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ABSTRACT 
 
The aim of this work was to study the production of functional protein in yeast culture. The cells of Saccharomyces 
cerevisiae Embrapa 1B (K+R+) killed a strain of Saccharomyces cerevisiae Embrapa 26B (K-R-)in grape must and 
YEPD media. The lethal effect of toxin-containing supernatant and the effect of aeration upon functional killer 
production and the correlation between the products of anaerobic metabolism and the functional toxin formation 
were evaluated. The results showed that at low sugar concentration, the toxin of the killer strain of Sacch. cerevisiae 
was  only produced under anaerobic conditions . The system of killer protein production showed to be regulated by 
Pasteur and Crabtree effects. As soon as the ethanol was formed, the functional killer toxin was produced. The 
synthesis of the active killer toxin seemed to be somewhat associated with the switch to fermentation process and 
with concomitant alcohol dehydrogenase (ADH) activity. 
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INTRODUCTION 
 
The killer phenomenon is determined by a low 
molecular weight protein excreted by yeast strains. 
These yeasts secret glycoprotein toxins that kill the 
sensitive strains in grape must and YEPD media 
(da Silva, 1996) and in many other culture media. 
Killer yeasts are present in grapes of several 
Brazilian vineyards (da Silva, 1999) and in many 
wine regions all over the world (Heard and Fleet, 
1987; Vagnoli et al., 1993; Vazquez and Toro, 
1994; Hidalgo and Flores, 1994; Cansado et al., 
1999; Gutiérrez et al., 2001; Yap et al., 2000; 
Sangorrin et al., 2001; Sangorrin et al., 2007; 
Kapsopoulou et al., 2008). They have been 

reported in many other habitats as well 
(Musmanno et al., 1999; Ceccato-Antonini et al., 
2004; Zarowska et al., 2004; Cabral et al., 2008). 
Killer yeasts are normally used in wineries.  
Attempts also have been made to use the killer 
yeasts in other industrial processes (Bajaj and 
Sharma, 2010). It has been observed that growing 
Sacch. cerevisiae treated with the toxins showed 
several cellular disorders, such as  leakage of 
potassium, partial dissipation of the ATP pool, and 
alteration of macromolecular synthesis (Bussey 
and Skipper, 1975).  
The Sacch. cerevisiae K28 toxin acts differently. 
This kind of toxin enters the susceptible cells by 
endocytosis, travels the secretion pathway in 
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reverse, and induces a cell cycle arrest at the G1/S 
boundary (Schmitt et al., 1996; Eisfeld et al., 
2000). The outcome of these processes is the 
eventual death of the cells. The heterodimeric 
toxin is processed by a precursor in the Golgi 
apparatus (Bostian et al., 1984; Boone, 1986; 
Bussey, 1991; Cooper and Bussey, 1992). A 
carboxypeptidase is involved in the processing of 
precursors to secret the mature proteins (Cooper 
and Bussey, 1989). The toxin binds to a glucan 
receptor on the cell wall (Al-Aidroos and Bussey, 
1978; Bussey, 1991) and to the sites on the 
membrane (Bussey et al., 1973a) of target yeast. 
Therefore, the susceptible yeast cells are killed in a 
two-step receptor-mediated manner.  
It is well established that at high specific growth 
rates Sacch. cerevisiae exhibits a mixed 
metabolism, even under  aerobic glucose-limited 
conditions. A limitation in respiratory capacity 
results to a phenomenon known as overflow 
metabolism or Crabtree effect and leads to the 
formation of byproducts (Vemuri et al., 2007). It 
has also been demonstrated that the ethanol 
overflow in Sacch. cerevisiae is related to a redox 
imbalance in the mitochondria (Hou et al., 2009; 
Hou et al., 2010).  Deken (1966a) observed that 
under critical values, an exponentially growing 
yeast could proceed the degradation of 
carbohydrate through fermentation and respiration 
simultaneously. The regulation of the glycolytic 
enzymes cannot be extrapolated from one Sacch. 
cerevisiae strain to the other (Deken, 1966a; Hoek 
et al., 2000). With the exception of 
phosphofructokinase and pyruvate decarboxylase 
of an industrial strain, no clear correlation between 
the fermentative capacity and the glycolytic 
enzymes activities was observed (Hoek et al., 
2000). Comparison between Crabtree-positive and 
Crabtree-negative strains revealed that the 
fermentative pathway was constitutive for the 
strain with strong Crabtree effect (Deken, 1966a). 
These observations showed that when the respiring 
cells of Sacch. cerevisiae switched to alcoholic 
fermentation pathway they could alter several 
other regulatory mechanisms not directly 
correlated with ethanol production. Brink et al. 
(2008) showed that shifts towards fermentative 
pathway provoke, as a matter of fact, great 
trasncriptional reprogramming with one third of all 
genes within the genome differentially transcribed. 
Similar behaviour has been observed with 
Escherichia coli. The transfer of these bacteria 
from aerobic to micro-anaerobic conditions 

