

have
greater

activity
tow

ards
short-chained

esters
(C

2–C
8)

com
pared

to
long-chained

esters
(C

10–C
18).

E
ven

though
the

optim
al

physicochem
ical

conditions
for

enzym
e

activity
differed

from
those

found
in

w
ine,these

findings
are

of
potential

im
portance

to
oenology

because
significant

activities
rem

ained
under

w
ine-like

conditions.

K
eyw

ord
s

E
sters

.O
enococcus

.L
actobacillus

.

P
ediococcus

.H
ydrolysis

In
trod

u
ction

W
ine

is
produced

by
the

enzym
e-driven

ferm
entation

of
grape

juice.
In

addition
to

those
enzym

es
produced

by
yeast

during
alcoholic

ferm
entation,a

range
of

additional
enzym

e
activities

ofvarious
sources

can
influence

both
the

quality
and

the
style

of
the

finalw
ine.L

actic
acid

bacteria
(L

A
B
)
representone

source
of

such
enzym

es.
T
hree

genera
of

L
A
B

are
associated

w
ith

grape
juice

and
w
ine,nam

ely,Lactobacillus,P
ediococcus

and,
perhaps

m
ost

im
portantly,O

enococcus,of
w
hich

there
is

only
one

species,O
enococcus

oeni
(Fugelsang

and
E
dw

ards
2007).

T
he

prim
ary

function
of

L
A
B

in
w
inem

aking
is

to
conductthe

m
alolactic

ferm
entation

(M
L
F),

w
hich

involves
the

decarbox-
ylation

of
L
-m

alic
acid

to
L
-lactic

acid.In
addition,L

A
B

have
further

im
pacts

on
w
ine

com
position

(L
iu

2002),
yet

these
activities

are
far

from
being

characterised
to

the
extent

of
the

m
alolactic

enzym
e.

L
A
B

associated
w
ith

grape
juice

and
w
ine

have
been

show
n
to

produce
a
range

of
enzym

atic
activities

that
could

potentially
be

im
portantin

w
ine

production,including
those

capable
of

hydrolysing
ester

substrates
(e.g.

D
avis

et
al.

1988;
M

atthew
s

et
al.

2004,
2006).

A
ll

strains
of

L
A
B

exam
ined

w
ere

found
to

have
activity

tow
ards

three
different

ester
substrates,

although
a

genus
and

strain
dependence

w
as

observed,
w
ith

O
.
oeni

generally
having

higher
esterase

activity
than

the
lactobacilli

and
pediococci

(M
atthew

s
et

al.
2006).

P
otential

substrates
for

such
esterases

in
the

w
ine

environm
ent

are
qualitatively

one
of

the
m
ost

im
portant

groups
of

volatile
com

pounds
in

determ
ining

w
ine

flavour
(F

erreira
et

al.
1998;

L
illy

et
al.

2006).
S
uch

esters
can

be
generally

categorised
as

either
ethyl

esters
of

fatty
acids,

acetate
esters

of
higher

alcohols
or

esters
of

organic
acids.

E
sters

of
organic

acids
are

the
predom

inant
group

in
w
ine,

follow
ed

by
the

acetate
esters

A
ppl

M
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B
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and
ethylesters

offatty
acids

(E
tievant1991).H

ow
ever,som

e
individual

ethyl
esters

of
fatty

acids
and

acetate
esters

are
also

im
portant

given
their

low
sensory

threshold
(Sim

pson
and

M
iller

1984;
A
znar

et
al.

2001;
Ferreira

et
al.

2002).
M

inor
am

ounts
of

som
e

esters
are

derived
from

the
grape

berry,
but

the
principle

source
of

esters
in

w
ine

is
from

their
production

by
yeast

during
alcoholic

ferm
enta-

tion.
E
thanol

is
a

key
substrate

in
the

form
ation

of
m
any

esters
thus

their
biosynthesis

is,
at

least
to

som
e

extent,
concurrent

w
ith

that
of

ethanol
during

alcoholic
ferm

enta-
tion

(R
app

and
M

andery
1986;

H
erraiz

and
O
ugh

1993;
P
lata

et
al.

2003).
T
he

quantities
and

types
of

esters
produced

during
ferm

entation
are

dependent
upon

the
yeast

strain
conducting

the
ferm

entation
(S

oles
et

al.
1982;

A
ntonelli

et
al.

1999;
R
ojas

et
al.

2003),
as

w
ell

as
the

physiochem
ical

conditions
including

tem
perature,

pH
and

nitrogen
levels

of
the

juice
or

m
ust

(L
am

brechts
and

P
retorius

2000).
E
thyl

acetate
is

the
m
ost

im
portant

ester
found

in
w
ine,

contributing
a
desirable

fruity
arom

a
at

low
concentrations.

A
t
higher

concentrations
(>

200
m
g/L

),
an

undesirable
‘solvent’

character
arises,

w
hich

is
detrim

ental
to

both
w
ine

arom
a

and
quality

(D
ittrich

1983;
M

argalit
1997).

E
thyl

acetate
along

w
ith

other
esters,

such
as

m
ethylbutyl

acetate,
can

therefore
contribute

to
‘ester

taint’
(S

ponholz
et

al.1982;
S
ponholz

1993).T
herefore,selective

production
or

degradation
of

esters
could

be
valuable

in
enhancing

w
ine

com
position

and
overcom

ing
taints

in
w
ines.

To
achieve

such
selectivity,

a
greater

understanding
of

the
esterase

profile
of

L
A
B

is
required.

B
iochem

ical
characterisations

of
L
A
B

esterases,
includ-

ing
those

of
L
actobacillus

(E
l
S
oda

et
al.

1986a;
K
halid

et
al.

1990;
C
astillo

et
al.

1999)
and

P
ediococcus

(Ø
stdal

et
al.

1996)
strains,

have
been

published.
M

uch
of

this
w
ork,

how
ever,

has
been

carried
out

in
the

dairy
industry,

w
here

esterases
contribute

to
the

flavour
developm

ent
of

som
e

foods,
in

particular,
cheeses

(H
olland

et
al.

2005).
W

hile
esters

are
generally

accepted
as

being
im

portant
volatile

com
pounds

in
w
ine,

parallel
w
ork

has
not

been
conducted

in
the

w
ine

context,
despite

the
fact

that
physicochem

ical
conditions

are
generally

harsher.
F
or

exam
ple,

w
ine

pH
ranges

from
2.8

to
4.0,

w
ith

low
pH

being
im

portant
for

reducing
the

risk
of

m
icrobial

spoilage
and

prom
oting

red
w
ine

colour.
Tem

peratures
range

from
less

than
10°C

(for
exam

ple,
during

juice
settling)

to
25°C

(for
exam

ple,
during

alcoholic
ferm

entation).
A
lso,

the
concentration

of
ethanol,

a
potential

inhibitor
of

enzym
e

function,
is

particularly
im

portant
after

alcoholic
ferm

enta-
tion,

w
hich

coincides
w
ith

the
tim

e
w
hen

m
any

w
ines

undergo
M

L
F

(L
iu

2002).
L
A
B

esterases
m
ust

therefore
be

able
to

function
under

these
conditions

if
they

are
going

to
im

pact
on

w
ine

esters.
In

this
study,

w
e

investigated
the

influence
of

the
above

critical
oenological

param
eters

on
the

esterase
activity

of
nine

L
A
B

strains.

M
aterials

an
d
m
eth

od
s

B
acterial

strains,
preculturing

conditions
and

preparation
of

biom
ass

In
total,

nine
strains

of
L
A
B
,

three
lactobacilli,

three
pediococci

and
three

oenococci,
w
ere

used
in

this
study

(T
able

1).
S
om

e
of

the
bacteria

w
ere

isolated
from

freeze-
dried

L
A
B

starter
cultures

for
use

in
com

m
ercial

w
ine-

m
aking.

Tw
o
L
actobacillus

strains,
L
ac34

and
L
ac35,

and
P
ediococcus

strain
P
ed42

w
ere

purchased
from

the
A
ustra-

lian
S
tarter

C
ulture

R
esearch

C
entre,

w
hile

P
ediococcus

strain
P
ed18

w
as

isolated
from

a
com

m
ercial

olive
product.

B
acteria

w
ere

stored
and

cultured
as

described
previously

(M
atthew

s
et

al.
2006).

B
riefly,

all
isolates

w
ere

held
on

cryopreservative-treated
beads

(P
rotect,

Technical
S
ervice

C
onsultants)

at
−
80°C

until
required.

In
preparation

for
experim

ents,
bacteria

w
ere

precultured
in

de
M

ann
R
ogosa

S
harp

m
edium

,
w
hich

w
as

supplem
ented

w
ith

20%
(v/v)

preservative-free
apple

juice
and

adjusted
to

pH
5.0

prior
to

autoclaving
(M

R
S

+
A
J).

W
hen

required
for

experim
ents,

the
precultures

of
bacteria

w
ere

used
to

inoculate
5

m
L

volum
es

of
fresh

M
R
S

+
A
J

broth
to

yield
an

optical
density

at
600

nm
(O

D
6
0
0 )

of
approxim

ately
1.0

(O
.
oeni)

or
0.3

(lactobacilli
and

pediococci)
and

incubated
at

26°C
for

24
h

(lactobacilli
and

pediococci)
or

40
h

(O
.
oeni).

A
llofthe

esterase
assays

conducted
in

this
study

consisted
of

liquid
suspensions

of
w
hole

bacterialcells.T
he

num
ber

of
bacterialcells

required
to

produce
an

O
D

6
00

of
0.5

in
the

final
assay

w
as

determ
ined

spectrophotom
etrically.

T
he

required
volum

e
of

cells
w
as

harvested
and

w
ashed

once
in

0.85%

T
ab

le
1

D
etails

of
the

L
A
B

strains
used

in
the

biochem
ical

characterisation
study

S
train

G
enus/species

a
O
rigin

L
ac26

L
actobacillus

sp.
L
allem

and
nuovi

C
eppi

O
o1

L
ac34

L
actobacillus

hilgardii
C
S
C
C
-5489

S
C
R
C

L
ac35

L
actobacillus

buchneri
C
S
C
C
-5400

S
C
R
C

P
ed11

P
ediococcus

sp.
L
alvin

M
C
W

P
ed18

P
ediococcus

sp.
O
lives

P
ed42

P
ediococcus

pentosaceus
C
S
C
C
-2304

S
C
R
C

O
.oeni8

O
enococcus

oeni
C
H
R

H
ansen

V
iniflora

oenos
O
.oeni9

O
enococcus

oeni
C
H
R

H
ansen

V
iniflora

oenos
O
.oeni12

O
enococcus

oeni
L
alvin

3X
1S

tep

SC
R
C

purchased
from

the
A
ustralian

S
tarter

C
ulture

R
esearch

C
entre

collection
aS

pecies
listed

w
here

it
is

know
n

330
A
ppl

M
icrobiol

B
iotechnol

(2007)
77:329–337

(w
/v)

N
aC

l
solution

by
centrifugation

(5,000×
g,

5
m
in)

to
rem

ove
the

culturing
m
edia

before
being

resuspended
in

an
appropriate

volum
e

of
0.1

M
M

cIlvaine
buffer

(D
aw

son
et

al.
1986)

and
aliquoted

into
the

reaction
tubes.

D
ry

cell
w
eights

w
ere

determ
ined

using
10-m

L
culture

sam
ples

adjusted
to

an
O
D

6
00

of
0.5.

D
eterm

ination
of

esterase
activity

E
sterase

assays
w
ere

conducted
using

p-nitrophenyl
(pN

P
)

octanoate
substrate

w
ith

the
exception

of
the

substrate-
specificity

trials,
in

w
hich

seven
different

pN
P
-linked

ester
substrates

w
ere

used,as
described

below
.R

eaction
m
ixtures

(final
volum

e
1

m
L
)

w
ere

prepared
as

detailed
in

each
section

below
and

contained
bacterial

biom
ass

to
yield

an
opticaldensity

atO
D

6
0
0
of

0.5.R
eactions

w
ere

incubated
at

37°C
for

2
h,

w
ith

the
exception

of
the

tem
perature

optim
a

experim
ents

(see
below

).
F
ollow

ing
incubation,

cells
w
ere

pelleted
by

centrifugation
(13,000×

g,
7

m
in),

the
superna-

tant
(900

μ
L
)

w
as

transferred
to

a
48-w

ell
m
icroplate

(C
ostar

N
o

3548,
C
orning)

and
the

liberated
p-nitrophenol

w
as

quantified
im

m
ediately

by
m
easuring

the
absorbance

at
410

nm
using

a
m
icroplate

spectrophotom
eter

(μ
Q
uant,

B
io-T

ek
Instrum

ents).
T
he

results
w
ere

then
corrected

for
non-enzym

atic
degradation

of
the

ester
substrate

using
a

cell-free
control

of
the

sam
e

reaction
m
ixture

that
w
as

treated
in

the
sam

e
m
anner.

A
ll

assays
and

controls
w
ere

perform
ed

in
triplicate

and
activities

w
ere

quantified
by

com
paring

w
ith

p-nitrophenol
standards.

Influence
of

pH
,
tem

perature
or

ethanol
on

esterase
activity

T
he

influence
of

pH
on

esterase
activity

w
as

determ
ined

by
varying

the
pH

of
the

reaction
m
ixture

across
the

range
pH

3.0
to

8.0.T
he

buffers
used

w
ere

0.1
M

M
cIlvaine

buffer(pH
3.0

to
7.5)

and
N
a
2 H

PO
4 /N

aH
2 PO

4
buffer

(pH
8.0)

(D
aw

son
et

al.
1986).

B
riefly,

1-m
L

reactions
w
ere

prepared
by

com
bining

860
μ
L

of
the

appropriate
buffer,

100
μ
L

of
the

required
cell

suspension
in

the
sam

e
buffer

and
40

μ
L

of
a
25-m

M
stock

pN
P-octanoate

solution
in

ethanol,
to

yield
a

final
substrate

concentration
of

1
m
M

.
Follow

ing
incubation

and
centrifuga-

tion
(13,000×

g,
7

m
in),

900
μ
L

of
each

supernatant
w
as

transferred
to

a
fresh

48-w
ell

m
icroplate.

For
alkalinisation,

300
μ
L

of
0.5

M
N
aO

H
w
as

then
added

to
the

pH
-3.0

to
-4.0

sam
ples

and
100

μ
L

of
0.5

M
N
aO

H
w
as

added
to

the
pH

-4.5
and

-5.5
sam

ples
prior

to
absorbance

m
easurem

ents
being

taken
as

described
above.

R
esults

w
ere

quantified
by

com
parison

w
ith

standard
p-nitrophenol

solutions
prepared

under
the

sam
e
conditions.

E
sterase

activity
w
as

studied
atsix

tem
peratures

across
the

range
of

10
to

60°C
in

dry
heating

blocks
or

a
P
C
R

therm
ocycler.

A
ccuracy

of
tem

perature
settings

w
as

con-
firm

ed
w
ith

a
therm

om
eter

im
m
ediately

prior
to

initiation
of

the
experim

ent.A
ssays

w
ere

carried
out

as
described

for
the

pH
optim

a
study,butfor

allsam
ples,0.1

M
M

cIlvaine
buffer

ofpH
5.0

w
as

used.R
eaction

m
ixtures

containing
only

buffer
and

substrate
w
ere

equilibrated
atthe

appropriate
tem

perature
for

10
m
in

before
the

bacterial
cell

suspension
w
as

added
to

initiate
the

reaction.
F
ollow

ing
incubation,

all
sam

ples
w
ere

centrifuged,
transferred

into
48-w

ell
m
icroplates

and
alkali-

nised
as

above
before

absorbances
w
ere

m
easured.

T
he

effect
of

the
presence

of
ethanol

on
esterase

activity
w
as

studied
at

nine
ethanol

concentrations
ranging

from
2

to
18%

(v/v).R
eaction

m
ixtures

w
ere

prepared
as

described
for

the
tem

perature
optim

a
experim

ents,
but

different
volum

es
of

ethanol
w
ere

added
from

20
μ
L

(2%
v/v)

up
to

180
μ
L

(18%
v/v)

and
the

volum
e
of

buffer
w
as

adjusted
accordingly

to
m
aintain

a
final

reaction
volum

e
of

1
m
L
.

R
eactions

w
ere

incubated
for

2
h

at
37°C

and
treated

post-
incubation

as
described

for
the

tem
perature

optim
a
sam

ples.

D
eterm

ination
of

substrate
specificity

To
determ

ine
the

specificity
of

individual
L
A
B

strains
for

different
ester

substrates,
seven

pN
P
-linked

esters
of

varying
carbon-chain

length
w
ere

used:
pN

P
-acetate

(S
ig-

m
a),

-butyrate
(S

igm
a),

-octanoate
(Jom

ar),
-decanoate

(S
igm

a),
-dodecanoate

(F
luka),

-tetradecanoate
(F

luka)
and

-octadecanoate
(F

luka).
T
he

m
ethod

of
Pencreac’h

and
B
aratti

(1996)
w
as

used
w
ith

som
e

m
odifications.

S
tock

solutions
(25

m
M

)
of

each
substrate

w
ere

prepared
in

ethanol
(pN

P-acetate,
-butyrate,

-octanoate)
or

propan-2-ol
(pN

P-decanoate,
-dodecanoate,

-tetradecanoate,
-octadeca-

noate)
and

stored
at−

20°C
until

required.R
eaction

m
ixtures

(final
volum

e
1
m
L
)
contained

the
follow

ing:
755

μ
L

0.1
M

M
cIlvaine

buffer
(pH

5.0),
5
μ
L

T
riton

X
-100,

40
μ
L

of
stock

substrate
solution

(to
yield

a
final

substrate
concentra-

tion
of

1
m
M

),
100

μ
L

of
1%

(w
/v)

gum
arabic

(Sigm
a)

solution,
and

100
μ
L

of
cell

suspension
in

buffer.
A
ll

sam
ples

w
ere

vortexed
vigorously

for
1
m
in

and
incubated

at
37°C

for
2

h
w
ith

agitation
(100

rpm
)
on

a
platform

shaker.
F
ollow

ing
incubation,

all
sam

ples
w
ere

centrifuged
and

treated
as

described
for

the
tem

perature
optim

a
experim

ents.

S
tatistical

analysis

A
nalysis

of
variance

of
the

data
w
as

conducted
using

M
icrosoft

E
xcel.

S
ignificant

differences
betw

een
the

m
eans

(p
=
0.05)

w
ere

determ
ined

using
the

M
ultiple

R
ange

Test
and

S
tudentised

R
ange

Q
values.

R
esu

lts

Influence
of

pH
on

esterase
activity

T
he

effect
of

pH
on

the
esterase

activity
of

the
nine

L
A
B

strains
tow

ards
pN

P
-octanoate

is
show

n
in

F
ig.

1.
O
verall,

A
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M
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B
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the
results

suggest
that

the
influence

of
pH

varies
betw

een
L
A
B

strains,
w
ith

different
patterns

of
activity

being
observed

for
each

of
the

strains
studied.

C
om

pared
to

the
other

strains,
the

O
.
oeni

appeared
least

influenced
by

pH
,

particularly
across

the
range

of
pH

4.0
to

6.5.F
or

O
.oeni12,

esterase
activity

w
as

highest
betw

een
pH

6.0
and

6.5
(average

of
48

units
of

activity)
and

there
w
as

no
sig-

nificantdifference
in

activity
atpH

4.5
com

pared
to

pH
6.5.

M
ore

than
40%

of
m
axim

al
activity

(A
ve.=

21
units)

w
as

retained
at

pH
3.0

for
this

strain.S
im

ilarly,O
.oeni9

show
ed

no
significant

difference
in

activity
at

pH
6.5

com
pared

to
that

seen
at

pH
4.0.

O
f
the

three
O
.
oeni

strains
exam

ined,
O
.oeni8

had
the

greatest
activity

of
all

strains
(A

ve.=
62

units);
how

ever,
this

activity
w
as

also
m
ost

strongly
in-

hibited
by

low
pH

.
A
ll

of
the

lactobacilli
show

ed
m
axim

um
esterase

activity
close

to
pH

6.5,and
allthree

strains
show

ed
a
rapid

decrease
in

activity
atpH

above
optim

um
.T

hus,forL
ac34,ofthe

order

of80%
ofthe

activity
seen

atpH
7.0

w
as

lostatpH
7.5.L

ac34
also

show
ed

a
m
arked

decrease
in

esterase
activity

at
pH

values
below

5.0,
and

m
inim

al
activity

w
as

observed
at

pH
3.0.O

f
the

pediococci,Ped42
had

the
m
axim

um
esterase

activity
at

pH
4.5

to
5.0,

values
w
hich

w
ere

low
er

than
the

optim
um

pH
values

for
Ped18

(6.0
to

6.5)
and

P
ed11

(6.0).
P
ed18

w
as

the
only

strain
ofthe

pediococciexam
ined

to
retain

atleastsom
e
esterase

activity
atpH

3.0.

Influence
of

tem
perature

optim
a
on

esterase
activity

M
axim

um
esterase

activity
w
as

observed
betw

een
30

and
40°C

for
all

three
of

the
O
.
oeni

strains
(Fig.

2).
For

both
O
.oeni8

and
O
.oeni9,

no
significant

difference
in

esterase
activity

w
as

observed
betw

een
30

and
40°C

,butO
.oeni12

had
significant-

ly
higher

activity
at40°C

.Sim
ilar

trends
w
ere

obtained
for

the
lactobacilli,

albeit
at

low
er

activities.
Significantly

higher
activity

w
as

observed
at

40°C
than

at
30°C

for
both
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m
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m
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m
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w
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significantat
the
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m
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range
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N
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T
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L
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and
L
ac34.

Interestingly,
esterase

activity
dim

inished
quickly

above
40°C

for
all

three
lactobacilli

strains
and

w
as

sim
ilarly

reduced
at

10°C
.
B
y

com
parison,

activities
associated

w
ith

tw
o

of
the

pediococci
(P

ed11
and

P
ed18)

had
low

er
tem

perature
optim

a
than

other
strains,

w
ith

significantly
higher

activities
at

20°C
than

at
40°C

.
A
t

10°C
,

Ped18
m
aintained

64%
of

the
m
axim

um
activity

observed
at30°C

,a
fact

that
could

be
im

portant
in

w
ine

production
w
here

such
low

er
tem

peratures
are

com
m
on.

T
he

influence
of

ethanol
on

esterase
activity

E
thanol

concentration
is

an
im

portant
consideration

during
w
inem

aking
because

M
L
F

is
often

conducted
after

the
com

pletion
of

alcoholic
ferm

entation,
w
hen

ethanol
concen-

trations
of

w
ine

can
exceed

13%
(v/v).

F
or

this
reason,

the
influence

ofethanolon
the

ability
ofL

A
B

strains
to

hydrolyse
esters

w
as

investigated.
E
thanol

w
as

not
inhibitory

to
the

esterase
activity

of
all

of
the

strains
(Fig.

3).
In

fact,
for

all
oenococci,

ethanol
w
as

found
to

progressively
increase

the

detected
activity

up
to

concentrations
ofthe

orderof16%
(v/v).

T
he

influence
of

ethanol
on

the
lactobacilli

w
as

generally
inhibitory,

w
ith

L
ac26

show
ing

the
m
ost

dram
atic

reductions
com

m
encing

from
ethanolconcentrations

as
low

as
4%

.L
ac35

show
ed

sim
ilar

results,retaining
as

little
as

30%
of

the
activity

found
at2%

ethanolw
hen

exposed
to

an
ethanolconcentration

of
18%

.
For

Ped18,
there

w
as

no
significant

difference
in

esterase
activity

at
2%

com
pared

to
16%

,
w
ith

interm
ediate

concentrations
yielding

activities
of

up
to

approxim
ately

30%
higher.

S
ubstrate

specificity
of

esterases

O
verall,

the
strains

studied
tended

to
show

greater
hydro-

lytic
activity

against
the

short-chained
ester

substrates
(i.e.

≤C
8)

(F
ig.4).A

n
exception

w
as

P
ed18,w

hich
had

equal
or

higher
activity

tow
ards

som
e

of
the

longer
esters.

T
he

rem
aining

pediococci
failed

to
hydrolyse

any
substrates

from
C
12

and
longer.

A
ll

three
O
.
oeni

strains
show

ed
sim

ilar
substrate

specificity
profiles

w
ith

highest
activity
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tow
ards

the
four-carbon

pN
P
-butyrate,

but
w
ith

high
activity

also
tow

ards
pN

P
-acetate

and
pN

P
-octanoate.

S
im

ilarly,
all

three
strains

had
m
inim

al
activity

tow
ards

the
14-

and
18-carbon

substrates.
A
m
ongst

the
lactobacilli,

strong
specificity

tow
ards

the
shortest

substrate
(pN

P
-

acetate)
w
as

observed
and

all
three

strains
show

ed
m
inim

al
or

no
hydrolysis

of
the

longer
chained

ester
substrates.

D
iscu

ssion

E
sters

are
im

portantcontributors
to

the
arom

a
profile

of
w
ine,

and
changes

in
their

concentration
have

the
potential

to
influence

w
ine

quality.
T
he

exploitation
of

esterases
to

m
odulate

the
ester

com
position

of
w
ine

could
either

utilise
purified

enzym
e

preparations
or

selected
m
icrobial

cultures
bearing

specific
esterase

activities.
L
A
B

and
O
.
oeni

in
particular

m
ake

good
candidates

for
the

latter
approach

because
these

organism
s

are
routinely

used
to

effect
the

M
L
F.

B
efore

such
a

notion
can

be
tested,

a
fuller

character-
isation

of
the

esterolytic
capabilities

of
L
A
B

is
necessary.T

he

w
ork

thatis
reported

in
this

paper
provides

som
e
of

these
data.

In
this

study,
the

activities
of

nine
L
A
B

strains
from

the
genera

of
Lactobacillus,

P
ediococcus

and
O
enococcus

w
ere

characterised
in

relation
to

param
eters

of
im

portance
in

the
w
inem

aking
environm

ent.
T
he

results
of

this
investigation

indicate
that

L
A
B

possess
esterase

activities
that

could
potentially

alter
the

ester
profile

of
w
ine.

T
he

first
of

the
physicochem

ical
param

eters
exam

ined,
pH

,
is

m
onitored

throughout
the

entire
w
inem

aking
process.

L
ow

pH
,
com

m
only

w
ithin

the
range

3.0
to

3.6,
is

sought
in

both
grape

juice
and

w
ine

for
a

num
ber

of
reasons;

to
optim

ise
the

colour
of

red
w
ines

(S
om

ers
1971),

to
reduce

the
likelihood

of
grow

th
by

spoilage
m
icro-

organism
s
(du

Toit
and

P
retorius

2000),
and

to
increase

the
concentration

of
m
olecular

sulphur
dioxide

(M
argalit

1997).
In

this
study,

esterase
activity

w
as

exam
ined

across
the

pH
range

3.0
to

8.0.U
nder

these
conditions,m

ostof
the

L
A
B

strains
w
ere

found
to

have
the

highestesterase
activity

w
hen

the
pH

w
as

close
to

6.0
(F

ig.
1).

E
sterases

w
ith

pH
optim

a
close

to
neutral

have
previously

been
reported

in
L
A
B
,
including

L
actococcus

lactis
(H

olland
and

C
oolbear

O
.oeni8
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F
ig.

3
Influence

of
ethanol

on
esterase

activity
of

L
A
B

strains.
U
nits

of
esterase

activity
are

defined
as

m
icrom

oles
of

p-nitrophenol
liberated

per
m
inute

per
m
icrogram

of
dry

cell
w
eight.

V
alues

are

the
m
ean

of
triplicates

±
standard

deviation.
W

ithin
each

panel
colum

ns
w
ith

different
letters

are
significant

at
the

5%
level

according
to

the
m
ultiple

range
test.

N
B
:
T
he

scales
differ

across
the

genera
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1996;
C
hich

et
al.

1997),
L
actobacillus

casei
(F

enster
et

al.
2003)

and
L
actobacillus

helveticus
(F

enster
et

al.
2000).

H
ow

ever,
all

of
these

results
w
ere

obtained
using

purified
enzym

e
preparations,rather

than
w
hole

cell
biom

ass,w
hich

w
as

the
case

in
this

study.
D
espite

having
m
axim

um
activity

close
to

pH
6.0,

som
e

of
the

strains,
O
.oeni9

in
particular,

show
ed

activity
over

a
broad

pH
range.

R
eports

from
studies

conducted
using

dairy
isolates

of
L
A
B

have
also

described
such

ranges
in

pH
optim

a
(C

hich
et

al.1997;
C
astillo

et
al.

1999).
In

this
report,

som
e
strains

m
aintained

significant
esterase

activity
in

the
w
ine

pH
range.

F
or

exam
ple,

both
O
.oeni12

and
O
.oeni9

retained
som

e
50–

60%
of

their
m
axim

um
esterase

activity
at

pH
3.5

com
-

pared
to

their
optim

um
pH

values.
A
s

stated
earlier,

M
L
F

is
often

conducted
follow

ing
alcoholic

ferm
entation

(L
iu

2002).
A
t

that
tim

e,
w
ine

storage
tem

peratures
are

preferably
keptbelow

20°C
,w

hich
coincides

w
ith

the
optim

um
grow

th
tem

perature
of

L
A
B

in
w
ine

(A
sm

undson
and

K
elly

1989).
A
s

w
ith

pH
,
som

e

L
A
B

have
previously

been
reported

to
have

esterases
w
ith

broad
tem

perature
optim

a
(C

astillo
et

al.
1999).

In
this

study,
m
axim

um
esterase

activity
w
as

generally
found

at
tem

peratures
that

w
ere

higher
than

those
considered

suitable
for

w
ine

production
and

storage
(F

ig.
2).

A
ctivity

w
as,

how
ever,

observed
across

a
w
ide

tem
perature

range
and

som
e

strains
retained

significant
activity

at
low

er
tem

peratures.
A
ll

strains
had

m
ore

than
40%

of
their

m
axim

um
activity

at
20°C

,
and

O
.
oeni

retained
m
ore

than
60%

of
m
axim

al
activity

at
20°C

.
T
hese

results
therefore

again
suggest

that
esterases

of
w
ine

L
A
B

could
be

active
at

the
tem

peratures
applied

during
M

L
F

and
w
ine

storage.
A

further
consideration

of
the

inoculation
of

w
ine

w
ith

L
A
B

post-alcoholic
ferm

entation
for

initiation
of

the
M

L
F

is
that

ethanol
w
ill

be
present

at
a
high

concentration.
T
he

grow
th

of
som

e
L
A
B

is
inhibited

by
ethanol

concentrations
as

low
as

4%
in

w
ine

(C
apucho

and
S
an

R
om

ão
1994).

B
y

contrast,the
m
alolactic

activity
of

som
e
strains

of
O
.oeniis

unaffected
by

ethanol
concentrations

of
up

to
12%

,
and

O
.oeni8
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E
sterase

activity
of

L
A
B

strains
tow

ards
substrates

of
different

chain
length.

S
ubstrates

used
w
ere

pN
P
-acetate

(C
2),

-butyrate
(C

4),
-octanoate

(C
8),

-decanoate
(C

10),
-dodecanoate

(C
12),

-tetradecanoate
(C

14)
and

-octadecanoate
(C

18).
U
nits

of
esterase

activity
are

defined
as

m
icrom

oles
of

p-nitrophenol

liberated
per

m
inute

per
m
icrogram

of
dry

cell
w
eight.

V
alues

are
the

m
ean

of
triplicates

±
standard

deviation.
W

ithin
each

panel
colum

ns
w
ith

different
letters

are
significant

at
the

5%
level

according
to

the
m
ultiple

range
test.

N
B
:
T
he

scales
differ

across
the

genera
and

the
scale

of
P
ed18

differs
from

P
ed11

and
P
ed42

A
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M
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B
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partialactivity
is

retained
at16%

(C
apucho

and
S
an

R
om

ão
1994).T

he
results

reported
for

som
e
strains

are
com

parable
w
ith

observations
for

the
m
alolactic

enzym
e,

that
is

that
esterases

are
not

inhibited
by

ethanol
at

concentrations
com

m
only

found
in

w
ine

(F
ig.

3).
In

fact,
esterolytic

capabilities
of

the
O
.
oeni

strains
w
ere

stim
ulated

by
increasing

ethanol
concentration,

up
to

about
14%

.
O
ther

reports
from

our
group

on
the

β
-glucosidase

activity
of

L
A
B

isolates
describe

a
sim

ilar
enhancem

ent
of

activity
by

ethanol
(G

rim
aldi

et
al.

2000,
2005a,

b).
A

possible
explanation

for
this

trend
is

related
to

influence
of

ethanol
on

the
perm

eability
of

the
cell

m
em

brane,
and

hence,
the

degree
of

substrate
and

enzym
e
interaction.

B
ased

on
the

findings
reported

for
the

artificial
substrate

used
here,itappears

probable
thatL

A
B

esterases
w
illretain

at
least

partial
activity

under
w
ine-like

conditions
of

pH
,

tem
perature

and
ethanol

concentration.
W

hile
further

w
ork

w
ith

naturalsubstrates
is

necessary,a
prelim

inary
investigation

ofsubstrate
specificity

w
as

also
conducted

to
m
ore

fully
define

the
potentialapplications

ofspecific
strains.A

s
show

n
in

Fig.4,
a
distinctspecificity

for
short-

and
m
edium

-chained
esters

w
as

found,w
ith

the
exception

of
Ped18.Sim

ilar
observations

have
been

reported
in

dairy
L
A
B
,
including

som
e

species
also

associated
w
ith

w
ine,

such
as

L.
helveticus

(Fenster
et

al.
2000),

L.
casei

(E
l
Soda

et
al.

1986b;
C
astillo

et
al.

1999;
Fenster

etal.2003;C
hoietal.2004),Lactobacillus

plantarum
(E

l
Soda

et
al.

1986b;
M

acedo
et

al.
2003),

Lactobacillus
ferm

entum
(E

lSoda
etal.1986b)

and
Lactobacillus

brevis
(E

l
Soda

et
al.

1986b).
E
xam

ples
of

such
esters

in
w
ine

include
ethyl

esters,
nam

ely,
ethyl

acetate
and

ethyl
butyrate.

Such
esters

can
contribute

a
desirable,

fruity
arom

a
to

w
ine

at
low

concentrations
(L

illy
et

al.
2000);

thus,
degradation

of
these

arom
atic

com
pounds

w
ould

not
necessarily

be
advantageous

to
w
ine

quality.
H
ow

ever,
a
beneficial

role
of

these
esterases

m
ight

arise
out

of
their

deliberate
application

to
treat

w
ines

tainted
w
ith

unacceptably
high

concentrations
of

these
esters.

Such
concentrations

m
ay

arise
through

the
action

of
the

inoculated
yeast

or
spoilage

organism
s

including
P
ichia

anom
ala,

K
loeckera

apiculata
and

H
anseniaspora

uvarum
in

grape
juice

or
w
ine

(du
Toit

and
Pretorius

2000)
or

species
of

A
cetobacter

grow
ing

in
w
ine

(D
rysdale

and
Fleet

1989).
T
he

rem
oval

of
excess

ethyl
acetate,

w
hich,

at
higher

concentrations
(>

200
m
g/L

;
Peynaud

1984),
confers

an
acescent

character
to

w
ine,

w
ould

be
an

advantage.
Strain

L
ac26,show

n
in

our
study

to
have

high
activity

tow
ard

the
C
2

ester
substrate

and
m
inor

activity
tow

ard
the

larger
substrates

m
ight

therefore
be

used
to

specifically
target

this
problem

com
pound

in
w
ine.

