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Abstract 1 

The effect of the main environmental factors governing wine fermentation on the fitness of 2 

industrial yeast strains has barely received attention. In this study, we used the concept of 3 

fitness advantage to measure how increasing nitrogen concentrations (0-200 mg N/L), 4 

ethanol (0-20%) and temperature (4-45ºC) affect competition among four commercial wine 5 

yeast strains (PDM, ARM, RVA and TTA). We used a mathematical approach to model the 6 

hypothetical time needed for the control strain (PDM) to impose on the other three strains 7 

in a theoretical mixed population. The theoretical imposition values were subsequently 8 

verified by competitive mixed fermentations, in both synthetic and natural musts, which 9 

showed a good fit between the theoretical and experimental data. Thereby, the increase in 10 

nitrogen concentration and temperature values improved the fitness advantage of the PDM 11 

strain, whereas the presence of ethanol significantly reduced its competitiveness. However, 12 

the RVA strain proved to be the most competitive yeast for the three enological parameters 13 

assayed. The study of the fitness of these industrial strains is of paramount interest for the 14 

wine industry, which uses them as starters of their fermentations. Here we propose a very 15 

simple method to model the fitness advantage, which allows the prediction of the 16 

competitiveness of one strain on different abiotic factors. 17 

18 
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Introduction 19 

Wine is the product of complex interactions among fungi, yeasts and bacteria that 20 

commence in the vineyard and continue throughout the fermentation process until 21 

packaging. Alcoholic fermentation is the sugar transformation of must (glucose and 22 

fructose) into ethanol and CO2. This process is carried out exclusively by yeasts. During the 23 

first days of fermentation, the predominant genera are often Hanseniaspora/Kloeckera and 24 

Candida and, to a lesser extent, non-Saccharomyces species of the genera Torulaspora, 25 

Kluyveromyces, Hansenula, Pichia, Brettanomyces, Rhodotorula and Metschikowia, which 26 

are also isolated from freshly extracted grape must (1, 2, 3). During the consecutive days of 27 

fermentation, the populations of these low-fermentative-power species progressively 28 

decrease, and they are replaced by Saccharomyces cerevisiae, which is the species with the 29 

greatest fermentative capacity (3, 4). The ecological advantage of S. cerevisiae over its non-30 

Saccharomyces competitors has been traditionally explained by this species’ highest 31 

tolerance to ethanol (5). Recently, Goddard (6) proposed that temperature may also play an 32 

important role in the ecological advantage of S. cerevisiae during wine fermentation. The 33 

fermentation temperature as a key factor in S. cerevisiae imposition was later confirmed by 34 

Salvadó et al. (7), who individually studied the effects of temperature and ethanol on the 35 

growth of a S. cerevisiae strain and of various non-Saccharomyces yeasts isolated from 36 

wine fermentations.  37 

The wine fermentative process has been traditionally carried out spontaneously by 38 

developing yeast strains associated with the grape and winery (4, 8). However, the selection 39 

of Saccharomyces strains and their subsequent commercialization as active dry wine yeasts 40 
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(ADWY) have enabled enologists to use the same yeast strains every grape harvest (1). 41 

This fact has implied a biotechnological advance as it entails a major control process and 42 

better wine quality standardization every year (9). These ADWY should compete with not 43 

only non-Saccharomyces yeasts, but also with indigenous S. cerevisiae strains, which 44 

theoretically better adapt to must conditions. The competition degree of each individual 45 

strain is influenced by a number of abiotic factors (pH, temperature, ethanol, osmotic 46 

pressure, nitrogen, etc.) and biotic factors (microorganisms, killer factors, grape variety, 47 

etc.), which determine the imposition of one strain on its competitor. Knowledge of the 48 

competitiveness of these commercial strains in accordance with these abiotic and biotic 49 

factors is of paramount importance for the wine industry so that it can envisage the most 50 

appropriate strain to be inoculated in different wine fermentation contexts.   51 

In this study, we carried out a preliminary approach in this direction by determining how 52 

the fitness advantage of four commercial wine yeast strains changed according to the 53 

nitrogen concentration of grape must, the fermentation temperature profile and ethanol 54 

tolerance. All of these parameters are of much industrial relevance in the enological sector. 55 

As a result of climate change, grapes are often overripe and produce grape musts with low 56 

nitrogen and high sugar concentrations. Lack of nitrogen and the high ethanol content 57 

produced as a result of large amounts of sugar are responsible of the main fermentative 58 

problems. As mentioned above, fermentation temperature is a key factor in the competence 59 

degree of S. cerevisiae over other species competitors. Moreover, the current fermentation 60 

temperature-lowering trend to enhance the retention and production of wine aroma (10) 61 

makes determining the influence of temperature into the fitness advantage of these 62 

commercial strains particularly interesting.  63 
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To this end, individual strains were grown in a microplate-based system with the different 64 

conditions corresponding to the three parameters under study. A set of mathematical 65 

equations was built to quantitatively assess the influence of each individual factor on the 66 

fitness advantage of a S. cerevisiae strain (control) as compared to the other commercial 67 

strains with which it hypothetically competes. The predictions obtained by these equations 68 

were confirmed by a direct competition study between two of these commercial strains 69 

during fermentations in both synthetic and natural grape musts. The impact of each factor 70 

on the competence of the strains influenced its degree of imposition during these wine 71 

fermentations.  72 

Material and methods 73 

Yeast strains 74 

The yeast strains used in this study were the following: PDM, ARM, RVA and TTA. They 75 

were all provided by Agrovin Company (Ciudad Real, Spain). According to the enological 76 

features provided by the supplier, which can be obtained from the company’s web page 77 

