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ABSTRACT  

 

The use of mixed culture fermentations with selected Starmerella bacillaris and 

Saccharomyces cerevisiae strains is gaining winemaking attention, mainly due to their ability 

to enhance particular characteristics in the resulting wines. In this context, yeast interspecies 

interactions during fermentation have a fundamental role to determine the desired product 

characteristics, since they may modulate yeast growth and as a consequence metabolite 

production. In order to get an insight into these interactions, the growth and death kinetics of 

the abovementioned species were investigated in pure and mixed culture fermentations, using 

cv. Nebbiolo grape must. Trials were conducted in flasks but also in a double-compartment 

fermentation system in which cells of the two species were kept separate by a filter 

membrane. Although the two species had similar growth pattern during the first days of 

fermentation, Starm. bacillaris died earlier when tested in the flask than in the double-

compartment fermentor. The early death of Starm. bacillaris seemed to be not caused by 

nutrient limitation nor by accumulation of growth inhibitory compounds (which were not 

measured in the present study). Rather, cell-to-cell contact mechanism, dependent on the 

presence of viable S. cerevisiae cells, appears to be responsible for the observations made. 

These results contribute to better understand the factors that influence Starm. bacillaris death 

during wine fermentations. 

 

 

Keywords: non-Saccharomyces; Starmerella bacillaris; mixed cultures; cell-to-cell contact; 

interactions. 
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1. Introduction 

 

Non-Saccharomyces yeasts usually dominate during the first days of alcoholic 

fermentation, reaching populations up to 10
8 

colony forming units (cfu)/mL before dying off 

(Fleet, 2003). More strongly fermentative and ethanol tolerant non-Saccharomyces yeasts 

together with Saccharomyces spp. (predominantly Saccharomyces cerevisiae) then complete 

the transformation of sugars into ethanol (Cravero et al., 2016; Varela, 2016; Varela and 

Borneman, 2016). Succession of species during fermentation is largely determined by their 

different sensibilities to the increasing levels of inhibitory compounds like ethanol and sulfur 

dioxide (SO2), temperature, depletion of nutrients, dissolved oxygen content, and killer 

factors (Albergaria and Arneborg, 2016; Ciani et al., 2016; Ciani and Comitini, 2015). This, 

in turn, will have an impact on yeast species diversity and thus on wine quality (Ciani et al., 

2010; Jolly et al., 2014).  

The inoculation of must with selected cultures of S. cerevisiae was introduced with 

the aim to control the fermentation process and to produce wines with desirable 

characteristics (Capece et al., 2010). However, there is controversy about their use due to the 

lack of some desirable secondary metabolites provided by spontaneous fermentations (Belda 

et al., 2017). In an effort to replicate the wine aroma complexity deriving from indigenous 

strains in spontaneous fermentations, mixed fermentations using selected non-Saccharomyces 

and S. cerevisiae yeasts have been proposed (Mate and Maicas, 2016). A successful mixed 

fermentation is achieved when the non-Saccharomyces is able to outcompete other yeast 

species and to express its peculiar metabolic characteristics, which are absent in S. cerevisiae 

(Comitini et al., 2017; Varela et al., 2016). 

In this context, Starmerella bacillaris has gained interest in winemaking industry 

mainly for its unique characteristics (Englezos et al., 2017). Firstly, it has a strong 
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fructophilic character, is able to grow at high sugar concentrations, and tolerates low 

temperatures (Sipiczki, 2003). Secondly, it shows a high glycerol and low ethanol yield from 

sugar consumed compared to S. cerevisiae (Englezos et al., 2015). As a result, its use in 

mixed culture fermentations with S. cerevisiae has been proposed to improve wine quality by 

enhancing or reducing the production of target metabolites (Englezos et al., 2017). However, 

the contribution of Starm. bacillaris in these fermentations is variable, since strain selection, 

yeast interactions, physicochemical parameters (SO2 concentration, temperature, sugar 

concentration, nutrients, oxygen availability and ethanol) could modulate its growth and 

consequently the production of target metabolites (Englezos et al., 2017, 2018). 