C
onversely ,

a
num

ber
of

the
L
A
B

had
significant

activity
tow

ards
som

e
of

the
longer

chained
esters.

B
oth

ethyl
dodecanoate

and
ethyl

tetradecanoate
are

exam
ples

that
have

been
identified

in
w
ine

(Francioli
et

al.
1999).

T
he

arom
a

contribution
of

these
larger

com
pounds

becom
es

less
desir-

able,
and

descriptors
such

as
‘soaplike’

and
‘stearic’

predom
-

inate
(R

app
and

M
andery

1986).
T
hus,

am
elioration

of
w
ines

higher
in

undesirable
long-chained

ethyl
esters

could
also

be
achieved

through
treatm

ent
w
ith

selected
L
A
B

strains.
W

hile
the

w
ork

presented
here

goes
som

e
w
ay

to
character-

ising
the

activity
of

L
A
B

esterases,their
action

in
w
ine

is
still

not
fully

elucidated.
W

ine
is

a
com

plex
com

bination
of

all
of

the
factors

discussed
here,

as
w
ell

as
others,

such
as

sulphur
dioxide,

w
hich

has
previously

been
show

n
to

inhibit
the

m
alolactic

activity
of

L
A
B

(C
arreté

et
al.

2002).
T
he

consequences
of

the
com

bined
influences

of
such

individual
param

eters
rem

ains
to

be
studied,

particularly
because

out-
com

es
from

such
challenges

are
not

necessarily
predicted

by
the

response
to

the
single

param
eters

(G
rim

aldi
et

al.
2000,

2005a,
b).

T
he

effectiveness
of

the
detected

esterases
against

natural
substrates

is
currently

under
investigation,

as
is

the
question

of
w
hether

esterase
activities

of
w
ine

L
A
B

are
capable

of
m
aking

significant
and

detectable
changes

to
the

flavour
of

w
ines.

T
he

sensory
contribution

of
ester-degrada-

tion
products

including
fatty

acids,
higher

alcohols
and

organic
acids

also
requires

exploration.
N
evertheless,

the
results

reported
here

show
great

prom
ise

for
the

deliberate
use

of
L
A
B

to
selectively

m
odify

w
ine

ester
com

position
and

thereby
help

justify
further

investigation.
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W
e

report
the

cloning
and

characterization
of

E
stB

28,
the

fi
rst

esterase
to

be
so

characterized
from

the
w
ine-associated

lactic
acid

bacterium
,O

enococcus
oeni.T

he
published

sequence
for

O
.oeni

strain
P
SU

-1
w
as

used
to

identify
putative

esterase
genes

and
design

P
C

R
prim

ers
in

order
to

am
plify

the
corresponding

region
from

strain
O

oeni28,
an

isolate
intended

for
inoculation

of
w
ines.

In
this

w
ay

a
912-bp

open
reading

fram
e

(O
R

F
)
encoding

a
putative

esterase
of34.5

kD
a

w
as

obtained.T
he

am
ino

acid
sequence

indicated
that

E
stB

28
is

a
m

em
ber

of
fam

ily
IV

of
lipolytic

enzym
es

and
contains

the
G

D
SA

G
m

otif
com

m
on

to
other

lactic
acid

bacteria.T
his

O
R

F
w
as

cloned
into

E
scherichia

coli
using

an
appropriate

expression
system

,and
the

recom
-

binant
esterase

w
as

purifi
ed.

C
haracterization

of
E
stB

28
revealed

that
the

optim
um

tem
perature,

pH
,
and

ethanolconcentration
w
ere

40°C
,pH

5.0,and
28%

(vol/vol),respectively.E
stB

28
also

retained
m

arked
activity

under
conditions

relevant
to

w
inem

aking
(10

to
20°C

,pH
3.5,14%

[vol/vol]
ethanol).K

inetic
constants

w
ere

determ
ined

for
E
stB

28
w
ith

p-nitrophenyl
(pN

P
)-linked

substrates
ranging

in
chain

length
from

C
2

to
C

1
8 .

E
stB

28
exhibited

greatest
specifi

city
for

C
2

to
C

4
pN

P
-linked

substrates.

T
he

quality
of

ferm
ented

foods
and

beverages
is

affected
in

part
by

their
com

position
of

arom
a

com
pounds.In

w
inem

ak-
ing,the

m
alolactic

ferm
entation

is
used

to
deacidify

w
ine

and
is

typically
carried

out
by

L
acto

bacillu
s

spp.,
P

ed
io

co
ccu

s
spp.,

and
particularly

O
en

o
co

ccu
s

o
en

i
(10,

7).
N

um
erous

reports
clearly

show
that

outside
of

this
core

function,lactic
acid

bac-
teria

(L
A

B
)

can
also

bring
about

significant
changes

of
senso-

rialim
portance

(2,5,12,32,40,49,55).Such
studies

typically
exam

ined
the

action
ofactive

cultures
or

w
hole

cells;how
ever,

the
prom

ise
ofL

A
B

as
a

source
ofpurified

enzym
es

for
use

as
additives

in
w

inem
aking

has
recently

been
highlighted

(43).
O

en
o

co
ccu

s
o

en
i

is
acidophilic

and
indigenous

to
w

ine
and

sim
ilar

environm
ents.

W
hile

the
genom

e
of

the
com

m
ercial

PSU
-1

strain
has

been
sequenced

and
analyzed

(44),
there

is
lim

ited
inform

ation
on

the
genes

or
their

potential
contribu-

tion
to

food
and

beverage
arom

a.T
he

only
such

genes
w

hich
have

been
cloned

and
partially

characterized
are

alsS
and

alsD
(24),w

hich
are

thoughtto
be

responsible
for

the
production

of
diacetyl,

the
principle

com
pound

conferring
“buttery”

arom
a

and
flavor

in
w

ine
(review

ed
in

reference
4).A

nalogous
char-

acterization
ofother

flavor-related
genes

and
enzym

es
notonly

m
ay

have
practical

im
plications

for
processes

using
L

A
B

but
also

m
ay

be
of

fundam
entalinterest.

A
s

a
group,esters

are
a

quantitatively
significantconstituent

of
beverages

such
as

w
ine

(total
of

�
100

m
g

�liter
�

1)
(15).

Included
in

this
group

are
the

C
4

to
C

1
0

ethylesters
oforganic

acids,ethylesters
of

straight-chain
fatty

acids
(and

branched-

chain
fatty

acids
to

a
lesser

degree),
and

acetates
of

higher
alcoholsw

hich
are

largely,ifnotexclusively,responsible
forthe

fruity
arom

a
ofw

ine
(13,14).Som

e
volatile

esters
are

frequently
found

in
ferm

ented
beveragesin

only
trace

am
ounts,often

below
threshold

concentrations
(3,21,25,29,50).H

ow
ever,they

are
extrem

ely
im

portant
for

the
flavor

profile
of

these
products,

w
ith

different
esters

often
having

a
synergistic

effect
to

collec-
tively

affect
arom

a
w

hen
their

individualthreshold
concentra-

tions
are

notexceeded.T
he

factthatm
ostesters

are
presentin

w
ine

atconcentrations
around

the
threshold

value
im

plies
that

m
inor

concentration
changes

m
ight

have
a

dram
atic

effect
on

the
w

ine’s
flavor

(3,21,25,29,50).F
or

this
reason,an

under-
standing

of
the

hydrolysis
and

synthesis
of

esters
in

w
inem

ak-
ing

and
how

these
m

ay
be

m
anipulated

is
essential.

A
large

am
ount

of
esters

is
form

ed
during

the
prim

ary
fer-

m
entation

by
yeast;after

this,L
A

B
can

contribute
by

increas-
ing

and
decreasing

the
ester

concentration
(2,5,12,40,49,55).

E
ster

hydrolysis
and

synthesis
can

be
catalyzed

by
esterases

(6,
35,38,54).T

hese
enzym

es
com

m
only

contain
a

catalytic
triad

com
posed

ofSer,H
is,and

A
sp/G

lu
residues

and
a

nucleophilic
elbow

structural
m

otif
(G

X
SX

G
),

w
hich

contains
the

active-
site

serine
residue

(1,31,36,48).T
hey

also
contain

an
oxya-

nion
hole,ofw

hich
tw

o
residues

donate
their

backbone
am

ide
protons

to
stabilize

the
substrate

in
the

transition
state.

T
he

oxyanion
hole

residues
(in

bold)
have

been
divided

into
tw

o
groups

term
ed

G
X

and
G

G
G

X
,w

ith
the

glycine
and

a
hydro-

phobic
residue

(X
)

being
highly

conserved
(48).

W
hile

extensive
research

has
been

carried
out

on
the

en-
zym

es
responsible

for
ester

form
ation

by
w

ine
strains

of
S

ac-
ch

aro
m

yces
cerevisiae

(22,23,45,51),esterase
activity

for
w

ine-
related

L
A

B
is

notw
elldocum

ented.M
ostcharacterization

of
esterases

in
L

A
B

has
focused

on
dairy

isolates
(9,16–18,20).

Parallel
w

ork
in

a
w

ine
context

is
lim

ited
despite

general
ac-

ceptance
of

the
im

portance
of

esters
in

w
ine.

U
ntil

recently,
m

ost
evidence

that
w

ine
L

A
B

possess
esterase

activity
cam

e
from

w
ine

volatile
profiling

studies
w

hich
investigated

the
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changes
in

concentration
ofindividualesters

during
m

alolactic
ferm

entation
(12,40,55).Such

changes
in

ester
concentration

w
ere

strain
specific

and
had

the
potentialto

greatly
affect

the
finalarom

a
of

w
ine.

O
ur

survey
of

the
esterase

activities
of

w
hole

L
A

B
cells

found
variations

w
ithin

species
and

even
greater

variation
be-

tw
een

the
genera

(42),
w

ith
O

.
o

en
i

show
ing

greatest
activity

tow
ard

the
p-nitrophenyl(pN

P)-linked
substrates

tested.M
ore

recently
(41),the

esterase
activities

of
w

hole
O

.
o

en
i,lactoba-

cillus,and
pediococcus

cells
w

as
determ

ined
under

conditions
w

ith
som

e
relevance

to
w

ine.A
t

least
partialresistance

to
the

harsh
conditions

used
w

as
observed,thereby

dem
onstrating

a
necessary

requirem
entofany

enzym
e

intended
for

application
in

analogous
environm

ents.
T

o
m

ore
com

pletely
characterize

esterases
ofL

A
B

,the
enzym

es
and

their
structuralgenes

m
ust

be
fully

investigated.T
his

study
represents

an
effort

to
dissect

the
com

plex
array

ofester
synthesis

and
hydrolysis

activities
in

w
hole

cells
by

cloning,heterologous
expression,partialpurifi-

cation,
and

biochem
ical

characterization
of

a
single

esterase
from

O
.

o
en

i.W
ith

a
view

to
applying

such
an

esterase
under

conditions
found

in
w

ine
and

perhaps
other

industrialsettings,
enzym

e
function

under
the

harsh
physicochem

ical
conditions

frequently
encountered

in
w

ine
w

as
exam

ined.

M
A
T
E

R
IA

L
S

A
N

D
M

E
T
H

O
D

S

Strains,
m

edia,
and

plasm
ids.

O
en

o
co

ccu
s

o
en

i
strain

O
oeni28

w
as

isolated
from

freeze-dried
L

A
B

starter
cultures

for
use

in
com

m
ercial

w
inem

aking
and

originates
from

L
allem

and
nuovi

C
eppi

O
o2

(42).
In

preparation
for

experi-
m

ents,O
oeni28

w
as

cultured
from

the
stocks

in
de

M
an-R

ogosa-Sharp
(M

R
S)

m
edium

(A
m

yl
M

edia)
supplem

ented
w

ith
20%

(vol/vol)
tom

ato
juice.

E
sch

e-

rich
ia

co
li

D
H

5�
w

as
used

as
a

host
strain

for
cloning

and
m

aintenance
of

plasm
ids.

E
.

co
liB

L
21(�D

E
3)

w
as

used
as

a
hostfor

expression
ofthe

estB
gene

under
the

controlof
the

T
7

prom
oter.

E
.

co
litransform

ants
w

ere
grow

n
at

37°C
in

either
L

uria-B
ertanibroth

(L
B

)
or

T
errific

broth
(for

expression
only),w

hich
contained

100
�

g/m
l

of
am

picillin
w

hen
required.

A
ll

bacteria
w

ere
stored

at
�

80°C
in

30%
(vol/vol)

glycerol.
D

N
A

isolation
and

m
anipulations.Isolation

of
D

N
A

from
O

oeni28
w

as
car-

ried
out

using
the

U
ltraC

lean
m

icrobial
D

N
A

isolation
kit

(M
oB

io).
Prim

ers
targeting

the
open

reading
fram

e
(O

R
F

)
of

the
putative

esterase
gene

w
ere

designed
based

on
the

PSU
-1

O
.

o
en

igenom
e

sequence
(C

P000411)
(44).PC

R
w

as
perform

ed
w

ith
pfuU

ltra
II

F
usion

H
S

D
N

A
polym

erase
(Stratagene)

in
an

E
ppendorfM

astercycler
gradientaccording

to
the

param
eters

accom
panying

the
polym

erase.Plasm
ids

from
E

.
co

liw
ere

prepared
w

ith
the

W
izard

SV
m

iniprep
system

(Prom
ega)

according
to

the
protocol

provided
by

the
m

anufacturer.
A

garose
gel

electrophoresis
w

as
perform

ed
according

to
the

m
ethod

of
Sam

-
brook

and
R

ussell(52),and
D

N
A

fragm
ents

w
ere

isolated
using

the
W

izard
SV

geland
PC

R
cleanup

system
(Prom

ega).T
4

D
N

A
ligase

and
other

D
N

A
-m

od-
ifying

enzym
es

w
ere

purchased
from

N
ew

E
ngland

B
iolabs

Inc.and
w

ere
used

as
recom

m
ended

by
the

m
anufacturer.

B
acterial

transform
ation

w
as

perform
ed

using
chem

ically
com

petent
E

.
co

licells
and

heat
shock

at
42°C

for
2

m
in.

C
loning

of
the

O
enococcus

oeni
esterase

gene
into

E
.

coli.Plasm
id

pE
T

14.b//
estB

28
w

as
constructed

by
inserting

the
am

plified
estB

28
esterase

gene
from

O
oeni28

into
the

N
deI

and
B

am
H

I
sites

of
pE

T
14.b

(N
ovagen).

T
he

forw
ard

prim
er

5�-G
G

C
G

G
C

C
A

T
A
T
G

T
C

A
G

A
A

A
T

A
G

T
T

T
T

A
A

A
A

-3�
w

as
designed

to
contain

an
N

deI
site

(underlined)
and

the
esterase

gene
startcodon

(bold).T
he

reverse
prim

er
5�-C

G
G

C
C

C
T

C
G

A
G

T
C

A
T

T
C

T
A

C
T

G
A

T
C

T
G

T
T

A
G

A
A

C
-3�

w
as

designed
to

contain
an

X
hoI

site
(underlined)

and
the

esterase
gene

stop
codon

(bold)
im

m
ediately

after
the

finalglutam
ic

acid
(G

A
A

)
codon.T

he
ligation

m
ixture

w
as

used
to

transform
E

.co
liD

H
5�

cells.A
positive

clone
w

as
selected

on
L

B
A

plates
(L

B
broth

w
ith

2%
bacteriological

agar)
containing

am
picillin,and

the
presence

of
the

insert
w

as
initially

confirm
ed

by
w

hole-cellPC
R

using
the

T
7

prom
oter

and
term

inator
prim

ers
(N

ovagen).Pos-
itive

clones
w

ere
then

sequenced,
and

the
sequenced

plasm
id

w
as

then
trans-

form
ed

into
E

.co
liB

L
21(�D

E
3).T

argetproteins
w

ere
produced

using
this

clone
and

contained
a

polyhistidine
tag

and
a

throm
bin

cleavage
site

attached
to

the
N

-term
inalregion

for
purification

purposes.

D
N

A
sequencing

and
sequence

analysis.T
he

sequences
ofboth

strands
ofthe

plasm
id

construct
w

ere
confirm

ed
by

nucleotide
sequencing,

w
ith

labeling
and

capillary
separation

on
the

A
B

3730xl
perform

ed
by

the
A

ustralian
G

enom
e

R
esearch

F
acility

(B
risbane).

T
he

T
7

prom
oter

and
term

inator
prim

ers
w

ere
used

for
this

purpose.N
ucleotide

sequencing
results

w
ere

analyzed
using

C
hro-

m
as

L
ite

version
2.01

(T
echnelysium

Pty.
L

td.,
A

ustralia),
B

ioE
dit

(30),
and

N
C

B
I

B
L

A
ST

(w
w

w
.ncbi.nlm

.nih.gov/B
L

A
ST

).
P
urifi

cation
of

the
recom

binant
esterase.

E
.

co
li

B
L

21(�D
E

3)
harboring

the
pE

T
14.b//estB

28
plasm

id
w

as
used

as
the

source
of

the
recom

binant
enzym

e.
C

ultivated
cells

w
ere

induced
atan

opticaldensity
at600

nm
of0.6

w
ith

0.4
m

M
isopropyl-�

- D-thiogalactopyranoside
(IPT

G
)

(Sigm
a)

and
w

ere
then

incubated
at

14°C
w

ith
shaking

at
180

rpm
for

48
h

before
harvest.

T
he

cell
pellet

w
as

disrupted
using

E
asyL

yse
bacterial

protein
extraction

solution
according

to
the

m
anufacturer’s

instructions
(E

picentre
B

iotechnologies).T
he

crude
extract

w
as

separated
from

celldebris
by

centrifugation
at11,000

	
g

for
30

m
in

at4°C
.T

he
recom

binant
esterase

w
ith

a
H

is
tag

w
as

purified
by

using
affinity

chrom
atogra-

phy
and

the
B

ioL
ogic

L
P

low
-pressure

chrom
atography

system
(B

io-R
ad).T

he
celllysate

w
as

loaded
onto

a
colum

n
containing

T
alon

m
etalaffinity

resin
(C

lon-
tech)

and
w

ashed
for

1
h

at
1

m
l

�m
in

�
1

w
ith

w
ash

buffer
(50

m
M

sodium
phosphate,300

m
M

sodium
chloride,10

m
M

im
idazole,pH

7.0).T
he

recom
bi-

nant
enzym

e
w

as
eluted

at
0.5

m
l

�m
in

�
1

using
M

cIlvaine
buffer

(pH
5.0).

C
hrom

atography
data

w
ere

recorded
using

L
P

D
ata

V
iew

softw
are

(B
io-R

ad).
T

he
m

olecular
m

ass
of

the
purified

recom
binant

esterase
w

as
determ

ined
by

sodium
dodecyl

sulfate
(SD

S)-polyacrylam
ide

gel
electrophoresis

w
ith

a
5%

(w
t/vol)

stacking
geland

either
a

12%
or

18%
(w

t/vol)
separating

gel,w
hich

w
ere

m
ade

and
run

according
to

the
m

anufacturer’s
protocols

(B
io-R

ad).T
he

H
is

tag
w

ascleaved
using

a
throm

bin
C

leanC
leave

kit(Sigm
a).D

eterm
ination

ofenzym
e

activity
(see

below
)

revealed
little

difference
betw

een
cleaved

and
uncleaved

enzym
es

(data
notshow

n).F
or

this
reason

and
because

throm
bin

w
as

lostto
the

enzym
e

preparation,
w

e
elected

to
conduct

all
characterization

w
ork

w
ith

the
uncleaved

purified
recom

binant
enzym

e.
D

eterm
ination

and
characterization

of
esterase

activity.E
sterase

assays
w

ere
conducted

using
pN

P
butanoate

substrate,
w

ith
the

exception
of

the
substrate

specificity
trials,in

w
hich

eight
different

pN
P-linked

ester
substrates

w
ere

used,
as

described
below

.R
eaction

m
ixtures

(final
volum

e,200
�

l)
w

ere
prepared

in
96-w

ellm
icroplates

(Sarstedt)
as

detailed
in

each
section

below
and

incubated
at

37°C
(for

convenience)
for

1
h,w

ith
the

exception
of

the
tem

perature
optim

um
experim

ents.
T

he
liberated

p-nitrophenol
w

as
quantified

im
m

ediately
by

m
ea-

suring
the

absorbance
at410

nm
using

a
m

icroplate
spectrophotom

eter(�
Q

uant;
B

io-T
ek

Instrum
ents).T

he
data

w
ere

then
corrected

for
nonenzym

atic
degrada-

tion
of

the
ester

substrate
using

an
enzym

e-free
control

of
the

sam
e

reaction
m

ixture
that

w
as

treated
in

the
sam

e
m

anner.
A

ll
assays

and
controls

w
ere

perform
ed

in
triplicate,

and
activities

w
ere

quantified
by

com
parison

w
ith

p-
nitrophenolstandards.

D
eterm

ination
of

substrate
specifi

city.T
o

determ
ine

the
specificity

of
E

stB
28

for
differentester

substrates,eight
pN

P-linked
esters

w
ith

differentcarbon
chain

lengthsw
ere

used:pN
P-acetate,-butanoate,-octanoate,and

-decanoate
(Sigm

a);
pN

P-hexanoate
(T

C
I);

and
pN

P-dodecanoate,
-tetradecanoate,

and
-octade-

canoate
(F

luka).T
he

m
ethod

ofPencreac’h
and

B
aratti(47)

w
as

used
w

ith
som

e
m

odifications.Stock
solutions

(25
m

M
)

ofeach
substrate

w
ere

prepared
in

ethanol
(pN

P-acetate,-butyrate,-hexanoate,and
-octanoate)

or
propan-2-ol(pN

P-decano-
ate,-dodecanoate,-tetradecanoate,and

-octadecanoate)
and

stored
at

�
20°C

until
required.A

ssays
w

ere
carried

outas
described

for
the

pH
optim

um
study,butfor

allsam
ples

the
reaction

m
ixtures

(finalvolum
e,200

�
l)

contained
a

m
odified

0.1
M

M
cIlvaine

buffer
(pH

5.0,w
ith

the
addition

of
5

�
lT

riton
X

-100
and

100
�

l
of1%

[w
t/vol]gum

arabic
[Sigm

a]solution
per

m
l).F

ollow
ing

incubation
for

1
h

at
37°C

,the
absorbance

w
as

m
easured

at
410

nm
.

T
o

determ
ine

the
constants

K
m

and
k

cat ,
the

enzym
e

w
as

incubated
w

ith
increasing

am
ounts

of
substrate

and
the

m
easured

activities
from

duplicate
experim

ents
w

ere
analyzed

using
nonlinear

regression
and

G
raphPad

Prism
,

version
5.01.

Infl
uence

ofpH
,tem

perature,or
ethanolon

esterase
activity.T

he
influence

of
pH

on
esterase

activity
w

as
determ

ined
by

varying
the

pH
ofthe

reaction
m

ixture
across

the
range

from
3.0

to
8.0.T

he
buffers

used
w

ere
0.1

M
M

cIlvaine
buffer

(pH
3.0

to
7.5)

and
N

a
2 H

PO
4 -N

aH
2 PO

4
buffer

(pH
8.0)

(11).
B

riefly,
200-�

l
reaction

m
ixtures

w
ere

prepared
by

com
bining

187
�

lof
the

appropriate
buffer,

5
�

lofdiluted
enzym

e
(finalam

ountin
the

reaction,1
�

g),and
8

�
lofa

25
m

M
stock

pN
P-butanoate

solution
in

ethanol,to
yield

a
finalsubstrate

concentration
of1

m
M

.F
ollow

ing
incubation,40

�
lof0.5

M
N

aO
H

w
as

then
added

to
the

pH
3.0

to
3.5

sam
ples

and
10

�
l

of
0.5

M
N

aO
H

w
as

added
to

the
pH

4.0
and

4.5
sam

ples
for

alkalinization
of

sam
ples

prior
to

absorbance
m

easurem
ents

being
taken

as
described

above.R
esults

w
ere

quantified
by

com
parison

w
ith

standard
p-nitrophenolsolutions

prepared
under

the
sam

e
conditions.
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SU

M
B

Y
E

T
A

L
.

A
PPL.E

N
V

IR
O

N.M
IC

R
O

B
IO

L.

E
sterase

activity
w

as
studied

atsix
tem

peratures
across

the
range

of10
to

60°C
in

dry
heating

blocks
or

incubators.
T

he
accuracy

of
tem

perature
settings

w
as

confirm
ed

w
ith

a
therm

om
eter

im
m

ediately
prior

to
initiation

ofthe
experim

ent.
A

ssays
w

ere
carried

out
as

described
for

the
pH

optim
um

study,
but

for
all

sam
ples,0.1

M
M

cIlvaine
buffer

atpH
5.0

w
as

used.R
eaction

m
ixtures

contain-
ing

only
buffer

and
substrate

w
ere

equilibrated
at

the
appropriate

tem
perature

for
10

m
in

before
the

enzym
e

w
as

added
to

initiate
the

reaction.
F

ollow
ing

incubation,allsam
ples

w
ere

transferred
to

a
96-w

ellm
icroplate

and
absorbances

w
ere

m
easured.

T
he

effect
of

the
presence

of
ethanol

on
esterase

activity
w

as
studied

at
17

ethanolconcentrations
ranging

from
2

to
50%

(vol/vol).R
eaction

m
ixtures

w
ere

prepared
as

described
for

the
tem

perature
optim

um
experim

ents,but
different

volum
es

of
ethanol

w
ere

added,
from

4
�

l
(2%

,
vol/vol)

up
to

100
�

l
(50%

,
vol/vol),

and
the

volum
e

of
buffer

w
as

adjusted
accordingly

to
m

aintain
a

final
reaction

volum
e

of
200

�
l

in
a

96-w
ell

m
icroplate.

R
eaction

m
ixtures

w
ere

incubated
for

1
h

at
37°C

,and
absorbance

w
as

m
easured.

Inhibition
studies.

T
he

effect
of

sulfite
w

as
determ

ined
by

adding
sodium

m
etabisulfite

atconcentrationsranging
from

0
to

1.5
g

�liter
�

1
and

atan
extrem

e
concentration

of
up

to
20

g
�liter

�
1.

R
eaction

m
ixtures

w
ere

prepared
as

de-
scribed

for
the

tem
perature

optim
um

experim
ents,but0.1

M
M

cIlvaine
buffer

at
pH

3.5
w

as
used

and
different

volum
es

of
a

100
g

�liter
�

1
stock

solution
of

sodium
m

etabisulfite
w

ere
added.T

he
volum

e
ofbuffer

w
as

adjusted
accordingly

to
m

aintain
a

finalreaction
volum

e
of

200
�

lin
a

96-w
ellm

icroplate.R
eaction

m
ixtures

w
ere

incubated
for

1
h

at
37°C

,and
absorbance

w
as

m
easured.

T
he

effects
of

diethyl
pyrocarbonate

(D
E

PC
),

phenylm
ethylsulfonyl

fluoride
(PM

SF
),phenylarsine

oxide
(PA

O
),phenylglyoxal(PG

O
),and

�
-m

ercaptoeth-
anol(�

-M
E

)
w

ere
also

tested
using

5
m

M
of

each
inhibitor.R

eaction
m

ixtures
w

ere
prepared

as
described

for
the

tem
perature

optim
um

experim
ents,

but
inhibitors

w
ere

added
and

the
volum

e
of

buffer
w

as
adjusted

accordingly
to

m
aintain

a
final

reaction
volum

e
of

200
�

l
in

a
96-w

ell
m

icroplate.
R

eaction
m

ixtures
w

ere
incubated

for
60

m
in

at
37°C

,and
enzym

e
activity

w
as

m
easured

at
15-m

in
intervals

and
com

pared
to

that
of

controls
w

ithout
addition

of
inhib-

itors.
Statistical

analysis.
A

nalysis
of

variance
of

the
data

w
as

conducted
using

M
icrosoft

E
xcel

and
G

raphPad
Prism

,
version

5.01.
K

m
and

k
cat

values
w

ere
calculated

using
nonlinear

regression
and

G
raphPad

Prism
,version

5.01.

R
E
SU

L
T
S

D
N

A
sequencing

and
sequence

analysis.B
ased

on
the

pub-
lished

sequences
of

L
A

B
lipolytic

enzym
es,an

O
R

F
encoding

a
putative

esterase
gene

in
O

.
o

en
iw

as
identified

and
success-

fully
am

plified
from

strain
O

oeni28.N
ucleotide

sequencing
of

the
putative

esterase
O

R
F

w
as

conducted
in

triplicate.
T

he
O

R
F

consisted
of912

nucleotides
encoding

a
deduced

protein
of

303
am

ino
acids

and
w

as
designated

estB
28

(F
ig.

1).
T

he
sequence

w
as

aligned
w

ith
the

O
.

o
en

i
strain

PSU
-1

genom
e

sequence
using

N
C

B
I

B
L

A
ST

.T
he

results
indicate

differences
at

six
nucleotides

in
O

oeni28
com

pared
to

PSU
-1,resulting

in
three

changes
w

hen
translated

to
the

am
ino

acid
sequence

(F
ig.

1).
T

he
G



C

content
w

as
41.12%

.
N

o
potential

signal
sequence

w
as

found
in

E
stB

28,
as

revealed
by

the
PSO

R
T

program
(46).

T
he

deduced
am

ino
acid

sequence
of

the
putative

esterase
gene

w
as

com
pared

w
ith

other
know

n
and

predicted
esterase

sequences
available

from
G

enB
ank

(N
C

B
I

database).
T

he
published

esterase
to

w
hich

E
stB

28
show

ed
highest

hom
ology

w
as

E
stB

from
L

acto
bacillu

s
casei

L
IL

A
(21%

identity)
(18).

B
ased

on
these

alignm
ents,

putative
lipolytic

enzym
e

m
otifs

w
ere

identified,show
ing

that
E

stB
28

does
not

show
sequence

sim
ilarity

w
ith

other
putative

esterases
along

the
entire

length
of

the
protein.H

om
ology

w
as

localized
to

the
region

betw
een

the
G

G
G

X
(N

-term
inal

oxyanion
hole

residue)
and

G
X

SX
G

(nucleophilic
elbow

)
m

otifs
(F

ig.
1),

w
ith

low
sequence

sim
i-

larity
aw

ay
from

these
regions.E

stB
28

belongs
to

fam
ily

IV
of

bacterial
lipolytic

proteins
(1)

w
ith

a
putative

nucleophilic
el-

bow
sequence

identified
as

G
D

SA
G

(F
ig.1)

starting
atresidue

141.T
his

also
fits

the
G

X
SX

G
m

otif
found

in
m

ost
esterases

(see
the

supplem
entalm

aterial).T
he

sequence
G

D
SA

G
in

the
O

oeni28
esterase

is
also

found
in

the
characterized

esterase
(E

stB
)

of
L

acto
bacillu

s
casei

L
IL

A
(18).

B
ased

on
alignm

ent
w

ith
otheresterase

sequences(data
notshow

n)H
is-269

ism
ost

likely
the

catalytic
histidine

and
the

catalytic
aspartic

acid
is

tentatively
identified

as
A

sp-235
(F

ig.1).
C

loning
ofthe

O
enococcus

oeniesterase
gene

into
E

.coli.T
he

putative
esterase

gene
w

as
cloned

into
pE

T
14.b,

and
once

positive
clones

had
been

sequenced,
one

w
as

chosen
for

fur-
ther

experim
ents.

T
he

E
.

co
li

[B
L

21(�D
E

3)]
cells

containing
the

plasm
id

pE
T

14.b//estB
28

w
ere

induced
and

cell
extracts

obtained
for

analysis
by

SD
S-polyacrylam

ide
gelelectrophore-

sis.T
he

induced
B

L
21(�D

E
3)cellscontaining

pE
T

14.b//estB
28

overexpressed
a

protein
of

approxim
ately

34.3
kD

a
(F

ig.2).A
faint

band
at

34.4
kD

a
w

as
observed

in
the

uninduced
sam

ple
but

not
in

either
of

the
sam

ples
containing

induced
B

L
21

(�D
E

3)
cells

w
ith

only
the

pE
T

14.b
plasm

id
(F

ig.
2).

C
rude

cell
extracts

w
ere

assayed
for

activity
(data

not
show

n),
and

B
L

21(�D
E

3)
containing

pE
T

14.b//estB
28

had
10-fold-greater

activity
than

B
L

21(�D
E

3)
containing

pE
T

14.b.
E

stB
28

w
as

purified
from

the
w

hole-celllysate
to

electrophoretic
hom

oge-

F
IG

.
1.

N
ucleotide

sequence
of

estB
28

from
O

en
o

co
ccu

s
o

en
istrain

O
oeni28.

T
he

predicted
am

ino
acid

sequence
is

given
below

the
nu-

cleotide
sequence

in
single-letter

code.A
n

asterisk
indicates

the
stop

codon.
T

he
G

G
G

X
m

otif
containing

the
N

-term
inal

oxyanion
hole

residue
and

the
putative

active-site
serine

consensus
sequence

are
underlined.T

he
putative

residues
of

the
catalytic

triad
are

m
arked

by
a

box.Sequence
changes

from
strain

PSU
-1

are
highlighted;in

order
they

are
C
3

T
,

T
3

C
,

C
3

T
,

A
3

G
,

T
3

C
,

and
C
3

T
.

A
m

ino
acid

changes
are

also
highlighted;in

order
they

are
P
3

S,H
3

R
,and

V
3

A
.

V
O

L.75,2009
IN

T
R

A
C

E
L

L
U

L
A

R
E

ST
E

R
A

SE
F

R
O

M
O

E
N

O
C

O
C

C
U

S
O

E
N

I
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neity
using

affinity
chrom

atography
(F

ig.2).T
he

purified
en-

zym
e

could
be

stored
w

ithout
significant

loss
of

activity
for

several
w

eeks
at

�
80°C

in
0.1

M
M

cIlvaine
buffer

(pH
5.0)

supplem
ented

w
ith

glycerol(10%
,vol/vol).

D
eterm

ination
and

characterization
of

esterase
activity.

H
aving

established
that

the
product

of
the

cloned
estB

28
gene

possessed
esterase

activity,
further

characterization
of

this
product

com
m

enced.Substrate
specificity

w
as

determ
ined

us-
ing

pN
P-linked

esters
of

various
acylchain

lengths
(C

2
to

C
1
8 )

at37°C
.T

he
enzym

e
w

as
m

ostactive
on

substrates
w

ith
a

chain
length

of
up

to
C

1
0 ,

w
ith

m
inim

al
activity

detected
w

ith
the

longer
chain

lengths.
T

he
highest

activity
w

as
observed

w
ith

pN
P-acetate

(C
2 )

and
pN

P-butanoate
(C

4 ).T
he

K
m

increased
w

ith
increasing

chain
length

(T
able

1),
confirm

ing
that

the
enzym

e
is

m
ore

specific
for

short-chain
fatty

acids
than

m
edium

-chain
fatty

acids.T
he

influence
ofpH

,in
the

range
of

3.0
to

8.0,on
esterase

activity
w

as
tested

at37°C
.A

lthough
the

enzym
e

w
as

active
at

allof
the

pH
s

tested,the
highest

activity
w

as
observed

atpH
5.0

(F
ig.3A

).T
he

esterase
w

as
also

active
at

tem
peratures

of
betw

een
10

and
60°C

,although
the

highest
activity

w
as

observed
at

40°C
(F

ig.3B
).T

he
influence

of
eth-

anolon
esterase

activity
w

as
tested

at37°C
.Initialexperim

ents
w

ere
conducted

w
ith

the
range

found
in

w
ine

(up
to

16%
[vol/vol]);

how
ever,

given
that

activity
continued

to
increase

w
ith

increasing
ethanol

concentration,
higher

concentrations
(up

to
50%

)
w

ere
exam

ined.T
he

highest
esterase

activity
w

as
observed

at
an

ethanolconcentration
of

28%
(F

ig.3C
).

