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PROPOSITIONS 

1 . A pure culture of Oenococcus oeni is not a homogeneous population but a heterogeneous 

collection of individual cells. 

This thesis 

2 . Ethanol-adapted Oenococcus oeni cells display an increased malolactic activity, making them 

highly effective in deacidification of wine. 

This thesis 

3. "What a trifling difference must often determine which shall survive, and which perish" (Charles 

Darwin). Like in the microbe world, difficult challenges are needed to reveal those trifling 

differences in human beings. 

In letter to Asa Gray, September 5th, 1857 

4 . "I haven't failed. I've found 10,000 ways that won't work." (Thomas Edison). As a scientist we 

should never find truth disappointing; usually the most frustrating results are those that trigger the 

most interesting findings. 

In Inventing the Future by M. F. Delans and D. E. Sloane 

5. "There is nothing in a caterpillar that tells you it's going to be a butterfly." (Buckminster Fuller). 

This metamorphosis describes perfectly the process of writing a thesis out of a pool of 

experimental data. 

In Buckminster Fuller's universe: His life and work by L. S. Sieden and N. Cousins 

6. To achieve the so desired world peace, we should understand urgently that "happiness is not a 

destination but a way of traveling". (Roy M. Goodman) 

Propositions belonging to the thesis 

"Effects of ethanol on Oenococcus oeni: Stress response, adaptation and performance" 

Maria Graca da Silveira 

Wageningen, 29 October 2003 
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1. GENERAL INTRODUCTION 

1.1. Abstract 

This chapter provides an overview of malolactic fermentation in wine and describes 

the main difficulties concerning the development of reliable ready-to-use starter 

cultures in the production of wine. Aspects concerning the metabolism and stress 

response in Oenococcus oeni are briefly discussed. Microbial stress response and 

adaptation to ethanol are presented, with special focus on the interaction of ethanol with 

the cytoplasmic membrane. Finally, the emerging awareness of heterogeneity among 

bacterial cells and its impact on stress tolerance of individual cells and subpopulatJons is 

discussed. 



Chapter 1 

1.1. Malolactic fermentation 

Lactic acid bacteria (LAB) are responsible for the decarboxylation of malic acid to lactic acid, during 
vinification. This was shown by Peynaud (71) in the first published results on the LAB microflora of grape 
must and wines. After the work of Ribereau-Gayon et al. (75), this second phase of vinification, called 
malolactic fermentation (MLF), has been intensively studied worldwide by numerous researchers (for a 
review see [53]). Oenococcus oeni formerly called Leuconostoc oenos (24) is recognized as the principal 
LAB responsible for the MLF, since it is able to grow in the hostile wine environment (29, 96). 

In cold wine regions, MLF is deemed essential in order to decrease the excess acidity resulting 
from the high content of malic acid in grapes grown in such climates. This decrease in acidity improves the 
wine "mouthfeel" which becomes "softer". Another benefit of MLF is to improve microbiological stability of 
the wine (57). During its activity in wine, 0. oeni cells also ferment residual sugars, hexoses and pentoses 
(Fig. 1-2) left by yeasts (76). Other known (e.g. citric acid) and unknown substrates are metabolized 
contributing to the flavour complexity of wine. 

The biological advantage of MLF has been a matter of discussion among enologists for years. The 
decarboxylation of L-malic acid is a one step reaction catalyzed by a single enzyme, called malolactic enzyme 
(MLE), which is NAD+ and Mn2+ dependent (Fig. 1-1). The lack of a pyruvate intermediate (14) and the fact 
that direct H* or Na+ extrusion involving membrane-bound decarboxylases does not occur (25), prompted 
researchers to report that MLF serves a non-energy-yielding function. It was suggested that MLF improved 
growth by creating a favorable pH that stimulates utilization of other substrates (15, 72). It is now well 
accepted that the MLF is a proton motive force- generating process that occurs in various LAB (55,68,74,80). 
In 0. oeni the proton motive force (pmf) is generated during MLF as a consequence of the electrogenic 
transport of monoprotonated malate and concomitant consumption of a proton in the cytoplasm during its 
decarboxylation (74, 81). The pmf generated is of sufficient magnitude to drive ATP synthesis by the H+-
ATPase(21,39,80). 

COOH ^Mt H + COOH 

i 
_L_ 

i 

HOCH + 1 M * »> HOCH + C02 

CH 2 ^m* CH3 

COO" malolactic enzyme 
(NAD+; Mn2+) 

Figure 1-1 Schematic representation of the malolactic reaction in whole cells of 0. oera'at wine pH. 
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MLF may occur spontaneously in wine as a result of the growth of an indigenous flora of LAB. 

However, MLF depends upon the growth of LAB in the wine as a batch culture and is strongly influenced by 

environmental conditions, so that the naturally developing process is often delayed or fails, and 

consequently introduces significant and inconvenient delays into the overall process of vinification (97). The 

time-honored methodology, where the winemaker relies on the bacteria resident in barrels in which a 

desirable MLF has previously occurred, call for a wine storage in conditions that prevent the development 

of undesire d fermentations, i.e. cool and with added sulfur dioxide, which may itself delay the eventual 
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Figure 1-2 Schematic representation of carbon and energy flows through the central metabolic 

pathways of 0. oeni. Numbers represent: 1, mannitol dehydrogenase; 2, glucose 6-phosphate 

dehydrogenase; 3, phosphogluconate dehydrogenase; 4, xylulose 5-phosphate phosphoketolase; 5, 

glyceraldehyde 3-P dehydrogenase; 6, lactate dehydrogenase; 7, pyruvate oxidase; 8, phosphate 

acetyltransferase; 9, acetaldehyde dehydrogenase; 10, alcohol dehydrogenase. 
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MLF for several months after alcoholic fermentation (50). Spontaneous fermentation has become even 

