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Introduction
Fermentations, both alcoholic and malolactic, have to be managed differently according to cool or
warm climate conditions as the major factors prevailing in the musts that will impact yeasts and
bacteria functionality vary tremendously. Malolactic fermentation (MLF) which plays an important
role in the fermentation of wines is used for different reasons depending on the climatic region. In
cool climate regions the biggest impact of MLF is to reduce acidity to improve the palate of the wine.
The total acidity in cool climate regions can be as high as 12 g/L with malic acid ranging between 68 g/L compared to warm climate regions that have an average malic acid level of 2-3 g/L. The high
acidity will translate to low pH of 2.9-3.3 which will impact on the type of lactic acid bacteria (LAB)
that will survive under these conditions (Lerm et al., 2010; Du Toit et al., 2011). The removal of malic
acid as a preferred carbon source under winemaking conditions renders the wine microbially stable
from the growth of other lactic acid bacteria and this is crucial in warm climate conditions where the
pH is above 3.6 and allows for easier growth of Lactobacillus and Pediococcus, typical spoilage LAB
in wine. The third reason for conducting MLF is the improvement of the aroma, flavor and mouthfeel
of the wine (Lerm et al., 2010; Du Toit et al., 2011; Knoll et al., 2011, 2012). Wines that went through
MLF are described as being more complex, better structured with a fuller palate. In general the wines
can either be fruitier or less vegetative or more creamy/buttery. The impact on aroma will depend on
the type of LAB used as inoculation starter culture or the time of inoculation for MLF.
Lactic acid bacteria that are mostly associated with the winemaking process belong to the genera
Oenococcus, Lactobacillus and Pediococcus. Species belonging to these genera can degrade malic
acid through different mechanisms but the two species that are commercially employed to induce
MLF are Oenococcus oeni and Lactobacillus plantarum. Oenococcus oeni is today still the beststudied and –adapted species for wine conditions with L. plantarum gaining popularity as coinoculant in higher pH conditions. Oenococcus oeni strains can function under most parameters
associated with wine such as low pH (2.9-4.0), tolerate ethanol levels of up to 16% and total sulphur
dioxide (SO2) of 50 mg/L and survive low temperatures. However, O. oeni will slightly increase the
volatile acidity being obligate heterofermentative. In contrast L. plantarum prefers pH levels of above
3.4 and therefore will struggle in cool climate regions and also their ethanol, SO2 and temperature
tolerance are at lower levels. The adavantage above O. oeni is that under wine conditions they do
not produce acetic acid and will therefore not impact volatile acidity. As the two species have different
genomes which translates to different enzyme profiles, that will impact the aroma profile of the wine
and thus yielding different styles (Lerm et al., 2010; Du Toit et al., 2011).
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The time of inoculation can be used to either overcome certain difficult MLF conditions in wine or
can be used to alter the wine style achieved. Today the two most widely used practices is sequential
and co-inoculation (Azzolini et al., 2010; Lerm et al., 2010). Sequential inoculation has the advantage
that MLF can be controlled alone by the winemaker to ensure all conditions is as optimal as possible
for the selected MLF starter culture strain. The factors that have the biggest impact on the success
of sequential MLF are high alcohol levels and depleted nutrient levels. Co-inoculation by-passes the
risks associated with sequential as there are no or low levels of ethanol and enough nutrients in the
must for both yeasts and bacteria. Another advantage of co-inoculation is that the wine can be
stabilized earlier through the addition of SO2, as the time for both fermentations to finish is normally
faster. The risk associated with co-inoculation is if your alcoholic fermentation is not managed
properly and gets stuck that the inoculated MLF starter, especially O. oeni, will metabolise the sugar
under high pH conditions and produce high levels of acetic acid that will inhibit the yeast from
fermenting.
Factors influencing malolactic fermentation
The factors that will either impact the growth of the LAB and/or the MLF process are pH, SO2,
ethanol, temperature, malic acid concentration, the Saccharomyces cerevisiae strain used for
alcoholic fermentation, nutrient status of the matrix, fungicide residue, cultivar properties related to
phenolic acids and the usage of lysozyme (Lerm et al., 2010; Du Toit et al., 2011). The factors most
important to cool climate conditions that will be discussed are pH, ethanol, wine yeast strain selection
and malic acid concentration.
pH and ethanol
pH as a factor is crucial to determine the growth and MLF kinetics in wine. pH 3.5 is a critical factor
for the type of LAB that will be present and cleanliness of MLF. A pH of below 3.5 will favour the
survival of O. oeni as they are better adapted to function under low pH conditions and the dominance
of this species will ensure for a clean MLF and has a better chance of success as the competition of
other LAB is limited. Whereas at pH above 3.5 is favourable for all other LAB associated with
winemaking and also the natural flora is at higher cell numbers which might lead to natural
competition. As mentioned previously L. plantarum as starter cultures in most cases are only advised
to be used as starter culture with a pH of above 3.4 as their cell numbers decrease rapidly when
inoculated at a pH below 3.4 and this will lead to stuck or incomplete MLF. Low pH is a reality that
needs careful management when working with grapes from cool climate regions and this merits the
careful selection of strains that will be able to cope with the harsh conditions. In addition, low pH
intensify the impact of SO2 and also ethanol, as discussed below.
It has been shown in literature that ethanol and pH act synergistically and that low pH and high
ethanol levels are the most inhibitory for MLF. It can be seen in the study of Knoll et al. (2011) that
a pH of 3.2 and ethanol of 15% was the most difficult and only allowed for partial MLF and this was
directly related to a decrease in cell numbers for the inoculated 106 cells/mL. pH 3.6 with high ethanol
levels still impacted on the success of MLF but a pH of 3.8 did not render the 15% ethanol a problem.
In contrast, at an ethanol of 12.5% that is typical of cool climate regions, the pH did not make a
difference in the success of MLF (Fig. 1). Therefore in cool climate regions the management of
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ripeness at harvest is crucial to ensure that the low pH and ethanol levels will be aligned to ensure
the best possible MLF success.
Results obtained in the study of Knoll et al. (2011) showed that these factors also impacted the
aroma profile of the wine. The low pH conditions were dominated by ethyl esters and the high pH
were driven by the acetate esters. Therefore the management of these factors and the selection of
strain can be used by the winemaker to drive a specific wine aroma and style.
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Figure 1 : Synergistic impact of pH and ethanol on sequential malolactic fermentation in Riesling and
Chardonnay wines inoculated with O. oeni strain R1105 (Knoll et al., 2011)

