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Abstract The kinetics and metabolic behavior of

Kloeckera apiculata mc1 and Saccharomyces

cerevisiae mc2 in composite culture was investigated.

K. apiculata showed a higher viability through the

fermentation; however the maximum cell density of

both yeasts decreased. This behavior was not due to

ethanol concentration, killer toxins production or

competition for assimilable nitrogenous compounds

between both yeasts. Despite the consistent produc-

tion of secondary products by single culture of

K. apiculata, an increase of these compounds was not

observed in mixed culture. These results contribute to

a better understanding of the behavior of non-

Saccharomyces yeasts and their potential application

in the wine industry.

Keywords Mixed culture � Non-Saccharomyces

yeast � Wine

Introduction

In traditional winemaking, natural (spontaneous)

fermentation of grape juice is carried out by a

sequence of different yeast species. The early stages

are dominated by the growth of non-Saccharomyces

yeasts, characterized by a low fermentative power

(Fleet and Heard 1993). The apiculate yeasts belong-

ing to genera Kloeckera/Hanseniaspora or other

genera such as Candida, Pichia and Metschnikowia

initiate the fermentation (Fleet 2003; Povhe Jemec

et al. 2001; Fleet and Heard 1993). After 3–4 days

these yeast die off, and are replaced by the strongly

fermentative yeast (Saccharomyces cerevisiae) that

continue and finish the fermentation process

(Amerine et al. 1980; Martini 1993).

Some studies, however, showed that non-

Saccharomyces yeast survive during the natural and

inoculated fermentations of grape juice for longer

periods than previously thought. In addition to

ethanol and carbon dioxide, during the fermentation

these yeast release secondary products such as higher

alcohols, esters, acids, carbonyl compounds impor-

tant to the sensory characteristics of wines (Romano

et al. 1997, 2003; Ciani and Maccarelli 1998; Egli

et al. 1998). Therefore, the practical benefit of the

physiological and metabolic properties of the non-

Saccharomyces yeast could be important in wine-

making (Ciani 2001; Zohre and Erten 2002). In this

context, interactive behaviors between the different

species need to be considered.
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In the present study, we report on the fermentation

behavior and the metabolic interactions of mixed

cultures of Saccharomyces cerevisiae mc2 strain and

a potential non-Saccharomyces wine yeast starter

species, Kloeckera apiculata mc1.

Materials and methods

Microorganisms

Kloeckera apiculata mc1 (apiculate yeast) and Sac-

charomyces cerevisiae mc2 (elliptic yeast) were

isolated from Argentinean wines.

Culture medium and growth conditions

The yeasts were inoculated in the basal medium

containing: 10 g yeast extract; 1.0 ml between 80 and

170 ml grape juice per litre distilled water, pH 5.5.

Medium was treated at 908C for 10 min and was

inoculated with 106 cells ml�1 from 14 h pre-cultures

grown in the same medium as follows: (i) individual

pure culture of K. apiculata and S. cerevisiae;

(ii) mixed culture of both yeast strains in the ratio

1:1. All cultures were incubated for 10 days at 308C
without agitation.

Determination of microbial growth and

differential enumeration

Differential enumeration of wine yeasts in mixed

culture was realized by plating on the following two

media: (i) malt/agar medium (containing per litre:

20 g glucose, 1 g peptone, 20 g yeast extract, 3 g malt

extract and 20 g agar, pH 6.8). The plates were

incubated at 308C for 3–4 days (Gil 1993). This

medium allows non-Saccharomyces to be distin-

guished morphologically from Saccharomyces yeast

colonies. S. cerevisiae formed colonies of brilliant

white-cream with spherical and protuberant form

with regular borders. The colonies of K. apiculata

were opaque white-gray, smoothed or flattened form

with lightly irregular borders and of tonality different

to the rest of the colony. (ii) Modified malt agar

medium by addition of 40 mg Bromophenol Blue l�1

with pH range: from 3 (yellow) to 4.6 (blue). The

medium was adjusted at pH 4.6 and the plates were

incubated at 308C for 2–3 days. Non-Saccharomyces

yeast colonies were blue while Saccharomyces

formed yellow colonies. This behavior is related to

differences in the metabolism of wine yeasts.

