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SUMMARY

The quality of wine is influenced by numerous factors. These factors include the quality of
the grapes, winemaking techniques and quality control throughout the winemaking
process. It is thus very important that any process leading to the lowering of the quality of
the wine be prevented. Evidence in the wine industry shows that bacterial spoilage is still
very much a common problem in many wineries. The spoilage of wine by bacteria can
lead to amongst other problems, elevated volatile acidity levels, of which only a certain
concentration limit in wine is permitted. Usually more than 90% of the volatile acidity of
wine consists of acetic acid. Different yeast strains, heterofermentative lactic acid bacteria
and acetic acid bacteria (which can all be spoilage microorganisms) can produce acetic
acid in high concentrations. It is thus important to be able to prevent the formation of this
acid by controling the unwanted growth of these spoilage microorganisms. Acetic acid and
other medium chain fatty acids, octanoic- and decanoic acid, can also lead to stuck or
sluggish fermentations. A stuck or sluggish fermentation can also lead to wine spoilage,
due to sugar remaining in the fermentation which can be utilized by spoilage
microorganisms. Acetic- and other fatty acids enter the yeast cell by passive diffussion
and releases its proton in the cytoplasm, thereby acidifying the cytoplasm and inhibiting
some enzymes. These acids can also work synergistically with ethanol and its inhibitory
effect is also dependent on the temperature. Yeast strains can also differ in their
resistance to acetic and other medium chain fatty acids and these acids can also influence
the growth of lactic acid bacteria.

How acetic acid bacteria influence the winemaking process and the used measures to
keep these bacteria from spoiling wine have been the subject of very little attention in the
past. This was due to the belief that the anaerobic conditions prevailing in wine and the
use of sulfur dioxide are enough to control these bacteria, since acetic acid bacteria were
always described as being strictly aerobic microorganisms. Recently, some evidence
showed that acetic acid bacteria can survive and even overcome the limits that the
winemaking process places on its growth. These bacteria are also known to inhibit the
yeasts growth and fermentation ability due to the production of acetic acid and other
factors. A research programme on the origin of volatile acidity in South African wines had
been initiated at the Department of Viticulture and Enology and at the Institute for Wine
Biotechnology at the University of Stellenbosch after increases in volatile acidity in
different South African wines had been reported. This spurred us to investigate the
occurrence of acetic acid bacteria in South African red wine fermentations, which forms
part of this study, and to identify the dominant acetic acid bacterial strains. The sulfur
dioxide resistance of five representative strains were also determined, as well as the effect
of metabolites which were produced by these bacteria on yeast growth and fermentation
ability.

Our results indicate that acetic acid bacteria can occur in high concentrations in the
fresh must and during alcoholic fermentation. In the 1998 harvesting season acetic acid
bacteria occurred at 106-107 cfu per ml in the fresh must. In 1999 these numbers were
104-105 cfu/ml. Acetic acid bacteria numbers decreased in 1998 to 102-103 cfulml during
fermentation. The survival of these bacteria in 1999 correlated with the pH of the must, as
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well as sulfur dioxide dosages in the must. In must with a low pH and higher sulfur dioxide
the number of acetic acid bacterial numbers decreased more drastically than in the high
pH, low sulfur dioxide musts. This was also true for acetic acid bacterial counts during
cold soaking of musts, with the number of acetic acid bacteria increasing during the cold
soaking period in musts with a high pH. In musts with a low pH and higher S02 dosages
acetic acid bacterial counts did not, however, increase during cold soaking.

Gluconobacter oxydans dominated in the fresh must with Acetobacter liquefaciens and
especially Acetobacter pasteurianus dominating during the fermentation. Different
biochemical and physiological tests revealed that 52% of the 115 isolates tested belong to
A. pasteurianus. The high occurrence of A. liquefaciens with A. pasteurianus during
fermentation showed that the dominant acetic acid bacterial species in South Africa
differed from reports from other wine producing countries. The sulfur dioxide resistance of
the acetic acid bacteria tested also differed in white grape juice, with a molecular sulfur
dioxide concentration of 0.64 mg/I being necessary to eliminate all the acetic acid bacterial
strains tested. The A. hansenii strain was found to be the most resistant to sulfur dioxide
and G. oxydans the least resistant. The latter strain was eliminated by only 0.05 mg/I
molecular sulfur dioxide, while A. hansenii was only eliminated by 0.64 mg/I molecular
sulfur dioxide. The A. pasteurianus, A. liquefaciens and A. aceti strains tested displayed
varying degrees of resistance to sulfur dioxide. The volatile acidity produced by these
bacteria profoundly influenced the growth and fermentation ability of yeast, which led to
slow/stuck fermentation. The A. hansenii and A. pasteurianus strains produced the most
volatile acidity in grape juice, with up to 4.02 g/I for A. hansenii within 4 days, which led to
a stuck alcoholic fermentation. This was, however, prevented by inhibiting or eliminating
the acetic acid bacteria with sufficient sulfur dioxide additions prior to yeast inoculation.
Compounds produced by acetic acid bacteria can also influence wine quality. Certain
organic acids were produced and metabolized by acetic acid bacteria, as well as acetoin.
We could not, however, detect any other fatty acids that are inhibitory to yeast (produced
by these bacteria).

This study clearly showed that acetic acid bacteria could occur during fermentation
and that certain winemaking techniques, like the maintenance of a low pH in the must and
sulfur dioxide additions can influence the growth and survival of acetic acid bacteria.
Acetic acid bacteria also influence both the winemaking process by inhibiting yeast as well
as the quality of the wine by producing acetic acid and/or other compounds. This study
also shed some light on the occurrence of acetic acid bacterial species in the South
African context and could be important in assisting the winemaker, as well as the scientific
reseacher, in finding ways to inhibit acetic acid bacteria in the ongoing battle against these
spoilage microorganisms of wine.
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OPSOMMING

Wynkwaliteit word deur verskillende faktore beinvloed. Dit sluit die druifkwaliteit, wynmaak
tegnieke en kwaliteitsbeheer deur die wynmaakproses in. Enige prosesse en faktore wat
tot die verlaging in wynkwaliteit kan lei moet dus ten alle koste voorkom word. Die bederf
van wyn deur bakterieë kan en is 'n algemene probleem in enige kelder. Bakteriese
bederf kan, onder andere, lei tot verhoogte vlugtige suurheid, waarvan 'n sekere
konsentrasie limiet in wyn toegelaat word. Asynsuur maak gewoonlik 90% van die
vlugtige suurheid uit. Asynsuur kan deur verskillende gisrasse, heterofermantatiewe
melksuurbakterieë en asynsuurbakterieë (wat almal wyn kan bederf) gevorm word. Die
vorming van asynsuur in wyn kan dus voorkom word deur die ongewenste groei van dié
organismes te voorkom. Asynsuur en ander medium ketting vetsure, soos oktanoë- en
dekanoësuur, kan ook tot slepende of gestaakte gistings lei. Suiker wat in die wyn
agterbly wat In slepende/gestaakte fermentasie ondergaan kan deur bederf bakterieë
gebruik word om die wyn te bederf. Ongedissosieerde asynsuur en ander vetsure dring
die gissel binne deur passiewe diffussie en stel 'n proton vry in die sitoplasma wat
sitoplasma versuur en sekere ensieme inhibeer. Hierdie sure werk ook sinergisties met
etanol en hul inhiberede effek is ook temperatuur afhanklik. Gisrasse verskil in hul
weerstandbiedendheid teen asynsuur- en ander mediumketting vetsure en dié vetsure kan
ook melksuurbakterieë se groei beïnvloed.

Hoe asynsuurbakterieë wyn bederf en die aksies wat geneem kan word om dit te
verhoed is in die verlede nie baie ondrsoek nie. Dit is hoofsaaklik daaraan toe te skryf dat
geglo is dat die anaerobiese kondisies in wyn en die gebruik van swaweidioksied die groei
van asynsuurbakterieë, wat altyd beskryf is as streng aerobe mikroorganismes, kan
beheer. Daar is onlangs aangetoon dat asynsuurbakterieë kan oorleef in wyn en selfs die
ongunstige kondisies daarin kan oorkom. Hierdie bakterieë is ook in staat om gisgroei en
fermentasie vermoë te inhibeer deur die produksie van asynsuur en ander faktore. In
Navorsingsprogram om die oorsprong van verhoogde vlugtige suurheid in Suid-Afrikaanse
wyne te bepaal is deur die Departement Wingerd- en Wynkunde en die Instituut vir
Wynbiotegnologie van die Universiteit van Stellenbosch geinisieer. Dit het ons
aangemoedig om die voorkoms van asynsuurbakterieë in Suid-Afrikaanse rooiwyngistings,
wat deel vorm van hierdie ondersoek, en ook die dominante asynsuurbakterie rasse te
identifiseer. Die swaweidioksied bestandheid van vyf verteenwoordegende rasse en die
effek wat metaboliete wat deur dié bakterieë geproduseer is op gisgroei en
gisitingsvermoë is bepaal.

Ons resultate bewys dat asynsuurbakterieë teen hoë getalle in vars mos en
gedurende alkoholiese gisting kan voorkom. Asynsuurbakterieë het gedurende die 1998
seisoen teen 106-107 kve/ml en in 1999 teen 104-105 kve/ml in die vars mos voorgekom.
Gedurende fermentasie het hierdie getalle in die 1998 seisoen gedaal na 102-103 kve/ml.
Die oorlewing van hierdie bakterieë het gedurende die 1999 seisoen gekorrelleer met die
pH en swaweidioksied konsentrasies van die mos. In die lae pH, hoë swaweidioksied
moste het asynsuurbakterie getalle vinniger en meer dramaties gedaal as in die hoë pH,
lae swaweidioksied moste. Asynsuurbakterie getalle het dieselfde tendens getoon in
moste gedurende dopkontak by lae temperature. In moste met 'n hoë pH het
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asynsuurbakterie getalle toegeneem gedurende koue dopkontak, terwyl dit nie gebeur het
nie in moste met 'n lae pH en hoë swaweidioksied konsentrasies.

In die vars mos het Gluconobacter oxydans en gedurende die fermentasie
Acetobacter liquefaciens en veral Acetobacter pasteurianus oorheers. Verskillende
biochemiese en fisiologiese toetse het bepaal dat 52% van die 115 isolate A. pasteurianus
is. Die hoë voorkoms van A. liquefaciens saam met A. pasteurianus gedurende gisting
bewys dat die voorkoms en dominansie van asynsuurbakterieë in Suid- Afrika verskil van
ander wynproduserende lande. Die swaweidioksied weerstandbiedendheid van die
asynsuurbakterieë wat getoets het, het ook verskil, met 0.64 mg/I molekulêre swaweI-
dioksied nodig om hul almal te elimineer in wit druiwesap. Die A. hansenii en G. oxydans
rasse was die mees weerstandbiedend en sensitiefste onderskeidelik ten opsigte van
swaweidioksied. Slegs 0.05 mg/I molekulêre swaweidioksied was voldoende om G.
oxydans te elimineer, terwyl A. hansenii deur 0.64 mg/I molekulêre swaweidioksied
geëlimineer is. Die A. pasteurianus, A. liquefaciens en A. aceti rasse het verskillende
swaweidioksied weerstandbiedendheid getoon. Die vlugtige suurheid wat deur dié
bakterieë geproduseer is het die groei en gistingvermoë van gis drasties beinvloed, wat tot
slepende/gestaakte fermentasies gelei het. Die A. hansenii en A. pasteurianus rasse het
die meeste vlugtige suurheid geproduseer, met tot 4.02 g/I geproduseer deur A. hansenii
na vier dae se groei, wat tot 'n gestaakte fermentasie gelei het. Dit is egter voorkom deur
die asynsuurbakterieë te elimineer deur genoegsame swaweidioksied toevoegings tot die
mos voor gisinokulasie te doen. Verbindings wat deur asynsuurbakterieë geproduseer
word kan ook wynkwaliteit beinvloed. Sekere anorganiese sure is deur hierdie bakterieë
geproduseer, terwyl ander gemetaboliseer is. Asetoïen is geproduseer deur die getoetse
asynsuurbakterieë. Ons kon egter nie ander vetsure wat gis inhibeer opspoor nie.
(Geproduseer deur die bakterieë).

Hierdie studie bewys dat asynsuurbakterieë gedurende alkoholiese fermentasie kan
voorkom en dat sekere wynmaaktegnieke, soos die verkryging van moste met 'n lae pH en
genoegsame swaweidioksied toevoegings die groei en oorlewing van asynsuurbakterieë
kan beivloed. Asynsuurbakterieë kan ook beide die wynmaakproses, deur giste te
inhibeer, en die wynkwaliteit beivloed deur die produksie van asynsuur en/of ander
verbindings. Hierdie studie het ook kennis oor die voorkoms van asynsuurbakterieë in
Suid-Afrikaanse moste verbeter en kan ook as 'n nuttige hulpmiddel dien vir die wynmaker
en navorser in die stryd om hierdie bederf organismes van wyn te elimineer.
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PREFACE

This thesis is presented as a compilation of four chapters. Each chapter is introduced
separately and Chapter 3 will be submitted for publication.

General Introduction and Project Aims

LITERATURE REVIEW

Sources of acetic and other fatty acids and their role in stuck/sluggish wine
fermentations.

Research Results

The enumeration, identification and characterization of acetic acid bacteria
from South African red wine fermentations.

General Discussion and Conclusions
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1

1. GENERAL INTRODUCTION AND PROJECT AIMS
I

1.1 FATTY ACIDS IN WINE: INHIBITORY TO YEAST AND ITS SOURCES

Wine has been made for thousands of years from the vine. It is a process even older than
breadmaking (Ribéreau-Gayon, 1985). The wine industry supplies work to many people
all over the world and creates large revenues for wine producing countries. The
winemaking process had been improved over the years to yield wine of better and more
consistent quality. It is therefore not surprising that processes that can lead to the
lowering of this quality have been the subject of numerous investigations in the past and
recent years. Of these, sluggish/stuck fermentation and the spoilage of must and wine by
microorganisms, have received much attention.

The fermentation process where alcohol is produced from sugar by the yeast can be
seen as one of the most important, if not the most important, biochemical process taking
place when wine is made (Fleet and Heard, 1993). Sugar that remains in the wine after
fermentation can be utilized by spoilage organisms (Boulton et al., 1995; Henschke, 1997).
Incomplete alcoholic fermentation, that is when the yeast is unable to ferment all the
fermentable sugar in the must, can thus pose a big problem for the wine producer. Bisson
(1999) classified a sluggish/stuck fermentation as one that takes longer than the average
time, which is normally between 7 to 10 days depending on the temperature, to ferment
dry. These wines may also require special treatments, like blanketing with an inert gas, to
prevent oxidation, as well as taking up cellar space (Bisson, 1999). This spurred many
studies to determine possible causes of sluggish/stuck fermentations. These studies
include the inhibition of sugar uptake (Maurico and Salmon, 1992; Salmon and Vincent,
1993), nitrogen deficiency (Manginot and Sablayrolles, 1997), mineral and vitamin
deficiency (Blackwell et al., 1997), ethanol toxicity (D'Amore and Stewart, 1987),
temperature extremes (Sharf and Margalith, 1983), enological practices (Bisson, 1999),
microbial incompatibility (Drysdale and Fleet, 1988; Edwards et al., 1999) and inhibition by
fatty acids, especially acetic, octanoic and decanoic acid (Rasmussen et al., 1995; Viegas
et al., 1989). The fatty acids enter the yeast cell by simple diffussion and release their
protons in the cytoplasm of the yeast cell. This lowers the internal pH of the cell, leading
to intracellular acidification and the inhibition of key enzymes responsible for glycolyses.
These fatty acids are also believed to interfere with the organization and functions of the
plasma membrane, thus further contributing to slow/sluggish fermentations (Viegas and
Sá-Correia, 1991).

As early as 1866 Louis Pasteur, who can be considered the father of modern
microbiology, reported on the importance of microorganisms in wine. The four main types
of microorganisms usually to be found in must and wine are Saccharomyces cere visiae ,
non-Saccharomyces yeast species, lactic acid bacteria and acetic acid bacteria, which are
all able to produce acetic acid (Fugelsang, 1997). Yeasts are also known to produce
medium chain fatty acids during fermentation (Bardi et al., 1998). Acetic acid is a natural
component of wine as it is produced by yeasts during the alcoholic fermentation (up to 0.6
g/I; Delfinin and Cervetti, 1991) and by lactic acid bacteria during the malolactic
fermentation. Furthermore, acetic acid levels will also increase during further barrel
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ageing. Acetic acid may contribute to the complexity of wine at low levels, but are
considered to be detrimental to wine quality at levels between 0.7-1.2 g/I and higher,
depending on the wine style (Corison ef al., 1979). Wine producing countries have legal
limits on the levels of acetic acid allowed in wine. In South Africa the legal limit is normally
1.2 g/1. It is thus very important for the winemaker to restrict the formation of acetic acid
throughout the winemaking process to a minimum to keep it from exceeding the legal limit.
The unwanted growth of spoilage microorganisms should thus be prevented. Acetic acid
bacteria are well known to produce high concentrations of acetic acid. These aerobic
microorganisms have always been believed to playa small, if any part, in the winemaking
process, due to the anaerobic nature of this process (Joyeux ef al., 1984). This led to
surprising little work being done on these microorganisms in the winemaking process in
recent years. However it is clear that these organisms can survive and even grow in
musts and wine (Drysdale and Fleet, 1988). This spurred us to do research on certain
aspects of acetic acid bacteria, which will be reported in the following sections.

1.2 PROJECT AIMS

This study forms an integral part of a larger research programme, conducted at the
Institute for Wine Biotechnology and the Department of Viticulture and Oenology at the
University of Stellenbosch, to determine the source(s) of high volatile acidity in South
African wines. The specific aims and approaches to this study were the following:

a) to isolate acetic acid bacteria from six small scale red must fermentations at three
different fermentation temperatures (15°C, 22°C and 30°C), containing either 50 mg/kg
sulfur dioxide (S02) or no S02, during the 1998 harvesting season.

b) to isolate acetic acid bacteria from fermenting red musts from six commercial cellars
situated in four wine producing areas during the 1999 harvesting season.

c) to observe the occurrence and possible growth of acetic acid bacteria during alcoholic
fermentation and to determine if this correlates with pH and S02 concentrations of the
must.

d) to identify the dominant acetic acid bacteria isolated with different physiological and
biochemical tests as described in Drysdale and Fleet (1988), as well as with SDS-
PAGE gel electrophoresis of whole cell proteins as described by Pot ef al. (1994).

e) to determine how the occurrence and species identified in this study differ from other
reported data.

f) to test the growth of five representative strains in grape juice at different pH values
normally found in must and wine.

g) to test the sulfur dioxide resistance of the five representative strains isolated in grape
juice at the different pH values.

h) to study the volatile acidity production of these five strains during their growth at
different S02 concentrations.

i) to study the effect of metabolites produced by the acetic acid bacteria on subsequent
yeast growth and fermentation ability.
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2. LITERATURE REVIEW

2.1 INTRODUCTION

The microbiology of must and wine can be very complex, with different microorganisms
contributing to the final product. Yeast, lactic acid bacteria and acetic acid bacteria are all
known to occur in must and wine (Fugelsang, 1997). Acetic acid, which is a product of
fermentation, has been proven to be toxic towards yeast (Rasmussen et al., 1995). This
acid can have its source as being produced by Saccharomyces cerevisiae (S. cerevisiae)
during alcoholic fermentation. Non-Saccharomyces yeast strains, like Candida, Kloeckera
and Hanseniaspora, which can occur on the grapes, can however also produce this acid.
The other sources of acetic acid in wine are acetic acid and lactic acid bacteria, which can
produce very high levels (Boulton et al., 1995). Wineproducing countries have a legal limit
on volatile acidity levels (V.A.) in wine, which is mostly expressed as acetic acid (Iland et
al., 1993). In a recent study on 7311 Australian wines, Eglinton and Henschke (1999)
found that a large proportion of these wines had a V.A. concentration to be too high. The
rise in the occurrence in sluggish/stuck fermentation can also be due to elevated acetic
acid levels. Other medium chain fatty acids, like octanoic and decanoic acid, are also
known to be inhibitory towards yeast (Viegas et al., 1989). The effect of acetic and the
medium chain fatty acids on alcoholic fermentation and its sources (yeast, lactic acid and
acetic acid bacteria), as well as factors affecting the production of acetic acid by these
microorganisms, will be discussed in this review. The acetic acid bacteria will be
discussed in more detail and will include factors affecting their growth in must and wine,
their metabolism and interactionswith other winemaking microorganisms.

2.2 ACETIC ACID

2.2.1 Diffusion into the yeast cell

Acetic acid enters the yeast cell through simple diffusion due to its low pKa of 4.75
(Arneborg et al., 1995; Casal et al., 1998; Rasmussen et al., 1995). The rate of diffusion
depends on the extracellular pH (Casal et al., 1996). Only the undissociated form of the
acid can diffuse into the cytoplasm. In glucose repressed cells the anion can not migrate
out of the cell due to the lack of an operational acetate carrier in the cell (Casal et al.,
1998; Cássio et al., 1987; Pampulha and Loureiro-Dias, 1989b). This diffusion continues
until equilibrium is reached between the concentration of acetic acid inside and outside of
the plasma membrane. Inside the cell, the acid loses its proton, thus lowering the internal
pH and acidifying the cytoplasm in the process (Pampulha and Loureiro-Dias, 1989b;
Rasmussen et al., 1995). The internal pH of the cell is normally near neutrality and large
quantities of the acid have to enter into the cell to achieve this equilibrium. Casal et al.
(1996) found that S. cerevisiae exhibited a monocarboxylate/proton symport for the
transport of acetic, propionic and formic acid when grown on acetic acid, ethanol or lactic
acid as carbon source. This system however, could not transport lactic acid and pyruvate.
They also found that in glucose repressed cells, as in a normal winemaking fermentation
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where a high glucose concentration is present, this system is repressed by the glucose.
This was also found in media containing fructose, sucrose, maltose or galactose as carbon
sources. In media containing glucose and acetic acid, growth was diauxic and the above
mentioned symport system became active and the accumulation of the acid occurred only
after the glucose was consumed, confirming that this system is glucose repressed. The
same results were obtained when the acetic acid was replaced with ethanol. In glucose
repressed cells acetic- and lactic acid diffused into the cell, although the permeability of
the plasma membrane is much higher for acetic- than lactic acid. They also concluded
that a change in external pH, between 3.5 and 6.0, did not affect the diffusion constant of
acetic acid as much as in the case of lactic acid.

2.2.2 Effect on biomass, growth rate and fermentation ability of yeast

The effect of acetic acid with a change in pH on S. cerevisiae was investigated by
Phowchinda et al. (1995). They tested the growth of S. cerevisiae in media with pH values
between 3.1 and 4. The difference in pH did not affect the growth, ethanol production and
fermentation ability of the yeast. They also tested the growth and fermentation ability at
different concentrations of acetic acid. They found, like Rasmussen et al. (1995) that
acetic acid inhibited biomass synthesis, 1 g/I acetic acid induced a 20% decrease. The
rate of biomass synthesis is actually inhibited by acetic acid, they calculated that the
internal pH, which is normally in the range of 7-7.2, decreases to 6.35, which then induces
this inhibition of biomass synthesis. An increase in acetic acid concentration of up to 6 g/I
inhibited biomass production exponentially. This correlates with the findings of Pampulha
and Loureiro-Dias (1989a) who also found a 20% inhibition of fermentation rate in the
presence of 1 g/I acetic acid. A 50% inhibition of growth was observed by Antoce et al.
(1997) at an acetic acid concentration of 5.27 g/I and complete inhibition at concentrations
of 7.7 to 8.3 g/1. However, these high concentrations did not inhibit growth completely.
Phowchinda et al. (1995) also observed a lowering in biomass in the presence of different
acetic acid concentrations, which is shown in Figure 2.1. They found that 2 g/I acetic acid
decreased biomass production by up to 35% and 6 g/I by up to 68%, respectively. The
inhibition of biomass production increased linearly with increasing acetic acid
concentration, which can also be seen in Figure 2.1. The corresponding lowering of the
ethanol production rate due to the presence 2 g/I and 6 g/I acetic acid was 31% and 74%,
respectively. They also found that 10 g/I acetic acid is the critical concentration of the acid
where S. cerevisiae is completely inhibited (data not shown in Figure 2.1). This is very
high in terms of oenological conditions, where the acetic acid concentrations rarely reach
these high concentrations, except during bacterial spoilage.
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Figure 2.1 Biomassproductionof S. cerevisiae withdifferentconcentrationsof aceticacid initially
addedto theculture(Phowchindaet al., 1995).

2.2.3 Effect on glucose and ethanol transport into the yeast

The question that remains to be answered is how acetic acid actually inhibits or kills the
yeast cell. Sousa et al. (1995) investigated the effect that acetic acid and ethanol has on
the transport of ethanol and glucose into Schizosaccharomyces pombe. This transport is
accomplished by a proton symport system. Acetic acid acts by affecting the protein
responsible for this transport and/or dissipates the chemical gradient (~pH) or membrane
potential existing over the membrane. They found that this inhibitory effect was much
more pronounced at pH 5.0 than at pH 3.0. At the lower pH up to 15 g/I acetic acid did not
affect the transport of glucose. This could be attributed to the fact that at this low pH the
membrane potential is almost absent, whereas at the higher pH this existing potential
and/or the ~pH could be inhibited by the acid. Pampulha and Loureiro-Dias (1990) also
found no difference in the uptake of glucose by the yeast at very high acetic acid
concentrations that affected fermentation severely. Seeing that in normal alcoholic
fermentations of grape must the acetic acid concentration is in the range of 0.5-1.0 g/I, this
compound should then not affect the transport of glucose into the cell, thereby not
inhibiting the cell in this manner.

2.2.4 Effect on the internal pH of the yeast

Acetic acid releases its proton in the cytoplasm after migration into the cell as mentioned
above. This spurred different workers to investigate the effect of the proton release on the
internal pH of the yeast cell, which is important for different cellular reactions. Pampulha
and Loureiro-Dias (1989b) investigated the effect that acetic acid and external pH have on
the internal pH of fermenting yeast. They found that the lowering of the internal pH only
correlated to the concentration of the undissociated form of the acid and that the external
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pH did not play any role in determining the internal pH of the yeast in the presence of
acetic acid. This was determined by using radioactively labeled propionic acid to measure
the internal pH. Contrary to this, Guldfelt and Arneborg (1998) found that the decrease in
internal pH is related to the external pH. At external pH values of 3.5, 4.5 and 5.6 the
internal pH of S. cerevisiae decreased as the external concentration of the undissociated
form of the acid increased from 0 to 0.10 g/liter. At concentrations exceeding 0.10 gil iter,
the internal pH remained constant. A constant level of acetic acid accumulated by the
yeast cell might explain this. They also hypothesized that the plasma membrane ATPase
activity of the cell may be activated at concentrations of acetic acid exceeding 0.10 g/1.
The resulting higher efflux of protons should compensate for acidification of the cytoplasm.
The decrease in the internal pH, when it occurred, was however more pronounced at lower
external pH values. However, this work was done on nonfermenting yeast and it was
unknown if the ATPase activity was activated.