(http://www.agrovin.com), PDM is designed to produce fermentation at low temperature in 78 

nutrient-poor conditions or with grapes with high potential alcoholic strength, RVA is 79 

specially recommended for use with red wines with high ethanol tolerance, while the most 80 

distinguishable characteristic of the strains ARM and TTA is the great production of esters 81 

during the fermentation process. A taxonomic description of these strains was previously 82 

carried out by RFLPs of the ITS/5.8S region (11). Thereby, strains PDM (Pasteur Prise de 83 

Mousse), RVA and TTA belonged to the S. cerevisiae species, while strain ARM was 84 

identified as a hybrid between S. cerevisiae and S. kudriavzevii following the procedure 85 



6 

 

proposed by González et al. (12). This latter strain is commercialized by Maurivin as EP2 86 

and its hybrid nature has been confirmed by Dunn et al. (13). 87 

We also constructed a derivative PDM strain, which was labeled with the Green 88 

Fluorescence Protein (PDM-GFP). The induction of this fluorescence protein allowed this 89 

reporter strain to be monitored by flow cytometry. One copy of the open reading frame 90 

(ORF) of gene ACT1 was replaced with deletion cassette GFP-KanMX4 by the short 91 

flanking homology (SFH) method (14). Plasmid pKT127 (15) was used as a template to 92 

obtain this deletion cassette (see Table 1 for the primers used). S. cerevisiae transformation 93 

was carried out by the lithium acetate method (16). Transformants were selected by 94 

resistance to G-418 (geneticin) (FormediumTM, Norfolk, UK). The correct integration of the 95 

deletion cassette was confirmed by PCR using the primers upstream and downstream of the 96 

cloning site. Moreover, the fluorescence emission of the transformants was also tested after 97 

an overnight culture in YPD + G-418 medium (glucose 20 g/L, peptone 20 g/L, yeast 98 

extract 10 g/L). 99 

Growth conditions and inoculum preparation 100 

The inoculum for growth curves in microplates was prepared by rehydrating dry yeasts in 101 

water following the manufacturer’s recommendations (30 min at 37ºC). After microscope 102 

counting in a Neubauer Chamber, the appropriate dilution of the rehydrated wine yeast was 103 

inoculated in a synthetic grape must (SM) to obtain an initial cell concentration of ~2 x 106 104 

cells/ml. This SM was prepared according to Riou et al. (17), but using 200 g/L of reducing 105 

sugars (100 g/L glucose + 100 g/L fructose) and without adding ergosterol and oleic acid as 106 

anaerobic factors (10). Moreover, this SM was also modified with the different abiotic 107 
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factors under study. For the nitrogen assays, the SM was modified with different 108 

ammonium concentrations (0, 10, 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mg N/L). 109 

For the ethanol assays, the medium was modified with sterile pure ethanol (assay 99.8%) to 110 

obtain the following concentrations: 0, 1, 2, 3, 5, 8, 10, 12, 15 and 20% of ethanol. 111 

Temperature was set at 28ºC for all the nitrogen and ethanol tests. In the temperature 112 

assays, SM was inoculated and incubated at different temperatures (4, 8, 10, 12, 15, 22, 28, 113 

33, 40, 42, and 45ºC) to obtain the whole temperature range in which yeasts can grow. In 114 

this case, nitrogen and ethanol were set at 180 mg N/L and 0%, respectively.  115 

Optical density measurements 116 

Growth was monitored at 600 nm in a SPECTROstar Omega instrument (BMG Labtech, 117 

Offenburg, Germany). Measurements were taken every 30 min for 4 days (time enough to 118 

reach the stationary phase) after a 20-second pre-shaking for all the experiments. However, 119 

at low temperatures (4-15ºC), microplates had to be incubated outside the 120 

spectrophotometer to be then placed inside it before being measured (every 8 h for 14 121 

days). Microplate wells were filled with 0.25 ml of SM (modified with ethanol and nitrogen 122 

when required) to always ensure an initial OD of approximately 0.2 (inoculum level of 6.0 123 

log10 CFU/ml). Uninoculated wells for each experimental series were also included in the 124 

microplate to determine and, therefore, subtract the noise signal. All the experiments were 125 

carried out in triplicate. 126 

Primary modeling 127 
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Growth parameters were calculated from each ethanol, nitrogen and temperature level by 128 

directly fitting OD measurements versus the time to the reparameterized Gompertz equation 129 

proposed by Zwietering et al. (18), which has the following expression: 130 

y = D * exp{-exp[((µmax*e)/D)*(λ-t))+1]}     [1]  131 

where y= ln (ODt/OD0), OD0 is the initial OD and ODt is the OD at time t; D= 132 

ln(ODmax/OD0) is the asymptotic maximum, µmax is the maximum specific growth rate (h-1), 133 

and λ is the lag phase period (h). Growth data were fitted by a non linear regression 134 

procedure by minimizing the sum of the squares of the difference between the experimental 135 

data and the fitted model; i.e., loss function (observed - predicted)2. This task was 136 

accomplished using the non linear module of the Statistica 7.0 software package (StatSoft 137 