Due to the non-sterile environment during must fermentation, different yeast species 

and/or strains within species are involved in several types of interactions (Ciani and Comitini, 

2015). Yeast interactions can affect either positively (mutualism and commensalism) or 

negatively (competition and antagonism) the growth and the metabolic activity of both 

species (competition and mutualism) or only one species (antagonism and commensalism) 

(Liu et al., 2015). Moreover, yeasts can interact with each other by physical contact and by 

means of metabolic activity (Ciani and Comitini, 2015). Indeed, many compounds, mainly 

ethanol, short-chain fatty acids, killer proteins, killer-like toxins such as antimicrobial 

peptides (AMPs) and SO2 are produced by yeast cells during fermentation, and they could 

become selective factors for the growth of certain yeast species (Fleet, 2003). On the other 

hand, Miller and Bassler (2001) suggested that quorum sensing, a mechanism which allows 

bacteria populations to communicate, to share information about cell density and to adjust 

population accordingly, may play a role in the yeast-yeast interactions during fermentation. 

In addition, another type of interactions between yeasts has been described. Nissen and 

Arneborg (2003) demonstrated that the cell death of Torulaspora delbrueckii and Lachancea 

thermotolerans is not induced by nutrient depletion or the presence of toxic compounds, but 
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rather the presence of viable S. cerevisiae cells at high density, through a cell-to-cell contact 

mechanism. All these types of interaction will affect negatively or positively the metabolic 

activity of non-Saccharomyces yeasts.  

Recent studies have investigated the interactions taking place between different S. 

cerevisiae strains (Pérez-Torrado et al., 2017) as well as among non-Saccharomyces and S. 

cerevisiae yeasts (Wang et al., 2016). Regarding Saccharomyces – non-Saccharomyces 

interactions, yeast species such as L. thermotolerans, T. delbrueckii (Branco et al., 2017; 

Kemsawasd et al., 2015; Nissen et al., 2003; Nissen and Arneborg, 2003), Hanseniaspora 

uvarum (Pérez-Nevado et al., 2006; Wang et al., 2015) and Hanseniaspora guillermondii 

(Branco et al., 2017; Pérez-Nevado et al., 2006) have been investigated. However, little is 

known about the interactions between Starm. bacillaris and S. cerevisiae strains, except for 

studies that focused on the impact of inoculation density, combination of strains and 

inoculation timing on yeast growth and metabolic activity, and as a consequence on wine 

composition (Englezos et al., 2017). Therefore, to increase the efficiency of mixed culture 

fermentations it is fundamental to understand the interactions between Starm. bacillaris and 

S. cerevisiae strains used. 

The aim of this study was to understand the kinetics of Starm. bacillaris death in 

mixed culture fermentations with S. cerevisiae and to investigate the effect of physical 

separation of the two species during fermentation. Double-compartment fermentation was 

carried out to elucidate the role of cell-to-cell contact in the death of Starm. bacillaris 

occurring during mixed culture fermentations.  

 

2. Materials and methods 

 

2.1. Strains 
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The yeast species examined in this study were S. cerevisiae Uvaferm BC
® 

(commercial strain from Lallemand Inc., Montreal, Canada) and Starm. bacillaris FC54 

(autochthonous strain from the yeast culture collection of DISAFA, Department of 

Agricultural, Forest and Food Sciences, University of Turin, Italy). These strains were 

selected for their enological attributes in pure and mixed fermentations using grape must at 

laboratory scale (Englezos et al., 2016).  

 

2.2. Must preparation 

 

Vitis vinifera L. cv Nebbiolo grapes were crushed and the must obtained (consisting 

of grape skins, juice and seeds) was macerated at 60 
o
C for 1 hour to promote color extraction 

and to deactivate the indigenous yeast population already present in the must, as described by 

Boulton et al. (1996). The absence of viable yeast populations was checked by plating an 

aliquot of the treated must on Wallerstein laboratory nutrient (WLN) medium (Biogenetics, 

Milano, Italy). Nebbiolo must contained 233.5 g/L of sugars (consisting of 114.5 g/L of 

glucose and 120.0 g/L of fructose) and 110 mg/L of yeast assimilable nitrogen (YAN) 

(composed by 40 mg/L of ammonium and 70 mg/L of amino acids). Grape must was 

supplemented with 70 mg/L of organic nitrogen using a commercial product formulation 

(Fermaid O
®
, Lallemand Inc.) to achieve an initial YAN concentration of 180 mg/L prior to 

fermentation. 