Malic acid concentration
Malic acid levels are one the factors that is least considered when making decision regarding MLF
and also in many instances not measured as a standard parameter. The level of malic acid is crucial,
firstly for the regulation of the malolactic gene and secondly, the amount of lactic acid produced
becomes toxic to the cell beyond certain levels and therefore the cell numbers will decrease to levels
where there is not enough enzyme available to convert malic acid anymore. These aspects are strain
dependent and therefore the selection of the right strain for the prevailing malic acid concentration
is important to ensure successful MLF. This is important in cool climate regions were the malic acid
levels are higher and MLF needs to be managed carefully regarding all the other factors such as pH,
ethanol, SO2 and nutrients to ensure success. The higher malic acid levels will extend the time
needed to complete MLF by three to four times in most cases. Table 1 shows the levels of malic acid
and what the impact can be on MLF success.
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Table 1. The impact of malic acid levels on MLF

A lactic acid concentration of 1.5 g/L is tolerated by most commercial MLF strains but there are
strains that are already impacted. Most strains are negatively impacted by levels of 3 g/L and is the
exception that can function and partially degrade malic acid levels. It was shown by Lallemand in
association with IFV (Fig. 2) that the impact is directly related to cell number decrease. It can been
seen in the figure that the behaviour of a sensitive strain at 1.5 g/L that initially there is a reduction
in cell viability and thereafter a recovery of the population and this led to MLF not becoming stuck.
However at 3 g/L the population steadily decreased and never recovered which led to stuck MLF.
Therefore if you are operating in a difficult malic acid concentration range, select a strain that is more
resistant to the potential amount of lactic acid expected.
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Figure 2: The impact of lactic acid on the viability of a commercial MLF strain (Vincent Gerbaux International
ML School Lallemand 2015).

Impact of wine yeast strain
The S. cerevisiae strain selected for alcoholic fermentation can have a major impact on the success
of MLF and should therefore be considered carefully, even more so in cool climate conditions were
MLF is in most cases, a difficult/extreme scenario. The wine yeasts are categorized into three
categories, namely stimulatory, neutral and inhibitory. The yeast has the ability to be inhibitory
towards the LAB by producing compounds such as ethanol, SO2, medium chain fatty acids and
antibacterial proteins or by depleting the nutrients needed by the LAB (Alexandre et al., 2004).
Certain wine yeast strains can also play a positive role to enhance MLF by detoxifying the
fermentation medium or through yeast autolysis release nutrients. Therefore pairing the best wine
yeast and MLF strain is crucial for a successful MLF. As example, a Chardonnay with malic acid
levels of 4 g/L showed that only one of the four pairs were successful in allowing MLF (Fig. 3).
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Figure 3: Two different bacteria paired with four different yeast in a co-inoculation of Chardonnay with a pH
3.3 and TA 9.3 g/L (Scholtz, 2013).