Inc, Tulsa, OK, USA) and its Quasi-Newton option. 138 

Secondary modeling 139 

The effect of increasing ethanol concentrations on yeast µmax was fitted by means of a linear 140 

regression which has the expression: 141 

      y = A * x + B                                                                                                     [2] 142 

where y is the µmax value for each ethanol concentration (x), B is the µmax value in the 143 

absence of ethanol, and A is a slope parameter (negative due to the inhibitory effects of 144 

ethanol). Minimum inhibitory concentration (MIC) is the minimum x value where µmax is 0, 145 

which represents the minimum ethanol concentration where yeasts are unable to grow.  146 
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The effect of temperature on the µmax of yeasts was evaluated using the cardinal 147 

temperature model with inflection (CTMI), proposed by Rosso et al. (19). CTMI is a 148 

descriptive model that is based purely on empirical observations, and includes the three 149 

cardinal temperature values often used in microbiology. It has the following expression: 150 

     µ = 0     if T ≤ Tmin or T ≥ Tmax 151 

 µ=µTopt (D/E)  if Tmin < T < Tmax 152 

 D= (T – Tmax) (T – Tmin)
2 153 

E= (Topt-Tmin) [(Topt-Tmin)(T-Topt)-(Topt-Tmax)(Topt+Tmin-2T)]                            [3] 154 

where Tmax is the temperature above which no growth occurs, Tmin is the temperature below 155 

which growth is no longer observed, and Topt is the temperature at which the µmax equals its 156 

optimal value (μTopt).  157 

To assess the effect of nitrogen concentration on the µmax of yeasts, Monod’s growth model 158 

was used. This model was proposed initially as an empirical approach to describe microbial 159 

growth depending on the concentration of a limiting nutrient with the following equation: 160 

y = (V*S)/ (K+S)                                                                                         [4]                                                     161 

where y is the microbial growth parameter deduced from primary modeling (in our case, 162 

µmax) for the diverse nitrogen concentrations (S), V is the theoretical maximum value 163 

obtained for µmax, and K is the substrate concentration which supports half-V. An important 164 

feature of this model is that the growth parameter is zero when there is no substrate, but it 165 

tends to an upper limit when the substrate is in excess. 166 
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The equations and parameters of the secondary models were estimated by non linear and 167 

linear regression procedures using the Statistica 7.0 software package. Fit adequacy was 168 

checked by the proportion of variance explained by the model (R2) in relation to the 169 

experimental data as well as by the residual sum of squares (RRS). The final equation of the 170 

secondary models for ethanol, nitrogen and temperature were finally deduced by 171 

substituting the average model parameter values obtained from the 3 independent fits.   172 

S.cerevisiae fitness advantage 173 

The “fitness advantage” (m) between two microorganisms can be defined by the following 174 

expression: m = r1 – r2, where m corresponds to the µmax difference of two strains (r1 and r2) 175 

for specific environmental conditions (6, 20). In this study, we obtained the m value of the 176 

PDM strain (used as a reference) as compared with the other three commercial yeasts for 177 

the whole environmental range assayed for nitrogen, ethanol and temperature. For this 178 

purpose, we used the general mathematical equations obtained from secondary modeling 179 

for the variables ethanol, temperature and nitrogen. Therefore, we aimed to theoretically 180 

determine the strain that better adapted to these abiotic factors.  181 

Time for imposition in mixed cultures 182 

Differences in µmax in a specific competitive environment can explain why a given species 183 

imposes itself on another. However, the initial frequencies of both populations also 184 

influences the time for imposition (TFI) of the most competitive microorganism. Using the 185 

equations obtained from the fitness advantage (m) for the different variables and strains, we 186 

may theoretically calculate the time (t, days) taken by the PDM strain, selected as a control 187 
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(initial frequency, p0) to reach a given final frequency (pt) versus the other commercial 188 

strains (with an initial frequency of q0= 1- p0 and a final frequency of qt = 1- pt). The 189 

following equation, developed by Hartl and Clark (21) and recently used by Goddard (6), 190 

shows the relationship between all these parameters. 191 

      t = (1/m) * ln (pt.qo)/(qt.qo)       [5]                                                   192 

The initial inoculation ratio for each strain during the competition tests were 50% for each 193 

one. 194 

Competition tests under microvinification conditions 195 

The validation of predictions obtained from the previous mathematical equations, were 196 

carried out in both synthetic and natural musts.  197 

The SM was inoculated with a mixed culture made up of two strains: derivative PDM-GFP 198 

and another commercial strain in the same proportion (106 cells/ml each one). Prior to 199 

inoculation in SM, both strains were grown overnight in YPD and later incubated for 8 h in 200 

YNB without ammonium and amino acids in order to deplete all internal nitrogen reserves. 201 

The control fermentation condition was SM with 180 mg N/L in the form of ammonium at 202 

28ºC. This control condition was modified to test the effect of the different factors as 203 

follows: 60 and 300 mg N/L of ammonium, 2% and 5% of ethanol and fermentation 204 

temperature at 12ºC.  205 

Fermentations were monitored by the density of the media (g/L) using a densimeter 206 

(Densito 30PX, Mettler Toledo, Switzerland). Fermentations were considered to be 207 

complete when density reached 995 g/L. Yeast cell growth was determined by absorbance 208 
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at 600 nm and by plating on YPD. The percentage of each strain competing throughout 209 

fermentation was monitored by both the replica plating from YPD to YPD-geneticin and 210 

flow cytometry. Cells were plated on YPD and were later on replicated on YPD 211 

supplemented with 0.2 mg/ml of geneticin (only control strain PDM-GFP was resistant to 212 

geneticin). In order to detect the percentage of fluorescent cells, the cells sampled 213 

throughout fermentations were analyzed in a flow cytometer (Beckman Coulter Epics XL 214 

