12/10/2018

Understanding Yeast Strain Differences Through a
Genome-Scale Modeling Approach

Ardic O. Arikal?, William Scott!, Ayca Ozcan?, Benjamin J.
Sanchez?, Jens Nielsen?3, Ben Montpetit?, Dario Cantu?, and
David E. Block?!?

1Department of Chemical Engineering, University of California, Davis, CA 95616

2Department of Viticulture and Enology, University of California, Davis, CA 95616

SDepartment of Biology and Biological Engineering, Chalmers University of Technology,
Goteborg, Sweden

Why is ethanol tolerance important to study?

 Stuck and sluggish fermentations are a chronic problem in the
wine industry

 Higher or lower ethanol tolerance in yeast could be useful traits
in the wine industry

* “Understanding” will lead to being able to change tolerance—
new strains
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Commercial Yeast Vary Considerably in Growth
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Why?

C. M. Henderson, M. Lozada-Contreras, V. Jiranek, M. Lo?'ngb, D.

E. Block. Appl. Environ. Microbiol., 79, 91-104, 2013.

Methods to Study Complex Yeast Metabolism

* “Omics”
* Metabolomics
* Lipidomics
* Transcriptomics
» Genome Scale Mathematical Modeling
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Omics Approach

Experimental Design

* 4 yeast strains: Montrachet, Enoferm T306, Uvaferm 43, Cote des blanc
* Anaerobic fermentation at room temperature
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Extracellular Metabolite Analysis
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Intracellular metabolite analysis using GC-MS

Extraction with 75%
boiling aqueous
ethanol

Bead Beating intervals of
45s and 10 min
incubation at 95°C

Rapid sampling and
quenching with
methanol at -20°C

Centrifugation at 4200
rpm and 4°C for 10 min

Derivatization with O-

ncentration
methylhydroxyl-amine CemEEiEdEm

hydrochloride in pyridine and <+—— | vacuum drying at 30°C
MSTFA with 1% TMCS for 2 hours

Kind, T., Wohlgemuth, G., Lee, D. Y., Lu, Y., Palazoglu, M., Shahbaz, S., & Fiehn, O. (2009). FiehnLib — mass spectral and
retention index libraries for metabolomics based on quadrupole and time-of-flight gas chromatography/mass spectrometry.
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Phospholipid extraction and analysis using LC-MS

Extraction Solvent B
Extraction solvent A & Internal

Standards l
R - Centrifugation and Centrifugation and
entrifugation, washing collection of collection of supernatant
and re-centrlfuganoq of |mcubation at room supernatant into glass into glass pyrex tubes
collected cell suspension temperature for 1h pyrex tubes from previous step
Formic Acid

Centrifugation and
collection of lower
phase into amber glass
vials

Centrifugation and
collection of lower
phase into amber glass
vials

Re-suspension of dried
lipids in Injection
Solvent, HPLC-MS Run

Evaporating Chloroform under
Nitrogen gas

UCDAVIS

erson CM, Lozada-Contreras M, Jiranek V, Longo ML, Block DE. Production and Maximum Cell Growth Are Highly Correlated with
Membrane Lipid Composition during Fermentation as Determined by Lipidomic Analysis of 22 Saccharomyces cerevisiae Strains. Applied and
Environmental Microbiology. 2013;79(1):91-104. doi:10.1128/AEM.02670-12.

Growth and sugar utilization for representative
strains of yeast
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PLS highlights metabolites and lipids correlated with
high nutrient utilization efficiency
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What part of metabolism is related to nutrient
utilization efficiency?
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RNA Extraction Phenol/ RNA DNAse
buffer + SDS Chloroform + Extraction
Bead Buff
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BINGO analysis identifies classes of genes most
associated with nutrient utilization efficiency
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+ BINGO determines which gene ontology
categories are statistically
overrepresented in a set of genes.