changed the gene expression associated with the 
central metabolism, metal ion physiology and cell 
envelop stress (Partridge et al., 2007). In Sacch. 
cerevisiae, multiple pathways and mechanisms 
seemed to be involved in modulating the 
expression of hypoxic genes (Kwast et al., 1999).  
The aim of this work was to study the effect of 
shift from fully aerobic to gradual anaerobic 
conditions upon functional killer protein 
production in batch culture by a Crabtree-positive 
killer yeast strain as well as its correlation with the 
products of anaerobic metabolism. A procedure for 
the determination of the minimum number of 
functional killer protein molecules present in the 
inhibition zone (mnmh) is also proposed. 
 
 
MATERIALS AND METHODS 
 
Yeast strains 
The K+R+ and K-R- yeast strains Saccharomyces 
cerevisiae Embrapa 1B/04 and Saccharomyces 
cerevisiae Embrapa 26B/04, respectively, were 
obtained from the culture collection of the Centro 
Nacional de Pesquisa de Uva e Vinho (CNPUV-
EMBRAPA, Bento Gonçalves, RS, Brasil). These 
strains were isolated from Vitis vinifera L. 
Riesling Italico grape must as previously described 
by da Silva (1987) and defined, respectively, as 
killer and sensitive strains by da Silva (1996). The  
strains were  maintained at 18oC on must/agar 
slants (MA) and sub-cultured every six months. 
 
Growth media and shift experiment 
The growth of Sacch. cerevisiae EMBRAPA-
1B/04 was carried out in a stirred-tank bioreactor 
(Biolafitte, Poissy, France) of 50 l , equipped with 
temperature, pH control and internal pressure 
measurement. Agitation, aeration, temperature and 
internal pressure were fixed at 350 rpm, 2 vvm air, 
25oC and 0.3 bar, respectively. The initial pH of 
the culture was 3.75 and it was not controlled. The 
M5 complex medium composition was as follows: 
5% Lorena grape must and 95% FYE (fresh yeast 
extract). The FYE was prepared as described by da 
Silva and de Almeida (2006). The 16.4 l complex 
medium were sterilised in situ at 121oC for 30 min. 
The Lorena grape must had a concentration of 
reducing sugar of 195 g/l. The sugar concentration 
in the fermentation medium was 9.75 g/l. After a 
fast cooling, the bioreactor was inoculated with  
3.6 l exponential-phase K+R+ yeast culture. The 
inoculum was grown in six Fernbach flasks 
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containing 600 ml of the medium described as 
above at 25oC on a rotary shaker (model G25 
Incubator shaker; New Brunswick, Scientific Co. 
Inc., Edison N.J.) at 150 rpm. After eight hours of 
aerobic growth, the shift from aerobic to anaerobic 
conditions was gradually performed, switching off 
both the air sparging and the mechanical agitation 
system. Samples were collected and analysed 
every one hour over an eight hour period. Two 
samples were taken at 24 and 48 h. The samples 
were centrifuged at 10,000 x g in a Sorval 
centrifuge (USA) for 15 min. Aliquots of 5 ml of 
supernatant were sterilised by filtration using 0.22 
µm on sterile Millipore filters (Millipore-
JBR610021, USA). The rest of the supernatant 
(195 ml) was used to determine the amount of 
residual sugar and metabolites. 
 