Flow Cytometer, Minnesota, USA). A total of 20,000 cells of the sample were measured at 215 

a 700 V voltage in FL1 FITC, revealing the number and percentage of fluorescent cells and 216 

fluorescence intensity. The EXPO 32 ADC software was used for these measurements. The 217 

parameters measured with the cytometer were the number of fluorescent cells and the 218 

average of fluorescence intensity (22). 219 

To confirm the predictive value of the data obtained in SM, fermentations were also carried 220 

out in natural grape must of Chardonnay variety, following the same procedure explained 221 

above for the SM fermentations. This natural grape must (NM) had 205 g/L (ρ = 1080). 222 

The amount of sugars and density was very similar to SM. The initial yeast assimilable 223 

nitrogen was 322 mg N/L, which was composed by 247 mg N/L in the form of amino acids 224 

and 74 mg N/L in the form of ammonium. The free amino acid nitrogen concentration was 225 

determined by following the σ-phthaldehyde/N-acetyl-L-cysteine spectrophotometric assay 226 

(NOPA) procedure (23). Ammonium concentration was measured by a kit using an 227 

enzymatic method (Roche Applied Science, Germany). Previous to inoculation, the grape 228 

must was treated with 80 mg/L of potassium metabisulfite (approximately 40 mg/L of 229 

sulfur dioxide) and with 1ml/L of Velcorin (trade name for dimethyldicarbonate; Merck, 230 
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Hohenbrunn, Germany) as antimicrobial agents to sterilize the must, which was tested by 231 

plating the grape-must in a YPD plate and incubated during 72 h at 28 ºC. The NM was 232 

modified with two ethanol concentrations (2% and 5%) and incubated at two temperatures 233 

(28 ºC and 12 ºC) for the competition studies.  234 

Statistical data analysis 235 

All the experiments were repeated at least 3 times, and the data were reported as the mean 236 

value ± standard deviation. Significance was determined by an ANOVA analysis using the 237 

Statistica 7.0 software package. The statistical level of significance was set at P ≤ 0.05 with 238 

the Tukey test. 239 

Results 240 

Influence of enological variables on yeast growth 241 

In the present study, we studied and compared the effect of three enological parameters 242 

(nitrogen concentration, temperature and ethanol) on the growth of four commercial wine 243 

yeast strains (PDM, ARM, RVA and TTA) using a mathematical approach. The plot of the 244 

µmax of yeasts versus increasing values of all these abiotic factors exhibited different 245 

behaviors (Fig. 1).  246 

As expected, the higher the nitrogen levels, the higher the growth rate up to a certain 247 

concentration for which the maximum value was reached and was kept constant (Fig. 1A). 248 

Above this concentration, nitrogen can no longer be the limiting factor for cell growth, and 249 

has been recently defined by Gutierrez et al. (24) as “the nitrogen-limiting concentration” 250 

for a certain strain or nitrogen source. Although the stimulatory growth effect of nitrogen 251 
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was common in all the strains, the µmax and the nitrogen-limiting concentration to obtain 252 

this µmax differed for the four strains (Table 2). As previously reported by Gutierrez et al. 253 

(24), the ARM and TTA gave the lowest µmax values and the PDM gave the highest values 254 

in all the nitrogen concentrations assayed, with significant differences found among them. 255 

The changes in µmax in accordance with temperature were fitted by means of a CTMI 256 

secondary model (20). The four commercial wine strains displayed their optimal growth at 257 

around 30ºC, but differences were observed in the Tmax values for each strain (Fig. 1B and 258 

Table 3). Strains ARM and PDM obtained the lowest and highest Tmax values within the 40-259 

45ºC range. No significant differences were observed for the Tmin parameter. Regardless of 260 

growth temperature, strain ARM always presented lower µmax values, and these differences 261 

were larger the closer to Topt (μTopt). 262 

For the four commercial strains, µmax decreased linearly when ethanol concentrations 263 

increased from 0% to 20% while no growth was detected for any strain above 15% (Fig. 1C 264 

and Table 4). The effect of ethanol on µmax can be graphically interpreted by the slope of 265 

linear regression, which indicates the magnitude of the reduction in µmax when ethanol 266 

increases. Strains ARM, RVA and TTA exhibited a similar slope, whereas it was steeper 267 

for PDM (Fig. 1C and Table 4). Thus, this last strain was more affected by the presence of 268 

ethanol. Another interesting parameter that can be obtained from these linear regression fits 269 

is the ethanol concentration at which the strains did not grow, or indeed the MIC. Strains 270 

ARM and TTA exhibited the lowest (~ 5%) and highest (~ 15%) values, respectively, 271 

indicating that strain ARM was the most sensitive to the presence of ethanol, whereas TTA 272 

was, in this case, the most tolerant to the presence of this inhibitor.  273 
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Effect of enological factors on the fitness advantage of the four commercial strains 274 

The secondary model equations for µmax were used to calculate the fitness advantage (m) of 275 

strain PDM as compared to the other strains (Fig. 2) according to the three enological 276 

parameters under study in all their range. For the ammonium concentration (Fig. 2A), the m 277 

value was always positive for pairs PDM vs. ARM and PDM vs. TTA. This result indicates 278 

that PDM offered better fitness than ARM and TTA for all the concentrations assayed. This 279 

fitness advantage increased as ammonium concentration also increased. However, the m 280 

value was close to zero, or was slightly positive, for the pair PDM vs. RVA, indicating a 281 

similar fitness for all the ammonium concentrations tested for both strains. 282 

The growth rates at different temperatures also resulted in a better fitness of the PDM vs. 283 