more unpredictable as winery hygiene has improved, e.g. as a result of the replacement of wooden casks 

with stainless steel tanks for fermentation of red wines (67). This fact encouraged the development of 

technology for the induction of MLF by inoculation of industrial starter cultures (28, 67). However, 

inoculation of 0. oeni starter cultures directly into wine leads to significant cell mortality and, consequently 

failure of MLF. Indeed, starter cultures need one or more steps of reactivation and adaptation to wine, in 

order to enhance the survival of the bacteria after inoculation into wine (51,64,65,67). These steps, which 

are very time consuming, require microbiological expertise in order to reduce the risk of contamination with 

other bacteria, and this has limited the practical application of starter cultures. An understanding of the 

mechanisms involved in wine toxicity and tolerance in 0. oeni is required for the construction of such 

tolerant strains for direct inoculation of wine. Thus, advances in commercial starter production are 

dependent on fundamental research on physiology of 0. oeni. 

1.2. Wine as a stressful environment 

Basic knowledge of MLF has increased considerably from the moment enologists recognized the 

importance of this secondary fermentation in wine. However, many gaps still exist and one of the most 

evident ones concerns the adaptation of these bacteria to such a harsh medium as wine including low pH, 

toxic substances produced by yeast metabolism during alcoholic fermentation e.g. 10-12% ethanol and 

fatty acids such as octanoic acid (54, 11). Moreover, red wines contain large amounts of phenolic 

compounds (18), present in grape skins and seeds, which are extracted during winemaking. The addition of 

SO2 to grape must in the beginning of the vinification process is a current practice (38) to control oxidation 

reactions and restrict the growth of undesirable microorganisms, mainly acetic acid bacteria (6). This stress 

condition may also affect the performance of 0. oeni in wine (13,35). 

Until now, many studies on stress response in 0. oeni have been concerned with the effect of 

several factors on MLF and growth of 0. oeni (11, 49, 73, 82, 97). However, knowledge about the 

physiological mechanisms involved in stress response and adaptation in 0. oeni is limited. In this respect, 

much attention has been devoted to aspects regarding acid tolerance (26, 31, 63, 90). Three mechanisms 

appear to play an important role: (i) MLF which is involved in proton motive force (pmf) generation and in 

the maintenance of internal pH by proton consumption during L-malate decarboxylation (80), (ii) the 

activation of proton-extruding ATPase (26), and (iii) stress protein synthesis as part of a typical acid 

tolerance response (ATR) (34). Pmf becomes important as the external pH decreases and the 

concentration of essential nutrients that are transported by secondary transport systems becomes low (80), 

conditions that are generally found in wine. This is in line with the fact that the first two mechanisms claim 

the maintenance of pmf generating capacity to be a crucial feature in the performance of 0. oeni in wine. 

Wine has a complex composition, so a central composite design is an effective way to study the interaction 

among several factors (32). Vaillant et al. (92) studied the effect of 11 physico-chemical parameters on 
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MLF in three strains of 0. oeni and showed that ethanol had the largest inhibitory effect. Since ethanol acts 

as a disordering agent of the 0. oeni cytoplasmic membrane, leading to leakage of intracellular material 

absorbing at 260 nm (chapter2) and promoting pmf dissipation, the superimposed effect of ethanol over all 

other stress conditions as observed by Vaillant et al (92) is understandable. 

1.3. Effect of ethanol 

The accumulation of ethanol as a product of alcoholic fermentation carried out by yeast represents an 

adverse environmental change for 0. oeni that has to perform MLF under such conditions. Ethanol 

changes the physical characteristics of the environment of a cell (30) and may alter the way in which a cell 

interacts with its environment. In the beginning of the 80's a lot of work was done in this field and a number 

of "inhibitory" mechanisms have been proposed, however, the exact range of biochemical and physiological 

processes affected by ethanol is mostly undefined. Therefore it is very well possible that the investment in 

ethanol research was misdirected due to this deficiency in fundamental understanding. 

Since, the cytoplasmic membrane is the primary site through which the cell maintains contact with its 

surrounding, it can be expected to be the primary site of the cellular defense against ethanol. Although, 

biological membranes provide the structural framework that separates cells interior from the environment, 

they are not simply passive barriers, on the contrary, cytoplasmic membranes can be indeed regarded as 

extremely dynamic structures involving specific lipid-lipid and lipid-protein interactions. Domains formed by 

integral and intrinsic proteins divide the membrane into regions differing in lipid and protein composition, so 

that the free energy of the system is minimized. When cells are suddenly exposed to ethanol the toxic 

effect is generally attributed to the preferential partitioning of ethanol to the hydrophobic environment of the 

lipid bilayer. However, this is hard to reconcile with the polar and hydrogen-bonding properties of ethanol 

and with its full miscibility with water. Jones (44) in an extensive review of biological principals of ethanol 

toxicity supports the theory that membrane-located effects of ethanol are more likely to be due to dielectric 

disruption of the aqueous phase, to competition with water for polar membrane sites, and to selective 

location within the polar region of membrane surfaces or proteins. 

The physico-chemical state of the membrane, often called the "membrane fluidity", is determined by 

bulk lipids and quantitatively expressed as the inverse of viscosity. Fluidity is a somewhat ambiguous term 

as it combines the effect of both lipid dynamics and acyl chain order. Dynamic processes include lateral 

and rotational diffusion of the lipid molecules, and also rotation around single carbon-carbon bonds. Acyl 

chain order or lipid packing refers to the average orientation of each carbon along the chain (88). The 

motion of spin-labels used to assess fluidity (see also chapter 4) reflects both dynamics and molecular 

order. The physiological relevance of fluidity is evident from the adaptation of various organisms to 

environmental stresses. Ethanol tolerance has been associated with high plasma membrane fluidity both in 

yeast (1,2,84) and bacteria (5,20,22,40). The fluidization response can be interpreted on the basis of the 

hypothesis of "homeoviscous adaptation" (85) as a counteraction to the physico-chemical effect of ethanol 
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on membranes (42). This model, whilst being widely reported, is apparently not universally applicable to all 

organisms. Exceptions have been reported for B. subtilis (77), E. coli (27), and 0. oeni cells (chapter 4 in 

this thesis), in which cytoplasmic membranes isolated from cells grown in the presence of ethanol were 

more rigid than those from the control cells. 