Flask cultures 
One set of three flasks containing 1640 ml sterile 
M5 medium each was gassed with air (2 vvm air) 
without mechanical stirring. The other set of three 
flasks containing 1640 ml sterile M5 medium each 
was sparged with sterile filtered (0.22 µm 
Millipore filters Millipore-JBR610021, USA) N2 
for one  minute (at a flow rate of 4-5 l/min). A 
third set of three flasks containing 1640 ml sterile 
M5 modified medium by the addition of 100 g/l 
sucrose each was gassed with air (2 vvm air) 
without mechanical stirring. All the flasks were 
inoculated with 360 ml of a cell suspension at 107 
cells of Sacch. cerevisiae EMBRAPA-1B/04/ml. 
The flasks were allowed to stand for 24 h at room 
temperature. Samples were collected and analysed 
every one hour over an eight hour period and over 
a period of 24 h.  
 
Analysis of anaerobic metabolites 
The ethanol was distilled from 100 ml of 
fermented medium and the distillate was filled up 
with distilled water to a volume of 100 ml. The 
total ethanol was then determined by measuring 
the density of the distillate with an Anton-Paar 
DMA58 densitometer. The temperature of the 
sample was controlled with a water bath (Haag-G, 
West Germany). The concentration of 
acetaldehyde was measured by capillary gas 
chromatography (Perkin Elmer AutoSystem XL), 
equipped with a flame-ionisation detector (FID), a 
capilar column (0.25 mm i.d. by 50 m - 
CPWAX57B), and a split/splitless injector. 
Splitless injections were made onto the column at  
 

40oC (5-min hold) with oven programming from 
40oC (2oC/min) to 60oC (10 min), then (15oC/min) 
to 200oC (18 min). The 4-methyl-pentanol-2 was 
used as internal standard and the separation was 
performed under a constant flow of 1.8 ml He/min 
at 30 psi head pressure, 85.7 ml sinthetic air/min 
and 53.1 H2ml/min. 
 
Analysis of reducing sugar 
The reducing sugar and sucrose assays were done 
by reduction of Fehling alkaline cupric solutions 
as described by Ribéreau-Gayon et al. (1982). 
When sucrose was used, the samples were first 
hydrolysed using 1 ml HCl. 
 
Measurement of growth 
The growth was measured by monitoring the 
changes in optical density (OD) of the culture at 
600 nm with a Perkin-Elmer UV/visible 
spectrophotometer (Lambda Bio, Illinois, USA). 
Dilutions of culture were made in order to get an 
OD between 0.1 and 0.2. Total cell and budding 
cells numbers were determined microscopically 
(Universal III Microscope, Zeiss Germany) with a 
cell chamber (Neubauer Improved Superior, 
Germany), using the same dilutions for OD 
measurements. The specific growth rate (µ) was 
computed from the integration of µx=dx/dt in 
which x was the optical density at time t.  
 