ARM within the whole range of temperatures assayed, thus as competitiveness increased, 284 

so did temperature (Fig. 2B). Conversely, the fitness advantage was similar for the pair 285 

PDM vs. TTA, with most values close to zero, and greater competitiveness of strain RVA 286 

was ascertained (most m values were negative), especially within the 10-20ºC temperature 287 

range. 288 

Finally as already mentioned, when ethanol increased, the reduction in the growth rate was 289 

greater in strain PDM than in the other wine strains studied. This result accounts for the 290 

reduction in the PDM fitness advantage at higher ethanol concentrations (Fig. 2C). On the 291 

one hand, the positive m values once again denoted the better fitness of PDM in 292 

comparison to ARM at all the ethanol concentrations assayed. On the other hand, the 293 

negative values in the PDM vs. TTA comparison clearly evidence better competitiveness of 294 

strain TTA in accordance with the ethanol concentration. Strain PDM showed better fitness 295 
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than strain RVA at a low ethanol concentration. Nonetheless, as PDM fitness decreased as 296 

ethanol increased, strain RVA became more competitive at the highest ethanol 297 

concentrations. 298 

Imposition capacity of the four commercial wine yeast strains 299 

The commercial strains, most of which belong to the S. cerevisiae species, are inoculated in 300 

non-sterile grape musts and are expected to compete with non-Saccharoymces strains and 301 

other indigenous Saccharomyces strains. Thus another interesting parameter, which can be 302 

calculated from the growth rate of a strain and its ability to adapt to diverse factors present 303 

in wine (fitness advantage), is the capacity of imposition of one strain over their 304 

competitors. Figure 3 shows the time required for strain PDM to impose on all the other 305 

commercial strains in accordance with nitrogen, temperature and ethanol variables. This 306 

time for imposition (TFI) was calculated from the fitness advantage equations for the 307 

hypothetical situation of a starting mixed population in which each strain was equally 308 

represented (50%) and a final population in which PDM was the only strain. Positive values 309 

represent the time needed by the strain PDM to impose to the other three commercial 310 

strains, whereas negative values mean imposition of the other strain in competition (RVA, 311 

ARM or TTA). The increase in ammonium in grape-must should allow the total imposition 312 

of strain PDM vs. strains ARM and TTA in a few days (Fig. 3A). Strain PDM would also 313 

impose on strain RVA, but requires many more days to completely take it over. The 314 

increase in temperature would also make the imposition of PDM vs. ARM easier, and 315 

would substantially cut the time needed to impose on strain TTA (Fig. 3B). The imposition 316 

of PDM vs. TTA in a similar time-lapse to wine fermentation (less than 20 days) occurred 317 
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only for temperatures above 25ºC. Strain RVA would hypothetically impose on strain PDM 318 

when fermentation temperatures went below 20ºC. Finally, the effect of ethanol on TFI 319 

showed that PDM would need more time to impose on RVA as ethanol increased, to such 320 

an extent that at the highest ethanol concentration (10%), RVA would take over strain PDM 321 

(Fig. 3C). Regardless of the ethanol concentration, PDM would impose on ARM in a few 322 

days, whereas TTA would impose on PDM for all the ethanol concentrations tested.  323 

Competition experiments under microvinification conditions  324 

The theoretical fitness advantage and imposition times calculated in previous experiments 325 

were validated in real competition experiments in both synthetic and natural grape must 326 

fermentations. As before, strain PDM was used as a control and was inoculated in 327 

competition with each remaining commercial strain. To make monitoring the imposition 328 

degree during fermentations easier, a PDM reporter strain was constructed based on the 329 

expression of the green fluorescent protein (GFP) under the control of the ACT1 promoter, 330 

a house-keeping gene that can maintain GFP production throughout the fermentation 331 

process. The percentage of fluorescent cells in the fermentation culture, analyzed by flow 332 

cytometry, corresponded to the imposition percentage of the PDM-GFP strain. As this 333 

PDM-GFP strain also harbored geneticin resistance, the percentage of geneticin-resistant 334 

cells in the culture, determined by replica plating on YPD + G-418, was also used to 335 

determine the percentage of imposition. 336 

In order to verify that the deletion of one copy of the actin gene did not affect the fitness 337 

advantage of this strain, fermentations in SM inoculated with parental PDM or with 338 

reporter strain PDM-GFP, or with a mixture of both (50% PDM/50% PDM-GFP), were 339 
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carried out and their fermentation kinetics were compared (Table 5). Moreover, the 340 

imposition of each strain during fermentation with the mixed inoculum was monitored by 341 

both the percentage of fluorescent and geneticin-resistant cells. These results evidence that 342 

the fitness of reporter strain PDM-GFP did not diminish in comparison to the parental strain 343 

because no statistically differences were detected in the fermentation kinetics (Table 5), and 344 

the percentage of imposition was maintained at around 50% throughout the fermentations 345 

(data not shown). The same experiment was also reproduced in natural must with 2% of 346 

ethanol, obtaining identical results (data not shown). 347 

After verifying that our system was good enough to determine the level of competence and 348 

the imposition of the control strain (PDM-GFP) on the other three strains under study, 349 

mixed fermentations were carried out in SM under different conditions: nitrogen 350 

concentration (60, 180 and 300 mg of N/L, like ammonium), temperature (12ºC and 28ºC) 351 

and ethanol concentration in the must (0, 2 and 5%). The level of imposition of strain 352 

PDM-GFP for each condition is provided in Figure 4. The percentage values above 50% 353 

(initial percentage of inocula) were considered the imposition of control strain PDM-GFP. 354 