 

2.3. Inoculation procedure 

 

For each yeast species, an aliquot of a reference stock stored at -80 °C was streaked 
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on YPD agar plate (per liter: 10 g Bacto yeast extract, 20 g Bacto peptone, 20 g dextrose and 

15 g agar, all from Biogenetics, Milan, Italy) 96 h before fermentation. Initial cell cultures 

were performed by inoculating single colonies in 2 mL of sterile Nebbiolo must in 10 mL 

glass tubes and incubated for 24 h at 25 °C. Subsequently, these cells were used to inoculate 

20 mL of fresh sterile must in 50-mL Erlenmeyer flasks at an initial cell population of 6.0 

Log cells/mL, as determined by methylene blue staining and direct microscope counting 

using a Thoma hemocytometer chamber (BRAND GMBH + CO KG, Wertheim, Germany), 

and incubated another 24 h at the same temperature. 

 

2.4. Fermentations 

 

2.4.1. Pure and mixed culture fermentations 

 

Three sets of fermentations were performed (Fig. 1, panel A): inoculation of each 

Starm. bacillaris and S. cerevisiae strain in pure culture fermentations and addition of S. 

cerevisiae after 48 h from the Starm. bacillaris inoculation (mixed, sequential inoculation). 

Each yeast species was inoculated using the abovementioned preadapted cultures to achieve 

an initial cell density of 6.0 Log
 
cells/mL. Fermentations were performed at 25 °C for 14 

days without agitation in 150-mL Erlenmeyer flasks containing 100 mL of sterile Nebbiolo 

must. Flasks were fitted with sterile air-locks containing sterile paraffin oil in order to ensure 

semi-anaerobic conditions. All fermentations were carried out in triplicate. 

 

2.4.2. Mixed culture fermentations in a double-compartment fermentation system 

 

Mixed culture fermentations were carried out in a double-compartment fermentation 
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system (Fig. 1, panel A). The double-compartment fermentation system consisted of two 

glass chambers with loose screw cap, separated by a 0.45 μm membrane filter (VWR, Milan, 

Italy), as previously described by Perrone et al. (2013). The growth content of each chamber 

was separated from the growth content of the other chamber by the abovementioned 

membrane, which maintained the microbiological integrity of each chamber and permitted 

the diffusion of YAN and main enological metabolites. The glass chambers were sterilized 

empty at 121°C for 15 min and sealed with filter membrane and two nylon-polyethylene 

discs. A polymethylmethacrylate (PMMA) system using four metal screws was designed to 

apply the necessary pressure in order to seal and keep the two glass chambers together 

(Figure S1). Each compartment was aseptically filled with 100 mL of sterile Nebbiolo must, 

which was then inoculated with 6.0 Log cells/mL of Starm. bacillaris in one compartment. S. 

cerevisiae was inoculated at the same cells amount in the other compartment 48 h after 

Starm. bacillaris inoculation. The apparatus was incubated at 25 °C without agitation. 

Previously, the ability of Starm. bacillaris and S cerevisiae to don't pass through the 

membrane was evaluated three times by inoculating the yeast cells only in one chamber. 

Chemical homogeneity in glucose, fructose, organic acids, ethanol, glycerol, and YAN was 

tested between the two compartments. However, the diffusion of other yeast secretion 

products like proteins through the membrane filter was not taken inconsideration in this 

study. 

 

2.4.3. Addition of dead S. cerevisiae cells to pure culture fermentations of Starm. bacillaris  

 

Cells from pure culture of S. cerevisiae were harvested after 48 h of fermentation and 

suspended in a sterile physiological solution (8 g/L NaCl). The suspension was placed at 100 

°C for 10 min, and then added to 48 and 96 h-old pure cultures of Starm. bacillaris 
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presenting a cell population of 7.5 Log cells/mL (Fig. 1, panel B). The same process was 

carried out using heat-treated Starm. bacillaris cells, which were mixed in 48 and 96 h-old 

pure cultures of S. cerevisiae. 

 

2.4.4. Addition of fresh must to mixed culture fermentations 

  

The total amount of cells in mixed culture fermentations (section 2.4.1.) were 

harvested after 96 h of fermentation by a centrifugation at 3000 rpm for 5 min. The resulting 

cells were washed two times with the above-mentioned physiological solution. The cells were 

resuspended in a volume of fresh sterile Nebbiolo must equal to that (100 mL) of the 

discarded supernatant (Fig. 1, panel C).  