2.2.5 Interaction of ethanol and acetic acid on the yeast

Pampulha and Loureiro-Dias (1989a) found that a decrease in internal pH was enhanced
by the presence of ethanol. If 8% ethanol was added to the growth media, complete
inhibition of fermentation took place at an internal pH of 5.5, while in the alcohol free media
this only occurred at an internal pH of 4.8. This inhibition increases exponentially with
increasing ethanol concentration (Pampulha and Loureiro-Dias, 1989b). Casal et al.
(1998) reported that ethanol increased the uptake of acetic acid exponentially with an
increase in the alcohol concentration. Acetic acid also makes the cell more ethanol
sensitive according to Teresa Ramos and Madeira-Lopes (1990). They found that the
S. cerevisiae strain tested could tolerate up to 11% (v/v) of ethanol. This was reduced to
7% (v/v) when 0.5% (v/v) acetic acid was present and at 1% (v/v) acetic acid no ethanol
could be tolerated by the yeast. Ethanol also contributes to the lowering of the internal pH
by making the cell more susceptible to the passive influx of protons. This could then
explain the toxicity of acetic acid in wine fermentations, especially at the end of
fermentation where the alcohol concentration is high. However, Fernandes et al. (1997)
reported that the inhibition of Zygosaccharomyces bailii by acetic acid was not enhanced
by the presence of ethanol as is the case with S. cerevisiae. This could explain their ability
to spoil sweet wines in which S. cerevisiae cannot grow. Arneborg et al. (1997) even
found that S. cerevisiae cells grown in the presence of 46.2 gil produced-ethanol were
more resistant to 2 gil acetic acid than cells grown without the acid. This was also true for
the cells grown in the presence of 49.2 gil added ethanol, but to a lesser degree. This was
linked to a higher accumulation of trehalose in the cell, which could make the plasma
membrane more impermeable to the acid or serve as an energy source for the excretion of
protons via the ATPase proton pump.

2.2.6 The effect of temperature and acetic acid on the yeast

Rasmussen et al. (1995) inoculated Chardonnay (fermented at low temperatures, 14°C)
and Merlot must (fermented at higher temperatures, 26°C) with 1 to 4 gil acetic acid to
study the effect on the fermentation ability of S. cerevisiae. They found that the
suppression of fermentation was directly related to the higher concentration of the acid. All
the inoculations fermented dry in 30 days, except the Merlot inoculated with 4 gil acetic
acid. This suggests that the fermentation temperature also plays an important role in stuck
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fermentations and in particular the toxicity of the acid towards the yeast. This acetic acid
toxicity-temperature association was investigated by Pinto et al. (1989). They found that
the acid induces two types of deaths in the yeast depending on the temperature and the
'concentration of the acid. High enthalpy death was most prominent at higher
temperatures and lower acetic acid concentrations (lower than 5 g/I). This type of death
represented thermal death and increased exponentially with higher acid concentrations.
They also found that acetic acid is 30 times more toxic than ethanol at these higher
temperatures. This can contribute to the so-called "heat-sticking" of fermentations carried
out at higher temperatures, especially at the end of fermentation, where alcohol and acetic
acid concentrations can be high. Cardoso and Leao et al. (1992) tested the toxicity of
different short-chain monocarboxylic acids on S. cerevisiae. They concluded that thermal
death caused by the acids was enhanced in correlation with their lipid solubility and that
the thermosensitive site is probably located in the mitochondrial membrane. Fernandes et
al. (1997) concluded that in Z. bailli acetic acid inhibited both respiration and fermentation
and thus does not only affect glycolyses during fermentation, but also the mitochondria.
Maiorella et al. (1983) concluded that acetate is soluble in the lipids of the cell membrane
and that the acid interferes with the transport of phosphate. The high enthalpy cell death
investigated by Cardoso and Leao (1992) can also be enhanced by the other end products
of fermentation, like ethanol, octanoic- and decanoic acids. However, low enthalpy death
occurred when acetic acid concentration was high and at lower temperatures, according to
Pinto et al. (1989). A correlation exists between the intracellular proton concentration and
the specific death rate, suggesting an acidification of the cytoplasm by acetic acid at lower
temperatures (Cardoso and Leao, 1992). Pampulha and Loreiro-Dias (1989b) however,
found a decrease in intracellular pH at low acetic acid concentrations, implying that the
acid can also be responsible for the intracellular lowering of the pH at lower acetic acid
concentrations. Acetic acid narrows temperature differences in which yeast can grow
according to Teresa Ramos and Madeira-Lopes (1990). They found that the strain of
S. cerevisiae that they have used was able to grow between 3°C and 42°C. These limits
of temperature at which the yeast could grow narrowed to between 6°C and 39°C where 2
g/I and 19°C to 26°C where 10 g/I acetic acid was added. The initial and final optimum
temperatures also decreased from 42°C to 40°C and 40°C to 38°C, respectively, in the
presence of 5 g/I acetic acid. The acid also prolonged the lag phase in cells transferred to
an acid containing media by up to five days at 10 g/I acetic acid. In especially red wine
fermentations, temperatures over 35°C can be reached. This could then also enhance the
inhibitory effect of the acid towards the yeast.

2.2.7 Difference in yeast resistance to acetic acid

Yeast could also differ in their sensitivity towards acetic acid. Moon (1983) tested the
effect of acetic, lactic and propionic acid on the growth of the acid tolerant yeasts
Saccharomyces uvarum, Geotrichum candidum, Endomycopsis burtonii and Hansenula
canadensis, which are normally spoilage organisms of acid foods. They found that the
acids affected growth yield rather than the final cell yield and that the yeasts differ in their
sensitivity towards these acids. This was also found by Fernandes et al. (1997) who
investigated the effect of acetic acid on respiration and fermentation in Z. bailii and
S. cerevisiae. Z. bailli was not inhibited by acetic acid up to a concentration of 1.93 g/I at
pH 4.5, but at higher concentrations the fermentation rate decreased exponentially with
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higher acid concentrations. S. cerevisiae was inhibited at concentrations close to zero,
suggesting that the fermentation ability of Z. bailii is not so severely affected by acetic acid
as that of S. cere visiae. Antoce et al. (1997) also found different sensitivities of different
yeast towards acetic acid. The acid concentrations required to inhibit the growth activity
by 50% of S. cere visiae , S. pombe, Kluyveromyces merxienus and Candida utilis were
5.27 g/I, 1.84 g/I, 2.7 g/I and 3.3 g/I, respectively.

2.2.8 Effect on glycolic enzymes

Due to the lowering of the internal pH of the cell by acetic acid the enzymes involved in
different cellular processes must also be affected by this acid. The effect that acetic acid
has on the enzymes responsible for glycolyses has been investigated by Pampulha and
Loureiro-Dias (1990). They postulated that its presence inhibits these enzymes directly or
through acidification of the cytoplasm. They found that enolase is inhibited by 50% at an
acetic acid concentration of 1.92 g/I, whereas hexokinase and alcohol dehydrogenase
were only inhibited to the same degree at acetic acid levels exceeding 16.05 g/1. Enolase
is also sensitive towards the lowering of the internal pH. They also used 31p_NMR spectra
to measure the levels of sugarphosphate and ATP in the cell after the addition of glucose
in the presence and absence of acetic acid. The level of Pi decreased and sugar
phosphates increased just after glucose had been added in the fermentations where no
acetic acid was added. There was also a rapid formation of ATP after this, resulting in a
higher cytoplasmic pH. In the fermentations to which the acid was added, a delay was
observed between the formation of the sugarphosphate and ATP formation. With the
formation of ATP an increase in intracellular pH was also observed, but this increase was
slower and never reached those levels where no acetic acid was added. The cell uses
ATP to regulate its internal pH through an ATPase H'purnp situated in the
plasmamembrane. In the event of an undissociated acid entering the cell and releasing its
proton into the cytoplasm acidification of the cytoplasm can take place, as mentioned
above. The ATPase pump must then pump these excess protons out of the cell, requiring
energy in the form of ATP (Boulton et aI., 1995). This explains the lowering of ATP and
the increase in internal pH observed by Pampulha and Loureiro-Dias (1990). Seeing that
sugarphospate is formed during the early stages of glycolyses and Pi is consumed
between glyceraldehyde-3-phosphate and 1,3-bisphosphoglycerate, enolase seems the
likely candidate to be inhibited the most by acetic acid according to Pampulha and
Loureiro-Dias (1990). This also explains the delay in ATP formation and the slower
increase in the internal pH. Although not stated directly by Pampulha and Loureiro-Dias
(1990), phosphoglyceromutase could also be inhibited by the acid, seeing that it is also
prone to acetic acid inhibition if one takes into account the concentration of the acid
required to inhibit it by 50% (1.96 g/I compared to 1.92 g/I of enolase). They postulated
that the fermentation rate in the presence acetic acid is affected by inhibition of enolase or
other phosphorylating enzymes.

It is thus clear that acetic acid can inhibit alcoholic fermentation, be it through lowering
of the internal pH of the yeast cell and inhibiting enzymes involved in glycolyses or
inhibiting selective transport over the cell membrane. It is very important that the wine
producer keeps this in mind when making wine. Factors that affect the formation of this
acid by different wine microorganisms will be discussed in a later section.
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2.3 MEDIUM CHAIN FATTY ACIDS

Other byproducts of alcoholic fermentation have been known to inhibit fermentation.
Nagodawithana and Steinkrauss (1976) and Novack et al. (1981) found that ethanol added
to yeast is not as toxic as that found at the same concentration produced during alcoholic
fermentation, suggesting that other byproducts of fermentation also inhibit the yeast.
Lafon-Lafourcade et al. (1984) tested different byproducts of fermentation to establish
which compounds exhibit this toxic effect. They inoculated yeast in prefermented media
and obsereved a decrease in yeast counts and fermentation performance. Heating of the
media did not overcome this toxic effect, but treatment with activated charcoal did. This
led them to conclude that the active compounds are not proteins but rather fatty acids
produced by the yeast, in particular octanoic and decanoic acids. The ethyl esters of
these acids also inhibit growth, but not to the same degree as the free acid (Lafon-
Lafourcade et aI., 1984; Stevens and Hofmeyr, 1993). This led to numerous investigations
on the toxic effect of these acids on the yeast and fermentation.

The undissociated form of these acids enters the cell through simple passive diffusion
like other lipophilic acids (Krebs et aI., 1983). The internal pH of the cell is much higher
than the pKa (4.9) of these acids and these acids are highly soluble in the lipid
environment of the plasma membrane, causing this diffusion (Cole et al., 1987; Krebs et
aI., 1983; Pampulha and Loureiro-Dias, 1989b; Viegas and Sá-Correia, 1997). The acid
then releases its proton in the cytoplasm (Viegas et aI., 1989). The anions of these acids
have been proposed not to be able to cross the cell wall (Cássio et aI., 1987; Rasmussen
et aI., 1995). Warth (1991b), however, stated that cells that were grown in the presence of
benzoic acid were able to export the anion after further exposure to the acid.

2.3.1 Effect of medium chain fatty acids on biomass production, growth and
fermentation of yeast

Octanoic- and decanoic acids were found to decrease the maximum growth rate of
S. cerevisiae (Alexandre et al., 1996; Viegas et al., 1989; Viegas and Sá-Correia, 1991;
Viegas and Sá-Correia, 1995; Viegas et aI., 1997 and Viegas et aI., 1998). Viegas et al.
(1995) found this inhibition to be exponential with increasing octanoic acid concentrations.
Viegas et al. (1989) found that 0-16 mg!1 octanoic- and 0-8 mg!1 decanoic acid in the
presence of 6% (v!v) ethanol decreased the growth rate of S. cerevisiae. Antoce et al.
(1997) found as much as a 50% decrease in the growth activity and specific growth rate in
the presence of 47 mg!1 decanoic acid. The acid also affects biomass yield in an
exponential manner. The addition of 50 mg!1octanoic acid decreased this yield from 0.08
to 0.035 g dry weight per gram glucose (Viegas et aI., 1989; Viegas and Sá-Correira,
1995). Alexandre et al. (1996) found more than 50% lowering in biomass production in
cells too which 6 mg!1 decanoic acid was added. These fatty acids also increase the
duration of the latency phase in the yeast. This effect was found to be more active at
lower pH values for a certain critical value (Alexandre et aI., 1996 and Viegas et aI., 1989).
Viegas et al. (1997) found that up to 58 mg!1 octanoic acid did not extend the duration of
the lag phase, but higher concentrations of up to 70 mg!l, which is the maximum
concentration at which the yeast can grow, increased the lag phase. The yeast took 55
hours to adapt and initiate exponential growth at 65 mg!1 of the acid, but the extension of
the lag phase was reduced if the cells were grown in a media containing the same
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concentration of the acid prior to inoculation. Octanoic acid was also found to lower the
size of the internal volume of the cell and this resulted in an increase in the population-
doubling time. Decanoic acid inhibits the growth rate and biomass production more than
octanoic acid (Sá-Correia, 1986; Viegas et aI., 1985; Viegas et aI., 1989). This was also
true for the minimum concentration required to inhibit growth completely, 222 mg/I and 98
mg/I for octanoic- and decanoic acids, respectively, in S. cerevisiae. Other yeast genera
also differ in their sensitivity and these concentrations were 193 mg/I, 159 mg/I and 238
mg/I for octanoic acid for S. pombe, Kluyveromyces marxianus and Candida utilis
respectively (Antoce et al. 1997) (Table 2.1). Even in the same species such as
S. cerevisiae, differences were observed in the resistance to octanoic- and decanoic acids
by Nagel et al. (1988). They found that Prise de Mousse (S. cerevisiae var. bayanus) was
more resistant to these two acids than four other commercially used S. cerevisiae strains.
This could be another reason why many winemakers have success in restarting a stuck
fermentation with this strain, but more research needs to be done on this aspect.

Table 2.1 Values for the 50% inhibition of growth (Ki) and minimum inhibitory concentration (MIG)
for the complete inhibition of growth for different yeast strains and different inhibitors. (Antoce et
aI., 1

Inhibitor Ki Mie Ki

77.2 86.0

Mie Ki Mie Ki Mie
Methanol* 8.97 14.06 8.33 16.70 7.28 12.53 3.06 7.91

Ethanol* 6.09 12.05 5.76 12.16 4.49 8.98 3.40 6.32

1-Propanol* 1.54 5.22 0.87 3.20 2.09 2.74 1.88 2.56

1-Butanol* 0.88 1.41 1.07 1.75 0.92 1.42 1.00 1.87

Acetic acld' 5270 7730 1840 10250 2700 4030 3300 7370

Butanoic 1508
acid!

2458 1958 3704 887 1715 1049 2350

Hexanoic 304
acid!

571.7 370.9 942.6 238.8 380.4 208.8 505.8

Octanoic 74.6
acid"

Decanoic 47.2 98.3

Acid"

222.8

Values in % (v/v) and t in mg/I

80.9

30.6

193.8 79.8 159.4 61.7 238.6

126.9 42.2 122.9

2.3.2 Mode of action towards yeast

There are basically two theories put forward as to how these fatty acids inhibit or kill the
yeast. These constitute the theories of cytoplasmic acidification and destruction of the
organization of the plasma membrane (Viegas and Sá-Correia, 1995). As mentioned
previously, these fatty acids are thought to enter the cell through passive diffusion in the
undissociated form. Due to the fact that their pKa value is much lower than that of the
cytoplasm, the acid releases its proton, thus lowering the internal pH of the cell (Viegas et
al., 1989). This could then lead to the inhibition of enzymes activity in glycolyses, like
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phosphofructokinase (Krebs et a/., 1983). Warth (1991a) however, found that in Z. bail/i,
this was not the case as the internal pH showed a relatively small decrease after exposure
to benzoic acid. The same pattern emerged in a S. cerevisiae strain and Warth (1991b)
concluded that the inhibition observed was not due to inhibition of any specific enzyme, but
to the high consumption of ATP. He however, also concluded that strain specificity and
growth conditions could explain the difference observed with his findings and that of Krebs
et al. (1983). Viegas and Sá-Correia (1991) also found very little decrease in internal pH
in cells exposed to increasing concentrations of octanoic acid but, contrary to this, Viegas
and Sá-Correia (1995) found that the addition of 14 mg/I octanoic acid lowered the internal
pH from 6.8 to 5.8 at 30°C. At concentrations exceeding 14 mg/I the internal pH was
found not to be dependent on the concentration of the acid. These cells were found to
produce less acetic and succinic acid, which together with increased buffering capacity
due to reduced internal cell volume, may serve to counteract the decrease in internal pH.
Stevens and Hofmeyr (1993) concluded that octanoic- and decanoic acids possibly act as
proton carriers over the plasma membrane, due to the fact that they enhanced the uptake
of protons exponentially. This process was also more pronounced at lower pH values,
where more of the undissociated form of the acid exists. At pH levels lower than 4.9, the
neutral undissociated form of the acid predominates, due to the fact that the pKa value of
the acids is 4.9 as mentioned before. Antoce et al. (1997) stated that different fatty acids
vary in their toxicity and that the enhancement of proton uptake by these acids is thus not
the only mechanism involved, but that the low pKa value explains the pH dependence of
this toxic effect. Viegas and Sá-Correia (1997) also found that by lowering the pH to
where more of the acid is in the undissociated form, which is below 4.9, toxicity increases.
This toxic effect was more pronounced with decanoic- than with octanoic acid, which
agrees with its higher lipid solubility, thus making it more toxic too the yeast (Stevens and
Hofmeyer, 1993 and Viegas and Sá-Corriea, 1997). Antoce et al. (1997) also found that
the inhibitory effect of organic acids increases with longer chain length of the acid.
Decanoic acid is however not as toxic as expected if one compares its liposolubility to that
of octanoic acid. This could be due to the fact that liposoluble compounds with a
hydrophobic chain bigger than a certain dimension are not as intrusive in membranes than
smaller molecules (Ingram and Buttke, 1984) as well as their tendency to form aggregates
(Sá-Correia et a/., 1989). Stevens and Hofmeyr (1993) also found that esterification of the
acid to alcohol also diminishes this toxic effect. This is due to the fact that the acid loses
its ability to carry the proton across the cell membrane. Ethyl decanoate did, however,
enhance this influx of protons, but this could be due to the exposure of a free COO- group
after acid catalyzed hydrolysis.

The yeast cell uses the ATPase proton pump situated in the plasma membrane to
regulate internal pH. Pumping protons out of the cell with the energy being made available
by the hydrolyses of ATP, the cell thus creates an electrochemical gradient over the
membrane. This can drive secondary transport reactions over the membrane and regulate
the activity of enzymes sensitive to changes in intracellular pH. The ATPase proton pump
can also be used to regulate the internal pH of the cell (Serrano, 1988). Low pH increases
this activity, as was found by Eraso and Gancedo (1987). Warth (1988 and 1991b) stated
that the predominant effect that benzoic acid had on the cell was to force the cell to
maintain a suitable intracellular pH. This is brought about through the hydrolysis of ATP,
thus limiting the energy available for cell growth at low concentrations of the acid. Dombek
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and Ingram (1987 and 1988) observed a decrease in the intracellular levels of ATP, with
an increase in AMP levels, during the passive influx of protons into cells responsible for
alcoholic fermentation in which high ethanol concentrations have been formed. This is due
to the fact that ethanol enhances the passive influx of protons over the cell membrane
(Cartwright et al., 1987). Octanoic- (Viegas and Sá-Correia, 1991) and decanoic acids
(Alexandre et al., 1996) activate the ATPase activity of S. cerevisiae in reply to exposure
to the acid. Together with this, the ethanol yielded per gram glucose fermented increased,
thus providing more energy in the form of ATP to drive these reactions (Viegas and Sá-
Correia, 1991), providing that the concentration of the acid does not approach lethal levels
(Viegas and Sá-Correia, 1995). Cells grown in the presence of 4 to 50 mg/l octanoic acid
at pH 4 had a 1.5 fold increase in their plasma membrane ATPase activity. Inoculating
these cells into media without the acid reversed this activity, but in vitro incubation of
membranes extracted from these cells in media without the acid maintained this active
state. This activity was also not significantly affected by incubating membrane fractions
with the acid up to concentrations of 50 mg/l in vivo (Viegas and Sá-Correia, 1991).
Activity was however initiated in cells in their lag phase after inoculation in media
containing 68 mg/I octanoic acid and reached a maximum in the beginning of the
exponential growth phase. However, only 20% of the yeast cells inoculated survived the
lag phase and at the end of the latency phase 80% of the cells had an unfavorable internal
pH of below 5.5 (Viegas et al., 1998).

Alexandre et al. (1996) found that 10 mg/I decanoic acid inhibited the ATPase activity
by 45% in cells grown without the acid. This inhibition was more pronounced than that
observed by Viegas and Sá-Correia (1991) with octanoic acid. This could further explain
the higher toxicity of decanoic acid, with its higher liposolubility (Alexandre et al., 1996;
Suomalainen and Nurminen, 1976). However, cells grown in the presence of decanoic
acid exhibited a four times higher activation of the ATPase activity. A decrease in this
activity was also observed after incubation in media without the decanoic acid, although
this level was still much higher than that of cells grown in acid free media (Alexandre et al.,
1996). Feirreira-Peireira et al. (1994) found that these hydrolytic activities are affected by
intracellular pH changes, thus regulating transport by binding to the transport- or catalytic
site. Protons released by the dissociation of these fatty acids could then activate the
ATPase activity observed by Alexandre et al. (1996). It is, however, imperative that
enough ATP is available to drive this ATPase pump (Holyoak et al., 1996). The inability of
a large part of the inoculated cells to grow, as observed by Viegas et al. (1998), could
imply that this system fails to regulate internal pH at high acid concentrations and that it is
not the only one involved per se.

Destruction of the permeability and organization of the plasma membrane by the fatty
acids is the other effect the acid may have on the yeast. These fatty acids are very soluble
in the lipid environment of the cell membrane (Suomalainen and Nurminen, 1976).
Hydrophobic lipid-lipid and lipid-protein interactions of the cell membrane and organization
of the cell membrane decreases (Stevens and Hofmeyr, 1993), leading to an increase in
the permeability of the membrane (Sá-Correira et al. 1989). This may also lead to non-
competitive inhibition of enzymes involved in the transport of compounds over the plasma
membrane (Freese et al., 1973).
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Alexandre et al. (1996) also investigated the role that lipids may play in this process.
They measured the plasma membrane fluidity which correlates with ethanol tolerance,
seeing that these lipids can act as allosteric activators for enzymes and can be
incorporated into the plasma membrane to enhance ethanol tolerance. Plasma membrane
fluidity of cells to which decanoic acid has been added and which grew in the presence of
the acid increased with higher acid concentration, up to 20 mg/1. This also correlated with
increased ATPase activity (Alexandre et al., 1996). The lower the sterol/phospholipid
ratio, the higher the membrane fluidity of the cell and the more ethanol tolerant it becomes
(Valero et aI., 1998). Alexandre et al. (1996) found that the ergosterol and lanosterol
increased in media with the acid, while the fatty acid composition was also affected. In
plants, sterol changes in the plasma membrane can activate the ATPase system. It could
thus also activate this system in yeast in response to the addition or growth in the
presence of decanoic acid (Alexandre et aI., 1996). Valero et al. (1998) found an increase
of lipids, phospholipids and sterols in the cell membrane of yeast growing in must which
underwent maceration. This increased membrane fluidity and ethanol tolerance can be a
consequence of ATPase activity.

2.3.3 Synergistic effect of ethanol, temperature and fatty acids on yeast

As with acetic acid, decanoic- and octanoic acids influence the toxic effect of ethanol on
the cell. Viegas et al. (1985) found that these acids act in synergy with 8% (v/v) ethanol to
reduce the maximum growth rate in S. bayanus. They found that only 5 mg/I octanoic- and
2 mg/I decanoic acid with 8% (v/v) ethanol inhibited the growth rate to the same extend as
an ethanol concentration of 8.5 and 8.4% (v/v), respectively, with no fatty acids present,
would have done. Sá-Correia (1985) also found this enhancing effect of fatty acids on the
toxicity of ethanol towards yeast. A S. bayanus strain which was tolerant to 10-12% (v/v)
ethanol, was found not to be able to grow in 10% (v/v) ethanol to which 7.5 mg/I octanoic-
or 3.75 mg/I decanoic acids was added. Ethanol induces the leakage of amino acids and
260-nm-absorbing compounds from the intracellular area of the cell (Sá-Correia et al.,
1989). Octanoic- and decanoic acids were found by these workers to stimulate this
leakage, but fermentation performance was enhanced again after addition of these
compounds which had leaked out of the cell. These compounds may enhance the ethanol
resistance of the yeast. Ethanol is also known to enhance the influx of protons into the cell
(Boulton et aI., 1995; Rosa and Sá-Correai, 1991). The ethanol concentration may
influence this. Stevens and Hofmeyr (1993) have found that ethanol concentrations of up
to 8%(v/v) inhibited the uptake of protons, but at higher concentrations of up to 12% (v/v)
this uptake is stimulated again. The ATPase pump is activated then to counteract this
influx, but Rosa and Sá-Correia (1991 and 1992) found that ethanol concentrations
exceeding 6% (v/v) will decrease this activity by affecting the spatial lipid-lipid and lipid-
protein interactions in the plasma membrane. Viegas and Sá-Correia (1997) also found an
increase in ethanol-induced death by 16 mg/I octanoic and 8 mg/I decanoic acid. The
increased permeability of the plasma membrane due to ethanol also affects the ease with
which the fatty acid enters the cell. The plasma membrane would be more resistant to the
fatty acid entering it if no ethanol is present. However, if ethanol is present, especially at
higher concentrations, this resistance could decrease, allowing the acid to enter more
easily (Antoce et al., 1997).
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Temperature also has an effect on the inhibitory effect of these fatty acids towards the
yeast. Viegas and Sá-Correia (1995) found that octanoic acid is more toxic at lower
temperatures, especially lower than 25°C. The acid also led to an increase in the
minimum temperature required for growth. Different temperatures, between 8.5-30oC, did
not, however, playa role in the effect that the acid had on changes in the internal pH. This
toxicity of octanoic acid at low temperatures cannot thus be explained by cytoplasmic
acidification and inhibition of membrane functions at these temperatures is a more likely
explanation. Contrary to this, Viegas and Sá-Correia (1997) found that octanoic- and
decanoic acid at lower temperatures was less inhibiting towards yeast viability, but that the
ethanol-induced inhibitory effect was enhanced by these acids at lower temperatures.
This inhibitory effect at low and intermediate temperatures is influenced by two death
rates: 1. Toxin-enhanced death rate, its influence increases with an increase in
temperature. 2. Toxin-induced death rate, which has a bigger effect with temperature
decreases (Pinto et aI., 1989).

