Appendix B: Parameterization of INDISIM-Saccha
B.1 Temporal resolution of the model

Tyson et al. (1979) experimentally obtain the doubling time of batch cultures of S. cerevisiae growing in a number of C sources at 30ºC and calculates the corresponding population budding time. The fastest growing cells (71 min) showed a budding time of about 62 min, which can be used as the fastest discrete event modelled. A temporal resolution that was too low would not be consistent with the variability taken into account by the model while a temporal resolution that was too high would have non-assumable time computing costs. Keeping this in mind, a time step length of 0.1 h is adopted. The simulation time horizon is set to 14 days to match experimental data used.
B.2 Spatial resolution of the model

In order to be able to capture microscopic level variability, a minimum number of individuals must be simulated at any time. In our conditions, the minimum yeast density to be simulated has an order of magnitude of 1x105 cells/ml, and considering a minimum of 10 simulated individuals, the simulated volume is set to 1x10-4 ml. 

As before, too low a density could impede the possible interactions between the yeasts for spatial reasons while too high a density would be too computationally expensive. To achieve computational-cost effective simulations, the number of spatial cells per cube side, iq, has been fixed at 10, giving a three-dimensional lattice of 103 elements, a reasonable number of elements given that a liquid medium is being simulated. Although not specifically prevented, the maximum number of individuals physically fitting into one cell, as computed using a cell diameter of 5.5 µm (Portell et al., 2011) and assuming a spherical shape, were not reached during the simulations.

B.3 Initialization of the simulations

As previously explained, inputted parameters which are expressed in experimental units, have to be changed to simulation units. According to the previously suggested “empirical formula” for baker’s yeast (Berry, 1988): C47H6.3O33N8P1.2salts4.5, and adopting the calcium chloride molar mass, it follows that the yeast dry mass C composition is approximately 32 % (w/w). From the stoichiometric formula, the C to N ratio, ayc is approximated to 6. This data, taken jointly with the total number of spatial cells, the simulated volume of liquid media, the fixed temporal resolution, and the molar weights, are used in order to translate from mass and temporal units into the units used internally by the simulator, pmol and time steps.

Three initial glucose concentrations were tested at the beginning of the simulations (150, 200 and 250 g/l) according to experimental practice while remaining chemical species were fixed throughout the experimental treatments. Initial concentrations of ethanol and carbon dioxide were set to 0 g/l.

Setting the initial concentration of the N species was done by distributing the measured Kjeldahl N (0.0152 g N/l) according to the theoretical N contents coming from the medium ingredients used. These theoretical ammonium and organic N contents were derived by using the composition of the growth medium and the α-Amino N (NAMINO) and Total N (NTOT) typical contents of the ingredients as extracted from published data from the culture media manufacturer (Scharlau, 2011). The NTOT content of the yeast extract was split into organic N (NORG) and ammonium (NTOT=NNH4+NORG) while Meat Peptone was assumed to be a source of organic N solely (NTOT=NORG). The fractions of NNH4 and NORG of the whole growth medium derived this way were 33 and 67 % respectively. 

Simulated organic labile N brings C in its formulation, with aC its C to N molar ratio. aC has also been derived from published data (Scharlau, 2011) by summation of the C to N relation of the composing amino acids weighted by their relative abundance as dictated by the free content of the amino acid of an ingredient (g free amino acid/g DW) by the used concentration of the ingredient in the culture media (g DW/l). From this, aC is approximated to 4.5. 

The initial number of individuals, I(t=0), used to initialize the population at the starting of the simulation is treatment dependent and set according to the mean initial total cell density obtained experimentally (Table 1of the main text).

An inocula bank from a donor simulation was used to initialize the individual’s state . In order to mimic experimental practice, the individual’s state after 48 h from the beginning of a donor simulation, starting from an initial cell concentration of 1x104 cells/ml, was recorded and used later. Initial concentration of chemical species of the donor simulation was assumed to be the same as calculated above except for glucose, which was set to the glucose concentration of the Sabouraud broth (20 g/l). 

