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1. Introduction

Lactic acid bacteria can be found in a diversity of ecosystems, which is consistent with their
ability to adapt to highly variable environments. Among the various parameters that
characterize these environments (temperature, pH, water activity), redox is relatively recent.
It has however already been addressed indirectly in studies relating to the impact of
oxidative stress on lactic acid bacteria. Indeed, the concept of oxidation has often been
associated with the presence of oxygen; however, oxidoreductive effects on microorganisms
must not be limited to oxygen.

A broader vision could be proposed concerning the adaptation of lactic acid bacteria to
extracellular redox. The metabolism of lactic acid bacteria, chemosynthetic organisms,
involves a series of dehydrogenation (oxidation) and hydrogenation (reduction) reactions.
This metabolism follows the principle of conservation of energy and matter, and therefore
requires the availability of a terminal electron acceptor. In lactic acid bacteria, a carbon
metabolic intermediate is reduced (mainly pyruvate). In homofermentative lactic acid
bacteria, redox coenzymes (NAD*/NADH) enable coupling between oxidation and
reduction reactions. During anaerobic glycolysis, glucose is oxidized to 2 moles of pyruvate
with the formation of 2 moles of NADH, which then further reduces pyruvate to form lactic
acid. Consequently, the typical equation of homolactic fermentation is: 1 glucose =2 lactate.

Such a perfect matching, theoretically consistent, must be qualified according to the
environmental conditions, including the redox state of the extracellular medium. The
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adaptation of lactic acid bacteria to extracellular redox depends on their ability to positively
or negatively interfere with oxidants (electron acceptors) or reducing molecules (electron
donors). Carbon and electron flow management by the cell will thus be highly dependent on
the ability of the microorganisms to interact with the redox environment.

Potentially, all biochemical reactions in the cell, and therefore the enzymatic activity, may be
influenced by the redox state of the environment. Dissolved oxygen is an oxidizer and can
reach concentrations of 8 mg.L! of medium (equilibrium with air). Despite the strict
anaerobic metabolism of some lactic acid bacteria, the majority are aerotolerant and can
react with dissolved oxygen at varying levels. Lactic acid bacteria provided with NADH
oxidase can reduce oxygen to water (reduction reaction coupled with the re-oxidation of
NADH). This process influences both the intracellular and extracellular redox environment,
and will result in a change in the metabolism, cellular physiology and physico-chemical
environment surrounding the microorganism.

Changes in the extracellular environment can be monitored by measuring the redox
potential (En). This parameter plays a key role in the quality of fermented dairy products,
but is still rarely taken into consideration or is completely ignored during the manufacturing
process. The reasons for this lack of interest can be attributed to difficulties associated with
its measurement and control. Over the past ten years, several studies advocate the
monitoring and control of En in fermented products using lactic acid bacteria selected for
their reducing ability, redox molecules, or heat treatment. In terms of food applications, the
variation in En must involve compounds that do not alter the product characteristics. So,
modifying the En using gas, which enables the product characteristics to be maintained, may
be advantageously exploited in industry.

The aim of this chapter is to present the latest knowledge concerning the adaptation of lactic
acid bacteria to their redox environment, and the interest of modifying En using gas for lactic
acid bacteria applications in the food industry.

2. Redox potential

En, like pH, is a parameter of the state of biological media which indicates the capacity to
either gain or lose electrons. During oxidation, electrons are transferred from an electron
donor to an electron acceptor, which is reduced. Electrochemical measurement of En is not
new but has attracted little attention as a parameter for controlling fermentation processes
due to the sensitivity of its measurement. However, En is already indirectly taken into
account in industry through oxygen, of which the inhibitory effect on lactic acid bacteria
is well-known. Indeed, oxygen modifies the growth capacity of microorganisms and the
formation of end products, and so may contribute to the quality of fermented products
(1, 2].

2.1. Definition of En

Oxidation is a reaction in which a molecule, atom or ion, loses electrons.
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Reduction is a reaction in which a molecule, atom or ion, gains electrons.

An oxidant (also known as an oxidizing agent, oxidizer or oxidiser) can be defined as a
substance that removes electrons from another reactant in a redox reaction.

A reductant (also known as a reducing agent or reducer) can be defined as a substance that
donates an electron to another species in a redox reaction.

In the same way pH defines acid-base characteristics of a solution, En defines the reducing
and oxidizing characteristics.

Presented below is the reduction half-reaction of an oxidant (Ox) to its corresponding
reduced species (Red):
Ox + ne” <> Red (1)

The Nernst equation gives the relationship between the redox potential and the activities of
the oxidised and reduced species:

E, =E] +2.3x (§] xlog [mj )

nF

where:

En = redox potential (mV) (in relation to a normal hydrogen electrode).
E2 = standard redox potential (mV) (in relation to a normal hydrogen electrode) at pH 0

F = Faraday constant (96500 C.mol!)
n = number of electrons exchanged
R = gas constant (8.31 J.mol1.K!)

T = temperature in K

2.3x % =59 mV (at 25 °C)

However, chemical reactions in aqueous media involve protons, and the following half-
reaction:

Ox + mH" + ne” <>Red + H,0 (3)

From Equation (2) it can be written:

RT RT Ox |
E, =E0 - 23x| = H+2.3x| — |xlog| 2= 4
h™="h X[ nF ]xp ’ x(nij Og[[Red]} )

m = number of protons involved in the reaction

Equation (4) is used to determine Eg defined as the standard redox potential at pH 7, which
is closer to biochemical and biological processes (Figure 1).
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Figure 1. Standard reduction potential Eg (mV) of some important half-reactions involved in

biological processes at 25 °C and pH 7.