A
ssays

to
determ

ine
the

effect
of

inhibitors
on

esterase
ac-

tivity
using

pN
P-butanoate

as
the

substrate
show

ed
that

so-
dium

m
etabisulfite,a

potentialinhibitor
found

in
w

ine,did
not

inhibit
the

enzym
e

w
hen

present
at

concentrations
com

m
only

found
in

w
ine

(F
ig.3D

).T
he

enzym
e

w
as

only
m

ildly
(less

than
50%

)
inhibited

untilhigh
concentrations

(i.e.,10
g

�liter
�

1)
of

sodium
m

etabisulfite
w

ere
reached

(F
ig.

3D
).

A
ssays

w
ith

other
inhibitors

(F
ig.4)

show
ed

that
the

enzym
e

w
as

strongly

inhibited
by

D
E

PC
,a

histidine
m

odifier,and
PM

SF
,a

serine
protease

inhibitor.
PG

O
,

w
hich

targets
arginine

residues,
de-

creased
activity

by
82%

.
Inhibition

by
�

-M
E

or
PA

O
,

a
cys-

teine
m

odifier,caused
activity

to
decrease

by
71%

in
each

case.

D
ISC

U
SSIO

N

T
his

research
focused

on
the

cloning
and

biochem
icalchar-

acterization
of

an
esterase

identified
by

sequence
hom

ology
using

the
published

nucleotide
sequence

for
O

.
o

en
i

PSU
-1.

N
ucleotide

sequencing
of

the
esterase

from
O

.
o

en
iO

oeni28,
designated

estB
28,revealed

a
912-bp

O
R

F
w

hich
could

encode
a

protein
of

34.5
kD

a.
T

his
is

differentiated
from

the
O

R
F

s
determ

ined
for

L
acto

bacillu
s

caseiL
IL

A
estB

and
estC

(17,18),
w

hich
w

ere
777

bp
and

954
bp

and
encoded

proteins
of

35.7
kD

a
and

28.8
kD

a,respectively.A
ccording

to
the

system
pro-

posed
by

A
rpigny

and
Jaeger

(1),the
am

ino
acid

sequence
of

E
stB

28
reveals

it
to

be
a

m
em

ber
of

fam
ily

IV
of

lipolytic
enzym

es.T
his

group
of

enzym
es

show
s

sequence
sim

ilarity
to

the
m

am
m

alian
horm

one-sensitive
lipase.

H
olm

et
al.

con-
duced

site-directed
m

utagenesis
of

the
serine

at
the

center
of

the
G

X
SX

G
nucleophilic

elbow
of

m
am

m
alian

horm
one-sen-

sitive
lipase,resulting

in
com

plete
absence

of
enzym

atic
activ-

ity
(34).

T
he

deduced
am

ino
acid

sequence
of

E
stB

28
w

as
analyzed

for
key

lipolytic
enzym

e
m

otifs.
Possible

oxyanion
hole

residues,nucleophilic
elbow

pentapeptides,and
catalytic

triad
resides

(48)
w

ere
identified.E

stB
28

show
ed

no
potential

signalsequence
(46),suggesting

that
this

enzym
e

is
located

in
the

cytoplasm
.

T
his

observation
concurs

w
ith

those
m

ade
for

L
acto

bacillu
s

h
elveticu

s
C

N
R

Z
32

E
stA

(16),
L

.
lactis

B
1014

E
stA

(20),
L

acto
bacillu

s
casei

L
IL

A
E

stB
(18),

and
L

acto
ba-

cillu
s

caseiL
IL

A
E

stC
(17).

T
he

esterase
of

O
.o

en
iO

oeni28
(E

stB
28)w

asoverexpressed
in

E
.

co
liand

purified
using

affinity
chrom

atography.T
he

pu-
rified

recom
binant

enzym
e

w
as

then
characterized

under
con-

ditions
relevant

to
w

inem
aking.T

he
potentialrole

of
E

stB
28,

w
hen

used
as

an
additive

in
w

ine,
in

arom
a

developm
ent

is
dependent

on
the

sensitivity
of

the
enzym

e
to

environm
ental

conditions
encountered

therein.L
ow

pH
values,in

the
range

3.0
to

3.6,
are

sought
for

both
grape

juice
and

w
ine

and
are

m
onitored

throughout
the

w
inem

aking
process.

A
t

these
val-

ues
E

stB
28

w
as

stable,and
itretained

30
to

40%
ofthe

activity

F
IG

.
2.

(A
)

O
verexpression

of
esterase

from
O

oeni28
in

E
.

co
li

B
L

21(�D
E

3).
L

anes:
M

,
m

olecular
m

ass
standards

(kD
a);

1,
E

.
co

li
B

L
21(�D

E
3)

harboring
plasm

id
pE

T
14.b//estB

28
induced

w
ith

IPT
G

;
2,

E
.

co
liB

L
21(�D

E
3)

harboring
plasm

id
pE

T
14.b//estB

28
uninduced;

3,E
.co

liB
L

21(�D
E

3)harboring
plasm

id
pE

T
14.b

induced
w

ith
IPT

G
;

4,E
.co

liB
L

21(�D
E

3)
harboring

plasm
id

pE
T

14.b
uninduced.(B

)
Pu-

rified
recom

binant
esterase

from
O

oeni28.L
anes:M

,m
olecular

m
ass

standards
(kD

a);
1,

purified
E

stB
28

from
O

oeni28.
Protein

sam
ples

w
ere

separated
on

an
SD

S-polyacrylam
ide

gel
and

stained
w

ith
C

oo-
m

assie
brilliant

blue.

T
A

B
L

E
1.

H
ydrolysis

of
pN

P
esters

by
purified

heterologously
expressed

esterase

Substrate
C

hain
length

R
elative

activity
(%

)
a

K
m

(�
M

)
k

cat
(s

�
1)

k
cat /K

m

(s
�

1
�
�

M
�

1)

pN
P-acetate

C
2

100
11.54

942
81.6

pN
P-butanoate

C
4

92
14.44

890
61.8

pN
P-hexanoate

C
6

56
36.05

901
25.0

pN
P-octanoate

C
8

50
47.67

527
11.0

pN
P-decanoate

C
10

24
70.10

322
4.6

pN
P-dodecanoate

C
12

2
168.73

153
0.9

pN
P-tetradecanoate

C
14

—
b

—
—

—
pN

P-octadecanoate
C

18
—

—
—

—

a
E

nzym
e

activity,
determ

ined
at

37°C
in

0.1
M

M
cIlvaine

buffer
(pH

5.5)
containing

T
riton

X
-100

and
gum

arabic,
is

the
m

ean
from

triplicate
exper-

im
ents

w
ith

a
standard

deviation
of

less
than

8%
.V

alues
are

show
n

relative
to

the
highest

observed
activity,w

hich
w

as
arbitrarily

designated
100%

.
b

—
,not

detected.

6732
SU

M
B

Y
E

T
A

L
.

A
PPL.E

N
V

IR
O

N.M
IC

R
O

B
IO

L.

under
optim

alconditions
at

pH
5.0

to
5.5

(F
ig.3A

).B
ased

on
other

esterases
that

have
been

purified
from

L
A

B
and

charac-
terized,only

E
stC

from
L

acto
bacillu

s
caseiL

IL
A

(17)
had

an
optim

um
activity

in
the

sam
e

pH
range.E

stB
28

and
E

stC
show

only
11%

hom
ology.

B
ecause

E
stC

w
as

from
a

dairy
isolate,

F
enster

et
al.

characterized
it

under
conditions

relevant
to

cheese
ripening,

and
no

other
aspects

relevant
to

w
ine

w
ere

assessed
(17).

M
axim

um
esterase

activity
of

E
stB

28
w

as
observed

at
40°C

,
w

hich
is

a
tem

perature
higher

than
those

considered
suitable

for
w

ine
production

and
storage.

W
ine

is
usually

stored
at

tem
peratures

below
20°C

.E
stB

28
retained

33%
of

its
activity

at
20°C

and
21%

at
10°C

relative
to

that
observed

under
op-

tim
alconditions.T

his
suggests

that
the

enzym
e

has
the

poten-
tial

to
affect

the
ester

profile
of

w
ine

even
at

these
low

tem
-

peratures.
E

stB
28

m
ight

also
be

of
value

as
an

addition
to

ripening
cheese,given

thatthe
cheese

is
stored

at10°C
and

its
pH

(5.0
to

5.5)
(18,

19)
corresponds

to
the

optim
um

for
E

stB
28.W

hile
the

effects
of

N
aC

llevels,usually
4%

in
ripen-

ing
cheese,

w
ere

not
considered

in
this

study,
it

can
be

sug-
gested

that
E

stB
28

w
ill

retain
at

least
20%

activity
if

used
at

tem
peratures

at
w

hich
cheese

is
ripened.

A
s

w
ith

w
ine,

high
concentrations

of
som

e
esters

can
produce

undesirable
fruity

off-flavors
in

som
e

cheeses
(39),and

investigation
ofthe

effect
that

addition
of

E
stB

28
has

in
ripening

cheese
could

prove
interesting.

A
further

potentially
inhibitory

enological
param

eter
to

be
considered

w
as

ethanol.T
his

alcohol
in

fact
stim

ulated
ester-

ase
activity

w
ith

14%
(vol/vol)

ethanol,producing
149%

activ-
ity

relative
to

the
0%

ethanolcontrol.E
stB

28
retained

79%
of

its
activity

at
50%

(vol/vol)
ethanol.

O
ther

reports
from

our
group

on
the

esterase
activity

(41)
and

�
-glucosidase

activity
(26–28)

of
L

A
B

isolates
describe

a
sim

ilar
enhancem

ent
of

activity
by

ethanolw
hen

assaying
w

hole
cells.W

hile
the

need
for

ethanol
to

enhance
ester

form
ation

in
cheese

has
been

reported,only
levels

of
6%

(vol/vol)
have

been
assessed

(33).
T

here
are

no
reports

in
the

literature
ofL

A
B

esterases
retain-

ing
activity

at50%
ethanol,although

an
esterase

from
B

acillu
s

F
IG

.
3.

C
haracterization

of
E

stB
28.

V
alues

are
the

m
eans

of
triplicates

�
standard

deviations.
V

alues
are

show
n

relative
to

the
highest

observed
activity,w

hich
w

as
arbitrarily

designated
100%

,exceptfor
panelC

,w
here

values
are

show
n

relative
to

the
activity

observed
in

the
absence

of
ethanol,w

hich
w

as
arbitrarily

designated
100%

.(A
)

Influence
of

pH
on

esterase
activity

of
E

stB
28.(B

)
Influence

of
tem

perature
on

esterase
activity

ofE
stB

28.(C
)

Influence
ofethanolon

esterase
activity

ofE
stB

28.(D
)

Influence
ofsulfite

on
esterase

activity
ofE

stB
28.F

ree
SO

2
includes

the
concentrations

of
sulfur

dioxide
form

s
w

hich
are

in
equilibrium

and
are

not
bound

to
any

com
pound

in
solution.T

his
is

defined
as

[SO
2 ]



[H

SO
3
�

]
([SO

3 2
�

]
is

m
inim

al,i.e.,0.02%
)

at
pH

3.5,w
here

98%
of

the
sulfur

dioxide
exists

as
bisulfite

ion
(H

SO
3
�

).

F
IG

.
4.

E
ffects

of
inhibitors

on
the

activity
of

recom
binant

E
stB

28
esterase.

Inhibitors
at

5
m

M
w

ere
incubated

in
triplicate

w
ith

the
enzym

e
for

60
m

in
at

37°C
.R

eadings
w

ere
taken

every
15

m
in

using
a

m
icroplate

reader.E
rror

bars
indicate

standard
deviations.

V
O

L.75,2009
IN

T
R

A
C

E
L

L
U

L
A

R
E

ST
E

R
A

SE
F

R
O

M
O

E
N

O
C

O
C

C
U

S
O

E
N

I
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lich
en

ifo
rm

is
retained

activity
in

various
solvents,

including
13%

activity
in

50%
ethanol(54).W

hile
a

likely
application

of
this

characterized
esterase

m
ight

be
in

floral,
w

hite
w

ines,
w

hich
rarely

exceed
13.5%

ethanol,the
robustness

of
this

en-
zym

e
suggests

that
it

m
ight

also
find

applications
in

beverages
of

higher
ethanol

content
(i.e.,

�
15%

,
vol/vol).

O
utside

of
w

ine,the
stability

and
high

activity
of

E
stB

28
in

ethanol
sug-

gest
a

possible
use

as
an

industrial
biocatalyst.

T
he

use
of

E
stB

28
in

organic
synthesis

and
further

characterization
in

other
solvents

could
be

of
interest.

Sodium
m

etabisulfite,the
final

w
ine-associated

inhibitor
to

be
considered

here,did
not

inhibit
E

stB
28

untilit
w

as
present

athigh
concentrations

(10
g

�liter
�

1),higher
than

those
found

in
w

ine.D
uring

ferm
entation,yeast

can
produce

0.01
to

0.03
g

�liter
�

1
of

SO
2 ,

and
sulfites

are
often

added
by

the
w

ine-
m

aker
in

the
form

ofpotassium
m

etabisulfite,resulting
in

final
levels

of
0.1

to
0.2

g
�liter

�
1

SO
2

in
the

w
ine.Inactivation

of
the

O
.o

en
iO

oeni28
esterase

by
PM

SF
and

D
E

PC
suggests

the
involvem

entofa
serine

and
a

histidine
atthe

active
site

ofthe
enzym

e.
T

he
serine

residue
of

the
pentapeptide

G
X

SX
G

is
w

ell
know

n
as

the
active

catalytic
residue

that
is

m
odified

by
PM

SF
(9).

E
stB

28
sensitivity

to
PM

SF
w

as
sim

ilar
to

that
of

E
stB

from
L

acto
bacillu

s
caseiL

IL
A

(18).PG
O

caused
an

ini-
tially

unexpected
82%

decrease
in

activity
ofE

stB
28.H

ow
ever,

on
closer

inspection
of

the
deduced

am
ino

acid
sequence

of
E

stB
28

(F
ig.

1),
it

is
evident

that
the

arginine
residue

(R
)

is
close

enough
to

interfere
w

ith
the

binding
of

the
catalytic

histidine
(H

)
w

ith
the

substrate.
E

stB
28

esterase
w

as
only

partially
inhibited

by
PA

O
and

�
-M

E
,

suggesting
that

an
ac-

cessible
cysteine

is
not

necessary
for

activity
and

disulfide
bonds

are
notpresent.N

o
disulfide

bonds
w

ere
predicted

from
the

E
stB

28
protein

sequence
using

D
ISU

L
F

IN
D

(8).T
his

cor-
relates

w
ith

the
low

er
levels

of
inhibition

of
the

esterase
by

�
-M

E
and

PA
O

,
w

hich
w

ould
act

through
disruption

of
any

disulfide
bonds.

T
he

substrate
specificity

of
O

.
o

en
i

O
oeni28

esterase
re-

vealed
greater

selectivity
for

pN
P

esters
of

short-chain
fatty

acids
and

to
a

lesser
extent

pN
P

esters
of

m
edium

-chain
fatty

acids.
Increases

in
fatty

acid
chain

lengths
resulted

in
an

in-
crease

in
K

m
;how

ever,the
effect

on
catalytic

efficiency
is

seen
only

w
hen

the
chain

length
is

�
C

8 .
T

he
specificity

of
the

esterase
for

pN
P-acetate

and
pN

P-butanoate
is

m
ostsim

ilar
to

that
of

E
stC

from
L

acto
bacillu

s
caseiL

IL
A

(17),w
hich

is
also

m
ainly

specific
for

short-chain
fatty

acids.
E

xam
ples

of
such

esters
in

w
ine

include
ethyl

acetate
and

ethyl
butanoate.T

he
rem

ovalofthese
from

w
ine

is
notnecessarily

desirable,as
they

can
contribute

to
the

fruity
arom

a
of

w
ine

at
low

concentra-
tions

(37,
52a).

H
ow

ever
the

rem
oval

of
excess

ethyl
acetate,

w
hich

at
high

concentrations
(�

100
m

g
m

l �
1)

contributes
a

solvent-like
arom

a
to

w
ine,

w
ould

be
an

advantage.
T

he
role

that
E

stB
28

plays
in

ester
synthesis

w
illalso

need
to

be
inves-

tigated
to

determ
ine

the
usefulness

of
adding

w
hole

cells
of

selected
strains

or
else

a
preparation

ofthe
purified

enzym
e

to
w

ine
w

ith
a

view
to

selectively
m

odifying
the

ester
profile.

E
stB

28
is

the
first

esterase
from

the
w

ine-associated
species

O
.

o
en

ito
be

characterized
and

is
believed

to
be

the
first

L
A

B
esterase

dem
onstrated

to
retain

activity
under

conditions
rel-

evant
to

w
inem

aking.
B

ased
on

the
findings

reported
for

the
artificial

substrates
used

in
this

study,
it

appears
that

E
stB

28
w

illretain
atleastpartialactivity

under
w

ine-like
conditions

of

pH
,

tem
perature,

ethanol,
and

sulfite
concentration.

T
he

O
.

o
en

iO
oeni28

esterase
is

a
potentialcandidate

for
altering

the
ester

profile
of

w
ine

and
could

play
an

im
portant

role
in

ester
profile

m
odifications

during
the

m
alolactic

ferm
entation.

A
s

m
ostesterases

are
also

capable
ofester

synthesis,investigation
of

the
role

that
this

enzym
e

m
ight

play
in

w
ine

w
ould

be
of

interest.
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1.In
tro

d
u
ctio

n

W
in
e
is

a
com

plex
m
ixtu

re
of

h
u
n
dreds

ofcom
pou

n
ds,m

an
y
of

w
h
ich

con
tribu

te
su

bstan
tially

to
th
e

colou
r,

m
ou

th
feel

or
aro-

m
atic

properties
of

th
is

beverage.Th
e
arom

a
of

w
in
e
h
as

received
m
u
ch

research
atten

tion
over

recen
t
decades,w

ith
n
u
m
erou

s
com

-
pon

en
ts

bein
g
iden

tifi
ed

as
playin

g
a
role

in
specifi

c
sen

sory
n
otes.

Th
e
distin

ctive
fl
avou

r
an

d
arom

a
of

w
in
e
is

determ
in
ed

by
m
an

y
variables,

in
clu

din
g

grape
variety,

viticu
ltu

ral
an

d
w
in
em

akin
g

practices
an

d
w
in
e
m
atu

ration
an

d
storage

con
dition

s.A
ran

ge
of

m
icroorganism

s
com

e
in
to

con
tact

w
ith

w
in
e
du

rin
g
its

produ
c-

tion
,an

d
th
u
s
th
eir

m
etabolic

activities
an

d
syn

th
etic

an
d
degrada-

tive
en

zym
es,

m
ay

in
fl
u
en

ce
w
in
e

arom
a.

In
th
is

review
w
e

exam
in
e
th
e
types

an
d
con

cen
tration

s
of

on
e
im

portan
t
grou

p
of

arom
a-active

com
pou

n
ds,

th
e
esters,

an
d

con
sider

th
eir

sen
sory

con
tribu

tion
,th

e
im

pact
of

w
in
e-associated

yeast
an

d
bacteria

on
w
in
e
ester

m
akeu

p
an

d
explore

th
e
poten

tialfor
m
odu

lation
ofth

is
profi

le
by

selective
u
se

of
m
icrobes

or
th
eir

derivatives.
W

h
ere

w
in
e-related

in
form

ation
is

n
ot

available,
th
is

review
w
ill

draw
on

fi
n
din

gs
from

oth
er

food-related
organ

ism
s
in
volved

in
sim

ilar
processes.

2.E
sters

in
w
in
e

Esters
are

fl
avou

r
com

pou
n
ds

th
at

occu
r
w
idely

in
a
variety

of
food

produ
cts

(G
atfi

eld,
1992).

In
ferm

en
ted

beverages
su

ch
as

w
in
e
an

d
beer,

th
ey

are
frequ

en
tly

in
trace

am
ou

n
ts,

su
ch

th
at

in
dividu

ally
th
ey

are
often

below
arom

a
th
resh

old
con

cen
tration

s,
an

d
collectively

th
ey

gen
erally

do
n
ot

exceed
con

cen
tration

s
of

100
m
g/l.

N
on

eth
eless,

as
a
grou

p
th
ese

com
pou

n
ds

are
th
e
n
ext

m
ajor

con
stitu

en
ts

in
w
in
e
(Fig.

1)
after

w
ater,eth

an
ol

an
d
fu
sel

alcoh
ols

(Etiévan
t,1991),an

d
are

th
e
prim

ary
sou

rce
of

fru
ity

aro-
m
as

(G
u
rbu

z,R
ou

seff,&
R
ou

seff,2006).A
s
su

ch
,esters

are
extre-

m
ely

im
portan

t
for

th
e

fl
avou

r
profi

le
of

ferm
en

ted
beverages,

w
ith

th
e
presen

ce
of

differen
t
esters

often
h
avin

g
a
syn

ergistic
ef-

fect,im
pactin

g
on

th
e
in
dividu

alfl
avou

rs
w
ellbelow

th
eir

in
divid-

u
alth

resh
old

con
cen

tration
s.Th

e
fact

th
at

m
ost

esters
are

presen
t

in
con

cen
tration

s
arou

n
d
th
eir

th
resh

old
valu

e
im

plies
th
at

m
odest

con
cen

tration
ch

an
ges

m
igh

t
h
ave

a
dram

atic
effect

on
w
in
e
fl
a-

vou
r.

A
n
u
n
derstan

din
g
of

ester
h
ydrolysis/syn

th
esis

is
th
erefore

essen
tial

in
aidin

g
th
e
w
in
em

aker
in

ach
ievin

g
th
e
best

possible
w
in
em

akin
g
ou

tcom
e.

2.1.Ester
form

ation

Esters
are

form
ed

w
h
en

alcoh
ol

an
d
carboxylic

acid
fu
n
ction

al
grou

ps
react,

an
d
a
w
ater

m
olecu

le
is

elim
in
ated.

In
w
in
e,

esters
can

be
classifi

ed
in
to

tw
o

grou
ps,

th
ose

form
ed

en
zym

atically
an

d
th
ose

form
ed

du
rin

g
w
in
e
agein

g,
by

ch
em

ical
esterifi

cation
betw

een
alcoh

ol
an

d
acids

at
low

pH
(M

argalit,1997).En
zym

atic
ester

syn
th
esis

is
catalysed

by
esterases

an
d
lipases,w

h
ich

are
pro-

du
ced

by
m
an

y
food

m
icroorganism

s
(C
h
oi,M

igu
ez,&

Lee,2004;
Fen

ster,
Parkin

,
&

Steele,
2000,

2003a,
2003b;

Fern
an

dez
et

al.,
2000;G

obbetti,Fox,&
Stepan

iak,1997;N
ardi,Fiez-V

andal,Tailliez,
&

M
on

n
et,2002).Ester

syn
th
esis

can
also

be
catalysed

by
alcoh

ol
acetyltran

sferases
(Lilly,Lam

brech
ts,&

Pretoriu
s,2000;

Liu
et

al.,
2004;

M
ason

&
D
u
fou

r,2000).Exam
ples

of
en

zym
atically-form

ed
esters

in
clu

de
eth

yl
acetate,eth

yl
bu

tan
oate,eth

yl
h
exan

oate
an

d
eth

yloctan
oate.D

u
e
to

its
com

plex
n
atu

re,w
in
e
is

su
bject

to
con

-
tin

u
ou

s
ch

an
ges

in
com

position
du

rin
g
storage

an
d
even

after
bot-

tle
open

in
g.Th

is
m
ay

be
becau

se
ofh

ydrolysis
an

d
esterifi

cation
or

cou
ld

be
cau

sed
by

ester
oxidation

by
h
ydroxylradical-related

pro-
cesses

(R
am

ey
&

O
u
gh

,1980).
W

ith
a
large

n
u
m
ber

of
differen

t
acids

an
d

alcoh
ols

in
w
in
e

th
ere

is
con

siderable
poten

tial
for

th
e
form

ation
of

a
w
ide

ran
ge

of
esters,m

an
y
of

w
h
ich

are
in

fact
fou

n
d
in

w
in
e
(Table

1).
Th

e
C
4 –C

1
0
eth

yl
esters

of
organ

ic
acids,eth

yl
esters

of
straigh

t
ch

ain
fatty

acids
(eth

ylesters
ofbran

ch
ed

ch
ain

fatty
acids

to
a
lesser

de-
gree)

an
d
acetates

of
h
igh

er
alcoh

ols
are

largely,if
n
ot

exclu
sively,

respon
sible

for
th
e
fru

ity
arom

a
ofw

in
e
(Ebeler,2001)

an
d
are

par-
ticu

larly
pron

ou
n
ced

in
you

n
g
w
in
es.Th

e
eth

yl
esters

com
prise

of
an

alcoh
olgrou

p
(eth

an
ol)

an
d
an

acid
grou

p
(m

ediu
m
-ch

ain
fatty

acid)(Saeren
s
et

al.,2008),an
d
in
clu

de
eth

ylh
exan

oate,eth
ylocta-

n
oate

an
d
eth

yl
decan

oate
(Table

1).
Th

e
acetate

esters
are

com
-

prised
of

an
acid

grou
p

(acetate)
an

d
an

alcoh
ol

grou
p

w
h
ich

is
eith

er
eth

an
ol

or
a

com
plex

alcoh
ol

derived
from

am
in
o

acid
m
etabolism

(Saeren
s
et

al.,2008),an
d
in
clu

des
esters

su
ch

as
eth

yl
acetate

an
d

isoam
yl

acetate
(Table

1).
M
alolactic

ferm
en

tation
(M

LF)
can

also
im

pact
on

th
e
ester

profi
le

ofth
e
fi
n
alw

in
e
produ

ct
(see

Section
4
for

an
explan

ation
of

M
LF).

Th
e
arom

a
com

pou
n
d

th
at

is
produ

ced
th
e
m
ost

du
rin

g
M
LF

is
th
e
ester

eth
yl2-h

ydroxy-
propan

oate
(eth

yl
lactate)

(M
aicas,

G
il,

Pardo,
&

Ferrer,
1999).

Eth
yl

2-h
ydroxypropan

oate
produ

ction
is

cou
pled

to
lactic

acid
form

ation
an

d
its

syn
th
esis

can
be

correlated
w
ith

th
e
percen

tage
of

degradation
of

m
alic

acid
(de

R
evel,M

artin
,Pripis-N

icolau
,Lon

-
vau

d-Fu
nel,&

B
ertran

d,1999).

2.2.Im
pact

on
w
ine

arom
a

Eth
yl

esters
as

a
grou

p
h
ave

a
stron

g
in
fl
u
en

ce
on

w
in
e
arom

a
(G

om
ez-M

igu
ez,

C
ach

o,
Ferreira,

V
icario,

&
H
eredia,

2007),
w
ith

eth
yl

acetate
bein

g
qu

alitatively
th
e
m
ost

com
m
on

ester
in

w
in
e,

du
e
to

its
ready

form
ation

from
th
e
predom

in
an

t
eth

an
olan

d
ace-

tic
acid

(R
ibereau

-G
ayon

,
G
lories,M

au
jean,

&
D
u
bou

rdieu,
2000).

Th
is

is
du

e
to

th
e
large

qu
an

tities
of

eth
an

ol
presen

t
an

d
th
e
fact

th
at

prim
ary

alcoh
ols

are
th
e
m
ost

reactive.
It

is
th
erefore

often
an

im
portan

t
con

tribu
tor

to
w
in
e
arom

a;
at

low
con

cen
tration

s
(6

100
m
g/l)

givin
g
a
desirable

an
d

fru
ity

ch
aracter

to
th
e
w
in
e,

h
ow

ever,at
h
igh

er
con

cen
tration

s
it
can

im
part

a
solven

t/n
ailvar-

n
ish

-like
arom

a
(Table

1).
Esters

th
at

h
ave

been
reported

to
be

presen
t
in

w
in
e
at

con
-

cen
tration

s
above

th
eir

arom
a
th
resh

old
in
clu

de
eth

yl
2-h

ydroxy-
propan

oate
(after

M
LF),

dieth
yl

bu
tan

edioate,
eth

yl
bu

tan
oate,

Fig.
1.

C
h
em

ical
com

position
of

w
in
e

an
d

average
qu

an
tities

of
m
ajor

w
in
e

com
pon

en
ts.

V
alu

es
vary

accordin
g
to

th
e
w
in
e
type

assayed
an

d
th
e
extraction

tech
n
iqu

e.
Eth

an
ol

is
represen

ted
as

w
eigh

t
per

volu
m
e

(w
/v),

as
are

all
oth

er
com

pon
en

ts,
an

d
is

equ
ivalen

t
to

14%
(v/v).

In
red

w
in
e
tan

n
in
s
w
ou

ld
also

be
presen

t
at

con
cen

tration
s
u
p
to

0.4%
(w

/v).D
ata

taken
from

Ferreira
et

al.(2000),
G
irard,K

opp,R
eyn

olds,an
d
C
liff(1997),K

ou
n
dou

ras,M
arin

os,G
kou

lioti,K
otseridis,

an
d
van

Leeu
w
en

(2006),R
och

a
et

al.(2004).
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Table 1
A summary of the major esters reported in wine: their structure, aroma characteristics, concentration in wine and aroma thresholds.

Compound (common name) Structure CAS-RN Reported aroma characteristicsa Reported concentration
in wine (mg/l)b

Aroma threshold (mg/l)c

Ethyl esters
Ethyl 2-methylpropanoate (ethyl isobutyrate)

O

O 97-62-1 Fruity, strawberry, lemon 0.01–0.483,4,5 0.001, 0.015a, s, 5.0b

Ethyl 2-methylbutanoate

O

O 7452-79-1 Apple, strawberry, berry, sweet, cider, anise Trace-0.033,4 0.0001, 0.001a, 0.018s

Ethyl 3-methylbutanoate (ethyl isovalerate)

O

O 108-64-5 Sweet fruit, pineapple, lemon, anise, floral Trace-0.071,3,4,5 0.0001, 0.003a, s, 1.3b

Ethyl 2-hydroxypropanoate (ethyl lactate)

O

O

OH

97-64-3 Milk, soapy, buttery, fruity 3.05–297.51,4,6 0.05–0.2, 150w

Ethyl 3-hydroxybutanoate

O

O

OH

5405-41-4 Fruity (winey), green, marshmallow 0.05–0.584,6 20

Ethyl 4-hydroxybutanoate

O

O

OH

999-10-0 Caramel 6.616 NR

Diethyl butanedioate (diethyl succinate)

O

O

O

O

123-25-1 Fruity, fermented, floral 1.21–61.111,4,6 NR

Diethyl hydroxybutandioate (diethyl malate)

O

O

OH

O

O

7554-12-3 Brown sugar, sweet 0.816 NR

Ethyl butanoate

O

O 105-54-4 Floral, fruity, strawberry, sweet 0.07–0.531,3,4,5 0.001, 0.02a, 0.4b

Ethyl hexanoate

O

O 123-66-0 Fruity, strawberry, green apple, anise 0.15–1.641,3,4,5 0.005a, s, 0.08w, 0.85w

Ethyl octanoate

O

O 106-32-1 Sweet, fruity, ripe fruit, burned, beer 0.14–2.611,3,4,5,6 0.002s, 0.005a, 0.012, 0.58w

Ethyl decanoate

O

O 110-38-3 Oily, fruity (grape), floral 0.01–0.701,3,4,6 0.2s, 0.012, 0.51w

Ethyl 3-phenylpropanoate (ethyl dihydrocinnamate)

O

O 2021-28-5 Flower Trace-0.0033,4 0.002s

(continued on next page)
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Table 1 (continued)

Compound (common name) Structure CAS-RN Reported aroma characteristicsa Reported concentration
in wine (mg/l)b

Aroma threshold (mg/l)c

Ethyl 3-phenylprop-2-enoate (Ethyl cinnamate)

O

O 103-36-6 Honey, cinnamon Trace-0.013,4,5 0.001a, s, 0.048w

Ethyl 4-hydroxy-3-methoxybenzoate (Ethyl vanillate)

O

O
O

OH

617-05-0 Flower, fruit, sweet, vanilla 0.466 NR

Acetates
Ethyl acetate

O

O 141-78-6 Fruity (at > 100 mg ml�1)2, solvent, balsamic 5.0–63.54,5 7.5a, 60, 12.27w

2-Methylpropyl acetate (isobutyl acetate)

O

O 110-19-0 Fruity, apple Trace-0.174 1.6b

3-Methylbutyl acetate (isoamyl acetate)

O

O 123-2-2 Banana, fruity 0.03–5.521,3,4,5 0.03a, 0.16w

Ethyl 2-phenylacetate

O

O 101-97-3 Rose, floral 0.03–0.391,4 NR

2-Phenylethyl acetate

O

O
103-45-7 Flowery, rose Trace-0.263,5,6 0.25a, 0.65, 1.80w

Hexyl acetate

O

O 142-92-7 Green, herbaceous, fruit, grape Trace-3.901 0.002–0.48, 0.67/2.4w

a Aroma characteristics collated from: Aznar and Arroyo (2007), Clarke and Bakker (2004), Gomez-Miguez et al. (2007), and Gurbuz et al. (2006).
b Concentration range derived from indicated sources: 1Aznar and Arroyo (2007), 2Clarke and Bakker (2004), 3Ferreira et al. (2000), 4Gomez-Miguez et al. (2007), 5Guth (1997), and 6Rocha et al. (2004).
c Aroma thresholds collated from indicated sources. Values determined in water except where specified (a, 10% (v/v) aqueous ethanol; b, beer; s, synthetic wine [11% (v/v) ethanol, 7 g/l glycerol, 5 g/l tartaric acid, pH 3.4]; w,

wine).
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eth
yl

h
exan

oate,
eth

yl
octan

oate,
eth

yl
decan

oate,
eth

yl
acetate,

eth
yl

2-m
eth

ylpropan
oate,

eth
yl

2-m
eth

ylbu
tan

oate,
eth

yl
3-

m
eth

ylbu
tan

oate,
eth

yl
cin

n
am

ate,
3-m

eth
ybu

tyl
acetate,

2-
ph

en
yleth

yl
acetate,

an
d

h
exyl

acetate
(Table

1).
A
s
th
e

len
gth

of
th
e

h
ydrocarbon

ch
ain

in
creases,

a
m
ore

soap-like
odou

r
develops,

w
ith

esters
form

ed
from

C
1
6

an
d

C
1
8

fatty
acid

h
ydrocarbon

ch
ain

s
h
avin

g
been

described
as

lard-like
(Jackson

,
1994).