Eukaryotic cells modulate membrane fluidity by changing the phospholipids/cholesterol ratio. 

However, bacteria do not contain cholesterol and the ability to adjust their membrane fluidity is to a large 

extent dependent on changes in fatty acid (FA) composition (for a review see [79]). The ethanol-induced 

changes in membrane fatty acid unsaturated/saturated ratio are widely recognized, and it is claimed that an 

increase in membrane unsaturation is the mechanism leading to ethanol tolerance both in yeast and 

bacteria (17, 27, 40, 42, 62, 89). Caution is required, however in what dictates the requirement for 

unsaturated FA in the acquisition of ethanol resistance. Ethanol has been shown to inhibit the biosynthesis 

of saturated fatty acids in bacteria (10) and conceivably in the presence of ethanol cells display higher 

amounts of unsaturated FA. In a comprehensive study of adaptation of Pseudomonas putida S12 to 

ethanol (37) it was observed that ethanol promotes a strong increase of trans unsaturated FA and at the 

same time decreases the degree of saturation of the membrane FA. The isomerization of cis to trans 

unsaturated FA compensates for the ethanol-induced fluidizing effect, yet, the decrease in the degree of 

saturation has an antagonistic effect. These observations strongly support the hypothesis that the decrease 

in the degree of saturation induced by ethanol is a compensatory effect rather than an adaptive mechanism 

of the cells. 

1.4. Membranes as stress sensors 

The stress-sensing systems leading to the cellular heat shock response (HSR) and the mechanism 

responsible for desensitizing this response in stress acclimatized cells are largely unknown. The classical 

view of the HSR is that stressing agents cause the accumulation of aberrant or partially denatured proteins 

in the cell with a resultant induction of the genes responsible for HS protein production (reviewed in [69] 

and [86]). However, a number of independent observations support the hypothesis that the stress-sensing 

mechanisms are intimately associated with membrane structure and function, e.g. (i) the plasma membrane 

is a very sensitive monitor of environmental induced changes, (ii) the activity of integral membrane proteins 

is sensitive to the lipid composition, the lipid bilayer dynamics and its physico-chemical state (59). 

Chatterjee et al. (16) demonstrated that the thermal inducibility of a heat shock (HS) sensitive 

reporter gene is closely correlated with the percentage of unsaturated fatty acids present in yeast cells. The 

authors observed that yeast cells supplemented with high levels of unsaturated fatty acids displayed an 

increase of up to 9°C in the optimal activation temperature for the HS response (HSR). These results 

suggest that the transient nature of the HSR may be a manifestation of a lipid-mediated desensitization of 

the heat stress signal transduction mechanism. Further evidence comes from a study carried out by 

Carratu ef al. (12) showing that membrane lipid composition affects the set point of the temperature of HSR 
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in yeast. Since, ethanol is known to affect membrane composition (see [44]) we can expect ethanol stress 

to be transduced into a cellular signal at the level of the membrane. Actually, ethanol was found to lower 

the threshold temperature for the maximal activation of HSR in S. cerevisiae (23). 

The involvement of membrane composition in the stress-sensing pathway is not restricted to yeast. 

An unbalanced membrane phospholipid composition of £ coli induced a phospholipid-specific stress signal 

to which certain regulatory genes responded positively or negatively according to their intrinsic mechanisms 

(43). This observation allows us to speculate that changes in the lipid species that surround the 

transmembrane segments of the sensing domain of the two-component system modulate the activity of the 

histidine kinase (Fig. 1-3). Thus, in response to a composition change, the signaling pathway is switched on 

via a phosphorylation event. 

In a very elegant assay, Horvath et al (41) demonstrated that in Synechocystis the temperature at 

which maximal activation of a number of HSR genes occurs decreased when the fluidity of the thylakoids 

was increased. Thus, the physical state of the membrane itself is proven to be involved in the transduction 

of heat stress into a biological signal. Changes in membrane order seem to be important for regulation of 

gene expression also in the yeast PKC1 gene (47). This gene, whose product is implicated in the regulation 

of a MAP-kinase pathway, could be activated when cells detected a stretch in their plasma membranes 

after thermal stress. Moreover, in Lactococcus lactis changes in the transmembrane osmotic gradient are 

transmitted to the osmoregulated ABC transport system via distortions in the membrane bilayer, which is 

consistent with a role for membrane strain (or curvature stress) in the activation of the sensing mechanism 

(93). 

Figure 1-3 Two-component signalling mechanisms. 

Prokaryotes signalling pathway is structured around 

two proteins. The first component is a 

transmembrane ATP-dependent histidine protein 

kinase (HK), composed of a periplasmic sensor 

domain and a cytoplasmic histidine kinase domain 

that catalyse ATP-dependent autophosphorilation. 

The second component of the system, a 

cytoplasmic response regulator protein (RR), is 

activated by the HK. The sensor domain detects 

stimuli and modulates the activity of the 

cytoplasmic kinase domain, thus regulating the 

level of phosphorylation of the RR. Posphorylation 

covalently modifies the RR, which results in its 

activation and generation of the output response of 

the signalling pathway (87). 
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1.5. Measuring heterogeneity 

Information of individual cells in a microbial culture was restricted, until few years ago, to the determination 

of colony forming units in plate. This common microbiological practice relied on the assumption of 

uniformity within a bacterial population that constitutes a colony, which was supported by the results 

obtained from classical techniques that involved bulk measurements. However, when one considers survival 

of organisms, the variation between individual cells is unmasked since not all cells survive equally well (45). 