Killer toxin assay 
The unbuffered MA80-MB medium used to detect 
the functional killer activity of the cell-free 
supernatant had the following composition: 80% 
(v/v) Lorena grape must, 20% (v/v) FYE, 0.003% 
(w/v) methylene blue and 1% (w/v) Bacto agar, 
final pH 4.5. The agar was autoclaved separately 
to avoid the hydrolysis and, after being cooled to 
45-50°C, added just before pouring into a 9 cm 
diameter Petri dish. The presence of the functional 
killer toxin was determined by plating suspended 
sensitive cells of Sacch. cerevisiae Embrapa 
26B/04 (107 cells/ml) as a lawn onto MA80-MB 
medium. Aliquots of 30 µl of sterile cell-free 
supernatant were pipetted into a 0.5 cm well 
punched in the seed plate (Al-Aidroos and Bussey, 
1978). The inoculated plates were transferred to 
Lab-Line Imperial II Radiant Incubator (Illinois, 
USA) at 25oC for 48 - 72 h. If the well was 
surrounded by a clear zone of inhibition fringed 
with blue colour, the killer toxin was designated as 
functional. 
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Statistical analysis 
The regression analysis was performed by using R 
Program for Debian GNU/Linux (Venables, 2004; 
Logan, 2005); R version 2.7.1 (2008-06-23). 
 
 
RESULTS AND DISCUSSION 
 
Estimation of minimum number of killer 
molecules 
It was observed that the killer toxin required at 
least two steps involving a cell wall receptor and 
the plasma membrane. The toxin initially bound to 
a cell wall receptor which contained a (1-6)-β-D-
glucan (Al-Aidroos and Bussey, 1978; Hutchins 
and Bussey, 1983). Although 1.1 x 107 receptor 
per cell seemed to be necessary for toxin action, 
only 2.8 x 104 toxin molecules proved to be 
enough to kill one sensitive cell of Sacch. 
cerevisiae S14a (Bussey et al., 1979; Bussey, 
1981; Tipper and Bostian, 1984). The calculation 
based on the latter value to estimate the minimum 
number of killer toxin molecules on the surface of 
the solid culture media that had killed a defined 
number of sensitive cells is given by the  
equation 1.  
The constant k2 represented the number of cells 
that were removed with punched agar cylinder at 
the time of making the wells (equation 2). The 
mnmh was the minimum number of molecules 
present in the inhibition zone; k1 was a constant 
equal to 2.8 x 104; Dh was the diameter of the 
inhibition zone; Dp was the diameter of the Petri 
dish (9 cm); nc corresponded to the number of 
sensitive cells expressed in cells/ml (107 cells/ml) 
in stock suspension; v was the volume of the latter 
used for inoculation (0.1 ml). The Dw was the 
diameter of the punched agar cylinder. The 
minimum number of killer molecules for the 
diameter of 1.2 cm long (Fig. 1) based on the 
equation 1 was 4.11 x 108 molecules. 
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Shift from aerobiosis to anaerobiosis 
In bioreactor, the functional killer protein could 
not be detected during the aerobic growth (Fig. 1) 
in M5 medium with 10 g/l reducing sugar. During 
the aerobic phase, the yeast presented an 
exponential growth between two and seven hours, 
according to the equation 3. It should be noted, 
from equation 3, that the maximum specific 
growth rate (µmax) of this yeast was 0.37 h-1 with 
doubling time (td) of approximately 1.87 h 
(equation 5). The number of generations between 
2 and 9 h of aerobic growth was 2.93 (equation 6). 
The killer activity was only observed 16 h after the 
shift from aerobic to gradual anaerobic conditions. 
The diameter of the halo around the wells formed 
at 16 h in anaerobiosis was 1.2 cm.  
 

DO=0.0277e0.3723t                (3) 
r 2= 0.9967                      (4) 

td= ln2
0.37

= 1.87h                  (5) 

gn=
1

log2
log

0.4379
0 .0573

= 2.93         (6) 

 