2.2. Measurement of En

The first technique for measuring En is based on the use of coloured indicators (redox
indicators), which are mostly indophenols or indigo derivatives with a reversible structure
between oxidized (coloured) and reduced (colourless) state. However, the use of coloured
indicators for measuring En, including biological media or food, is limited. Indeed, these
molecules behave as electron donors and acceptors; they affect and can change the
equilibrium. These compounds can also catalyse or inhibit biological reactions and may be
toxic to microorganisms. Furthermore, in some cases it is difficult to appreciate a significant
colour change and some En indicators also change colour with the pH of the medium. For
these reasons, redox indicators are rarely used. They are more often used as indicators of
redox thresholds, especially in the manufacture of strictly anaerobic culture media
(resazurin) where maintaining a minimum level of reduction is essential for the growth of
anaerobic microorganisms. Resazurin is also used to evaluate the reducing activity of starter
cultures, for sterility testing and for the detection of microorganisms in dairy milk.

The second method commonly used in microbiology is a potentiometric technique which,
contrary to redox indicators, is a direct method. The principle consists in measuring a
potential difference determined between an inert electrode (usually made of platinum or
gold) in contact with a redox couple in solution and a reference electrode. Electron exchange
with the reduced and oxidised species takes place at the inert electrode. The inert electrode
is made of stainless metals with a high enough standard potential to be electrochemically
stable. These metals act as electron conductors between the measuring medium and the
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reference electrode. The reference system is the standard hydrogen electrode, but in practice
two other references are used: the calomel electrode and the silver / silver chloride
(Ag/AgCl) electrode. The redox potential is expressed in volts or millivolts. Redox values
should always be expressed in relation to the hydrogen electrode. Consequently, potential
measurements (Em) using other references must be adjusted according to the reference
potential of the hydrogen electrode (Ex):

E,=E_ +E, ()

For example, E: of the Ag/AgCl electrode is equal to 207 mV at 25 °C [3]. According to data
from Galster [3], we propose the following equations linking Er and temperature for the two
reference electrodes:

Ag/ AgCl (KC13M) E, =207 +0.8x(25-T) (6)

Calomel (Saturated KC1) E, =244+0.7x(25-T) 7)

Before use, the redox electrodes must be polished with fine aluminium powder to restore
the platinum surface, and controlled in tap water. Three measurements in tap water should
be compared and need to be within the confidence interval around their mean value
(calculated at 20 mV, 95% confidence level) to ensure correct measurement [4].

Equation (4) shows the dependence of En on pH. It is possible to overcome pH dependency
by applying the Leistner and Mirna equation [5]:

E; =Ep—ax(7-P) (8)

where:

En7 = redox potential (mV) at pH 7

Eng = redox potential (mV) at pH f3

B =pH of medium

a = Nernst En—pH correlation factor (mV/pH unit).

To calculate Eh7 in biological media, the Nernst factor (a) must be determined
experimentally by measuring Eh variation as a function of pH using an acid or a base. This
value may vary according to the nature of the oxido-reducing molecules in the media. For
example, the Nernst factor is 40 mV/pH unit in milk [6].

2.3. Use of gas to modify En

Gas applications in the food industry are numerous: modified atmosphere packaging
(MAP), beverage distribution, cooling, freezing or carbonation. The advantage of using
gases such as hydrogen (Hz), nitrogen (N2) or carbon dioxide (CO2) to modify En is that they
are not directly toxic to microorganisms. There are no safety issues for the product with
these gases and they can be used sequentially. Finally, their use is authorized at European
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level. Of the gases used in the food industry, in this chapter we will focus more particularly
on nitrogen and hydrogen.

Nitrogen (N2) is odourless, colourless, tasteless, non-toxic, and non-flammable. It is used to
extend the life of packaged products (authorized additive E941). It is used to expel oxygen
from the packaging before it is closed, which prevents oxidative phenomena involving
pigmentation, flavours and fatty acids. It is also used for rapid freezing and refrigeration of
food during transport.

Hydrogen (Hz2) has major potential in food as it is colourless, odourless and has no known
toxic effects. It is already used in the food industry for the hydrogenation of liquid oils and
their transformation into solid products such as margarine or peanut butter. Hydrogen is a
powerful reducer in solution, even at very low concentrations. It has been used to
demonstrate the effect of En on the heat-resistance of bacteria [7]. Hydrogen is a special
reducing agent: it imposes an En value on the medium associated with the introduction of
the H*/Hz couple (E) =-414 mV). This En value is highly dependent on the concentration of
this couple that mainly influences the stability of the En imposed.

With the prospect of food use, hydrogen has the advantage over chemical reducing agents
of not changing the product formulation, and therefore not altering the taste. Its industrial
use has been rarely seen in this context because of its low flammability limit of 4% in air at
20 °C [8], this is why N2-H2 (96%-4%) is preferred to pure hydrogen. Its use in food
technology is authorised at the European level (E949).