According to nitrogen concentration, in most cases, the obtained results corroborated the 355 

theoretical predictions based on individual growth. Strain PDM imposed on strains ARM 356 

and TTA under all the conditions, particularly in fermentations with higher nitrogen 357 

concentrations. This is consistent with the theoretical values which predicted the increased 358 

competitiveness of this strain as available nitrogen increased. However, the control strain 359 

showed no imposition under any competence condition with strain RVA, with percentages 360 

ranging between 70-90% for the latter strain at the end of fermentation. The theoretical 361 
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model had already predicted a similar fitness for both strains in accordance with the 362 

nitrogen concentration, but the competence experiment clearly displayed greater 363 

competitiveness for strain RVA. 364 

Regarding the effect of temperature on the strains’ competitiveness, strain PDM-GFP 365 

imposed on strain ARM at both temperatures. Yet this imposition was much quicker at 366 

28ºC than at 12ºC, and perfectly fitted the predictive model. This model also predicted a 367 

greater fitness and imposition capacity for strain PDM as temperature increased as opposed 368 

to strain TTA, which was corroborated by the competence experiment done between both 369 

microorganisms. Strain PDM-GFP only showed higher percentages than strain TTA at the 370 

end of the fermentation at 28 ºC. Again, strain RVA showed a higher competitiveness than 371 

strain PDM-GFP during the fermentations at both temperatures, and it was predicted by the 372 

predictive model. 373 

When studying the effects of ethanol, the predictions of fitness and imposition capacity did 374 

not fit the competition experiments as well as for nitrogen and temperature. Strain PDM-375 

GFP imposed only on strains TTA and ARM under the control condition (0% ethanol). 376 

However when ethanol was present (2% and 5%), all the strains strongly imposed on strain 377 

PDM-GFP. Strain RVA also imposed under the control condition (0% ethanol). The 378 

theoretical calculation of TFI predicted a clear imposition of PDM on ARM at all the 379 

ethanol concentrations assayed, as well as its imposition on RVA at low ethanol 380 

concentrations. As observed in the competition experiments, the model predicted the 381 

imposition of strain TTA on PDM for all the ethanol conditions assayed.  The competition 382 
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results clearly evidence a strong decrease in the competitiveness of the reporter strain PDM 383 

by the presence of ethanol in the SM medium. 384 

As these models could be important in predicting the behavior of commercial wine yeast 385 

strains during different wine fermentation conditions, we also decided to reproduce some of 386 

these competence experiments in natural grape must (NM). In this case, we only tested the 387 

effect of fermentation temperature and ethanol (previous nitrogen conditions in SM are 388 

more difficult to reproduce in a NM) and, most of the imposition values reproduced quite 389 

satisfactorily to those observed in SM. Regardless temperature and ethanol, the RVA strain 390 

showed a better competence than the strain PDM-GFP in all the conditions assayed. The 391 

control strain PDM-GFP was only able to clearly impose (100% at the end of 392 

fermentations) on the TTA strain at 28 ºC and with 2% of ethanol (Fig. 5). Again, the 393 

decrease of the fermentation temperature and the increase of ethanol in the grape-must 394 

decreased the competitiveness of strain PDM-GFP. Finally, the strain ARM showed a better 395 

degree of competence in the NM than in SM. This strain showed higher percentages than 396 

the control PDM-GFP throughout all the fermentations tested. As the other strains, the low 397 

fermentation temperature and the presence of ethanol increased the dominance of this strain 398 

on the PDM-GFP. 399 

Discussion 400 

Inoculation of selected yeast in wine must, instead of relying on spontaneous fermentation, 401 

is an established enological practice that better controls organoleptic wine characteristics 402 

and guarantees homogeneity for successive fermentations. Nowadays, most commercial 403 

wine production is based on such commercial starter wine yeasts, which are originally 404 



21 

 

selected from mainly natural varieties of the wine/European genetic clade (25) given their 405 

superior fermentation properties. However, the phenotypic variation of wine yeasts to the 406 

multiple enological parameters occurring during grape wine production, which imposes a 407 

demand for a large number of genetically complex traits, has not been stringently evaluated. 408 

The wide variability noted among natural yeasts (26), in combination with widespread 409 

antagonistic pleiotropy, suggests that any one strain selected from a natural stock is 410 

unlikely to possess an ideal combination of enological characteristics. Thus from an 411 

enological point of view, it is important to individually study the fitness of these industrial 412 

strains against the most important enological parameters, which can exert strong stress on 413 

the inoculated strain and determine its imposition on non-Saccharomyces species and other 414 

indigenous Saccharomyces strains.  415 

In this study, we modeled the fitness advantage and time for imposition (TFI) of four 416 

commercial wine strains according to three key enological parameters: nitrogen 417 

concentration, temperature and ethanol concentration. Nitrogen source utilization has a 418 

substantial impact on alcoholic fermentation, which influences both the fermentative 419 

process and wine quality (27, 28). Nitrogen deficiency can produce sluggish or stuck 420 

fermentations, and both nitrogen deficiency and incomplete nitrogen utilization can confer 421 

poor organoleptical properties. Likewise, several works have shown the marked importance 422 

of temperature on the growth of wine yeasts (1, 29, 30) and the influence of this 423 

environmental factor on determining the natural distribution of wild species (6, 7, 20, 31). 424 