When cells are exposed to a stress, the decline of the population frequently follows first order kinetics, 

which is inconsistent with uniformity of susceptibility (95). 

Next to the obvious heterogeneity in a mixed natural populations microbial heterogeneity arises 

from four principal sources: first, genotypic through mutation; second, phenotypic via progression through 

the cell cycle (19); third, phenotypic by changes in the exact local environment and its history (60) and 

fourth, arises from oscillatory intracellular dynamics, e.g. ultradian clock-controlled properties (56). Booth 

(7) suggests that the transient super abundance of specific proteins that counter stress is responsible for 

the extreme survival properties of a few cells. Four core systems in the cell are capable of transiently 

altering protein balance: gene duplications, altered initiation of transcription, proteolysis and competition for 

ribosomes. In theory, the cell could develop a tighter control mechanism designed to match supply to 

demand. However, cells would rule out heterogeneity and consequently sacrifice adaptability, which is one 

of the most significant traits possessed by bacteria. The advantage to the species of heterogeneity within 

the population is that no matter what stress is encountered by the organism some cells will survive and can 

potentially become the new colonists of a "purged niche" or of a newly encountered environment. 

The mainstream of work in microbial physiology is typically done with nonsynchronised batch and 

continuous cultures. Let us consider a study of biotechnological application in which one might wish to 

establish the relationship between one or more metabolic properties of interest and the loss of fermenting 

capacity. We may, for instance, monitor the activity of a specific metabolic enzyme of the bacterial culture. 

However, when one studies the extent to which the activity of an enzyme determines the fermentation 

capacity of a population, one has to consider the possibility that the activity of that enzyme is distributed 

heterogeneously among individual cells (46, 48). Thus a technique, which enables measurements to be 

made in single cells, provides incomparably more useful information than do traditional biochemical assays, 

which report average values of large populations of cells. Flow cytometry (FCM) is the obvious tool for 

single-cell analysis of a large number of cells. It is an optical, purely quantitative, technique, which 

measures scattered light and fluorescence properties of individual cells (83). Advantages of using 

fluorescence techniques in combination with FCM are a high sensitivity (i.e., the number of molecules 

needed for detection is low), a high time resolution (approx. 108 s), and the possibility of a view into living 

cells without disturbing the cellular organization. 
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It has been very elegantly demonstrated that labeling cells with fluorescent probes allows specific 

assets of cell physiology to be studied (for reviews see [8]). A large number of fluorescent dyes has been 

described, for instance, as vital stains (36). A classical example is the esterified pre-fluorochrome 

carboxyfluorescein diacetate (cFDA) that is converted to carboxyfluorescein (cF) by functional cytoplasmic 

enzymes i.e. esterases. cF is negatively charged at physiological pH, and consequently will accumulate 

inside cells with an intact cytoplasmic membrane (78). Indeed, demonstration of esterase activity provides 

an indication of metabolic activity, showing the capacity of a cell to have synthesized this enzyme in the 

past and its ability to maintain it in an active form. But, the cFDA cleaving reaction giving rise to 

fluorescence is typically not energy dependent. However, the ability to transport molecules across the 

membrane or regulation of pH requires energy metabolism. Thus cF extrusion, more than cF labeling 

capacity, can provide a highly sensitive indicator of cell stress as we demonstrate in chapter 3 of this thesis. 

Therefore, assays should be designed to give information about the selected parameters being 

investigated rather than to give an estimate of cell viability. 

1.6. Use of Multi-staining Flow Cytometry in Food Industry 

Rapid assessment of microbial presence and viability in food products is of paramount importance for the 

food industry, daily compelled with the production and control of beneficial and undesired (spoilage, 

pathogenic) microorganisms, respectively. So, analytical techniques decoupled from post-sampling growth 

are desirable to allow on site detection of microorganisms in foods, which may enable food processors to 

achieve real-time data useful for HACCP system implementation. The FCM analysis fulfils these requests 

and has been proven to be a reliable technique to monitor total bacterial counts in food (33, 52, 70). The 

use of specific fluorescent dyes in combination with FCM improved the detection of foodborne 

microorganisms, given that food samples have a very high background (61, 91, 94). However, viability of 

food pathogens, defined by reproductive growth on agar plates, often cannot be measured due to 

irreversible DNA damage, fastidious growth requirements or extremely slow growth. Multi-colour flow 

cytometric analysis allows differentiation of stages far beyond the classical definition of viability (4, 66), 

namely, detection of metabolic activity that provides presumptive evidence of reproductive growth. In food 

industry, this approach can represent an interesting alternative, since metabolism even in the absence of 

growth may produce undesirable effects such as food spoilage and/or accumulation of toxins. 

Given the speed of analysis and the diversity of cell physiological characteristics that can be 

measured, flow cytometry can be applied for online-monitoring providing detailed information about 

fermentation processes. Thus, it represents a sophisticated tool that allows direct regulation of the process 

conditions in order to optimize the production. The potential use of FCM in oenological industry has 

become more and more a real possibility. FCM as been shown to be a good method to enumerate dry wine 

yeasts (9) as well as in predicting the performance of these yeasts after rehydration (3). More recently, 

Malacrino et al. (58) used FCM to count simultaneously yeasts and malolactic bacteria in wine. They found 
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a good correlation between viable counts determined by FCM and the number of colony-forming units (cfu) 

observed in plate counts. This is of special importance if we consider that 0. oeni, the principal malolactic 

bacteria of wine, takes 1 week to form visible colonies on plates. Moreover, the presence of a large number 

of injured-cells after inoculation of 0. oeni starter cultures in wine or at any time throughout the course of 

MLF has an obvious detrimental effect on the efficiency of malic acid degradation. In chapter 2 of this 

thesis we present a rapid method to assess membrane integrity of 0. oeni cells, of major interest to the 

starter culture industries as an indicator of the physiological state of the individual 0. oeni cells. In chapter 

3 we provide a rapid method to assess the bioenergetics of individual 0. oeni cells, which represents a 

promising technique to the wine industry allowing online monitoring of malolactic activity at the single cell 

level. 