3. Effect of En on a fermented dairy product: Yoghurt
3.1. Reminder regarding the manufacture of yoghurt

We chose to focus on the key steps in the manufacture of yoghurt, which are:

e Delivery of milk: The raw material can be either fresh milk, reconstituted milk (from
skim milk powder), or a mixture. In all cases, it is generally accepted that a quality
product can be made from an extremely high quality raw material. With this in mind, it
is essential that when the milk and other raw materials are received methods are
established to detect any potential defects as early as possible. Two parameters must
therefore be analysed as soon as the milk is received:

- Its microbiology: to ensure consumer health, prevent the degradation of milk
components that persist in the finished product and eliminate any possible
competition between the starter culture and the endogenous flora that may involve
bacteriophages.

- Its chemistry: a rapid analysis of the chemical composition of the milk is necessary
in order to identify any problems such as colostrum and late-lactation milk.
Furthermore, these data concerning the chemistry of the milk can be useful in the
standardization of the mixture.

e Standardization of the mixture: each component in milk plays a role. Fat has an effect on
the smoothness and the feeling of softness in the mouth, lactose is the raw material used by
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lactic acid bacteria for acidification, proteins act on the texture and minerals help stabilize
the gel. These components vary in cow’s milk according to race, diet, stage of lactation of
the animal and season, which is why, during yoghurt manufacture, it is necessary to
standardize the milk fat and protein content to meet the nutritional and organoleptic
characteristics of the product and obtain consistent quality throughout the year.

e Homogenization: homogenization has two main effects on milk fat and proteins. The
fragmentation of the fat globules prevents the separation of the lipid phase and the rest
of the mixture, thus preventing the cream rising to the top during fermentation.
Homogenization also stabilizes the proteins.

e Heat treatment: This eliminates most of the microbial flora originally present in the

milk, including pathogenic or spoilage flora. It denatures the whey proteins, improves
the consistency and viscosity of fermented milks and prevents whey separation. The
risk of syneresis is reduced.
Heat treatment of milk also has a positive effect on enzyme activity by providing a
supportive environment. The environment becomes reductive through the elimination
of a high proportion of oxygen. This medium is more conducive to fermentation that
takes place under anaerobic conditions.

e Cooling: After heat treatment, the mixture must be cooled to temperatures approaching
43 °C for inoculation and incubation of the starter culture.

e Fermentation: "Yoghurt" refers to a product fermented by Streptococcus thermophilus (S.
thermophilus) and Lactobacillus delbrueckii ssp. bulgaricus (Lb. bulgaricus). In general, milk
is fermented at 40-45 °C, the optimum growth temperature, with an incubation time of
2 and a half hours. However, a longer incubation period of 16-18 hours can be used at a
temperature of 30 °C, or until the desired acidity is attained [9].

3.2. Yoghurt strains: Lactobacillus delbrueckii ssp. bulgaricus and Streptococcus
thermophilus

The association of S. thermophilus and Lb. bulgaricus is called proto-cooperation. Each species
produces one or more substances, initially absent from the culture medium, that stimulate
the growth of the other species [10]. During the symbiosis observed in yoghurt, the growth
phases of these two bacterial species are staggered. Initially, growth of S. thermophilus is
observed which is then slowed by the inhibitory effect of the lactic acid produced; the
growth rate of Lb. bulgaricus then increases [11].

S. thermophilus is a strain that often shows little proteolytic activity, due to general low
activity or absence of a wall protease. Its growth is limited because the peptides and amino
acids initially present in milk are insufficient to cover its needs. In contrast, Lb. bulgaricus
membrane protease degrades milk caseins releasing small peptides and amino acids which
can be used by S. thermophilus intracellular peptidases [12].

The cooperation between these two strains also involves the production by S. thermophilus of
pyruvic acid, formic acid, and carbon dioxide (CO: obtained from the decarboxylation of
milk urea by urease) which stimulates the growth of Lb. bulgaricus [9, 13]. However, formic
acid is released late in fermentation and in small quantities. The two bacterial species also
consume the formic acid resulting from the heat treatment of milk [14].

79



80 Lactic Acid Bacteria— R & D for Food, Health and Livestock Purposes

Some authors have also demonstrated that the association of S. thermophilus and Lb. bulgaricus
affects the production of volatile compounds involved in flavour development in yoghurt [15].
S. thermophilus produces more acetaldehyde, acetoin and diacetyl than Lb. bulgaricus, contrary
to the rest of the bibliography concerning acetaldehyde [9, 16, 17]. Quantities of these
molecules and other carbonyl compounds are not crucial per se for yoghurt flavour, but there
are relationships between them that give yoghurt its distinctive flavour.

Finally, Ebel et al. [18] showed that during the manufacture and storage of a fermented dairy

product, the populations of Lb. bulgaricus and S. thermophilus are the same whatever the En of
the milk.

3.3. Texture

3.3.1. A look at yoghurt texture

The transformation of milk into yoghurt is called acid gelation. This gelation is a
phenomenon that results in a remarkable change in the physical state of the system which
changes from a liquid to a system with the characteristics of a solid. Several phases in the
formation of a gel can be distinguished:

- The "solution" phase, where the polymer forms a solution: the macromolecules are not
held together;

- The "gel" phase occurs when enough chains have joined together to form a network or
gel, with dominant elastic rheological behaviour;

- Sometimes, additional aggregation of associated areas is observed; the gel becomes
increasingly rigid and syneresis may occur with time: the gel shrinks and exudes some
of the liquid phase.