MLF inoculation times
Today, there are three scenarios that can be used for the induction of MLF, namely
• co-inoculation were the yeast and bacteria are added together within the first 48 h of
fermentation;
• during alcoholic fermentation normally within last 50 g/L of sugar
• sequential inoculation is after alcoholic fermentation has been completed.
All of the above scenarios have their own advantages and potential risks and therefore depending
on the wine conditions, yeast strain used will drive the choice of inoculation time. Co-inoculation has
come into play the last decade as it has proven that it can be a solution to difficult sequential MLF
as many of the yeast compounds that make the matrix difficult for MLF is produced in the last part
of the alcoholic fermentation. Co-inoculation also renders different wine styles as the precursors and
enzyme activities are different in must than in a finished wine. Co-inoculation also allows that the
wines can be stabilized faster and therefore reduces the risk of microbial spoilage. It was shown by
Knoll et al. (2012) that co-inocualtion was faster compared to sequential and this demonstrated that
the correct paired yeast-bacteria in co-inoculation can be achieved in low pH cool climate wines.
There was no impact on the alcoholic fermentation when managed and controlled optimally. It was
also seen that there was no difference in acetic acid levels compared to the control with the use of
O. oeni and therefore co-inoculation does not need to be feared. Co-inoculation impacted the volatile
aroma compounds differently compared to sequential, with higher levels of both ethyl and acetate
esters. The other important finding was that the strain differences was much more prominent in coinoculation due to the availablity of substrates and pre-cursors, compared to the sequential where
the strains aromatic profile was much closer (Fig. 4).
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Figure 4 : PCA score plot of the aroma compounds using four different inoculation scenarios and two different
strains in low pH Riesling wines (Knoll et al., 2012).

Conclusions
In conclusion, the success of cool climate MLF will depend on a few crucial factors that need to be
considered when deciding on the strain for MLF inoculation. The two factors in cool climate
conditions that have a major impact on the growth of the selected strain is low pH and high ethanol
levels, therefore ensure that a suitable strain is chosen that will survive best at these conditions. The
yeast-bacteria combination has been shown in several studies to assist the process of MLF in the
harsh cool climate and therefore yeast selection should be taken more seriously to ensure
compatibility is as best as it can be. The timing of MLF inoculation can also assist in the length of
MLF as in many cases with the low pH, temperatures and high alcohol levels will take months to
complete when done sequentially, whereas co-inoculation can half the time, which reduces the
potential of spoilage. To diversify wine style and aroma profile winemakers can use the time of
inoculation as well as different strains or even species O. oeni or L. plantarum or a mix of the two.
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ABSTRACT
Malolactic fermentation (MLF) is often difficult to achieve in wines with high acidity, therefore the development
of strategies to favour biological deacidification and aroma improvement of low pH wines is important. It was
clear from our screening of strains for performing at low pH that it is highly strain specific and that it is directly
correlated to cell numbers. Results using a Chardonnay with a pH 3.2 and malic acid level of 4.3 indicated the
pairing of yeast and bacterial strains for low pH and high malic conditions is crucial to ensure firstly successful
MLF and secondly it also influences the aroma potential of the MLF strains, especially esters even if MLF was
partial. Results obtained showed that Oenococcus oeni performed better than Lactobacillus plantarum as they
attained there cell numbers at higher levels during the fermentation. The impact of different MLF inoculation
strategies with two different O. oeni strains on cool climate Riesling wines (pH 2.9-3.1) and the volatile wine
aroma profile was investigated. Treatments with co-inoculation had a reduced total fermentation time
compared to the sequential inoculations. Results showed that wines with co-inoculation tended to have higher
concentrations of ethyl and acetate esters, including acetic acid phenylethylester, acetic acid 3methylbutylester, butyric acid ethylester, lactic acid ethylester and succinic acid diethylester. In another study
using Riesling and Chardonnay simulatin cool and warm climate conditions it was shown that low pH (3.2) and
high alcohol (15% v/v) conditions was the most difficult MLF scenario but that even partial MLF under these
conditions had an impact on the aroma profile of the final wine, specifically esters. Results also highlighted
that certain terpenes was produced at higher levels at pH 3.2 than 3.8.
Keywords: Malolactic fermentation, Cool climate, Wine aroma
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