2.4 EFFECT OF MEDIUM CHAIN FATTY ACIDS ON LACTIC ACID BACTERIA

King and Beelman (1986) studied the inhibition of growth of the lactic acid bacterium
Leuconostoc oenos by yeast. They hypothesized that some metabolites other than
ethanol and acetaldehyde produced by the yeast may inhibit the bacteria. Edwards and
Beelman (1987) found that decanOic acid in very low concentrations did not affect the
growth of Leuconostoc oenos significantly. However, concentrations of 5.0 to 10.0 mg/I
inhibited the growth and malolactic activity of these bacteria, while 30 mg/I resulted in cell
death. It seemed, however, as if the bacteria were able to adapt to the fatty acids at the
concentration of 10 mg/I, with growth observed after an initial inhibitory phase. This
inhibition was also observed by Lonvaud-Funel et al. (1988) but they showed that
hexanoic-, octanoic- and decanoic acids were more inhibitory towards a L. oenos strain
when added in combination than alone. This suggests that these fatty acids can act
synergistically in their action towards the bacteria. Dodecanoic and especially palmitoleic
acids were found to be very inhibitory to the bacteria. Resting cells were also more
affected than growing cells. Decanoic- and dodecanoic acids were, however, found to be
stimulatory to the growth of a L. oenos strain at concentrations up to 12.5 and 2.5 mg/I,
respectively, by Capucho and San Rornáo (1994). At higher concentrations inhibition was
observed, especially at lower pH values, which suggests that the undissociated form of the
acid enters the cell and release its proton in the cytoplasm. As with yeast, this may lead to
the dissipation of the transmembrane proton gradient, which in turn can affect the
differential permeability of the plasma membrane. The lowering of the intracellular pH may
also affect cytoplasmic enzymes and more ATP is required to reestablish the correct
intracellular pH through the ATPase pump in the plasma membrane. This could also
retard growth further. The migration of the undissociated fatty acid over the plasma
membrane is also dependent on the pH gradient over the cell membrane. Some Gram
positive bacteria, which are resistant to these fatty acids are known to lower their internal
pH, to have high intracellular potassium concentrations to counter the reduction in internal
pH and to have a very low pH gradient. Lactic acid bacteria are known to decrease
intracellular pH and have a very low pH gradient over the plasma membrane in the
presence of high concentrations of fermentation acids, which could enhance their
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resistance to these acids (Russell and Diez-Gonzalez, 1998). Edwards et al. (1990),
however, found malolactic fermentation to proceed faster in wines with higher fatty acids
produced by yeast. The yeast produced more fatty acids in wines made of must from
clarified juice than wine made from must to which grape solids was added to. They
postulated that the inhibitory effect exhibited by yeast towards lactic acid bacteria could
involve factors other than the production of fatty acids by the yeast. There has been no
work done on lactic acid bacteria to determine if these bacteria can produce medium chain
fatty acids in must or wine.

2.5 SOURCES OF ACETIC AND MEDIUM CHAIN FATTY ACIDS IN GRAPE MUST
AND WINE

2.5.1 Acetic acid bacteria

Acetic acid bacteria have long been considered to play little, if any role in the winemaking
process due to their aerobic nature (Joyeux et al., 1984a). Sound wine making practices
were considered to be sufficient to inhibit the growth of these organisms. These include
maintenance of anaerobic conditions through blanketing of the wine with an inert gas or
filling containers completely. The correct use of sulfur dioxide may also help with this
(Amerine and Kunkee, 1968). However, it has become more evident that these organisms
can survive and even multiply in some cases under the anaerobic or semi anaerobic
conditions found in wine making. Their contribution to the chemical composition of the
must and wine are now beginning to be understood and investigated (Drysdale and Fleet,
1989b).

2.5.1.1 Different species occurring in must and wine

Acetic acid bacteria belong to the family Acetobacteraceae and are Gram negative,
catalase positive rods (De Ley et al., 1984; Holt et al., 1994). These parameters can
however change, with some strains being Gram variable, spherically shaped and catalase
negative (Ameyama, 1975; Gosselé et al., 1983). Some strains of these bacteria are
renowned for their variability and ability to change their characteristics (Carr and
Passmore, 1979; Kittelman et al., 1989), which further complicates classification. Since
the purpose of this review is not to discuss the isolation and identification of
microorganisms in wine, only a brief overview of this will be given. Numerous types of
media have been reported for the isolation of acetic acid bacteria. These media normally
contain a suitable carbon- and nitrogen source, vitamins and other growth factors. The
carbon sources include glucose, ethanol, mannitol etc. Some of these media also
incorporate CaC03 and bromocresol-green as acid indicators (De Ley et al., 1984;
Drysdale and Fleet, 1988; Swings, 1981).

The acetic acid bacteria are divided into the genera Gluconobacter, Aeetobaeter and
Frateuria (Holt et al., 1994). Of these, Glueonobaeter oxydans (G. oxydans), Aeetobaeter
aeeti (A. aeetl), Aeetobaeter pasteurianus (A. pasteurianus), Aeetobaeter liquefaeiens (A.
liquefaeiens) and Aeetobaeter hansenii (A. hansenil) are normally associated with grapes
and wine (Drysdale and Fleet, 1988). Although Frateuria has been isolated from
raspberries (Swings et al., 1980) and not grapes, the possibility of their occurrence on
grapes cannot be excluded. They are however not able to tolerate ethanol concentrations
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higher than 5%, making their occurrence in wine unlikely (Holt et al., 1994). One of the
most common differences between Gluconobacter and Acetobacter is the ability of
Acetobacter to oxidize ethanol to acetic acid and later into CO2 and water. Gluconobacter,
however, can only oxidize the ethanol to acetic acid. To further distinguish with
biochemical and physiological tests between these strains, Holt et al. (1994) and Drysdale
and Fleet (1988) may be referred to. Other, more sophisticated tests include numerical
analyses of phenotypical characteristics, electrophoretic protein profile analysis (Gosselé
et al., 1983; Kerster and De Ley, 1975), occurrence and characterization of plasmids
(Fukaya et al., 1985) and sequencing and comparison of 16S rRNA and DNA (SokolIek et
al., 1998; Yamada et al., 1997).

The main species observed on unspoiled grapes is G. oxydans, which normally exists
at cell counts between 102-103 cells per ml (Joyeux et al., 1984a). In an investigation into
sorbic acid resistant Gluconobacters occurring on grapes, Splittstoesser and Churney
(1992) found 43 out of 65 isolates belonging to this species, but they also found ten
isolates that did not correspond with the specific characteristics of the Gluconobacter,
Acetobacter or Frateuria genera. Blackwood et al. (1969) found 73% of the species
isolated on ripe Bordeaux grapes to be G. oxydans, while Passmore and Carr (1975)
found this species only on dried out grapes as well as on young shoots. These counts are
the same for fresh must (Drysdale and Fleet, 1985; Joyeux et al., 1984a). This is not
surprising, since this specie prefers a sugary rich environment. Although this species is
believed to die quite quickly during alcoholic fermentations due to its low ethanol tolerance
Splittstoesser and Churney (1992) and Drysdale and Fleet (1985) have isolated up to 104

cells per ml from wine. Normally their numbers decrease to between 0 and 102 cells per
ml at the end of alcoholic fermentation (Joyeux et al., 1984a).

The number of acetic acid bacteria increases drastically on rotten or Botrytis infected
grapes, with cell counts as high as 106 cells per ml being recorded. When this happens,
Acetobacter species start to dominate. This may be due to the ethanol production by wild
yeast occurring on the damaged grapes (Joyeux et al., 1984a). Acetobacter species
prefer ethanol as a carbon source (De Ley et al., 1984). This may also explain their
dominance during the later stages of fermentation and in the wine (Drysdale and Fleet,
1985; Joyeux et al., 1984a). Acetic acid bacteria are aerobic microorganisms, thus the
production of carbon dioxide during alcoholic fermentation should inhibit their growth in
must during fermentation. Joeyx et al. (1984a) found a drastic reduction in acetic acid
bacteria numbers during alcoholic fermentation. Cell counts in white Sauterne style wine
were reduced from 106 cells per ml in the must to 103 cells per ml at the end of alcoholic
fermentation. This was also true for a red wine fermentation where an initial cell count of
104 cells per ml was reduced to 20 cells per ml. They found that A. aceti and
A. pasteurianus started to dominate during alcoholic fermentation. However, Vaughn
(1955) found that some A. aceti strains can acidify must during alcoholic fermentation.
Drysdale and Fleet (1985) only found G. oxydans in wine undergoing alcoholic
fermentation. However, Drysdale and Fleet (1989b) found that G. oxydans and
A. pasteurianus could grow in conjunction with S. cerevisiae during alcoholic fermentation
from an initial inoculation of 103-105 cells per ml to 106 to 108 cells per ml. An A. aceti
strain tested was not able to grow in juice alone, but did grow in the presence of
S. cerevisiae. They stated that this may be due to the weak ability of A. aceti to grow on
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sugar as sole carbon source and the production of ethanol by the yeast probably
stimulated its growth. In an investigation of the microbiological status of Nigerian palm
wine, Okafor (1975) also found Acetobacter to grow from the third day of alcoholic
fermentation. The growth of these bacteria during alcoholic fermentation may also be
linked to the number of bacteria and yeast in the beginning of fermentation in the must,
according to Watanabe and lino (1984) as in Drysdale and Fleet (1988). They found that
the must into which only S. cerevisiae was inoculated contained only 0.54 gil acetic acid at
the end of alcoholic fermentation. This increased to 4.56 gil acetic acid when the same
number of S. cerevisiae and Acetobacter species (about 1.0x106 cells per ml) were
inoculated into the same must. Splittstoesser and Churney (1992) also found that the
growth of Gluconobacter species isolated from grapes in the presence of different
concentrations of ethanol and sorbic acid depended on the size of the inoculum used. It
thus seems that the initial population of acetic acid bacteria before the commencement of
alcoholic fermentation may also determine the number of cells surviving during
fermentation.

Joyeux et al. (1984a) found that in red wine, the number of acetic acid bacteria
increased from 20 cells per ml after alcoholic fermentation to about 3 x 104 cells per ml
after this wine was drained from the fermentation tank. The pumping over and racking of
wine after fermentation may lead to the uptake of small amounts of oxygen. This may lead
to the renewed growth, or at least the survival of acetic acid bacteria in the wine. During
malolactic fermentation, cell counts remained at 102-103 cells per ml and consisted mainly
of A. pasteurianus. These numbers were also found when the wine was aged in barrels,
but at this stage A. aceti started to dominate. Gluconobacter strains were isolated until a
few days after filling of the barrels, but disappeared soon afterwards, suggesting that these
bacteria can be incorporated into the wine by contaminated wine or equipment. An
investigation by Drysdale and Fleet (1985) showed that A. paste urian us dominated in wine
stored in tanks and barrels and that these counts were between 101-105 cells per ml. They
also found A. aceti, but to a lesser extent than A. pasteurianus. These bacteria were
isolated from the top, middle and bottom parts of these tanks and barrels, suggesting that
acetic acid bacteria can actually survive under anaerobic or semi anaerobic conditions
occurring in these containers. A. hansenii was also isolated around the openings of
barrels.

2.5.1.2 Factors influencing the growth of acetic acid bacteria in must and wine

A. Ethanol

Acetic acid bacteria are well known for their ability to oxidize ethanol to acetic acid.
Ethanol is thus a good carbon source for acetic acid bacteria, but is also inhibiting towards
them at too high concentrations. De Ley et al. (1984) stated that in media containing 5%
ethanol only 58% of the Acetobacter strains tested grew and this was reduced to only 13%
in media containing 10% ethanol. Of these, only 20% of the A. pasteurianus strains and
no A. aceti strains that were tested were able to grow. Only 5% of the Gluconobacter
strains tested were able to grow in media containing 5% ethanol. However, the ability of
these bacteria to stay viable and even grow in wine containing between 10-14% (v/v)
alcohol is well known. In different experiments, Joyeux et al. (1984a), Drysdale and Fleet
(1989) and Kësebalan and Ozilgen (1992) were all able to grow acetic acid bacteria at
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high alcohol concentrations (between 10-14 % (v/v)). Vaughn (1955) stated that the
maximum alcohol concentration tolerated by these bacteria is between 14 -15% (v/v).
Cruess (1948) recommended an alcohol concentration of 15.5% (v/v) in sherry stock to
inhibit the growth of acetic acid bacteria. Thermotolerant acetic acid bacteria isolated and
characterized by Saeki et al. (1997b) were able to grow and oxidize ethanol at 9% (v/v)
without a lag phase. When this concentration was increased to 10% (v/v), the bacteria
overcame this inhibitory effect and oxidized the ethanol after an initial lag phase, which
suggests that these bacteria have acquired ethanol tolerance, according to Saeki et al.
(1997b). Acetic acid bacteria have even been isolated from sake and tequila, which have
a higher alcohol concentration than wine (Swings, 1981). It is thus clear that the ethanol
tolerance of these bacteria is dependant on the strain and that some of these strains can
grow under normal alcohol concentrations found in wine.

B. pH and acidity

The optimum pH for growth of acetic acid bacteria is 5.5-6.3 (Holt et al., 1994). These
bacteria can, however, survive at the low pH values found in wine between 3.0 and 4.0.
Vaughn (1955) states that pH 3.3 and lower is inhibitory to most lactic acid bacteria in wine
but not to acetic acid bacteria. Drysdale and Fleet (1985) were able to isolate acetic acid
bacteria from different wineries in wine with pH values ranging from 3.02-3.85. It is,
however, believed that the growth of these bacteria is inhibited at lower pH values. Joyeux
et al. (1984a) found that cell numbers of an A. aceti strain decreased faster at pH 3.4 than
at pH 3.8 under complete anaerobic conditions. The ethanol sensitivity of these bacteria
may also differ at different pH values. Dupuy and Maugenet (1963) found that an
A. pasteurianus strain was able to survive at pH 3.4 at a maximum ethanol concentration
of 12.5%, but this decreased to 8.2% ethanol at pH 3.0. More sulfur dioxide is also in the
free molecular form at a lower pH, which is the active form against microorganisms.
Kitlelman et al. (1989) isolated acetic acid bacteria that could grow at pH values as low as
2.0-2.3 in media containing acetate while being aerated. They also postulated that three
groups of strains might exist in a vinegar fermentation. Acetophilic strains that only grow
at a pH value of about 3.5, acetophobic strains that only grow at pH levels higher than 6.5
and acetotalerant strains that can grow at both these pH values. There may be a gradual
development from acetophobic to acetotalerant strains and with prolonged exposure to low
pH and high acetic acid concentrations to acetophylic strains. This suggests the
development of a gradual acid resistance in these bacteria. The prolonged survival of
acetophilic strains were also observed by Kosebalaban and Ozilgen (1992) and they also
suggested a gradual development from acetophobic to acetophilic strains.

c. Oxygen

Acetic acid bacteria use oxygen as the terminal electron acceptor during respiration
(Matsushita et al., 1994). As mentioned before, the maintenance of anaerobic conditions
and the use of sulfur dioxide have always been believed to be sufficient to inhibit the
growth of aerobic acetic acid bacteria in wine (Amerine and Kunkee, 1968). Although it is
true that these actions could help prevent the growth of these bacteria, it is becoming
clearer now that acetic acid bacteria can survive and even grow under these unfavorable
conditions. The isolation of high numbers of acetic acid bacteria from tanks and wooden
barrels confer this (Drysdale and Fleet, 1985; Joyeux et al., 1984a). The exposure of wine
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to air enhances this process, even if it is only for a very short period of time. This could
happen when wine is being pumped over or transferred. Joyeux et al. (1984a) found a 30-
40 fold increase in the number of acetic acid bacteria growing in wine in which 7.5 mg/I
oxygen had dissolved after exposure to air. The acetic acid concentration also increased
significantly. They also stated that during the aging of wine in wooden barrels, about 30
mg/I oxygen penetrates through the wood into the wine in a year. This could sustain a
viable population of acetic acid bacteria in the wine.

Drysdale and Fleet (1989a) investigated the effect of different oxygen concentrations
in wine on the growth and survival of acetic acid bacteria. They found that wine that was
fully aerated sustained the rapid growth of a A. aceti and A. pasteurianus from an initial
cell count of 104-105 cells per ml to 108 cells per ml within a few days. Both these species
also grew in wine held at 70% dissolved oxygen, but the final cell counts were lower,
ranging from 106 to 107 cells per ml. The A. aceti strain did not grow in 50% dissolved
oxygen; whereas A. pasteurianus only exhibiting limited growth at this oxygen
concentration. Importantly, the bacteria did not grow, but survived at low numbers in the
wine containing 50% oxygen. This was accompanied by an increase in the acetic acid
concentration. Since wine at 20°C, when it is saturated with air, contains 7.2 mg/I oxygen,
the occurrence of these bacteria in wine stored in wooden barrels into which oxygen can
dissolve can be a problem for the wine maker. The prolonged occurrence of these
bacteria can thus, over a period of time, increase the volatile acidity of the wine, especially
at higher temperatures and pH values (Ribéreau-Gayon, 1985).

Acetic acid bacteria can also use compounds such as quinones and reducible dyes as
electron acceptors and this may also contribute to their occurrence in wine. Adlercreutz
and Matliasson (1984) found that G. oxydans exhibits a four-fold oxidation reaction rate of
glycerol with p-benzoquinone as electron acceptor than with oxygen. The byproduct
formed from this, hydroquinone, can be oxidized to p-benzoquinone for re-use. These
phenolic compounds can occur in wine. The production of 2,5-diketogluconic acid by
G. oxydans (Qazi et al., 1993) from glucose is also enhanced by a high dissolved oxygen
concentration. It thus seems as if these bacteria can survive and even grow in the
anaerobic or semi anaerobic conditions imposed on them in wine.

D. Sulfur dioxide

As mentioned before, the correct use of sulfur dioxide should prevent the growth of acetic
acid bacteria in wine according to Amerine and Kunkee (1968). However, Joyeux et al.
(1984a) found that acetic acid bacteria grew in wine containing 20 mg/I free sulfur dioxide.
They thus concluded that the levels of S02 used in wine are not always adequite to inhibit
these bacteria and that temperature and pH have a more pronounced effect on the
bacteria. Watanabe et al. (1984) as in Drysdale and Fleet (1988), found that up to 100
mg/I S02 was needed to inhibit the growth of an Acetobacter species in grape must.
Drysdale and Fleet (1985) isolated 2.7 x 105/ml A. pasteurianus cells from a red wine
containing 81.6 mg/I S02 and which had a pH of 3.46, concluding that higher occurrences
of acetic acid bacteria did not necessarily correlate with low S02 concentrations and high
pH values. According to Boulton et al. (1995) A. aceti can be controlled by 0.8 mg/I of
molecular S02 in the presence of anaerobic conditions. They also state that the recent
trend to make wine with a lowered S02 content may contribute to the higher incidence of
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Acetobacter pasteurianus to be found in wine. In tests conducted to determine which
treatment is the most successful in eliminating acetic acid bacteria from mini wooden
staves contaminated with A. aceti and A. pasteurianus, Wilker and Dharmadhikari (1997)
found that even 250 mgll of free sulfur dioxide was not enough to eliminate these bacteria
completely from these wooden staves. Two weeks after the treatment of the staves with
S02, acetic acid bacteria were detected. They also treated the staves with potassium
carbonate, chlorine and a hot water treatment. Of these, only the hot water treatment (85-
88°C for 20 minutes) was effective in eliminating the acetic acid bacteria. They concluded
that the pores in the wood, as well as the film produced by the bacteria might have kept
the chemical treatments from coming in direct contact with the bacteria, thus rendering
them ineffective. Splittstoesser and Churney (1992) found that 88% of the isolated
Gluconobacters to be resistant to 1000 mgll sorbic acid. It is clear that no detailed work
has been done on the sulfur dioxide resistance of these bacteria and very little on other
compounds used in the wine making industry to inhibit their growth.

E. Temperature

The optimum growth temperature according to Holt et al. (1994) is 25-30°C for Acetobacter
and Gluconobacter, with no growth observed for the latter strain at 37°C. De Ory et al.
(1998) found the maximum temperature for growth for A. aceti to be around 35°C. Saeki
et al. (1997b) isolated thermotolerant acetic acid bacteria that are able to grow at 37-40°C.
These bacteria were able to oxidize ethanol at the same rate at 38-40oC as mesophilic
strains do at 30°C. These thermotolerant strains oxidized the ethanol more rapidly at the
higher temperatures than the mesophilic strains. Lu et al. (1999) also found a
thermotolerant Acetobacter strain to produce more acetic acid (up to 41 gIl) compared to
two non-thermotolerant Acetobacter strains. This thermotolerant strain still retained 97%
and 68% of its acetic acid production at 35°C and 37°C respectively, compared to 30°C.
According to Ohmori et al. (1980) the ability of these bacteria to grow at higher
temperatures may be as a consequence of their increased tolerance to ethanol and acetic
acid.

Vaughn (1955) states that an A. pasteurianus strain had an optimum temperature of
20°C, while Joyeux et al. (1984a) observed a 30-40 fold increase in cell numbers of
A. aceti in wine stored at 18°C for one week. Even at 10°C weak growth was observed.
Drysdale and Fleet (1989b) found that experiments done on the effect of acetic acid
bacteria upon the growth and metabolism of fermenting yeast in grape juice gave the
same conclusions from results obtained at 18°C and 25°C. It thus seems as if these
bacteria can survive at lower cellar temperature but the lowering of wine storage
temperatures to 10-15°C seems to inhibit their growth to a large extend (Joyeux et al.
1984a). It still has to be determined at which minimum temperature these bacteria can
grow (Drysdale and Fleet, 1988), although De Ory et al. (1998) did find that A. aceti could
not grow below 8°C.
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2.5.1.3 Metabolism and production of acetic acid and other metabolites that may

influence the winemaking process and wine quality

A. Ethanol oxidation and the enzymes involved

The oxidation of ethanol to acetic acid is the most well known characteristic of acetic acid
bacteria. Due to the economical importance of this process in the production of vinegar,
the biochemical processes involved have been extensively studied (Drysdale and Fleet,
1988). Two enzymes play a critical role in this oxidation process and they are a
membrane bound alcohol dehydrogenase (ADH) and a membrane bound aldehyde
dehydrogenase, both of which have their active sites on the outside surface of the
cytoplasmic membrane (Adachi et ai., 1978; Adachi et ai., 1980; Saeki et ai., 1997b).
These dehydrogenase enzymes consist of quinoproteins and f1avoproteins, which have
pyrroloquinoline quinone and covalently linked flavin adenine dinucleotide as prosthetic
groups, respectively. The alcohol dehydrogenase oxidizes the ethanol to acetaldehyde,
which is further oxidized to acetate by aldehyde dehydrogenase (Matsushita et ai., 1994;
Saeki et ai., 1997b). The alcohol dehydrogenase consists out of two or three subunits,
which include the dehydrogenase and cytochrome e subunits that are essential for the
activity of the enzyme. The three component type alcohol dehydrogenase, consisting of a
72-78 kDa dehydrogenase, a 48 kDa cytochrome-e and a 20 kDa subunit were found in
A. aeeti and A. pasteurianus. The two component type alcohol dehydrogenase was found
in Aeetobaeter polyoxgenes. The two bigger subunits playa role in the intramolecular
transport of electrons from ADH to ubiquinone and further to the terminal oxidase during
the oxidation of ethanol. The smaller one helps the two functional subunits with their
association on the membrane (Kondo and Horinouchi, 1997; Saeki et ai., 1997b). This
membrane bound alcohol dehydrogense has pyrroloquinoline as a cofactor and is
independent of NAD(Pt, while a cytoplasmic NAD(Pt dependent alcohol dehydrogenase
has also been identified. The latter however, has a much lower specific activity than the
membrane bound alcohol dehydrogenase and higher optimal pH of 6-8, which limits its
contribution to the oxidation process of ethanol (Adachi et al., 1978; Matsushita et al.,
1994; Takemura et ai., 1993). The NAD(Pt independent enzyme has an optimal pH of 4,
but enzymatic activity was still measured at a pH of 2 with intact cells or cell homogenate.
However, when the enzyme was removed from the cell membrane, no activity was
observed at pH levels lower than 3 (Adachi et al., 1978; Nomura et al., 1997). The alcohol
dehydrogenase activity of Aeetobaeter is more stable under acetic conditions than that of
Glueonobaeter, explaining the higher production of acetic acid by Aeetobaeter (Matsushita
et al., 1994). It is thus clear that these enzymes are active in the environment imposed on
them in wine. The different enzymes and intermediates involved in the utilization of
glucose and ethanol are shown in Figure 2.2 (Saeki et ai., 1997a).

The other enzyme involved in the oxidation of ethanol to acetic acid is aldehyde
dehydrogenase. This NAD(Pt independent enzyme is also located in the cytoplasmic
membrane and has an optimum pH between 4 and 5. It is, in addition, also able to
catalyze the oxidation of acetaldehyde to acetate at lower pH values, according to Adachi
et al. (1980). Saeki et al. (1997b) found during the characterization of thermotolerant
acetic acid bacteria that there was little difference in the thermostability of the alcohol
dehydrogenases and the aldehyde dehydrogenases from thermotolerant and mesophilic
strains. The latter enzyme however, is more thermostable than the alcohol
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dehydrogenase. The aldehyde dehydrogenase is more sensitive towards the alcohol
concentrations found in wine than the alcohol dehydrogenase and this may lead to an
accumulation of acetaldehyde in the wine at the expense of acetic acid formation
(Muraoka et al., 1983). Drysdale and Fleet (1989a) also found increased concentrations of
acetaldehyde in wine with a lower dissolved oxygen concentration in which acetic acid
bacteria had grown. They postulate that conditions that may lead to a higher alcohol
dehydrogenase activity compared to that of the aldehyde dehydrogenase, when lower
oxygen concentrations are available, may lead to higher acetaldehyde concentrations.
Acetaldehyde binds sulfur dioxide very strongly, rendering it ineffective against
microorganisms.

Glucose

EMP

Oxaloacetate

I
TCA
cycle

Malate

Ethanol

I
ltaldehYde

Ac tate

5~
Acetyl phosphate.----:-cetyl-GoA 4

Citrate<,
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Glyoxylate
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/
Glyoxylate
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Figure 2.2 Pathways (TGA and Glyoxylate cycles) and enzymes involved in the utilization of
glucose and acetic acid in Acetobacter. Different enzymes envolved: 1, alcohol dehydrogenase; 2,
aldehyde dehydrogenase; 3, acetate kinase; 4, phosphotransacetylase; 5, acetyl-GoA synthetase;
6, isocitrate lyase and 7, malate synthetase (Saeki et al., 1997a).
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Acetic acid bacteria are able to produce very high concentrations of acetic acid. This
characteristic has made them very important in the vinegar industry. Some strains can
easily produce over 50 gIl to 150 gIl acetic acid in a vinegar fermentation (Lu ef al., 1999;
Sievers ef al., 1997). These high concentrations are unlikely to be produced in wine
during normal wine making practices due to the lack of oxygen, but it is undoubtedly true
that these bacteria can significantly increase the acetic acid concentration in wine, which
may lead to spoilage. Acetic acid concentrations are considered to be detrimental to wine
quality at concentrations ranging between 0.7-1.2 gIl and higher, depending on the wine
style, although it can be perceived at even lower concentrations (Drysdale and Fleet,
1988; Zoecklein ef al., 1995). In a survey of 7311 Australian wines, Eglinton and
Henschke (1999) found that a high percentage of these wines had a volatile acidity level
(up to 33% for the red wines tested) which should be concerning to the winemakers.
Drysdale and Fleet (1989b) reported that A. eceti and A. pasfeurianus increased the acetic
acid concentration of grape juice by 10 and 50 mgll. G. oxydans, however, increased this
concentration by 1.64 gIl. The increase in acetic acid concentration in fully aerated wine
was between 1.28 and 3.75 gIl after the growth of A. eceti and A. pasfeurianus, with the
latter being the strongest producer of acetic acid. This increase also correlated with the
weaker growth of these bacteria in wine that has not been fully aerated, emphasizing the
important role oxygen plays in this process (Drysdale and Fleet, 1989a). In an
investigation as to when acetic acid bacteria produce most of the acetic acid in wine,
K6sebalan and Ozilgen (1992) found that an Acefobacfer strain produced most acetic acid
during the stationary and death phase and not during active growth. Their extended
occurrence in the wine may thus also lead to an increase in acetic acid concentration and
this spoilage is related to the size of the bacterial concentration. They postulated that wine
contaminated with acetic acid bacteria could be saved from being spoiled by removing the
bacteria prior to their death phase. The autolysis of these bacteria after cell death may
also release more of the acid into the wine. Joyeux ef al. (1984a) however, found a
significant increase in acetic acid concentration during the growth of these bacteria in
wine. Lu ef al. (1999) found that a thermotolerant Acefobacfer strain steadily oxidized
ethanol to acetic acid during the active log phase. The production of acetic acid then
reached a maximum during the stationary phase, indicating that most acetic acid was
produced during the active growth phase. Since these bacteria can survive until the end of
fermentation and can increase after exposure to air during racking, pumping over etc., it is
highly likely that they can increase the volatile acidity and acetic acid concentrations of
wine upon further storage and maturation. Small amounts of acetic acid formed by acetic
acid bacteria or even other microorganisms like yeast or lactic acid bacteria can enhance
the growth of these bacteria on ethanol as found by Nanba ef al. (1984).