Fitting of yeasts death curves

The death curve of K. apiculata in pure culture was

fitted using Eq. 1

Log ðNt=N0Þ ¼ cþ expðaþ btÞ

The death curves of pure culture of S. cerevisiae

and both yeasts in mixed cultures were fitted using

Eq. 2

Log ðNt=N0Þ ¼ aþ bt

where N0 (c.f.u ml�1) is the cell concentration at the

onset of death, Nt (c.f.u ml�1) is the cell concentra-

tion at time t (days) and b (d�1) is the death rate. The

fittings were done with Statistica for Windows

Release 5.0 using the least-squares algorithm of

Levenberg-Marquadt (Truong-Meyer et al.1997).

Killer activity

For killer activity screening reference strains were

used: S. cerevisae YAT 679 (K1 type), S. cerevisae

NCYC 738 (K2 type), C. glabrata NCYC 388 (K4

type), Kluyveromyces drosophilarum NCYC 575

(K10 type) and a killer sensitive strain of S. cerevisiae

P351 (PROIMI yeast collection). The tests were

performed in plates of MB medium (containing per

litre: 10 g yeast extract, 20 g peptone, 20 g glucose,

20 g agar, 0.03 g methylene blue, 0.1 M citrate/

phosphate buffer) with different pH values (pH 3.5,

4.5 and 5). Strains are scored as killers when the

inoculated strain is surrounded by a clear zone in

which no growth of the seeded sensitive strain occurs,

bounded by a zone of dead cells which stain dark blue

in the presence of methylene blue. The sensitive

character was detected by the formation of clear halos

when a killer strain was seeded on the lawn of the

strains to be tested. The strain that did not respond to

both reference strains was considered as neutral. The

plates were incubated 3–5 days at 188C and 2 days at

288C. In general, the temperature of incubation is

188C because killer toxins are rapidly inactived at

temperature in excess of 208C. However, toxin
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material tends to be more thermostable in agar and

may be incubated at 28–308C for 1–2 days (Young

and Yagiu 1978).

Analytical determinations

Determination of the concentrations of sugars and

fermentation products

Cell-free samples were obtained by centrifugation of

the growth medium. Samples were stored at �208C
until analysis. The ethanol, glucose, fructose, acetic

acid and glycerol concentrations were determined by

HPLC (ISCO 2350, Software Peak Simple II) using a

column HPX.87H (Bio-Rad, 300 · 7.8 mm). The

column was eluted at 458C with a degassed mobile

phase containing 5 mM H2SO4 at a flow rate of

0.6 ml min�1. All the compounds were determined

with a RI detector (Knauer).

Ethyl acetate was determined by gas chromatog-

raphy using a HP5 column (30 m · 0.32 mm; film

thickness 0.25 mm). Both injector and detector were

operated at 2208C. The carrier gases were H2 at

35 ml min�1 and N2 at 36 ml min�1. The column was

programmed at 408C for 2 min, rising to 1608C at a

rate of 38C min�1, and 30 min at 1608C.

Samples were analyzed in triplicate. The identifi-

cation and quantification of compounds were carried

out by comparing retention time and concentration

with standard solution (Sigma).

Utilization of nitrogenous compounds by mixed

culture of wine yeasts

Proteins were determined in the supernatant by the

method of Bradford with bovine serum albumin as

standard.

At different incubation times, cells were centri-

fuged and supernatants were assayed for proteolytic

activity. The modified Cd-ninhydrin method, with

grape juice autoclaved as substrate, was utilized.