B.4 Uptake-related parameters

From the maximum glucose uptake rate used by previous modelling efforts (Alexander and Jeffries, 1990; Steinmeyer and Shuler, 1989; Strässle et al., 1988), an initial range for the mean glucose uptake rate, uGLU, was initially established at 13.3-20 glucose mmol/(g DW·h). This value proved to be insufficient to replicate the experimental glucose consumption curve, with levels of residual glucose in the medium remaining unrealistically high. For this reason, after adopting 20 mmol/(g DW·h) as the lower value of the interval, a high working value for the upper level, 120 mmol/(g DW·h) was established. This wide range allows the interval to include the most probable value of the parameter and, in turn, reflects the uncertainty in the parameter value. It is worth noting that in those works which refer to this value, the authors are using different deterministic modelling approaches and, although the parameters are homologous, do not necessarily share the same parameter values. Additionally, this value is usually obtained from continuous culture experiments and thus is the mean uptake of the population growing in specific culture conditions, and not a hypothetic maximum individual uptake capacity, as uGLU represents. Therefore, a population value, which is a consequence of all the individuals acting together, as well as the interactions between them and the abiotic components of the system, is being used to parameterize an inherently individual unaffected parameter. This drawback could be tackled by calibrating uGLU using data from specifically designed glucose-limited continuous culture experiments. Discrepancies between population and individual-based approaches have been reported and explained with the Jensen’s inequality (Hellweger and Bucci, 2009).

The mean uptake rate of organic N, uCN, has been parameterized taking amino acids as a reference organic N compound. Steinmeyer and Shuler (1989) use three uptake systems with maximum uptake rates of 0.134, 0.182 and 0.281 g/(g DW·h) to represent the variety of both general and specific amino acid permeases present in S. cerevisiae. Assuming, respectively, the leucine, histidine, and lysine molar masses, the initial range of uCN can be set to 1-4.5 mmol/(g DW·h). As opposed to glucose, this range was able to potentially reproduce experimental data. Although the same analysis of individual vs. population parameters also holds, experimental conditions (N limited cultures) and available data (no control of the uptaken N sources) could be hiding or mitigating this effect. Additionally, and taking into account the N limited-growth, initial temporal resolution of the data for the period of intense cell division (first two days approximately) will not allow a fine tuning of the model parameters related to the N uptake. 

Sainz et al. (2003) use 300 mmol/(g DW·h) as the upper bound for the ammonium uptake rate. Since no more information was available, the initial range for the mean ammonium uptake rate, was heuristically set to 225-375 mmol/(g DW·h).

As previously stated, scar tissue is thought to be less efficient at facilitating the transport of molecules into the cell, thus the parameter ps represents a reduction on the yeast cell surface for nutrient exchange. Since the composition of the cell wall material at the centre of the chitin ring is unknown (Powell et al., 2003a), parameterization of ps lies under the assumption that the reduction of surface area per cell scar ranges from the area occupied by the Chitin ring and the total area of the scar (chitin ring and central tissue), assuming a two-dimensional structure. Using data provided by Powell and co-workers (Powell et al., 2003a) (cell surface, mean bud scar diameter, mean bud scar surface, percentage of cell surface covered by bud scars, number of scars of the cell), and graphically estimating a chitin ring thickness of 0.35 µm, ps initial range can be set to the interval 0.007-0.018 Cell scar-1. 
The parameter affecting glucose uptake due to the ethanol concentration in the medium, puOH, can be considered as the resistance of the yeast to the toxic effects of the alcohol. This parameter can be approached from the maximum ethanol concentration a certain strain can bear based on previous experimental observations or knowledge. For S. cerevisiae and under oenological conditions, this level can be set around 15-16 % (vol/vol), although problematic stuck fermentations can appear from 13 % (vol/vol) (Ribéreau-Gayon et al., 1998). Assuming an ethanol density of 0.79 g/ml, this would lead to an alcohol concentration in the medium ranging from 102.7 to 126.4 g ethanol/l. However, the maximum ethanol concentration a strain can hold depends, although not exclusively, on the yeast strain, temperature, and aeration level (Ribéreau-Gayon et al., 1998). Thus, these reported levels are likely to be biased from a potential ethanol resistance represented by puOH. Consequently, the initial range explored for the parameter has been set to 100-180 g ethanol/l.

The uptake and subsequent immobilization of unmetabolized organic compounds can change the C/N ratio of the yeast biomass. The model assumes that the uptake of C and N sources are switched on or off by this internal ratio in order to ensure that the individual’s composition remains between typical values. Parameters governing this are rC for the uptake of C sources, and rN for the uptake of N sources. Based on previous INDISIM works (Gras et al., 2011), which assume a ratio of between 5 and 12 for a mixture of heterotrophic microorganisms, and since the yeasts have a higher relation of C to N sources than bacteria, then the assumed values are 6 for rC, and 12 for rN, which have been chosen and fixed as constants.