2.3.Form
ation

during
prim

ary
ferm

entation

Th
e
form

ation
ofesters

du
rin

g
ferm

en
tation

h
as

been
described

as
a
dyn

am
ic

process
(Lee,

R
ath

bon
e,

A
sim

on
t,

A
dden

,
&

Ebeler,
2004),

w
ith

n
u
m
erou

s
variables

in
teractin

g.
V
ariables

th
at

are
kn

ow
n
to

affect
ester

produ
ction

an
d
th
eir

con
cen

tration
in
clu

de
th
e
qu

an
tity

of
esters

or
th
eir

precu
rsors

origin
ally

presen
t
in

th
e

grape,th
e
tem

peratu
re

of
ferm

en
tation

,th
e
yeast

strain
th
at

pre-
dom

in
ates

an
d
th
e
n
u
trien

ts
presen

t,especially
th
e
con

cen
tration

ofn
itrogen

com
pou

n
ds

an
d
m
u
stsolids

(B
ou

lton
,Sin

gleton
,B

isson
,

&
K
u
n
kee,1996;G

u
itart,O

rte,Ferreira,Pen
a,&

C
ach

o,1999;K
illian

&
O
u
gh

,
1979;

M
iller,

W
olff,

B
isson

,
&

Ebeler,
2007;

N
ykän

en
,

1986).
Th

e
average

ester
produ

ction
an

d
th
e
relative

proportion
s

of
each

ester
are

h
igh

ly
depen

den
t
on

th
e
yeast

strain
an

d
th
e

in
fl
u
en

ce
of

oth
er

param
eters,

su
ch

as
tem

peratu
re,

oxygen
an

d
n
itrogen

,
m
ay

also
be

strain
-depen

den
t
(V

ilan
ova

et
al.,

2007).
Strain

-specifi
c
differen

ces
m
ay

also
be

du
e
to

differen
ces

in
expres-

sion
of

gen
es

in
volved

in
ester

syn
th
esis.

Th
e
effect

of
differen

t
variables

on
w
in
e
com

position
is

w
ell

docu
m
en

ted.
For

exam
ple,

a
recen

t
stu

dy
u
sin

g
a

com
m
ercial

w
in
e
yeast

strain
reported

th
at

th
ere

w
ere

h
igh

er
con

cen
tration

s
of

fresh
an

d
fru

ity
arom

as
after

ferm
en

tation
at

15
�C

as
opposed

to
a
28

�C
ferm

en
tation

,w
h
ich

produ
ced

h
igh

er
con

cen
tration

s
of

com
pou

n
ds

w
ith

fl
ow

ery
arom

a
(M

olin
a,Sw

iegers,V
arela,Preto-

riu
s,

&
A
gosin

,
2007).

Th
e

overall
volatile

com
position

of
m
ost

grape
varieties

is
sim

ilar
despite

clear
differen

ces
in

th
eir

arom
as.

M
ost

varietal
differen

ces
occu

r
from

ch
an

ges
in

relative
ratios

of
volatile

com
pou

n
ds.Th

ere
is

con
siderable

variability
in

ester
con

-
ten

t
am

on
gst

differen
t
grape

cu
ltivars.Ferreira,Lopez,an

d
C
ach

o
(2000)

reported
th
at

th
e
yeast-derived

esters
are

stron
gly

lin
ked

to
th
e
variety

of
grape.

G
u
rbu

z
et

al.
(2006)

h
ave

also
reported

th
at

A
u
stralian

M
erlot

h
ad

a
h
igh

er
proportion

of
esters

(83%
)

am
on

gst
th
e
iden

tifi
ed

volatiles,com
pared

to
a
C
aliforn

ian
M
erlot

(60%
)
an

d
C
abern

et
Sau

vign
on

from
th
e
sam

e
sou

rces.Th
is

stu
dy

u
sed

com
m
ercially

available
fi
n
ish

ed
w
in
es

bu
t
from

th
e
sam

e
re-

gion
(B
arossa

V
alley

in
A
u
stralia

an
d

N
apa

V
alley

in
th
e

U
SA

),
h
ow

ever
differen

ces
in

w
in
em

akin
g
practice

w
ere

n
ot

taken
in
to

accou
n
t.

2.4.Form
ation

during
m
alolactic

ferm
entation

D
epen

din
g
on

th
e
style

of
w
in
e
th
at

th
e
w
in
em

aker
seeks

to
ach

ieve,M
LF

m
ay

be
carried

ou
t.Th

e
M
LF

in
volves

th
e
biocon

ver-
sion

of
m
alic

acid
to

lactic
acid

an
d
carbon

dioxide,an
d
im

proves
th
e

biological
stability

of
w
in
e

by
preven

tin
g

th
e

u
tilisation

of
m
alic

acid
by

spoilage
organ

ism
s
after

th
e
w
in
e
is

bottled
(D

avis,
W

ibow
o,Esch

en
bru

ch
,Lee,&

Fleet,1985).Th
is

secon
dary

ferm
en

-
tation

is
typically

carried
ou

t
by

on
e
or

m
ore

popu
lation

s
of

lactic
acid

bacteria
(LA

B
)
(V

ersari,
Parpin

ello,
&

C
attan

eo,
1999).

Th
e

grou
ps

ofLA
B
m
ost

com
m
on

ly
associated

w
ith

M
LF

are
O
enococcus

oeni,Lactobacillus
sp.an

d
Pediococcus

sp.w
h
ich

h
ave

been
sh

ow
n

to
m
odify

an
d

possibly
syn

th
esise

fru
ity

arom
as

du
rin

g
M
LF

(D
’In

cecco
et

al.,
2004;

Liu
,
2002;

M
aicas

et
al.,

1999;
M
atth

ew
s

et
al.,

2004),
th
erefore

th
ey

h
ave

en
orm

ou
s
poten

tial
to

im
pact

w
in
e
com

position
.

2.5.Form
ation

during
w
ine

storage

A
fter

th
e
sign

ifi
cant

m
odifi

cation
s
in

com
position

du
rin

g
fer-

m
en

tation
,
ch

em
ical

con
stitu

en
ts

gen
erally

react
slow

ly
du

rin
g

agein
g
to

m
ove

to
th
eir

equ
ilibriu

m
position

,resu
ltin

g
in

gradu
al

ch
an

ges
in

fl
avou

r
(G

arcia-Falcon
,Perez-Lam

ela,M
artin

ez-C
arbal-

lo,&
Sim

al-G
an

dara,2007;
Lilly

et
al.,2000;

R
am

ey
&
O
u
gh

,1980;
R
ibereau-G

ayon
,
B
oidron

,
&

Terrier,
1975;

Sivertsen
,
Figen

sch
ou

,
N
icolaysen

,
&

R
isvik,

2001).
Th

ere
is

a
w
ide

variability
in

th
e
re-

su
lts

on
th
e

developm
ent

of
esters

du
rin

g
w
in
e

m
atu

ration
(M

oren
o
&

A
zpilicu

eta,2006;
R
am

ey
&

O
u
gh

,1980).D
u
e
to

th
eir

gradu
alh

ydrolysis
over

tim
e,volatile

esters
are

som
etim

es
con

sid-
ered

u
n
im

portan
t
in

th
e
favou

rable
effects

ofw
in
e.In

fact,depen
d-

in
g
on

th
e
acid–ester

equ
ilibriu

m
,bran

ch
ed

fatty
acid

eth
yl

esters
can

in
crease

du
rin

g
w
in
e

agein
g

(D
íaz-M

aroto,
Sch

n
eider,

&
B
au

m
es,2005).Th

e
bran

ch
ed

fatty
acid

eth
yl

esters
are

less
vola-

tile
th
an

th
eir

straigh
t-ch

ain
an

alogu
es,

h
ow

ever,
th
ey

are
also

im
portan

t
odou

ran
ts

of
w
in
e
(Table

1).Th
e
eth

ylesters
of

diprotic
acids

(e.g.dieth
yl

bu
tan

edioate;
Table

1)
h
ave

also
been

sh
ow

n
to

in
crease

sign
ifi
can

tly
w
ith

tim
e
(C
âm

ara,A
lves,&

M
arqu

es,2006),
du

e
to

ch
em

icalesterifi
cation

du
rin

g
w
in
e
agein

g.B
ecau

se
ofa

ten
-

den
cy

of
esters

to
retu

rn
to

th
eir

equ
ilibriu

m
levels,an

y
effect

of
m
icroorganism

s
on

th
e
ester

profi
le

of
w
in
e
w
illm

ostly
be

advan
-

tageou
s
for

you
n
g
‘fru

ity’w
in
es.A

recen
t
stu

dy
by

R
ou

ssis,Lam
br-

opou
los,an

d
Tzim

as
(2007)

tested
th
e
in
h
ibition

of
volatile

ester
degradation

du
rin

g
storage

of
w
in
e
u
sin

g
caffeic

acid
or

glu
tath

i-
on

e.A
ddition

of
caffeic

acid
protected

severalim
portan

t
esters

in
-

volved
in

w
in
e
arom

a
du

rin
g
storage,

in
clu

din
g
isoam

yl
acetate,

eth
yl

h
exan

oate,
eth

yl
octan

oate
an

d
eth

yl
decan

oate
(R
ou

ssis
et

al.,
2007).

Th
is

cou
ld

prove
to

be
a
u
sefu

l
m
eth

od
to

exten
d
a

w
in
e’s

fru
ity

ch
aracter.A

decrease
in

ester
h
ydrolysis

du
rin

g
stor-

age
can

also
be

seen
w
ith

th
e
addition

of
SO

2
(G

arde-C
erdán

&
A
n
cín

-A
zpilicu

eta,2007).

3.E
n
zym

atic
syn

th
esis

an
d
h
yd

ro
lysis

o
f
esters

Th
e
en

zym
atic

accu
m
u
lation

ofesters
in

w
in
e
du

rin
g
ferm

en
ta-

tion
is

kn
ow

n
to

be
th
e
resu

lt
of

th
e
balan

ce
of

th
e
en

zym
atic

syn
-

th
esis

an
d
h
ydrolysis

reaction
s
in
volvin

g
esterases

(EC
3.1.1.1)

an
d

syn
th
esis

reaction
s

in
volvin

g
alcoh

ol
acetyltran

sferases
(EC

2.3.1.84)
(Lilly

et
al.,

2000;
M
ason

&
D
u
fou

r,
2000;

M
atth

ew
s,

G
rbin

,&
Jiran

ek,2007;
V
erstrepen

et
al.,2003c).W

in
e
m
icrofl

ora
possess

th
ese

en
zym

es
an

d
en

zym
atic

activity
in

m
icrobialstrain

s
u
sed

du
rin

g
th
e
produ

ction
of

w
in
e
is

of
great

im
portan

ce
w
h
en

determ
in
in
g

h
ow

to
best

en
h
an

ce
th
e
varietal

ch
aracteristics

of
w
in
e.

Esterases
an

d
lipases

are
serin

e
h
ydrolases

capable
of

syn
-

th
esisin

g
or

h
ydrolysin

g
esters

depen
din

g
on

th
e
ph

ysicoch
em

ical
con

ditions,w
h
ile

alcoh
ol

acetyltran
sferases

on
ly

participate
in

es-
ter

syn
th
esis.

Su
bstrates

for
th
ese

en
zym

es
are

alcoh
ols

or
th
iols

an
d

fatty
acids

(or
th
eir

acyl
C
oA

-activated
form

s).
Th

ese
su

b-
strates

are
produ

ced
du

rin
g
lipid,

su
gar

an
d
am

in
o
acid

m
etabo-

lism
(M

olim
ard

&
Spin

n
ler,1996;

Y
von

&
R
ijn

en
,2001).

3.1.Lipolytic
enzym

es

Esterases
an

d
lipases

are
w
idely

presen
t
in

variou
s
organ

ism
s

from
bacteria

to
h
igh

er
eu

karyotes
(H

orton
&
B
en

n
ett,2006;M

ore-
ira,M

en
des,H

ogg,&
V
ascon

celos,2005)
an

d
belon

g
to

th
e
gen

eral
class

of
carboxylic

ester
h
ydrolases

(EC
3.1.1).

Lipolytic
en

zym
es

are
im

portan
t
biocatalysts

for
variou

s
in
du

strial
application

s,du
e

to
critical

featu
res,su

ch
as

n
o
requ

irem
ent

for
co-factors,stability

in
organ

ic
solven

ts,
an

d
broad

su
bstrate

specifi
city

(Jaeger,
D
ijk-

stra,
&

R
eetz,

1999).
It

w
as

in
itially

believed
th
at

all
lipases

an
d

esterases
con

tain
ed

th
e
stru

ctu
ral

m
otif,G

-X
-S-X

-G
(w

h
ere

X
rep-

resen
ts

an
arbitrary

am
in
o
acid

residu
e),w

h
ich

con
tain

s
th
e
active
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serin
e
residu

e
(Jaeger

et
al.,1994).Th

is
m
otif

form
s
an

extrem
ely

sh
arp

tu
rn

in
th
e
protein

tertiary
stru

ctu
re,called

a
n
u
cleoph

ilic
el-

bow
,
an

d
is

u
su

ally
located

betw
een

a
b-stran

d
an

d
an

a
-h

elix.
W

h
ile

m
ost

lipolytic
en

zym
es

do
in
deed

con
tain

th
is

m
otif,m

ore
recen

t
research

h
as

revealed
th
at

oth
er

m
otifs

do
exist

(A
rpign

y
&

Jaeger,
1999;

Jaeger
et

al.,
1999).

A
com

m
on

ch
aracteristic

of
th
ese

en
zym

es
is

th
at

th
ey

u
su

ally
con

tain
a
catalytic

triad
com

-
posed

of
serin

e,h
istidin

e
an

d
aspartic

acid
or

glu
tam

ate
(D

odson
&

W
lodaw

er,
1998;

Jaeger
et

al.,
1994).

Th
ere

is
h
ow

ever
a
re-

ported
exception

to
th
is

as
w
ell.

A
n

esterase
ch

aracterised
from

Streptom
yces

scabies
con

tain
s
a
G
D
SL

stru
ctu

ral
m
otif

an
d
it

also
con

tain
s
a
catalytic

Ser-H
is

dyad
in
stead

of
th
e
com

m
on

Ser-A
sp-

H
is

triad
(W

ei
et

al.,
1995).

Th
e
en

zym
e
also

h
as

an
a
/b-tertiary

fold,w
h
ich

differs
su

bstan
tially

from
th
e
a
/b-h

ydrolase
fold.O

th
er

esterases
in

th
is

G
D
SL

stru
ctu

ral
m
otif

grou
p
in
clu

de
th
ose

from
Pseudom

onas
aeruginosa

(W
ilh

elm
,
Tom

m
assen,

&
Jaeger,

1999)
an

d
Salm

onella
typhim

urium
(C
arin

ato
et

al.,1998).
Lipolytic

en
zym

es
also

con
tain

an
oxyan

ion
h
ole

w
h
ich

con
sists

oftw
o
residu

es
th
at

don
ate

th
eir

backbon
e
am

ide
proton

s
to

stabi-
lise

th
e
su

bstrate
in

th
e
tran

sition
state

(A
rpign

y
&

Jaeger,
1999;

H
eikin

h
eim

o,G
oldm

an
,Jeffries,&

O
llis,1999;

Jaeger
et

al.,1999;
Pleiss,Fisch

er,Peiker,Th
iele,&

Sch
m
id,2000).Th

e
oxyan

ion
h
ole

residu
es

(in
bold)

h
ave

been
divided

in
to

tw
o
grou

ps
term

ed
G
X

an
d

G
G
G
X

w
ith

th
e

glycin
e

residu
e

an
d

a
h
ydroph

obic
residu

e
(X

)
bein

g
h
igh

ly
con

served
(Pleiss

et
al.,2000).Th

e
distin

ction
be-

tw
een

lipases
an

d
esterases

is
based

on
th
ree

m
ain

ch
aracteristics:

(1)
Len

gth
of

th
e
h
ydrolysed

acyl
ester

ch
ain

(2)
Ph

ysicoch
em

ical
n
atu

re
of

th
e
su

bstrate
(3)

En
zym

atic
kin

etics

Esterases
sh

ow
greater

specifi
city

tow
ards

su
bstrates

w
ith

ch
ain

len
gth

s
of2–10

carbon
atom

s,h
ydrolyse

solu
ble,m

on
om

eric
su

bstrates
in

aqu
eou

s
solu

tion
s,an

d
con

form
to

M
ich

aelis–M
en

ten
kin

etics.Lipases
sh

ow
greater

specifi
city

tow
ards

su
bstrates

w
ith

ch
ain

len
gth

s
of

10
or

m
ore

carbon
atom

s,
h
ydrolyse

em
u
lsifi

ed
su

bstrates
an

d
display

‘in
terfacial

M
ich

aelis–M
en

ten
’
kin

etics.
H
en

ce,
lipases

are
described

as
actin

g
at

th
e

in
terface

betw
een

h
ydroph

obic
an

d
h
ydroph

ilic
region

s
(H

ollan
d
et

al.,2005;
Jaeger

et
al.,1999;

W
ilh

elm
et

al.,1999;
Y
ah

ya,A
n
derson

,&
M
oo-Y

ou
n
g,

1998).
U
sin

g
th
is

in
form

ation
an

d
variou

s
protein

an
d

gen
e
dat-

abases
it
h
as

been
proposed,based

on
kn

ow
n
con

served
sequ

en
ce

m
otifs

an
d
biologicalproperties,th

at
th
ere

are
eigh

t
differen

t
fam

-
ilies

w
ith

in
th
e
lipolytic

en
zym

es
(A

rpign
y
&

Jaeger,1999).

3.2.Esterases

Esterases
are

broadly
defi

n
ed

as
en

zym
es

th
at

catalyse
th
e

h
ydrolysis

ofesters
oforgan

ic
acids,regu

latin
g
th
e
equ

ilibrium
be-

tw
een

esters
an

d
free

acids.
Esterases

(EC
3.1.1.1)

can
exist

as
eith

er
m
on

om
ers

or
oligom

ers
w
ith

su
bu

n
it

w
eigh

ts
(M

W
)
th
at

ran
ge

from
25

kD
a

to
85

kD
a

(Elm
i
et

al.,
2005;

Fen
ster

et
al.,

2000,2003a,2003b;
G
obbetti,Fox,Sm

acch
i,Stepan

iak,&
D
am

ian
i,

1996;
G
obbetti,Sm

acch
i,&

C
orsetti,1997;

Tsakalidou
&

K
alan

tzo-
pou

los,1992).Th
e
prim

ary
reaction

catalysed
by

esterases
an

d
li-

pases
is

h
ydrolysis:

(1)
h
ydrolysis

B
oth

esterases
an

d
lipases

m
ay

also
catalyse

fou
r
differen

t
ester-syn

th
esis

reaction
s
depen

den
t
on

con
ditions

(H
ollan

d
et

al.,2005):

(2a)
Esterifi

cation

ðR
1 �

CO
O
H
þ
R
2 �

O
H

!
R
1�

CO
O
�
R
2 þ

H
2 OÞ;

(2b)
A
lcoh

olysis

ðR
1 �

CO
O
�
R
2 þ

R
3 �

O
H

!
R
1 �

CO
O
�
R
3 þ

R
2 �

O
HÞ;

(2c)
A
cidolysis

ðR
1 �

CO
O
�
R
2 þ

R
3 �

CO
O
H

!
R
3 �

CO
O
�
R
2 þ

R
1 �

CO
O
HÞ;

(2d)
Tran

s-esterifi
cation

ðR
1 �

CO
O�

R
2 þ

R
3 �

CO
O�

R
4 !

R
1 �

CO
O�

R
4 þ

R
3 �

CO
O�

R
2 Þ

Th
e
proposed

m
ech

an
ism

of
catalysis

in
volves

bin
din

g
of

th
e

su
bstrate

an
d
n
u
cleoph

ilic
attack

by
th
e
catalytic

serin
e
h
ydroxyl

on
th
e
carbon

yl
carbon

of
th
e
scissile

bon
d,yieldin

g
a
tetrah

edral
in
term

ediate
(C
ygler

et
al.,

1993;
H
eikin

h
eim

o
et

al.,
1999).

Th
e

n
u
cleoph

ilicity
ofth

e
h
ydroxylgrou

p
is

en
h
an

ced
by

a
n
u
cleoph

ile
(w

ater
in

h
ydrolysis,

alcoh
ol

or
ester

in
tran

s-esterifi
cation

)
an

d
th
e
reactive

in
term

ediate
is

stabilized
th
rou

gh
h
ydrogen

bon
din

g
to

th
e
im

idazole
grou

p
ofth

e
catalytic

h
istidin

e.Th
is

in
tu
rn

is
sta-

bilized
by

th
e
carboxylgrou

p
of

th
e
acidic

m
em

ber
of

th
e
catalytic

triad
(D

odson
&
W

lodaw
er,1998)

yieldin
g
th
e
produ

ct
(acid

or
es-

ter)
an

d
free

en
zym

e.Esterases
m
ay

th
erefore

en
h
an

ce
or

degrade
w
in
e
qu

ality
depen

din
g
on

th
e
ester

m
etabolised.

3.3.A
lcohol

acetyltransferases

Esterases
h
ave

been
sh

ow
n
to

h
ave

th
e
ability

to
syn

th
esise

es-
ters

an
d
act

as
alcoh

olacyltran
sferases,via

reaction
(2b).H

ow
ever,

as
th
ese

en
zym

es
can

also
h
ydrolyse

esters
an

d
h
ave

been
de-

scribed
above,

th
is

section
on

ly
describes

alcoh
ol

acetyltran
sfer-

ases
(A

A
Tases)

belon
gin

g
to

th
e
tran

sferase
en

zym
e
grou

pin
g
(EC

2).Th
is
grou

p
con

tain
s
en

zym
es

th
at

tran
sfer

a
grou

p
from

a
don

or
com

pou
n
d
to

an
acceptor

com
pou

n
d.In

m
an

y
cases,th

e
don

or
is

a

R
-O

H
O

R
'

R

O
N

N

N
N

N
H

2

O

O
H

OP
O

H
O

H

O

O
P

O

O
H

O

P
O

OO
H

H
N

O

NH
O

S
H

O
H

N
N

N
N

N
H

2

O

O
H

OP
O

H
O

H

O

O
P

O

O
H

O

P
O

OO
H

H
N

O

NH
O

S

O
H

R
'

O

+
+

acyl-C
o

A
A

lco
h

o
l

C
o

A
E

ster

Fig.2.
A
A
Tase

en
zym

e
biosyn

th
etic

path
w
ay

for
ester

syn
th
esis.
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cofactor
(coen

zym
e),carryin

g
th
e
grou

p
to

be
tran

sferred.In
rela-

tion
to

esters
th
e
A
A
Tases

are
su

lfh
ydryl

en
zym

es
capable

of
syn

-
th
esisin

g
esters

u
sin

g
h
igh

er
alcoh

ols
an

d
acetyl-C

oA
as

su
bstrates

(Fig.
2)

(Liu
,H

ollan
d,

&
C
row

,
2004).

A
ll
th
e
iden

tifi
ed

pu
tative

A
A
Tases

are
categorised

in
th
e
pfam

07247
fam

ily,w
h
ich

con
tain

s
a
n
u
m
ber

of
alcoh

olacetyltran
sferases

(EC
2.3.1.84),each

approxim
ately

500
am

in
o
acids

lon
g
(Fin

n
et

al.,
2006).

A
A
Tases

are
m
em

bran
e-bou

n
d
en

zym
es

in
h
ibited

by
severalkin

ds
oflipids,

in
clu

din
g
u
n
satu

rated
fatty

acids
(Y
osh

ioka
&

H
ash

im
oto,

1981).
Ester

form
ation

is
also

in
fl
u
en

ced
by

th
e
fatty

acid
con

ten
t
of

th
e

m
em

bran
e
(Y
osh

ioka
&

H
ash

im
oto,1983).

A
TF1

an
d
A
TF2

w
ere

th
e
fi
rst

grou
p
of

acetyltran
sferase

stru
c-

tu
ral

gen
es

to
be

ch
aracterised

in
Saccharom

yces
cerevisiae

an
d
it

w
as

h
ypoth

esised
th
at

th
e

h
igh

ly
con

served
region

W
R
LIC

LP
(exclu

sive
to

th
ese

protein
s
over

th
e
en

tire
S.

cerevisiae
gen

om
e)

w
as

part
of

th
e

active
site

of
th
ese

protein
s
(M

ason
&

D
u
fou

r,
2000;

N
agasaw

a,
B
ogaki,

Iw
am

atsu
,
H
am

ach
i,
&

K
u
m
agai,

1998).
Th

is
h
ypoth

esis
w
as

fu
rth

er
su

pported
by

th
e
presen

ce
ofa

(poten
-

tially
reactive)

cystein
e
residu

e
in

th
is

region
an

d
th
e
fact

th
at

A
A
Tases

are
in
h
ibited

by
m
etal

ion
s
an

d
su

lfydryl
reagen

ts,w
h
ich

are
kn

ow
n
to

in
teract

w
ith

cystein
e
residu

es
(M

alcorps
&

D
u
fou

r,
1992;

Y
osh

ioka
&

H
ash

im
oto,1983).H

ow
ever

th
is

pu
tative

active
site

is
n
ot

con
served

th
rou

gh
ou

t
all

ascom
ycetou

s
fu
n
gi.A

recen
t

stu
dy

an
alysed

m
u
ltiple

ascom
ycetou

s
fu
n
gi

for
orth

ologu
es

of
th
ese

A
A
Tases

an
d
fou

n
d
a
secon

d
region

of
in
terest,described

as
th
e
pu

tative
active

site
H
-X

-X
-X

-D
(V

an
Laere

et
al.,

2008).
Th

is
pu

tative
active

site
w
as

fou
n
d
to

be
con

served
th
rou

gh
ou

t
all

se-
qu

en
ces

of
th
e

yeast
A
A
Tases

(even
in

th
e

m
ore

divergent
se-

qu
en

ces
in

th
e
pfam

07247
A
A
Tase

fam
ily)

an
d
is

located
in

th
e
S.

cerevisiae
A
tf1p

am
in
o

acid
sequ

en
ce

from
residu

e
198

to
202

(V
an

Laere
et

al.,
2008).

Fu
rth

er
research

,
in
clu

din
g

m
u
tagen

ic
an

alysis,cou
ld

prove
in
terestin

g
in

in
vestigating

th
e
ph

ysiological
role

of
th
e
alcoh

olacetyltran
sferases

an
d
th
eir

im
portan

ce
in

ester
biosyn

th
esis.

4.M
icro

b
es

an
d
aro

m
a

A
s
stated,th

e
in
itialcon

version
of

grape
m
u
st

in
to

w
in
e
occu

rs
via

an
alcoh

olic
ferm

en
tation

largely
carried

ou
t
by

on
e
or

m
ore

strain
s
of

yeast,
typically

S.
cerevisiae.

Eth
an

ol
produ

ced
du

rin
g

th
e
prim

ary
ferm

en
tation

progressively
lim

its
th
e
grow

th
of

oth
er

m
icrobes

th
at

are
poten

tially
u
n
desirable,th

ereby
h
elpin

g
to

pro-
tect

th
e

w
in
e

from
spoilage

(R
en

ou
f,

C
laisse,

&
Lon

vau
d-Fu

n
el,

2007).N
everth

eless,w
ith

ou
t
th
eir

deliberate
elim

in
ation

,bacteria
an

d
oth

er
yeasts,

in
clu

din
g

n
on

-Saccharom
yces

species,
w
ill

be
presen

t
in

all
w
in
e

ferm
en

tation
s
an

d
poten

tially
im

pact
w
in
e

qu
ality.Th

ese
in
digen

ou
s
yeasts

are
n
ot

on
ly

m
etabolically

active
(Jolly,

A
u
gu

styn,
&

Pretoriu
s,

2006;
Strau

ss,
Jolly,

Lam
brech

ts,
&

van
R
en

sbu
rg,2001)

bu
t
can

im
part

desirable
an

d
distin

ct
region

al

ch
aracteristics

in
tegral

to
th
e
au

th
en

ticity
of

som
e
w
in
es

(Lem
a,

G
arciajares,O

rriols,&
A
n
gu

lo,1996).
O
f
th
e
arom

a-active
com

pou
n
ds

fou
n
d
in

w
in
e,th

e
esters

can
be

produ
ced

as
secon

dary
m
etabolites,alon

g
w
ith

oth
er

sen
sorily

im
portan

t
com

pou
n
ds,by

m
an

y
yeast

species
du

rin
g
th
e
alcoh

olic
ferm

en
tation

.Th
e
ph

ysiological
role

of
esters

in
yeast

m
etabolism

is
n
ot

yet
fu
lly

u
n
derstood.

C
u
rren

t
literatu

re
su

ggests
th
at

ester
biosyn

thesis
is

a
resu

lt
of

th
e
detoxifi

cation
of

lon
g-ch

ain
fatty

acids
an

d
is

also
a
m
etabolic

process
u
sed

to
balan

ce
th
e
acetyl-

C
oA

/C
oA

ratio
(M

ason
&

D
u
fou

r,2000).
S.

cerevisiae
produ

ces
n
ot

on
ly

eth
ylesters

ofsh
ort

to
m
ediu

m
-ch

ain
fatty

acids
bu

t
also

ace-
tate

esters
of

variou
s
alcoh

ols
(Plata,

M
illan

,
M
au

ricio,
&

O
rtega,

2003;
V
erstrepen

et
al.,

2003c).
R
esearch

by
several

grou
ps

h
as

reiterated
th
e
im

portan
ce

of
strain

ch
oice

in
w
in
em

akin
g
an

d
th
e

ester
profi

le
of

th
e

fi
n
ish

ed
produ

ct
(Fleet,

2003;
M
iller

et
al.,

2007;
R
ojas,G

il,Pin
aga,&

M
an

zan
ares,2001;

R
om

an
o,Fiore,Par-

aggio,C
aru

so,&
C
apece,2003;

Soles,O
u
gh

,&
K
u
n
kee,1982;

Sw
ie-

gers,B
artow

sky,H
en

sch
ke,&

Pretoriu
s,2005).

Th
e
u
tilisation

of
LA

B
to

con
du

ct
M
LF

can
m
odify

an
d
possibly

syn
th
esise

fru
ity

arom
as

(D
’In

cecco
et

al.,2004;
Liu

,2002;
M
aicas

et
al.,1999;

M
atth

ew
s
et

al.,2004).A
rom

a
com

pou
n
ds

th
at

can
in
-

crease
or

decrease
du

rin
g
M
LF

in
clu

de
esters

(Pozo-B
ayón

et
al.,

2005),
aldeh

ydes
(O

sborn
e,

M
ira

de
O
rdu

n
a,

Pilon
e,

&
Liu

,
2000),

glycosylated
com

pou
n
ds

(in
clu

din
g

2-ph
en

ylethan
ol,

terpen
ols,

an
d
C
13-n

orisopren
oids

(B
oido,Lloret,M

edin
a,C

arrau
,&

D
ellacas-

sa,
2002),

an
d
2,3-bu

tan
edion

e
(diacetyl;

B
artow

sky
&

H
en

sch
ke,

2004).It
is

clear
th
erefore

th
at

yeast
an

d
bacteria

h
ave

th
e
ability

to
alter

w
in
e
volatile

com
position

an
d

specifi
cally

th
e
profi

le
of

esters.

4.1.Ester
synthesis

and
hydrolysis

by
Saccharom

yces
spp.

Th
e
ester

syn
th
esis

an
d

h
ydrolysis

activities
of

several
w
in
e-

associated
yeast

species
h
ave

been
described

an
d
a
n
u
m
ber

ofalco-
h
ol

acetyltran
sferases

an
d

esterases
h
ave

been
pu

rifi
ed.

V
olatile

esters
are

ofparticu
lar

in
terest

as
th
e
presen

ce
ofth

ese
com

pou
n
ds

determ
in
es

th
e

fru
ity

arom
a

of
w
in
e.

A
rom

a-active
esters

are
form

ed
in
tracellu

larly
by

ferm
en

tin
g

yeast
cells,

bu
t
sin

ce
th
ey

are
lipid-solu

ble,
eth

yl
esters

can
diffu

se
th
rou

gh
th
e
m
em

bran
e

in
to

th
e
ferm

en
tin

g
m
ediu

m
(Saeren

s
et

al.,
2008).

Th
e
tran

sfer
of

eth
ylesters

to
th
e
m
ediu

m
appears

to
decrease

drastically
w
ith

in
creasin

g
ch

ain
len

gth
,an

d
ran

ges
from

100%
for

eth
ylh

exan
oate

to
8–17%

for
eth

yl
decan

oate
(V

erstrepen
et

al.,
2003b).

A
lcoh

ol
acetyltran

sferase
an

d
esterase

gen
es

th
at

h
ave

been
iden

tifi
ed

in
th
e
syn

th
esis

an
d
h
ydrolysis

ofesters
in

yeast
species

are
described

in
Table

2.
To

date
six

distin
ct

protein
s
h
ave

been
isolated

an
d
ch

aracter-
ised

as
h
avin

g
ester

syn
th
esis

or
h
ydrolysis

activity,w
ith

A
A
Tase

I(or
A
TF1),en

coded
by

A
TF1,h

avin
g
th
e
greatest

activity
an

d
bein

g

Table
2

G
enes

reported
to

be
involved

in
ester

synthesis
and

hydrolysis
in

Saccharom
yces

sp.

G
en

e
M
ech

an
ism

M
etabolic

path
w
ay

Localisation
Sou

rce
R
eferen

ces

A
TF1

(Y
O
R
377W

)
A
lcoh

ol
acetyl-tran

sferase
A
cetate

ester
syn

th
esis

In
tracellu

lar
–
in

lipid
particles

S.cerevisiae
Fu

jii
et

al.(1994),
V
erstrepen

et
al.(2004)

Lg-A
TF1

A
lcoh

ol
acetyl-tran

sferase
A
cetate

ester
syn

th
esis

U
n
kn

ow
n

S.uvarum
an

d
S.pastorianus

Fu
jii

et
al.(1994),

Y
osh

im
oto

et
al.(1998)

A
TF2

(Y
G
R
177C

)
A
lcoh

ol
acetyl-tran

sferase
(isoam

yl
alcoh

ol
acetyl-

tran
sferase)

A
cetate

ester
syn

th
esis

an
d

respon
se

to
toxin

In
tegral

to
en

doplasm
ic

reticu
lu
m

m
em

bran
e

S.cerevisiae
C
au

et
et

al.(1999),
N
agasaw

a
et

al.(1998),
Tiw

ari
et

al.(2007)
EH

T1
(Y
B
R
177C

)
Eth

an
ol

h
exan

ol
-tran

sferase
M
ediu

m
-ch

ain
fatty

acid
eth

yl
esters

syn
th
esis

an
d
h
ydrolysis

Localises
to

lipid
particles

an
d
th
e
m
itoch

on
drial

ou
ter

m
em

bran
e

S.cerevisiae
Saeren

s
et

al.(2006),
Zah

edi
et

al.(2006)

EEB1
(Y
PL095C

)
Eth

an
ol

acyltran
sferase

/eth
yl

ester
h
ydrolase

M
ediu

m
-ch

ain
fatty

acid
eth

yl
esters

syn
th
esis

an
d
h
ydrolysis

U
n
kn

ow
n

S.cerevisiae
Saeren

s
et

al.(2006)

IA
H
1
(Est2)

(Y
O
R
126C

)
Esterase

A
cetate

ester
h
ydrolysis

U
n
kn

ow
n

S.cerevisiae
Fu

ku
da

et
al.(2000)

K
.M

.Sum
by

et
al./Food

Chem
istry

121
(2010)

1–
16
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A
uthor's personal copy

th
e
m
ost

stu
died

(C
au

et,D
egryse,Ledou

x,Spagn
oli,&

A
ch

stetter,
1999;

Fu
jii,

Y
osh

im
oto,

&
Tam

ai,
1996;

Fu
jiw

ara,
K
obayash

i,
Y
osh

im
oto,

H
arash

im
a,

&
Tam

ai,
1999;

H
orton

&
B
en

n
ett,

2006;
V
erstrepen

et
al.,

2003a,
2003c).