Finally, ethanol is well-known to be able to inhibit yeast growth and viability, and also 425 

affects the distribution of species and strains during wine fermentation (5, 20).  426 
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This fitness advantage was calculated by obtaining the µmax for all assayed strains under 427 

different levels of abiotic factors. A high µmax value under specific conditions involves 428 

greater fitness and imposition capacity than those of one’s competitors. However, growth 429 

rate data were obtained in single culture experiments. This means that other factors, like 430 

competition between microorganisms for space and nutrients, oxygen affinity, or 431 

production of toxic compounds (killer factors, medium-chain fatty acids, etc.), were not 432 

taken into account in the theoretical prediction of fitness and imposition. To verify the 433 

utility of this modeling, we also performed competitive fitness assays by directly competing 434 

control strain PDM with all the other wine strains during wine fermentations. These 435 

competitive fermentations, both in synthetic and natural grape musts, evidenced a good fit 436 

between the theoretical calculation of TFI and the competitiveness of each strain in 437 

accordance with each parameter studied.  438 

Our results indicate that increased nitrogen concentration and temperature improve the 439 

fitness advantage of strain PDM, whereas, conversely, increased ethanol reduces the 440 

competitiveness of this strain. Gutierrez et al. (24) have already classified PDM as a strain 441 

with high nitrogen demand in comparison to the same commercial wine strains. What is 442 

more surprising is the fitness reduction noted in the presence of ethanol because this strain 443 

is widely used in the wine industry for second fermentations in bottles in sparkling wine 444 

production, where presence of ethanol is very marked (around 10-11%). Moreover, this 445 

second fermentation is usually carried out at a low temperature (12-16ºC), which is not an 446 

environmental factor which improves the competitiveness of this strain. In fact, the supplier 447 

of this strain highlights its tolerance to low temperature and ethanol and its good 448 

fermentation performance in nutrient-poor condition (see material and methods), just the 449 
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opposite to here observed. From the results obtained from both the theoretical fitness 450 

calculation and competitive fermentations, strain RVA proved to be the most competitive 451 

for the three enological parameters assayed. This strain imposed on strain PDM in all the 452 

fermentations assayed. Strain TTA was especially competitive in the presence of ethanol 453 

concentration and ARM, regardless of the environmental factors, always obtained the 454 

lowest growth rate for all the study conditions. There must be a genetic component that 455 

determines different µmax for the various strains and species. This strain’s hybrid nature 456 

might explain the significant growth rate differences found between this strain and the other 457 

three Saccharomyces ones. Yet despite the lower growth rate and fitness, this strain was 458 

able to impose on strain PDM when competing with ethanol at 2% and 5% in SM and 459 

natural grape must and at low temperature in the natural grape must. As mentioned above, 460 

this result also evidenced the presence of interactions between strains, which were not 461 

considered in the mathematical equations based on the individual growth of each strain. 462 

Small discrepancies among the imposition data in SM and NM fermentations also revealed 463 

that other factors will come into play in the more complex NM, such as sulfite tolerance. 464 

Currently, more than 200 commercial yeast strains are available globally and consist mainly 465 

in natural isolates of S. cerevisiae. The study of the fitness of these industrial strains is of 466 

paramount interest for the wine industry, which mostly employs them as starters of 467 

fermentations. Here we propose a very simple method to model the fitness advantage and 468 

time for imposition that allow prediction of the competitiveness of one strain upon different 469 

abiotic factors. This fitness advantage determines the imposition of one strain on its 470 

competitor. Although the model is only based on this relative fitness for different 471 

environment conditions, the good fit between the strain dominance data and the theoretical 472 



24 

 

calculations, both in SM and natural grape-must reveal the applicability of this work to 473 

wine industry. Nowadays, there is a trend of co-inoculation with different yeast strains to 474 

confer diverse characteristics to wine and to enhance its organoleptic complexity. In line 475 

with this, it would be interesting to learn the behavior of selected strains for coinoculation 476 

when they compete with other strains and they are not in pure culture.    477 
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Table 1: List of the DNA sequences of the oligonucleotides used in the present study. 575 

Primer  sequence (5´→ 3´) 

ActGFP-F a      CACGCTTACTGCTTTTTTCTTCCCAAGATCGAAAATTTACTGAATTAACAATGTCT 

AAAGGTGAAGAAT 

 

ActGFP-R a GAAATAGAGAGAGAGGTACATACATAAACATA 

CGCGCACAAAAGCAGAGACTAGTGGATCTGATATCATC 

  

Actcp-F b CTGCCACAGCAATTAATGCAC 

 

Actcp-R b 

 

K2 b 

 

K3 b 

 

TTGCGTAACGTTTGGATGGT 

 

GGGACAATTCAACGCGTCTG 

 

CCTCGACATCATCTGCCC 

 

a Primers used for amplification of the knockout cassette. The sequence with homology to the 576 

kanMX4 cassette from the plasmid pKT127 is underlined. The remainder of the primer sequences is 577 

homologous to the flanking region of the deleted ORF. 578 

b Primers used to check the correct insertion of the deletion cassette. 579 

 580 

 581 
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Table 2: Parameters of the Monod’s secondary model, B (maximum value obtained for µmax) and C 582 

(Km, concentration where the half of the maximum value for µmax is reached) obtained from the fit 583 

of the yeast µmax as a function of different concentrations of ammonium. Model parameters were 584 

calculated as the average value obtained from three independent experiments with standard 585 

deviations between parentheses. The quality of the 12 individual fits for ammonium (3 by yeasts) 586 

was good, with a R2 ranging from 0.95 to 0.99 and a RRS ranging from 0.0002 to 0.0003. 587 

Yeast Monod’s parameter V 

µmax (h
-1) 