Acefobacfer strains can further oxidize acetic acid to C02 and water through the
tricarboxylic acid cycle (De Ley ef al., 1984; Drysdale and Fleet 1989b). Strains of
Gluconobacfer are unable to do this due to a nonfunctional tricarboxylic acid cycle. This is
due to two enzymes of this cycle, alpha-ketoglutarate dehydrogenase and succinate
dehydrogenase, being nonfunctional (Greenfield and Claus, 1972). The difference in the
ability of these two genera to oxidize acetic acid is an important characteristic to
distinguish them. In the vinegar industry this oxidization is unwanted, due to the loss of
acetic acid. The enzyme acetyl-CoA synthethase is responsible for the formation of
acetyl-CoA from acetic acid. The acetyl-CoA enters the tricarboxylic acid cycle to be
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converted to the intermediates of this cycle or can also be further metabolized through the
glyoxylate cycle (Figure 2, Saeki et ai., 1997a). Saeki et al. (1997a) also found an
increase in the activity of acetyl-CoA synthethase, isocitrate lyase and malate synthethase
in the presence of acetic acid. Joyeux et al. (1984b) found that Acetobacter strains
produced very small amounts of acetic acid in must, while G. oxydans produced up to 0.92
g/I of the acid in the same must. They postulated that this could be due to the break down
of acetic acid by the Acetobacter strains. It, however, seems unlikely that acetic acid
bacteria metabolize acetic acid under normal winema king conditions, seeing that Saeki et
al. (1997a) found that these bacteria only utilized acetic acid when all other alternative
carbon sources like ethanol and glucose had been exhausted completely.

Acetic acid can also inhibit acetic acid bacteria, but these organisms are generally far
more resistant to this effect than other microorganisms associated with wine making. This
resistance is also strain dependent, with ethanol working synergistically with acetic acid to
inhibit the bacteria (Nanba et al., 1984). The enzyme citrate synthase plays a key role in
this resistance, with acetic acid being detoxicated by incorporation into the tricarboxylic or
glyoxylate cycles by the enzyme. Citrate synthethase could also supply high amounts of
ATP necessary to overcome the toxic effect of the acid (Fukaya et al., 1990; Sievers et al.,
1997). Menzel and Gottschalk (1985) reported that an Acetobacter strain lowered its
internal pH in response to a lower external pH. The bacterium was still able to grow with a
small ~pH existing over the cell membrane.

Another product of acetic acid bacteria metabolism that could affect wine quality is
ethylacetate. This ester of acetic acid could contribute positively to wine aroma at low
concentrations, but is considered unwanted at higher concentrations, due to its low flavor
threshold of 10 mg/l (Berg et ai., 1955). Kashima et al. (1998) isolated two esterases
responsible for the production of ethylacetate in A. pasteurianus, which are activated by
ethanol and are still active at pH 3. Drysdale and Fleet (1989a) found that the growth of
acetic acid bacteria could increase the ethylacetate concentration by up to 140 mg/! in
wine and up to 30 mg/! in must. Ethylacetate is also produced during alcoholic
fermentation by the yeast and the growth of acetic acid bacteria could further increase the
amount of this ester over the concentration considered detrimental to wine quality
(Drysdale and Fleet 1989a; Drysdale and Fleet, 1989b). Lactic acid bacteria can also
produce this ester but, according to Henick-Kling (1993) at very low levels, often spoiling
the wine sensorially differently than acetic acid bacteria which can produce higher levels.

B. Carbohydrate metabolism

Acetic acid bacteria can metabolize different carbohydrates as carbon source. Glucose is,
as with many other microorganisms, a good carbon source for most strains of acetic acid
bacteria. These bacteria can utilize glucose through different metabolic pathways.
Acetobacter species can use this sugar through the hexose monophosphate pathway (De
Ley et al., 1984; Drysdale and Fleet, 1988) as well as the Embden-Meyerhof Parnas and
Entner-Doudoroff pathways (Attwood et ai., 1991). From here it is further metabolized to
CO2 and water through the tricarboxylic acid pathway. FIOcker and Ettlinger (1977)
postulated that some Acetobacter strains use the pentose phosphate pathway to
metabolize glucose. However, it seems as if not all strains of Acetobacter can utilize
glucose effectively, as was found by De Ley (1961). De Ley et al. (1984) also states that
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some A. pasteurianus strains cannot grow on media containing glucose as a sole carbon
source. This could be due to the inability of these strains to phosphorolate this sugar upon
entry into the cell, according to De Ley (1959). However, the ease and regularity with
which A. pasteurianus had been isolated on glucose containing media (Drysdale and
Fleet, 1985) confirms the fact that this characteristic is probably strain dependent.

Sugar is normally more preferred as a carbon source by Gluconobacter than by
Acetobacter. This is also reflected in the fact that glucose is a better carbon source for this
genus than for Acetobacter (De Ley et al., 1984). The glucose metabolism in
Gluconobacter had been the topic of numerous studies due to the production of
metabolites with industrial importance by the bacteria during growth on glucose (Buse et
al., 1991; Olijve and Kok, 1979; Qazi et al., 1991; Qazi et al., 1993; Velizarov and
Beschkov, 1994; Weenk et al., 1984). These metabolites include gluconic, 2-ketogluconic,
5-ketogluconic and 2,5-diketogluconic acid. Acetic acid bacteria posses, as with the
alcohol dehydrogenase enzyme, also a NAD(Pt -dependent glucose dehydrogenase in the
cytoplasm and a membrane-bound NAD(Pt -independent glucose dehydrogenase, with
the latter being responsible for most of the glucose conversion. According to Qazi et al.
(1991) glucose is oxidized to glucono-8-lactone and from there to gluconic, 2-ketogluconic
and 2,5-diketogluconic acid, respectively. Gluconobacter can also use the pentose
phosphate pathway to generate energy. The route through which acetic acid bacteria
oxidize glucose is dependent on the pH and glucose concentration. Olijve and Kok (1979)
found that a pH lower than 3.5 and a glucose concentration of between 0.9-2.7 gil inhibits
glucose oxidation through the pentose phosphate pathway and it gets oxidized directly to
gluconic acid. At a glucose concentration lower than 1.8 gil the bacterium starts to utilize
gluconic acid according to Weenk et al. (1984). Stadler-Szoke et al. (1980) found the
optimum temperature for this direct oxidation to be between 30-33°C.

Seiskari et al. (1985) found that G. oxydans could produce up to 120 gil of gluconic
acid, while Drysdale and Fleet (1989b) also observed high levels of this acid being
produced. Attwood et al. (1991) also reported high levels of gluconic acid being produced
by an Acetobacter strain. The production of these sugar acids in grape musts can thus be
attributed mainly to the oxidation of glucose by acetic acid bacteria and not by the growth
of the fungi Botrytis cinerea, as previously thought (Eschenbruch and Dittrich, 1986;
Sponholz and Dittrich, 1984; Sponholz and Dittrich, 1985). The production of these
gluconic and ketogluconic acids can also influence the wine making process, due to the
ability of these acids to bind sulfur dioxide, thus rendering it ineffective against
microorganisms. This could then also lead to a higher total sulfur dioxide concentration in
the must or wine to maintain the desired level of free sulfur dioxide (Eschenbruch and
Dittrich, 1986).

Another important byproduct of glucose metabolism is the production of extracellular
polysaccharides by acetic acid bacteria (Kouda et al., 1997). Tayama et al. (1986) found
one of these polysaccharides to consist of P-(1-4)-linked D-glucose residues with side
chains consisting of L-rhamnosyl-(1-6)-D-glucosyl-(1-6)-D-glucosyl-(1-4 )-D-glucuronosyl-
(1-2)-D-mannose. Drysdale and Fleet (1989b) also reported on an A. pasteurianus strain
producing large quantities of an extracellular gum-like material in grape must in the
presence of S. cerevisiae. The production of this gum was surprisingly not observed in the
absence of the yeast. The production of these polysaccharides could affect the filterability
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of wine. Tahara et al. (1998) described an exo-1,4-p-Glucosidase isolated from
Acetobacter xylinum which breaks down some of these extracellular oligosaccharides.

Acetic acid bacteria can also utilize other carbohydrates, like fructose, mannitol, sorbitol,
galactose, mannose, arabinose, ribose and xylose (De Ley et a/., 1984). Joyeux et al.
(1984b) found that G. oxydans and A. aceti preferred glucose over fructose in grape must,
but started to utilized some of the fructose when there was still some glucose left in the
must. Some of these sugars are found in grape must at low concentrations, but it remains
to be seen if it could support the growth of acetic acid bacteria in must or wine. Drysdale
and Fleet (1989a) however, found that A. aceti and A. pasteurianus are able to utilize
residual sugar completely in two red wines during their growth. S. cerevisiae is not able to
metabolize these sugars during primary fermentation, which could therefore leave the
residual sugars in the wine for the acetic acid bacteria to grow.

C. Organic acids metabolism

Acetic acid bacteria are also able to metabolize different organic acids. This is achieved
through the tricarboxylic acid cycle through which these acids are oxidized to CO2 and
water. It is then not surprising that G/uconobacter, which lacks a functional tricarboxylic
acid cycle, is not able to oxidize most organic acids (Holt et a/., 1994). These organic
acids include acetic, lactic, malic, pyruvic, succinic, citric and fumaric acids. Joyeux et al.
(1984b) found a significant decrease in malic and citric acid in must in which A. aceti had
grown (4.7 to 1.8 gIl and 230 to 147 mgll repectively), while the succinic acid concentration
increased, especially in the must in which G/uconobacter had grown. Drysdale and Fleet
(1989a) also found a difference in the organic acid concentration of a red wine after the
growth of Acetobacter strains. They also found a decrease in the tartaric acid
concentration. They postulate that the accumulative effect of these changes can influence
wine quality. De Ley and Schell (1959) found that an Acetobacter strain can degrade 0-
lactate four times faster than the L-isomer. Another acid which is also formed is propionic
acid, which has a threshold value of 20 parts per million. Drysdale and Fleet (1989a)
found that acetic acid bacteria can produce between 10 and 30 mgll of this acid in wine,
which could further influence wine quality.

Another important metabolic byproduct of lactate metabolism is acetoin. De Ley
(1959) reported on an Acetobacter strain which converted most of the lactate in a medium
into acetoin. This formation could be via the formation of a-acetolactate. The buttery
aroma of this compound is considered to be an unwanted flavor in wine, according to
Amerine and Joslyn (1970).

D. Glycerol metabolism

Glycerol is also a good carbon source for acetic acid bacteria (De Ley et a/., 1984). Most
of the glycerol is converted to dihydroxyacetone and a small part utilized via the
phosphorylating oxidative pathway for biomass and energy synthesis (Svitel and Sturdik,
1994). Sponholtz and Dittrich (1985) reported that G. oxydans and an Acetobacter strain
produced high levels of dihydroxyacetone in grape must, with G/uconobacter producing up
to 259 mg/l. This could influence wine quality. Eschenbruch and Dittrich (1986) found that
acetic acid bacteria produced more dihydroxyacetone in the presence of yeast in grape
must. This could be due to the production of glycerol by the yeast, which is converted to
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dihydroxyacetone by the acetic acid bacteria. Dihydroxyacetone is also known to bind
sulfur dioxide, which could decrease the free sulfur dioxide concentration in must and
wine. The enzyme responsible for this conversion, glycerol dehydrogenase, is situated on
the plasmamembrane, with sufficient oxygen being required for this reaction (Claret et aI.,
1994; Svitel and Sturdik, 1994). The ability of acetic acid bacteria to use glycerol as a
carbon source could further enhance their survival and growth in wine. Glycerol is
considered to enhance the mouth feel of a wine and is therefore a wanted compound in
wine. Drysdale and Fleet (1989a) reported on an A. aceti strain that reduced the glycerol
concentration from 6.43 g/I to 2.39 g/I in a wine, which is below the taste threshold value of
4 to 5 g/1. Acetic acid bacteria can also use electron acceptors other than oxygen when
growing on glycerol, like p-benzoquinone (Aldercreutz and Matliasson, 1984), which could
further support their growth in wine.

2.5.1.4 Interactions with other winemaking organisms

The microbial ecology of grape must can be complex, with different species and strains of
wild yeast, S. cerevisiae, lactic acid bacteria and acetic acid bacteria occurring in the same
fermentation. Yeast and lactic acid bacteria are generally more sensitive to acetic acid
than acetic acid bacteria. It is therefore not surprising that acetic acid bacteria can
influence these other microorganisms. Gilliland and Lacey (1964) found an Acetobacter
strain capable of inhibiting S. cerevisiae and other wild yeast. Grossman and Becker
(1984) and Joyeux et al. (1984b) also observed an inhibiting effect of these bacteria on
yeast. In this work the yeast were inoculated after initial growth of the acetic acid bacteria
occurred. Drysdale and Fleet (1989b) studied the effect of inoculating yeast and acetic
acid bacteria simultaneously, as would normally happen in a wine cellar when yeast is
inoculated after crushing of the grapes. They found that the acetic acid bacteria did not
inhibit growth of the yeast to a great extent, but did affect the ability of the yeast to ferment
the must to dryness. The A. pasteurianus strains tested inhibited the fermentation ability of
the yeast the most, with between 24-30 g/I glucose and 45-55 g/I fructose left after the
control fermentations were fermented dry. In the control fermentations no acetic acid
bacteria were inoculated prior to alcoholic fermentation. Most strains of S. cerevisiae are
glucofilic and therefore prefer to take up glucose faster than fructose. This could lead to
an inbalance in the glucose/fructose ratio, which can lead to a stuck fermentation, as
reported by SchOtz and Gafner (1993). Joyeux et al. (1984b) reported that the acetic acid
bacteria tested metabolized glucose faster than fructose. This could also lead to an
inbalance the glucose/fructose ratio, which could further contribute to a stuck fermentation.
It is therefore clear that any delay to prevent the onset of alcoholic fermentation can result
in these bacteria being able to grow and produce compounds inhibitory to the yeast. Saeki
et al. (1997b) isolated thermotolerant acetic acid bacteria able to grow at temperatures
between 37-40°C and it is likely that thermotolerant acetic acid bacteria can also occur
under enological conditions. These temperatures can easily be reached in an alcoholic
fermentation if efficient temperature control is not applied and could be very detrimental to
yeast. De Ory et al. (1998) states that bacteria suffer the harmful effects of temperatures
exceeding their optimal temperature less than yeast, due to a higher energy requirement
for multiplication and denaturation activation by the yeast. Very high fermentation
temperatures could thus promote the growth of these thermotolerant acetic acid bacteria,
while making the yeast more ethanol and acetic acid sensitive.
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Acetic acid bacteria can also influence lactic acid bacteria, but very little work has
been done on this. Gilliland and Lacey (1964) found an Acetobacter strain to inhibit a
Lactobacillus species, but Joyeux et al. (1984b) found acetic acid bacteria to stimulate
malolactic fermentation.

2.5.2 Yeast

2.5.2.1 Production of acetic acid by yeast

No detailed studies have been performed on the biochemical and enzymatic pathways
involved during the formation of acetic acid in grape juice during alcoholic fermentation.
The ability to produce low levels of acetic acid is one of the criteria that wine yeast must
comply with in selecting a strain for commercial use in winemaking. As early as 1968
Rosell et al. reported on a S. cerevisiae strain being able to produce significant amounts of
acetic acid from ethanol. The Crabtree effect, that is the inhibition of respiration and
occurrence of fermentation under conditions of high sugar and low oxygen concentration,
is well known in S. cerevisiae. Under these conditions the yeast would consume sugar by
transforming it to pyruvate. The pyruvate can then be decarboxylized to acetaldehyde,
which can either partly be secreted, reduced to alcohol or oxidized to acetic acid (Millán
and Ortega, 1988). In respiring cells pyruvate is transformed to acetyl-GoA by a pyruvate
dehydrogenase complex, which can be further metabolized in the mitochondria through
the tricarboxylic acid cycle to generate ATP. In fermenting cells, pyruvate is
decarboxylized to acetaldehyde by pyruvate decarboxylase, which is reduced to ethanol
by alcohol dehydrogenase. Acetaldehyde can also be oxidized to acetate by acetaldehyde
dehydrogenase, which the yeast cell uses to generate acetyl-GoA through acetyl GoA
synthetase during fermentative conditions. This pathway serves then as an alternative
route for the generation of free acetyl-GoA. A positive correlation was also found between
the acetate content in S. cerevisiae and the acetaldehyde dehydrogenase activity
(Hannemann, 1985). Acetate is thus an intermediate in the formation of Acetyl-GoA that
is utilized in many cellular processes. According to Postma et al. (1989) the yeast cell
switches from respiration to fermentation due to the uncoupling effect of organic acids
being produced, like acetic acid, on respiration. At high glucose concentrations, as in
grape must, the amount of acetyl-GoA synthethase, due to glucose repression, is not
enough to metabolize all the acetic acid, which can accumulate in the must. The yeast
then switches to alcoholic fermentation to generate ATP. The enzymes involved in
metabolism of pyruvate and the formation of acetate are shown in Figure 2.3. Millán and
Ortega (1988) however, found that the formation of ethanol, acetaldehyde and acetic acid
is dependent on the ratio of the oxidized and reduced coenzymes and not on their specific
activity. Other possible ways of acetate formation by yeasts include cleavage of citrate by
citrate lyase and the reversible formation from acetyl-phosphate by acetyl kinase (Boulton
et al., 1995).

2.5.2.2 Factors affecting the production of acetic acid in must by yeast

Many factors can influence the production of acetic acid in must by yeast. Of these, the
yeast strain seems to play the most important role. Hannemann (1985) found, among 100
S. cerevisiae strains, 13 which produced more than 1 gIl acetic acid, with Giudici and
Zambonelli (1992) reporting strains producing acetic acid between 52-710 mgll. Delfini
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and Cervetti (1991) classified yeast strains according to their acetic acid formation. These
are low (from 0.0-0.3 gIl), medium (0.31-0.6 gIl) and high (more than 0.6 gIl) acetic acid
producers. They also found S. cerevisiae strain uvarum to produce low concentrations of
acetic acid « 0.1 mg/l). High acetic acid producers, that is strains producing more than
0.6 gIl acetic acid, would be considered unsuitable for winemaking.

Pyruvate .. Acetaldehyde

+ 3/.etate
.. Ethanol

Glucose

1 2 5
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~
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~

Figure 2.3 Alternative ways of pyruvate metabolism in yeasts and the formation of acetate. The
various enzymes involved are indicated as: 1, pyruvate dehydrogenase complex; 2, pyrovate
decarboxylase; 3, acetaldehyde dehydrogenase; 4, acetyl-GoA synthetase; 5, alcohol
dehydrogenase (Postma et al., 1989).

Non-Saccharomyces yeasts, which occur naturally on grapes, can also influence the
acetate level during fermentation. Of these, Brettanomyces (Custer 1940), Z. bailii,
(Nickerson, 1943), Hanseniaspora uvarum, Kloeckera apiculata (K. apiculata) and
Candida krusei (Shimazu and Watanabe, 1981) can produce very high levels of acetic acid
during fermentation. Romano et al. (1992) also found great variation in the acetic acid
production of different apiculate yeasts. Some of these wild yeast strains can survive
during alcoholic fermentation and can influence the acetic acid levels in the wine. This
could have an important influence on wine quality. Bataillon and Rico (1996) reported that
K. apiculata can utilize thiamine very quickly in a must, thus stripping the must of this
vitamin, which is an essential cofactor of pyruvate decarboxylase. Sulfur dioxide can also
complex thiamin and this could influence the acetate production by the yeast further
(Boulton et al., 1995). Most of the acetic acid is produced during the early stages of
fermentation (Millán and Ortega; 1988; Rosell et al., 1968) and stops as soon as all the
sugar has been fermented (Radler, 1993). Millán and Ortega (1988) also found the
aldehyde dehydrogenase activity to be the highest during the early phase of fermentation,
when most of the acetic acid was produced.
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Other factors can also influence the acetic acid production of yeast. The nitrogen
content of the must plays an important role in this. Radler (1993) reported that certain
nitrogen compounds, like ammonium, glutamine and asparagine inhibit the production of
acetic acid. Other amino acids like valine and methionine seem to promote it. Delfini and
Cervetti (1991) also found methionine, alanine and cysteine to lower acetic acid formation
to a small degree, but concluded that ammonium does not have an effect on acetic acid
formation. The sugar concentration can also influence the amount of acetic acid formed
during grape must fermentations, with more acid being produced at sugar concentrations
that exceed 200 g/l (Radler, 1993). Monk and Cowley (1984) reported that S. cerevisiae
produced more acetic acid at glucose concentrations exceeding 160 g/l in a synthetic
grape juice, especially the juice to which nicotinic acid was added. If grapes are harvested
at high sugar concentrations the possibility of this contributing to higher volatile acidity
being produced by the yeast must also be kept in consideration by the winemaker. Higher
sugar concentrations can also enhance the production of acetic acid if the nitrogen supply
is insufficient in the grape must (Henschke, 1997; Henschke and Jiranek, 1993).

Extreme temperatures seem to promote acetic acid formation. Monk and Cowley
(1984) found an increase in volatile acidity of up to 2.2 g/l at a fermentation temperature of
10°C in the absence of nicotinic acid. This decreased to between 0.45 and 0.78 gIl
between 15-25°C. At 30°C this value (0.53 gIl) was also lower than at 25°C (0.78 gIl).
They observed a marked increase in volatile acidity in the presence of nicotinic acid, from
0.45 gIl volatile acidity in the medium containing no nicotinic acid to 1.12 gIl in the medium
containing 6 mg/!. This increase due to the presence of nicotinic acid was also observed
at different fermentation temperatures and different glucose concentrations. High
fermentation temperatures exceeding 30°C are also thought to inhibit the yeast and could
lead to higher acetic acid production. The pH can also influence acetic acid formation.
More acetic acid is produced at pH values lower than 3.2 and higher than 4, which is quite
extreme for normal wine musts (Radler, 1993).

Excessive clarification of the must can also result in yeast producing higher amounts
of acetic acid, according to Delfini and Cervetti (1991). They found that more acetic acid
was produced in free running must, especially those that were clarified before
fermentation. In musts that had skin contact or had been in contact with must deposits
had also lower levels of acetic acid. Grapes that were heated to 90°C for 30 minutes
before crushing also produced more acetic acid. It is believed that any action leading to
the depletion of must nutrients may also lead to higher acetic acid production by the yeast.
This may also explain the higher production of acetic acid by the yeast observed by Delfini
and Cervetti (1991) in clarified musts, which could have lost some nutrients due to the
sedimentation of solid grape particles. Delfini and Costa (1993) found that the addition of
clarification deposits to clarified must had the biggest effect on reducing the production of
acetic acid during fermentation. This also led to a higher fermentation rate. Diatomaceous
earth powder and talc additions in the beginning of fermentation also led to lower acetic
acid production.

2.5.2.3 Production of medium chain fatty acids

The synthesis of fatty acids has been well characterized. The first step in the synthesis of
the fatty acid requires acetyl-CoA. Acetyl-CoA can be formed through different
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mechanisms. One of the main sources is the oxidative decarboxylation of pyruvate. Due
to the lack of cytosolic pyruvate dehydrogenase, the pyruvate has to be transported into
the mitochondria. The acetyl-GoA is released into the cytosol via transport of citrate,
acetate or acetyl-carnitine. Acetyl-GoA can also be formed through the p-oxidation of fatty
acids and the enzyme involved in the transportation of the resulting acetyl-GoA, carnitine
acetyltransferase, is also involved in the transport of acetyl-GoA formed in the
mitochondria through the oxidation of pyruvate (Ratledge and Evans, 1989). Acetyl-GoA
can also be generated through the metabolism of amino acids, decarboxylation of oc-
ketoaeids or from the activation of acetate (Nykánen, 1986).

Malonyl-GoA must first be generated from acetyl-GoA and this is done by a
carboxylation reaction catalyzed by a biotin-dependent acetyl-GoA carboxylase. The next
step involves the transferring of the acetyl and malonyl groups from acetyl- and malonyl-
GoA on to the acyl carrier protein of the fatty acid synthetase complex. This is mediated
by acetyl transacylase and malonyl transacylase for acetyl-GoA and malonyl-GoA,
respectively. The subsequent condensation of the acetyl and malonyl groups is catalyzed
by the "condensing enzyme" p-ketoacyl synthase. The p-ketoacyl reductase forms the p-
hydroxy homologue, which can be made unsaturated by the P-hydroxyacyl-AGP
dehydratase. It can be made saturated again to the acyl derivative by enoyl-AGP
reductase. Another malonyl group can be attached to this to restart the cycle and to
extend the activated acyl-GoA group with two carbon atoms. These groups can either be
hydrolyzed to the fatty acid or be transformed to the corresponding ester by an alcohol.
Fatty acids with uneven carbon numbers can be formed by adding propionyl-GoA instead
of acetyl-GoA to the enzymatic complex (Ratledge and Evans, 1989).

32

Table 2.2 The production of different medium chained
fermentation of an artificial medium containi ucose and

1 49 258 152 53
2 732 2875 1103 206
3 1741 5418 2347 374
4 2418 6520 2884 149
6 2580 6437 4740 944
7 2801 5857 3273 157
8 2632 4999 2323 200
9 3098 5971 1598 243
10 3274 5308 1205 122
13 2714 4243 910 68
14 3013 4381 888 316

2.5.2.4 Factors affecting the production of medium chain fatty acids by yeast

Different factors can influence the production of medium chain fatty acids by yeast. As
with acetic acid formation, the yeast strain can also differ in their production of fatty acids.
Krauss and Forch (1975) and Shinohara (1986) observed that different S. cerevisiae
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strains produced varying amounts of hexanoic-, octanoic- and decanoic acids in the same
media. Ravaglia and Delfini (1993) observed great variation between different strains of
S. cerevisiae and different wild yeasts tested for fatty acid production. They classified
these strains as high, medium and low fatty acid producers and they postulated that yeast
with oxidative metabolisms might produce fatty acids in the beginning of fermentation.
Most of these fatty acids are indeed produced in the beginning of fermentation, with very
little of these fatty acids being produce during the middle and later stages of fermentation
(Bardi et al., 1998; Edwards et al., 1990; Krauss and Forch, 1975; Ravaglia and Delfini,
1993). This can be seen in Table 2.2 (Bardi et al., 1998).