The minimum number of functional killer toxin 
molecules present in the inhibition zones was 4.11 
x 108. In aerobic conditions, the results obtained in 
flask culture and in bioreactor were not the same. 
In bioreactor (Fig. 1), as soon as the aeration and 
agitation systems were switched off, the functional 
killer protein started being produced. In flask, no 
detectable killer protein was formed in seven hours 
of aerobic growth (Fig. 2). However, this protein 
was produced over the course of aerobic phase 
since 1.35 x108 molecules could be observed in 
eight hours of aerobic growth (Fig. 3). In 
anaerobiosis, the minimum number of functional 
killer toxin molecules present in the inhibition 
zones was the same as in bioreactor (4.11 x 108). 
The difference between the results obtained in the 
bioreactor and those observed in the flasks in 
aerobiosis could be due to the aeration inefficiency 
of unbaffled aerated flasks, resulting in partial 
oxygen unavailability. Therefore, there was some 
evidence to support that the aeration or a related 
mechanism was involved in the regulation of killer 
protein synthesis. 
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Figure 1 - Killer toxin produced by the killer strain Sacch. cerevisiae Embrapa 1B/04 - inactivity 
after 8 h (T8) in aerobiosis and activity after 16 h period (1.2 cm) in anaerobiosis 
(T24); Sensitive strain: Sacch. cerevisiae Embrapa 26B/04; Detection medium: MA80-
MB; Expression medium: M5. R: repetitions. 

 
 

 
 

Figure 2 - Killer toxin produced by the killer strain Sacch. cerevisiae Embrapa 1B/04 - inactivity 
before eight hour period in aerobiosis (after six hour period: T6 and after seven hour 
period: T7); Sensitive strain: Sacch. cerevisiae Embrapa 26B/04; Detection medium: 
MA80-MB; Expression medium: M5. R: repetitions. 

 
 

 
 
Figure 3 - Killer toxin produced by the killer strain Sacch. cerevisiae Embrapa 1B/04 - weak 

activity after eight hour period (T8) in aerobiosis (0.8 cm) and strong activity after 16 
h period (1.2 cm) in anaerobiosis (T24); Sensitive strain: Sacch. cerevisiae Embrapa 
26B/04; Detection medium: MA80-MB; Expression medium: M5. R: repetitions.
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As expected, during the aerobic growth in the 
bioreactor, no ethanol was found in the 
supernatant of aerobic cultures as well as killer 
protein (Fig. 4). There seemed to be an 
incompatibility between the aerobic metabolism 
and the functional killer proteins synthesis. To 
establish a link between the aerobic and anaerobic 
processes, quantitative analysis of acetaldehyde 
and ethanol were performed. Although these two 
compounds are intimately related to glycolysis, the 
synthesis of ethanol, but not acetaldehyde, 
depends upon NADH oxidation. If the pyruvic 
acid is driven toward Krebs cycle, as it should 
occur in aerobiosis, the concentration of 
acetaldehyde and ethanol should be, if not null, 
negligible. In fact, the concentration of ethanol 
was null. Interestingly, and contrary to the case for 
ethanol, acetaldehyde increased continuously with 
time under aerobic conditions and decreased as 
 

soon as the anaerobiosis started (Fig. 4). These 
results showed that the key enzyme of alcoholic 
fermentation, pyruvate decarboxylase (PDC), was 
active even under aerobiosis and without ethanol 
formation. Postma et al. (1989) observed that the 
pyruvate decarboxylase probably was operative 
under the conditions in which alcoholic 
fermentation was absent. The acetaldehyde could 
be then oxidised by acetaldehyde dehydrogenase 
and acetyl-CoA synthetase to form acetyl-CoA, 
which in turn, would be further oxidised in the 
mitochondria. The acetaldehyde built up (Fig. 4) 
probably due to low activity of the acetyl-CoA 
synthetase. 
The evolution of acetaldehyde during the aerobic 
phase is described by the following equation: 
 

3111.492092.82011.0 2 ++−= xxaceth  (7) 
r 2= 0.9038                                                     (8) 

 
 

 
 

Figure 4 - Levels of ethanol (   ), acetaldehyde (   ) and minimum number of molecules (mnmh) 
(   ) of functional killer toxin, calculated by Equation 1, in supernatant of Sacch. 
cerevisiae Embrapa 1B/04 cultures grown in M5 medium and in bioreactor. During the 
first 8 hour period, the growth was maintained in aerobic conditions. After this period 
the conditions were gradually shifted to anaerobiosis. 