The slow acidification of milk is due to bacteria that metabolize lactose and produce lactic
acid. While casein micelles are stable at normal milk pH and room temperature, this
supramolecular structure becomes unstable and leads to the formation of a gel with the slow
progressive acidification of milk.

- From pH 6.7 to pH 5.8, the casein micelles seem to retain their integrity, shape and size.

- From pH 5.8 to pH 5.5, the micelles get closer together due to the decrease in the
potential C and begin to form groups of micelles.

- From pH 5.5 to pH 5.0, significant changes in shape and size take place: micelle
aggregates appear and these particles partially fuse. This is the phase transition
between the solution and the acid gel.

- When the pH reaches 5, the solubilisation of micellar calcium, which occurs steadily from
pH 6.8, is complete. From pH 5 to pH 4.8, rearrangements of the aggregates take place. At
pH 4.9, gelation is complete. At pH 4.6, the acid gel is definitively formed. Aggregation of
casein micelles at pH 4.6 is irreversible. Hydrophobic interactions are facilitated at this pH
due to reduced electrostatic repulsion, leading to micelle aggregation.

Rheology is used to characterize the texture of yoghurt that specifically targets the
mechanical properties. The rheological characterization of a product involves the
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application of a shear stress and measurement of the deformation, or application of a
deformation (compression, stretching or shear) and measurement of its ability to withstand
this distortion. Yoghurt can be defined as a viscoelastic fluid. It therefore has both the
viscous properties of a liquid and the elastic properties of a solid.

3.3.2. Effect of En on a model acid skim milk gel

It has been shown that dairy products are affected by En [4, 19]. Delbeau et al. [19] showed
that the use of gas to change the En of milk can modify the sensory properties of a fermented
dairy product. However, we do not know if these modifications are due to the impact of En
on physicochemical phenomena, lactic acid bacteria, or both. For this purpose, Martin et al.
[20] wanted to determine to what extent chemical phenomena affect acid milk gelation
under different En conditions. Glucono-d-lactone (GDL) was used to acidify milk to avoid
variations caused by microorganisms sensitive to En.

Martin et al. [20] studied the effects of En on model acidified skim milk gels obtained using
GDL and prepared under different gaseous conditions. The milk prepared in air is an
oxidizing medium; nitrogen, which is a neutral gas, can be used to remove oxygen from
milk - even so the milk Eh remains oxidizing in these conditions - and hydrogen leads to a
reducing En (below 0). Martin et al. [20] focused on the effect of gas bubbling on gel structure
through viscoelastic properties and measurement of whey separation (Table 1).

Gaseous pH En7 (mV)
conditions WS
applied to At =0 At t=3.5 At =0 At t=3.5 n (Pa.s) (g/100g of
. hours hours GDL-gel)
milk
. 6.80 + X 0.0392+ X
Air 0.03 4.6+ 0.0 405 +22 414+ 8 0.000 4.742+1.42
6.70 £ 0.032<+
1 1 a b
Air bubbling 0.04 4.6+ 0.0 433+ 6 430+ 5 0.001 1.26+ 0.26
6.8+ 0.035°+
. a b
N2 bubbling 0.06 4.6°+0.0 283 +13 288 + 11 0.001 1.93+0.33
N2 - H2 6.73 + 0.032<+
bubbling 0.04 4.62+0.0 -349+6 -83+18 0.001 0.59+0.12

»<; different letters indicate that groups were significantly different at an «a risk of 5% (ANOVA test). Values in the
same column should be compared.

Reprinted from Journal of Dairy Science, Vol 92, Martin F, Cayot N, Marin A, Journaux L, Cayot P, Gervais P, Cachon
R, Effect of oxidoreduction potential and of gas bubbling on rheological properties and microstructure of acid skim
milk gels acidified with glucono-d-lactone, Pages No. 5898-5906, Copyright (2009), with permission from Elsevier.

Table 1. Characteristics of gel structure depending on the different En conditions (milk acidified using
GDL):

* Apparent viscosity 1 at 500 1/s of GDL-gel at pH 4.6 and 4 °C. Measurements were carried out 24
hours after addition of GDL.

¢ Evolution of average whey separation (WS) over 28 days in GDL-gels.

Values are means from triplicate experiments (mean value + standard deviation).
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The apparent viscosity of each gel was characterized at pH 4.6, 4 °C, 24 hours after addition
of GDL under the different En conditions (Table 1). For GDL-gels, apparent viscosity ranged
from 0.032 to 0.039 Pa.s. GDL-gels produced in air had the highest apparent viscosity,
whereas values obtained with air and N2 — H2 bubbling were similar and significantly lower
than those obtained with N2 bubbling. So, for GDL-gels, the viscosity was affected by
bubbling. Martin et al. [20] showed that the type of gas used for bubbling has a significant
influence but no clear trend can be deduced from these results in terms of the influence of an
oxidizing or reducing environment.

The gel structure was then observed during storage for up to 28 days. The mean whey
separation values of GDL-gels produced under different En conditions are presented in
Table 1. For each gaseous condition, the authors observed that whey separation occurred
from the very first day of storage and the volume of whey separation was relatively constant
during the 28 days of storage [20]. Whey separation ranged from 0.59 to 4.74 g / 100 g of
GDL-gels. The highest whey separation was obtained with air but this value was lower than
values reported in the literature: 18.48% of GDL-gels in the work by Lucey et al. [21] and
10% in a study by Fiszman et al. [22]. One explanation for is that in the study by Lucey et al.
[21] the method used to measure whey separation was to remove the gels from their flasks
and thus whey separation could have been over-estimated. Whey separation obtained with
gas bubbling was lower (1.26 g / 100 g with air bubbling, 1.93 g / 100 g with N2 bubbling
and 0.59 g / 100 g with N2 - H2 bubbling). The lowest whey separation was observed with
GDL-gels made under N2 — Hz. Adjusting the En of milk to reducing conditions (under N2 —
Hz2) could be a possible way of significantly decreasing the phenomenon of whey separation.