1.7. Scope of this thesis 

Although much attention has been devoted to the effect of several stresses, including ethanol, on the 

malolactic activity and growth of 0. oeni, aspects regarding mechanisms involved in ethanol adaptation 

have been poorly considered. The objective of the present work is to provide data that will contribute to 

understanding the mechanisms involved in ethanol-stress and adaptation in 0. oeni, necessary for the 

design of ethanol-tolerant (or more generally wine-tolerant) starter cultures for direct inoculation in wine. 

In the scope of this work 0. oeni viability is not considered since starter cultures should be seen as 

"reservoirs" that maintain malolactic enzyme in optimal conditions to perform MLF. Because of the optimum 

pH of the enzyme (around 5.8), the need for cofactors (Mn2+, NAD+), and the inhibitory effects of many wine 

components (carboxylic acids, polyphenols), the protein must be protected from the medium by the cell 

membrane. Thus, the malolactic activity of the cells is strictly dependent on the integrity of the plasma 

membrane. 

In Chapter 2 the effect of ethanol on the cytoplasmic membrane integrity is described. Membrane 

integrity of ethanol-stressed and adapted cells was assessed both at the population and single cell level by 

Multiparameter FCM. 

In Chapter 3 the effect of ethanol on organization of cytoplasmic membrane of 0. oeni cells was 

studied in further detail by electron spin resonance spectroscopy (ESR). The role of membrane composition 

changes in the acquired tolerance to ethanol was also investigated. 

In Chapter 4 the performance of 0. oeni under ethanol-stress conditions is outlined. In order to 

assign bulk activities measured by classical methods to the very active cells that are effectively responsible 

for the observations, we used cFDA in combination with FCM to discriminate between cells showing no 

MLF activity and highly MLF active cells. Our approach is outlined in figure 1-4. 

In Chapter 5 we looked for an active ethanol adaptation response of 0. oeni at different cellular 

levels using a proteomics approach. To understand the physiological relevance of the site-specific location 
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of proteins involved in ethanol adaptation, cytoplasmic, membrane-associated and integral-membrane 

proteins were investigated. 

In Chapter 6 an overview of the effect of ethanol stress and adaptation on the performance of 0. 

oeni and the mechanisms involved in ethanol-stress and adaptation are given. The fundamental knowledge 

achieved under the topic of this thesis is also generally discussed in a context of practical applications. 

B 
cF cF 

cF 

cFDA 
cFDA 

cFDA 

Figure 1-4 Schematic figure of cF labeling and efflux in 0. oeni cells. (A) Leakage of cF by passive 

diffusion is used as an indicator of membrane integrity in de-energized cells. (B) Active extrusion of cF is 

used as an indicator of metabolic activity in cells performing MLF. 
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2. FLOW CYTOMETRIC ASSESSMENT OF MEMBRANE INTEGRITY OF 

ETHANOL-STRESSED CELLS OF OENOCOCCUS OENI 

2.1. Abstract 

The practical application of commercial malolactic starter cultures of Oenococcus 

oeni surviving direct inoculation in wine requires insight into mechanisms involved 

in ethanol toxicity and tolerance in this organism. Exposure to ethanol resulted in 

an increase of the permeability of the cytoplasmic membrane enhancing passive proton 

influx and concomitant loss of intracellular material (absorbing at 260 nm). Cells grown in 

the presence of 8% (vol/vol) ethanol revealed adaptation to ethanol stress, since these 

cells showed higher retention of compounds absorbing at 260 nm. Moreover, for 

concentrations higher than 10 % (vol/vol) lower rates of passive proton influx were 

observed in these ethanol-adapted cells, especially at pH 3.5. The effect of ethanol on 0. 

oeni cells was studied using the ability to retain efficiently carboxyfluorescein (cF) as an 

indicator of membrane integrity and enzyme activity, and the uptake of propidium iodide 

(PI) to assess membrane damage. Flow cytometric (FCM) analysis of both ethanol-

adapted and non-adapted cells with a mixture of the two fluorescent dyes cF and PI, 

revealed three main sub-populations of cells i.e. cF-stained, intact cells; cF and Pl-stained, 

permeable cells; and Pl-stained, damaged cells. The sub-population of 0. oeni cells that 

maintained their membrane integrity, i.e. cells stained only with cF, was 3 times larger in 

the population grown in presence of ethanol, reflecting the protective effect of ethanol 

adaptation. This information is of major importance in studies of microbial fermentations in 

order to assign bulk activities measured by classical methods to the very active cells that 

are effectively responsible for the observations. 

Da Silveira, M. G., San Romao, M. V. Loureiro-Dias, M. C , Rombouts, F. M. and T. Abee. 2002. Flow 

cytometric assessment of membrane integrity of ethanol-stressed Oenococcus oeni cells. Appl. Environ. 

Microbiol. 68:6087-6093. 



Chapter 2 

2.2. Introduction 

The control of activity of lactic acid bacteria that carry out malolactic fermentation (MLF) is an important 

feature of the technology of modern commercial wine production (26). Oenococcus oeni is recognized as 

the principal microorganism responsible for the MLF (22), under stress conditions as those prevailing in 

wine. MLF consists of the decarboxylation of L-malic acid to L-lactic acid, which decreases the total acidity 

and improves the stability and quality of wine (25). The physiological benefits of MLF to the bacteria have 

been a matter of discussion for the last few years, but it is now well-accepted that the malolactic activity 

generates an electrochemical gradient across the cytoplasmic membrane as a consequence of the 

electrogenic transport of monoprotonated malate and concomitant consumption of a proton in the 

cytoplasm during its decarboxylation (34, 39). The proton motive force (pmf) generated is of sufficient 

magnitude to drive ATP synthesis by the H+-ATPase (6,17,40). 