 
 
 

The hypothesis that mechanical stirring could 
provoke the killer protein inactivation was not 
supported because the cell-free supernatant of the 
cells grown in aerated 2.8-litre. Fernbach flasks 
without mechanical stirring did not present 

functional killer protein before eight hours of 
aerobic growth (Fig. 2). The agitation obtained by 
air sparging did not inhibit the production of the 
killer protein, since the presence of such a protein 
was detected after eight hours of aerobic growth.  
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The protein was earlier detected in sterile cell-free 
supernatant of cells grown without aeration (Fig. 5 
and 6). The diameters of the halo around the wells 
formed over 6, 7, 8 and 24 h period in anaerobiosis 

were, respectively, 0.93, 1.1, 1.0 and 1.2 cm long, 
which corresponded to a minimum number of 
functional killer toxin.  

 
 

 
 

Figure 5 - Presence of functional killer protein in supernatant of Sacch. cerevisiae Embrapa 1B/04 
cultures grown in M5 (expression medium) for six (0.93 cm) (T6) and seven (1.1 cm) 
hours (T7), in anaerobiosis and in flask culture; Sensitive strain: Sacch. cerevisiae 
Embrapa 26B/04; Detection medium: MA80-MB; R: repetitions. 

 
 

 
 

Figure 6 - Presence of functional killer protein in supernatant of Sacch. cerevisiae Embrapa 1B/04 
cultures grown in M5 (expression medium) for eight (1.0 cm) (T8) and 24 (1.2 cm) h 
period (T24), in anaerobiosis and in flask culture; Sensitive strain: Sacch. cerevisiae 
Embrapa 26B/04; Detection medium: MA80-MB; R: repetitions. 

 
 

As in both aerobic and anaerobic conditions the 
mechanical stirring system was absent, there was 
strong evidence for the involvement of the 
anaerobic metabolism in regulating the synthesis 
of functional killer protein. Hence, the results did 
not support the hypothesis of protein inactivation 
by the mechanical stirring used in the bioreactor 
culture. Figure 4 showed that the aerobic 
conditions did not repress the production of 
acetaldehyde (aceth) but inhibited ethanol and 
functional killer protein synthesis. These findings 
suggested that the last two processes were related. 

The expression of some proteins of both 
eucaryotes and prokaryotes is significantly 
modified by the aerobiosis or anaerobiosis. In 
yeasts, the signal involved in the induction of 
certain genes and produced by respiratory chain 
can be generated in anaerobic conditions (Kwast et 
al., 1999). A peptidase (PepR) of Lactobacillus 
sakei was expressed as a single 1.27-kb transcript 
induced under anaerobiosis. These proteins could 
be assigned to respiratory or carbon flux functions, 
and proteins subjected to catabolite repression 
have been shown to be also regulated by growth 
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under anaerobiosis (Champomier-Vergs et al., 
1996). In Neisseria gonorrhoeae, a shift from 
aerobiosis to anaerobiosis induced the synthesis of 
outer membrane proteins (Clark et al., 1987) and 
in Bacillus subtilis, there was the induction of 
various systems for the utilisation of alternative 
carbon sources (Marino et al., 2000). 
 