Th
e
A
TF1

gen
e
w
as

fi
rst

clon
ed

from
S.cerevisiae,w

h
ich

h
as

on
ly

on
e
A
TF1

gen
e,an

d
th
e
brew

ery
lager

yeast
Saccharom

yces
uvarum

,
w
h
ich

h
as

on
e
A
TF1

gen
e
an

d
an

oth
er,h

om
ologou

s
gen

e
(Lg-A

TF1)
(Fu

jiiet
al.,1994).Th

is
stu

dy
reports

th
at

yeast
strain

s
carryin

g
m
u
ltiple

copies
ofth

e
A
TF1

gen
e

or
th
e
Lg-A

TF1
gen

e
exh

ibited
h
igh

A
A
Tase

activity
an

d
produ

ced
greater

con
cen

tration
s
of

acetate
esters

th
an

th
e

con
trol.

Th
ere

w
as

a
27-fold

in
crease

in
3-m

eth
ylbu

tyl
acetate

(isoam
yl

acetate)
con

cen
tration

an
d
a
n
in
e-fold

in
crease

in
eth

yl
acetate

con
cen

tra-
tion

.M
an

ipu
lation

of
th
e
expression

of
A
TF1

h
as

also
been

sh
ow

n
to

sign
ifi
can

tly
alter

ester
produ

ction
du

rin
g

w
in
e
ferm

en
tation

(Lilly
et

al.,2006).
D
eletion

of
A
TF1

produ
ces

a
large

decrease
in

ester
produ

ction
,

w
h
ile

its
over-expression

resu
lts

in
m
ore

th
an

a
10–200-fold

in
-

crease
in

variou
s
esters.Lilly

et
al.(2000)

con
stitu

tively
expressed

A
TF1

from
S.

cerevisiae
in

th
ree

com
m
ercial

w
in
e

yeast
strain

s,
u
sin

g
th
e
PG

K
1
prom

oter
an

d
term

in
ator.

Th
is

resu
lted

in
h
igh

er
con

cen
tration

s
of

several
esters

w
ith

th
e
level

of
ester

in
crease

bein
g

depen
den

t
on

th
e
ferm

en
tation

tem
peratu

re,
cu

ltivar
an

d
yeast

strain
u
sed.

Th
e
levels

of
eth

yl
acetate

in
creased

3–10-fold
(fru

ity
at

>100
m
g/l),3-m

eth
ylbutyl

acetate
in
creased

3.8–12-fold
(ban

an
a,

fru
ity),

an
d

2-ph
en

ylethyl
acetate

in
creased

2–10-fold
(fl
ow

ery,rose)
w
ith

oth
er

esters
on

ly
sh

ow
in
g
m
in
or

ch
an

ges
(Lilly

et
al.,2000).Th

e
ester

syn
th
esis

rate
is
also

determ
in
ed

by
th
e
con

-
cen

tration
of

available
su

bstrates,
e.g.

carbon
(V

erstrepen
et

al.,
2003a),

n
itrogen

(Y
osh

im
oto,

Fu
ku

sh
ige,

Y
on

ezaw
a,

&
Son

e,
2002),

an
d

fatty
acid

m
etabolism

(Fu
jii,

K
obayash

i,
Y
osh

im
oto,

Fu
ru

kaw
a,

&
Tam

ai,
1997),

an
d

total
en

zym
atic

activity
(deter-

m
in
ed

by
gen

e
expression

).For
exam

ple,Y
osh

im
oto

et
al.(2002)

overexpressed
a

bran
ch

ed-ch
ain

am
in
o

acid
am

in
otran

sferase
(BA

T2)
gen

e
in

S.
cerevisiae

an
d

reported
th
at

an
in
crease

in
th
e

BA
T2

gen
e
produ

ct
resu

lted
in

abou
t
1.3-fold

m
ore

3-m
eth

ylbu
tyl

alcoh
ol

an
d

1.5-fold
m
ore

3-m
eth

ylbutyl
acetate.

Th
is

su
ggests

th
at

th
e
produ

ction
of

esters
is

affected
by

th
e
availability

of
fu
sel

alcoh
ols.H

ow
ever

th
is

is
n
ot

th
e
on

ly
factor

in
fl
u
en

cin
g
ester

for-
m
ation

in
Saccharom

yces
spp.

A
TF1

is
repressed

by
both

oxygen
an

d
u
n
satu

rated
fatty

acids
(U

FA
s)

(Fu
jiiet

al.,1997;
Fu

jiw
ara,Y

osh
im

oto,Son
e,Satosh

i,&
Ta-

m
ai,1998;

Fu
jiw

ara
et

al.,1999),an
d
m
ay

play
a
ph

ysiologicalrole
in

fatty
acid

m
etabolism

(M
ason

&
D
u
fou

r,
2000).

R
egu

lation
is

m
ediated

at
th
e
tran

scription
al

level
an

d
w
h
en

A
TF1

is
con

stitu
-

tively
expresse d

n
o
redu

ction
in

A
A
Tase

activity
is

observed
(Fu

jii
et

al.,1997).M
ore

recen
tly,in

a
stu

dy
u
sin

g
th
e
in
du

strialale
strain

S.
cerevisiae

C
M
B
S
SS01,U

FA
s
added

to
a
stan

dard
low

-U
FA

w
ort

resu
lted

in
a
decrease

in
th
e
produ

ction
of

all
eth

yl
esters,

w
ith

eth
yl

decan
oate

con
cen

tration
redu

ced
by

50%
(redu

ced
from

0.2
m
g/l

to
0.1

m
g/l),eth

yl
h
exan

oate
by

33%
an

d
eth

yl
octan

oate
by

25%
(Saeren

s
et

al.,
2008).

Th
ese

decreases
h
ave

th
e
poten

tial
to

affect
arom

a
perception

,as
a
50%

redu
ction

in
eth

yl
decan

oate,
for

exam
ple,cou

ld
place

its
con

cen
tration

below
th
e
reported

aro-
m
a
th
resh

old
level

(Table
1).

Fu
rth

er
in
vestigation

s
of

A
TF1

gen
e

regu
lation

h
ave

dem
on

-
strated

th
at

A
TF1

an
d
th
e
gen

e
en

codin
g
D
9
fatty

acid
desatu

rase,
O
LE1,

are
co-regu

lated
th
rou

gh
a
Low

-O
xygen

R
espon

se
Elem

en
t

(LO
R
E),

w
h
ich

is
activated

u
n
der

h
ypoxic

con
dition

s
an

d
selec-

tively
repressed

by
u
n
satu

rated
fatty

acids
(Fu

jiw
ara

et
al.,1998,

1999;
V
ascon

celles
et

al.,
2001).

Th
e
R
as/cA

M
P/PK

A
n
u
trien

t
sig-

n
allin

g
path

w
ays

are
also

in
volved

in
th
e
rapid

in
du

ction
of

A
TF1

an
d
Lg-A

TF1
w
h
en

glu
cose

is
added

to
carbon

-starved
cells

(Tiw
ari,

K
öffel,&

Sch
n
eiter,2007).H

ow
ever

a
persisten

t
levelofexpression

is
n
ot

ach
ieved

u
n
less

a
n
itrogen

sou
rce

is
presen

t
(Tiw

ari
et

al.,
2007).

R
as

protein
s
are

sm
all,G

TP-bin
din

g
protein

s
th
at

oscillate
betw

een
an

active
G
TP-boun

d
form

an
d

an
in
active

G
D
P-bou

n
d

form
an

d
act

as
m
olecu

lar
sw

itch
es

(B
okoch

&
D
er,1993).S.cere-

visiae
h
as

tw
o
R
as

protein
s
directly

in
teracting

w
ith

th
e
en

zym
e

aden
ylate

cyclase,R
as1p

an
d
R
as2p

(Toda
et

al.,1985).Th
is

in
ter-

action
produ

ces
h
igh

er
in
tracellu

lar
levels

ofcA
M
P
an

d
also

resu
lts

in
an

in
crease

in
protein

kin
ase

A
(PK

A
)
activity

(Toda,C
am

eron
,

Sass,
Zoller,

&
W

igler,
1987).

It
h
as

been
h
ypoth

esised
th
at

A
TF1

an
d
Lg-A

TF1
are

regu
lated

by
a
‘ferm

en
table

grow
th

m
ediu

m
’path

-
w
ay

(Tiw
ari

et
al.,

2007)
w
h
ich

en
su

res
th
e

regu
lation

of
PK

A
targets.

A
secon

d
alcoh

olacetyltran
sferase,A

A
Tase

II(or
A
TF2)

en
coded

by
A
TF2

(Table
2),h

as
also

been
ch

aracterised
(C
au

et
et

al.,1999;
N
agasaw

a
et

al.,1998).Th
e
A
TF2

gen
e
w
as

origin
ally

clon
ed

from
a
k-EM

B
L3

ph
age

library
of

S.
cerevisiae

K
yokai

N
o.7

(sake
yeast)

gen
om

ic
D
N
A
.O

ligon
u
cleotide

probes
w
ere

design
ed

on
th
e
basis

of
in
tern

al
peptide

sequ
en

ces,
obtain

ed
follow

in
g
pu

rifi
cation

of
an

en
zym

e
w
ith

3-m
eth

ylbutyl
alcoh

ol
acetyltran

sferase
activity

an
d

36.9%
iden

tity
to

A
tf1p

at
th
e

am
in
o

acid
level

(N
agasaw

a
et

al.,1998).Sequ
en

ce
align

m
en

ts
of

A
TF1,LgA

TF1
an

d
A
TF2

w
ith

closely
related

protein
sequ

en
ces

from
oth

er
ascom

ycetou
s
fu
n
gi

sh
ow

on
ly

m
oderate

sequ
en

ce
con

servation
across

th
e

en
tire

len
gth

of
th
e
protein

.
Th

e
poten

tial
catalytic

cystein
e
residu

e
is

n
ot

con
served

in
K
luyverom

yces
lactis

an
d
an

altern
ative

con
served

region
exists

(V
an

Laere
et

al.,
2008).

A
TF2,

alon
g
w
ith

A
TF1,

is
respon

sible
for

th
e
produ

ction
of

eth
yl

acetate
an

d
3-m

eth
ylbu

tyl
acetate

du
rin

g
ferm

en
tation

(Lilly
et

al.,2006;
M
alcorps

&
D
u
fou

r,
1992;Y

osh
ioka

&
H
ash

im
oto,1983).A

stu
dy

u
sin

g
over-expression

of
a
recom

bin
an

t
A
TF2

in
E.coli,w

ith
m
u
tation

s
in

oth
er

path
w
ays

th
at

com
pete

for
acetyl-C

oA
,
sh

ow
ed

th
at

3-m
eth

ylbu
tyl

acetate
produ

ction
w
as

lin
ked

to
in
tracellu

lar
acetyl-C

oA
levels

(V
adali,

H
orton

,
R
u
dolph

,
B
en

n
ett,

&
San

,
2004).

Th
is

correlates
w
ith

th
e

proposed
biosyn

th
etic

path
w
ay

for
A
A
Tases

(Fig.
2).

Tiw
ari

et
al.

(2007)
recen

tly
reported

th
at

A
TF2

is
respon

sible
for

th
e
form

ation
of

acetylated
sterols

an
d
m
ay

also
play

a
role

in
steroid

detoxifi
ca-

tion
.Th

is
data

correlates
w
ith

an
earlier

report,w
h
ich

sh
ow

ed
th
at

pregn
en

olon
e

(a
steroid

precu
rsor)

is
acetylated

by
a

protein
,

w
h
ich

w
as

later
iden

tifi
ed

as
A
TF2

(C
au

et
et

al.,
1999).

D
eletion

/
disru

ption
of

A
TF2

elim
in
ated

all detectable
pregn

en
olon

e
acetyla-

tion
activity

w
ith

n
o
oth

er
discern

able
affect

on
ph

en
otype,w

ith
activity

restored
w
h
en

th
e

n
u
ll

m
u
tan

t
w
as

tran
sform

ed
w
ith

A
TF2

on
a
m
u
lticopy

plasm
id.

M
ore

recen
tly

tw
o
n
ew

protein
s
w
ith

both
m
ediu

m
-ch

ain
fatty

acid
(M

C
FA

)
eth

yl
ester

syn
th
ase

an
d
esterase

activity
h
ave

been
reported

(Saeren
s

et
al.,

2006).
Th

ese
protein

s
are

design
ated

EH
T1

an
d
EEB

1
(Table

2)
an

d
belon

g
to

a
th
ree-m

em
ber

gen
e
fam

-
ily,

w
ith

th
e
fu
n
ction

of
th
e
th
ird

gen
e
Y
M
R
210w

n
ot

yet
con

-
fi
rm

ed.
H
ow

th
e

balan
ce

betw
een

M
C
FA

eth
yl

ester
syn

th
esis

an
d
h
ydrolysis

is
regu

lated
by

th
ese

protein
s
in

vivo
h
as

n
ot

been
determ

in
ed.

Sequ
en

ce
align

m
en

ts
of

EEB
1
an

d
ETH

1
w
ith

closely
related

protein
sequ

en
ces

from
oth

er
ascom

ycetou
s
fu
n
gi

sh
ow

h
igh

sequ
en

ce
con

servation
across

th
e
en

tire
len

gth
of

th
e
protein

.
Th

e
poten

tial
catalytic

residu
es

an
d
n
u
cleoph

ilic
elbow

m
otif

are
also

con
served.

B
oth

EH
T1

an
d

EEB
1

con
tain

th
e

ch
aracteristic

esterase
catalytic

triad
(Ser-A

sp-H
is)

an
d

a
pu

tative
G
-X

-S-F-G
n
u
cleoph

ilic
elbow

m
otif.

EH
T1

h
as

been
su

ggested
to

en
code

an
eth

an
ol

h
exan

oyl
tran

sferase,
w
h
ich

gen
erates

eth
yl

h
exan

oate
from

eth
an

ol
an

d
h
exan

oyl-C
oA

,
playin

g
a

m
in
or

role
in

m
ed-

iu
m
-ch

ain
fatty

acid
eth

yl
ester

biosyn
th
esis

an
d

possessin
g

sh
ort-ch

ain
esterase

activity
(Saeren

s
et

al.,
2006).

EEB1
en

codes
an

eth
an

ol
acyltran

sferase
respon

sible
for

th
e
m
ajor

part
of

m
ed-

iu
m
-ch

ain
fatty

acid
eth

yl
ester

biosyn
th
esis

du
rin

g
ferm

en
tation

.
EEB

1
also

possesses
sh

ort-ch
ain

esterase
activity

an
d
m
ay

be
in
-

volved
in

lipid
m
etabolism

an
d

detoxifi
cation

.
Saeren

s
et

al.
(2006)

also
h
ypoth

esised
th
at

yeast
cells

m
u
st

h
ave

on
e
or

m
ore

addition
al

en
zym

es
respon

sible
for

M
C
FA

eth
yl

ester
syn

th
esis,

du
e
to

a
dou

ble
deletion

m
u
tan

t
retain

in
g
som

e
M
C
FA

eth
yl

ester
syn

th
esis

ability
(depen

den
t
on

th
e
su

bstrate).
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A
uthor's personal copy

W
h
ereas

expression
level

seem
s
to

be
th
e
lim

itin
g
factor

for
A
TF1

gen
e
regu

lation
,it

h
as

recen
tly

been
su

ggested
th
at

precu
rsor

availability
an

d
n
ot

th
e
expression

level
of

th
e
eth

yl
ester

biosyn
-

th
esis

gen
es

EEB1
an

d
EH

T1
is

th
e
lim

itin
g
factor

for
eth

yl
ester

produ
ction

(Saeren
s
et

al.,
2006).

O
ver-expression

of
EEB1

an
d

EH
T1

does
n
ot

cau
se

a
sign

ifi
can

t
in
crease

in
eth

yl
ester

produ
c-

tion
.Th

is
is
m
ost

likely
du

e
to

th
e
balan

ce
betw

een
th
eir

ester
syn

-
th
esis

an
d

ester
h
ydrolysis

activities
an

d
m
igh

t
n
ot

be
a

tru
e

refl
ection

ofth
e
effect

ofgen
e
expression

.Saeren
s
et

al.(2008)
also

in
vestigated

th
e
effect

of
M
C
FA

addition
to

th
e
ferm

en
tation

m
ed-

iu
m

on
EEB1

an
d
EH

T1
tran

scription
an

d
reported

th
at

on
ly

octa-
n
oic

acid
(an

d
n
ot

h
exan

oic
acid)

w
as

able
to

in
du

ce
expression

of
EEB1

an
d
EH

T1.It
h
as

been
previou

sly
reported

th
at

th
e
addition

of
h
exan

oic
acid

or
octan

oic
acid

to
th
e

ferm
en

tation
m
ediu

m
cau

ses
a

stron
g

in
crease

in
th
e

form
ation

of
th
e

correspon
din

g
eth

ylester
an

d
su

ggested
th
at

th
e
cellu

lar
precu

rsor
con

cen
tration

is
rate

lim
itin

g
for

eth
yl

ester
syn

th
esis

(Saeren
s
et

al.,
2006).

It
w
ou

ld
th
erefore

be
of

in
terest

to
in
vestigate

factors
th
at

in
h
ibit

EEB1
an

d
EH

T1
gen

e
expression

.
IA
H
1
is
th
e
fi
n
alesterase

gen
e
reported

to
be

in
volved

in
acetate

ester
h
ydrolysis

(Table
2)

w
ith

a
pu

tative
active

site
m
otifcom

pris-
in
g

A
la85-C

ys86-Ser87-A
la88-G

ly89
(Fu

ku
da

et
al.,

1996,
1998).

Th
e
reportin

g
of

th
is

area
of

IA
H
1
as

th
e
active

site
w
as

based
on

in
h
ibition

stu
dies,

w
h
ich

su
ggested

th
at

both
a
serin

e
an

d
a
cys-

tein
e
residu

e
w
ere

in
volved

in
th
e
catalytic

activity
ofth

is
en

zym
e.

It
h
as

been
su

ggested
th
at

blockin
g
th
e
serin

e
residu

e
adjacen

t
to

th
e
cystein

e
residu

e
cau

ses
th
e
in
h
ibition

(Fu
ku

da
et

al.,
2000).

H
ow

ever,in
silico

an
alysis

of
IA
H
1
w
ith

closely
related

protein
se-

qu
en

ces
sh

ow
s
th
at

alth
ou

gh
th
ere

is
h
igh

con
servation

across
th
e

en
tire

len
gth

of
th
e
protein

on
ly

th
e
cystein

e
residu

e
in

th
is

region
of

sequ
en

ce
is

con
served

th
rou

gh
ou

t
oth

er
ascom

ycetou
s
fu
n
gi.

Th
is

data
su

ggests
th
at

th
e
esterase

con
tain

s
an

active
site

th
iol

an
d
can

be
poten

tially
classifi

ed
as

an
arylesterase.A

n
IA
H
1 D

m
u
-

tan
t
sh

ow
ed

an
in
crease

in
2-m

eth
ylpropyl

acetate
(isobu

tyl
ace-

tate),an
d
3-m

eth
ylbu

tyl
acetate

(isoam
yl

acetate),relative
to

th
e

w
ild-type

yeast
strain

(Fu
ku

da
et

al.,
1996,

1998).
Fu

ku
da

et
al.

(2000)
reported

pu
rifi

cation
an

d
ch

aracterisation
of

th
e
IA
H
1
gen

e
produ

ct.Th
ey

observed
th
at

IA
H
1
is

m
ost

active
tow

ards
2-m

eth
-

ylpropyl
acetate

an
d
su

ggested
th
at

activity
w
as

based
u
pon

th
e

len
gth

of
th
e

m
ain

ch
ain

of
th
e

aliph
atic

grou
p

rath
er

th
an

its
stru

ctu
re

(i.e.straigh
t
or

bran
ch

ed
ch

ain
).It

w
as

also
reported

th
at

th
e
k
cat for

th
e
IA
H
1
reverse

reaction
(acetate

ester
syn

th
esis)

w
as

sign
ifi
can

tly
low

er
th
an

for
acetate

ester
h
ydrolysis

(Fu
ku

da
et

al.,
2000).

Th
e
gen

es
reported

to
be

in
volved

in
ester

syn
th
esis

an
d
h
ydro-

lysis
in

yeast
h
ave

been
w
ell

ch
aracterised

an
d
th
ere

is
th
e
poten

-
tial

to
fu
rth

er
u
tilise

th
is

kn
ow

ledge.
Th

ere
are

cu
rren

tly
fou

r
protein

s
from

S.
cerevisiae

im
plicated

in
ester

syn
th
esis

(A
TF1,

A
TF2,ETH

1,an
d
EEB

1)
an

d
on

e
protein

(IA
H
1)

w
h
ich

is
prim

arily
in
volved

in
h
ydrolysis

of
acetate

esters.
Th

ere
are

h
ow

ever
still

som
e
gaps

in
kn

ow
ledge

regardin
g
th
ese

protein
s.

For
exam

ple,
th
e
catalytic

sites
of

A
TF1

an
d
A
TF2

an
d
th
e
protein

foldin
g
an

d
stru

ctu
re

are
yet

to
be

determ
in
ed.Th

e
role

of
A
TF1

an
d
A
TF2

in
acetate

ester
syn

th
esis

is
clear,

h
ow

ever
th
e

role
of

ETH
1

an
d

EEB
1

in
eth

yl
ester

syn
th
esis

n
eeds

to
be

m
ore

clearly
defi

n
ed.

Th
ere

are
m
an

y
orth

ologu
es

ofth
ese

protein
s
in

ascom
ycetou

s
fu
n
-

gith
at

also
h
ave

th
e
poten

tialto
be

in
volved

in
ester

syn
th
esis

an
d

h
ydrolysis

if
presen

t
an

d
active

du
rin

g
th
e
ferm

en
tation

.

4.2.Ester
synthesis

and
hydrolysis

by
lactic

acid
bacteria

LA
B

are
tradition

ally
defi

n
ed

as
a

grou
p

of
m
icroaeroph

ilic,
G
ram

-positive
organ

ism
s
th
at

ferm
en

t
h
exose

su
gars

to
produ

ce
lactic

acid
(M

akarova
et

al.,2006).Th
e
LA

B
con

sist
of

a
n
u
m
ber

of
gen

era,in
clu

din
g
Leuconostoc,O

enococcus,Lactobacillus,Lactococcus
(lactic

Streptococci),Enterococcus,Streptococcusan
d
Pediococcusspe-

cies,an
d
are

often
associated

w
ith

plan
ts,m

eat
an

d
dairy

produ
cts

(C
arr,C

h
ill,&

M
aida,2002;Th

u
n
ell,1995).A

lth
ou

gh
LA

B
h
ave

ben
-

efi
cialeffects

in
th
e
food

in
du

stry,th
ey

can
be

problem
atic,produ

c-
in
g
con

tam
in
ants

w
h
ich

h
ave

th
e
poten

tialofform
in
g
off-fl

avou
rs.

Esterase
activity

is
w
ell

docu
m
en

ted
for

dairy
LA

B
an

d
h
as

been
sh

ow
n
to

be
stron

gly
in
h
ibited

by
ph

en
ylm

eth
ylsu

lfon
yl

fl
u
oride,

su
ggesting

th
at,as

previou
sly

discu
ssed,a

serin
e
residu

e
is
in
volved

in
th
e
catalytic

m
ech

an
ism

of
th
ese

en
zym

es
(Table

3).A
lon

gside
th
ese

ch
aracterised

gen
es

th
ere

is
an

abu
n
dance

of
gen

om
ic

se-
qu

en
ce

data
available

for
LA

B
in

th
e
pu

blic
dom

ain
.

Th
e

resu
lts

of
an

N
C
B
I
blast

search
(w

w
w
.n
cbi.n

lm
.n
ih
.gov/

B
LA

ST)
again

st
th
e
fi
ve

pu
blish

ed
esterase

sequ
en

ces
in

LA
B
are

gi-
ven

as
a

C
LU

STA
L
W

align
m
en

t
(Th

om
pson

,
H
iggin

s,
&

G
ibson

,
1994).

Th
e

n
u
cleoph

ilic
elbow

m
otif

G
-X

-S-X
-G

is
con

served
am

on
gst

all
align

m
en

ts
w
ith

EstA
from

Lc.
lactis,

Est
B
an

d
Est

C
from

Lb.caseiLILI
an

d
EstI

from
Lb.caseiC

L96.H
ow

ever
EstA

from
Lb.helveticus

h
as

a
u
n
iqu

e
pu

tative
n
u
cleoph

ilic
elbow

m
otif,desig-

n
ated

G
A
SI,an

d
based

on
align

m
en

ts
is

m
ost

closely
related

to
th
e

G
D
SL

grou
p

(A
rpign

y
&

Jaeger,
1999)

of
lipolytic

en
zym

es.
Th

is
location

ofth
e
active

site
is
su

pported
by

site-directed
m
u
tagen

esis
experim

en
ts

(Fen
ster

et
al.,2000).A

lso
ofn

ote
is

th
e
com

plete
lack

of
h
om

ology
of

EstI
from

Lb.casei
C
L96

w
ith

an
y
oth

er
closely

re-
lated

LA
B
.Th

e
origin

ofth
is
esterase

w
arran

ts
fu
rth

er
in
vestigation

.
Th

ese
resu

lts
are

all
derived

from
dairy-associated

LA
B
an

d
th
eir

activity
is
w
elldocu

m
en

ted.A
lth

ou
gh

allth
e
pu

blish
ed

esterase
se-

qu
en

ces
lack

a
classicalsecretion

sign
alsequ

en
ce

th
ere

are
reports

ofcellsu
rface-associated

esterases
(G

obbetti,Sm
acch

i,etal.,1997).
A
broad

ran
ge

ofdairy
LA

B
can

form
eth

ylbu
tan

oate,w
ith

vary-
in
g

ability
betw

een
strain

s
w
ith

in
th
is

species
(Liu

,
H
ollan

d,
&

C
row

,2003a).Ester
syn

th
esis

by
dairy

LA
B
in

an
aqu

eou
s
en

viron
-

m
en

t
is

th
ou

gh
t
to

be
m
ain

ly
du

e
to

a
tran

sferase
reaction

(alco-
h
olysis),

in
w
h
ich

th
e

fatty
acyl

grou
p

of
a

glyceride
is

tran
sferred

to
an

alcoh
ol

(In
ou

e
et

al.,1997;
Liu

,H
ollan

d,&
C
row

,
2003b). Th

ere
are

n
o
reports

of
cofactor

requ
irem

ent
for

th
is

reac-
tion

.Th
is

m
ech

an
ism

is
particu

larly
relevan

t
to

w
in
e,n

ot
on

ly
be-

cau
se

of
th
e

aqu
eou

s
en

viron
m
en

t,
bu

t
also

becau
se

a
greater

eth
an

ol
availability

in
creases

tran
sferase

activity
(H

ollan
d

et
al.,

2005).
For

th
is

tran
sferase

reaction
Liu

,
H
ollan

d,
an

d
C
row

(2003a)
sh

ow
ed

th
at

esterases
from

19
dairy

LA
B

w
ere

active
again

st
m
on

o-
an

d
diglycerides

of
C
6 –C

1
0 ,bu

t
n
ot

active
tow

ards
triglycerides,

except
tribu

tyrin
.
Th

is
h
as

also
been

dem
on

strated
w
ith

esterases
pu

rifi
ed

from
oth

er
LA

B
(G

obbetti,
Fox,

et
al.,

Table
3

Published
sequences

for
esterases

from
LA

B.See
M
atthew

s
et

al.(2004)
for

an
overview

of
published

activities
for

LA
B.

Esterase
N
u
cleoph

ilic
elbow

m
otif

M
ech

an
ism

Localisation
Sou

rce
R
eferen

ces

EstA
(A

F157601)
G
LSM

G
A
rylesterase

(3.1.1.2)
In
tracellu

lar
Lc.lactis

su
bsp.lactis

(B
1014)

Fern
an

dez
et

al.(2000),Fen
ster

et
al.

(2003a)
EstB

(A
F494421)

G
D
SA

G
A
rylesterase

(3.1.1.2)
In
tracellu

lar
Lb.casei

LILI
Fen

ster
et

al.(2003b)
EstC

(A
F506279)

G
G
SLG

Esterase
(3.1.1.1)

In
tracellu

lar
Lb.casei

LILI
Fen

ster
et

al.(2003a)
EstI

(A
Y
251019)

G
H
SM

G
Esterase

(3.1.1.1)
In
tracellu

lar
Lb.casei

C
L96

C
h
oi

et
al.(2004)

EstA
(A

F136284)
G
A
SI

A
rylesterase

(EC
3.1.1.2)

In
tracellu

lar
Lb.helveticus

(C
N
R
Z32)

En
ster

et
al.(2000),Fen

ster
et

al.(2003b)
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1997;
H
ollan

d
et

al.,
2005;

Liu
,
H
ollan

d,
&

C
row

,
2001).

Stu
dies,

w
ith

oth
er

LA
B
,sh

ow
th
at

w
h
ile

som
e
strain

s
h
ave

on
ly

on
e
gen

e
en

codin
g
an

active
esterase,th

ere
are

also
som

e
strain

s
th
at

con
-

tain
m
u
ltiple

esterase
en

zym
es.

In
order

to
u
n
derstan

d
th
e
role

th
ese

gen
es

play
in

ester
form

ation
,th

e
gen

es
in
volved

m
u
st

fi
rst

be
fu
lly

ch
aracterised.

M
ost

eviden
ce

th
at

w
in
e
LA

B
possess

esterase
activity

h
as

been
from

w
in
e
volatile

profi
lin

g
stu

dies
w
h
ich

h
ave

in
vestigated

th
e

ch
an

ges
in

con
cen

tration
s
ofin

dividu
alesters

du
rin

g
M
LF

(D
elaqu

is
etal.,2000;M

aicas
etal.,1999;U

glian
o
&
M
oio,2005).In

a
m
ore

re-
cen

tstu
dy,M

atth
ew

s,G
rbin

,an
d
Jiran

ek
(2006)su

rveyed
th
e
ester-

ase
activities

of16
Lactobacillius

spp.,11
Pediococcus

spp.an
d
23

O
.

oenistrain
s
an

d
fou

n
d
variation

s
w
ith

in
species,an

d
as

expected,far
m
ore

variation
betw

een
th
e
gen

era.
O
.
oeni

sh
ow

ed
th
e
greatest

am
ou

n
t
of

esterase
activity

tow
ards

th
e
p-n

itroph
en

yl-lin
ked

su
b-

strates
tested.

C
u
rren

t
reports

in
th
e

literatu
re

sh
ow

th
at

th
e

ch
an

ges
in

ester
con

cen
tration

du
rin

g
M
LF

are
strain

specifi
c
(Table

4).G
en

eralin
creases

are
seen

in
eth

yl2-m
eth

ylpropan
oate

(fru
ity,

straw
berry,lem

on
),eth

yl
2-m

eth
ylbutan

oate
(apple,berry,sw

eet,
cider,an

ise),eth
yl3-m

eth
ylbutan

oate
(sw

eet
fru

it,pin
eapple,lem

-
on

,an
ise,fl

oral),eth
yl2-h

ydroxypropan
oate

(m
ilk,soapy,bu

ttery,
fru

ity),
eth

yl
3-h

ydroxybu
tan

oate
(fru

ity,
green

,
m
arsh

m
allow

),
eth

yl
h
exan

oate
(fru

ity,
straw

berry,
green

apple,
an

ise),
3-m

eth
-

ybu
tylacetate

(ban
an

a,fru
ity),eth

yl2-ph
en

ylacetate
(rose,fl

oral),
2-ph

en
ylethylacetate

(fl
ow

ery,rose)an
d
h
exylacetate

(green
,h

er-
baceou

s,fru
it,grape).O

th
er

esters
sh

ow
a
m
ixed

respon
se

an
d
m
ay

eith
er

in
crease

or
decrease

in
a

strain
-specifi

c
m
an

n
er.

Th
ese

ch
an

ges
h
ave

th
e
poten

tial
to

greatly
affect

th
e
fi
n
al

arom
a
of

th
e

w
in
e.It

w
ou

ld
th
erefore

be
of

in
terest

to
relate

th
is

data
to

odou
r-

active
valu

es
in

w
in
e
an

d
determ

in
e
w
h
ich

of
th
ese

com
pou

n
ds

h
as

an
effect

on
th
e
fi
n
al

arom
a
or

if
th
ere

is
a
syn

ergistic
effect

betw
een

certain
com

pou
n
ds.

4.2.1.O
.oeni

Th
e
gen

u
s
O
enococcus,

fi
rst

described
by

D
icks,

D
ellaglio,

an
d

C
ollin

s
(1995),

con
tain

s
th
e
sole

species
O
.
oeni,

form
erly

kn
ow

n
as

Leuconostoc
oenos.

O
.
oeni

is
acidoph

ilic,
in
digen

ou
s
to

w
in
e

an
d
sim

ilar
en

viron
m
en

ts,an
d
rem

ain
s
viable

at
h
igh

eth
an

olcon
-

cen
tration

s.
Th

e
gen

om
e
of

O
.
oeni

strain
PSU

-1,
a
com

m
ercially

available
M
LF

strain
,h

as
been

sequ
en

ced
an

d
a
gen

om
ic

an
alysis

h
as

recen
tly

been
carried

ou
t
(M

ills,R
aw

sth
orn

e,Parker,Tam
ir,&

M
akarova,2005).Th

is
in
form

ation
can

poten
tially

be
u
sed

to
target

specifi
c
gen

es
th
at

m
ay

be
in
volved

in
esterase

activity.
In

silico
an

alysis
perform

ed
for

th
is

review
sh

ow
s
th
at

th
ere

are
at

least
fou

r
poten

tial
esterase

gen
es

in
O
.oeni.Th

ese
gen

es
are

m
ost

clo-
sely

related
to

EstA
from

Lc.lactis
su

bsp.lactis
(B
1014),EstB

from
Lb.

casei
an

d
EstC

from
Lb.

casei.
A

pu
tative

acyltran
sferase

w
ith

h
om

ology
to

EstC
from

Lb.
casei

w
as

also
iden

tifi
ed.

Eviden
ce

of
esterase

activity
in

O
.oeniexists

an
d
th
ere

are
a
n
u
m
ber

of
reports

sh
ow

in
g
ch

an
ges

in
th
e
volatile

arom
a
com

position
of

w
in
es

after
M
LF

w
ith

O
.oeni(Table

4),a
recen

t
stu

dy
h
as

dem
on

strated
th
at

O
.

oeni
can

h
ydrolyse

artifi
cial

p-n
itroph

en
yl -lin

ked
ester

su
bstrates

(M
atth

ew
s
et

al.,2006).