 

2.4.5. Addition of mixed culture supernatant to pure culture fermentations  

  

The total amount of cells in each pure culture fermentation were harvested after 48 h 

of fermentation by a centrifugation at 3000 rpm for 5 min, and the resulting cells were 

washed two times with the above-mentioned physiological solution. The supernatants from 

mixed culture fermentations were prepared as follows. Cells in mixed culture fermentation 

were harvested after 96 h of fermentation and the supernatant was collected, centrifuged at 

3000 rpm for 5 min, and sterilized by filtration using a 0.45 μm membrane filter (VWR). 

Afterwards, the mixed culture supernatants were added to pure culture cells in a volume 

equal to the volume (100 mL) of supernatant that had been discarded form the pure cultures 

(Fig. 1, panel C). 

 

2.5. Microbiological analysis 
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The viable cell population of Starm. bacillaris and S. cerevisiae during fermentation 

was determined by plate counting using WLN plates. Samples of 1 mL were withdrawn 

throughout the fermentations and appropriately diluted in sterile physiological solution (8 g/L 

NaCl). Plates were incubated at 28 °C for 5 days and subsequently counted. The bromocresol 

green present in WLN medium enables the concurrent enumeration of both species. Starm. 

bacillaris forms flat, from light to intense green colonies due to the acidogenic nature of this 

species (Sipiczki, 2004), whereas S. cerevisiae forms creamy white colonies, with different 

light shades of green on the top.  

 

2.6. Chemical analysis 

 

Sugars (glucose and fructose), organic acids (acetic and succinic acid), ethanol and 

glycerol concentrations were determined using an HPLC system (Agilent 1260, Agilent 

Technologies, Santa Clara, CA, USA) equipped with a diode array detector (DAD) set to 210 

nm and a refractive index detector. Analyses were performed isocratically at a flow rate of 

0.7 mL/min and at 65 °C column temperature using a 300 mm x 7.8 mm i.d. cation exchange 

column (Aminex HPX-87H, Bio-Rad Laboratories, Hercules, CA, USA) and a Cation H
+
 

Microguard cartridge (Bio-Rad Laboratories). The mobile phase contained 0.0065 mol/L 

H2SO4, as described by Rolle et al. (2018). Organic and inorganic nitrogen were determined 

using two enzymatic assays (catalog codes: K-Large and K-PANOPA, Megazyme 

International, Wicklow, Ireland), according to the producer’s instructions. 

 

2.7. Statistical analyses 
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Significant differences between samples were established using one-way analysis of 

variance (ANOVA) and Tukey-b post-hoc test with the software IBM SPSS Statistics (IBM 

Corp., Armonk, NY, USA). Differences were considered significant when p-values were 

lower than 0.05. 

 

3. Results and Discussion 

 

3.1. Fermentation profiles in pure and mixed culture fermentations  

  

The growth dynamics of pure and mixed culture fermentations are presented in Fig. 2. 

In all pure culture fermentations (Fig. 2a, d), both species showed similar growth dynamics 

during the first 2 days of fermentation reaching populations of about 7.8 – 8.1 Log CFU/mL. 

Starm. bacillaris population remained quite stable during the fermentation process (end of the 

monitored period: 14 days) with cell counts ranging from 7.5 to 8.0 Log CFU/mL. On the 

other hand, S. cerevisiae population remained stable and then started to decrease from day 7 

onwards. After 14 days, S. cerevisiae cells still presented good vitality, with about 6.1 Log 

CFU/mL. This decline occurred only after sugar exhaustion from the fermenting medium, as 

previously described by Cramer et al. (2002). The chemical composition of the wines at the 

end of the monitored period, as well as the evolution of the main metabolites produced by 

yeast cells during pure culture fermentations, are presented in Table 1 and Fig. 2 (b-c, e-f), 

respectively. In pure culture fermentations, Starm. bacillaris showed a higher preference to 

fructose (9 days for exhaustion) than glucose with about 66.2 g/L in the medium. Ethanol and 

glycerol production reached relative high levels for this species (9.8 % v/v and 11.8 g/L, 

respectively), while acetic acid was maintained at low levels, in agreement with Rantsiou et 

al. (2017). On the contrary, S. cerevisiae consumed all the sugars present in the must in 7 
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days, demonstrating a higher preference to glucose than fructose since the concentration of 

these sugars was 55.4 and 78.5 g/L, respectively, after 2 days of fermentation. The high sugar 

uptake was correlated to a high ethanol (13.9 % v/v) and low glycerol (8.1 g/L) content. 