= Size of the circles represent the number
of genes involved in the process, and the
color key represents the p-value
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Genome Scale Mathematical
Modeling Approach

Reconstruction of a GSMM for S. cerevisiae: Yeast 8.3.1

Mathematical representation of a metabolism

i The consensus GEM of S. cerevisiae
Reaction n was introduced in 2008 (Herrgard et  Iterative improvements
al., Nature Biotechnology, 2008)

» Yeast 7.6 (Aung et al., 2013)
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effrey D Orth, Ines Thiele & Bernhard @ Palsson, Nature Biotechnology (2010)

« Block glycerol dehydrogenase (only acts in microaerobic conditions)
« Block 2-oxoglutarate + L-glutamine - 2 L-glutamate

/\ UCDAVIS

I ' . " Yeast 8.3.1
Modification of Yeast 8.3.1 to fit enological conditions
Taxonomy Template Model Reactions Metabolites Genes
* No O, uptake M— S0ccharomyces
« Allow unrestricted uptake of sterols cerevisige Yeast 7.6 3949 2680 922
» Remove the requirement of heme a in the biomass equation - - - - —
« Block oxaloacetate-malate shuttle .[Ig;:\f‘f‘;sgfysystems and Synthetic Biology, Department of Biology and Biological Engineering, Chalmers University of
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Use of dFBA to predict S. cerevisiae growth under enological conditions
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Testing dFBA predictions: Experimental methods

3 strains

MMM

OD¢og i for
cell growth

UV-vis spectrophotometer

Gallery machine

Enzymatic assay for yeast
assimilable nitrogen (YAN)

i Determine extracellular
i metabolite concentrations
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Growth of S. cerevisiae in Nitrogen limited grape juice media
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Cramer, 2002

Nitrogen is the
limiting nutrient
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Simulation results: dFBA can predict a nitrogen limited wine fermentation
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Simulation results: dFBA predictions improve with changing the biomass
composition
Biomass
150 5 composition changes
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Simulation results: Different strain performances can be predicted

Using different yield coefficients for the nitrogen source can predict differences in strain performances.

Genome scale model prediction
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These curves have potential to simulate 3 different strains
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Analysis of metabolic pathways: Comparing strains with PCA

Individuals factor map (PCA)

Variables factor map (PCA)
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How to see which fluxes are more important? Fluxes with higher squared loadings (cos2) values

/\_

UCDAVIS

23

Analysis of metabolic pathways: Fluxes (variables) that cause strain

differences

Variables - PCA
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Reactions with Significant Contribution

Glucose-6P-isomerase
Adenylate kinase
PE 18:1-18:1 transport from vacuolar memb to ER memb
PS 18:1-18:1 transport to ER memb

Ergosterol exchange
Phosphate exchange
Succinate exchange
Sulphate exchange
Oleate exchange

ergosteryl palmitoleate [er membrane] SLIME rxn
palmitoleate [cytoplasm] SLIME rxn
PE (1-16:1, 2-16:1) [er membrane] SLIME rxn

triglyceride (1-16:1, 2-16:1, 3-16:1) [er membrane] SLIME rxn _

biomass pseudo-reaction
protein pseudo-reaction
carbohydrate pseudo-reaction
RNA pseudo-reaction
DNA pseudo-reaction
lipid pseudo-reaction — merge

ADP/ATP Transport
Cytidylate kinase (CMP)
Ribonucleotide reductase
H* transport from mitochondria

Associated with
— higher nutrient
utilization efficiency

Exchange
reactions

Lipid
[ reactions

Biomass
component
reactions

Associated with lower
nutrient utilization
efficiency

J  UCDAVIS
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Analysis of metabolic pathways: Comparing fluxes over

time
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Summary and Future Work
* Metabolism of wine yeast is crucial for nutrient utilization efficiency and
ethanol tolerance
+ dFBAs a practical way to simulate wine fermentations
* Using a GSMM combined with dFBA offers a useful approach to
understand metabolic differences in commercial wine strains
* Apply to other yeast traits like aroma production
/\ UCDAVIS
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