4.2.2. Lactobacillus
and

Lactococcus
sp.

Th
e

esterase
activities

of
several

dairy-associated
lactobacilli

h
ave

been
described

an
d
a
n
u
m
ber

ofesterases
pu

rifi
ed

from
th
em

,
n
am

ely,Lb.casei(C
astillo,R

equ
en

a,D
e
Palen

cia,Fon
tech

a,&
G
obb-

etti,1999;
C
h
oi

et
al.,2004;

Fen
ster

et
al.,2003a,2003b),Lb.plan-

tarum
(G

obbetti,
Fox,

et
al.,

1997),
Lb.

helveticus
(Fen

ster
et

al.,
2000),Lb.ferm

entum
(G

obbetti,Sm
acch

i,et
al.,1997),an

d
Lc.lactis

(C
h
ich

,M
arch

esseau
,&

G
ripon

,1997;
Fern

an
dez

et
al.,2000;

H
ol-

lan
d
&
C
oolbear,1996).Th

ese
esterases

w
ere

fou
n
d
to

h
ave

varyin
g

activity
tow

ards
p-n

itroph
en

yl-lin
ked

su
bstrates.

For
exam

ple,
C
h
oi

et
al.(2004)

described
a
n
ovel

esterase,design
ated

estI
from

Lb.caseiC
L96

(Table
3)w

ith
h
igh

est
activity

tow
ards

p-n
itroph

en
yl

octan
oate.Som

e
LA

B
h
ave

been
reported

to
h
ave

on
ly

a
sin

gle
gen

e
en

codin
g
an

active
esterase.For

exam
ple,N

ardi
et

al.(2002)
u
sed

an
esterase-n

egative
m
u
tan

t
of

L.lactis
to

determ
in
e
th
at

th
e
estA

esterase
is

th
e
on

ly
en

zym
e
in

L.
lactis

to
syn

th
esise

sh
ort

ch
ain

fatty
acids

in
vitro.In

terestin
gly,th

e
presen

ce
of

on
ly

on
e
esterase

gen
e
seem

s
to

be
a
w
idespread

attribu
te

in
Lactococcus

species
(Fern

an
dez

et
al.,

2000;
H
ollan

d
&

C
oolbear,1996).

N
everth

eless,
som

e
LA

B
also

possess
m
u
ltiple

esterase
protein

s.
For

in
stan

ce,
Fen

ster
et

al.
(2003a,

2003b)
reported

th
e
n
u
cleotide

sequ
en

ces
of

arylesterase
(estB)

an
d
in
tracellu

lar
esterase

(estC)
from

Lb.casei
LILA

.A
m
in
o
acid

sequ
en

ce
an

alysis
revealed

th
at

th
e
m
atu

re
pro-

tein
s
possess

th
e
G
X
SX

G
m
otif

at
th
e
active

site
(Table

3).
EstB

selectivity
for

p-n
itroph

en
ylesters

w
as

greatest
for

C
5
an

d
C
6
com

-
pou

n
ds,w

h
ereas

estC
w
as

m
ost

selective
for

C
3
an

d
C
4
com

pou
n
ds.

4.2.3.Pediococcus
spp.

Pediococcus
spp.

com
m
on

ly
occu

r
in

m
ilk

an
d

ch
eese

(Tzan
e-

takis
&

Litopou
lou

-Tzan
etaki,

1989)
an

d
can

also
be

fou
n
d

in
w
in
e

(C
arr

et
al.,

2002;
G
rim

aldi,
B
artow

sky,
&

Jiran
ek,

2005).
Th

ere
are

less
data

on
th
e

esterase
activity

of
Pediococcus

spp.
com

pared
to

Lactobacillus
an

d
Lactococcus

spp.
W

h
ere

esterase
activity

h
as

been
described

it
seem

s
to

be
less

sign
ifi
can

t
th
an

for
oth

er
LA

B
.
B
h
ow

m
ik

an
d
M
arth

(1989)
exam

in
ed

tw
o
differ-

en
t
species

of
Pediococcus

for
esterase

activity
an

d
fou

n
d

th
at

th
ere

w
as

eith
er

n
o

esterase
activity

or
th
e

activity
w
as

low
.

Th
e

esterase
activity

th
at

w
as

presen
t
w
as

prim
arily

tow
ards

a
-n

aph
th
yl

acetate.
Liu

,
H
ollan

d,
an

d
C
row

(1998)
also

sh
ow

ed
th
at

syn
th
esis

of
eth

yl
bu

tan
oate

w
as

w
eaker

in
th
e
Pediococcus

strain
s
tested

relative
to

oth
er

LA
B
.
Th

is
h
as

been
con

fi
rm

ed
by

M
atth

ew
s
et

al.
(2006)

w
ith

on
ly

on
e

of
11

Pediococcus
strain

s
exam

in
ed

displaying
sign

ifi
can

t
esterase

activity,
com

pared
to

Lactobacillius
an

d
O
enococcus

sp.

5.Im
p
act

o
f
ester

syn
th

esis
an

d
h
yd

ro
lysis

o
n
w
in
e

Esterolytic
activity

du
rin

g
w
in
e
produ

ction
h
as

th
e
poten

tialto
eith

er
in
crease

or
decrease

th
e
am

ou
n
t
of

esters
presen

t
in

w
in
e

an
d

th
erefore

its
perceived

qu
ality.

Th
e

ester-associated
arom

a
profi

le
does

depen
d
on

th
e
esters

in
volved,bu

t
also

th
e
com

pou
n
ds

liberated
by

th
e
esterases

(for
exam

ple
fatty

acids
an

d
h
igh

er
alco-

h
ols).Th

ere
is

a
large

variation
in

ester
produ

ction
betw

een
yeast

strain
s
u
sed

for
th
e
prim

ary
ferm

en
tation

an
d
in
vestigation

s
in
to

stru
ctu

ral
ch

an
ges

in
th
e
expressed

esterase
protein

or
ch

an
ges

in
in
du

ction
an

d
sign

allin
g

path
w
ays

w
ou

ld
be

of
in
terest.

Strain
-specifi

c
variation

is
expected

to
h
ave

a
greater

affect
on

you
n
ger

w
in
es

an
d
fu
rth

er
in
vestigation

in
to

th
e
role

of
esters

in
th
e
arom

a
profi

le
of

aged
w
in
es,w

h
ere

th
e
bran

ch
ed

ch
ain

esters
(Table

1)
m
ay

play
a
greater

role,w
ou

ld
also

be
of

in
terest.

A
s
previou

sly
reported,

m
ost

strain
s
of

w
in
e
LA

B
,
O
enococcus,

Pediococcus
an

d
Lactobacillus,

h
ave

esterase
activities.

H
ow

ever
th
e
m
ajority

of
stu

dies
on

esterolytic
activity

h
ave

been
con

du
cted

for
th
e
dairy

in
du

stry,w
h
ere

su
ch

en
zym

es
con

tribu
te

to
th
e
ch

ar-
acteristic

fl
avou

rs
an

d
defects

ofch
eeses

(Fen
ster,R

an
kin

,&
Steele,

2003;
H
ollan

d
et

al.,2005).D
airy

LA
B
h
ave

been
reported

to
con

-
tain

esterases
th
at

can
h
ydrolyse

m
on

o-,
di-

an
d

triacylglycerols
(G

obbetti,
Low

n
ey,

et
al.,

1997;
Liu

et
al.,

2001).
Th

e
appearan

ce
of

esterase
activity

in
association

w
ith

w
h
ole

cells,
or

in
cu

ltu
re

su
pern

atan
ts

of
som

e
LA

B
,
im

plies
th
at

grow
th

in
grape

ju
ice

or
w
in
e
ofth

ese
species

m
ay

m
odify

th
e
ester

profi
le

ofth
e
beverage.

W
h
ere

in
tracellu

lar
esterase

activities
are

reported,celldisru
ption

w
ou

ld
presu

m
ably

be
requ

ired
in

order
for

th
ese

activities
to

h
ave

an
im

pact
on

w
in
e.

H
ow

ever,th
ere

is
a
lack

of
kn

ow
ledge

of
th
e

m
ech

an
ism

of
ester

form
ation

by
w
in
e
LA

B
du

rin
g
M
LF.

M
ost

in
vestigation

s
u
p
u
n
til

n
ow

h
ave

focu
sed

on
th
e
m
etabo-

lism
of

esters
by

LA
B
,alth

ou
gh

it
is

su
spected

th
at

th
e
respon

sible
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Table 4
A summary of reported strain-specific concentration changes of esters in wine following MLF. For structures and CAS reference numbers see Table 1.

Compound Inoculated Malolactic Straina Overall
trendb

Oenococcus oeni Lactobacillius sp. Pediococcus
sp.

Leuconostoc
sp.

Unidentified/mixed
cultures

Ethyl esters
Ethyl 2-methylpropanoate

(ethyl isobutyrate)
– – – – "X-32, Inobacter2 "

Ethyl 2-methylbutanoate () Lalvin 316, EQ546, Lalvin O.S.U6, Uvaferm Alpha6 – – – "X-32, Inobacter2 () /"
Ethyl 3-methylbutanoate

(ethyl isovalerate)
() Lalvin 316, EQ546, Lalvin O.S.U6, Uvaferm Alpha6 – – – "X-32, Inobacter2 () /"

Ethyl 2-hydroxypropanoate
(ethyl lactate)

"ML-D (Uvaferm)3, BM34, MA44, VV54, TE34,IS-186,IS-1596, Lalvin 316,
EQ546, Lalvin O.S.U6, Uvaferm Alpha6

"CH44, Lb. delbrueckii5, Lb. buchneri5, Lb.
brevis5,J-396, J-516

"Pd.
cerevisiae5

"Leuc.
citrovorum5

"Uninoculated3 "

Ethyl 3-hydroxybutanoate "Lalvin 316, EQ546, Lalvin O.S.U6, Uvaferm Alpha6 () BM34, MA44,
VV54, TE34

() CH44 – – – () /"

Ethyl 4-hydroxybutanoate "Lalvin 316, EQ546, Uvaferm Alpha6 () Lalvin O.S.U6 ;BM34, MA44,
VV54, TE34

;CH44 – – – m

Diethyl butanedioate (diethyl
succinate)

"ML-D (Uvaferm)3, BM34 TE34,IS-186,IS-1596, Lalvin 316, EQ546, Lalvin
O.S.U6, Uvaferm Alpha6 ;MA44, VV54

"CH44, Lb. buchneri5, Lb. brevis5,J-396, J-
516 () Lb. delbrueckii5

"Pd.
cerevisiae5

() Leuc.
citrovorum5

" Uninoculated3 m

Ethyl butanoate "Lalvin 316, EQ546, Uvaferm Alpha6 () Lalvin O.S.U6 ;ML-D
(Uvaferm)3

– – – ; Uninoculated3 m

Ethyl hexanoate (ethyl
caproate)

"ER1a1, Lalvin 316, EQ546, Lalvin O.S.U6, Uvaferm Alpha6 () BM34,
MA44, VV54, TE34,IS-186,IS-1596

() CH44,J-396, J-516 – – "X-32, Inobacter2 () /"

Ethyl octanoate (ethyl
caprylate)

"Lalvin 316, EQ546, Lalvin O.S.U6, Uvaferm Alpha6 () IS-1596 ;IS-186 () Lb. delbrueckii5, Lb. buchneri5, Lb.
brevis5 ;J-396, J-516

() Pd.
cerevisiae5

() Leuc.
citrovorum5

"X-32, Inobacter2 m

Ethyl decanoate (ethyl
caprate)

"Lalvin 316, EQ546, Lalvin O.S.U6, Uvaferm Alpha6 ;IS-186,IS-1596 "Lb. buchneri5 () Lb. delbrueckii5, Lb.
brevis5 ;J-396, J-516

() Pd.
cerevisiae5

"Leuc.
citrovorum5

– m

Acetates
Ethyl acetate "VV54, TE34, IS-186, IS-1596 () ML-D (Uvaferm)3 ;BM34, MA44 "CH44, J-396, J-516 – – "X-32, Inobacter2 ()

Uninoculated 3
m

2-Methylpropyl acetate
(isobutyl acetate)

() ML-D (Uvaferm)3 – – – () Spontaneous 3 ()

3-Methylbutyl acetate
(isoamyl acetate)

"ML-D (Uvaferm)3, VV54, Lalvin 316, EQ546, Lalvin O.S.U6, Uvaferm
Alpha6 () BM34, MA44, TE34

"CH44 – – "X-32, Inobacter2,
Uninoculated 3

() /"

Ethyl 2-phenylacetate "BM34, MA44, VV54 () TE34, Lalvin 316, EQ546, Lalvin O.S.U6, Uvaferm
Alpha6

"CH44 – – – () /"

2-Phenylethyl acetate "Lalvin 316, EQ546, Lalvin O.S.U6, Uvaferm Alpha6 – – – – "
Hexyl acetate "ER1a1 – – – () X-32, Inobacter2 () /"

Source: 1Avedovech, Mcdaniel, Watson, and Sandine (1992), 2Delaquis et al. (2000), 3Herjavec, Tupajić, and Majdak (2001), 4Maicas et al. (1999), 5Pilone, Kunkee, and Webb (1966), 6Pozo-Bayón et al. (2005), 7Ugliano and Moio
(2005).

a Data collected from the studies as listed, " significant increase in concentration, () no significant increase in concentration, ; significant decrease in concentration. –, indicates no reported data for these parameters.
b General trend " all MLF strains increased ester concentration, () /" ester concentration remained unchanged for some MLF strains but increased for others, m large strain-specific differences and no noticeable trend in the

effect of the MLF strains on the ester concentration.
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en
zym

es
h
ave

th
e
ability

to
n
ot

on
ly

syn
th
esise,bu

t
also

h
ydrolyse

esters.Eviden
ce

is
available

th
at

eth
ylesters,su

ch
as

eth
ylacetate,

eth
yllactate,eth

ylh
exan

oate
an

d
eth

yloctan
oate,are

form
ed

du
r-

in
g
M
LF

(D
e
R
evel

et
al.,1999;

D
elaqu

is
et

al.,2000;
Pozo-B

ayón
et

al.,2005;
U
glian

o
&

M
oio,2005)).

Th
is

su
ggests

th
at

w
in
e
LA

B
possess

th
e
ability

to
syn

th
esise

esters,bu
t
th
is

n
eeds

to
be

veri-
fi
ed.

A
t
th
is

poin
t,th

e
ch

aracterisation
of

w
in
e
LA

B
esterases

h
as

n
ot

been
reported.

H
ow

ever,
it

h
as

been
establish

ed
th
at

du
rin

g
M
LF,

som
e
in
dividu

al
ester

con
cen

tration
s
ch

an
ge,

an
d

th
is

can
be

strain
-depen

den
t
(Table

4).
For

exam
ple,

M
aicas

et
al.

(1999)
observed

an
in
crease

in
eth

yl
lactate

for
all

O
.oeni

tested,an
d
an

in
crease

in
isoam

ylacetate
for

on
ly

on
e
O
.oenistrain

.Eth
ylacetate

w
as

also
sh

ow
n
to

eith
er

in
crease

or
decrease

in
a
strain

-depen
-

den
t
m
an

n
er.

Th
ese

resu
lts

su
ggest

th
at

esterases
of

w
in
e

LA
B

are
in
volved

in
both

syn
th
esis

an
d
h
ydrolysis

of
esters.

A
recen

t
in
vestigation

from
Su

m
by,M

atth
ew

s,G
rbin

,an
d
Jiran

ek
(2009)

is
th
e
fi
rst

report
ofch

aracterisation
ofsu

ch
en

zym
es

at
th
e
bioch

em
-

ical
or

gen
etic

level.

6.M
eth

o
d
s
o
f
m
easu

rin
g
esters

an
d
esterase

activity

Th
e
gen

eral
m
eth

od
in

th
e
literatu

re
for

m
easu

rin
g
su

bstrate
activities

of
esterases

u
ses

a
series

of
p-n

itroph
en

yl
esters

of
C
2 –C

1
6
fatty

acid
com

pou
n
ds,an

d
su

bstitu
ted

eth
ylan

d
acetic

acid
ester

com
pou

n
ds

(B
en

dich
o,Trigu

eros,H
ern

an
dez,&

M
artin

,2001;
Fen

ster
et

al.,2003a,2003b;
M
atth

ew
s
et

al.,2006,2007).
Th

e
p-

n
itroph

en
yl-lin

ked
su

bstrates
an

d
rates

of
p-n

itroph
en

yl
release

are
easily

qu
an

tifi
ed

by
m
easu

rem
en

t
ofabsorban

ce
at

410
n
m
.A

s-
says

w
ith

eth
ylesters

ofC
2 –C

6
fatty

acids
an

d
C
3 –C

6
alkoxy

esters
of

acetate,ph
en

ylacetate
an

d
ph

en
ylth

ioacetate
h
ave

also
been

em
-

ployed
to

test
esterase

activity.R
eaction

rates
w
ere

qu
an

tifi
ed

on
th
e
basis

of
release

of
eth

an
olor

acetate
(Fen

ster
et

al.,2003b).
Th

ere
h
ave

been
a
n
u
m
ber

of
reports

describing
m
eth

ods
for

m
easu

rin
g
volatile

com
pou

n
ds

in
w
in
e
(for

a
detailed

review
see

Polášková,H
erszage,an

d
Ebeler

(2008)).M
ost

recen
t
pu

blication
s

h
ave

focu
sed

on
solid-ph

ase
m
icroextraction

w
ith

gas
ch

rom
atogra-

ph
y-m

ass
spectrom

etry
(SPM

E–G
C
–M

S)
(C
am

po,C
ach

o,&
Ferreira,

2007;
R
och

a,
C
ou

tin
h
o,

D
elgadillo,

&
C
oim

bra,
2007;

R
odrígu

ez-
B
en

com
o,C

on
de,R

odrígu
ez-D

elgado,G
arcía-M

on
telon

go,&
Pérez-

Tru
jillo,

2002;
Siebert

et
al.,

2005).
Solid-ph

ase
m
icroextraction

(SPM
E)

u
tilises

th
e
partition

in
g
of

organ
ic

com
pon

en
ts

betw
een

a
bu

lk
aqu

eou
s
or

vapou
r
ph

ase
an

d
a
th
in

polym
eric

fi
lm

coated
on

to
fu
sed

silica
fi
bres.SPM

E
allow

s
for

rapid
solven

tless
extraction

of
volatile

an
d
sem

i-volatile
organ

ic
com

pou
n
ds

an
d
is

w
idely

u
sed

in
an

alytical
laboratories

for
eith

er
sam

ple
extraction

or
sam

ple
clean

-u
p

procedu
res.

Each
com

pon
en

t
w
ill

beh
ave

differen
tly,

depen
din

g
on

th
e
volu

m
e
of

th
e
h
eadspace,volu

m
e
of

th
e
sam

ple
an

d
th
e
tem

peratu
re,

pH
,
polarity

an
d
volatility

of
th
e
m
easu

red
com

pon
en

ts.
H
ow

ever,
excellen

t
qu

an
titative

correlation
s
can

be
m
ade

w
h
en

an
in
tern

al
stan

dard
is

in
corporated

in
to

th
e
m
atrix

an
d

specifi
c

sam
plin

g
tim

es
are

adh
ered

to.
C
ou

pled
w
ith

gas
ch

rom
atograph

y
an

d
m
ass

spectrom
etry,th

is
m
eth

od
provides

an
accu

rate
pictu

re
of

th
e
arom

a
profi

le
of

w
in
e.Th

is
tech

n
iqu

e
w
ill

n
ot

provide
an

accu
rate

pictu
re

of
arom

a
precu

rsors
th
at

m
ay

give
rise

to
esters

u
pon

m
atu

ration
in

bottle;h
ow

ever,h
igh

perform
an

ce
liqu

id
ch

rom
atograph

y
(H

PLC
)
an

alysis
cou

ld
be

u
sed

to
an

alyse
th
ese

com
pou

n
ds.

6.1.A
rom

a
thresholds

and
the

im
portance

of
sensory

studies

A
s
can

be
seen

from
Table

1,arom
a
th
resh

olds
in

alcoh
olic

bev-
erages

(beer
an

d
w
in
e)are

h
igh

er
th
an

th
ose

reported
in

eith
er

syn
-

th
etic

w
in
e
or

eth
an

ol.Th
is

is
m
ost

likely
becau

se
arom

a
volatility

an
d
perception

can
be

sign
ifi
cantly

im
pacted

by
th
e
n
on

-volatile
m
atrix

com
position

an
d
th
e
m
ore

com
plex

n
atu

re
ofth

e
ferm

en
ted

beverages.
Th

erefore
detection

of
a
specifi

c
arom

a
requ

ires
it

to
break

th
e

‘arom
a

bu
ffer’

of
th
e

particu
lar

beverage
(Escu

dero
et

al.,
2004;

Ferreira,
Escu

dero,
C
am

po,
&

C
ach

o,
2007).

V
olatile

com
pou

n
ds

can
also

in
teractw

ith
m
acrom

olecu
les,su

ch
as

protein
s

an
d
carboh

ydrates,poten
tially

leadin
g
to

a
ch

an
ge

in
arom

a
im

pact
(G

u
th

&
Fritzler,2004;V

oilley,Lam
er,D

u
bois,&

Feu
illat,1990).Th

e
perceived

fl
avou

r
is
th
e
resu

ltofspecifi
c
ratios

ofm
an

y
com

pou
n
ds,

rath
erth

an
on

e
sin

gle
arom

a
com

pou
n
d
(Etiévan

t,1991).Forexam
-

ple,Escu
dero

an
d
cow

orkers
h
ave

reported
th
at

th
e
fru

ity
n
otes

of
red

w
in
e
are

a
com

plex
in
teraction

betw
een

w
in
e
volatiles,in

clu
d-

in
g

fru
ity

esters,
eth

an
ol,

n
orisopren

oids
an

d
dim

eth
yl

su
lph

ide
(Escu

dero,C
am

po,Farin
a,C

ach
o,&

Ferreira,2007).Th
erefore

ester
arom

a
perception

m
ay

be
in
fl
u
en

ced
by

vin
eyard

or
w
in
em

akin
g

practices
th
at

affect
th
e
con

cen
tration

s
of

variou
s
m
atrix

com
po-

n
en

ts
(su

ch
as

protein
s,carboh

ydrates,eth
an

ol
an

d
oth

er
volatile

com
pou

n
ds),even

if
n
o
oth

er
ch

an
ges

in
odou

ran
t
con

cen
tration

s
occu

r.
Taste

an
d
sm

ellsen
ses

can
also

in
teract

so
th
at

a
su

b-th
resh

old
taste

com
bin

ed
w
ith

a
su

b-th
resh

old
odou

r
can

be
detected

(D
al-

ton
,
D
oolittle,

N
agata,

&
B
reslin

,
2000).

To
address

th
e
qu

estion
of

h
ow

w
ell

odou
r
th
resh

old
valu

es
relate

to
odou

r
im

pact,
m
ost

recen
t
research

in
volves

th
e
u
se

of
odou

r
activity

valu
es

(O
A
V
)
in

th
e

m
atrix

tested
(con

cen
tration

/th
resh

old
level)

(R
och

a,
R
odri-

gu
es,C

ou
tin

h
o,D

elgadillo,&
C
oim

bra,2004;
V
ilan

ova
&

M
artín

ez,
2007).

H
ow

ever
arom

a
com

pou
n
ds

h
avin

g
a
h
igh

O
A
V

do
n
ot

al-
w
ays

h
ave

an
effect

on
th
e
arom

a
ofw

in
e
an

d
th
is
in
form

ation
on

ly
sh

ow
s
th
e
poten

tialarom
a
con

tribu
tion

.Th
e
absen

ce
ofan

in
divid-

u
al

ester,
previou

sly
presen

t
at

above
th
resh

old
levels,

can
be

m
asked

by
th
e
presen

ce
of

oth
er

related
esters

(V
an

D
er

M
erw

e
&
V
an

W
yk,1981).Th

e
ability

of
a
com

pou
n
d
to

ch
an

ge
w
in
e
aro-

m
a
is

du
e
to

th
e
type

of
arom

a
an

d
its

differen
tiation

from
oth

er
w
in
e
arom

as
(Escu

dero
et

al.,2004).G
C
-olfactom

etric
stu

dies
are

also
u
sefu

lto
con

fi
rm

th
e
im

pact
ofeach

arom
a.Th

erefore,despite
th
e
exten

sive
in
form

ation
pu

blish
ed

on
fl
avou

r
ch

em
istry,

odou
r

th
resh

olds,
an

d
arom

a
description

s,th
e
fl
avou

r
of

com
plex

prod-
u
cts

su
ch

as
w
in
e
can

n
ot

be
easily

predicted
an

d
sen

sory
stu

dies
are

still
im

portan
t
w
h
en

determ
in
in
g
odou

r
im

pact.

7.P
o
ten

tial
ap

p
licatio

n
s
o
f
cu

rren
t
k
n
o
w
led

ge

Th
ere

are
several

w
ays

in
w
h
ich

th
e
fi
n
din

gs
reported

to
date

cou
ld

be
u
tilised

in
order

to
ach

ieve
ou

tcom
es

for
ferm

en
ted

bev-
erage

produ
ction

.Th
ese

in
clu

de:

�
Strain

selection
,
in
clu

din
g

n
on

-Saccharom
yces

yeast,
to

posi-
tively

en
h
an

ce
th
e
ester

profi
le

of
w
in
e.Strategies

for
exten

din
g

th
e

su
rvival

of
n
on

-Saccharom
yces

w
ith

favou
rable

effects
on

ester
produ

ction
,m

igh
t
also

be
con

sidered.
�

Preparation
of

esterase
en

zym
e
extracts

th
at

are
better

able
to

fu
n
ction

u
n
der

th
e
h
arsh

an
d

ch
an

gin
g
en

viron
m
en

tal
con

di-
tion

s
of

w
in
e
ferm

en
tation

an
d
m
atu

ration
.

�
U
se

ofan
‘en

zym
e–n

an
ofi

bre
com

posite’(Lee
et

al.,2007)
or

cell
su

rface
expression

ofesterases
(B
rein

ig
et

al.,2006)
as

an
im

m
o-

bilisation
tool

to
specifi

cally
alter

th
e
arom

atic
ester

profi
le

of
w
in
e.

�
U
se

of
available

sequ
en

ce
data,in

clu
din

g
kn

ow
ledge

of
pu

tative
catalytic

sites,
to

iden
tify

n
ew

gen
e

targets
for

fu
rth

er
ch

aracterisation
.

�
R
ation

al
Protein

D
esign

,
u
sin

g
com

pu
ter

m
odellin

g,
to

u
n
der-

stan
d

th
e

en
an

tioselectivity
an

d
su

bstrate
specifi

city
of

esterases
an

d
oth

er
w
in
e-related

en
zym

es,
to

design
en

zym
es

w
ith

im
proved

activity
an

d
selectivity.

�
D
irected

evolu
tion

to
alter

su
bstrate

specifi
city

or
im

prove
sta-

bility
an

d
activity

of
m
icrobial

esterases
(N

eu
en

sch
w
an

der,
B
u
tz,H

ein
tz,K

ast,&
H
ilvert,2007;

Sch
rag

et
al.,1995).
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A
uthor's personal copy

8.C
o
n
clu

sio
n
s

A
con

siderable
am

ou
n
tofresearch

h
as

been
directed

atth
e
accu

-
m
u
lation

of
esters

du
rin

g
ferm

en
tation

an
d
th
eir

role
in

th
e
fru

ity
arom

a
of

w
in
e.From

th
is

research
it
is

clear
th
at

esters
are

extre-
m
ely

im
portan

t
for

th
e
fl
avou

r
profi

le
of

w
in
e.M

u
ch

of
th
is

w
ork

h
as

focu
sed

on
form

ation
du

rin
g
th
e
prim

ary
ferm

en
tation

an
d
a

large
am

ou
n
t
of

th
e
research

focu
s
h
as

been
on

th
e
determ

in
ation

ofth
e
gen

es
in
volved

in
ester

syn
th
esis

an
d
h
ydrolysis

in
Saccharo-

m
yces

sp.an
d
th
e
en

viron
m
en

talparam
eters

affectin
g
th
is.Su

m
m
a-

risin
g
th
ese

observation
s
it
can

be
dedu

ced
th
at

ester
form

ation
is

sign
ifi
can

tly
redu

ced
by

dissolved
oxygen

an
d

th
e

presen
ce

of
u
n
satu

rated
fatty

acids
in

th
e
ferm

en
tin

g
m
ediu

m
.O

xygen
directly

represses
A
TF1

tran
scription

via
th
e
LO

R
E
(Low

-O
xygen

R
espon

se
Elem

en
t)

in
th
e
A
TF1

prom
oter

sequ
en

ce.
Th

is
in
du

ction
is

yet
to

be
fu
lly

ch
aracterised

an
d
fu
rth

er
research

in
th
is

area
is

requ
ired.

Th
e
yeast

gen
om

e
en

codes
fi
ve

kn
ow

n
gen

es
th
at

affect
th
e
ester

profi
le

of
w
in
e
an

d
oth

er
ferm

en
ted

beverages.Th
erefore,th

ere
is

en
orm

ou
s
poten

tial
for

th
e
application

of
cu

rren
t
kn

ow
ledge

on
alcoh

olacetyltran
sferases

an
d
esterases

to
im

prove
w
in
e
qu

ality.
Th

ere
are

m
ore

lim
ited

data
on

th
e
role

of
LA

B
isolated

from
a

variety
of

sou
rces

in
ester

syn
th
esis

an
d
h
ydrolysis.

D
u
rin

g
th
eir

grow
th

in
w
in
e,

LA
B

ferm
en

t
residu

al
su

gars
left

by
yeasts

an
d

tran
sform

n
u
m
erou

s
oth

er
w
in
e

com
pon

en
ts.

Th
e

esterase
en

-
zym

es
of

LA
B
represen

t
a
diverse

grou
p
of

en
zym

es
th
at

m
ay

h
ave

m
u
ltiple

activities
depen

din
g
on

th
e
su

bstrate
available

an
d
on

th
e

en
viron

m
en

t
in

w
h
ich

th
e
en

zym
e
is

operatin
g.

W
in
e
LA

B
h
ave

previou
sly

been
sh

ow
n

to
h
ydrolyse

syn
th
etic

p-n
itroph

en
yl-

lin
ked

su
bstrates.

It
is

clear
from

th
is

research
th
at

th
ese

organ
-

ism
s

possess
an

exten
sive

collection
of

ester
syn

th
esisin

g
an

d
h
ydrolysin

g
activities,m

an
y
of

w
h
ich

h
ave

th
e
poten

tial
to

in
fl
u
-

en
ce

w
in
e
com

position
an

d
th
erefore

th
e
processin

g,organ
oleptic

properties,an
d
qu

ality
ofw

in
e.H

ow
ever,w

ith
n
o
detailed

an
alysis

of
esterase

activity
an

d
ch

aracterisation
of

w
in
e
LA

B
in

th
is

con
-

text,th
ere

is
a
n
eed

for
fu
rth

er
research

.Th
is
in
vestigation

w
illide-

ally
target

th
e
u
n
derlyin

g
m
olecu

lar
m
ech

an
ism

s
in
volved

in
th
e

h
ydrolysis

an
d
syn

th
esis

of
esters

by
w
in
e
LA

B
an

d
th
e
effect

on
th
e
arom

a
profi

le
of

w
in
e.

G
iven

th
e
m
ajor

im
pact

of
LA

B
on

th
e

sen
sory

properties
ofw

in
e,su

ch
research

stan
ds

to
be

ofgreat
ben

-
efi

t
an

d
in
terest

to
th
e
w
in
e
in
du

stry.
Several

gen
es

respon
sible

for
esterase

syn
th
esis

an
d
h
ydrolysis

h
ave

been
clon

ed
an

d
sequ

en
ced.U

sin
g
in
form

ation
readily

avail-
able

in
th
e
pu

blic
database

it
is

possible
to

iden
tify

n
ew

esterases
th
at

m
igh

t
be

sign
ifi
cant

n
ot

ju
st

in
th
e
w
in
e
con

text.G
en

etic
en

gi-
n
eerin

g
also

offers
poten

tial
for

fu
rth

er
con

trol
of

w
in
e

arom
a,

in
clu

din
g
in
activation

or
over-expression

of
esterase

an
d
alcoh

ol
acetyltran

sferase
gen

es.
O
n
ce

a
better

u
n
derstan

din
g

of
th
ese

gen
es

is
ach

ieved,
n
ew

tech
n
iqu

es
for

alterin
g

arom
a
profi

le
in

w
in
e
cou

ld
be

devised.
For

exam
ple,

im
m
obilisation

or
addition

of
en

zym
es

in
th
e
w
in
e
to

target
problem

s
su

ch
as

h
igh

levels
of

eth
yl

acetate.
Th

e
poten

tial
of

w
in
e-associated

m
icrobes

th
at

h
as

been
h
igh

ligh
ted

in
th
is

review
w
illcertain

ly
stim

u
late

fu
ller

ch
aracter-

isation
ofth

ese
organ

ism
s.Th

is
w
illallow

poten
tialapplication

s
to

be
in
vestigated

an
d
h
opefu

lly
be

applied
by

th
e
w
in
em

akerin
a
m
ore

in
form

ed
m
an

n
er.In

addition
,fu

rth
er

sen
sory

an
d
G
C
–M

S
an

alysis
of

esters
w
illallow

an
im

proved
u
n
derstan

din
g
of

th
e
in
teraction

s
betw

een
esters

an
d
oth

er
w
in
e
com

pon
en

ts
an

d
m
ay

lead
to

better
prediction

an
d
optim

isation
ofester

release
in

w
in
e.
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m
etabolism

in
O
enococcus

oeni:
Cloning

and
characterisation

of
the

phospho-b-glucosidase
bglD

A
.Capaldo,M

.E.W
alker,C.M

.Ford,V
.Jiranek ⇑

The
U
niversity

of
A
delaide,School

of
A
griculture,Food

and
W
ine,PM

B
1
G
len

O
sm

ond,SA
5064,A

ustralia

a
r

t
i
c
l
e

i
n

f
o

A
rticle

history:
R
eceived

3
M
ay

2010
R
eceived

in
revised

form
28

Ju
ly

2010
A
ccepted

8
Septem

ber
2010

K
eyw

ords:
Ph

osph
o-b-glu

cosidase
O
enococcus

oeni
Ph

osph
oen

olpyru
vate-ph

osph
o
tran

sferase
system

a
b
s
t
r

a
c
t

Th
e
stru

ctu
ral

gen
e
for

a
ph

osph
o-b-glu

cosidase
from

th
e
oen

ologically
im

portan
t
lactic

acid
bacteriu

m
(LA

B
)
O
enococcus

oenih
as

been
clon

ed
an

d
its

protein
produ

ct
ch

aracterised.Th
is
gen

e
is
fou

n
d
in

a
pu

ta-
tive

b-glu
cosidase

operon
of2178

base
pairs

en
codin

g
4
gen

es
design

ated
bglA

to
bglD

.Th
e
bglA

,B
an

d
C

gen
es

w
ere

n
ot

clon
ed

an
d
ch

aracterised,h
ow

ever,are
th
ou

gh
t
to

be
ph

osph
oen

olpyru
vate

depen
den

t
ph

osph
o
tran

sferase
system

(PEP-PTS)
com

pon
en

ts
IIC

,IIA
an

d
IIB

w
h
ich

regu
late

th
e
u
ptake,ph

osph
or-

ylation
an

d
tran

slocation
of

b-glu
cosides

across
th
e

cytoplasm
ic

m
em

bran
e.