In mixed culture fermentations both in the flask and in the double-compartment 

fermentation system (in which the cells are physically separated by a membrane), Starm. 

bacillaris and S. cerevisiae, both species showed different population dynamics compared to 

the respective pure fermentations. It is worth noting that the composition of the fermenting 

medium during the fermentation period was the very similar in both mixed culture 

fermentations. Starm. bacillaris and S. cerevisiae grew to a cell concentration of 8.0 and 7.5 

Log CFU/mL, respectively, after 2 days of fermentation (Fig. 2g, j). Regardless of the 

physical separation of yeast cells, the initial inoculation of must with Starm. bacillaris FC54 

had a negative impact on the growth and metabolic activity of S. cerevisiae Uvaferm BC
®
. In 

both fermentations, S. cerevisiae reached the stationary phase with about 7.5 Log CFU/mL, 

which is 50 % (0.5 Log CFU/mL) lower than S. cerevisiae in pure culture fermentation. The 

cells maintained the same cell viability until the end of the monitored period. Concerning 

their coexistence in fermentations conducted in flask, Starm. bacillaris FC54 dominated the 

fermentation process, with plate counts of 8.0 Log CFU/mL in the first 7 days and became 

undetectable after 9 days of fermentation. However, it should be underlined that 

metabolically active populations of Starm. bacillaris at low cell densities in mixed culture 

fermentations may be present in the last stages of fermentation, but they cannot be easily 

determined by plate counting on WLN medium when coexisting with high populations of S. 

cerevisiae. On the other hand, the dominance and survival of Starm. bacillaris FC54 was 

extended up to day 9 and the end of the monitored period, respectively in fermentations 

conducted in double-compartment fermentor, with cell viability above 5.5 Log CFU/mL.  
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The evolution of the monitored metabolites during fermentation was the same in both 

mixed fermentations (flask and double-compartment fermentation system) as well as in the 

two compartments of the double-compartment fermentation system (Starm. bacillaris and S. 

cerevisiae sides). In particular, the sugars and ethanol concentration at the onset of Starm. 

bacillaris death was 50 g/L and 10.2 % v/v, respectively, indicating that the death of Starm. 

bacillaris occurred long before the sugar depletion from the medium. In order to verify if the 

early death of Starm. bacillaris cells in mixed fermentations with physical contact is caused 

by the presence of viable S. cerevisiae cells at high concentrations, a new set of fermentations 

were carried out. For this aim, we added a high cell concentration of 7.5 Log CFU/mL of 

dead Starm. bacillaris or S. cerevisiae cells (metabolically and enzymatically inactive) to 

early (48 h) or late (96 h) exponential phase pure cultures of S. cerevisiae or Starm. 

bacillaris, respectively (Fig. 3). The population and metabolites production during the 

fermentation process were comparable to the respective control fermentations (Fig. 2a, f), 

indicating that the presence of dead cells at high concentrations does not induce the early 

death of Starm. bacillaris in pure culture fermentation. However, further investigations are 

necessary to elucidate if the addition of dead cells from mixed fermentations to pure culture 

of S. cerevisiae or Starm. bacillaris generate the same growth dynamics pattern, since the 

physical presence of another species could trigger a specific molecular or physiological 

response in the cells from mixed fermentation. 

The results of the chemical analysis at the end of the monitored period and during the 

mixed cultures fermentation performed in flask and in double-compartment fermentation 

system are presented in Table 1 and Fig. 2 (panels h, i, k, l), respectively. As can be seen, the 

evolution of the metabolites was very similar between the fermentations performed with and 

without physical separation. In fact, in both cases the fermentation was completed in 14 days. 