Inoculation of 0. oeni starter cultures directly into wine leads to significant cell mortality (4) and, 

consequently failure of MLF. Actually, one or more steps of reactivation and adaptation of starter cultures to 

wine conditions are required, in order to enhance the survival of the bacteria when inoculated into wine 

(22). The ethanol and acid resistance of 0. oeni are considered to be crucial for its survival in wine. Three 

mechanisms appear to be involved in acid tolerance of 0. oeni: (i) activation of MLF as a proton motive 

force generating process (40), (ii) stress protein synthesis (14), and (iii) activation of membrane-bound H+-

ATPase (11). The ethanol toxicity is generally attributed to the preferential partitioning of ethanol in the 

hydrophobic environment of lipid bilayers, resulting in a disruption of membrane structure that adversely 

affects many membrane-associated processes (29). It has been reported that membrane disordering 

resulting from ethanol exposure leads to a leakage of intracellular compounds, including enzymatic 

cofactors and ions essential for cell growth and fermentation (33, 41), as well as the dissipation of the 

electrochemical gradient across the cytoplasmic membrane (24, 29). 

The pre-adaptation of starter cultures is very time consuming and requires microbiological 

expertise. Therefore, the practical application of commercial malolactic starter culture has been limited. The 

development of new industrial starters surviving direct inoculation represents a large benefit for wine 

technology (31). It is therefore essential to enhance the understanding of the mechanisms involved in 

ethanol toxicity and tolerance in 0. oeni. It has been suggested that the cytoplasmic membrane may be the 

target for the physiological events inducing better survival of lactic acid bacteria in wine, e. g., by modifying 

their fatty acid composition (9,13,23). 

The purpose of this work is to study the effect of ethanol on the membrane integrity of 0. oeni. 

Ethanol-induced leakage of UV-absorbing compounds has been proven to be a valuable technique for 

monitoring ethanol-resistance of microorganisms e. g. of yeast (41,42, 30, 25). In addition, since the pH of 

wine is very low (e. g. lower than 3.5) the passive influx of protons is an important parameter to be taken 
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into account. Both techniques involve bulk measurements and assume that all the cells will contribute 

equally to the global performance of MLF. The use of fluorescent probes in combination with flow cytometry 

(FCM) allows the discrimination of 0. oeni ethanol-stressed cells in different physiological states (7). i.e. 

different sub-populations with respect to their ethanol tolerance can be readily identified. For that we use 

simultaneously a permeant (carboxyfluorescein diacetate) and an impermeant (propidium iodide) probe to 

assess membrane permeability and integrity of stressed 0. oeni. Cells with intact membranes are 

impermeable to charged fluorescent dyes such as propidium iodide (PI). However, if membrane integrity is 

lost, PI can enter the cell and by binding to the nucleic acid, the cells become fluorescent. The esterified 

pre-fluorochrome carboxyfluorescein diacetate (cFDA) is converted to carboxyfluorescein (cF) by functional 

cytoplasmic enzymes i.e. esterases. cF is negatively charged at physiological pH, and consequently will 

accumulate inside cells with an intact cytoplasmic membrane. Thus, cF-stained cells have esterase activity 

and an intact membrane (16, 35). These measurements can often be complicated due to extrusion pumps, 

which at the same time are powerful indicators of functioning cell metabolism (1, 2). In our studies we use 

de-energized cells excluding the interference of metabolic activity, allowing the assessment of membrane 

integrity by dye retention (cF) and/or dye exclusion (PI). Moreover, monitoring the leakage from cells 

previously loaded with a foreign molecule (cF), allows permeability to be studied without the superimposed 

effect of the molecule size. Multiparameter FCM analysis of both ethanol-adapted and non-adapted 0. oeni 

cells allows assessment of population heterogeneity, which may provide tools for optimization of MLF in 

wine. 

2.3. Materials and Methods 

Bacterial strain and growth conditions. Oenococcus oeni GM (Microlife Technics, Sarasota, Fl.) was 

cultured at 30°C in FT80 medium (pH 4.5) (5) modified by the omission of Tween 80, containing 10 g of 

DL-malic acid per liter. Glucose and fructose were autoclaved separately and added to the medium just 

before inoculation, at a final concentration of 2 and 8 g per liter, respectively. Early stationary phase 

cultures were diluted 100-fold in fresh medium, incubated for 24 h, and then used to obtain 1% inoculated 

cultures. In the adaptation experiments the final culture medium was supplemented with 8% (vol/vol) 

ethanol. 

Leakage of compounds absorbing at 260 nm. The method adopted is described by Salgueiro et 

al (1988), with some modifications. Cells were harvested at the end of the growth phase (OD6oo=0.4) by 

centrifugation at 6160 x g at 4°C for 10 min, and washed twice in potassium phosphate buffer (50 mM, pH 

5.2). The cell pellet and cell suspension prepared in the same buffer at a concentration of 50 mg/ml (dry 

weight) were kept on ice. Cell suspension (80 u.l) was placed in an Eppendorf tube, incubated at 30°C for 

30 seconds and 20 uJ of ethanol solution at 30DC was added. Ethanol solutions were prepared from 99% 

(vol/vol) ethanol in phosphate buffer in order to obtain final concentrations of 0, 8, 12 and 16% (vol/vol). 

Immediately after ethanol addition the reaction was stopped by dilution with 1.4 ml of the same buffer at 
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room temperature and samples were centrifuged for 6 minutes at 8500xg. The supernatants were removed 

and filtered through cellulose filters (Nucleopor) with a porosity of 0.22 u.m. The total amount of compounds 

absorbing at 260nm was measured in a Spectrophotometer Beckman DU-70 and expressed in nmol of 

NAD- (25). Similar experiments were performed with cells pre-cultured in the same medium with 8% 

(vol/vol) ethanol. 