The addition of oxygen during fermentation lowered the production of medium chain
fatty acids. Houtman et al. (1980) reported lower levels of these fatty acids fermented in
must which received some oxygen compared to those that were made in deaerated must.
Shinohara (1986) also found this and observed an increase of 3.9 to 9.6 mg!1 in the sum of
the hexanoic- and octanoic acids in musts fermented under conditions of oxygen additions
and complete anaerobic fermentation, respectively. Stirring of the ferment, with the
subsequent addition of small amounts of oxygen, also decreased the formation of these
fatty acids (Krauss and Forch, 1975). Oxygen is needed by the yeast cell during fatty acid
synthesis to make saturated fatty acids unsaturated. This might explain the formation and
accumulation of these medium chain fatty acids during fermentation, where almost no
oxygen is available to the cell to synthesize longer chain unsaturated fatty acids which are
required for ethanol tolerance.

Krauss and Forch (1975) and Shinohara (1986) both found a decrease in the
concentration of these fatty acids produced at lower fermentation temperatures, especially
lower than 20°C. Ravaglia and Delfini (1993) as well as Shinohara (1986) both found
lower levels in white than in red wine, with the latter correlating these levels with a higher
degree of clarification of white must prior to fermentation. The effect of skin contact on the
levels of these fatty acids being produced by S. cerevisiae was investigated by Guilloux-
Benatier et al. (1998). They found that skin contact enriched the must with unsaturated
long chain fatty acids (C16 and C1S). This also led to the yeast producing lower levels of
the toxic C10and C12medium chain fatty acids. Yeast synthesize these unsaturated long
chain fatty acids to increase its alcohol tolerance and Guillox-Benatier et al. (1998) also
observed that the yeast accumulates these acids extracted from the grapes. This,
together with the lower medium chain fatty acid production, led to a better cell viability with
a higher number of cells available to ferment the sugars in the must faster than in the
control must which had no skin contact. The yeast may thus synthesize lower levels of the
long chain fatty acids, due to its availability from extraction from the skins. This may lead
to the lower level of the medium chain fatty acids produced. Peddie (1990) proposed the
formation of ethyl esters of medium chain fatty acids as a mechanism to protect the cell
from the toxic effect of the fatty acid. The ethyl ester form is not as toxic as the fatty acid
(Stevens and Hofmeyer, 1993). Bardi et al. (1993) could however find no correlation
between the synthesis of the ethyl ester and the levels of the correlating free fatty acid.
They postulate that the yeast uses the ethyl ester as a mechanism to regenerate free CoA-
SH from the acyl-bounded form, with the subsequent esterfication of the acyl group of the
fatty acid with an alcohol.
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2.5.3 Lactic acid bacteria

The lactic acid bacteria can be divided into homofermentative and heterofermentative
strains, according to their metabolism of glucose. These include the homofermentative
Pediococcus and heterofermentative Leuconostoc genera that have a coccoid- or
coccobacilloid shape. The other genera also found in grape must and wine is the
homofermetative or heterofermetative Lactobacillus (Fugelsang, 1997; Van Vuuren and
Dicks, 1993). Homofermentatives lactic acid bacteria convert glucose to two molecules
pyruvic acid and then to two molecules lactic acid through the Embden-Meyerhof-Parnas
(EMP) pathway to generate energy in the form of ATP. The enzyme fructose-diphosphate
aldolase is not present in the heterofermentatives. These strains use the pentose
phosphate pathway which yields lactic acid and ethanol, acetic acid and CO2 (Fuqelsanq,
1997; Kander, 1983). Fructose is converted to lactic acid, acetic acid and mannitol
(Kander, 1983). Strasser de Saad and de Nandra (1992) found an increase of up to 3.9 g/I
of acetic acid during the growth of a L. oenos strain in MRS medium, containing glucose
and fructose as carbon sources. They also found that the bacteria utilized fructose faster
than glucose and the former correlated with the production of acetic acid. This is in
contrast to the findings of Tracey and van Rooyen (1988), who found the bacteria to
consume glucose faster. Rodriquez and Manca de Nadra (1995) found that a
Lactobacillus hilgardii strain produced more acetic acid in the early stages of growth in a
medium that contained grape juice. It is thus clear that the main attribute to volatile acidity
in wine from lactic acid bacteria normally comes from the heterofermentative strains.
Homofermentatives can also produce lactic and acetic acid when growing on pentases in
wine (Sponholtz, 1993).

Lactic acid bacteria occur on normal, healthy grapes in numbers of up to 104 cells per
ml. This could however, increase to 105-106 cells per ml on spoiled and damaged grapes.
These numbers are also reflected in the number of lactic acid bacteria present in the must
just after pressing. These numbers can further be influenced by winemaking practices,
like lowering of the pH through acid additions and sulphur dioxide additions, which
normally lower the number of bacteria in the must (Fugelsang, 1997; Lafon-Lafourcade et
al., 1983). During the course of a normal alcoholic fermentation the numbers of these
bacteria normally decrease drastically, but can increase again at the later stages and even
after alcoholic fermentation. This is due to the predominance of L. oenos at these stages
of the vinification process, which is more resistant to higher alcoholic concentrations and a
lower pH than Pediococcus and Lactobacillus (Fugelsang, 1997).

In recent years Californian winemakers have reported stuck fermentations when lower
sulfur dioxide dosages were used in the must. Huang et al. (1996) isolated three strains of
lactic acid bacteria from sluggish fermentions. They found that these strains inhibited
alcoholic fermentation when the bacteria were inoculated two days prior to yeast
inoculation, in which the bacterial numbers increased from 105 to 109 cells per ml. These
bacteria did not display the same degree of inhibition when inoculated at the same time as
the yeast, but the two yeast strains which were used also displayed different sensitivities
towards the bacteria. Edwards et al. (1998 a and b) identified two of these strains as L.
oenos and the other as Lactobacillus kunkeei. This type of lactic acid bacteria is
commonly known as "ferocious lactobacilli" (Boulton et al., 1995). To better understand
the inhibitory action of these bacteria towards yeast, Edwards et al. (1999) conducted a
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range of experiments with the Lactobacillus kunkeei strain. The bacteria were inoculated
two days prior to yeast inoculation and they observed an increase of acetic acid of 4 to 5
g/I over a period of 200 hours. Acetic acid was also added to a fermentation at the same
rate at which it was produced by the bacteria. This also led to a retardation of

. fermentation, but not to the same degree as when the yeast were grown with the bacteria.
The minimum inhibitory concentration of acetic acid for different S. cerevisiae strains
(ranging between 6 to 7.5 g/I for most of the strains) is also higher than the amount of
acetic acid produced by the bacteria. They thus concluded that the inhibitory effect of the
bacteria on the yeast could not be only due to high acetic acid production by the bacteria
and that some other unknown inhibitory effect could also contribute to this.

The occurrence of these stuck fermentations due to the occurrence of the ferocious
lactobacilli also correlated with a higher pH (pH 3.5 and higher) and low to no sulfur
dioxide additions prior to yeast inoculation (Boulton et aI., 1995; Davis et aI., 1986).
Unwanted Pediococci strains can also grow at higher pH values, which can further lead to
wine spoilage. The practice of inoculating yeast and lactic acid bacteria at the same time
can thus pose a problem if alcoholic fermentation does not start quickly and proceed
without interruption. If a high number of lactic acid bacteria exist in the wine after alcoholic
fermentation the wine is also more prone to spoilage, due to some of these bacteria being
brought over from the alcoholic fermentation (Fugelsang, 1997). An increase in volatile
acidity concentration during fermentation is therefore a possibility with simultaneous yeast
and lactic acid bacteria inoculation.

Avedovech et al. (1992) observed an increase in the volatile acidity of Chardonnay
wines which underwent malolactic fermentation by L. oenos from 0.54 g/I to 0.9 g/1. This
was also reported by Davis et al. (1986) and Saguir and Manca de Nadra (1996) who
observed a decrease in fumaric and especially citric acid, which also led to elevated acetic
acid levels. They also concluded that Pediococcus parvulus and other lactobacillus
species could metabolize pentose sugars after malolactic fermentation, which can also
lead to higher acetic acid levels. Vidal-Carou et al. (1990) reported higher volatile acidity
levels in Spanish wines which underwent malolactic fermentation, with a correlating
increase in histamine and tyramine concentrations. This does not mean that during
malolactic fermentation an increase in acetic acid would necessarily occur, as was
reported by Edwards et al. (1994) who observed no increase in volatile acidity during
malolactic fermentation. It thus seems as if this characteristic of different lactic acid
bacteria influencing the acetic acid levels differently is strain dependent.

2.6 REFERENCES CITED

Adachi, 0., Miyagawa, E., Shinagawa E., Matsushita, K. and Ameyama, M. (1978). Purification and
properties of particulate Alcohol Dehydrogenase from Acetobacter aceti. Agric. BioI. Chern. 42, 2331-
2340.

Adachi, 0., Tayama, K., Shinagawa E., Matsushita, K. and Ameyama, M. (1980). Purification and
characterization of Membrane-bound Aldehyde Dehydrogenase from Gluconobacter suboxydans. Agric.
BioI. Chern. 44, 503-515.

Adlercreutz, P. and Mattiasson, B. (1984). Oxygen supply to immobilized cells: 4. Use of p-benzoquinone as
an oxygen substitute. Appl. Microbiol. Biotechnol. 20, 296-302.

Stellenbosch University http://scholar.sun.ac.za



36

Alexandre, H., Mathieu, B. and Charpentier, C.C. (1996). Alteration in membrane fluidity and lipid
composition, and modulation of H+-ATPase activity in Saccharomyces cerevisiae caused by decanoic
acid. Microbiology. 142,469-475.

Amerine, MA, and Kunkee, RE. (1968). Microbiology of Winemaking. Ann. Rev. Microbiol. 22, 323-
358.

Amerine, MA and Joslyn, MA (1970). Table Wine (2nd ed.). University of California Press, Berkley (1970).
Ameyama, M. (1975). Gluconobacter oxydans subsp. Sphaericus, new subspecies isolated from grapes. Int.

J. Syst. Bacteriol. 25, 365-370.
Antoce, OA, Antoce, V., Takahashi, K., Pomohaci, N. and Namolosanu, I. (1997). A calorimetric method

applied to the study of yeast growth inhibition by alcohols and organic acids. Am. J. Enol. Vitic. 48, 413-
422.

Arneborg, N., Moos, M.K. and Jakobsen, M. (1995). The effect of acetic acid and specific growth rate on
acetic acid tolerance and trehalose content of Saccharomyces cerevisiae. Biotechnol. Lett. 17, 1299-
1304.

Arneborg, N., Moos, MK and Jakobsen, M. (1997). Induction of acetic acid tolerance and trehalose
accumulation by added and produced ethanol in Saccharomyces cerevisiae. Biotecnol. Lett. 19, 931-
933.

Attwood, M.M., Van Dijken, J.P. and Pronk, J. (1991). Glucose metabolism and gluconic
acid production by Acetobacterdiazotrophicus. J. Ferment. Bioeng. 72,101-105.

Avedovech, RM., McDaniel, M.R, Watson, B.T. and Sandine, W.E. (1992). An evaluation of combinations of
wine yeast and Leuconostoc oenos strains in malolactic fermentation of Chardonnay wine. Am. J. Enol.
Vitic. 43, 253-260.

Bardi, L., Crivelli, C. and Marzona, M. (1998). Esterase activity and release of ethyl esters of medium-
chained fatty acids by Saccharomyces cerevisiae during anaerobic growth. Can. J. Microbiol. 44, 1171-
1176.

Bataillon, MA and Rico, A. (1996). Early thiamine assimilation by yeasts under enological conditions:
impact on alcoholic fermentation kinetics. J. Ferm. Bioeng. 82, 145-150.

Berg, H.W., Filipello, F., Hinreiner, E. and Webb, A.D. (1955). Evaluation of thresholds and minimum
difference concentrations for various constituents of wines. I. Water solution of pure substances. Food
Technol. 9, 23-26 ..

Blackwood, A.-C., Guimberteau, G. and Penaud, E. (1969). Sur les bactéries acétiques isolées de raisins.
Comptes Rendus Hebdomadaires des Séances de l'Académie des Sciences, Séries D 269, 802-804.

Boulton, RB., Singleton, V.L., Bisson, L.F. and Kunkee, RE. (1995). Principles and Practices of
Winemaking. New York: Chapman & Hall.

Buse, R, Trager, M. and Onken, U. (1991). Diketo-gluconate fermentation by Gluconobacter oxydans.
Enzyme Microb. Techno. 13, 504-507.

Capucho, J. and San Rornáo, M.V. (1994). Effect of ethanol and fatty acids on malolactic activity of
Leunostoc oenos. Appl. Microbiol. Biotechnol. 42, 391-385.

Cardoso, H. and Leao, C. (1992). Mechanisms underlying the low and high enthalpy death induced by short-
chain monocarboxylic acids and ethanol in Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 38,
388-392.

Carmelo, V., Santos R, Viegas, CA and Sá-Correia, I. (1998). Modification of Saccharomyces cerevisiae
thermotolerance following rapid exposure to acid stress. Int. J. Food Microbiol. 42, 225-230.

Carr, J.G. and Passmore, S. (1979). Identification Methods for Microbiologists, (2nd ed.). FA Skinner and
D.W. Lovelock. Academic Press, Londen.

Cartwright, C.P., Veazey, F.J. and Rose, A.H. (1987). Effects of ethanol on activity of plasma membrane
ATPase in, and accumulation of glycine by Saccharomyces cerevisiae. J. gen. Microbiol. 133,857-865.

Casal, M., Cardoso, H. and Leao, C. (1996). Mechanisms regulating the transport of acetic acid in
Saccharomyces cerevisiae. Microbiology. 142,1385-1390.

Casal, M., Cardoso, C., and Leao, C. (1998). Effects of ethanol and other alkanols on transport of acetic acid
in Saccharomyces cerevisiae. Appl. Environ. Microbiol. 64, 665-668.

Cássio, F., Leao, C. and Van Uden, N. (1987). Transport of lactate and other short-Chained
monocarboxylate in the yeast Saccharomyces cerevisiae. Appl. Environ. Microbiol. 53, 509-513.

Stellenbosch University http://scholar.sun.ac.za



37

Claret, C., Salmon, J.M., Romieu, C. and Bories, A. (1994). Physiology of Gluconobacter oxydans during
dihydroxyacetone production from glycerol. Appl. Microbiol. Biotechnol. 41, 359-365.

Cole, M.B. and Keenan, M.H.J. (1987). Effects of weak acids and external pH on the intracellular pH of
Zygosaccharomyces bailii, and its implications in weak-acid resistance. Yeast. 3, 23-32.

Cruess, W.V. (1948). Investigations into the flor sherry process. Calif. Agric. Expt. Sta. Bull. No. 710.
Custer, M.T.J. (1940). Onderzoekingen over het gistgeslacht Brettanomyces. Thesis, Delft.
Davis, C.R., Wibowo, D.J., Lee, T.H. and Fleet, G.H. (1986). Growth and metabolism of lactic acid bacteria

during and after malolactic fermentation of wines at different pH. Appl. Environ. Microbiol. 51, 539-545.
De Ley, J. (1959). On the formation of acetoin by Acetobacter. J. gen. Microbiol. 21, 352-365.
De Ley, J. (1961). Comparative carbohydrate metabolism and a proposal for a phylogenetic relationship of

the acetic acid bacteria. J. gen. Microbiol. 24, 31-50.
De Ley, J., Gillis M. ,and Swings J. (1984). Family VI. Acetobactaceae. Bergey's Manual of Systematic

Bacteriology, vol. 1 (9th) ed. Williams & Wilkens. Maryland. U.S.A.
De Ley, J. and Schell, J. (1959). Studies on the metabolism of Acetobacter peroxydans: II. The enzymatic

mechanism of lactate metabolism. Biochim. Biophys. Acta 35, 154-165.
Delfini, C. and Cervetti, F. (1991). Metabolic and technological factors affecting acetic acid production by

yeasts during alcoholic fermentation. Vitic. Enol. Sci. 46, 142-150.
Delfini, C. and Costa, A. (1993). Effects of the grape must lees and insoluble material on the alcoholic

fermentation rate and the production of acetic acid, pyruvic acid, and acetaldehyde. Am. J. Enol. Vitic.
44,86-92.

De Ory, I., Romero, L.E. and Cantero, D. (1998). Modelling the kinetics of growth of Acetobacter aceti in
discontinuous culture: influence of the temperature of operation. Appl. Microbiol. Biotechnol. 49, 189-
193.

Dombek, K.M. and Ingram, L.O. (1987). Ethanol production during batch fermentations with Saccharomyces
cerevisiae: changes in glycolytic enzymes and internal pH. Appl. Environ. Microbiol. 53, 1286-1291.

Dombek, K.M. and Ingram, L.O. (1988). Intracellular accumulation of AMP as a cause for the decline in rate
of ethanol production by Saccharomyces cerevisiae during batch fermentation. Appl. Environ. Microbiol.
54,98-104.

Drysdale, G.S. and Fleet, G.H. (1985). Acetic acid bacteria in some Australian wines. Food Techno/. Aust.
37, 17-20.

Drysdale, G.S. and Fleet, G.H. (1988). Acetic acid bacteria in winemaking: A Review. Am. J. Enol. Vitic. 39,
143-154.

Drysdale, G.S. and Fleet, G.H. (1989a). The growth and survival of acetic acid bacteria in wines at different
concentrations of oxygen. Am. J. Enol. Vitic. 40, 99-105.

Drysdale, G.S. and Fleet, G.H. (1989b). The effect of acetic acid bacteria upon the growth and metabolism of
yeast during the fermentation of grape juice. J. Appl. Bacteriol. 67,471-481.

Dupuy, P. and Maugenet, J. (1963). Métabolisme de I'acid lactique par Acetobacter rancens. Ann. Techno/.
Agric. 12,5-14.

Edwards, C.G. and Beelman, R.B. (1987). Inhibition of the malolactic bacterium, Leuconostoc oenos (PSU-
1), by decanoic acid and subsequent removal of the inhibition by yeast ghosts. Am. J. Enol. Vitic. 38,
239-242.

Edwards, C.G., Beelman, R.B., Bartley, C.E. and McConnell, A.L. (1990). Production of decanoic acid and
other volatile compounds and the growth of yeast and malolactic bacteria during vinification. Am. J. Enol.
Vitic. 41,48-56.

Edwards, C.G., Haag, K.M. and Collins, M.D. (1998a). Identification and characterization of two lactic acid
bacteria associated with sluggish/stuck fermentations. Am. J. Enol. Vitic. 49,445-448.

Edwards, C.G., Haag, K.M. and Collins, M.D. (1998b). Lactobacillus kunkeei sp. nov., a spoilage organism
associated with grape juice fermentations. J. Appl. Microbiol. 84, 698-702.

Edwards, C.G., Peterson, J.C., Boylston, T.D. and Vasile, T.D. (1994). Interactions between Leoconostoc
oenos and Pediococcus spp. during the vinification of red wine. Am. J. Enol. Vitic. 45,49-55.

Edwards, C.G., Reynolds, A.G., Rodriguez, A.V., Semon, M.J. and Mills, J.M. (1999). Implications of acetic
acid in the induction of slow/stuck grape juice fermentations and Inhibition of yeast by Lactobacillus sp.
Am. J. Enol. Vitic. 50,204-210.

Stellenbosch University http://scholar.sun.ac.za



38

Eglinton, J.M. and Henschke, PA (1999). The occurrence of volatile acidity in Australian wines. Austr.
Grapegrow. & Winemaker. 7-12.

Eraso, P. and Gancedo, F. (1987). Activation of yeast plasma membrane ATPase by acid pH during growth.
FEMS Lett. 224, 187-192.

Eschenbruch, B. and Dittrich, H.H. (1986). Metabolism of acetic acid bacteria in relation to their importance
to wine quality. Zentralbl. Mikrobiol. 141,279-289.

Fernandes, L., Corte-Real, M., loureiro, V., loureiro-Dias, M.C. and leao, C. (1997). Glucose respiration
and fermentation in Zygosaccharomyces bailii and Saccharomyces cerevisiae express different
sensitivity patterns to ethanol and acetic acid. Lett. Appl. Microbiol. 25, 249-253.

Ferreira-Peireira, A., Alves-Ferreira, M. and De Carvalho-Alves, P. (1994). p-Nitrophenylphosphatase activity
of plasma membrane H+ATPase from yeast. J. BioI. Chemo 269,1207-12079.

FIUcker, J. and Ettlinger, L. (1977). Glucose metabolism in Acetobacter aceti. Arch. Microbiol. 114, 183-187.
Freese, E., Sheu, C.W. and Galliers, E. (1973). Function of Iypophilic acids as antimicrobial food additives.

Nature 241,321-325.
Fugelsang, K.C. (1997). Wine Microbiology. New York: Chapman & Hall.
Fukaya, M., Iwata, T., Entani, E., Masai, H. and Beppu, T. (1985). Distribution and charaterization of

plasm ids in acetic acid bacteria. Agric. Bio. Chem. 49, 1349-1355.
Fukaya, M., Takemura, H., Okumura, H., Kawamura, Y., Horinouchi, S. and Beppu, T. (1990). Cloning of

genes responsible for acetic acid resistance in Acetobacter aceti. J. Bacteriol. 172, 2096-2104.
Gilliland, R.B. and lacey, J.P. (1964). lethal action of Acetobacteron yeasts. Nature 202,727-728.
Giudici, P. and Zambonelli, C. (1992). Biometric and genetic study on acetic acid production for breeding

wine yeast. Am. J. Enol. Vitic. 43, 370-374.
Gosselé, F., Swings, J., Kersters, K., Pauwels, P. and De ley, J. (1983) Numerical analysis of phenotypic

and protein gel electrophoregrams of a wide variety of Acetobacter strains. Proposal for the
Improvement of the Taxanomy of the Genus Acetobacter Beijerinck 1898, 215. System. Appl. Microbiol.
4,338-368.

Greenfield, S. and Claus, G.W. (1972). Nonfunctional tricarboxylic acid cycle and the mechanism of
glutamate biosynthesis in Acetobacter suboxydans. J. Bacteriol. 112, 1295-1301.

Grossman, M.K. and Becker, R. (1984). Investigations on bacterial inhibition of wine fermentation.
Kellerwirtschaft 10, 272-275.

Guilloux-Benatier, M., le Fur, Y. and Feuillat, M. (1998). Influence of fatty acids on the growth of wine
microorganisms Saccharomyces cerevisiae and Oenococcus oeni. J. Ind. Microbiol. Biotech. 20, 144-
149.

Guldfeldt, L.U. and Arneborg, N. (1998). Measurement of the effects of acetic acid and extracellular pH on
intracellular pH of nonfermenting, individual Saccharomyces cerevisiae cells by Fluorescence
Microscopy. Appl. Environ. Microbiol. 64, 530-534.

Hannemann, W. (1985). Ausscheidung von Essigsaure durch garende Hefen und due Reinigung und
Charakterisierung einer NADP+spezifischen Aldehyd-Dehydrogenase aus Saccharomyces cerevisiae.
Thesis, Mainz.

Henick-Kling, T. (1993). Malolactic fermentation. Wine Microbiology and Biotechnology, G.H. Fleet (ed.). p
289-327. Harwood Academic Publishers.

Henschke, P. (1997). Stuck Fermentation: Causes, Prevention and Cure. ASVO Seminar30-41.
Henschke, P. and Jiranek, V. (1993). Yeasts-Metabolism of nitrogen compounds. Wine Microbiology and

Biotechnology, G.H. Fleet (ed.). p77-165. Harwood Academic Publishers.
Holt, J.G., Krieg, N.R., Sneath, P.HA, Staley, J.T. and Williams, S.T. (1994). Genus Acetobacter and

Gluconobacter. Bergey's Manual of Determinative Bacteriology 9th ed.. Williams & Wilkens. Maryland.
U.S.A.

Holyoak, C.D., Stratford, M., McMullin, Z., Cole, M.B., Crimmins, K., Brown, A.J.P. and Coote, P.J. (1996).
Activity of the plasma membrane H+ATPase and optimal glycolytic flux are required for rapid adaptation
and growth of Saccharomyces cerevisiae in the presence of the weak-acid preservative sorbic acid.
Appl. Environ. Microbiol. 62, 3158-3164.

Houtman, A.C., Marais, J. and Du Plessis, C.S. (1980). The possibilities of applying present day knowledge
of wine aroma components: influence of several juice factors on fermentation rate and ester production
during fermentation. S. Afr. J. Enol. Vitic. 1, 27-33.

Stellenbosch University http://scholar.sun.ac.za



39

Huang, Y.-C., Edwards, C.G., Peterson, J.C. and Haag, K.M. (1996). Relationship between sluggish
fermentations and the antagonism of yeast by lactic acid bacteria. Am. J. Enol. Vitic. 47,1-10.

lIand, P., EA. Ewart and J. Sitters. (1993). Techniques for Chemical Analysis and Stability Tests of Grape
Juice and Wine. Patrick lIand Wine Promotions. Kitchener Press Pty. Ltd. Adelaide, Australia.

Ingram, L.O. and Buttke, T. (1984). Effects of alcohols on microorganisms. Adv. Microbiol. Physiol. 25, 254-
290.

Joyeux, A, Lafon-Lafourcade, S. and Ribéreau-Gayon, P. (1984a). Evolution of acetic acid bacteria during
fermentation and storage of wine. Appl. Environ. Microbiol. 48, 153-156.

Joyeux, A., Lafon-Lafourcade, S. and Ribéreau-Gayon, P. (1984b). Metabolism of acetic acid bacteria in
grape must: consequences on alcoholic and malolactic fermentation. Sci. Aliments. 4, 247-255.

Kander, O. (1983). Carbohydrate metabolism in lactic acid bacteria. Antonie Leeuwenhoek 49,209-224.
Kashima, Y., lijima, M., Okamoto, A., Koizumi, Y., Udaka, S. and Yanagida, F. (1998). Purification and

characterization of intracellular esterases related to ethylacetate formation in Acetobacter pasteurianus.
J. Ferment. Bioeng. 85, 584-588.

Kersters, K. and De Ley, J. (1975). Identification and grouping of bacteria by numerical analysis of their
electrophoretic protein patterns. J. gen. Microbiol. 87, 333-342.

King, S.W. and Beelman, RB. (1986). Metabolic interactions between Saccharomyces cerevisiae and
Leuconostoc oenos in a model grape juice/wine system. Am. J. Enol. Vitic. 37, 53-60.

Kittelman, M., Stamm, W.W., Follmann, H. and TrOper, H.G. (1989). Isolation and classification of acetic acid
bacteria from high percentage vinegar fermentations. Appl. Microbiol. Biotechnol. 30,47-52.