After 1 h incubation at 308C, the reaction was

stopped by the addition of 0.65 ml 24% w/v

trichloroacetic acid (TCA). A control precipitated

with TCA immediately before incubation was con-

ducted in all cases. To a sample of TCA supernant,

1.7 ml Cd-ninhydrin reagent was added and the mix

was heated for 5 min at 848C. After cooling, the

absorbance was read at 507 nm. The absorbance for

each sample was adjusted to the value produced by

1 mmol l�1 leucine solution.

Total free amino acids were quantified in super-

natants using the cadmium ninhydrin reagent by the

method of Doi et al (1981), with L-leucine as

standard.

Ammonia was determined by the method proposed

by Russel (1944).

Statistical analysis

An analysis of variance (ANOVA) was applied to the

experimental data. The values means were analyzed

using the software statistical MINITAB for Windows,

version 14. The significant differences were deter-

mined by Tukey tests and the results were considered

significant if the associated P value was below 0.05.

Results and discussion

Growth and survival of K. apiculata and S.

cerevisiae in pure and mixed cultures

Figure 1 shows the evolution of yeast population

during fermentation in the basal medium. K. apicu-

lata in pure culture reached a maximum of

3 · 107 c.f.u ml�1 after the 3 days at 308C and then

declined. However, pure culture of S. cerevisiae grew

for longer, reached its highest cell concentration

(1.4 · 108 c.f.u ml�1) after 6 days of fermentation. In

mixed culture both wine yeasts showed a cell
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Fig. 1 Yeast population evolution of pure K. apiculata culture

(m), pure S. cerevisiae culture (j), mixed K. apiculata culture

(4) and mixed S. cerevisiae culture (h) in grape juice

medium. Values for colony forming units are the means of

results obtained from three fermentations. Vertical bars

represent standard deviation
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concentration lower than in pure culture, the maximal

population decreased to 5.9 · 106 c.f.u ml�1 and

5.5 · 107 c.f.u ml�1 for K. apiculata and S. cerevisiae,

respectively.

Both yeasts grew at lower rates (values estimated

from plots of the log of c.f.u ml�1 against time, using

the straight line of the exponential growth phase) than

in its respective pure cultures (30 and 23% for

K. apiculata and S. cerevisiae, respectively). These

results are in accordance with results reported by

other authors. Moreira et al. (2005) determined a

specific growth rate of 0.38 h�1 for pure cultures of

S. cerevisiae and Hanseniaspora uvarum; however,

this value decreased when these yeast were grown in

mixed culture (0.33 and 0.26 h�1 for S. cerevisiae and

H. uvarum, respectively). However, the apiculate

cells remained viable during longer period than in

pure culture and the elliptic yeast started to lose

viability after 3 days of fermentation. Table 1 shows

that after 10 days of incubation of K apiculata in co-

culture condition, an increase of 4% of the relative

growth of was observed with linear death kinetic

(death rate = 0.12 d�1), while in pure culture this

yeast showed a 6.42% loss of viability with expo-

nential death kinetic (death rate = 0.51 d�1). The

different types of death kinetics of K. apiculata

depending on whether the yeast grows as single or

mixed culture, reflects that the causes of the apiculate

yeast death were not the same in both cultures. Our

results are in agreement with that observed by Nissen

and Arneborg (2003), who find that the death kinetics

of Kl. thermotolerans and T. delbruekii in mixed

culture have not been the same.

The relative growth of Saccharomyces cerevisiae

in pure culture increased by 29%, but only by 9% in

co-culture. Pure and mixed cultures of the elliptic

yeast showed linear kinetic of death, being the death

rate 0.09 and 0.15 d�1, respectively.

Metabolic characteristics of wine yeasts in single

and composite cultures

The main sugars present in the basal medium, glucose

(18 ± 0.5 g l�1) and fructose (15.4 ± 0.5 g l�1) were

fully consumed after 3 days of fermentation in pure

and mixed cultures. The rate of glucose consumption

was higher than fructose in different cultures but not

show differences between the pure cultures of both

yeasts (approximately 0.4 and 0.27 h�1 for glucose

and fructose, respectively) (Table 2). However in

mixed culture significant differences were found for

both consumption rates (0.59 and 0.34 h�1 for

glucose and fructose, respectively).