Proton influx. Cells were harvested at the end of the exponential growth phase (OD6oo=0.4) by 

centrifugation at 6160 x g at 4°C for 10 min, and washed twice in phosphate buffer (2 mM, pH 7.0). The cell 

suspension was prepared in the same buffer at a concentration of 30 mg/ml and it was kept on ice. Proton 

movements were measured at 30°C with a standard pH meter, Radiometer PHM62, connected to a 

recorder. In a water-jacketed cell with a volume of 10 ml, 0.3 ml of a cell suspension, distilled water and 

ethanol were mixed to a final volume of 3 ml. By addition of HCI (100 mM) the pH was rapidly adjusted to 

3.5 or 4.5. Subsequent pH changes were registered during a time interval in which a linear pH variation 

was observed. At the end of each experiment, the signal was calibrated using a solution of HCI (10 mM). 

The rate of proton influx was expressed as the rate of decrease of the concentration of extracellular 

protons, according to Leao and van Uden (1984). Similar experiments were performed with cells pre-

cultured in the presence of 8% (vol/vol) ethanol. 

Loading of cells with carboxyfluorescein (cF). Cells were harvested at the end of the 

exponential growth phase (OD6oo=0.4) by centrifugation, washed twice with 50 mM potassium phosphate 

buffer (pH 7.0) and concentrated in the same buffer to an OD600 of 20. The cells were de-energized with 2-

deoxyglucose (at a final concentration of 2 mM), by incubation at room temperature during 30 min. The 

cells were washed and re-suspended in 50 mM KPi buffer (pH 7.0) to an OD600 of 20 for fluorimetrical 

analyses or to an OD600 of 5 for flow cytometric analyses. A stock solution of 2.3 mg of 5(6)-

carboxyfluorescein diacetate (cFDA) (Molecular probes, Eugene, Oregon) per ml was prepared in acetone 

and stored at -20°C in the dark. cFDA was added to a concentration of 50 pM to the cell suspension and 

the mixture incubated at 30°C for 15 min (or 60 min for cells pre-grown in presence of 8% (vol/vol) ethanol). 

Immediately after labeling, the cells were spun down, washed once, and resuspended in 50 mM KPi (pH 

7.0) to an ODeooof 2.0 for fluorimetrical analyses. 

Fluorescent labeling with PI. Propidium iodide (PI), a positively charged fluorescent nucleic acid 

dye was used to stain cells with compromised membranes. Stock solutions of 1.0 mg of PI (Molecular 

Probes) per ml were prepared in distilled water, stored in the refrigerator, and kept in the dark. Cell 

suspensions of an OD600 of 5 were diluted 1000-fold in 50 mM KPi (pH 7.0) and PI was added to a final 

concentration of 7.5 |jM. Cells were incubated at 30°C for 10 min. For double staining assays, cell 

suspensions (OD6oo=0.005) of cF pre-stained cells were used. 

Esterase activity. Cell extracts were prepared by disrupting 600-|jl portions of cell suspension 

(OD600 = 40) by bead beating (6 times for 30 s with 45-s intervals to cool the samples). The cell debris was 

removed by centrifugation at 6160 x g at 4°C for 2 min. The cFDA hydrolysis activity of cell extracts was 
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determined by incubation of 100 pi of 1.0 mM cFDA and 250 (jl of the cell extract in 50 mM KPi buffer (pH 

7.0) in a total volume of 1.0 ml at 30°C. The increase of cF concentration over time was monitored by 

measuring ^490 for 20 min, at 5 min intervals. The values were corrected for the chemical hydrolysis of 

cFDA. 

Measurement of cF efflux. cF-loaded cells were washed twice and re-suspended in 50 mM KPi 

buffer (pH 7.0) to a final OD600 of 2.0. At time zero, cell suspensions were placed in a waterbath at 30°C 

and incubated without and with ethanol (8, 12 and 16% (vol/vol)). Samples (200 MO were withdrawn at 

specific time points and immediately centrifuged to remove the cells. To measure the cF labeling capacity, 

labeled cells were lysed by incubation at 70°C for 15 min and the debris was removed by centrifugation. 

The fluorescence of the supernatant was measured fluorimetrically (excitation at 490 ± 5 nm and emission 

at 515 ± 5 nm), with a Perkin-Elmer LS 50B luminescence spectrometer. From the fluorescence of the 

supematants and the total labeling capacity, the intracellular concentrations of cF at the sampling points 

were calculated. For flow cytometry assays a suspension of O. oeni labeled cells (OD6oo=5) was diluted 

1000-fold in 50 mM KPi (pH 7.0) to a final cell concentration of approximately 106 cells per ml in the 

absence and presence of ethanol. At time zero, the cells were placed in a waterbath at 30°C. Time series 

were made by taking 100 (il aliquots which were diluted with 50 mM KPi (pH 7.0) to a final volume of 1 ml 

and immediately analyzed. 

Flow cytometric analysis. The FACSCalibur flow cytometer (Becton Dickinson Immunocytometry 

Systems, San Jose, CA, USA) was used for single-cell light scattering and fluorescence measurements. 

The samples were illuminated with a 15 mW 488 nm, air-cooled Argon-ion laser, and fluorescence 

emission was detected at 530 nm for cF and at >670 nm for PI. List mode data from approximately 5000 

cells were collected and processed by using the CELLQuest program (version 3.1f; Becton Dickinson). 

Photomultiplier amplifier gains were set in the logarithmic mode for both light scattering and fluorescence. A 

combination of forward (FSC) and side scatter (SSC) was used to discriminate bacteria from background. 