Kondo, K. and Horinouchi, S. (1997). Characterization of the genes encoding the Three-Component
Membrane-Bound Alcohol Dehydrogenase from Gluconobacter suboxydans and their expression in
Acetobacter pasteurianus. Appl. Environ. Microbiol. 63, 1131-1138.

Kësebalan, F. and Ozilgen, M. (1992). Kinetics of wine spoilage by acetic acid bacteria. J. Chemo Tech.
Biotechnol. 55, 59-63.

Kouda, T., Naritomi, T., Yano, H. and Yoshinaga, F. (1997). Effects of oxygen and carbon dioxide pressures
on bacterial cellose production by Acetobacter in aerated and agitated culture. J. Ferment. Bioeng. 82,
124-127.

Krauss, G. and Forch, M. (1975). The influence of different fermentation methods on the formation of lower
free fatty acids. Proc. Am. Soc. Brew. Chemo 33, 37-41.

Krebs, H.A, Wiggins, D. and Stubbs, M.S. (1983). Studies on the mechanism of the antifungal action of
benzoate. Biochem. J. 214, 657-663.

Lafon-Lafourcade, S., Carre, E. and Ribéreau-Gayon, P. (1983). Occurrence of lactic acid bacteria during the
different stages of vinification and conservation of wines. Appl. Environ. Microbiol. 46, 874-880.

Lafon-Lafourcade, S., Geneix, C. and Ribéreau-Gayon, P. (1984). Inhibition of alcoholic fermentation of
grape must by fatty acids produced by yeasts and their elimination by yeast ghosts. Appl. Environ.
Microbiol. 47,1246-1249.

Lonvaud-Funel, A, Joyeux, A and Desens, C. (1988). Inhibition of malolactic fermentation of wines by
products of yeast metabolism. J. Sci. Food Agric. 44, 185-191.

Lu, S.-F., Lee, F.-L. and Chen, H.-K. (1999). A thermotolerant and high acetic acid-producing bacterium
Acetobacter sp. 114-2. J. Appl. Microbiol. 86, 55-62.

Maiorella, B., Blanch, H.W. and Wilke, C.R (1983). By-Product inhibition effects on ethanolic fermentation by
Saccharomyces cerevisiae. Biotechnol. Bioeng. 25, 103-121.

Matsushita, K., Toyama, H. and Adachi, O. (1994) Respiration chains and bioenergetics of acetic acid
bacteria. Adv. Microb. Physiol. 36, 247-301.

Menzel, U. and Gottshaik, G. (1985). The internal pH of Acetobacterium wieringae and Acetobacter aceti
during growth and production of acetic acid. Arch. Microbiol. 143,47-51.

Millán, C. and Ortega, J.M. (1988). Production of ethanol, acetaldehyde, and acetic acid in wine by various
yeast races: Role of alcohol and aldehyde dehydrogenase. Am. J. Enol. Vitic. 39, 107-112.

Monk, P.R and Cowley, P.J. (1984). Effect of nicotinic acid and sugar concentration of grape juice and
temperature on accumulation of acetic acid during yeast fermentation. J. Ferment. Technol. 62, 515-521.

Moon, N.J. (1983). Inhibition of the growth of acid tolerance yeasts by acetate, lactate and propionate and
their synergistic mixtures. J. appl. Bacteriol. 55, 453-460.

Stellenbosch University http://scholar.sun.ac.za



40

Muraoka, H., Watabe, Y., Ogasawara, N. and Takahashi, H. (1983). Trigger damage by oxygen deficiency to
the acid production system during submerged acetic acid fermentation with Acetobacter aceti. J.
Ferment. Technol. 61, 89-93.

Nagel, C.W., Anderson, J.D. and Weller, K.M. (1988). A comparison of the fermentation patterns of six
commercial wine yeasts. Vitis 27,173-182.

Nagodawithana, T.W. and Steinkrauss, K.H. (1976). Influence of the rate of ethanol production and
accumulation on the viability of S. cerevisiae in "rapid fermentations". Appl. Environ. Microbio/. 31, 158-
162.

Nanba, A., Tamura, A. and Nagai, S. (1984). Synergistic effects on acetic acid and ethanol on the growth of
Acetobacter sp. J. Ferment. Technol. 62, 501-505.

Nickerson, W.J. (1943). Zygosaccharomyces acidifaciens. A new acetifying yeast. Mycologia 35,66-78.
Nomura, Y., Yamamoto, M. and Fushiki, T. (1997). Effects of acetic acid bacterium on ethanol oxidation in

vivo. Biosci. Biotech. Biochem. 61,365-366.
Novack, M., Strehaino, P., Moreno, M. and Goma, G. (1981). Alcoholic fermentation: On the inhibitory effect

of ethanol. Biotechnol. Bioeng. 23, 201-211.
Nykanen, L. (1986). Formation and occurrence of flavor compounds in wine and distilled alcoholic

beverages. Am. J. Enol. Vitic. 37, 84-96.
Okafor, N. (1975). Microbiology of Nigerian palm wine with particular reference to bacteria. J. appl. Bact. 38,

81-88.
Ohmori, S., Masai, H., Arima, K. and Beppu, T. (1980). Isolation and identification of acetic acid bacteria for

submerged acetic acid fermentation at higher temperature. Agric. BioI. Chem. 46, 381-389.
Olijve, W. and Kok, J.J. (1979). Analysis of Growth of Gluconobacter oxydans in glucose containing media.

Arch. Microbiol. 121,283-290.
Pampulha, M.E. and Loureiro, V. (1989a). Interaction of the effects of acetic acid and ethanol on inhibition of

fermentation in Saccharomyces cerevisiae. Biotech. Lett. 11,269-274.
Pampulha M.E. and Loureiro-Dias, M.C. (1989b). Combined effect of acetic acid, pH and ethanol on

intracellular pH of fermenting yeast. Appl. Microbiol. Biotechnol. 31, 547-550.
Pampulha M.E. and Loureiro-Dias, M.C. (1990). Activity of glycolytic enzymes of Saccharomyces cerevisiae

in the presence of acetic acid. Appl. Microbiol. Biotehnol. 34, 375-380.
Passmore, S.M. and Carr, J.G. (1975). The ecology of the acetic acid bacteria with particular reference to

cider manufacture. J. Appl. Bact. 38,151-158.
Peddie, HAB. (1990). Ester formation in brewery fermentations. J. Inst. Brew. 84, 5-8.
Phowchinda, O. Délia-Dupuy, M.L. and Strehaiano, P. (1995). Effects of acetic acid on growth and

fermentation activity of Saccharomyces cerevisiae. Biotechnol. Lett. 17,237-242.
Pinto, I., Cardoso, H., Leao, C. and Van Uden, N. (1989). High enthalpy and low enthalpy death in

Saccharomyces cerevisiae induced by acetic acid. Biotech. Bioeng. 33,1350-1353.
Postma, E., Verduyn, C., Sheffers, WA and Van Dijken, J.P. (1989). Enzymatic analysis of the crabtree

effect in glucose cultures of Saccharomyces cerevisiae. Appl. Environ. Microbiol. 55,468-477.
Oazi, G.N., Parshad, R, Verma, V., Chopra, C.L., Buse, R, Trager, M. and Onken, U. (1991). Diketo-

gluconate fermentation by Gluconobacteroxydans. Enzyme Microb. Technol. 13, 504-507.
Oazi, G.N., Sharma, N. and Parshad, R (1993). Role of dissolved oxygen as a regulator for the direct

oxidation of glucose by Erwinia herbicola and Gluconobacter oxydans. J. Ferment. Bioeng. 76, 336-339.
Radler, F. (1993). Yeast-Metabolism of Organic Acids. Wine Microbiology and Biotechnology, G.H. Fleet

(ed.). Harwood Academic Publishers.
Rasmussen, J.E., Schultz, E., Snyder, RE., Jones, RS. and Smith, C.R (1995). Acetic acid as a causative

agent in producing stuck fermentation. Am. J. Enol. Vitic. 46, 278-280.
Ratledge, C. and Evans, C.T. (1989). Lipids and their metabolism. In The Yeasts. Second Ed. Rose, A.H.

and Harrison, J.S. (ed.). p406-417.
Ravaglia, S. and Delfinin, C. (1993). Production of medium chain fatty acids and their ethyl esters by yeast

strains isolated from must and wine. Ital. J. Food Sci. 21-36.
Ribéreau-Gayon, P. (1985). New developments in wine microbiology. Am. J. Enol. Vitic. 36,1-10.
Rodriquez, A.V. and Manca De Nadra M.C. (1995). Mixed culture of Lactobacillus hilgardii and Leuconostoc

oenos isolated from Argentine wine. J. Appl. Bacteriol. 78, 521-525.

Stellenbosch University http://scholar.sun.ac.za



41

Romano, P., Suzzi, G., Comi, G. and Zirono, R. (1992). Higher alcohol and acetic acid production by
apiculate wine yeasts. J. Appl. Bacteriol. 73,126-130.

Rosa, M.F. and Sá-Correia, I. (1991). In vivo activation by ethanol of plasma membrane ATPase of
Saccharomyces cerevisiae. Appl. Environ. Microbiol. 57, 830-835.

Rosa, M.F. and Sá-Correia, I. (1992). Ethanol tolerance and activity of plasma membrane ATPase in
Kluyveromyces marxianus and Saccharomyces cerevisiae. Enzyme Microb. Techno/. 14,23-27.

Rosell, P.F., Of ria, H.V. and Palleroni, N.J. (1968) Production of acetic acid from ethanol by wine yeasts. Am.
J. Enol. Vitic. 13-16.

Russell, J.B. and Diez-Gonzalez, F. (1998). The effects of fermentation acids on bacterial growth. Adv.
Microbl. Phys. 39, 205-234.

Sá-Correia, I. (1986). Synergistic effects of ethanol, octanoic, and decanoic acids on the kinetics and the
activation parameters of thermal death in Saccharomyces bayanus. Biotechnol. Bioeng. 28, 761-763.

Sá-Correia, I., Salgueiro, S.P., Viegas, CA and Novais, J.M. (1989). Leakage induced by ethanol, octanoic
and decanoic acids in Saccharomyces cerevisiae. Yeast 5, S123-S127.

Saeki, A., Taniguchi, M., Matsushita, K., Toyama, H., Theeragooi, G., Lotong, N. and Adachi, O. (1997a).
Microbiological aspects of acetate oxidation by acetic acid bacteria, unfavorable phenomena in vinegar
fermentation. Blosci. Biotech. Biochem. 61, 317-323.

Saeki, A., Theeragooi, G., Matsushita, K., Toyama, H., Lotong, N. and Adachi, O. (1997b). Development of
thermotolerant acetic acid bacteria useful for vinegar fermentation at higher temperatures. Biosei.
Biotech. Biochem. 61, 138-145.

Saguir, F.M. and Manca de Nadra, M.C. (1996). Organic acid metabolism under different glucose
concentrations of Leuconostoc oenos from wine. J. Appl. Bacteriol. 81, 393-397.

Schutz, M. and Gafner, J. (1993). Sluggish alcoholic fermentation in relation to alteration of the glucose-
fructose ratio. Chemo Mikrobiol. Techno/. Lebensm. 15,73-78.

Seiskari, P., Linko, Y.-Y. and Linko, P. (1985). Continous production of gluconic acid by immobilized
Gluconobacter oxydans cell bioreactor. Appl. Microbiol. Biotechnol. 21, 356-360.

Serrano, R. (1988). Structure and function of proton translocating ATPase in plasma membranes of plants
and fungi. Biochim Biophys. Acta. 947, 1-28.

Shimazu, Y. and Watanabe, M. (1981). Effects of yeast strains and environmental conditions on formation of
organic acids in must during fermentation. J. Ferment. Technol. 59,27-32.

Shinohara, T. (1986). Factors affecting the formation of volatile fatty acids during grape must fermentation.
Agric. BioI. Chern. 50, 3197-3199.

Sievers, M., Stóckli, M. and Teuber, M. (1997). Purification and properties of citrate synthetase from
Acetobacter europaeus. FEMS Microbiol. Lett. 146, 53-58.

Sokollek, SJ., Hertel, C. and Hammes, W.P. (1998). Description of Acetobacter obediens sp. nov. and
Acetobacter pomorum sp. nov., two new species isolated from industrial vinegar fermentations. Int. J.
Syst. Bactiol. 48, 935-940.

Sousa, M.J., Mota, M. and Leao, C. (1995). Effects of ethanol and acetic acid on the malic acid and glucose
in the yeast Schizosaccharomyces pombe: implications in wine deacidification. FEMS Microbiol. Lett.
126, 197-202.

Splittstoesser, D.F. and Churney, J.J. (1992). The incidence of sorbic acid-resistant Gluconobacters and
yeasts on grapes grown in New York State. Am. J. Enol. Vitic. 43, 290-293.

Sponholtz, W.R. (1993). Wine spoilage by microorganisms. Wine Microbiology and Biotechnology, G.H.
Fleet (ed.). Harwood Academic Publishers.

Sponholtz, W.R. and Dittrich, H.H. (1984). Galacturonic, glucuronic, 2- and 5- oxo-gluconic acids in wines,
sherries, fruit and dessert wines. Vitis 23,214-224.

Sponholtz, W.R. and Dittrich, H.H. (1985). Origin of gluconic, 2- and 5-oxo-gluconic, glucuronic and
galacturonic acids in musts and wines. Vitis 24,51-58.

Stadler-Szoke, A, Nyeste, L. and Holló, J. (1980). Studies on the factors affecting gluconic acid and 5-
ketogluconic acid formation by Acetobacter. Acta Aliment. 9, 155-172.

Stevens, S. and Hofmeyer, J.-H. S. (1993). Effects of ethanol, octanoic and decanoic acids on fermentation
and the passive influx of protons through the plasma membrane of Saccharomyces cerevisiae. Appl.
Microbiol. Biotechnol. 38, 656-663.

Stellenbosch University http://scholar.sun.ac.za



42

Strasser de Saad, A.M. and De Nandra, M.C. (1992). Sugar and malic acid utilization and acetic acid
formation by Leuconostoc oenos. World J. Microbiol. Biotech. 8, 280-283.

Suomalainen, H. and Nurminen, T. (1976). Some aspects of the structure and function of the yeast plasma
membrane. J. Inst. Brew. 82, 218-225.

Svitel, J. and Sturdik, E. (1994). Product yield and by-product formation in glycerol conversion to
dihydroxyacetone by Gluconobacter oxydans. J. Ferment. Bioeng. 78, 351-355.

Swings J., (1981). The Genera Acetobacter and Gluconobacter. The Prokaryotes. Starr, M.P. (ed.).
Springer-verlag, Berlin, Germany.

Swings, J., Gillis, M., Kersters, K., De Vos, P., Gassele, F. and De Ley, J. (1980). Frateuria, a new genus for
"Acetobacter aurantius." Int. J. Syst. Bacteriol. 30, 547-556.

Tahara, N., Yano, H. and Yoshinaga, F. (1998). Subsite Structure of Exo-1 ,4-~-Glucosidase from
Acetobacter xylinum BPR2001. J. Ferment. Bioeng. 85, 595-597.

Takemura, H., Kondo, K., Horinouchi, S. and Beppu, T. (1993). Induction by ethanol of alcohol
dehydrogenase activity in Acetobacter pasteurianus. J. Bacteriol. 175,6857-6866.

Teresa Ramos, M. and Madeira-Lopes, A. (1990). Effects of acetic acid on the temperature of ethanol
tolerance in Saccharomyces cerevisiae. Biotechnol. Lett. 12,229-234.

Tayama, K., Minakami, H., Fujiyama, S., Masai, H. and Misaki, A. (1986). Structure of an acidic
polysaccharide elaborated by Acetobactersp. NB11005. Agric. BioI. Chem. 50,1271-1278.

Tracey, RP. and Van Rooyen, T.J. (1988). Utilization of glucose, fructose and malic acid by malolactic acid
bacteria; effect of ethanol and formation of mannitol and volatile acids. J. Appl. Bacteriol. 65, 113-118.

Valero, E., Millan, M.C., Mauricio, J.C. and Ortega, J.M. (1998). Effect of grape skin maceration on sterol,
phospholipid, and fatty acid contents of Saccharomyces cerevisiae during alcoholic fermentatiorr. Am .J.
Enol. Vitic. 49,119-123.

Van Vuuren H.J.J. and Dicks, L.M.T. (1993). Leuconostoc oenos: A review. Am. J. Enol. Vitic. 44, 99-109.
Vaughn, RH. (1955). Baterial spoilage of wines with special reference to California conditions. Adv. Food.

Res. 6, 67-108.
Velizarov, S. and Beschkov, V. (1994). Production of free gluconic acid by cells of Gluconobacter oxydans.

Biotechnol. Lett. 16, 715-720.
Vidal-Carou, M.C., Codony-Salcedo, Rand Mariné-Font, A. (1990). Histamine and tyramine in Spanish

wines: Relationships with total sulfur dioxide level, volatile acidity and malolactic fermentation intensity.
Food. Chemo 35,217-227.

Viegas, CA, Almeida, P.F., Cavaco, M. and Sá-Correia, I. (1998). The H+ATPase in the Plasma Membrane
of Saccharomyces cerevisiae is activated during growth latency in octanoic acid-supplemented medium
accompanying the decrease in intracellular pH and cell viability. Appl. Environ. Microbiol. 64, 779-783.

Viegas, CA, Rosa, M.F., Sá-Correia, I. and Novais, J.M. (1989). Inhibition of yeast growth by octanoic and
decanoic acids produced during ethanolic fermentation. Appl. Environ. Microbiol. 55,21-28.

Viegas, CA and Sá-Correia, I. (1991). Activation of plasma membrane ATPase of Saccharomyces
cerevisiae by octanoic acid. J. gen. Microbiol. 137,645-651.

Viegas, CA and Sá-Correia, I. (1995). Toxicity of octanoic acid in Saccharomyces cerevisiae at
temperatures between 8.5 and 30DC. Enzyme Microb. Technol. 17,825-831.

Viegas, C.A. and Sá-Correia, I. (1997). Effects of low temperatures (9-33DC) and pH (3.3-5.7) in the loss of
Saccharomyces cerevisiae viability by combining lethal concentrations of ethanol with octanoic and
decanoic acids. Int. J. Food Microbiology 34, 267-277.

Viegas, CA, Sá-Correia, I. and Novais, J.M. (1985). Synergistic inhibition of the growth of Saccharomyces
bayanus by ethanol and octanoic or decanoic acids. Biotechnol. Lett. 7, 611-614

Warth, A.D. (1988). Effect of benzoic acid on growth yield of yeasts differing in their resistance to
preservatives. Appl. Environ. Microbiol. 54, 2091-2095.

Warth, A.D. (1991a). Mechanism of action of benzoic acid on Zygosaccharomyces bailii: Effects on glycolytic
metabolite levels, energy production and intracellular pH. Appl. Environ. Microbiol. 57, 3410-3414.

Warth, A.D. (1991b). Effects of benzoic acid on glycolytic metabolite levels and intracellular pH in
Saccharomyces cerevisiae. Appl. Environ. Microbiol. 57, 3415-3417.

Watanabe, M. and lino, S. (1984). Studies on bacteria isolated from Japanese wines. Part 2. Growth of the
Acetobacter sp. A-1 during the fermentation and the storage of grape must and red wine.
Yamanashiken. Shokuhin. Koyo. Shidojo. Kenkyu. Hokoku. 16, 13-22.

Stellenbosch University http://scholar.sun.ac.za



43

Weenk, G., Olijve, W. an Harder, W. (1984). Ketogluconate formation by Gluconobacter species. Appl.
Microbiol. Biotechnol. 20, 400-405.

Wilker, K.L., Dharmadhikari, M.R. (1997). Treatment of barrel wood infected with acetic acid bacteria. Am. J.
Enol. Vitic. 48, 516-520.

Yamada, Y., Hoshino, K. and Ishikawa, T. (1997). The phylogeny of acetic acid bacteria based on the partial
sequences of 16S ribosomal RNA: The elevation of the subgenus Gluconobacter to the generic level.
Biosei. Biotech. Biochem. 61, 1244-1251.

Zoecklein, B.W., Fugelsang, K.C., Gump, B.H. and Nury, F.S. (1995). Wine Analysis and Production. New
York: Chapman & Hall.

Stellenbosch University http://scholar.sun.ac.za



.• ~ioii("

characterization of acetic acid bacteria
isolated from South African red wine

fermentations.

Stellenbosch University http://scholar.sun.ac.za



44

3. RESEARCH RESUL YS

The enumeration, identification and characterization of acetic acid
bacteria from South African red wine fermentations

W.J. DU TOIT1,2, L.P. ELLlS1 and M.G. LAMBRECHTS1,2
1Deparlment of Viticulture and Oenology and 21nstitute for Wine Biotechnology, University

of Stellenbosch, Z.A.-7600, Stellenbosch, South Africa

Healthy as well as sluggish/stuck fermentations containing elevated levels of acetic
acid or volatile acidity are a problem of increasing concern for winemakers. The
objective of this study was to investigate the probable role that acetic acid bacteria
might play in these phenomena. Acetic acid bacteria were isolated and enumerated
from small scale red must fermentations in 1998 and from commercial red must
fermentations from six commercial cellars in 1999. The initial occurrence of acetic
acid bacteria in the must were shown to be season dependant with cell numbers
ranging from 106-107 to 104-105 cfu per ml for the 1998 and 1999 harvesting seasons,
respectively. The occurrence of acetic acid bacteria correlated with pH and sulfur
dioxide concentrations. The acetic acid bacteria decreased to 102-103 cfu per ml in
musts having a low pH (::5 3.6), whereas in some musts having a high pH (~ 3.7) the
cell numbers increased. During the process of cold soaking, the cell numbers of
acetic acid bacteria also increased until inoculation with the wine yeast. The isolated
acetic acid bacteria were identified with different biochemical and physiological tests
as well as with numerical analysis of whole cell proteins. Gluconobacter oxydans
dominated in the fresh must and Acetobacter pasteurianus and Acetobacter
liquefaciens during fermentation. 52% of the 115 colonies tested were identified as A.
pasteurianus. Five representative species were also tested for their sulfur dioxide
resistance in Colombard grape juice at pH 3.4, 3.6 and 3.8. Sulfur dioxide resistance
differed in strains, with Acetobacter hansenii being the most resistant; a molecular
S02 concentration of 0.64 mg/I inhibited growth completely. The Acetobacter species
produced high levels of volatile acidity in comparison to the Gluconobacter specie
that only produced low amounts ( < 0.2 g/I). The fermentation ability of yeast after
prior growth of acetic acid bacteria showed that secondary metabolites produced by
the acetic acid bacteria are able to inhibit yeast growth and fermentation ability, which
could result in sluggish and stuck fermentations. The addition of sufficient sulfur
dioxide to inhibit acetic acid bacterial growth were however able to prevent sluggish
and stuck fermentation. This study shows that, although thought to be strictly aerobic
organisms, acetic acid bacteria might playa more significant role in volatile acidity
production during a healthy alcoholic and stuck and sluggish fermentations than
previously thought.
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3.1 INTRODUCTION

Sluggish or stuck red wine fermentations are problems increasingly facing numerous
wineries. Many causes of sluggish and stuck fermentation have been given, ranging from
ethanol toxicity, nutrient deficiencies, toxic pesticides and inhibitory compounds of
microbial origin, like acetic and other fatty acids (Bisson, 1999). High levels of volatile
acidity is often associated with wines that underwent a sluggish or stuck fermentation. In
recent years there is an increase in the amount of red wines that contain high levels of
volatile acidity just after the alcoholic fermentation is finished, without these wines having
undergone a stuck or sluggish fermentation. This can have dire consequences for the
producer.

Acetic acid constitutes more than 90% of the volatile acidity in wine and is considered
objectionable at levels above 1.2 to 1.4 g/I (Ribéreau-Gayon et al., 1975). By law wines
may not contain levels of volatile acidity above 1.2 g/1. Depending on the style of wine,
acetic acid becomes objectionable near its flavour threshold of 0.7 to 1.1 g/I (Corison et al.,
1979). Acetic acid is a natural component of wines as it is produced by yeasts during the
alcoholic fermentation and by lactic acid bacteria during the malolactic fermentation
(Drysdale and Fleet, 1988). However, the basal level produced during wine fermentations
can be raised to undesirable levels by the action of several micro-organisms.

Commercial wine yeasts have been shown to produce higher levels of acetic acid
under certain conditions (Delfini and Costa, 1993; Hannemann, 1985). These levels are
influenced by the nitrogen source, sugar concentration and the pH. Higher levels of acetic
acid are normally produced under growth limiting conditions and at sugar concentrations
above 20%. Certain compounds (ammonium, glutamate, asparagine) inhibits the
production of acetic acid when an ample supply of nitrogen exists. Others like methionine
and valine can enhance the production of acetic acid. When the available nitrogen is
inadequate, higher concentrations of acetate are produced at higher sugar concentrations.
At pH values lower than 3.2 and higher than 4, more acetic acid is formed.

Lactic acid bacteria can also produce acetic acid during the fermentation of sugars
(Sponholz, 1993). Lactobacillus can grow either homofermentative (more than 85% lactic
acid produced) or heterofermentative [lactic acid, carbon dioxide and ethanol (and/or
acetic acid) in equimolar quantities produced]. Larger quantities of acetic acid would thus
be produced in the presence of oxygen or any other oxidant in the place of lactic acid and
ethanol. Leuconostoc is heterofermentative and would also produce more acetate in the
presence of oxygen. Certain Pediococcus species also form equimolar quantities of lactic
and acetic acid from pentose sugars.

Certain wild yeasts, like Brettanomyces, Hansenula anomala, Kloeckera apiculata and
Candida krusei can produce high levels of acetic acid (Fleet and Heard, 1993; Sponholz,
1993). These yeasts can occur in high numbers on the grapes as well as during
fermentation, even in inoculated fermentations.

Acetic acid bacteria, although able to produce high amounts of acetic acid from
ethanol, have not been of a major winemaking concern because of their requirement of
oxygen for growth. The anaerobic conditions that generally prevail in wine and the
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presence of free sulfur dioxide are usually considered to be an adequate means of
avoiding acetic acid bacteria spoilage. Acetic acid bacteria can also produce other
compounds which can influence wine quality (Drysdale and Fleet, 1989a). Surprising little
research has been done on acetic acid bacteria in the winemaking process. However, in
recent years, the ability of acetic acid bacteria to affect wine quality has been the subject
of renewed interest.

The objectives of this study were to investigate the occurrence of acetic acid bacteria
in different South African red wine fermentations, to identify the dominant acetic acid
bacteria and to determine the sulfur dioxide resistance of five representative strains.
Furthermore, the effect of acetic acid bacterial growth on subsequent yeast growth and
fermentation ability was also tested.

3.2 MATERIALS AND METHODS

3.2.1 Fermentations monitored

Acetic acid bacteria were isolated and enumerated from red wine fermentations during
the 1998 and 1999 harvesting seasons. During the 1998 season, six small-scale
fermentations of Cabernet Sauvignon grapes were monitored. These fermentations
consisted of 110 kg grapes each and were conducted in duplicate at 15°C, 22°C and 30°C.
At each fermentation temperature the grapes were divided into two prior to yeast
inoculation and only one half of the grapes were sulfured (50 mg/kg). The evolution of
acetic acid bacteria were determined in the skin cap and the must at 22°B, 18°B, 12°B, 6°B
and OOBduring the fermentation. Acetic acid bacterial counts in the skin cap and must
were the same and only an average of these counts (skin cap and must) are given.