3.3.3. Effect of En on a non-fat yoghurt

In a second step, the authors proposed studying the extent to which lactic acid bacteria
affect acid milk gelation under different En conditions [23]. Indeed, oxygen modifies the
growth capacity of bacteria and the formation of end products. So, En may contribute to the
quality of fermented products [2, 24, 25]. Martin et al. [23] wanted to determine the effects of
En on yoghurts made under various gaseous conditions. In this study they focused on
exopolysaccharide production and gel structure (Table 2). The same gaseous conditions as in
the study on the effect of En on model acid skim milk gels were chosen.

Lb. bulgaricus and S. thermophilus produce exopolysaccharides (EPS) which can contribute to
improving the texture and viscosity of fermented dairy products [26]. In standard yoghurts
(produced in air) the concentration of EPS was 63.60 mg.L!, in accordance with the
literature (50 to 350 mg.L") [27, 28]. The concentration was lower in yoghurts produced with
air bubbling (15.22 mg.L!) than in yoghurts produced with N2 bubbling, which was lower
than those made with N2— Hz bubbling. The EPS concentration of yoghurts made in Air and
with N2 — H2 bubbling were similar. In reducing En conditions, lactic acid bacteria produced
the same amount of EPS as in ambient air. This result has already been observed in the
literature. Indeed, Lactobacillus sake 0-1 was reported to have optimal EPS production in
anaerobic conditions [29], while higher EPS yields were correlated with a lower oxygen
tension [30].
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Gaseous pH En7 (mV)
diti C WS (/100
Zon lilelc;)rtloS At t=0 AtE=8.5 At t=0 ALE=3.5 (m El;i) n (Fass) of (()g/hurt%
PP ) hours hours & YO8
milk
. 6.802 + X 4252 + X 63.60P + 0.0462 + X
Air 0.0 4.62+0.0 0 1712+ 2 370 0.00 1.982+ 0.54
. . 6.802 + 15.22a + 0.0462 +
Air bubbling 0.0 462+0.0 435°+3 2412+8 074 0.00 1.762+ 0.31
6.812 + 2850 + 25.29¢ + 0.035P +
1 a b ab
N2 bubbling 0.0 4.62+0.0 1 139 + 5 0.40 0.00 1.032b+ (0.27
N2 - H> 6.81a + 62.70° + 0.021c +
a — c _ C b
bubbling 0.0 462+0.0 -345c+4 -309c+10 0.75 0.01 0.59v+0.12

abe: different letters indicate that groups were significantly different at an « risk of 5% (ANOVA test). Values in the
same column should be compared.

Reprinted from Journal of Food Res. Int., Vol 431, Martin F, Cayot N, Vergoignan C, Journaux L, Gervais P, Cachon R,
Impact of oxidoreduction potential and of gas bubbling on rheological properties of non-fat yoghurt, Pages No. 218-
223, Copyright (2010), with permission from Elsevier.

Table 2. Characteristics of gel structure depending on the different En conditions (milk acidified using
lactic starters):

* Concentrations of exopolysaccharides (Cers) in yoghurts after one day of storage.

® Apparent viscosity 1 at 500 1/s of yoghurt at pH 4.6 and 4 °C. Measurements were made 24 hours
after addition of starter culture.

¢ Evolution of average whey separation over 28 days (WS) in yoghurts.

Values are means from triplicate experiments.

The apparent viscosity of each yoghurt was characterized at pH 4.6 and 4 °C, 24 hours after
addition of bacteria under the different Eh conditions (Table 2). The apparent viscosity
ranged from 0.021 to 0.046 Pa.s. Yoghurts produced in air and with air bubbling had the
highest apparent viscosity. The apparent viscosity of yoghurts made with N2 bubbling was
lower (0.035 Pa.s) than other oxidizing conditions (0.046 Pa.s), and values obtained with N2 —
H2 bubbling were the lowest (0.021 Pa.s). Apparent viscosity is clearly affected by the gas
type. A reducing environment reduces the apparent viscosity of yoghurt.

Apparent viscosity depends on the solid fraction in the gel as well as the relationships
between the different solid elements. In yoghurt, solid particles include milk proteins, lactic
acid bacteria and their EPS. Indeed, the gel of yoghurts produced under N2— H2 conditions
is weaker despite greater EPS production [23]. It is a common assumption that EPS
produced by bacteria contribute to the rheological properties of yoghurt [31-33] but, as
reported by Hassan et al. [34], van Marle [35] and Martin et al. [23], no correlation between
the viscosity of yoghurt and EPS concentrations was found.