A lower sugar uptake in the mixed compared to the pure culture fermentation with S. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 14 

cerevisiae was exhibited (14 days versus 7 days), which is consistent with the reduced growth 

of S. cerevisiae in these fermentations. Fructose was consumed faster compared to glucose 

(residual concentration of 41.5 versus 87.9 g/L) after 4 days of fermentation probably due to 

the dominance of Starm. bacillaris over S. cerevisiae in this period of time (Englezos et al., 

2016). Fermentations in flasks and in the double-compartment fermentation system produced 

significantly more glycerol (14.6-14.7 g/L) than pure cultures, while the ethanol content was 

reduced by 0.5 % v/v with respect to the pure S. cerevisiae fermentation. Mixed culture 

fermentations were clearly differentiated from the fermentations performed using S. 

cerevisiae in pure culture because of high glycerol and low ethanol yields. Glycerol yield in 

mixed culture fermentations ranged from 0.0632 to 0.0639 g/g, a higher value compared to 

that registered for the S. cerevisiae in pure culture fermentation (0.0352 g/g). On the contrary, 

pure fermentations with S. cerevisiae showed the highest levels of ethanol yield. Compared to 

S. cerevisiae alone, the ethanol yields were reduced by 0.021-0.026 (g/g) in mixed culture 

fermentations. 

 

3.2. The influence of fermentation associated products on the population dynamics and 

metabolites produced from pure and mixed cultures 

 

To further investigate the possible factors influencing the interactions between Starm. 

bacillaris and S. cerevisiae, new sets of fermentations were conducted. Firstly, the cells from 

the mixed culture fermentation were harvested and suspended in fresh sterile must after 96 h 

of fermentation. Secondly, the cells from pure culture fermentations with Starm. bacillaris or 

S. cerevisiae were harvested and suspended in a supernatant prepared from mixed cultures 

after 96 h of fermentation (Fig. 1, panel C). In Fig. 4, the growth dynamics and the evolution 

of sugars, glycerol and ethanol during mixed and pure culture fermentations described above 
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are illustrated. As can be seen in Fig. 4 (a-c), the fermentation profiles of both species in 

mixed culture fermentation, when fresh must was added, are comparable to those obtained 

during fermentation with physical contact (Fig. 2, g-i). After 4 days, Starm. bacillaris 

population started to decrease and it became undetectable after 9 days, while the viability of 

S. cerevisiae achieved levels of about 6.0 Log CFU/mL at the end of the monitored period 

(14 days). Despite these similarities in the population dynamics, marked differences were 

observed in fermentation length, since sugars were consumed faster compared to control 

mixed fermentations (5 days (after fresh must addition) versus 14 days), and both fructose 

and glucose were consumed at the same speed.  

Ethanol production by S. cerevisiae is considered to be a major factor that modulates 

the population size and metabolic activity of non-Saccharomyces species during fermentation 

(Fleet, 2003). Generally, the species of Hanseniaspora, Pichia, Candida and Metschnikowia 

found in wine fermentation are not tolerant to ethanol concentrations exceeding 5-7 % v/v, 

and this explains their decline and death as the fermentation progresses after mid-stage (Jolly 

et al., 2014). We therefore speculated that the relatively high ethanol levels in mixed culture 

fermentation were sufficient to induce Starm. bacillaris death but insufficient to induce death 

to S. cerevisiae. However, the addition of fresh must in mixed culture fermentations has 

reduced the amount of ethanol to values lower than 0.1 % v/v, demonstrating that the high 

alcohol concentration did not influence the viability loss of Starm. bacillaris. In fact, after 7 

days of fermentation, this yeast started to lose viability even if the ethanol concentration was 

around 11.4 % v/v; an amount well tolerated by Starm. bacillaris (Englezos et al., 2015).  

Another possible explanation for the early death of Starm. bacillaris cells could be the 

presence of limited concentrations of different nutrients in the must (Ciani and Comitini, 

2015). However, when the fermenting medium was substituted with fresh sterile must (after 

96 h of fermentation), Starm. bacillaris still reduced its cells number to undetectable levels 
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earlier than in pure culture fermentation. These results show that the early death of Starm. 

bacillaris in mixed culture fermentation with S. cerevisiae was not due to a nutrient 

deficiency. 