Light scattering and fluorescence were triggered by side angle light scattering, with the threshold limit set to 

200 channels, in order to reduce background noise. Data were analyzed with the WinMDI program (version 

2.8: Joseph Trotter, John Curtin School of Medical Research, Canberra, Australia 

[http://jcsmr.anu.edu.au]). 

Additional Analytical Methods. Cellular dry weight was determined by filtering 80 ml of the cell 

suspensions through pre-weighed polyethylene filters, with a porosity of 0.22 Dm, and dried at 1000C in an 

oven until a constant weight was reached. As a control the dry weight of the same volume of phosphate 

buffer was also determined. Protein was assayed by the method of Lowry et al. (1951). 
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2.4. Results 

Passive proton influx. In order to ensure that passive proton movements were not concealed by proton 

extrusion through the membrane ATPase, two controls were used. Assays were performed in the presence 

of either 2-deoxy-D-glucose (a glucose analogue of which the phosphorylation results in depletion of ATP) 

or DCCD (N,N-dicyclohexylcarbodiimide), an FoFi-ATPase inhibitor. The presence of these compounds in 

the assays did not affect the measurements of H+ influx, indicating that under the conditions used, there 

was no significant active proton movement. The passive proton influx was evaluated by the extracellular 

alcalinization, measured by an acid-pulse titration technique as described in Material and Methods. After 

the rapid adjustment of the initial pH to 3.5 (pH of wine) or 4.5 (pH of growth) we observed that extracellular 

pH increased with time in the cell suspensions. 

Ethanol induced an increase of the passive proton influx and the rates were higher at low 

extracellular pH (Fig. 2-1). The exponential enhancement constant of proton influx induced by ethanol was 
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Figure 2-1 Effect of ethanol on the 

passive proton influx in cell 

suspensions of 0. oeni at pH 3.5 ( • ) 

and pH 4.5 ( • ) . Cells grown at pH 4.5 

and 30°C in the absence (a) or in the 

presence of 8%(vol/vol) ethanol (b). 

The results are the mean of four 

different assays and were performed 

at growth temperature. 
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not significantly affected by the initial extracellular pH and was 0.8 l.moM at pH 3.5 and 4.5. Cells grown in 

the presence of 8% ethanol (vol/vol) (Fig. 2-1 b) showed a higher tolerance to ethanol, since for 

concentrations up to 10 % (vol/vol) lower passive proton influx rates were observed especially at pH 3.5. 

Leakage of intracellular compounds. Leakage of intracellular compounds was evaluated 

immediately after ethanol addition in order to evaluate the instantaneous effect of ethanol shock and also 

after 5 min of incubation with ethanol. In Oenococcus oeni cells exposed for 5 min to increasing 

concentrations of ethanol the loss of compounds absorbing at 260 nm was stimulated only by 

concentrations over 8% (vol/vol) of ethanol (Fig. 2-2a). For these concentrations, the extracellular amount 

of compounds absorbing at 260 nm was clearly correlated with increasing ethanol concentrations. At 16% 

(vol/vol) of ethanol an immediate loss of compounds absorbing at 260 nm was observed, pointing to an 

instantaneous disorder of the membrane (Fig. 2-2a). Fig. 2-2b shows the effect of the adaptation on the 

ethanol-induced membrane disordering, since leakage of compounds was much lower in cells grown in the 

presence of 8% (vol/vol) ethanol. Comparison of Fig. 2-2a and 2-2b shows that the extracellular 

Figure 2-2 Ethanol-induced efflux of 

compounds absorbing at 260 nm from cells of 

O. oeni grown at 30°C in the absence (a) or in 

the presence of 8%(vol/vol) of ethanol (b). The 

efflux values were measured immediately after 

the ethanol shock ( A ) and after 5 minutes of 

exposure to ethanol ( • ) . 
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concentrations of compounds absorbing at 260 nm released from adapted cells, after 5 min of incubation 

with ethanol, are in the same order of the values monitored immediately after ethanol addition in non-

adapted cells. 

Accumulation of cF. Cells grown with and without ethanol were incubated in the presence of 

cFDA, and the accumulation of cF was followed in time. In the FCM analysis of 0. oeni cells the labeled 

population gave a peak in the green fluorescence histogram, which was resolved from the signal of non-

labeled cells. cFDA was efficiently taken up and hydrolyzed by 0. oeni. Nearly all 0. oeni cells of a non-

adapted cell suspension were labeled with cF within a few minutes of incubation with cFDA while the cells 

grown in presence of 8% (vol/vol) ethanol took much longer to become fluorescent (Fig. 2-3). Analysis of cF 

staining of ethanol-grown cells after 15 min resulted in overlapping peaks of labeled and non-labeled cells. 

Only after 60 min of incubation with cFDA the labeled population gave a peak in the FCM histogram distinct 

of the non-labeled cells (Fig. 2-3b). This indicates that cFDA uptake is reduced presumably because it is 

less soluble in the cytoplasmic membrane of ethanol-adapted cells, since both cells grown with or without 

ethanol had similar esterase activity i.e. 0.067 and 0.066 nmol cF/min/mg of protein, respectively. This 

implies a change in composition and/or organization of the cytoplasmic membranes of cells grown in 

presence of ethanol. 
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Figure 2-3 Single-parameter histograms of cF 

uptake in O. oeni cells grown without ethanol 

(a) and in presence of 8% (vol/vol) ethanol (b). 

Cells were incubated with 50 \iM cFDA in KPi 

buffer (pH 7) at 30°C. Subsequently, the 

increase of fluorescence after 15, 30 and 60 

minutes was measured using FCM. 

Ethanol-induced cF leakage. O. oeni cells retain cF when not energized, and extrude the probe 

rapidly by an energy-dependent efflux system (data not shown). De-energized cells of O. oeni were loaded 

with cF and subsequently the cF retention was studied in the presence of increasing concentrations of 
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