Since no previous information was available, standard deviation of the uptake-related parameters ((GLU, (CN, (NH4, (ps, (puOH) was obtained from the mean values of the parameters and a normalized standard deviation of 0.25 was assumed.

B.5 Metabolism-related parameters

Sainz et al. (2003) validate their model using wine fermentation data and use a maintenance energy of 1.4 mmol ATP/(g DW·h) for S. cerevisiae growing in an ethanol free medium. On the other hand, Jarzȩbski et al. (1989), after calibrating a continuous model to data obtained in a fermentation system, found maintenance energy requirements ranging from 0.21-0.27 glucose g/(g DW·h). Assuming that one mole of glucose yields 36 ATP or 2 ATP following, respectively, respirative and fermentative catabolic metabolisms, this gives a range for the parameter e of 0.12-0,27 glucose g/(g DW·h). 

Sainz et al. (2003) take into account the effect of the concentration of ethanol on maintenance expenses of S. cerevisiae by means of a look up table partially based on experimental data. Subtracting maintenance expenses at y-intercept from the stated look up table showing maintenance expenses [mmol ATP/(g DW·h)] versus ethanol concentration (g/l), considering the maximum and mean slope of the modified graph, and after appropriate transformation, a range for pOH of 0.01 to 0.22 g glucose/ (g DW·h) can be set. Nevertheless, the upper value found was shown to be insufficient to reproduce experimental data, thus the upper level of the original range was set to a higher value to reflect its uncertainty. After this working hypothesis, the initial range for the parameter was set to 0.01-2 g glucose/(g DW·h). Since no previous information was available, standard deviation of the parameter, (pOH, was set from the mean value of the parameter and a normalized standard deviation of 0.25.

S. cerevisiae is a Crabtree-positive yeast and consequently even under aerobic conditions, fermentation predominates over respiration. This phenomenon has been observed in cultures growing over a glucose concentration of 9 g glucose/l (Ribéreau-Gayon et al., 1998). Since the parameter driving the accumulation of carbohydrate reserves, as external glucose is being exhausted by the yeast, lS, must necessarily represent a lower glucose concentration than that observed experimentally in the Crabtree effect. Consequently, in the absence of more accurate data, lS, has been estimated heuristically from the Crabtree glucose concentration and set to 0.05 to 4.5 g glucose/l.

In order to fully complete the metabolism of absorbed substrates, α1 and α2, the coefficients indicating the C moles required as energy source to synthesize a biomass unit following respectively stated Eqs. 2 and 3, have to be known. Using measurable experimental data, E1, the metabolic energy required to create a biomass unit (mol of ATP/ mol CNMIC) from glucose and ammonium, can be estimated as follows:
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                                                                                  (B.1)

where y is the fermentative biomass yield production (g C-DW/g C-glucose). Recalling that the relation between these coefficients and the metabolic energy required to create a biomass unit is known (E1=2/6 α1), α1 can be obtained. It is assumed that, E2, the metabolic energy required to create a biomass unit from glucose and organic N is equal to E1. Assuming a pure anaerobic growth of S. cerevisiae, y has been fixed to the value of 0.05 g DW/ g glucose (Alexander and Jeffries, 1990; Strässle et al., 1988).
According to the value given to the metabolism-related model parameters, Eq. A.9 and A.10 can be rewritten as Eq. B.2 and B.3: 
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which denotes the stoichiometry of coupled reactions needed to create a mole of simulated mass (C6N) using, respectively, ammonium (NH4) or organic nitrogen (C4.5N).
B.6 Reproduction-related parameters

Johnston et al. (1977), studying coordination between growth and cell division of S. cerevisiae, found that small cells from a nitrogen-starved population of the strain X2180-1A must grow to a minimum volume of 25 µm3 before bud emergence can occur, and that the execution of the early DNA-division cycle events for four cdc mutant strains is correlated with the attainment of a cell volume of approximately 30-35 µm3. Johnston et al. (1979) determine cell volume at bud initiation of cells showing 0, 1, 2 or 3 bud scars and growing at different growth rates. From this data, a mean volume at bud initiation of virgin cells of 29.3 µm3 with a mean normalized standard deviation of 0.16 can be computed. Finally, Takamatsu et al. (1985), after adjustment of simple population models in baker’s yeast fed-batch cultures, found critical volumes at budding between 26-34.5 µm3. Taking the range of 25-35 µm3 as the minimum volume for a S. cerevisiae cell to start bud formation and assuming a cell density of about 1.1 g WW/ml (Bryan et al., 2010) and a moisture content of 75% (Briggs et al., 1981), the range explored for the mC parameter is set to 6.87-9.63 pg DW. The standard deviation of the parameter, (mC, was set from the mean value of the parameter and a normalized standard deviation of 0.15.