Whey separation of yoghurts produced under different En conditions over 28 days of
storage was then studied [23] (Table 2). Concerning GDL-gels, whey separation of yoghurts
occurred from the very first day of storage and the volume of whey separation was
relatively constant over the 28 days of storage. Whey separation ranged from 0.59 to
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1.98 g/100 g of yoghurt. The highest whey separation was obtained with air and air bubbling
and these values are in accordance with the literature [22]. Whey separation obtained with
N2 bubbling (1.03 g / 100 g) and N: - H2 bubbling (0.59 g / 100 g) was lower. So, the more
reducing the environment, the lower the whey separation. Adjusting the En of milk to
reducing conditions (under N2 — H2) could be a possible way of significantly decreasing the
phenomenon of whey separation.

3.4. Aroma compounds
3.4.1. A look at yoghurt aroma compounds

The typical flavours of fermented milk are mainly due to a blend of the following
compounds: lactic acid, carbon compounds such as acetaldehyde, acetone, acetate and
diacetyl, non-volatile acids such as pyruvic, oxalic and succinic acids, volatile acids such as
acetic, propionic and formic acids and products from the thermal degradation of proteins,
lipids or lactose.

Ott et al. [36] identified 91 aroma compounds (GC-olfactometry) in yoghurt among which 21
were detected more frequently and would thus have a major impact on flavour.
Acetaldehyde is found in significant quantities and is responsible for the characteristic smell
of yoghurt. Diacetyl, pentane-2,3-dione, and dimethyl sulphide also have a major impact on
yoghurt flavour [36, 37].

Acetaldehyde was firstly reported by Pette et al. [38] as the main aromatic compound in
yoghurt. During manufacture, production of this compound is only highlighted when a
certain level of acidification is reached (pH 5.0). Concentrations found in the final product
are 0.7 to 15.9 mg.kg!. The maximum amount is obtained at pH 4.2 and stabilizes at pH 4.0.
The production of acetaldehyde and other flavour compounds by S. thermophilus and Lb.
bulgaricus occurs during yoghurt fermentation and the final amount is dependent on specific
enzymes which are able to catalyse the formation of carbon compounds from the various
milk constituents.

Three metabolic pathways producing acetaldehyde were identified and some pathways may
take place simultaneously [39]:

- From glucose in the glycolytic pathway,
- From the degradation of DNA,
- From L-threonine with threonine aldolase.

However, 90% of acetaldehyde produced by Lb. bulgaricus comes from glucose and 100% in
the case of S. thermophilus [39].

Diacetyl and pentane-2,3-dione also have a significant impact on the final aroma of yoghurt:
1 mg of diacetyl and 0.1 mg of pentane-2, 3-dione per kg of yoghurt are produced by lactic
acid bacteria during fermentation. These diketones are produced by decarboxylation of their
precursors, 2-acetolactate and 2-aceto-hydroxybutyrate [39]. These compounds are
thermally unstable and in the presence of oxygen are converted into their corresponding
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diketones [40, 41]. Moreover, during storage at 4 °C, the concentration of the two diketones
increases slightly [41] due to the basal metabolic activity of the bacteria.

Agitating a mixed culture of Lactococcus and Leuconostoc promotes diacetyl production by
allowing oxidative decarboxylation of 2-acetolactate [42, 43]. In unstirred cultures, the redox
potential of the medium decreases rapidly at the start of fermentation. Only acetoin and 2-
acetolactate are produced. The authors also showed that controlled oxygenation of the
Lactococcus lactis ssp. lactis culture medium favoured diacetyl production by increasing the
activity of diacetyl synthase [44].

Neijssel et al. [40] showed that the distribution of carbon flux from pyruvate depended on
the NADH / NAD* ratio, intracellular redox potential or the concentration of metabolites
and particularly that of pyruvate. Finally, the authors suggested adding air or oxygen to
milk in order to increase the amount of diacetyl in cheese [45].

References [36] and [37] are the only articles that mention dimethyl sulphide as a compound
having a significant impact on the flavour of yoghurt. The metabolic pathways involved in
the synthesis of sulphur compounds are not well-known in yoghurt. However, the literature
mentions these synthetic pathways in the development of cheese flavour.

In general, the majority of sulphur aromatic compounds come from methionine [46].
Methanethiol is easily oxidized to dimethyl disulphide and dimethyl trisulphide [47]. The
appearance of these compounds is the direct result of the methanethiol content and is
modulated by the low redox potential in Cheddar. Dimethyl sulphide is produced by a
metabolic pathway that does not involve methanethiol, but that is different to that of
dimethyl sulphide and trimethyl disulphide from methionine [48].

Studies have also shown that when the redox potential decreases, methanethiol and
hydrogen sulphide concentrations increase [45]. Moreover, the cheeses to which reducing
compounds (dithiothreitol or glutathione) were added contained higher amounts of sulphur
compounds and had better qualitative and quantitative flavour performances [45]. It
therefore seems that a reducing environment is essential for the production of aroma
compounds by bacteria. If a cheese is exposed to air, the redox increases and this leads to the
oxidation of sulphur compounds, resulting in lower quality aromatics.

3.4.2. Impact on aroma biosynthesis by lactic acid bacteria

Studies on aroma biosynthesis by LAB usually take into account environmental factors such
as pH and temperature. However, the En of the medium has not yet been considered,
although it is supposed to affect bacterial metabolism [49, 50]. Martin et al. [51] determined
to what extent En can affect the metabolic pathways involved in the production of aroma
compounds in Lb. bulgaricus and S. thermophilus. Four aroma compounds (acetaldehyde,
dimethyl sulphide, diacetyl and pentane-2,3-dione) were chosen as metabolic tracers of
lactic acid bacteria metabolism. The same gaseous conditions as in the study of the effect of
Er on model acid skim milk gels and non-fat yoghurt were chosen. The amounts of each of
the four aroma compounds extracted using a headspace solid-phase micro-extraction
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technique (HS-SPME) and analysed using gas chromatography coupled with mass
spectrometry (GC-MS) during 28 days of storage are reported in Table 3.