Production of killer protein in aerobic 
conditions 
It became clear that the presence of air was, to 
some extent, the cause of the inhibition of 
functional killer protein production. The metabolic 
behaviour that governs the killer toxin synthesis 
seems to be of the same nature as the ones 
observed for ethanol production. If this was true, 
the Pasteur effect could be extended to killer 
protein synthesis. In the same way, a positive 
Crabtree effect killer yeast strain can form the 
functional killer toxin if the sugar concentration 
surpasses a critical threshold value because, in 
such an yeast, alcoholic fermentation may set in 
even under aerobic conditions. To test the 
involvement of Crabtree effect in killer toxin 
production, the Crabtree-positive strain Sacch. 
cerevisiae Embrapa 1B/04 was allowed to grow in 
the flasks containing 1640 ml sterile M5 medium 
with 100 g/l sucrose. The growth assay was 
performed under the aerobic conditions and 
without mechanical stirring. 
The presence of the functional killer protein could 
be clearly defined during the entire aerobic process 
(Fig. 7 and 8). The minimum number of killer 
molecules (mnmh) produced increased with the 
 

time, following the cell yeast growth (Fig. 9). In 
the conditions of high sugar concentration, even 
under aerobiosis, the metabolism of the strain was 
driven toward the growth, ethanol and killer 
protein production. The ethanol concentration and 
the minimum number of killer molecules 
measured in the cell culture supernatant at 24 h 
was 3.26°GL and 9.92 x 108, respectively. 
According to Bai et al. (2008), ethanol is a typical 
primary metabolite whose production is tightly 
coupled with the growth of yeast cells. The 
equation 9 defines the growth of this strain in high 
sugar concentration and in aerobiosis during the 
seven hours of exponential phase. This showed 
that the maximum specific growth rate (µmax) of 
this microorganism grown in aerated unbaffled 
Fernbach flask with high sugar concentration was 
0.16 h-1 with a doubling time of approximately 4.3 
hours (equation 11). The number of generations 
between 0 and 8 h of growth was 1.98 (equation 
12).  
 

x= 1.305e0,16t               (9) 
r 2= 0.9541                (10) 

td= ln2
0.16

= 4.3h            (11) 

gn=
1

log2
log

4.6509
1.1762

= 1.98   (12) 

 
The relationship between the yeast growth (x) and 
the minimum number of killer molecules (mnmh) 
during the aerobic process was obtained by the 
linearised potential equation (equation 13), where 
x was the optical density. 

 

 
 

Figure 7 - Presence of functional killer protein during 0 (1.13 cm) (T0), 1 (1.17 cm) (T1) and 2 
(1.27 cm) (T2) hour period in supernatant of a culture of Sacch. cerevisiae Embrapa 
1B/04 grown aerobically in M5 expression medium supplemented with 100 g/l sucrose 
in flask culture; Sensitive strain: Sacch. cerevisiae Embrapa 26B/04; Detection 
medium: MA80-MB. R: repetitions. 
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Figure 8 - Presence of functional killer protein during 24 (1.77 cm) (T24) and 48 (1.83 cm) h 
period (T48) in supernatant of a culture of Sacch. cerevisiae Embrapa 1B/04 grown 
aerobically in M5 expression medium supplemented with 100 g/l sucrose in flask 
culture; Sensitive strain: Sacch. cerevisiae Embrapa 26B/04; Detection medium: 
MA80-MB. R: repetitions. 

 
 

  
 

Figure 9 - Aerobic growth of Sacch. cerevisiae Embrapa 1B/04 (   ), ethanol production (   ), 
minimum number of functional killer molecules (mnmh) (   ) and residual reducing 
sugar (   ); M5 expression medium supplemented with 100 g/l sucrose. 

 
 
The numeric values of this relationship can be 
seen from equation 14. The minimum number of 
killer molecules increased with the yeast growth at 
a rate of a power of 0.41 per arbitrary optical 
density unit. The relationship found for the growth 
and the killer protein production during the entire 
process was observed neither for ethanol 
production and growth nor for killer protein 
formation and ethanol production.  
 

( ) ( ) ( )xkmnmmnm hh lnlnln 0 +=      (13) 
4128.04168.3 xmnmh =              (14) 

9724.02 =r                     (15) 

The relationship between the minimum number of 
killer molecules (mnmh) and ethanol (etoh) 
production followed a logarithmic equation over a 
period of 41 h (from 7 to 48 h) (Equation 16). 
During this same period, the relationship between 
the growth (x) and ethanol was linear (Equation 
18). 
 

