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Simultaneous and sequential fermentations with yeast and
lactic acid bacteria in apple juice
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A complex substrate, reconstituted concentrated apple juice, was used for testing the principal processes during
yeast and malolactic bacteria fermentations. Interactions between microorganisms were studied based on two con-
trolled inoculation procedures, and at different fermentation temperatures. Temperature had a more important effect
on yeast growth than the presence of malolactic bacteria in the medium. Acceleration of the death phase of the
bacterial population was detected at increased temperatures. In all cases, malic acid degradation was affected by
the fermentation temperature. When experiments were carried out with simultaneous inoculation, acidification of
the medium took place at both temperatures tested (15 °C and 22°C), that was not observed when the malolactic
bacteria were inoculated after completion of alcoholic fermentation by yeasts.
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Introduction

Alcoholic and malolactic fermentations are the main pro-
cesses that take place in wine and cider making. Yeasts
transform sugars to ethanol, but at the same time play an
important role in organic acid production and volatile end-
products in alcoholic beverages. The malolactic fermen-
tation remains an imperfectly controlled process, since
many nutritional and physico-chemical factors affect the
growth and metabolism of lactic acid bacteria. Some of
them depend on yeast strain used, providing different
amounts of amino acids, peptides and vitamins available in
must as growth factors for lactic acid bacteria development,
or the presence of products of yeast metabolism which act
as inhibitors, as for example, fatty acids and ethanol. Inter-
actions between yeasts and lactic acid bacteria in wine or
grape juice, and synthetic media have been previously stud-
ied [1,7,9].

The use of starter cultures in cider fermentation, both
yeast and malolactic cultures, would allow one to maintain
uniformity in the final product during successive processes
and seasons. Although the use of starters to control indus-
trial fermentations is well established for yeasts in the
brewing and wine industry, it has not been widely adopted
in cider making. Several lyophilized starter cultures for
malolactic fermentation are available on the market, but are
only useful for wine fermentations. Commercial starter cul-
tures have a great advantage over traditional inoculation
methods. Nevertheless, previous studies reported that
indigenous malolactic bacteria were more adapted to musts
and yielded better results in malic acid degradation [4,6].
Then, it was interesting to isolate and select an indigenous
strain able to perform the malolactic fermentation in this
complex and variable media.
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Malolactic bacteria can be inoculated at different stages:
simultaneously with the yeast inoculum, or once the
alcoholic fermentation has been completed. The first
method might have some advantages for bacterial develop-
ment, due to the lower ethanol levels and higher sugar con-
tent in musts, but may produce a delay in bacterial growth
and malic acid degradation [5]. With the second method,
production ofd-lactate and acetate from sugars is avoided,
and essential nutrients are available for bacteria as a result
of yeast excretion and autolysis [1]. It seemed convenient
to test both methods for the strains used under operating
conditions, with the aim of selecting the optimal procedure
to perform a controlled inoculation in industrial cider pro-
duction.

In this work, a laboratory study using reconstituted con-
centrated apple juice sterilized by microfiltration was car-
ried out to follow the interactions between aSaccharo-
myces cerevisiaeyeast strain and an indigenous malolactic
bacterium, at different inoculation times and fermentation
temperatures, in order to establish the optimum conditions
to induce these processes in a rapid and reproducible man-
ner applicable to the cider industry.

Materials and methods

Microorganisms
A commercial active dry yeast strain ofSaccharomyces
cerevisiaewas used. The malolactic bacterium (strain Lc2)
was previously isolated in the cellar of the cider industry
Escanciador, SA (Villaviciosa, Asturias, Spain), and was
identified as aLeuconostoc oenosstrain, which was selec-
ted on the basis of its ability to degrade malic acid.

Experimental conditions
Concentrated apple juice, supplied by an industrial cider
factory, was reconstituted with distilled water (1 : 6), with
a final density of approximately 1060 g L−1. The juice was
sterilized in a tangential flow filtration device (Filtron
Omegacell 150TM, Northborough, MA, USA) connected to
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a peristaltic pump, using polyethersulfone membranes
(0.33mm pore diameter).

Fermentations were carried out in pre-sterilized 250-ml
Erlenmeyer flasks containing 100 ml of the culture medium
and placed on an orbital shaker (New Brunswick, G25, Edi-
son, NJ, USA), at 100 rpm at the assay temperature.