Firstly, the authors focused on the impact of these different En conditions on the
biosynthesis of these four aromas by bacteria after one day of storage [51]. In the standard
yoghurt (made in ambient air), diacetyl was observed in the highest concentrations, and
acetaldehyde the lowest. This result is contrary to the literature where the lowest
concentrations were reported for dimethyl sulphide (0.013-0.070 mg.kg!; measured using
dynamic and trapped headspace GC [37, 41]). In the same way, published concentrations
were generally higher for acetaldehyde (0.7-15.9 mg.kg?') than in our standard yoghurt
(0.18 mg.kg!). In the literature, the concentrations of diacetyl (0.31-17.3 mg.kg') and 2,3-
pentanedione (0.02-4.5 mg.kg!) were lower than in our standard yoghurt (162 mg.kg! and
115 mg.kg'! respectively). An explanation for these differences can be put forward: the
quantification technique used by Ott et al. [41] and Imhof et al. [37] was dynamic and
trapped headspace GC. This technique requires Tenax® traps which may be saturated, as
we showed in a preliminary experiment. Furthermore, in our study, to enable a more
complete extraction of the aroma compounds, a saturated solution of NaCl was added to the
yoghurt. Finally, we did not use the same species of LAB as Ott and Imhof, which may have
resulted in different quantities of the various aroma compounds.

Yoghurts made with air bubbling had significantly higher concentrations of acetaldehyde
and diacetyl compared to standard yoghurts. The concentration of dimethyl sulphide was
significantly lower and that of pentane-2,3-dione was the same.

With N2 bubbling, the concentration of acetaldehyde was similar to that in yoghurts made
with air bubbling, whereas the concentration of dimethyl sulphide was lower. The
concentration of diacetyl was the same as in standard yoghurts and the concentration of
pentane-2,3-dione was not significantly different from that in yoghurts made in air
(bubbling or not).

The authors also demonstrated that oxidative En conditions clearly increased the production
of aroma compounds [51]. These results are consistent with the bibliography. Oxidative
conditions stimulated the production of volatile sulphur compounds such as dimethyl
sulphide, and aldehydes such as acetaldehyde [49]. In the presence of oxygen, the oxidative
decarboxylation of 2-acetolactate and 2-aceto-hydroxybutyrate to diacetyl and pentane-2,3-
dione respectively was also favoured [40, 42, 44, 52]. For diacetyl, our result can be
explained by the fact that in anaerobic conditions lactic acid bacteria dehydrogenate the
NADH produced during glycolysis via lactate dehydrogenase (LDH) activity. Boumerdassi
et al. [44] confirmed that oxygen increases NADH oxidase activity [53], which causes NADH
re-oxidation at the expense of LDH, butanediol dehydrogenase and acetoin dehydrogenase
activity [54]. Then, excess pyruvate is partially eliminated through acetolactate production,
which increases diacetyl production [44].

Finally, bubbling with N2 — Hz (reducing conditions), the concentration of acetaldehyde and
pentane-2,3-dione was the same as in standard yoghurts. The concentration of dimethyl
sulphide was the same as in yoghurts made without oxygen and the concentration of
diacetyl was significantly lower than under the other three En conditions.



Redox Potential: Monitoring and Role in Development of Aroma Compounds, Rheological
Properties and Survival of Oxygen Sensitive Strains During the Manufacture of Fermented Dairy Products 87

Then, [51] kept the yoghurts in Hungate tubes at 4 °C for 28 days in order to prevent
exposure of the contents to oxygen, and the gaseous conditions applied to the milk are thus
assumed to be constant during storage.

Gaseous Aroma compound (mg.kg)

conditions and

storage period ACH DMS DY PTD
(days)
Ambient air
1 0.182+ 0.02 10.162 + 0.59 162.08°+13.49  115.252+33.70
7 0.132>+0.02 10.162 + 0.99 115.55® +5.13 84.33% + 1.86
14 0.10°+0.00 9.522+0.42 91.63< + 8.02 71.56% + 4.49
21 0.182+ 0.00 13.06°+1.21 141.29% £ 11.77 65.19* +5.49
28 0.163>+ 0.01 11.823 + 0.48 112.66¢ + 7.56 51.79> +2.95
Air bubbling
1 0.282+0.00 5.272+0.53 299.902 + 18.37 123.472+3.23
7 0.14>+0.01 6.34%> + 0.30 127.58P< + 3.93 83.98 +2.20
14 0.11° £ 0.01 6.85° + 0.32 104.23" + 4.66 78.10° £ 3.15
21 0.242+0.02 9.33¢+0.55 143.84¢ + 6.69 67.89< + 0.80
28 0.13°+0.02 6.78 + 0.30 101.91°+ 3.03 54.369 +4.19
N2bubbling
1 0.352 + 0.04 3.722+£0.22 147.792+9.91 110.872 +4 .49
7 0.22bc+ 0.02 5.68% + (.34 103.13P¢ + 6.50 75.67° +1.98
14 0.18<+0.01 6.16> +0.17 78.80° + 4.60 58.16<+ 0.48
21 0.28%> + 0.04 10.34¢+1.37 122.27% + 8.94 51.95¢+2.29
28 0.18<+0.00 7.16>+0.77 84.76°+9.92 38.724+3.03
N2 -H>
bubbling
1 0.172> +0.00 2.712+£0.57 102.732+9.10 76.992 +5.90
7 0.13bc+ 0.02 5.49% + (.53 89.612> +7.70 66.10% + 2.29
14 0.11¢+0.01 6.07b< + 0.43 74.35° +5.42 57.60b + 0.86
21 0.192+0.01 7.48<+0.53 112.092 +7.82 52.10°4 £ 0.59
28 0.12¢+0.01 7.22¢+0.63 78.36° +9.30 40.604 +7.93