During the 1999 harvesting season bacteria were sampled from fermenting red musts
at six commercial wine cellars in the Stellenbosch, Paarl, Franschhoek and Durbanville
areas. Sampling were done in the beginning (before yeast inoculation), middle (between
10 and 14°B) and end (between 0 and 5°B) of fermentation on the skin cap and must
where possible. Acetic acid bacterial counts in the skin cap and must were the same and
only an average of these counts (skin cap and must) are given. Two of the cellars applied
the technique of cold soaking, where the must was left on the skins for three days at
between 12-15°C. Bacteria were also sampled during this period, resulting in more than
three samples being taken from these musts.

3.2.2 Isolation and identification of acetic acid bacteria

Acetic acid bacteria were isolated by plating 100 ul of a dilution series of juice or
fermenting juice onto GYC [glucose (5% mIv), yeast extract (1% mIv), CaC03 (3% mIv)
and agar (2% mIv)] and Mannitol [mannitol (2.5% mIv), yeast extract (1% mIv) and agar
(1.5% mIv)] media. Yeast and lactic acid bacteria (which normally exhibit weak growth on
these types of media) growth were eliminated by adding 50 mgll pimaricin (Deivocid, Gist-
Brocades) and 50 mgll nisin, respectively to the media. Each dilution was plated out in
triplicate. Plates were incubated at 30°C for 5 to 6 days after which representative colonies
were isolated. Gram staining and catalase tests were performed on each colony.
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Representative Gram (-) rods and catalase (+) colonies were stored on GYC slants at 4°C
and transferred monthly or kept at -80°C in 40% glycerol until identification.

One hundred and fifteen acetic acid bacterial isolates were identified up to species
level with the following biochemical and physiological tests: ability to over-oxidize ethanol,
growth on sodium acetate, ketogenesis of glycerol, growth on dulcitol and production of
brown pigment on GYC medium. Thirty three of these isolates, chosen randomly, were
also identified using numerical analysis of whole cell proteins by SOS-PAGE, as described
by Pot et al. (1994). These 33 strains were grown on GYC agar for 70 hours at 30oC. Cell-
free extracts were prepared by washing the bacteria from the GYC agar with a NaPBS
buffer. The bacteria were then centrifuged for 10 min at 10 000 rpm, the supernatant
removed and the pellet washed with 30 ml NaPBS buffer (consisting out of 0.115% (miv)
Na2HP04.12H20, 0.023% (miv) NaH2P04.2H20 and 0.8% (miv) NaCI, pH 7.3). This was
repeated and 70 mg of the bacteria were placed in an eppendorf tube to which 1.26 ml
Sample Treatment Buffer (consisting out of 0.75% (miv) Tris, C2H60S (5% (vlv), pH 6.8),
without sodium dodecyl sulphate, was added. The samples were vortexed and 0.14 ml of a
20% (miv) sodium dodecyl sulphate added and vortexed again. The mixture was then
heated at 95°C for 10 min, cooled and centrifuged at 10 000 rpm for 5 min. The
supernatant, which contained the extracted proteins, was then removed and stored at -
80oC. The denatured fraction was used for SOS-PAGE analysis. Registration of the protein
electropherograms, normalization of the densitometric traces, grouping of strains by the
Pearson product moment correlation coefficient (r) and UPGMA cluster analysis were
performed as described by Pot et al. (1994) using the Gelcompar software version 4.
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3.2.3 Sulfur dioxide resistance of acetic acid bacteria

Five representative acetic acid bacteria strains, isolated from fermenting must or wines,
were tested for their sulfur dioxide resistance. These included a Gluconobacter oxydans
(strain PI1 isolated from fermenting must from farm PI during 1999), an Acetobacter
hansenii (strain FI38 isolated from fermenting must from farm FI during 1999), an
Acetobacter liquefaciens (strain 156 isolated from fermenting Cabernet Sauvignon must in
1998), an Acetobacter pasteurianus (strain F23) and an Acetobacter aceti strain (strain
F37) (both isolated in 1998). Colombard juice having a pH of 3.22, a total acidity of 6.4 gil,
a total sugar content of 18.5°8 and which contained no sulfur dioxide were centrifuged for
15 minutes at 10 000 rpm to remove most solid particles as well as yeast and bacteria.
The juice was divided into three batches and the pH was adjusted to 3.4, 3.6 and 3.8 with
a sterile KOH solution, respectively. The juices were sterilized overnight with
dimethyldicarbonate (Veicorin) added at 0.6 mill and 180 ml was aliquoted into sterile 250
ml Erlenmeyer flasks. The bacteria were first grown on GYC plates prior to inoculation into
liquid glucose, yeast extract media consisting of 5% (mIv) glucose and 1% (mIv) yeast
extract. These bacteria were then grown to an optical density of 1 at 600 nm and 180 !-IIof
the preinoculum was used to inoculate the different Colombard juices to a final cell count
of 1 x 104-105 cells per ml. At the time of bacterial inoculation sulfur dioxide was added to
yield a total concentration of 20, 40 and 60 mgll at the different pH values mentioned
above. The free S02 levels were then determined for these three total S02 levels at pH
3.4, 3.6 and 3.8 and the values used to calculate the molecular S02 levels according to the
Henderson-Hasselbach equation. As controls, the bacteria were grown in juice at the three
different pH values without the addition of sulfur dioxide. The experiment was done in
duplicate. It had to be repeated for the Gluconobacter strain for good reproducibility, but
good reproducibility were obtained for the Acetobacter strains the first time. The effect of
the sulfur dioxide on the bacterial cell numbers was determined by sampling 1 ml every
day for the duration of the experiment. These samples were used to make a dilution series
of which 100 !-IIwas plated out in triplicate onto GYC media and incubated at 30°C for 5
days before the bacterial colonies were counted.

3.2.4 Effect of bacterial metabolites on yeast growth

This experiment continued with the media which were used for the determination of sulfur
dioxide resistance of the representative acetic acid bacteria. Therefore,
dimethyldicarbonate (0.6 mill) was added to these different media to eliminate the acetic
acid bacteria present due to prior growth. The sugar concentration of the media was
adjusted to 18.5°8 with a sterile glucose solution and 0.75 gil sterile diammonium
phosphate added. Media were then inoculated with active dry wine yeast, a
Saccharomyces cerevisiae strain, VIN13, according to the suppliers recommendations
(Anchor Yeast) to give an initial population of 106 cells per ml. All samples were done in
duplicate. The fermentations were allowed to ferment at 30°C for 10 days. The control
fermentations (where no acetic acid bacteria had grown in prior to yeast inoculation) were
fermented dry within 6 days. 100 !-IIof a dilution series were plated out in triplicate on 7%
(mIv) yeast peptone dextrose (YPD) media (8iolab, Merck chemicals) and incubated for 4
days at 30°C before the yeast colonies were counted.
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3.2.5 Routine analyses

The free and total sulfur dioxide concentrations were determined by the Aspiration method
as described by Beuchenstein and Ough, (1978). This was done 2 hours after the S02
was added to the juice to allow sufficient time for the S02 to bind to S02-binding
compounds. Volatile acidity (VA) was determined after 2 and 4 days of bacterial growth
according to the steam distillation method (Iland et aI., 1993). Hydrogen peroxide was
added to the samples to oxidize sulfur dioxide that may interfere with the determination.
Sugar concentrations were determined with the Rebelein analysis method and the total
acidity of the must by titration with sodium hydroxide (Iland et aI., 1993).

3.2.6 Gas chromatography and mass-spectrometry

Acetoin and organic acids were determined by gas chromatography (GC) and the identity
of the compounds were verified by GC - mass-spectrometry (GC-MS). An organic extract
of ethylacetate and diethylether was used. Ethoxaminehydrochloride (26.25 mg) was
added to 1 ml of juice (in which acetic acid bacteria had grown for 4 days) and the solution
was acidified with 6 drops of 5M HCI. After incubation for an hour at 22°C the internal
standard (3-phenylbutyric acid; 2.626 mg) was added and the solution extracted with 6 ml
ethyl acetate in a Kimix test tube for 15 minutes. The mixture was centrifuged for 5 min
(4000 rpm) and the resulting supernatant collected. The aqueous phase was extracted
with diethylether (3 ml) for 15 min, centrifuged and the diethylether added to the
ethyl acetate phase of the first extraction. The extract was dried over Na2S04, the organic
phase collected after centrifugation and evaporated under N2 gas at 40°C.
Bis(trimethylsilyl)-trifluoroacetamide (50 ~I) and trichloromethylsilane (10 ~I) were added to
the dry extract and the sililation process was done for 30 min at 70°C.

A Carlo Erba 4200 GC, fitted with a splitlsplitless injection, flame ionisation detector
and a 25 m SE-30 fused silica capillary column (Kapillarsáule permabond SE-30-DF-0.25
from Macherey-Nagel) was used. Nitrogen was used as carrier gas. The oven temperature
was set at 70°C for one minute, them ramped by 5°C/min to 280°C. The injector and
detector temperatures were 260°C. The injection volume was 0.4 ~1.

Identification or verification of compounds were done by using a Hewlett Packard
5890A GC fitted with a HP 5988A quadrapole mass spectrometer. Except for helium as
carrier gas, almost similar conditions as above were used for the separation and
identification of the compounds. Standards were used to verify the identity of the acids
and other compounds.

3.3 RESULTS

3.3.1 Occurrence of acetic acid bacteria in red wine fermentations

During the 1998 season the growth of acetic acid bacteria were followed in Cabernet
Sauvignon must. The composition of the must is shown in Table 3.1. Acetic acid bacteria
were present at between 106-107 cfu/ml in the must just after crushing (Table 3.2). These
numbers remained almost the same when the bacteria were isolated at 18°B in the 30°C
fermentation containing no S02 and the 22°C and 15°C fermentations (with and without
S02 addition), except in the 30°C fermentation where 50 mg/I S02 was added, the bacteria
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numbers decreased to 103 cfu per ml. Acetic acid bacteria numbers decreased to 104 cfu
per ml by the middle of fermentation (12°B) in the fermentations that received no S02 (at
30°, 22° and 15°C) and in the 15°C fermentation that contained S02. At this stage the
acetic acid bacteria numbers were lower (103 cfu per ml) in the 30°C and 22°C
fermentations containing S02. The number of acetic acid bacteria all decreased to
between 102 and 104 cfu per ml (except for the 15°C fermentation containing S02) at the
end of fermentation (6°B and OOB).

Table 3.1 Composition of musts used to monitor the evolution of acetic acid bacteria during
commercial red wine fermentations.

Stellenbosch Cabernet 22 4.9 3.76 50
(US) Sauvignon

1999 Pinotage 24.3 5.7 3.5 50
Stellenbosch

(SI)
Stellenbosch Merlot 24.6 6.8 3.41 50

(SII)
Stellenbosch Merlot 25.2 5.35 3.75 40

(SIIII)
Paarl Cabernet 24.0 4.0 3.75 30
(PI) franc

Franschhoek Merlot 25.2 5.8 3.71 40
(FI)

Durbanville Merlot 23.4 6.2 3.4 50
(DI)
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22 3.4 x 106 1.2 X 106 8.5 X 106 1.6 X 106 1.6 X 107 1.4 X 106

G.oxydans G.oxydans G.oxydans G.oxydans G.oxydans G.oxydans

18 1.2 x 106 3.2x103 3.2x106 1.6 X 106 1.4 X 106 1.1 X 106

G.oxydans G. oxydans G.oxydans G.oxydans G. oxydans G.oxydans

12 6.0 x 103 4.4 X 103 2.0x104 7 X 103 3.1 X 104 3.0 X 104

A. aeeti A. pasteurianus A. pasteurianus A. pasteurianus A. aeeti A. pasteurianus

6.0 x 103 1.1 X 104

A. liquefaeiens A. aeeti

6 1.0 X 103 1.4 X 103 3.6 X 103 9.3 X 103 7.0 X 103 3.3 X 104

A. pasteurianus A. pasteurianus A. pasteurianus A. pasteurianus A. pasteurianus A. pasteurianus

0 1.9 x 102 3.6 X 103 3.2 X 102 1.0 X 103 1.3 X 103 4.2x103

A. pasteurianus A. pasteurianus A. pasteurianus A. pasteurianus A. pasteurianus A. pasteurianus
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Figure 3.1 Growth of acetic acid bacteria in different commercial red wine fermentations
during the 1999 harvesting season. High pH musts are indicated with dotted and low pH
mustswith solid lines, respectively.

During the 1999 harvesting season fermenting musts from six commercial cellars
were monitored for the occurrence and growth of acetic acid bacteria. The area,
cultivar and general composition of the musts are shown in Table 3.1. In Figure 3.1
the occurrence of these bacteria during fermentation is shown. Results clearly show
that the number of acetic acid bacteria were much lower initially in the must during
the 1999 season than in the 1998 season, with cell numbers ranging from 104 to 105

cfu per ml. The acetic acid bacterial population decreased from 105 cfu per ml to
about 102 cfu per ml in the middle of fermentation for the SI and DI musts having a
low pH. The other low pH must,SII, only showed a 10-fold decrease in cell numbers
at this stage of the fermentation. In contrast, the PI and FI musts having a high pH
did not show any decrease in the number of cfu per ml (104) from the beginning to
the middle of fermentation. At the end of fermentation the two low pH musts SI and
DI showed a slight increase in acetic acid bacterial cell numbers in comparison with
cell numbers at the middle of fermentation and as with 511 ended at between 102 to
103 cfu per ml. The acetic acid bacterial cell counts for the PI fermentation also
decreased from 104 to 102-103 cfu per ml by the end of the fermentation.
Interestingly, the acetic acid bacterial cell numbers increased slightly from 104 to 105

cfu per ml towards the end of the FI fermentation.

The evolution of acetic acid bacteria in musts that underwent cold soaking prior
to yeast inoculation are shown in Figure 3.2. Both these winemakers incubated the
must between 15 to 18°Cduring cold soaking and both added 40 to 50 mg/l 502 just
after the grapes were crushed. During cold soaking, the population of acetic acid
bacteria increased in the 5111 must from 103 to almost 105 cfu per ml. After yeast
inoculation the bacteria died off quickly during fermentation, with a slight increase in
cell numbers occurring at the end of fermentation. In the SI must the acetic acid
bacteria numbers remained almost the same during skin maceration and followed the
same pattern as that of the 5111 must during fermentation.
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Figure 3.2 Effect of cold soaking and yeast inoculation on acetic acid bacterial growth. The
grapes/must were incubated at 15-18°C during the time of maceration.

3.3.2 Identification of the isolated acetic acid bacteria

All Gram-negative, catalase positive rods were preliminary identified as acetic acid
bacteria according to the biochemical and physiological tests described in materials
and methods. The percentage of the 115 acetic acid bacterial strains belonging to
G. oxydans, A. pasteurianus, A. hansenii, A. aeeti and A. liquefaeiens can be seen in
Table 3.3. The identification of 33 of the above acetic acid bacteria was confirmed by
whole cell protein gel electrophoresis. A dendrogram of the clustering of the identified
species are shown in Figure 3.3. These acetic acid bacteria grouped into five, i.e.
G. oxydans, A. pasteurianus, A. Iiquefaeiens, A. hansenii and A. aeeti well defined
clusters at r ~ 0.68 which were related to each other at r ~ 0.58. A large variation in
strains is observed within each cluster if one considers the low r value of 0.68. Four
isolates clustered with A. hansenii DSM 5602T at r ~ 0.69, seperately from the other
strains of Aeetobaeter spp. included in this study. Eight isolates clustered at r ~ 0.69
with A. Iiquefaeiens DSM 5603T to form cluster II. Ten isolates grouped with
A. pasteurianus DSM 3509T at r ~ 0.68 in cluster III. Two isolates clustered with
A. aeeti DSM 3508T at r ~ 0.81, designated cluster IV. Cluster V comprised of
G. oxydans DSM 7145T and four isolates at r ~ 0.71. These results also show that
A. aeeti is more closely related to A. paste urian us and A. hansenii is more closely
related to A. Iiquefaeiens, with G. oxydans the furthest related from any of the above
species.
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EtOH oxidation 74 + + + +

Growth on sodium 70 + + + +
acetate
Ketogenises from 48 + + - + +
glycerol
Growth on dulcitol 5 +

Production of brown
pigment 14 - +

* Percentage of 115 isolates identified as.
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Figure 3.3. Dendrogram showing the clustering analysis of acetic acid bacteria based on
protein patterns of the red wine isolates and reference strains of Gluconobacter and
Acetobacter spp. Grouping was performed by the unweighted average pair-group method.
(T) Reference strains were obtained from the Deutsche Sammlung von Mikroorganismen
(DSM), Braunschweig, Germany.

3.3.3 Distribution of acetic acid bacteria species during fermentation

In the 1998 season in the early stages of fermentation, up to 18°8, only G. oxydans
was isolated irrespective of the fermentation temperatures (Table 3.2). At 12°8 in the
30°C fermentation, which received no S02, half of the colonies isolated were
A. liquefaciens and the rest A. aceti. A. pasteurianus and A. aceti dominated at this
stage in the 22°C and 15°C fermentations which received no S02, respectively.
Lower numbers of acetic acid bacteria occurred in the 30°C and 22°C fermentations
containing S02, with A. pasteurianus dominating. At the end of fermentation only
A. pasteurianus was detected in all the fermentations. During 1999 G. oxydans
dominated again in the freshly pressed must, except in the FI fermentation where
only A. pasteurianus was detected (Table 3.4). During the course of fermentation
A. pasteurianus and A. liquefaciens dominated, with A. aceti and A. hansenii
occurring irregulary and at lower cell numbers.

3.3.4 Growth curves of different acetic acid bacteria in grape juice

The growth of specific acetic acid bacteria species did not differ significantly at the
three different pH values (pH 3.4, 3.6 and 3.8) tested (results not shown). However,
the growth curves of the five selected representative species at a specific pH differed
when compared with each other. The growth curves of these bacteria in must with a
pH of 3.8 are shown in Figure 3.4. The A. pasteurianus, A. hansenii and
A. liquefaciens strains exhibited the fastest growth rate in the grape juice reaching
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the stationary growth phase within 2 days. Their cell numbers increased during this
time from 104-105 to 106-107 cfu per ml. The A. eceti and G. oxydans strains,
however, did not grow so rapidly and only reached 106-107 cfu per ml after 5 days.
The G. oxydans strain actually declined from 105 to 104 cfu per ml during the first 2
days of incubation. The same results were also obtained at pH 3.4 and 3.6 (results
not shown).
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SII G.oxydans
A. liquefaeiens

G.oxydans
A. liquefaciens
A. aeeti

A. liquefaciens
A. hansenii

Sill G.oxydans A. pasteurianus
A. liquefaciens

A. pasteurianus

PI G.oxydans
A. pasteurianus

A. pasteurianus A. pasteurianus

FI A. pasteurianus A. pasteurianus
A. liquefaeiens

A. pasteurianus
A. liquefaciens
A. hansenii

DI G.oxydans A. liquefaciens A. liquefaciens
Strains indicated in bold dominated at that stage of the fermentation.

107

-+- A. hans •

106 ........A. past.

- ......A.liq.e- ""* G. oxydee!
Cj 105

.......A. aceti

104

o 1 2 3 4 5 6

Days after inoculation
Figure 3.4 Growth of different acetic acid bacteria in Colombard juice at pH 3.8 without S02.

Stellenbosch University http://scholar.sun.ac.za



57

3.3.5 Sulfur dioxide resistance of acetic acid bacteria

The sulfur dioxide resistance of five representative speciess isolated from the red
wine fermentations were tested in Colombard juice. The growth curves of A. hansenii
in must at increasing molecular sulfur dioxide concentrations are shown in Figure 3.5.
Growth of A. hansenii was not significantly inhibited in the presence of 0.1 mg!1
molecular 802, but in the presence of 0.35 mg!1molecular 802 a slight decrease in
cell numbers could be observed. However, in the presence of 0.64 mg!1 molecular
802 the bacteria died within 4 days. In Figure 3.6, the growth of A. aeeti at different
802 concentrations is shown. It is clear that 0.05 mg!1 molecular 802 inhibited the
bacteria from growing exponentially whereas in the presence of 0.1 mg!1 of molecular
802 the bacteria were eliminated after one day. This trend was also observed for the
other strains tested. Growth of the A. pasteurianus strain was severely affected by
0.1 to 0.35 mg!1molecular 802 and in the presence of 0.59 mg!1 molecular 802 the
bacteria died within 1 day (pH 3.6) (results not shown). Growth of A. liquefaeiens was
only to a small extent inhibited by 0.02 mg!1 molecular 802, but in the presence of
0.05 mg!1 molecular 802 the bacterium died within 2 days with only 30 cfu per ml
remaining (Figure 3.7). However, thereafter the cell numbers started to increase until
the cell counts were the same as obtained when growing in the presence of 0.02 mg!1
molecular 802. These cell numbers were almost the same as obtained with the must
where no 802 was added (results not shown). At 0.1 mg!1molecular 802 this strain,
however, died after only 1 day.

108

lO'

106

105

ë
-+-0 mgll

;e 104 .......0.10 mgtl
CJ "'-O.35mgll

103 *-0.65 mgll

102

lOl

0
0 1 2 3 4

Days after inoculation

Figure 3.5 Growth of A. hansenii at different molecular 802 concentrations (mgII).
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Figure 3.6 Growth of A. aeeti at different molecular 802 concentrations (mg!I).
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102

101

0
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Days after inoculation
Figure 3.7 Growth of A. liquefaciens at different molecular 802 concentrations (mg!I).

The difference in 802 resistance between the representative acetic acid bacteria
can clearly be seen in Figure 3.8. The G. oxydans strain was inhibited the most by
0.05 mg!1 molecular 802 and died quickly within 1 day. The G. oxydans strain was
the most sensitive to 802 and even 0.02 mg/l completely eliminating the bacteria
after one day. The A. aceti cell numbers decreased 100-fold whereafter it remained
constant. The A. pasteurianus and A. hansenii strains were the most resistant to this
502 concentration with cell numbers nearly increasing 1DO-fold during the incubation
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period. A. Iiquefaeiens was also inhibited the first 2 days, but it's cell numbers again
increased dramatically after 3 days.
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Figure 3.8 Growth of five acetic acid bacterial strains in white Colombard juice containing
0.05 mg/l molecular 802.

3.3.6 Metabolites produced by acetic acid bacteria

In Table 3.5 the V.A. production of five selected representative acetic acid bacteria
species at different pH and S02 values can be seen. Very little V.A. was produced
during the exponential growth phase of these bacteria (day two after inoculation).
The V.A. production during this period of time was not higher than 0.3 gil (results not
shown). However, after 4 days significantly more V.A. was produced. This ranged
from between 2 to 4 gil for the Aeetobaeter strains, with A. aeeti and A. liquefaeiens
producing the least and A. pasteurianus and A. hansenii producing the most V.A.
There was no significant difference in V.A. production at the different pH values. The
V.A. production of the G. oxydans strain was significantly lower, with only about 100
mgll being produced in the control juice containing no S02. It is thus clear that the
V.A. production differed in the different strains tested. The V.A. production also
correlated with the growth of these bacteria, with the most being produced where no
S02 had been added or at S02 concentrations that did not inhibit the bacteria
significantly. This was especially true for the V.A. production by these bacteria at the
higher pH value of 3.8, where very little of the S02 was in the free, molecular form
which is the active form against microorganisms.

The juice containing no S02 in which the acetic acid bacteria had grown was also
analyzed by gaschromatography and mass-spectrometry (Table 3.6). The bacteria all
produced lactic and succinic acid. A. hansenii produced the most lactic acid. Small
quantities of 2 OH-Glutaric acid was also produced, but there was a significant
increase in the amount of a-ketoglutaric acid. Fumaric acid was also produced by
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Table 3.5 Volatile acidity production by acetic acid bacteria at different pH and S02
concentrations and the effect on yeast fermentation ability.

0.10 < 0.2 <2 <2
0.35 < 0.2 <2 <2

3.6 0.00 < 0.2 <2 <2
0.05 < 0.2 <2 <2
0.20 < 0.2 <2 <2

3.8 0.00 < 0.2 <2 <2
0.02 < 0.2 <2 <2
0.10 < 0.2 <2 <2

A. hansenii 3.4 0.00 3.96 144 103
0.10 1.32 <2 <2
0.35 0.64 <2 <2
0.64 0.34 <2 <2

3.6 0.00 3.97 156 111
0.05 1.84 <2 <2
0.20 0.66 <2 <2

3.8 0.00 4.02 158 119
0.02 3.06 46 8.5
0.10 0.92 <2 <2

A. aceti 3.4 0.00 2.56 8.4 <2
0.10 0.22 <2 <2
0.35 < 0.2 <2 <2

3.6 0.00 2.37 6.2 <2
0.05 0.23 <2 <2
0.20 < 0.2 <2 <2

3.8 0.00 2.52 5.3 <2
0.02 0.26 <2 <2
0.10 0.23 <2 <2

A. pasteurianus 3.4 0.00 3.30 140.1 89
0.10 1.02 <2 <2
0.35 < 0.2 <2 <2

3.6 0.00 3.69 91.6 68
0.05 0.98 <2 <2
0.20 0.23 <2 <2
0.59 < 0.2 <2 <2

3.8 0.00 3.63 95.6 71
0.02 2.37 16.8 <2
0.10 < 0.2 <2 <2

A. Iiquefaciens 3.4 0.00 2.42 8.8 <2
0.10 < 0.2 <2 <2
0.35 < 0.2 <2 <2

3.6 0.00 2.61 7.8 <2
0.05 0.2 <2 <2
0.20 < 0.2 <2 <2

3.8 0.00 2.60 8.3 <2
0.02 1.72 <2 <2
0.10 < 0.2 <2 <2
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some of the strains, while the A. liquefaciens strain metabolized it. A significant
increase in the glycolic acid concentration, especially for the A. aceti and G. oxydans
strains were observed. The acetic acid bacteria also produced acetoin with the
A. hansenii strain producing the most. None of the acetic acid bacterial strains were
able to produce medium chain fatty acids under the conditions tested.