An active dried preparation of yeast was rehydrated in
sterile apple juice and grown under aerobic conditions at
250 rpm, 28°C, for 18 h. The apple must was then inocu-
lated with yeast at a final concentration of 106 CFU ml−1

(colony forming units per ml). Malolactic bacteria were
grown in apple juice, prepared as previously described, sup-
plemented with yeast extract 0.5% (w/v), incubated at
30°C, without shaking due to the microaerophilic nature of
this bacterium, for 6 days until the stationary phase was
reached. To start the malolactic transformation, a high cell
inoculum was used, adjusted to 107 CFU ml−1 in the fer-
mentation medium (must or cider). In this way, the malic
acid degradation phase was uncoupled from the bacterial
growth phase. In sequential inoculation fermentations, once
the alcoholic fermentation was completed and must density
reached approximately 1005 g per litre as a result of yeast
sugar metabolism, the malolactic bacterium inoculum was
added to the flasks that was incubated at the assay tempera-
tures and at the same conditions.

Microbiological populations
Populations of yeast and bacteria were followed by coun-
ting viable cells. Serial dilutions were done in saline sol-
ution, plating duplicates of statistically significant dilutions
on selective media: YPG for yeast, and MRS (Biokar,
Beauvais, France) supplemented with antibiotics to inhibit
yeast growth (100 ppm cycloheximide) and 25 ppm 8-OH-
quinoline) for malolactic bacteria. YPG plates were incu-
bated at 30°C for 48 h; MRS plates, for 5 days at the
same temperature.

Sample preparation and analytical methods
Apple juice and cider samples were filtered through 0.45-
mm pore size membranes. Density of the culture medium
(must or cider) without cells was measured by picnometry
(giving the relative weight of a defined volume). The pH
meter employed was a Crison (Barcelona, Spain) micropH
2001 model.l-Malic acid was determined by enzymatic
assays (Boehringer Mannheim, Mannheim, Germany).
Carbohydrates and polyalcohols were analysed by HPLC
(Waters, Milford, MA, USA, Alliance 2690), with a differ-
ential refractometer (Waters 410). A Spherisorb-NH2 ana-
lytical column (20× 0.4 cm, 5mm, Teknokroma, Barce-
lona, Spain) was used under the following conditions:
column temperature 30°C, mobile phase 80/20
acetonitrile/H2O, 0.9 ml min−1, detector temperature 45°C
and volume injection 10ml.

Results and discussion

Alcoholic fermentation by yeast in sequential
inoculation model
When sequential inoculation was used, the temperature for
alcoholic fermentation by yeast was fixed at 15°C, a low
but non-restrictive temperature for the yeast fermentation,

since a higher fermentation temperature would lead to for-
mation of undesirable volatile end-products due to yeast
metabolism. Under these conditions, the alcohol fermen-
tation was completed in 11 days.

Density of the culture medium, viable cells (Figure 1a),
and evolution of major sugars were followed during this
phase (Figure 1b). The pH of the medium showed no sig-
nificant variation, since values near the initial pH of apple
must (3.5) were obtained.

S. cerevisiaeviable cells reached stationary phase at 107

CFU ml−1, thus increasing one logarithmic unit from the
inoculation level. The yeast strain used was able to meta-
bolize malic acid. Yeast may either break down or form
malate during fermentations [11], andS. cerevisiaemeta-
bolized 3–45% of the malic acid in grape juice [7,10]. In
duplicate fermentation experiments, using the same juice,
the mean amount of malic acid degraded by the yeast strain
at the completion of alcoholic fermentation was 0.65 g L−1

(data not shown).
Glucose is the first sugar consumed during wine and

cider fermentation. In Figure 1b, apparently sucrose is the
first sugar depleted, due to its hydrolysis under acidic con-
ditions, yielding glucose and fructose.

Figure 1 Fermentation by yeast at 15°C. (a) Change of must density
(solid symbols) and growth ofS. cerevisiae(open symbols). (b) Change
of major sugars: fructose -L-, glucose -G-, sucrose -r-, glycerol -l- and
sorbitol -×-.
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Alcoholic fermentation with simultaneous inoculation
of yeast and malolactic bacteria
Two different fermentation temperatures were assayed:
15°C, the same temperature used in the model described
above, and 22°C, near the optimum growth temperature for
Leuconostocand a more permissive temperature for the
activity of the malolactic enzyme. The variation in different
parameters tested at both temperatures is shown in Figure 2.