According to the data of Johnston et al., (1979), obtaining the mean volume at bud initiation of cells with 2 scars and subtracting the mean volume at bud initiation of virgin cells, a mean volume increase of 6 µm3 per cell cycle is obtained or 1.65 pg DW. Assuming that once in the budded phase, all the newly synthesized biomass goes to the daughter cell (Alberghina et al., 1998; Porro et al., 2009), this can be used as the central value of the model parameter (mB1. The final explored range for (mB1 was set heuristically to 1.65±(0.41).

Strässle et al. (1988) assume that the minimum mass of a daughter cell is 6 pg DW which has been adopted as the central value for ΔmB2. As before, the range explored for the parameter was set to 6 ±(1.5). The standard deviation of the parameter, (mB2, was set from the mean value of the parameter and a normalized standard deviation of 0.25.

Johnston et al. (1979) worked with different glucose concentrations in a chemostat and found that slow growing haploid cells of S. cerevisiae showed a constant cell volume at division but that this volume increased progressively in cells growing over a specific growth rate of 0.17-0.23 h-1. This is consistent with the assumption of a minimum time requirement and mass increase to release the bud, as assumed within the model. Thereby, a minimum mass increase would limit slow growing cell division while a minimum time increase would limit fast growing cell division, allowing a progressively high volume increase. Therefore, budding time at the specific growth rate distinguishing between fast and slow growing cells (or the point where mass requirement equals time requirement) could be used as a value for the model parameter ΔT2, the minimum time required to bud scission from bud initiation. Using empirically derived relationships between the length of the budded phase and doubling time (Hartwell and Unger, 1977; Tyson et al., 1979 and references therein) and the stated specific growth rates, the range of values studied for ΔT2 has been set to 117-183 min. The standard deviation of the parameter ΔT2, (T2, was set from the mean value of the parameter and a normalized standard deviation of 0.25.

B.7 Lifespan-related parameters

The stationary phase has been defined as the ability of yeasts to survive long periods (i.e. months) without added nutrients (Werner-Washburne et al., 1993). Keeping this in mind, and since the total cell count did not decrease during the length of the experiments, it has been assumed that cells do not die due to nutrient starvation but due to their limited replicative lifespan (see above). To reflect this assumption, the parameter td and its standard deviation, (td, have been fixed, respectively, at 1000 and 0 h.

An S. cerevisiae cell is only capable of undertaking a limited number of replications. The maximum replicative number of events a cell can experience, the Hayflick limit (Hayflick, 1968), is strain-specific. Once the Hayflick limit is reached, cells are incapable of further replication and enter into a state of senescence, which leads to cell death (Barker and Smart, 1996). Although it is strain dependent, the Hayflick limit for S. cerevisiae has been reported to be within the range of 9-30 cell divisions (Maskell et al., 2003 and references therein). Barker and Smart (1996) found a maximum value of 29 for a particular S. cerevisiae strain. Recalling that within a typical laboratory grown batch culture the expected fraction of seventh or greater generation cells is relatively low, < 1% (Powell et al., 2003b), the model parameter denoting maximum replicative lifespan, hl, was fixed to the value of 30.

B.8 Parameters related to the actions over the medium 

Substrates accounted for by the model affecting, either directly or indirectly, the fitness of the individuals are subjected to diffusive processes. Because of their different natures, the parameters driving these processes, dj (units: fraction of translated particles), cannot be directly translated from the known, experimentally-measured diffusivities of the substrates (units: cm2/s), despite being related to them. Therefore, for purposes of the present contribution, the dj values have been fixed assuming a glucose diffusivity in water at 25ºC of 6.9 x10-6 cm2/s (Perry et al., 1999), organic N diffusivity in water at 25 ºC of 8x10-6 cm2/s (Longsworth, 1953), ammonium diffusivity in water at 30 ºC of 18.6x10-6 cm2/s (Kreft et al., 2001), ethanol diffusivity in water at 25 ºC of 12.8x10-6 cm2/s (Perry et al., 1999), and the value of dGLU used within previous INDISIM works (Ginovart et al., 2005; Gras et al., 2010). From these values, the values adopted for dj have been assumed to be 2.5x10-3 (j= GLU, CN) and 5.0x10-3 (j= NH4, OH).
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