The highest ethanol concentration was determined

in pure cultures of S. cerevisiae. When the elliptic

yeast was co-inoculated with K. apiculata, even if the

alcoholic fermentation was carried out with same rate

than in pure culture of Saccharomyces, the ethanol

concentration was lower. It is generally assumed that

ethanol can reach concentrations leading to cell death

of certain yeast species (Ludovico et al. 2001; Fleet

2003). Alcohol concentrations did not responsible of

the lower biomass of both yeasts reached in co-

inoculated cultures since in mixed trial a reduction of

ethanol production related to the pure cultures was

observed.

Table 1 Relative growth and death kinetics of K. apiculata and S. cerevisiae in pure and mixed cultures

Yeasts cultures Relative growth (%)a Death kineticsb

3 6 10 Curve shape Rate (d�1)

K. apiculata

Pure 26 � 0.96 � 6.42 Exponential 0.51

Mixed 18 12 4 Linear 0.12

S. cerevisiae

Pure 29 37 29 Linear 0.09

Mixed 21 13 9 Linear 0.15

a Relative growth (%) = (Xi � X0/X0) · 100. X0: initial viable cell number; Xi: viable cell number after 3, 6 or 10 days. Negative

values indicate cellular death
b Death kinetics were fitted using an exponential model Log (Nt/N0) = c + exp(a + bt) and a lineal model Log (Nt/N0) = a + bt

Data are means of three fermentations
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The high production of acetic acid is recognized as

a common pattern in apiculate yeasts and for this

characteristic; they have been considered for long

time as spoilage yeasts (Romano et al 2003). Despite

the consistent production of acetic acid in pure

culture, K. apiculata did not cause an increase in

volatile acidity in mixed cultures. Also the apiculate

yeasts formed higher amounts of ethyl acetate in pure

cultures. However in co-culture with the elliptic

yeast, the level of ethyl acetate achieved could

contribute to the fruity noted and add to the general

complexity. These results are in accordance with

results reported by other authors. Ciani et al. (2006),

showed that in mixed or sequential cultures of

H. uvarum/S. cerevisiae, volatile acidity is lower

than that seen in pure cultures of H. uvarum.

Glycerol is a wine constituent related to yeast

metabolism which contributes to the sweetness,

viscosity and smoothness of wine (Gardner et al.

1993; Ciani and Ferraro 1996).

In the present study the production of glycerol was

greater by non-Saccharomyces yeast and in mixed

culture.

Pure cultures of K. apiculata presented lower con-

sumption of the assimilable nitrogenous compounds

than elliptic yeast. In co-culture conditions, utiliza-

tion of these compounds (present in non-deficient

concentrations: 545 mg l�1) decreased with respect to

S. cerevisiae in pure culture. Considering that in a

mixed trial, less nitrogen was used than in pure

culture (Table 2), the lower biomass of both yeasts in

co-inoculation condition was not due to a competition

for assimilable nitrogenous compounds.

Table 3 shows the evolution of extracellular

protease production and protein concentration during

the growth of pure and mixed cultures of the yeast

strains in the basal media. In all experiences the

maximal proteolytic activity were detected at 72 h

yeasts growth. Single culture of S. cerevisiae showed

the highest exoprotease activity. It was observed

correlation between proteolytic activity of yeasts and

the evolution of protein concentrations in the media.

In composite culture the proteolytic activity and its

effectiveness on the protein decreased in comparison

with pure cultures of the elliptic yeast, however was

higher respect to single culture of the apiculate yeast.

It can infer that the higher viability of K. apiculata

observed in composite culture (Table 1) could be

explained by the high and more effective proteolyticT
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activity observed in this condition. The proteolytic

system of Saccharomyces cerevisiae could be release

some essential amino acids for the growth of the

apiculate yeast.