( )etohmnmh ln4195,13229.8 +=    (16) 

9967.02 =r                     (17) 
xEtoh 3665.03497.1 +−=         (18) 

9997.02 =r                     (19) 
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The concomitant production of ethanol and killer 
toxin in the presence or in absence of air may 
mean that the synthesis of these two metabolic 
products is governed by related mechanisms. The 
results showed that the killer protein synthesis 
system in Sacch. cerevisiae could be intimately 
coupled to the ethanol production process and that 
the aerobiosis itself did  not interfere with its 
biological activity or with its production only if 
the sugar concentration surpassed the critical 
threshold value. It is well known that the 
formation of ethanol in aerobic cultures is a 
metabolic characteristic of Sacch. cerevisiae 
growing in the presence of excess glucose. This 
phenomenon is known as the Crabtree effect 
(Romo et al., 1965; Deken, 1966a; Deken, 1966b; 
Hommes, 1966; Postma et al., 1989; van Urk et 
al., 1989a, van Urk et al., 1990; Lu et al., 2008) 
and is not displayed by all yeasts (Reynders et al., 
1997). It was clear that Sacch. cerevisiae Embrapa 
1B/04 was a Crabtree-positive strain. Postma et al. 
(1989) observed that glucose was completely 
respired when Sacch. cerevisiae CBS 8066 was 
grown in dilution rate below 0.30 h-1 and that a 
further increase in the dilution rate resulted in 
aerobic alcoholic fermentation in addition to 
respiration. According to these authors, the 
occurrence of alcoholic fermentation was not 
primarily due to a limited respiratory capacity but 
was due to an uncoupling effect on its respiration 
caused by the organic acids produced. 
It would be important to note that this strain 
(Sacch. cerevisiae Embrapa 1B/04) also presented 
sensitivity to killer protein obtained from the strain 
Sacch. cerevisiae Embrapa 91B/04 (da Silva, 
1999b). This mean that this strain showed a 
killer/sensitive phenotype. This phenomenon did  
not seem to be rare. Sangorrín et al. (2001) have 
also observed that all wild killer strains isolated 
from Merlot and Malbec musts of Northwestern 
Patagonia (Argentina) were sensitive to some 
killer reference toxins. The same behaviour was 
also found by Sangorrín et al. (2007) for all killer 
yeasts isolated from the fermentation vat surfaces. 
The yeast sensitivity to killer toxin (Vaughan-
Martini et al., 1996; Sangorrín et al., 2002) and 
killer ability seemed to be a strain-related 
characteristics since some killer yeast strains were 
not able to kill the Sacch. cerevisiae Embrapa 
1B/04 (da Silva, 1999b).  
 

 

The results suggested that the functional killer 
protein expression depended upon the stress 
imposed to cells by the culture medium 
composition or by culture conditions. Breierová 
(1997) observed that yeasts produced 
cryoprotectant glycoproteins under induced stress 
conditions. The anaerobiosis and the presence of 
high level of sugar concentration stimulate the 
sugar consumption rate. This stimulation is 
provoked by stress conditions and also seems to 
have influence upon the production of killer 
toxins. The increase in osmotic pressure can alter 
not only the level of cellular products but also their 
rates of synthesis. It was observed that 18 proteins 
of Sacch. cerevisiae had more than eight-fold 
increases in their synthesis rates when the yeast 
was transferred to 0.7 M NaCl medium. These 
proteins seemed to be gene products that 
responded to dehydration (Blomberg, 1995). There 
are specific genes, kex1 and kex2 (for killing 
expression), that are necessary for a strain to 
secrete an active toxin (Wickner and Leibowitz, 
1976). It is possible that the synthesis of the 
products of these genes was increased not only by 
the osmotic pressure provoked by the high levels 
of sugar of the grape must but also by anaerobic 
conditions. 
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