Th
e

clon
ed

bglD
w
as

sequ
en

ced
an

d
expressed

in
Escherichia

coli
follow

ed
by

pu
rifi

cation
.Th

e
pu

rifi
ed

bglD
protein

h
as

480
residu

es,
a
m
olecu

lar
m
ass

of
55.5

kD
a
an

d
sh

ow
s
h
igh

h
om

ology
to

kn
ow

n
ph

osph
o-b-glu

cosidases.
bglD

exh
ibited

h
igh

activity
tow

ards
th
e
ph

osph
orylated

b-glu
coside

para-n
itroph

en
ol-b- D-glu

copyran
o-

side-6-ph
osph

ate
w
ith

a
pH

optim
u
m

of
5.5

an
d
m
ain

tain
ed

sim
ilar

levels
of

activity
betw

een
tem

pera-
tu
res

of
4
�C

an
d
40

�C
.Th

e
en

zym
e
w
as

n
ot

active
again

st
n
on

-ph
osp

h
orylated

b-glu
cosides.

�
2010

Elsevier
Ltd.A

ll
righ

ts
reserved.

1.In
tro

d
u
ctio

n

Th
e
lactic

acid
bacteriu

m
O
enococcus

oeniis
im

portan
t
in

w
in
e-

m
akin

g
du

e
to

its
role

in
m
alolactic

ferm
en

tation
(M

LF),a
process

w
h
ich

deacidifi
es

w
in
e
th
rou

gh
decarboxylation

of
m
alic

acid
to

lactic
acid.Th

e
prim

ary
alcoh

olic
ferm

en
tation

is
carried

ou
t
prin

-
cipally

by
Saccharom

yces
cerevisiae

(A
lexan

dre,
C
ostello,

R
em

ize,
G
u
zzo,&

G
u
illou

x-B
en

atier,2004),w
h
ilst

M
LF

is
a
secon

dary
fer-

m
en

tation
n
orm

ally
occu

rrin
g
after

th
e
alcoh

olic
ferm

en
tation

is
com

plete.
Stu

dies
h
ave

dem
on

strated
th
at

th
e
arom

a
profi

le
of

a
w
in
e
can

be
altered

du
rin

g
M
LF

du
e
to

th
e
produ

ction
of

variou
s

arom
a
active

com
pou

n
ds

(D
’In

cecco
et

al.,2004;
de

R
evel,M

artin
,

Pripis-N
icolau

,Lon
vau

d-Fu
n
el,&

B
ertran

d,1999).It
is
th
ou

gh
t
th
at

en
zym

es
n
ative

to
O
.
oeni

an
d
oth

er
lactic

acid
bacteria

(LA
B
)
are

largely
respon

sible
for

th
is

ph
en

om
en

on
.
M
atth

ew
s
et

al.
(2004)

review
ed

th
e
m
arked

poten
tial

for
LA

B
to

in
fl
u
en

ce
w
in
e
in

th
is

w
ay

based
on

reports
ofen

zym
atic

activities
from

th
ese

organ
ism

s
u
n
der

oen
ological

or
w
in
e-like

con
dition

s.
O
n
e
su

ch
en

zym
e,

b-
glu

cosidase,h
as

a
particu

larly
sign

ifi
can

t
role

in
w
in
e,as

m
an

y
ar-

om
a
com

pou
n
ds

in
w
in
e
an

d
m
u
st

are
fou

n
d
in

th
e
glycosidic

form
(i.e.lin

ked
to

a
su

gar
m
oiety)

an
d
th
ereby

ren
dered

u
n
perceivable

(M
aicas

&
M
ateo,2005).W

h
ile

m
u
ch

research
h
as

looked
at

th
e
ef-

fect
of

b-glu
cosidases

on
arom

a
in

ju
ice

an
d
w
in
e,th

ere
h
as

been
lim

ited
atten

tion
dedicated

to
b-glu

cosidase
activity

on
colou

r
pigm

en
ts

in
w
in
e.

Stu
dies

on
variou

s
fru

it
ju
ices

(W
igh

tm
an

&

W
rolstad,

1995)
an

d
Sicilian

blood
oran

ges
sh

ow
th
at

th
ere

is
a

m
arked

breakdow
n
of

an
th
ocyan

in
s
w
ith

in
creasin

g
b-glu

cosidase
activity

(B
arbagallo,Palm

eri,Fabian
o,R

apisarda,&
Spagn

a,2007).
H
ow

ever,little
or

n
o
pigm

en
t
loss

w
as

observed
in

w
in
es

w
h
en

u
ti-

lisin
g
com

m
ercialen

zym
e
preparation

s
w
ith

b-glu
cosidase

activity
applied

at
th
e
recom

m
en

ded
doses

(W
igh

tm
an

&
W

rolstad,1996).
It

can
be

stated
th
at

th
e
deliberate

application
of

b-glu
cosidases

h
as

been
sh

ow
n
to

en
h
an

ce
arom

a
in
ten

sity
(M

ateo
&

di
Stefan

o,
1997;

R
ibereau-G

ayon
,
B
oidron

,
&

Terrier,
1975)

an
d

poten
tially

m
odify

w
in
e

colou
r

(W
igh

tm
an

,
Price,

W
atson

,
&

W
rolstad,

1997).M
ost

com
m
ercialpreparation

s
u
sed

in
w
in
em

akin
g
are

de-
rived

from
fu
n
girath

er
th
an

bacteria.C
om

m
ercialpreparation

s
can

be
lim

ited
to

on
e
en

zym
e
an

d
on

e
m
ain

fu
n
ction

(e.g.
pectin

ases
for

m
aceration

,
glycosidases

for
arom

a
liberation

an
d
glu

can
ases

for
settlin

g)
or

possess
a
m
u
ltitu

de
ofen

zym
es

an
d
th
u
s
h
ave

com
-

bin
ed

effects.Th
ese

can
be

u
tilised

at
differen

t
stages

of
th
e
w
in
e-

m
akin

g
process

depen
din

g
on

th
e
desired

effect.LA
B
h
ave

a
low

er
optim

u
m

pH
th
an

m
an

y
yeast,an

d
a
greater

toleran
ce

to
h
igh

lev-
els

of
eth

an
ol

(u
p
to

16%
).Th

e
very

fact
th
at

w
in
e
associated

LA
B

are
able

to
grow

post-alcoh
olic

ferm
en

tation
is

eviden
ce

of
th
is.

It
th
erefore

seem
s
likely

th
at

en
zym

es
derived

from
w
in
e
associ-

ated
bacteria

as
opposed

to
yeast,m

ay
be

m
ore

su
ited

to
w
in
e-like

con
ditions.
Th

e
breakdow

n
of

b-glu
cosides

can
occu

r
in

bacteria
th
rou

gh
a

n
u
m
ber

of
system

s.Extracellu
lar

or
cell

w
all

associated
b-glu

cosi-
dases

are
com

m
on

ly
respon

sible.M
ich

lm
ayr

et
al.(2009)

ch
arac-

terised
a

glycosyl
h
ydrolase

fam
ily

(G
H
F)

3
b-glu

cosidase
from

O
.
oeni.

To
date

n
on

e
of

th
e
m
ore

com
m
on

G
H
F1

b-glu
cosidases
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t
m
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A
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h
ave

been
iden

tifi
ed

in
O
.oeni.Th

e
breakdow

n
of

b-glu
cosides

in
w
h
ole

bacterialcells
can

also
be

explain
ed

by
th
e
presen

ce
ofin

tra-
cellu

lar
ph

osph
o-b-glu

cosidases
an

d
th
e

ph
osph

oen
olpyru

vate
depen

den
t
ph

osph
o

tran
sferase

system
(PEP-PTS)

w
h
ich

allow
s

bacterial
cells

to
grow

on
variou

s
carbon

sou
rces

in
clu

din
g

b-glu
cosides

(D
eu

tsch
er,Fran

cke,&
Postm

a,2006).
Th

e
PEP-PTS

is
w
ell

ch
aracterised

as
a
bacterial

tran
sport

sys-
tem

.It
is

com
posed

of
tw

o
gen

eric
cytoplasm

ic
com

pon
en

ts
(H

Pr
an

d
C
I)

com
m
on

to
all

PEP-PTS’s,
com

bin
ed

w
ith

a
carboh

ydrate
specifi

c
EII

com
plex

(D
eu

tsch
er,

2008;
D
eu

tsch
er

et
al.,

2006).
Th

e
PEP-PTS’s

in
Escherichia

coli
an

d
Bacillus

subtilis
are

extrem
ely

w
ell

defi
n
ed

an
d

each
con

tain
s
over

15
distin

ct
EII

com
plexes

(D
eu

tsch
er

et
al.,

2006;
R
eizer

et
al.,

1999).
EII

com
plexes

can
eith

er
con

tain
u
p
to

fou
r
distin

ct
protein

s
or

sin
gle

protein
s
w
ith

m
u
ltiple

dom
ain

s.
It

is
th
ou

gh
t
th
at

O
.
oeni

con
tain

s
u
pw

ards
of

15
EII

com
plexes

based
on

sequ
en

ce
h
om

ology
to

a
n
u
m
ber

of
ch

aracterised
EII

protein
s
from

oth
er

bacteria.
b-G

lu
cosidase

activity
h
as

been
observed

in
w
h
ole

LA
B

cells
(B
arbagallo,Spagn

a,
Palm

eri,&
Torrian

i,2004;
G
rim

aldi,M
cLean

,
&

Jiran
ek,2000;

G
u
illou

x-B
en

atier,Son
,B

ou
h
ier,&

Feu
illat,1993)

of
n
u
m
erou

s
com

m
ercial

preparation
s

of
O
.
oeni,

as
w
ell

as
am

on
gst

Lactobacilli
spp.

an
d

Pediococci
spp.

W
h
ole

O
.
oeni

cells
h
ave

also
dem

on
strated

activity
again

st
b- D-

an
d
a
-D-glu

copyran
o-

sides
as

w
ellas

b- D-xylopyran
oside,a

-L-rh
am

n
opyran

oside
an

d
a
-

L-arabin
ofu

ran
oside

su
bstrates

(G
rim

aldi,
B
artow

sky,
&

Jiran
ek,

2005a).Su
ch

activities
exh

ibited
strain

depen
den

ce
an

d
a
h
igh

de-
gree

of
toleran

ce
to

w
in
e-like

con
ditions.

A
s
an

exten
sion

of
th
is

w
ork,a

pu
tative

b-glu
coside

operon
w
as

iden
tifi

ed
in

O
.oenibased

on
th
e
sequ

en
ced

gen
om

e
PSU

-1(C
P000411)

(M
ills,

R
aw

sth
orn

e,
Parker,

Tam
ir,

&
M
akarova,

2005),
an

d
design

ated
bgl.

It
is

2178
base

pairs
in

len
gth

an
d
en

codes
4
gen

es.In
sequ

en
tial

order,th
e

gen
es

bglA
,B

an
d
C
en

code
PEP-PTS

com
pon

en
ts

EIIC
,EIIA

an
d
EIIB

,
w
h
ile

bglD
en

codes
a
ph

osph
o-b-glu

cosidase
(Table

1).Th
is

an
n
o-

tation
is

based
on

sequ
en

ce
h
om

ology
to

ch
aracterised

com
po-

n
en

ts
of

th
e

PEP-PTS
from

m
u
ltiple

bacteria
(Table

2).
In

th
is

stu
dy

w
e
report

th
e
clon

in
g,sequ

en
cin

g,expression
an

d
pu

rifi
ca-

tion
of

th
e
ph

osph
o-b-glu

cosidase
bglD

in
E.coli

in
a
catalytically

active
state.

2.M
aterials

an
d
m
eth

o
d
s

2.1.Bacterial
strains

and
grow

th

Th
e
com

m
ercially

available
O
.oeni

strain
Lalvin

4X
(V

L92)
w
as

u
sed

th
rou

gh
ou

t
th
e
experim

en
t
sin

ce
previou

s
reports

sh
ow

ed
it

to
h
ave

h
igh

b-glu
cosidase

activity
(G

rim
aldi,B

artow
sky,&

Jiran
ek,

2005b;
G
rim

aldi
et

al.,
2000).

Th
e
E.

coli
strain

D
H
5 a

(In
vitrogen

A
u
stralia

Pty
Lim

ited,
30–32

C
om

park
C
ircu

it,
M
u
lgrave

V
ictoria

3170)
w
as

u
sed

for
clon

in
g

an
d

sequ
en

cin
g.

Th
e

E.
coli

strain
B
L21

(D
E3)

plysS
(N

ovagen
,distribu

ted
by

M
erck

Seron
o
A
u
stralia

Pty
Ltd.)

w
as

u
sed

for
protein

expression
.B

oth
strain

s
w
ere

m
ain

-
tain

ed
in

26%
glycerolat�

80
�C
,w

ith
V
L92

cu
ltivated

on
M
SR

su
p-

plem
en

ted
w
ith

10%
(v/v)

fi
lter

sterilized
apple

ju
ice

at
30

�C
an

d
D
H
5 a

bein
g
grow

n
on

Terrifi
c
B
roth

(Sam
brook

&
R
u
ssell,

2001)
at

37
�C
.

2.2.PCR
am

plification
and

cloning
of

BglD

G
en

om
ic

D
N
A

w
as

isolated
from

V
L92

after
approxim

ately
5
days

of
grow

th
u
sin

g
U
ltraclean

™
M
icrobial

D
N
A

Isolation
kit

(M
o
bio

Laboratory,
distribu

ted
by

G
en

eW
orks

Ltd.
39

W
in
w
ood

Street
Th

ebarton
SA

5031,
A
u
stralia)

according
to

m
an

u
factu

rer’s
in
stru

ction
s
an

d
verifi

ed
on

a
1%

(w
/v)

agarose
gel

stain
ed

w
ith

G
elR

ed™
(B
iotiu

m
,
distribu

ted
by

Jom
ar

D
iagn

ostics
P/L

PO
B
ox

385
Stepn

ey
SA

5069
A
u
stralia).

B
glD

,
a
1443

bp
fragm

en
t,

w
as

am
plifi

ed
by

PC
R
u
sin

g
prim

ers
A
C
002

an
d
A
cbG

2b
(Table

3)
sou

rced
from

Sigm
a–A

ldrich
(Sigm

a–A
ldrich

PO
B
ox

970
C
astle

H
ill,

N
SW

1765
A
u
stralia),

w
ith

N
de

I
an

d
X
ho

I
restriction

sites
in
corporated.

Th
e

restriction
en

zym
es

w
ere

sou
rced

from
N
ew

En
glan

d
B
iolabs

(distribu
ted

by
G
en

esearch
Pty.Ltd.14

Tech
n
ology

D
rive

A
ru

n
del,Q

u
een

slan
d
4214,A

u
stralia)an

d
u
sed

in
accordan

ce
w
ith

th
e
recom

m
en

ded
protocol.Th

e
PC

R
fragm

en
t
w
as

digested
w
ith

N
de

I
an

d
X
ho

I
an

d
clon

ed
in
to

a
previou

sly
N
de

I-X
ho

I
di-

gested
pET

14.b
plasm

id
(N

ovagen).
PC

R
reaction

s
to

am
plify

th
e

target
O
R
F
u
sed

Pfu
U
ltra

IIfu
sion

H
otstart

D
N
A
Polym

erase
(In

te-
grated

Scien
ces,

Pty.Ltd.
54

G
ibbes

Street
C
h
atsw

ood
N
SW

2067,
A
u
stralia)

in
accordan

ce
w
ith

th
e

m
an

u
factu

rer’s
in
stru

ction
s.

Th
e

plasm
id

h
arbou

rin
g

bglD
w
as

tran
sform

ed
in
to

th
e

E.
coli

strain
D
H
5 a

.D
N
A
w
as

extracted
u
sin

g
th
e
W

izard
�
Plu

s
SV

M
in
i-

preps
D
N
A

Pu
rifi

cation
System

(Prom
ega

C
orporation,

Sydn
ey,

A
u
stralia)

an
d

sequ
en

ced
by

th
e

A
u
stralian

G
en

om
e

R
esearch

Facility
(A

G
R
F,B

risban
e
N
ode

Level5
G
eh

rm
an

n
Laboratories

U
n
i-

versity
ofQ

u
een

slan
d
R
esearch

R
oad

St
Lu

cia
Q
LD

4072).Th
e
sam

e
plasm

id
w
as

su
bsequ

en
tly

tran
sform

ed
in
to

th
e
E.colistrain

B
L21

(D
E3)

plysS
for

expression
.

2.3.Expression
of

bglD
in

E.coli

B
L21

(D
E3)

plysS
w
ith

pET
14.b-bglD

w
as

grow
n
in

200
m
l
of

Terrifi
c
B
roth

su
pplem

en
ted

w
ith

34
l
g/m

l
ch

loram
ph

en
icol

(Flu
-

ka,distribu
ted

by
Sigm

a–A
ldrich

,A
u
stralia)

an
d
50

l
g/m

lof
am

pi-
cillin

sodiu
m

salt
(Sigm

a–A
ldrich,A

u
stralia)

in
500

m
lErlen

m
eyer

fl
asks

to
an

optical
den

sity
at

600
n
m

of
approxim

ately
0.6.

Th
e

cu
ltu

res
w
ere

cooled
to

approxim
ately

15
�C

for
15

m
in

an
d

in
-

du
ced

w
ith

400
l
l
of

100
m
M

isopropyl-D-th
iogalactopyran

oside
(IPTG

)
(Sigm

a–A
ldrich,A

u
stralia).Th

e
fl
asks

w
ere

left
on

a
sh

aker
at

160
rpm

.at
10

�C
for

48
h
.Th

e
cells

w
ere

h
arvested

by
cen

trifu
-

gation
(13,000g

for
10

m
in

at
5
�C
)
an

d
lysed

w
ith

am
in
e-free

B
u
g-

bu
ster

M
asterm

ix
(N

ovagen
)

accordin
g

to
th
e

m
an

u
factu

rer’s
in
stru

ction
s.

2.4.Purification
of

bglD

Th
e
con

stru
ct

pET
14.b-bglD

en
coded

a
polyh

istidine-tag
at

th
e

N
term

in
u
s.

Th
e

resu
ltin

g
fu
sion

protein
s

w
ere

pu
rifi

ed
u
sin

g
im

m
obilized

m
etal-affi

n
ity

ch
rom

atograph
y

w
ith

Talon
�

cobalt
m
etal

affi
n
ity

resin
(C
lon

tech,
distribu

ted
by

Scien
tifi

x
Pty.

Ltd.
PO

B
ox

18
Sou

th
land

C
en

tre
C
h
elten

h
am

V
ictoria,3192,A

u
stralia)

according
to

m
an

u
factu

rer’s
in
stru

ction
s.

20
Protein

fraction
s
of

0.5
m
l
w
ere

elu
ted

w
ith

M
cIlvan

e
bu

ffer
at

pH
4.5

in
th
e
presen

ce
of

10
m
M

b-m
ercaptoeth

an
ol.Fraction

s
con

tain
in
g
pu

re
recom

bi-
n
an

t
protein

as
visu

alised
on

th
e
SD

S–PA
G
E
described

by
Laem

m
li

(1970)
w
ere

pooled,
qu

an
tifi

ed
(B
radford,

1976),
aliqu

oted
an

d
stored

at
4
an

d
�
80

�C
in

10%
(v/v)

glycerol.Th
e
protein

retain
ed

100%
activity

for
tw

o
m
on

th
s
w
h
en

stored
at

eith
er

4
or�

80
�C
.

A
ll
biocon

version
of

th
e
su

bstrate
w
as

perform
ed

u
sin

g
th
e
pu

ri-
fi
ed

recom
bin

an
t
en

zym
e
from

a
sin

gle
protein

ban
d.

2.5.A
ssay

of
b-glycosidase

and
phospho-b-glucosidase

activity

b-G
lycosidase

activity
w
as

determ
in
ed

by
m
easu

rin
g

para-
n
itroph

en
ol

(pN
P)

liberated
from

pN
P- a

-D-glu
copyran

oside,

Table
1

G
ene

arrangem
ent

ofthe
bglregion

ofthe
O
.oenigenom

e,derived
from

the
published

genom
e
sequence

w
ith

proposed
new

gene
nam

es.

O
R
F

Proposed
gen

e
n
am

e
Fu

n
ction

O
EO

E_0221
bglA

PTS
system

IIC
com

pon
en

t
O
EO

E_0222
bglB

PTS
system

IIA
com

pon
en

t
O
EO

E_0340
bglC

PTS
system

IIB
com

pon
en

t
O
EO

E_0341
bglD

6-Ph
oph

o-b-glu
cosidase
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orth
o-n

itroph
en

ol-b-D-glu
copyran

oside,
pN

P-b-D-galactopyran
o-

side
an

d
pN

P- a
-D-galactopyran

oside.A
llpN

P
lin

ked
reagen

ts
w
ere

obtain
ed

from
Sigm

a–A
ldrich

an
d
w
ere

ofan
alyticalgrade

or
h
igh

-
er.

U
n
less

oth
erw

ise
stated,

th
e
assay

in
volved

in
cu

bation
of

th
e

en
zym

e
w
ith

a
su

bstrate
con

cen
tration

of
2
m
M

in
M
cIlvain

e
bu

ffer
(pH

5.5)
for

30
m
in

in
a
total

volu
m
e
of

50
l
l
at

37
�C
.Th

e
am

ou
n
t

of
pN

P
released

w
as

determ
in
ed

by
m
easu

rin
g

th
e

absorban
ce

of
th
e
reaction

m
ixtu

re
at

400
n
m

(A
n

et
al.,

2005).
Ph

osph
o-b-glu

cosidase
activity

w
as

m
easu

red
u
sin

g
th
e
sam

e
as-

say
con

dition
s
w
ith

th
e
ph

osph
orylated

su
bstrate

pN
P-b- D-glu

co-
pyran

oside-6-ph
osph

ate
(pN

P
bG

6P).
pN

P
bG

6P
w
as

prepared
from

th
e

n
on

-ph
osph

orylated
pN

P-b- D-glu
copyran

oside
(W

ilson
&

Fox,1974).
Th

e
effects

of
pH

an
d
tem

peratu
re

on
b-glycosidase

activity
of

pu
rifi

ed
recom

binan
t
en

zym
e
w
ere

exam
in
ed.

pH
valu

es
ran

gin
g

from
3.0

to
7.5

ach
ieved

u
sin

g
0.1

M
M
cIlvain

e
bu

ffer
w
ere

u
tilised.

Follow
in
g
in
cu

bation
,50

l
lof0.1

M
disodiu

m
h
ydrogen

ph
osph

ate
w
ere

added
to

th
e
pH

3.0
an

d
3.5

sam
ples

an
d
20

l
lof

0.1
M

diso-
diu

m
h
ydrogen

ph
osph

ate
w
ere

added
to

th
e
pH

4.0
an

d
4.5

sam
-

ples
for

alkalin
isation

prior
to

absorban
ce

m
easu

rem
en

t.
To

determ
in
e
th
e
effect

oftem
peratu

re
on

th
e
en

zym
atic

activity,bu
f-

fer
an

d
su

bstrate
w
ere

pre-in
cu

bated
for

10
m
in

in
0.2

m
ltu

bes
in

a
PC

R
m
ach

in
e
at

th
e
ch

osen
assay

tem
peratu

re
prior

to
th
e
addi-

tion
of

en
zym

e.A
ssays

w
ere

in
cu

bated
for

30
m
in

at
tem

peratu
res

ran
gin

g
from

5
to

70
�C

before
tran

sfer
to

a
96

w
ellm

icrotitre
plate

an
d

th
eir

absorban
ces

read
at

400
n
m
.
Th

e
kin

etic
con

stan
ts

re-
ported,K

m
an

d
V
m
ax

correspon
d
to

b-glycosidase
activity

at
25

�C
.

Th
e
effects

of
th
e
m
etal

ion
s
M
n
2
+,M

g
2
+,C

u
2
+,C

o
2
+
an

d
C
a
2
+
at

a

con
cen

tration
of

10
m
M

w
ere

also
in
vestigated.

A
ll

assays
w
ere

perform
ed

in
triplicate

an
d
w
ere

repeated
at

least
th
ree

tim
es.

3.R
esu

lts
an

d
d
iscu

ssio
n

3.1.Sequence
com

parison
of

bglD
w
ith

other
fam

ily
1
glycosyl

hydrolases

bglD
sh

ow
ed

h
igh

h
om

ology
to

th
e

follow
in
g

ch
aracterised

gen
es:

bglB
in

E.coli;
bglA

an
d
bglH

in
B.subtilis;

arbB
in

Erw
inia

chrysanthem
i;
abgA

in
Clostridium

longisporum
;
ascB

,bglA
,bglB

in
Pectobacterium

carotovorum
;

an
d

celA
in

Streptococcus
m
utans

(Fig.1).Th
e
h
ydrolysis

of
th
e
b-glu

cosidic
bon

d
is

a
tw

o-step
pro-

cess
in

G
H
F
1
en

zym
es

w
h
ich

h
ave

a
retain

in
g
m
ech

an
ism

,w
h
ereby

th
e
produ

ct
h
as

th
e
sam

e
an

om
eric

con
fi
gu

ration
as

th
e
su

bstrate
(K

osh
lan

d,
1953;

M
cC

arter
&

W
ith

ers,
1994)

in
volvin

g
a
h
igh

ly
con

served
catalytic

proton
don

or/base
an

d
a
catalytic

n
u
cleoph

ile
(D

avies
&

H
en

rissat,
1995).

Ph
osph

o-b-glu
cosidases

from
G
H
F
1

h
ave

h
igh

sequ
en

ce
h
om

ology
to

ch
aracterised

b-glu
cosidases

from
G
H
F
1.

In
fact,

th
ere

appear
to

be
very

few
differen

ces
betw

een
th
em

.
A

con
sen

su
s
sequ

en
ce

for
a
G
H
F
1
b-glu

cosidase
h
as

been
establish

ed
for

th
e
active

site
as

Y
ITEN

G
,th

e
glu

tam
ic

acid
residu

e
bein

g
th
e
active

residu
e.Th

e
active

site
in

bglD
,as

w
ith

oth
er

ch
ar-

acterised
G
H
F
1
ph

osph
o-b-glu

cosidases,w
ou

ld
appear

to
be

M
/FI-

V
EN

G
(Fig.1),w

ith
th
e
active

glu
tam

ic
residu

e
in

position
394

(bglD
n
u
m
berin

g)
actin

g
as

th
e
catalytic

n
u
cleoph

ile.It
is

likely
th
at

th
e

proton
don

or/base
is

fou
n
d
in

th
e
glu

tam
ic

acid
residu

e
at

position
186

in
th
e
con

served
region

TFN
EI.

It
h
as

been
dem

on
strated

by
site-directed

m
u
tagen

esis
of

th
e

b-glu
cosidase

from
Pyrococcus

furiosus
(H

ill
&

R
eilly,

2008)
th
at

w
h
en

th
e
glu

tam
ic

acid
residu

e
in

position
471

w
as

ch
an

ged
to

a
serin

e,th
e
activity

ofth
e
en

zym
e

w
as

sh
ifted

tow
ards

th
e
h
ydrolysis

ofph
osph

orylated
glycosides.In

ligh
t
ofth

is
it
is
believed

th
at

th
e
serin

e
in

position
453

(bglD
n
u
m
-

berin
g)is

prin
cipally

respon
sible

for
th
e
en

zym
e’s

affi
n
ity

for
ph

os-
ph

orylated
glycosides.

A
lso

of
in
terest

is
th
e
leu

cin
e
codon

TTG
w
h
ich

serves
as

start
codon

for
bglD

.A
lth

ou
gh

n
ot

com
m
on

in
bac-

teria,
leu

cin
e
is

able
to

fu
n
ction

as
a
start

codon
as

opposed
to

m
eth

ion
in
e.W

h
en

bglD
w
as

expressed
w
ith

m
eth

ion
in
e
in
corpo-

rated
as

a
start

codon
,
th
e

protein
rem

ain
ed

solu
ble

an
d

th
ere

w
as

n
o
differen

ce
in

activity
(data

n
ot

sh
ow

n
).

Table
2

Sequence
alignm

ent
of

bglA
,bglB

and
bglC

from
the

sequenced
O
.oenigenom

e
PSU

-1
(CP000411)

to
characterised

PEP-PTS
com

ponents
and

bglD
to

characterised
phospho-b-

glucosidases.

O
.oeni

protein
Pu

tative
h
om

ologu
es

Percen
tage

(%
)

A
ccession

N
u
m
ber

R
eferen

ces

Positives
Iden

tity

bglA
Streptococcus

m
utans

celE
68

51
O
ld,Low

es,an
d
R
u
ssell

(2006);
Zen

g
an

d
B
u
rn

e
(2009)

Pectobacterium
carotovorum

celF
47

28
D
Q
987482

H
on

g
et

al.(2007)
bglF

49
31

A
Y
769096

H
on

g
et

al.(2006)
bglB

Streptococcus
m
utans

celD
70

45
N
C
_004350

O
ld

et
al.(2006);

Zen
g
an

d
B
u
rn

e
(2009)

Pectobacterium
carotovorum

bglI
59

34
A
Y
769096

H
on

g
et

al.2006

bglC
Pectobacterium
carotovorum

celE
69

49
D
Q
987482

H
on

g
et

al.2007
bglE

65
48

A
Y
769096

H
on

g
et

al.2006
bglD

Escherichia
coli

bglB
65

51
M
16487

M
ah

adevan
,R

eyn
olds,an

d
W

righ
t
(1987);

Sch
n
etz,Toloczyki,an

d
R
ak

(1987)
ascB

66
47

M
73326

H
all

an
d
X
u
(1992)

bglA
71

58
Q
46829

Sch
n
etz

et
al.(1987)

Clostridium
longisporum

abgA
66

51
L49336

B
row

n
an

d
Th

om
son

(1998)
Erw

inia
chrysanthem

i
arbB

65
52

M
81772

El
H
assou

n
i,H

en
rissat,C

h
ippau

x,an
d
B
arras

(1992)
Bacillus

subtilis
bglA

72
58

P42973
Zh

an
g
an

d
A
ron

son
(1994)

bglH
68

55
Z34526

Le
C
oq,Lin

dn
er,K

ru
ger,Stein

m
etz,an

d
Stu

lke
(1995)

Lactobacillus
plantarum

bglH
64

51
A
J250202

M
arasco,Salatiello,D

e
Felice,an

d
Sacco

(2000)
Streptococcus

m
utans

bglA
66

49
C
ote

&
H
on

eym
an

(2002)
Pectobacterium
carotovorum

celA
81

66
N
C
_004350

O
ld

et
al.(2006);

Zen
g
an

d
B
u
rn

e
(2009)

ascB
65

48
A
Y
622309

A
n
et

al.(2005)
celG

47
31

D
Q
987482

H
on

g
et

al.(2007)
bglB

66
53

A
Y
542524

A
n
et

al.(2004)
bglA

71
57

A
Y
769096

H
on

g
et

al.(2006)

Table
3

Prim
ers

used
for

cloning
and

sequencing
bglD

.

Prim
er

R
estriction

site

A
C
002

G
C
G
C
G
G
G
A
A
TTC

C
A
TA

TG
TTG

A
A
TA

A
A
C
TTTTTTTG

C
C
G
A

N
de

I
A
cbG

2b
C
C
G
C
TC

G
A
G
TTA

A
TC

TA
A
TTG

A
C
TG

C
C
G
TTTG

A
C
TTA

A
TA

A
C
C
T
X
h
o
I

B
G
5Fc

G
G
C
TG

C
A
TG

A
TC

A
A
C
C
A
TG

A
C

n
a
a

B
G
5R

c
G
TC

A
TG

TTG
A
TC

A
TG

C
A
G
C
C

n
a
a

a
U
sed

for
sequ

en
cin

g.N
o
restriction

site
requ

ired.
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3.2.Expression,purification
and

characterisation
of

bglD

bglD
w
as

PC
R
am

plifi
ed,clon

ed
in
to

pET
14b

an
d
tran

sform
ed

in
E.coli

B
L21

(D
E3)

plysS.In
th
e
presen

ce
of

IPTG
,large

am
ou

n
ts

of
a
protein

w
ere

produ
ced

at
a
m
olecu

lar
m
ass

of
55.5

kD
a,corre-

spon
din

g
to

th
at

expected
for

th
e
fu
ll
len

gth
polypeptide

en
coded

by
bglD

(Fig.2).W
h
en

w
h
ole

cells
w
ere

lysed
in

a
bu

ffer
solu

tion
th
at

did
n
ot

con
tain

detergen
t,th

e
bglD

protein
cou

ld
n
ot

be
fou

n
d

in
th
e
solu

ble
fraction

(data
n
ot

sh
ow

n
).H

ow
ever,w

h
en

th
e
w
h
ole

cells
w
ere

lysed
in

a
bu

ffer
con

tain
in
g
detergen

t
(e.g.

am
in
e-free

B
u
g

B
u
ster)

th
e

protein
w
as

solu
ble

an
d

catalytically
active.

Pu
rifi

cation
of

bglD
w
as

ach
ieved

by
im

m
obilized

m
etal-affi

n
ity

Fig.
1.

A
lign

m
en

t
of

th
e
am

in
o
acid

sequ
en

ces
of

ph
osph

o-b-glu
cosidases

from
ch

aracterised
G
H
F
1:

B
G
LD

O
O
E
N
I,
O
.
oeni

B
glD

.
B
G
LB

E
C
O
LI,

E.
coli

B
glB

.
A
B
G
A

C
LO

LO
,

Clostridium
longisporum

A
bgA

.
A
R
B
B

E
R
W

C
H
,
Erw

inia
chrisanthem

i
A
rbB

.
B
G
LA

B
A
C
SU

,
Bacillus

subtilis
B
glA

.
B
G
LH

LB
P
LA

Lactobacillus
plantarum

B
glH

.
B
G
LA

STR
E
P
,

Streptococcus
m
utans

B
glA

.B
G
LH

B
A
C
SU

,Bacillus
subtilis

B
glH

.A
SC

B
P
C
A
R
O
,Pectobacterium

carovatorum
A
scB

.B
G
LA

E
C
O
LI,E.coli

B
glA

.A
SC

B
E
C
O
LI,E.coli

A
scB

.Iden
tical

residu
es

are
h
igh

ligh
ted

black
on

w
h
ite,h

igh
ly

con
served

residu
es

are
h
igh

ligh
ted

w
ith

dark
grey

on
black

an
d
con

served
residu

es
are

represen
ted

by
ligh

t
grey

on
black.

Pu
tative

catalytic
residu

es
an

d
con

served
region

s
are

m
arked

by
a
box.Th

e
n
u
m
bers

to
th
e
righ

t
den

ote
residu

e
position

s.
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ch
rom

atograph
y

an
d

on
ly

th
e
pu

rifi
ed

form
of

th
e
en

zym
e
w
as

u
sed

for
activity

assays.
Th

e
resu

ltin
g

protein
h
ad

a
predicted

m
olecu

lar
m
ass

of
55.5

kD
a
an

d
a
pI

of
6.58.

N
o
activity

w
as

de-
tected

w
h
en

assayin
g
bglD

again
st

n
on

-ph
osphorylated

b-glu
co-

sides
(data

n
ot

sh
ow

n
).