Killer activity of wine yeasts

During wine fermentations, yeasts can produce,

beside ethanol, other toxic compounds, namely killer

toxins (Fleet 2003). To determine if these com-

pounds, produced by S. cerevisiae and K. apiculata,

were involved in the diminution of maximum cell

population in mixed culture, killer activity of the both

wine yeast strains used in the present work was tested

against the reference killer toxins K1, K2, K4 and

K10 (Table 4). Tests revealed that S. cerevisiae was

killer-sensitive against the reference killer toxins

(phenotype K� R+) and K. apiculata was killer-

neutral (K� R�). Additionally, none of the strains

were killer positive towards the killer sensitive strain

(S. cerevisiae P351). The variation of pH from 3.6 to

5.0 gave similar results. Similar results were reported

by Pérez-Nevado et al. (2006), who studying the

cellular death of two non-Saccharomyces wine-

related yeasts in mixed fermentations with S. cere-

visiae find that the former strains were killer neutral,

while Saccharomyces strain was killer sensitive

against the classical killer toxin.

On the other hand, when S. cerevisiae was seeded

on K. apiculata lawn a zone of inhibition could be

observed, however, since no ring of dead cells is

present, cell death is absent, and the inhibition may be

produced by metabolites other than yeast killer toxins.

In order to investigate the action of killer toxins in

the conditions of pH and temperature occurring in the

fermentation tanks, the test was realized also at 288C.

At this temperature the killing ability of strains was

limited; only two positive killer yeasts (K1 and K10)

on the sensitive strain, being K1 killer toxin more

active than K10 toxin (data not shown).

Conclusion

In conclusion, the kinetic and metabolic behavior of

K. apiculata mc1 and Saccharomyces cerevisiae mc2

Table 3 Protein degradation by exoproteases of non-Saccharomyces and Saccharomyces yeasts

Yeasts strains Proteolityc activity (mM) Protein concentrations (mg l�1)b

3 daysa 6 days 10 days 3 days 6 days 10 days

K. apiculata 0.17 ± 0.006a 0.04 ± 0.002a 0.06 ± 0.001a 73.55 ± 4.3a 73.45 ± 3.1a 72.30 ± 2.5a

S. cerevisiae 0.25 ± 0.008b 0.07 ± 0.004b 0.09 ± 0.002b 51.50 ± 3.1b 50.70 ± 2.7b 49.25 ± 3.3b

K. apiculata + S. cerevisiae 0.19 ± 0.007c 0.10 ± 0.003c 0.08 ± 0.002c 58.25 ± 2.8c 57.25 ± 3.6c 56.05 ± 2.7c

a Time of incubation at 288C in the basal medium
b The initial content of proteins in the basal medium was 86 mg l�1

Data are means of three fermentations ± standard deviation. Values not sharing the same superscript letter within each column are

different according to the Tukey test

Table 4 Killer activity or sensitive tests performed for tester strains with the reference strains at different medium pH and at 188C

Tester strains S. cerevisiae
K1

S. cerevisiae
K2

C. glabrata K4 Kl. drosophilarum
K10

K. apiculata
mc1

S. cerevisiae
mc2

3.5 4.5 5 3.5 4.5 5 3.5 4.5 5 3.5 4.5 5 3.5 4.5 5 3.5 4.5 5

K. apiculata mc1 + + + � � � � � � � � � + + +

S. cerevisiae mc2 ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ � � �
S. cerevisiaea P351 ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ � � � � � �
a Sensitive strain

+ Inhibition

++ Inhibition with a blue periphery or zone of bluish-stained cells

– No effect
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in pure and mixed culture, were examined. Even if

both yeasts in mixed cultures reached lower maximal

biomass, K. apiculata survive longer than in pure

culture. It was observed that these yeasts produce

higher level of acetic acid and ethyl acetate; however,

undesirable production of volatile compounds was

not detected in composite cultures. The existence of

K. apiculata mc1, a non-Saccharomyces yeasts

isolated from wine during alcoholic fermentation

might be of technological interest. However, in wine

biotechnology more specific information on the

extent of its contribution is required.
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