Monod’s parameter K

(mg/L) 

TTA 0.124 (0.015) a 17.40 (10.43) a 

ARM 0.125 (0.008) a 26.49 (6.88) a 

PDM 0.194 (0.011) b 28.48 (6.58) a 

RVA 0.179 (0.010) b 29.97 (6.96) a 

Note: Values followed by different superscript letters, within the same Monod’s parameter, are 588 

significantly different according to a Tukey post-hoc comparisonTest. 589 

 590 

 591 

 592 

 593 

 594 

 595 

 596 
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Table 3: Estimated parameters (μTopt, Tmax, Tmin and Topt) of the cardinal temperature secondary 597 

model for the four wine yeast strains assayed in this work. Model parameters were calculated as the 598 

average value obtained from three independent experiments with standard deviations between 599 

parentheses. The quality of the 12 individual fits for temperature (3 by yeasts) was good, with a R2 600 

ranging from 0.94 to 0.97 and a RRS ranging from 0.0027 to 0.0370.   601 

Yeast µopt (h
-1) Topt (ºC) Tmax (ºC) Tmin (ºC) 

TTA 0.169 (0.005)a 31.02 (0.843)a 41.95 (0.230) a 6.43 (1.94)a

ARM 0.089 (0.003)b 29.31 (0.700)a 39.99 (0.237)b 5.28 (1.49)a

PDM 0.185 (0.007)a 31.61(0.735)a 44.91 (0.302)c 4.81 (1.67)a

RVA 0.193 (0.005)a 30.89 (0.586)a 42.25 (0.191) a 4.18 (2.47)a

Note: Values followed by different superscript letters within the same column are significantly 602 

different according to a Tukey post hoc comparison test. 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 
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Table 4: Parameters of the linear regression fit for the inhibitory effects of ethanol on μmax. Model 611 

parameters were calculated as the average value obtained from three independent experiments with 612 

standard deviations between parentheses. The quality of the 12 individual fits for ethanol (3 by 613 

yeasts) was good, with a R2 ranging from 0.91 to 0.96.  614 

Yeast Slope (A)f Interception in the origin (B)f MIC (%) 

TTA 0.0126 (0.0019)b 0.1822 (0.001)b 14.46 (0.670)a

ARM 0.01360 (0.0007)a 0.0671 (0.003)a,b,c 4.93 (0.003)b 

PDM 0.01790 (0.0008)a 0.1449 (0.011)a,c 8.05 (0.279)a 

RVA 0.01320 (0.0009)a 0.1134 (0.004)a,b,c 8.72 (0.625)a 

Note: Values followed by different superscript letters within the same column are significantly 615 

different according to a Tukey post hoc comparison test. 616 

 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 
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Table 5: Determination of the time required by the PDM, PDM-GFP and the mix of both strains to 626 

ferment 5% (T5), 50% (T50) and 100% (T100) of the initial sugar content in a synthetic must at 28 ºC. 627 

Strain T5 T50 T100 

PDM 7.25± 2.35 34.43 ± 0.78 86.39 ± 1.83

PDM GFP 10.27 ± 1.45 35.04 ± 1.04 89.22 ± 2.14

MIX 10.27 ± 1.04 34.43 ± 0.78 86.39 ± 3.43

Note: Not significant differences (p≤0.05) were noticed among the different treatments.  628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 
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Figure Legends 640 

Figure 1. Predicted changes in the maximum specific growth rate (µmax) of the four 641 

commercial wine strains (PDM, ARM, RVA and TTA) according to (A) nitrogen 642 

concentration, (B) temperature values and (C) ethanol concentrations. Mathematical 643 

equations were deduced by obtaining the model parameters from triplicate experiments and 644 

then substituting the average obtained value in the general equation for nitrogen, 645 

temperature and ethanol. 646 

Figure 2. Model predictions for the fitness advantage (m, h-1) of strain PDM versus each 647 

of the other three commercial strains (ARM, RVA and TTA) according to (A) nitrogen 648 

concentration, (B) temperature value and (C) ethanol concentration (%). Fitness advantage 649 

equations were deduced using the general secondary models obtained for the four 650 

commercial wine yeast strains for nitrogen, temperature and ethanol variables. 651 

Figure 3. Model predictions for time for imposition (TFI, days) of strain PDM versus each 652 

of the other three commercial strains (ARM, RVA and TTA) according to (A) nitrogen 653 

concentration, (B) temperature value and (C) ethanol concentration (%). Positive values 654 

represent the time needed by the strain PDM to impose to the other three commercial stains. 655 

Negative values mean the time needed by the tested strains (RVA, ARM or TTA) to impose 656 

to the reference strain (PDM). Time for imposition equations were deduced using the 657 

fitness advantage models obtained for nitrogen, temperature and ethanol variables. 658 

Figure 4. Percentage of the reporter strain in competition with each of the other three 659 

commercial strains in synthetic must (ARM ▪▪▪▪, RVA−−− and TTA──) according to (A) 660 
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nitrogen concentration (▲ 60, ● 180, ■ 300 mg N l-1), (B) temperature value (▲ 12, ● 661 

28ºC) and (C) ethanol concentration (▲ 0, ● 2, ■ 5%). 662 

Figure 5. Percentage of the reporter strain in competition with each of the other three 663 

commercial strains in natural must (ARM ▪▪▪▪, RVA−−− and TTA──) according to (A) 664 

temperature value (▲ 12, ■ 28ºC) and (B) ethanol concentration (▲ 0, ● 2, ■ 5%). 665 

 666 

 667 

 668 

 669 
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