Together with ethanol and nutrients, other metabolites can modulate yeast population 

dynamics in mixed culture fermentations. In particular, the production of short- to medium-

chain fatty acids, killer toxins, SO2 by S. cerevisiae cells can negatively affect its co-

existence in mixed wine fermentations with non-Saccharomyces yeasts (Albergaria et al., 

2010; Branco et al., 2014, 2017). In order to evaluate whether the production of toxic 

metabolites was responsible for the death of Starm. bacillaris in mixed cultures, we carried 

out a set of fermentations in which the initial conditions resembled as closely as possible the 

condition in mixed cultures at the onset of the early death. For this aim, pure cultures of 

Starm. bacillaris and S. cerevisiae at their late exponential phase (2 days) were inoculated 

into supernatants, prepared from the mixed culture fermentations after 4 days of fermentation 

(Fig. 1, panel C). The population and metabolites evolution for these sets of fermentation are 

shown in Fig. 4 (panels d - i). Growth dynamics throughout fermentation were comparable to 

those observed for control pure culture fermentations (Fig. 2a - f). Starm. bacillaris produced 

a partially fermented wine with significant presence of residual sugars (up to 70 g/L; Fig. 4e), 

although fructose was totally consumed from the medium after 7 days from mixed culture 

supernatant addition. On the other hand, complete sugar consumption was observed in S. 

cerevisiae trial, where both glucose and fructose were consumed at the same rate (Fig. 4h). 

However, the chemical composition of these wines was characterised by the presence of 

significantly higher levels of glycerol and ethanol, compared to the respective controls due to 

the addition of the supernatant of mixed culture fermentations. Moreover, pure cultures of 

both species were able to survive at higher ethanol concentration than that present at the onset 

of Starm. bacillaris death in mixed cultures (data not shown). All these findings let us to 
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hypothesize that S. cerevisiae did not produce primary metabolites that may be considered 

toxic for Starm. bacillaris development and vice versa. 

These observations, taken together with the fact that Starm. bacillaris survived until 

the end of the monitored period (9 days versus 14 days) in the double-compartment 

fermentor, suggest that the cell-to-cell contact, influencing the presence of viable S. 

cerevisiae cells at high density, plays a role in the decline of Starm. bacillaris. This is in 

accordance with a previous study, which demonstrated that in the early stage of fermentation, 

strains of K. thermotolerans and T. delbrueckii died due to the contact with viable S. 

cerevisiae cells (Nissen et al., 2003).  

However, in our case we cannot exclude the production of an unknown metabolite 

(not measured in this study) which is not diffused efficiently between the two compartments 

to be responsible for the viability of both species during mixed fermentations in the double-

compartment fermentor. It’s well known that besides ethanol during wine fermentations 

yeasts can produce, other toxic compounds, namely, killer toxins, short- and medium- chain 

fatty acids and sulphites able to induce the death of other yeasts strains and/or species (non-

Saccharomyces and S. cerevisiae) (Ciani and Comitini, 2015). In particular, Albergaria et al. 

(2010) reported that some 2-10 kDa peptides produced by S. cerevisiae could inhibit the 

growth of T. delbrueckii wine related strains. Consequently, our results do not exclude 

however the production by S. cerevisiae of any killer-like toxin (e.g. peptides, proteins and 

glycoproteins) or even fermentative metabolites potentially toxic for Starm. bacillaris strains. 

To get a better insight in the nature of the toxic compounds involved the early death of Starm. 

bacillaris in mixed culture fermentations with S. cerevisiae carried out in flasks, as well as 

the death mechanism underlining this phenomenon further investigation will be carried out. 

 

4. Conclusion 
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The present study shows that the early death of Starm. bacillaris in mixed culture 

fermentations with S. cerevisiae carried out in flasks is not due to the depletion of nutrients or 

due to the production of toxic metabolites (not measured in the present study) by the yeasts, 

but rather to cell-to-cell contact mechanism. This information contributes to further 

understand the yeast-yeast interactions occurring during wine fermentations and allows a 

greater management of the production of specific metabolites to improve wine quality.  
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Table 1  

Final chemical parameters of musts and wines produced by pure and mixed culture fermentations  

Inoculation protocol 
Residual sugars 

(g/L) 

Succinic acid 

(g/L) 

Acetic acid 

(g/L) 

Glycerol 

(g/L) 

Ethanol
 

(% v/v) 

Ygly (g/s)
 

(g/g) 

Yeth (eth/s)
 

(g/g) 

Grape must 233.5 ± 1.6 < 0.1 < 0.1 < 0.1 < 0.1 - - 

PCF S. cerevisiae 2.9 ± 0.1a 1.04 ± 0.02a 0.40 ± 0.01a 8.1 ± 0.1a 13.9 ± 0.1c 0.0352 ± 0.0003a 0.0602 ± 0.0002b 