H
ow

ever,
bglD

w
as

active
tow

ards
th
e

ph
osph

orylated
ch

rom
ogen

ic
su

bstrate
pN

P
bG

6P,
in
dicatin

g
th
at

bglD
is
a
ph

osph
o-b-glu

cosidase
(EC

3.2.1.86).Th
e
protein

retain
ed

100%
activity

for
tw

o
m
on

th
s
w
h
en

stored
at

eith
er

4
or�

80
�C
.

bglD
h
as

m
axim

al
ph

osph
o-b-glu

cosidase
activity

at
40

�C
,
h
ow

-
ever,

it
retain

ed
activity

betw
een

5
an

d
40

�C
(Fig.

3A
).

A
ctivity

w
as

redu
ced

to
21%

at
50

�C
an

d
zero

at
60

�C
.bglD

h
ad

greatest
activity

at
pH

5.0,
w
ith

9%
activity

at
pH

3.5
an

d
12%

activity
at

pH
7.0

(Fig.3B
).Typicalw

in
e
con

dition
s
ran

ge
from

approxim
ately

pH
3.4–4.0

an
d
tem

peratu
res

du
rin

g
th
e
m
ost

extrem
e
w
in
em

ak-
in
g
con

dition
s
w
ill

vary
from

10
�C

to
a
m
axim

u
m

of
45

�C
in

red
w
in
e
ferm

en
ts,

en
ablin

g
bglD

to
retain

activity.
M
etal

ion
s
h
ave

previou
sly

been
sh

ow
n
to

im
pact

ph
osph

o-b-glu
cosidase

activity
(A

n
et

al.,2004,2005)
an

d
are

also
im

portan
t
in

a
w
in
em

akin
g
con

-
text.

Th
e
addition

of
10

m
M

M
n
2
+
or

C
o
2
+
decreased

ph
osph

o-b-
glu

cosidase
activity

by
approxim

ately
28%

an
d

45%
respectively,

w
h
ile

th
e
addition

of10
m
M

C
u
2
+
resu

lted
in

n
ear

com
plete

in
h
ibi-

tion
of

ph
osph

o-b-glu
cosidase

activity
(Fig.

3C
).

B
y

com
parison

,
10

m
M

C
a
2
+
or

M
g
2
+
sh

ow
ed

a
sign

ifi
can

t
in
crease

in
ph

osph
o-

b-glu
cosidase

activity.
O
n
e
con

sequ
en

ce
of

th
e
presen

ce
of

m
etal

ion
s
in

w
in
e
is

w
ith

regard
to

tartrate
stability.

In
th
is

con
text

th
e
con

cen
tration

ofcalciu
m

ion
s
is

th
e
secon

d
h
igh

est
con

tribu
tor

(R
ibereau-G

ayon
,

B
ran

co,
&

R
ych

lew
ski,

2006)
after

th
at

of
potassiu

m
ion

s.
D
ivalen

t
calciu

m
ion

s
m
ostly

origin
ate

from
deacidifi

cation
treatm

en
ts

w
ith

C
aC

O
3 ,

as
w
ell

as
som

e
vin

eyard
treatm

en
ts.

M
agn

esiu
m

is
fou

n
d

in
sim

ilar
am

ou
n
ts

to
calciu

m

Fig.
2.

Electroph
oretic

an
alysis

of
th
e
pu

rifi
ed

ph
osph

o-b-glu
cosidase

bglD
on

a
12%

(w
/v)

SD
S–polyacrylam

ide
gel.

L;
Low

m
olecu

lar
w
eigh

t
m
arker,

V
;
C
ru

de
extract

of
vector

pET
14.b

w
ith

ou
t
th
e
bglD

gen
e
in
serted,

C
E
;
C
ru

de
extract

of
vector

pET
14.b

w
ith

th
e

bglD
gen

e
in
serted,

b
glD

;
pu

rifi
ed

bglD
.
Th

e
gel

w
as

stain
ed

w
ith

0.025%
C
oom

assie
blu

e.

Fig.1
(continued)
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(u
p
to

150
m
g/lfor

both
cation

s)
an

d
rem

ain
s
in

th
e
w
in
e
form

in
g

solu
ble

salts
(R
ibereau-G

ayon
et

al.,
2006).

C
opper

ion
s
can

be
fou

n
d
in

w
in
e
du

e
to

copper
fi
n
in
g
treatm

en
ts

bu
t
if

presen
t
are

fou
n
d
in

trace
am

ou
n
ts

as
w
ith

m
an

gan
ese.It

can
be

dedu
ced

th
at

th
ere

w
ou

ld
be

n
o
detrim

en
tal

effect
on

bglD
in

w
h
ole

cell
form

from
an

y
of

th
ese

cation
s
based

on
th
e
am

ou
n
ts

th
ey

are
fou

n
d

in
w
in
e.In

th
e
absen

ce
of

en
zym

e,n
o
ch

em
ical

h
ydrolysis

of
pN

P
w
as

eviden
t,w

h
en

in
cu

bated
in

th
e
presen

ce
of

10
m
M

m
etalion

s
for

1
h
at

37
�C

(data
n
ot

sh
ow

n
).Th

e
kin

etic
data

from
bglD

pro-
du

ced
a
M
ich

aelis–M
en

ton
cu

rve,
w
ith

a
V
m
ax

of
55.67

m
M

pN
P

liberated/m
in
/m

g
protein

an
d
a
K
m

of
1.938

m
M

(Fig.3D
).

4.C
o
n
clu

sio
n
s

In
a
w
in
e
con

text,O
.oeniis

an
im

portan
t
m
icroorganism

du
e
to

its
role

in
M
LF.

M
an

y
arom

a
an

d
colou

r
com

pon
en

ts
in

w
in
e
are

fou
n
d

in
th
e
glycosidic

form
,
an

d
th
eir

sen
sorial

im
portan

ce
can

ch
an

ge
w
h
en

th
ey

are
deglycosylated

(M
aicas

an
d
M
ateo,

2005).
In

an
attem

pt
to

iden
tify

th
e
gen

es
respon

sible
for

th
e
b-glu

cosi-
dase

activity
of

w
h
ole

cells
previou

sly
reported

by
th
is

laboratory
(G

rim
aldi

et
al.,2005b,2000),th

e
sequ

en
ces

correspon
din

g
to

re-
ported

b-glu
cosidases

an
d

ph
osph

o-b-glu
cosidases

w
ere

sou
gh

t.
In

th
is
w
ay

a
ph

osph
o-b-glu

cosidase
bglD

w
as

pu
rifi

ed
an

d
ch

arac-
terised.

bglD
is

th
ou

gh
t
to

be
a
fu
n
dam

en
tal

com
pon

en
t
of

th
e

ph
osph

oen
olpyru

vate
depen

den
t

ph
osph

o
tran

sferase
system

(PEP-PTS)
w
h
ich

allow
s
bacterial

cells
to

grow
on

variou
s
carbon

sou
rces

in
clu

din
g
b-glu

cosides
(D

eu
tsch

er
et

al.,2006).
A

pu
tative

b-glu
coside

u
tilisin

g
operon

h
as

been
iden

tifi
ed

in
O
.
oeni

by
sequ

en
ce

align
m
ent

w
ith

ch
aracterised

b-glu
coside

operon
s
from

oth
er

species.
bglD

w
as

on
ly

solu
ble

in
a

h
ydro-

ph
obic

en
viron

m
en

t
su

ggestin
g

th
at

th
is

en
zym

e
m
ay

be
local-

ised
on

th
e

cell
m
em

bran
e

in
O
.

oeni
(Sch

ey,
1996).

Th
e

pu
rifi

ed
en

zym
e

w
as

stable
for

exten
ded

periods
at

4
an

d
�
80

�C
.
bglD

h
ad

an
optim

u
m

pH
of

5.0,
retain

ed
activity

from
5
to

40
�C

an
d
divalen

t
m
etal

ion
s
w
ere

fou
n
d
to

h
ave

an
im

pact
on

ph
osph

o-b-glu
cosidase

activity
as

previou
sly

su
ggested

(A
n

et
al.,

2004,
2005).

bglD
sh

ow
ed

a
decrease

in
activity

at
w
in
e

like
pH

3.5–4.0
an

d
h
igh

activity
in

tem
peratu

res
w
h
ich

are
rou

-
tin

ely
adopted

for
m
an

y
w
in
em

akin
g

m
an

ipu
lation

s
su

ch
as

alcoh
olic

an
d

m
alolactic

ferm
en

tation
,

pre-ferm
en

tation
cold

m
aceration

,
exten

ded
m
aceration

on
skin

s
for

red
w
in
es

an
d

oak
m
atu

ration
.

It
is

clear
th
at

th
e
h
ydrolysis

of
b-glycosides

is
able

to
ch

an
ge

th
e
sen

sory
profi

le
of

a
w
in
e.

Th
ere

is
an

in
creasin

g
dem

an
d
for

com
petitively

priced
w
in
es

w
ith

specifi
c
arom

a
profi

les
depen

din
g

on
th
e
desired

style
of

w
in
e.It
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h
oped

th
at

th
e
iden

tifi
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an
d

ch
aracterisation

of
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from
LA

B
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w
ith

a
h
igh

er
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to

h
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w
in
e
con

dition
s,w

ill
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w
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akers
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in
g
w
in
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Appendix 2: Intellectual Property 
 
Key, valuable IP centres on the identification of yeast mutants which have a marked influence on 
fermentation including traits such as efficient nitrogen uptake and utilisation, tolerance to fermentation 
stresses e.g. tolerance to ethanol and high osmolarity (sugar). Further work is however required to more 
fully characterise these mutants/genes to the level where IP protection might be sought. The work being 
undertaken around the protection of the evolved wine yeasts through PBR has been detailed above. 
 
Lactic acid bacteria exhibiting high esterase activity under wine-like conditions (low pH and high 
ethanol) are valuable intellectual property. Such strains have ‘industry ready’ application and do not 
require approval from Food Standards Australia New Zealand (http://www.foodstandards.gov.au/). 
Further IP potential exists in the method of application of these food-safe bacteria (either in free or 
immobilised form). 
 
In this project, LAB-derived esterases have been expressed and purified from Escherichia coli as 
recombinant proteins (poly-histidine tagged chimeric proteins). Being recombinant, these enzymes do not 
have approval for use in the food and beverage industry. However, they have been shown to act upon a 
broad spectrum of fatty acyl esters (C2-C8) and exhibit high activity in the synthesis and hydrolysis of 
esters under wine making conditions (low pH and high ethanol). IP potential resides firstly, in the 
purification of such enzymes in the native form from LAB, and secondly, their potential impact on the 
wine sensory profile during vinification.  
 
Opportunities around these outcomes are to be explored through UA 11/01.
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Appendix 5: Supplementary Data 
 

Supplementary Table 1: 2% Lactate media 
 
Component Per Litre 
Yeast extract 1 g 
Glucose 3 g 
KH2PO4 1 g 
NH4Cl 1g 
CaCl2.2H20 0.5 g 
NaCl 0.5 g 
MgSO4.7H H20 0.73 g 
88 % DL lactic acid 23 mL 
pH to 6 with NaOH volume to 1L  

Autoclave media and store at ambient temperature. 
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Supplementary Table 2. Microsatellite analysis of wine yeast L2056 and haploid derivatives 

 

Microsatellite analysis of 10 loci and mating type loci MATa and MATwas performed in two separate analyses. Analysis 1 was of the strains reported in Walker et al., (2003) 
whilst Analysis 2 was of the strains reported in Walker et al., (2005). Single nucleotide differences noted are considered artefacts of peak size scoring and differences due to the 
capillary sequencers used. Analyses 1 and 2 are composites of three microsatellite experiments performed by Michelle Walker and Keith Richards (University of Auckland).

Analysis 1 AT2-fam AT4-fam C3-fam C4-hex C5-hex C8-ned ORF2-hex ORF3-fam SCAAT1-ned SCAAT3-ned a-hex alpha-fam comments
L2056 357 277, 292 120,123 250,265 121 146,150 395 393,452 275, 324 400 492 468 diploid wine yeast 
L2056 357 276, 291 121,124 249,264 161 146,150 395 393,451 274, 324 400 492 468 diploid wine yeast
1B 357 277 120 265 161 149 395 393 324 400 492 nd MATa, ∆ho::kanMX
1D 357 277 123 250 161 146 395 452 274 400 nd 468 MAT∆ho::kanMX
F3 357 277 123 265 161 146 395 393 275 400 492 nd MAT a, ∆ho
C9 357 276 123 265 161 150 395 393 274 400 492 nd MAT a, ∆ho
C91D 357 277, 292 123 250,265 161 146,150 395 393,452 274, 324 400 492 468 diploid cross C9/1D
C911a 357 277 123 250 161 146 395 452 274 400 nd 468 MAT∆ho, from tetrad 1 - sporulation of C9/1D
C911b 357 277 123 250 161 150 395 393 275 400 492 nd MATa, ∆ho::kanMX,  from tetrad 1 - sporulation of C9/1D
C911c 357 277 123 265 161 146 395 452 275 400 nd 468 MAT ∆ho::kanMX, from tetrad 1- sporulation of C9/1D

C911d 357 277 123 265 161 150 395 393 274 400 492 nd MATa, ∆ho, from tetrad 1 - sporulation of C9/1D
iso C9a 357 276 124 264 161 150 395 393 274 400 492 nd MAT a, ∆ho
iso C9b 357 276 124 264 161 150 395 393 274 400 nd 468 MAT, ∆ho
iso C9c 357 276 124 264 161 150 395 393 274 400 nd 468 MAT, ∆ho
iso C9d 357 276 124 264 161 150 395 393 274 400 492 nd MATa, ∆ho

Analysis 2 AT2-fam AT4-fam C3-fam C4-hex C5-hex C8-ned ORF2-hex ORF3-fam SCAAT1-ned SCAAT3-ned a-hex alpha-fam comments
L2056 357 277, 292 120,123 250,265 121 146,150 395 393,452 275, 324 400 492 468 diploid wine yeast
DR4-1 357 277, 292 120, 123 249 121 146, 149 395 393, 452 275, 324 400 492 468 L2056 diploid
3-3a 355 277 123 250 121 146 395 452 275 400 492 nd MATa, ∆ho, sporulation from diploid DR4-1
4-5a 357 292 123 249 121 146 395 393 275 400 nd 468 MAT, ∆ho::KanMX sporulation from diploid DR4-1
3-3a/4-5a 357 277, 292 123 249 121 146 395 393, 452 275 400 492 468 diploid cross 3-3a/4-5a
18a 357 277 123 249 121 146 395 452 275 400 492 nd MATa, ∆ho, from tetrad 1 -sporulation of 3-3a/4-5a
18b 357 292 123 249 121 146 395 452 275 400 492 nd MATa, ∆ho::KanMX, from tetrad 1 -sporulation of 3-3a/4-5a
18c 357 277 123 249 121 146 395 393 275 400 nd 468 MAT∆ho::KanMX from tetrad 1 -sporulation of 3-3a/4-5a
18d 357 292 123 249 121 146 395 393 275 400 nd 468 MAT ∆ho, from tetrad 1 -sporulation of 3-3a/4-5a
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Supplementary Table 3: PCR reaction utilized to amplify cDNA 
 
 

 
 
 
 
 
 

 
Supplementary Table 4: Conditions for PCR amplification of cDNA 

 
 
 
 
 
 
 

 
 

 
Supplementary Figure 1: Scores and Loading Plot from the PCA of Cabernet  
Sauvignon samples analysed for impact of MLF on volatile profile, (PC1 and PC2). 
 
 

PCR components Stock solution Final concentration Volume (μL) 
Forward primer 10 μM 0.5 μM 2.5 
Reverse primer 10 μM 0.5 μM 2.5 
Template cDNA ˜1 ng/μL 1 pg – 10 ng 0.5 
Buffer with MgCl2 10 X 1 X 5 
dNTPs 10 mM 200 μM 1 
MQ - - 38 
DyNAzyme ext 1 unit/μl 1 unit 1 
Total volume - - 50 μL 

Number of cycles  Cycle step Temperature (°C) Duration 
x 1 Initial denaturation 94 2 minutes 

x 25 Denaturation 94 30 seconds 
Annealing 58 30 seconds 
Extension 72 40 seconds 

x 1 Final extension 72 10 minutes 
  4 Hold 



 

 220

 
Supplementary Figure 2: Scores and Loading Plot from the PCA of all Chardonnay  
samples (including those spiked with ethyl acetate) analysed for impact of MLF on volatile  
profile, (PC1 and PC2). 
 
 

 
Supplementary Figure 3: Scores and Loading Plot from the PCA of Chardonnay  
samples analysed for impact of MLF on volatile profile, (PC1 and PC2). 
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     1 - ATGACCATGATTACGGATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCT - 60  
     1 - M  T  M  I  T  D  S  L  A  V  V  L  Q  R  R  D  W  E  N  P   - 20  
 
    61 - GGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGC - 120  
    21 - G  V  T  Q  L  N  R  L  A  A  H  P  P  F  A  S  W  R  N  S   - 40  
 
   121 - GAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGC - 180  
    41 - E  E  A  R  T  D  R  P  S  Q  Q  L  R  S  L  N  G  E  W  R   - 60  
 
   181 - TTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCT - 240  
    61 - F  A  W  F  P  A  P  E  A  V  P  E  S  W  L  E  C  D  L  P   - 80  
 
   241 - GAGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCGCCCATC - 300  
    81 - E  A  D  T  V  V  V  P  S  N  W  Q  M  H  G  Y  D  A  P  I   - 100  
 
   301 - TACACCAACGTAACCTATCCCATTACGGTCAATCCGCCGTTTGTTCCCACGGAGAATCCG - 360  
   101 - Y  T  N  V  T  Y  P  I  T  V  N  P  P  F  V  P  T  E  N  P   - 120  
 
   361 - ACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGACG - 420  
   121 - T  G  C  Y  S  L  T  F  N  V  D  E  S  W  L  Q  E  G  Q  T   - 140  
 
   421 - CGAATTATTTTTGATGGCGTTAACTCGGCGTTTCATCTGTGGTGCAACGGGCGCTGGGTC - 480  
   141 - R  I  I  F  D  G  V  N  S  A  F  H  L  W  C  N  G  R  W  V   - 160  
 
   481 - GGTTACGGCCAGGACAGTCGTTTGCCGTCTGAATTTGACCTGAGCGCATTTTTACGCGCC - 540  
   161 - G  Y  G  Q  D  S  R  L  P  S  E  F  D  L  S  A  F  L  R  A   - 180  
 
   541 - GGAGAAAACCGCCTCGCGGTGATGGTGCTGCGTTGGAGTGACGGCAGTTATCTGGAAGAT - 600  
   181 - G  E  N  R  L  A  V  M  V  L  R  W  S  D  G  S  Y  L  E  D   - 200  
 
   601 - CAGGATATGTGGCGGATGAGCGGCATTTTCCGTGACGTCTCGTTGCTGCATAAACCGACT - 660  
   201 - Q  D  M  W  R  M  S  G  I  F  R  D  V  S  L  L  H  K  P  T   - 220  
 
   661 - ACACAAATCAGCGATTTCCATGTTGCCACTCGCTTTAATGATGATTTCAGCCGCGCTGTA - 720  
   221 - T  Q  I  S  D  F  H  V  A  T  R  F  N  D  D  F  S  R  A  V   - 240  
 
   721 - CTGGAGGCTGAAGTTCAGATGTGCGGCGAGTTGCGTGACTACCTACGGGTAACAGTTTCT - 780  
   241 - L  E  A  E  V  Q  M  C  G  E  L  R  D  Y  L  R  V  T  V  S   - 260  
 
   781 - TTATGGCAGGGTGAAACGCAGGTCGCCAGCGGCACCGCGCCTTTCGGCGGTGAAATTATC - 840  
   261 - L  W  Q  G  E  T  Q  V  A  S  G  T  A  P  F  G  G  E  I  I   - 280  
 
   841 - GATGAGCGTGGTGGTTATGCCGATCGCGTCACACTACGTCTGAACGTCGAAAACCCGAAA - 900  
   281 - D  E  R  G  G  Y  A  D  R  V  T  L  R  L  N  V  E  N  P  K   - 300  
 
   901 - CTGTGGAGCGCCGAAATCCCGAATCTCTATCGTGCGGTGGTTGAACTGCACACCGCCGAC - 960  
   301 - L  W  S  A  E  I  P  N  L  Y  R  A  V  V  E  L  H  T  A  D   - 320  
 
   961 - GGCACGCTGATTGAAGCAGAAGCCTGCGATGTCGGTTTCCGCGAGGTGCGGATTGAAAAT - 1020  
   321 - G  T  L  I  E  A  E  A  C  D  V  G  F  R  E  V  R  I  E  N   - 340  
 
  1021 - GGTCTGCTGCTGCTGAACGGCAAGCCGTTGCTGATTCGAGGCGTTAACCGTCACGAGCAT - 1080  
   341 - G  L  L  L  L  N  G  K  P  L  L  I  R  G  V  N  R  H  E  H   - 360  
 
  1081 - CATCCTCTGCATGGTCAGGTCATGGATGAGCAGACGATGGTGCAGGATATCCTGCTGATG - 1140  
   361 - H  P  L  H  G  Q  V  M  D  E  Q  T  M  V  Q  D  I  L  L  M   - 380  
 
  1141 - AAGCAGAACAACTTTAACGCCGTGCGCTGTTCGCATTATCCGAACCATCCGCTGTGGTAC - 1200  
   381 - K  Q  N  N  F  N  A  V  R  C  S  H  Y  P  N  H  P  L  W  Y   - 400  
 
  1201 - ACGCTGTGCGACCGCTACGGCCTGTATGTGGTGGATGAAGCCAATATTGAAACCCACGGC - 1260  
   401 - T  L  C  D  R  Y  G  L  Y  V  V  D  E  A  N  I  E  T  H  G   - 420  
 
  1261 - ATGGTGCCAATGAATCGTCTGACCGATGATCCGCGCTGGCTACCGGCGATGAGCGAACGC - 1320  
   421 - M  V  P  M  N  R  L  T  D  D  P  R  W  L  P  A  M  S  E  R   - 440  
 
  1321 - GTAACGCGAATGGTGCAGCGCGATCGTAATCACCCGAGTGTGATCATCTGGTCGCTGGGG - 1380  
   441 - V  T  R  M  V  Q  R  D  R  N  H  P  S  V  I  I  W  S  L  G   - 460  
 
  1381 - AATGAATCAGGCCACGGCGCTAATCACGACGCGCTGTATCGCTGGATCAAATCTGTCGAT - 1440  
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   461 - N  E  S  G  H  G  A  N  H  D  A  L  Y  R  W  I  K  S  V  D   - 480  
 
  1441 - CCTTCCCGCCCGGTGCAGTATGAAGGCGGCGGAGCCGACACCACGGCCACCGATATTATT - 1500  
   481 - P  S  R  P  V  Q  Y  E  G  G  G  A  D  T  T  A  T  D  I  I   - 500  
 
  1501 - TGCCCGATGTACGCGCGCGTGGATGAAGACCAGCCCTTCCCGGCTGTGCCGAAATGGTCC - 1560  
   501 - C  P  M  Y  A  R  V  D  E  D  Q  P  F  P  A  V  P  K  W  S   - 520  
 
  1561 - ATCAAAAAATGGCTTTCGCTACCTGGAGAGACGCGCCCGCTGATCCTTTGCGAATACGCC - 1620  
   521 - I  K  K  W  L  S  L  P  G  E  T  R  P  L  I  L  C  E  Y  A   - 540  
 
  1621 - CACGCGATGGGTAACAGTCTTGGCGGTTTCGCTAAATACTGGCAGGCGTTTCGTCAGTAT - 1680  
   541 - H  A  M  G  N  S  L  G  G  F  A  K  Y  W  Q  A  F  R  Q  Y   - 560  
 
  1681 - CCCCGTTTACAGGGCGGCTTCGTCTGGGACTGGGTGGATCAGTCGCTGATTAAATATGAT - 1740  
   561 - P  R  L  Q  G  G  F  V  W  D  W  V  D  Q  S  L  I  K  Y  D   - 580  
 
  1741 - GAAAACGGCAACCCGTGGTCGGCTTACGGCGGTGATTTTGGCGATACGCCGAACGATCGC - 1800  
   581 - E  N  G  N  P  W  S  A  Y  G  G  D  F  G  D  T  P  N  D  R   - 600  
 
  1801 - CAGTTCTGTATGAACGGTCTGGTCTTTGCCGACCGCACGCCGCATCCAGCGCTGACGGAA - 1860  
   601 - Q  F  C  M  N  G  L  V  F  A  D  R  T  P  H  P  A  L  T  E   - 620  
 
  1861 - GCAAAACACCAGCAGCAGTTTTTCCAGTTCCGTTTATCCGGGCAAACCATCGAAGTGACC - 1920  
   621 - A  K  H  Q  Q  Q  F  F  Q  F  R  L  S  G  Q  T  I  E  V  T   - 640  
 
  1921 - AGCGAATACCTGTTCCGTCATAGCGATAACGAGCTCCTGCACTGGATGGTGGCGCTGGAT - 1980  
   641 - S  E  Y  L  F  R  H  S  D  N  E  L  L  H  W  M  V  A  L  D   - 660  
 
  1981 - GGTAAGCCGCTGGCAAGCGGTGAAGTGCCTCTGGATGTCGCTCCACAAGGTAAACAGTTG - 2040  
   661 - G  K  P  L  A  S  G  E  V  P  L  D  V  A  P  Q  G  K  Q  L   - 680  
 
  2041 - ATTGAACTGCCTGAACTACCGCAGCCGGAGAGCGCCGGGCAACTCTGGCTCACAGTACGC - 2100  
   681 - I  E  L  P  E  L  P  Q  P  E  S  A  G  Q  L  W  L  T  V  R   - 700  
 
  2101 - GTAGTGCAACCGAACGCGACCGCATGGTCAGAAGCCGGGCACATCAGCGCCTGGCAGCAG - 2160  
   701 - V  V  Q  P  N  A  T  A  W  S  E  A  G  H  I  S  A  W  Q  Q   - 720  
 
  2161 - TGGCGTCTGGCGGAAAACCTCAGTGTGACGCTCCCCGCCGCGTCCCACGCCATCCCGCAT - 2220  
   721 - W  R  L  A  E  N  L  S  V  T  L  P  A  A  S  H  A  I  P  H   - 740  
 
  2221 - CTGACCACCAGCGAAATGGATTTTTGCATCGAGCTGGGTAATAAGCGTTGGCAATTTAAC - 2280  
   741 - L  T  T  S  E  M  D  F  C  I  E  L  G  N  K  R  W  Q  F  N   - 760  
 
  2281 - CGCCAGTCAGGCTTTCTTTCACAGATGTGGATTGGCGATAAAAAACAACTGCTGACGCCG - 2340  
   761 - R  Q  S  G  F  L  S  Q  M  W  I  G  D  K  K  Q  L  L  T  P   - 780  
 
  2341 - CTGCGCGATCAGTTCACCCGTGCACCGCTGGATAACGACATTGGCGTAAGTGAAGCGACC - 2400  
   781 - L  R  D  Q  F  T  R  A  P  L  D  N  D  I  G  V  S  E  A  T   - 800  
 
  2401 - CGCATTGACCCTAACGCCTGGGTCGAACGCTGGAAGGCGGCGGGCCATTACCAGGCCGAA - 2460  
   801 - R  I  D  P  N  A  W  V  E  R  W  K  A  A  G  H  Y  Q  A  E   - 820  
 
  2461 - GCAGCGTTGTTGCAGTGCACGGCAGATACACTTGCTGATGCGGTGCTGATTACGACCGCT - 2520  
   821 - A  A  L  L  Q  C  T  A  D  T  L  A  D  A  V  L  I  T  T  A   - 840  
 
  2521 - CACGCGTGGCAGCATCAGGGGAAAACCTTATTTATCAGCCGGAAAACCTACCGGATTGAT - 2580  
   841 - H  A  W  Q  H  Q  G  K  T  L  F  I  S  R  K  T  Y  R  I  D   - 860  
 
  2581 - GGTAGTGGTCAAATGGCGATTACCGTTGATGTTGAAGTGGCGAGCGATACACCGCATCCG - 2640  
   861 - G  S  G  Q  M  A  I  T  V  D  V  E  V  A  S  D  T  P  H  P   - 880  
 
  2641 - GCGCGGATTGGCCTGAACTGCCAGCTGGCGCAGGTAGCAGAGCGGGTAAACTGGCTCGGA - 2700  
   881 - A  R  I  G  L  N  C  Q  L  A  Q  V  A  E  R  V  N  W  L  G   - 900  
 
  2701 - TTAGGGCCGCAAGAAAACTATCCCGACCGCCTTACTGCCGCCTGTTTTGACCGCTGGGAT - 2760  
   901 - L  G  P  Q  E  N  Y  P  D  R  L  T  A  A  C  F  D  R  W  D   - 920  
 
  2761 - CTGCCATTGTCAGACATGTATACCCCGTACGTCTTCCCGAGCGAAAACGGTCTGCGCTGC - 2820  
   921 - L  P  L  S  D  M  Y  T  P  Y  V  F  P  S  E  N  G  L  R  C   - 940  
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  2821 - GGGACGCGCGAATTGAATTATGGCCCACACCAGTGGCGCGGCGACTTCCAGTTCAACATC - 2880  
   941 - G  T  R  E  L  N  Y  G  P  H  Q  W  R  G  D  F  Q  F  N  I   - 960  
 
  2881 - AGCCGCTACAGTCAACAGCAACTGATGGAAACCAGCCATCGCCATCTGCTGCACGCGGAA - 2940  
   961 - S  R  Y  S  Q  Q  Q  L  M  E  T  S  H  R  H  L  L  H  A  E   - 980  
 
  2941 - GAAGGCACATGGCTGAATATCGACGGTTTCCATATGGGGATTGGTGGCGACGACTCCTGG - 3000  
   981 - E  G  T  W  L  N  I  D  G  F  H  M  G  I  G  G  D  D  S  W   - 1000  
 
  3001 - AGCCCGTCAGTATCGGCGGAATTCCAGCTGAGCGCCGGTCGCTACCATTACCAGTTGGTC - 3060  
  1001 - S  P  S  V  S  A  E  F  Q  L  S  A  G  R  Y  H  Y  Q  L  V   - 1020  
 
  3061 - TGGTGTCAAAAATAATAATAA  
  1021 - W  C  Q  K  *  *  *   

Supplementary Figure 4: -galactosidase (LACZ) gene in plasmid pT161T 
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Supplementary Figure 5:  Fermentation performance of wine yeast L2056 and haploid 
derivatives.  Panel A: fermentation performance was evaluated in CDGJM (220 g L-1 sugar, 125 mg N L-1 
as ammonium sulphate, 25°C). Fermentation was monitored by accumulative weight loss of fermentation 
flasks due to CO2 evolution. Wine yeast L2056 and the haploid derivative C9 and four isogenic haploid 
derivatives isoC9a to isoC9d were cultured as described in the text.  All values are the mean of three replicate 
fermentations per strain. 30°C. Panel B: Dry cell weight determined for duplicate 10 mL cultures per strain 
and expressed as grams per 1 x 108 cells. Values are the mean of 6 values per strain. Error bars representing 
the standard deviation (SD) are included. Panel C: Concentration (g L-1 ± SD) of organic acids, glycerol and 
ethanol were determined by HPLC analysis.  
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Sample ID 
Citric 
Acid 

Tartaric 
Acid 

Malic 
Acid 

Succinic 
Acid 

Lactic 
Acid 

Acetic 
Acid Glycerol 

Acetald-
ehyde Ethanol 

L2056 0.680.15 1.490.06 0.890.03 0.870.03 0.470.05 0.470.01 8.10.3 0.0070.001 1363 

C9 0.740.08 1.140.03 0.920.02 0.520.07 0.520.07 0.540.02 7.40.3 0.0070.001 1328 

ISO C9-a 0.760.07 1.140.05 0.920.02 0.520.01 0.520.01 0.560.09 7.30.6 0.0060.002 1326 

ISO C9-b 0.790.05 1.110.05 0.920.00 0.920.04 0.500.04 0.500.05 7.50.6 0.0190.001 1371 

ISO C9-c 0.780.05 1.160.05 0.910.02 0.940.04 0.520.01 0.570.10 7.00.2 0.0060.000 1325 

ISO C9-d 0.850.03 1.160.04 0.920.00 0.940.01 0.540.01 0.580.01 8.30.2 0.0050.001 1372 
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Supplementary Figure 6: Fermentation performance of parental strains isoC9c and isoC9d 
and their ∆gal83 and ∆reg1 deletants. Fermentation performance was evaluated in CDGJM (200 g L-1 
sugar, 450 mg N L-1 FAN) in shake flasks at 30°C. Fermentation was monitored by refractive index (°Brix). 
Residual sugar was determined by enzymatic analysis of glucose and fructose. Over-estimation of fructose 
concentrations resulted in inaccurate measurement of total sugar for 0 to 50 h time points only. All values are 
the mean of three replicate fermentations per strain. Error bars representing the standard deviation (SD) are 
included.  
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Supplementary Figure 7: Characterization of EstA2. Values are the means of triplicates  
standard deviations. Values are shown relative to the highest observed activity, which was 
arbitrarily designated 100%, except for panel C, where values are shown relative to the activity 
observed in the absence of ethanol, which was arbitrarily designated 100%. (A) Influence of pH on 
esterase activity of EstA2. (B) Influence of temperature on esterase activity of EstA2. (C) Influence 
of ethanol on esterase activity of EstA2. (D) Substrate specificity of EstA2 (pNP-acetate C2, pNP-
butanoate C4, pNP-hexanoate C6, pNP-octanoate C8, pNP-decanoate C10, pNP-dodecanoate C12, 
pNP-tetradecanoate C14, pNP-octadecanoate C18). 
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Supplementary Figure 8: Characterization of EstCOo8. Values are the means of triplicates  
standard deviations. Values are shown relative to the highest observed activity, which was 
arbitrarily designated 100%, except for panel C, where values are shown relative to the activity 
observed in the absence of ethanol, which was arbitrarily designated 100%. (A) Influence of pH on 
esterase activity of EstCOo8. (B) Influence of temperature on esterase activity of EstCOo8. (C) 
Influence of ethanol on esterase activity of EstCOo8. (D) Substrate specificity of EstCOo8 (pNP-
acetate C2, pNP-butanoate C4, pNP-hexanoate C6, pNP-octanoate C8, pNP-decanoate C10, pNP-
dodecanoate C12, pNP-tetradecanoate C14, pNP-octadecanoate C18). 
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Supplementary Figure 9: Characterization of EstC34. Values are the means of triplicates  
standard deviations. Values are shown relative to the highest observed activity, which was 
arbitrarily designated 100%, except for panel C, where values are shown relative to the activity 
observed in the absence of ethanol, which was arbitrarily designated 100%. (A) Influence of pH on 
esterase activity of EstC34. (B) Influence of temperature on esterase activity of EstC34. (C) 
Influence of ethanol on esterase activity of EstC34. (D) Substrate specificity of EstC34 (pNP-
acetate C2, pNP-butanoate C4, pNP-hexanoate C6, pNP-octanoate C8, pNP-decanoate C10, pNP-
dodecanoate C12, pNP-tetradecanoate C14, pNP-octadecanoate C18). 
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