As expected, yeast metabolized sugars more rapidly at
22°C than at 15°C, as indicated by the measurement of the
density of the culture medium (Figure 2a) and evolution of
sugars (Figure 2b and c). At 22°C, the alcoholic fermen-
tation is completed in 3–4 days; at 15°C, the presence of
malolactic bacteria in must delayed this phase only 2 days.
At 22°C (Figure 2d), stationary phase was reached two log-
arithmic units above the inoculum level. Based on these
observations, temperature has a more important effect over
yeast growth than the presence of malolactic bacteria in the
medium, although a slight delay in the initial sugar fermen-
tation rate could be detected at 15°C. In previously reported
work [7], S. cerevisiaegrowth in wine was unaffected by
the presence ofL. oenos, an observation contrary to other
published results [2] which indicate that yeast growth and
alcoholic fermentation rate were inhibited by lactic acid
bacteria.

The number of malolactic bacteria (Figure 2d) main-

Figure 2 Alcoholic fermentation with simultaneous inoculation of yeast and malolactic bacteria. (a) Must density at 15°C (r) and 22°C (L); major
sugar consumption at 15°C (b) and 22°C (c): fructose -L-, glucose -G-, sucrose -r-, glycerol -l- and sorbitol -×-; (d) viable cells:S. cerevisiae(solid
symbols) andL. oenos(open symbols), at 15°C (r r) and 22°C (L l).

tained approximately the inoculation level. At 22°C, the
malolactic population began to decline from day 10. At
22°C, the pH increased from the initial value until approx.
0.4 units at days 7–9, which indicates that malolactic trans-
formation would be almost complete at that time, followed
by an acidification phase (approx. 0.3 pH units) probably
caused by acetic acid formation, that may be related to the
decrease of viable malolactic cells. The pH values varied
slightly at 15°C until day 12, when again an increase in
pH was detected (data not shown).

Malolactic fermentation with simultaneous inoculation
of yeast and malolactic bacteria
Malic acid degradation was determined at both tempera-
tures assayed (data not shown). At the higher temperature,
malic acid degradation was complete in 9 days while 33
days were needed at the lower fermentation temperature.
In both cases, malic degradation began during alcohol fer-
mentation by yeast.

A 0.4 pH unit variation revealed the existence of malo-
lactic transformation. At 15°C, this maximum level was
reached on days 16–17, when approximately 2/3 of the total
malic acid was consumed, followed by a pH decrease
(approx 0.3 pH units; data not shown). Greater acetic acid
formation was reported in cider production after simul-
taneous inoculation of lactic bacteria and yeast [3].
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Figure 3 Malolactic bacteria viable cells in the sequential inoculation
model at 15°C (r), 22°C (L) and 27°C (G).

The yeast population remained nearly constant at 15°C
throughout the 38-day fermentation; fermentation at the
higher temperature accelerated yeast death. Similar results
were obtained for the bacterial population: the death phase
began from day 27 at 15°C, or from day 10 at 22°C (data
not shown).

Malolactic fermentation after sequential inoculation
Once the alcohol fermentation (at 15°C) was finished, mal-
olactic bacterial inoculum was added and flasks were incu-
bated at 27°C, 22°C or 15°C for 20 more days. Yeast popu-
lations remained at stationary phase and showed no
differences at the three temperatures (results not shown),
but the number of viable bacterial cells was significantly
affected since acceleration of the death phase was detected
at increasing temperatures (Figure 3).

There was an important effect of temperature fermen-
tation on malic acid degradation: at 15°C, malic acid in the
medium was consumed slower than at higher temperatures,
taking 15 days from the inoculation of malolactic bacteria
(results not shown). Based on these observations, 22°C was
selected as the optimal temperature for malic acid degra-
dation, since 9 days after inoculation of malolactic bacteria,
99% of malic acid was degraded while only 90% was meta-
bolized at 27°C. It was previously reported that the optimal
temperature for malolactic fermentation in wine is 20–
25°C [8].

After bacterial inoculation, only glycerol and sorbitol
could be detected. No significant differences were observed
in the evolution of these compounds under the assayed tem-
peratures (data not shown).

Conclusions

Sequential inoculation of malolactic bacteria was the most
favourable, since acidification caused by malolactic bac-
teria when major sugars were available in must was
observed, as well as a delay in initial sugar consumption
rate during alcoholic fermentation. Low temperature fer-
mentation (15°C) slowed down malic acid degradation, and
the optimal temperature for malic acid transformation was
near 22°C. It should be pointed out the different initial
malic acid content in the two concentrated apple juices
employed in this work (3.6 g L−1, pH 3.5 and 6 g L−1, pH
3.4; the latter juice being used only in the simultaneous
fermentation experiments). This situation clearly reflects
the lack of uniformity in raw material that should be over-
come by industries. At the same time, the results obtained
highlight the ability of the indigenous selected strain to per-
form the malolactic fermentation even at high malic acid
concentrations.
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