PCF Starm. bacillaris 66.2 ± 1.8b 0.92 ± 0.06a 0.49 ± 0.02b 11.8 ± 0.3b 9.8 ± 0.1a 0.0707 ± 0.0003c 0.0583 ± 0.0008a 

MCF 3.0 ± 0.6a 0.91 ± 0.03a 0.52 ± 0.03b 14.7 ± 0.1c 13.3 ± 0.1b 0.0639 ± 0.0002b 0.0578 ± 0.0006a 

CCF S. cerevisiae side 2.1 ± 0.1a 1.26 ± 0.03b 0.49 ± 0.02b 14.6 ± 0.1c 13.3 ± 0.2b 0.0632 ± 0.0003b 0.0576 ± 0.004a 

CCF Starm. bacillaris side 2.8 ± 1.3a 1.33 ± 0.12b 0.54 ± 0.03b 14.6 ± 0.1c 13.4 ± 0.2b 0.0634 ± 0.0002b 0.0581 ± 0.0011a 

Sign. *** *** *** *** *** *** *** 

PCF: pure culture fermentation, MCF: mixed culture fermentation, CCF: compartmentalized-culture fermentations. Ygly (glycerol/sugar consumption): glycerol yield, Yeth 

(ethanol/sugar consumption): ethanol yield. The values are means ± standard deviations of three independent experiments. Sig: *** indicate significance at p < 0.001 between 

the wines produced. 
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Figure captions 

 

Fig. 1 

Schematic representation of the different sets of fermentations performed.  

 

Fig. 2 

Viable cells, sugars (fructose and glucose), ethanol and glycerol concentration during pure 

culture fermentations with Starm. bacillaris (a,b,c), S. cerevisiae (d,e,f) and mixed culture 

fermentations with Starm. bacillaris and S. cerevisiae in flask (g,h,i) and in double-

compartment fermentation system (j,k,l). Data are the mean values ± standard deviations of 

three independent experiments. 

 

Fig. 3 

Viable cells, sugars (fructose and glucose), ethanol and glycerol concentration during pure 

culture fermentations with Starm. bacillaris (a-f), S. cerevisiae (g-l). In a-c and d-f, 5.0x10
7
 

cells/mL dead S. cerevisiae cells were added after 48 and 96 h of fermentation, respectively. 

In g-i and j-l, 5.0x10
7
 cells/mL dead Starm. bacillaris cells were added after 48 and 96 h, 

respectively. Data are the mean values ± standard deviations of three independent 

experiments. 

 

Fig. 4 

Viable cells, sugars (fructose and glucose), ethanol and glycerol concentration during mixed 

culture fermentations with Starm. bacillaris and S. cerevisiae in flask (a,b,c) and in pure 

culture fermentations with Starm. bacillaris (d,e,f) and S. cerevisiae (g,h,i). In a-c, the cells 

were harvested and suspended in fresh sterile Nebbiolo must after 96 h of fermentation. In d-
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i, the cells were harvested and suspended in supernatant prepared from mixed cultures after 

96 h of fermentation. Data are the mean values ± standard deviations of three independent 

experiments. 
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Fig. 1 

  

Pure cultures Mixed cultures

Pure cultures

Mixed culture

Pure cultures

Viable Starm. bacillaris Dead Starm. bacillaris

Dead S. cerevisiaeViable S. cerevisiae

After 48 h After 48 h After 96 h After 96 h 

Addition of fresh must

after 96h
Cells

Separation

Cells

Separation

Addition of mixed culture 

supernatant after 96 h

Addition of mixed culture 

supernatant after 96 h

Cells

Separation

A. Normal fermentations

B. Dead cells addition

C. Must substitution with fresh must or mixed culture supernatant

After 48 h After 48 h

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 27 

Fig. 2 
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Fig. 3 
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Fig. 4 
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Highlights 

 
- Yeast interspecies interactions have a fundamental role to determine the desired wine 

characteristics 

- The growth and death kinetics of S. cerevisiae and Starm. bacillaris were investigated in pure 

and mixed culture fermentations 

- The early death of Starm. bacillaris is not caused by nutrient limitation or by inhibitory 

compounds accumulation 

- Cell-to-cell contact mechanism appears to be responsible for S. cerevisiae dominance 
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