Lactic acid 45 536 217 105 159 86

Succinic acid 204 357 378 240 374 320

Pyruvate 10 0 0 0 0 0

2 OH-Glutaric 43 69 78 68 61 64
acid

a-Ketoglutaric 61 238 247 113 231 180
acid

Fumaric acid 21 73 42 21 33 7

Glycolic acid 42 38 230 148 32 82

Acetoin 50 82 72 52 67 70

3.3.7 Effect of acetic acid bacterial metabolites on yeast growth

Figure 3.9 shows the growth of the yeast strain VIN13 in grape juice in which the
different acetic acid bacteria had previously grown in. The control fermentation (in
which no acetic acid bacteria had grown in prior to yeast inoculation) reached its
maximum cell number of 108 cfu per ml 2 days after inoculation and fermented dry
within 6 days. Prior growth of the G. oxydans strain did not inhibit yeast growth
significantly. Prior growth of A. aceti and A. liquefaciens, however, did inhibit growth
of VIN13 and it took 6 and 2 days, respectively to reach maximum cell numbers,
which were in both cases lower than 108 cfu per ml. However, yeast growth was
significantly inhibited in the must in which A. pasteurianus and A. hansenii had
previously grown in. In the must that the A. hansenii strain had previously grown in,
the yeast started to die just after inoculation and their numbers never increased to
more than 106 cfu per ml. In the juice to which S02 was added at levels that
significantly inhibit bacterial growth with a corresponding lower V.A. production, the
yeast were able to ferment dry within 6 days after inoculation. The amount of
unfermented sugar after 6 days of fermentation was the highest in the juice
containing no S02 in which prior growth of A. pasteurianus or A. hansenii occurred.
The musts in which the A. hansenii strain had grown in had 144-158 gIl sugar left
after 6 days of irrespective of the pH value. Where 0.02 mgll molecular S02 was
added with the bacterium, where very little inhibition of this strain occurred, 46 gIl
sugar was still left after the 6 days. The A. liquefaciens and A. aceti strains did not
affect yeast growth in the same manner as the A. pasteurianus and A. hansenii
strains and in the juices where A. liquefaciens and A. aceti had previously grown in,
only 6-8 gIl sugar were left after 6 days of fermentation. After 10 days of
fermentation the sugar concentration of all the musts in which A. aceti and A.
liquefaciens had grown in were fermented dry. This was also true for the must with a
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pH of 3.8 and containing 0.02 mg/! molecular S02 in which A. pasteurianus had
grown in (Table 3.5). The must at pH 3.8 and containing 0.02 mgll molecular S02 in
which A. hansenii had grown in was, however, not fermented dry and still contained
7.5 gIl reducing sugars at this time. The musts in which the A. hansenii and A.
pasteurianus had grown in, without any S02 additions, still contained sugar
concentrations of between 68 and 119 gIl.

10,_----------------------------,

lOS

.......Control

ë 107 --- A. aceti-.
ce! ........A. hans.u

~A.past.

106 ""*A. [iq.
-+- G. oxyd.

lOS
0 1 2 3 4 5 6

Days after inoculation
Figure 3.9 Effect of metabolites produced by acetic acid bacteria on yeast growth.

3.4 DISCUSSION

62

Acetic acid bacteria had long been believed to play little, if any role during
winemaking operations. This is probably because of their aerobic nature (Swings
and De Ley, 1981). Winemaking in general is an anaerobic process and the growth
and survival of these bacteria under this and other unfavourable conditions like high
ethanol concentrations, low pH and high S02 concentrations seems unlikely. Some
studies have however shown that acetic acid bacteria can survive during
fermentation and the following operations in the winemaking process, like malolactic
fermentation and during maturation of the wine (Joyeux et al., 1984a; Drysdale and
Fleet, 1989b). Acetic acid bacteria had been shown to contribute significantly to the
V.A. in must and wine and the production of acetic acid by these bacteria may thus
also contribute to sluggish or stuck fermentation (Drysdale and Fleet, 1989a).

3.4.1 Occurrence of acetic acid bacteria

Acetic acid bacteria occurred at high numbers on grapes and the freshly pressed
m~st in 1998. These numbers of 106-107 cfu per ml are higher than those expected
from healthy grapes, but spoiled grapes can easily harbour these counts. The only
species isolated at this stage was G. oxydans, that normally occur on unspoiled
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grapes (Joyeux et al., 1984a; 5plittstoesser and Churney, 1992). This strain also
survived in the early stages of fermentation, but quickly died towards the middle of
fermentation. This could be due to its low ethanol tolerance (De Ley et al., 1984). The
decline in acetic acid bacterial counts at 30°C where 50 mg/I 502 had been added
was much more pronounced towards the middle of fermentation than at 22° and 15°C
(Table 3.2). This could be due to the higher toxicity of 502 at the higher temperature
or the bacteria being metabolically more active at the higher temperature, thus
accumulating the 502 faster into its metabolism. Yeast counts were also the highest
in this fermentation (30°C and containg 502) and the 502 might have given the
yeast an advantage over the acetic acid bacteria to be more metabolically active.
This was also true for cell counts in the middle of fermentation. Towards the end of
fermentation a tendency towards higher acetic acid bacterial cell counts at lower
fermentation temperature was also observed. This could be due to the fact that
ethanol could be more toxic at higher temperatures. In the middle of fermentation
A. aceti and A. Iiquefaciens occurred, especially in the fermentations containing no
502. In the fermentations where 502 had been added A. pasteurianus dominated
and this strain also dominated towards the end of fermentation. This could be due to
the fact that the A. aceti and A. liquefaciens strains that occurred in these
fermentations were more 502 sensitive than the A. pasteurianus strain. Although the
502 should not have had any effect on the bacteria at this stage of fermentation due
to acetaldehyde binding it, the initial population of A. aceti and A. liquefaciens before
fermentation started might have been affected more by the 502 than was the case
with A. pasteurianus. The dominance of A. pasteurianus towards the end of
fermentation might be due to the higher ethanol tolerance of this strain, which was
also reported by De Ley et al. (1984).

During the 1999 season the bacterial counts were lower than the 1998 season,
with cell counts ranging between 104-105 cfu per ml. This difference in acetic acid
bacterial counts was also observed in rebate wine in a study undertaken at the
Institute for Wine Biotechnology during these two seasons (unpublished data). It thus
seems that the season can also playa role in determining the initial number of acetic
acid bacteria on the grapes and ultimately in the must. Different pesticides and
fungicide spraying programmes may affect this. G. oxydans dominated in most of the
fresh musts, but an A. pasteurianus strain was found to dominate the FI must. The
more ethanol tolerant Acetobacter strains again replaced the G. oxydans strains
during fermentation. As in the 1998 season, A. pasteurianus dominated in some of
the fermentations, with A. Iiquefaciens dominating others. This is a different scenario
from that obsevered in French and Australian wineries where A. aceti and
A. pasteurianus seemed to dominate (Drysdale and Fleet; 1985; Joyeux et al.,
1984a).

The growth of acetic acid bacteria during fermentation also correlated with the
initial pH of the must. In the low pH musts the decrease in acetic acid bacterial
counts was more pronounced than in the high pH must (refer to Figure 3.1). This
could be due to more 502 being in the free molecular form in the low pH must.
Ethanol toxicity is known to increase at a lower pH (Dupuy and Maurgenet, 1963)
which could be due to the cell membrane being more susceptible by ethanol to the
influx of protons, of which the concentration are higher at a lower pH. In one of the
high pH musts, FI, the acetic acid bacterial counts were even higher at the end of
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fermentation than at the beginning indicating that acetic acid bacteria can grow
during the alcoholic fermentation. The production of ethanol by the yeast have been
shown to stimulate the growth of some Acetobacter strains that prefer ethanol over
glucose as a carbon source (Swings and De Ley, 1981). This also raises the
question if these bacteria are as aerobic as thought before, seeing that they are able
to survive until the end of alcoholic fermentation. Acetic acid bacteria had been
proven to be able to use quinones instead of oxygen as electron acceptors
(Adlercreutz and Mattiasson, 1984). The growth of acetic acid bacteria in the different
commercial fermentations also confirm the advantages of having a must with a low
pH and the addition of S02 to the must prior to alcoholic fermentation. However, in
the Sill fermentation, which had a high pH, the acetic acid bacterial numbers also
decreased drastically after yeast inoculation (Figure 3.2). The sensitivity of acetic
acid bacteria to pH, S02 and ethanol is thus also strain dependent. The survival of
these bacteria after alcoholic fermentation should, however, be further investigated.
This should shed light on the ability of these bacteria to survive in wine. The survival
of high numbers of acetic acid bacteria after alcoholic fermentation should also
influence wine quality and raises the question how many of these bacteria after the
end of alcoholic fermentation are being "brought over" from the fermentation to the
following winemaking processes (Fugelsang, 1997).

Cold soaking can also influence the growth of these bacteria before alcoholic
fermentation. In the Sill must, where cold soaking was applied for 2 days in a high
pH must, the acetic acid bacteria increased from 103 to almost 105 cfu per ml during
this time, although the must was kept at 18°C. In the SI must, a slight decline was
observed during skin contact. This must had a low pH and higher S02 concentration,
which clearly indicates that during skin maceration a low temperature alone could not
be sufficient to control the unwanted growth of these bacteria. Similar results were
obtained by Drysdale and Fleet (1989b). Joyeux et al. (1984a) concluded that a
storage temperature of 10°C to 15°C could be beneficial in stopping acetic acid
bacteria from growing in wine. The addition of sufficient S02 and the lowering of the
maceration temperature should thus be considered when the winemaker wants to
apply skin contact prior to inoculation. A higher skin contact temperature for a short
period of time just after the addition of S02 can, however, also be considered, seeing
that at the higher temperatures during 1998 the acetic acid bacteria were more
efficiently eliminated by S02. More work is, however, required on this issue.

3.4.2 Identification of acetic acid bacteria

Five clusters with the SOS-Page numerical analysis of whole cell proteins were
obtained. Cluster I, belonging to A. hansenii also grew on dulcitol as carbon source.
This is one of the tests described in Drysdale and Fleet (1988) to distinguish this
Acetobacter strain from others. Cluster II belonging to A. liquefaciens gave a brown
pigment on GYC media and Cluster III (A. pasteurianus) was ketogenesis negative.
These are tests used to identify these two species, respectively. These two clusters
were by far the most numerous species to be found. Cluster IV belonged to A. aceti
and cluster V to G. oxydans, the latter is not able to overoxidize ethanol. There was
in general a good correlation between the biochemical and physiological tests and
the SOS-Page numerical analysis of whole cell proteins. The two strains SI8 and
SI18 clustered with A. pasteurianus and were ketogenesis negative on glycerol, but
were, however, also unable to overoxidize ethanol. Holt et al. (1994) also found that
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certain A. pasteurianus strains were not able to overoxidize ethanol. According to
our results, A. aceti and A. pasteurianus is closely related and this is in accordance
with Sievers et al. (1994). The results of 16 S RNA sequencing showed that
A. hansenii and A. liquefaciens were on the same phylogenetic level and this is also
indicated by our protein results (Sievers et al., 1994). Some of the acetic acid
bacteria isolated from the same fermenting musts also showed high correlation (r >
0.86) on the basis of whole-cell protein fingerprinting.

3.4.3 Growth curves of different acetic acid bacteria in grape juice

The growth of five selected acetic acid bacteria strains in white Colombard juice,
containing no S02, were similar at the three different pH values tested. This indicates
that, contrary to the growth of these bacteria in fermenting must, the pH of grape
juice has little effect on these bacteria. However, lower pH values have not been
tested, and should be considered in future work regarding this aspect of acetic acid
bacterial growth. The different strains, however, exhibited different growth patterns at
the same pH. It is clear from Figure 3.3 that G. oxydans exhibited the poorest growth
in this juice, which is surprising, seeing that this species prefers a sugar-rich
environment. The Acetobacter strains grew much better in this juice and
A. pasteurianus, A. hansenii and A. liquefaciens reached their maximum cell count
within 2 days after inoculation. This was also surprising due to the fact that
Acetobacter strains normally prefer ethanol over glucose and fructose as carbon
sources and some Acetobacter strains cannot grow on glucose and fructose as sole
carbon sources (Drysdale and Fleet, 1989b). This also shows the strain variation
between the ability of different strains to grow in certain juices and wines (Drysdale
and Fleet, 1989a).

3.4.4 Sulfur dioxide resistance of acetic acid bacteria

The acetic acid bacteria strains tested also differed in their sensitivity towards S02.
The G. oxydans strain was the most sensitive to S02 and 0.02 mg/I molecular S02
was sufficient to eliminate it completely 1 day after inoculation. The A. aceti strain
was sensitive to 0.02 to 0.1 mg/I and these concentrations retarded growth of this
bacterium, with 0.2 mg/I eliminating it completely after 1 day. These two strains also
exhibited the poorest growth in the juice used, which could correlate with their S02
resistance. The A. liquefaciens strain was inhibited severely by 0.05 mg/I the first 2
days after inoculation, but cell counts increased again after this, as can be seen in
Figure 3.8. Acetic acid bacteria are well known to produce gluconic, 2-ketogluconic,
5-ketogluconic and 2,5-diketogluconic acid from glucose, which can bind S02, thus
robbing it of its antimicrobial activity (Attwood et aI., 1991; Eschenbruch and Dittrich,
1986; Qazi et aI., 1991). This strain might have produced these compounds or also
have become more S02 resistant. It is clear that the A. pasteurianus and especially
the A. hansenii strain were the most S02 resistant. Boulton et al. (1995) reported that
0.8 mg/I molecular S02 was sufficient to control an A. aceti strain and that a trend
exists among certain winemakers to produce wines with lower S02 levels, which may
contribute to the higher incidence of A. pasteurianus in certain wines. It is clear that
the S02 resistance of acetic acid bacteria is also strain related, but 0.64 mg/!
molecular S02 in these juices prevented the growth of all of these bacteria. This is
the first detailed study to our knowledge of the S02 resistance of the five
representative species normally found in must and wine. In a recent study, Edwards
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et al. (1999a) concluded that a low pH with S02 addition is still the best option for
winemakers to control Lactobacillus kunkeei, a lactic acid bacterium which has been
associated with sluggish or stuck fermentations. This may also be true for acetic acid
bacteria, but more research is needed to confirm this.

3.4.5 Effect of acetic acid bacterial metabolites on yeast growth

The V.A. production of the acetic acid bacteria at the different S02 concentrations
were correlated with their ability to grow at the different S02 concentrations. The
G. oxydans strain which grew the poorest in the juice produced small concentrations
of V.A. compared to the Acetobacter strains. V.A. production also correlated with
growth of the bacteria, when the bacteria had been inhibited by the S02 from growing
into their stationary phase, low levels of V.A. production occurred. A. aeeti and
A. hansenii produced the lowest and highest concentration of V.A. of the Aeetobaeter
strains, respectively. Drysdale and Fleet (1989b), however, found a G. oxydans strain
able to produce much higher levels (1.64 gIl) of acetic acid than A. aeeti and
A. pasteurianus that only produced between 10 to 50 mg/l. The acetic acid
bacteria which we tested produced very little V.A. during their active exponential
growth phase. It thus seems as if our findings correlate with that of Kësebalan and
Ozilgen (1992), who found that an Aeetobaeter produced most acetic acid during the
stationary phase, but this can also be strain dependent as Joyeux et al. (1984b)
found an A. aeeti and G. oxydans strain to produce significant concentrations of
acetic acid during their growth.

The production of V.A. by these bacteria also correlated with the ability of the
yeast to ferment the juice dry after prior growth of the acetic acid bacteria. It is clear
from Table 3.5 that the prior growth of G. oxydans did not inhibit yeast growth or
fermentation ability at all, since in all fermentation in which this strain had previously
grown fermented dry in the same time than the control fermentation. In the must in
which A. aeeti had grown in, only the juices to which no S02 was added did not
ferment dry after 6 days. It however proceeded to ferment dry 2 days after this. This
also correlates with lower V.A. production by this strain. It is clear that
A. pasteurianus and A. hansenii inhibited yeast fermentation ability the most, since
the V.A. producted by these bacteria resulting in a significant amount of reducing
sugar left after 6 days of fermentation. The number of live yeast cfu per ml in juices in
which these bacteria had grown in also correlated with this (Figure 3.9). The
inhibition of the yeast was, however, higher than one would expect from the levels of
acetic acid in the must. Antoce et al. (1997) reported that a 50% inhibition of growth
of S. eerevisiae only took place at 5.27 gIl acetic acid, which is much higher than the
concentrations produced by the bacteria in this study. Some other unknown inhibitory
mechanism of the acetic acid bacteria may be responsible for this. Grossman and
Becker (1984) and Joyeux (1984b) both reported inhibition of yeast in juice in which
acetic acid bacteria had grown in. The ability of acetic acid bacteria to keep the yeast
from fermenting juice dry, even when inoculated simultaniously, was also reported by
Drysdale and Fleet (1989b). Lactobacillus kunkeei is a lactic acid bacteria
associated with stuck or sluggish fermentations and Edwards et al. (1999b) added
acetic acid to fermenting grape juice at the same rate that L. kunkeei produced it.
This however did not lead to the same rate of inhibition as the bacteria and they
concluded that L. kunkeei may have some other unknown inhibitory effect on the
yeast. This can also be true for acetic acid bacteria, be it through the production of
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inhibitory compounds other than acetic acid or by utilizing some nutritional compound
important for yeast growth and fermentation. Clearly more work needs to be done on
this.

Table 3.6 shows different compounds produced by these bacteria. Acetic acid
bacteria are known to be able to produce lactic acid (Joyeux, 1984b). There was also
an increase in the succinic, a-ketoglutaric and fumaric acid concentrations after
growth of some of the acetic acid bacteria, which are all intermediates of the
tricarboxylic acid (TCA) cycle, indicating that the TCA cycle was probably active upon
growth of these bacteria in the juice. This may also explain the dissappearance of
pyruvate in the juice in which acetic acid bacteria had grown. Some strains might
even be able to degrade tartaric acid and this difference in organic acid concentration
may affect wine quality (Drysdale and Fleet, 1989a). Glycolic acid was also
produced by some of these bacteria, which had not been reported before. Acetoin
was also produced by some of the strains, especially A. hansenii, which had the
highest lactic acid production as well. Acetic acid bacteria can produce acetoin from
lactic acid (De Ley, 1959) and this may explain the higher formation of this compound
by A. hansenii. Acetoin can influence the wine aroma negatively if present at too
high concentrations and can also bind S02, thus rendering it ineffective against
microorganisms (Drysdale and Fleet, 1989b). This may also explain the higher S02
resistance of the A. hansenii strain.

3.5 CONCLUSION

The survival and occurrence of acetic acid bacteria in must and wine had been
studied before, but this is the first study that we know of that investigated the growth
of these bacteria in different fermentations during different harvesting seasons, be it
on a small or commercial scale. This study clearly indicated that acetic acid bacteria
can survive and even grow in grape must during the alcoholic fermentation and that
the pH and molecular S02 concentration of must and wine are important factors
influencing this ability. Growth of acetic acid bacteria seems to be dependent on the
pH and the S02 concentration prior to yeast inoculation. The occurrence of these
bacteria can also differ between harvesting seasons. G. oxydans dominated in the
fresh must, with Acetobacter species, especially A. pasteurianus and A. liquefaciens,
occurring later during alcoholic fermentation. It thus seems as if the South African
scenario for the occurrence of these bacteria differs from that of other wine producing
countries.

The sulfur dioxide resistance of these bacteria differed, with 0.64 mg/l molecular
S02 being sufficient to eliminate the five representative species completely in grape
juice. This could, however, differ from strain to strain and as observed for the strains
tested. Winemaking practices can influence the growth of these bacteria in wine and
temperature, pH, yeast type used, sulfur dioxide concentration and the uptake of
oxygen can influence the prolonged survival and growth of these bacteria in juice and
wine. A low pH and sufficient S02 concentrations should, however, help to prevent
the unwanted growth of acetic acid bacteria. South African strains were, however,
able to produce large quantities of acetic acid and this could also influence
fermentation and the quality of grape juice and wine. Acetic acid bacteria are also
able to influence the organic acid composition of must and wine. More research is
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needed on this group of microorganisms which can profoundly influence the quality of
grape juice and wine.
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4. GENERAL DISCUSSION AND CONCLUSIONS
------ -

4.1 CONCLUDING REMARKS AND OTHER PERSPECTIVES

Winema king has always been seen as an artform and even in Biblican times this
drink derived from the vine has been praised for it's vitality and difference in style.
The "art" of winemaking is, however, also believed to be a science, with different
biochemical, chemical and physical processes all attributing to the final product.
There is little room for error in the competitive environment of the world market place
today. It is thus of pivotal importance that the "science" of winemaking give answers
to problems facing the wine producer in order to be able to produce wines of the
highest quality. These answers can only be given through scientific research, but
should however be of practical applicability to the winemaker and should not be of
academic interest only.

One of the biggest and most common problems facing winemakers all over the
world are stuck fermentations and high volatile acidity concentrations in wine
(Rasmussen et aI., 1995). In the past the occurrence of these problems has been
attributed to improper winemaking techniques and was considered to be inexcusable
(Amerine and Kunkee, 1968). These practices can certainly contribute to these
problems, but the increase in sluggish/stuck fermentations and elevated volatile
acidity levels confirm that they are not the only cause. Many causes of
sluggish/stuck fermentation have been given in the past and they still receive much
attention (Bisson, 1999). Yeast, lactic acid bacteria and acetic acid bacteria can all
contribute to higher volatile acidity levels in must and wine (Fugelsang, 1997). The
recent trend of winemakers to reduce sulfur dioxide levels in their wines, due to
mounting consumer resistance to this preservative, might contribute to the higher
incidence of microbial spoilage of must and wine (Fugelsang, 1997; Miller, 1993;
Taylor et aI., 1986). The higher incidence of A. pasteurianus in recent years in wines
is an example of this, according to Boulton et al. (1995). It is thus important to be
able to control the unwanted growth of these spoilage organisms. This can only be
achieved if these microorganisms are studied and factors, which affect their growth
and survival in wine, understood. One of these groups of microorganisms able to
produce acetic acid in wine, the acetic acid bacteria, have not received much
attention in recent years (Drysdale and Fleet, 1988). This together with the fact that
high V.A. wines are obtained without the fermentation having undergone a sluggish
or stuck fermentation, led us to conduct this study on the occurrence, identification
and characterization of acetic acid bacteria in South African red wine fermentations.

Fermentations were monitored during 1998 and 1999. These included small
scale fermentations at different sulfur dioxide concentrations in 1998 and commercial
fermentations in different wine cellars in 1999. During the 1998 season acetic acid
bacteria occurred at high numbers on the grapes (106-107 cfu per mi). G. oxydans
dominated in the must and this was also found in the 1999 season, although at lower
numbers (104-105 cfu per mi). This correlated with results obtained by other workers
(Joyeux et aI., 1984) who also found G. oxydans to dominate on the grapes. The
addition of 50 mg/kg S02 prior to yeast inoculation did reduce the acetic acid bacterial

Stellenbosch University http://scholar.sun.ac.za



71

numbers in the 1998 fermentations. This was especially true at the higher
fermentation temperatures. The G. oxydans strains were, however, replaced by
Acetobacter species during fermentation, especially A. pasteurianus and A.
liquefaciens, correlating with the latter genus' higher ethanol tolerance (Holt et al.,
1994). During the 1998 fermentations acetic acid bacterial numbers occurred at 103

cfu per ml at the end of fermentation. This also occurred in the 1999 season,
especially in the high pH musts (pH> 3.6). The prolonged survival and even growth
(which was observed in some high pH musts) of these bacteria during fermentation
should be a source of concern for winemakers. In the low pH must (pH < 3.6), the
bacteria died off quicker during fermentation, with more molecular S02 present being
responsible for this. It must be stressed that a low pH and high S02 concentration do
not necessarily guarantee the inhibition of growth of acetic acid bacteria, as Drysdale
and Fleet (1985) isolated acetic acid bacteria at cell numbers that did not correlate
with low pH and high S02 concentrations. This could be due to strain variation, but a
low pH and sufficient S02 should help to prevent the unwanted growth of these
bacteria.

The identification of the dominant acetic acid bacteria with different biochemical
and physiological tests as well as SOS-PAGE of whole cell proteins revealed that
these two techniques correlate with one another for the identification of these
bacteria. Some of these strains, although far in the minority, did not fit in with the
biochemical and physiological tests described by Drysdale and Fleet (1988) which
was also reported by Splittstoesser and Churney (1992) on acetic acid bacteria
isolated from grapes. As mentioned before, A. pasteurianus and A. liquefaciens
dominated during the fermentation which is in contrast to other wine producing
countries. This is the first report, to our knowledge, that A. liquefaciens occurred to
such a large extent in wine fermentations.

The sulfur dioxide resistances of five representative species in grape juice were
also tested. Acetic acid bacteria differed in their resistance to S02, with G. oxydans
and A. hansenii being the least and most resistant, respectively, to S02 of the five
strains tested. A molecular concetration of 0.64 mg!1 S02 inhibited all the strains
tested completely within five days after inoculation. A total S02 dosage of 60 mg!1at
pH 3.4 was necessary to achieve this molecular concentration before inoculation with
the acetic acid bacteria. This is not excessively high in terms of oenological
practices, where these concentrations are often added to the must before the
beginning of fermentation. To achieve the molecular concentration mentioned above
with this dosage of total S02, a low pH and low concentrations of S02 binding
substances, like gluconic acid, are required. It must, however, again be stressed that
this molecular S02 concentration would not necessarily be sufficient to eliminate all
acetic acid bacteria in a must, due to strain differences.

The acetic acid bacteria also produced very little volatile acidity when their growth
was retarded by the S02, even when their numbers remained the same compared to
the number of cells inoculated at the beginning of the fermentation. The S02 thus
seems to inhibit the growth of acetic acid bacteria as well as their ability to produce
large concentrations of acetic acid. The bacteria tested also produced very little
volatile acidity during their active growth phase. The correct use of S02 can thus
also help to prevent the growth and the subsequent production of acetic acid by
acetic acid bacteria.
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The inoculation of yeast after acetic acid bacterial growth also shed some light on
how effectively the acetic acid bacteria were inhibited by the S02. Where effective
inhibition of acetic acid bacteria occurred, the yeast were able to ferment the must
dry in the same time than the control in which no acetic acid bacteria had grown in.
Acetic acid produced by some of these strains was, however, able to inhibit the yeast
effectively. Acetic acid bacteria can thus also contribute to sluggish and stuck
fermentations. We could not, however, detect the production of other fatty acids
inhibitory to yeast by these bacteria. The growth of these strains also affected some
of the components in the must, like organic acids. Acetic acid bacteria can produce
and utilize various organic acids (Drysdale and Fleet, 1989), which can also influence
wine quality.

It is clear that future work needs to be done on acetic acid bacteria. Future work
should include the monitoring of their occurrence in the vineyard, after alcoholic
fermentation and during maturation. The effect of different viticultural practices on
the latter scenario should also be investigated. The mechanism used by these
bacteria to survive the anaerobic conditions prevailing during fermentation should be
elucidated. Alternative inhibition mechanisms towards yeast by these bacteria other
than the production of acetic acid should also be investigated. Other identification
techniques like the occurrence and characterization of plasmids (Fukaya et aI., 1985)
and sequencing and comparison of 16S rRNA and DNA (SokolIek et al., 1998;
Yamada et al., 1997) should also be considered for the South African context to
differentiate strains. This could supply much needed answers necessary to keep
these bacteria from spoiling must and wine.

This study, clearly indicates that acetic acid bacteria can occur in large numbers
on grapes, in the must and during fermentation. Acetic acid bacterial numbers can
also differ from season to season, but these numbers can be controlled to a certain
degree by the effective use of S02 and a lower pH. Where the delay of the onset of
alcoholic fermentation is considered, the effective control of acetic acid bacteria is of
crucial importance. Results clearly indicated that A. liquefaciens and A. pasteurianus
dominated South African red wine fermentations. This should also be considered if
alternative ways to control these bacteria other than S02, like the use of antimicrobial
peptides, are looked at. Sound winema king practices, like the elimination of oxygen
uptake, good cellar hygiene and a good quality control system should also help in
eliminating this age old problem of acetic acid bacterial spoilage of wines. This could
help to make the wine industry more competitive in the dynamic global picture of the
food and beverage industry.
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