abed: different letters indicate that groups were significantly different at an «a risk of 5% (ANOVA test).

Reprinted from Journal of J. Dairy Sci., Vol 942, Martin F, Cachon R, Pernin K, De Coninck ], Gervais P, Guichard E,
Cayot N, Effect of oxidoreduction potential on aroma biosynthesis by lactic acid bacteria in nonfat yogurt, Pages No.
614-622, Copyright (2011), with permission from Elsevier.

Table 3. Evolution of average amounts of aroma compounds (mg.kg!) quantified in headspace of
yoghurts made under different En conditions (ambient air, bubbling with air, bubbling with N2 and
bubbling with N2 — H2) during 28 days of storage. ACH: Acetaldehyde (A); DMS: Dimethyl sulphide
(B); DY: Diacetyl (C); PTD: pentane-2,3-dione (D). Values are means of experiments carried out in
triplicate. Values in the same column should be compared.
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During the 28 days of storage, for the standard yoghurt, the quantities of acetaldehyde and
dimethyl sulphide produced were relatively stable, while diketone concentrations
significantly decreased.

For yoghurts made with air bubbling, the aroma profiles remained almost constant. During
storage, the concentration of acetaldehyde decreased slightly whereas that of dimethyl
sulphide increased slightly. The diketone concentration significantly decreased.

For yoghurts made without oxygen (bubbling with N2), the quantities of acetaldehyde,
diacetyl and pentane-2,3-dione decreased during storage while that of dimethyl sulphide
increased.

For yoghurts produced under reducing conditions (bubbling with N2 — H2), the aroma
profiles during storage were the same as those made without oxygen. The concentration of
acetaldehyde, diacetyl and pentane-2,3-dione decreased while that of dimethyl sulphide
increased.

Furthermore, during storage, different profiles were observed for the four aromas
depending on the En conditions [51]. Under oxidizing conditions (+170 to +245 mV), the
concentration of acetaldehyde was relatively stable during storage, which is in accordance
with the literature [9, 55, 56] and the concentration of dimethyl sulphide was also stable. On
the contrary, under reducing conditions (-300 to -349 mV), the concentration of acetaldehyde
decreased and that of dimethyl sulphide increased. The metabolic pathways involved in the
biosynthesis of sulphur compounds are still unclear. Under reducing conditions, it seems
that another pathway promotes the production of dimethyl sulphide and that acetaldehyde
may be reduced to ethanol. For diketones, whatever the En conditions, the concentration
decreased during storage. Diacetyl and pentane-2,3-dione can be reduced respectively to
acetoin and pentane-2,3-diol [57].

4. Impact of En on other dairy products
4.1. Probiotic dairy products

The use of gas to modify En seems to be an interesting way of varying the organoleptic
properties of dairy products as well as improving the survival of oxygen sensitive strains
during storage in fermented dairy products containing probiotics. Indeed, these
microorganisms are mainly anaerobes. Oxygen, which is a powerful oxidant, has a drastic
effect on En values and the viability of probiotic bacteria during manufacturing and storage
[58-60]. So, many studies modify the redox potential to protect probiotics from oxygen
toxicity in dairy products [1, 61-65]. However, these techniques sometimes have deleterious
effects on the organoleptic properties of fermented milk. An alternative to these methods
could be the use of gases. Indeed, Ebel et al. [18] showed that fermented dairy products
made from milk gassed with N2, and more particularly those made from milk gassed with
N2 — Hz, were characterized by a significant increase in Bifidobacterium bifidum survival
during storage (Figure 2).



Redox Potential: Monitoring and Role in Development of Aroma Compounds, Rheological
Properties and Survival of Oxygen Sensitive Strains During the Manufacture of Fermented Dairy Products

8,51

75F

Log 10 (CFU/mI)

6,51

6 | | | | |
Before fermentation After fermentation D+1 D+14 D+28

Reprinted from Journal of J. Dairy Sci., Vol 945, Ebel B, Martin F, Le LDT, Gervais P, Cachon R, Use of gases to
improve survival of Bifidobacterium bifidum by modifying redox potential in fermented milk, Pages No. 2185-2191,
Copyright (2011), with permission from Elsevier.

Figure 2. Evolution of a population of Bifidobacterium bifidum during fermentation and storage.
Different gaseous conditions were applied to the milk: control (solid line), gassed with N2 (dashed line),
or gassed with N2— Hz (dotted line).

After 28 days of storage, a difference in bacterial counts of 1.2 log and 1.5 log was observed
between the control milk and after bubbling with N2 or N2 — Hz respectively. No differences
were highlighted during the fermentation process. It is interesting to note that this technique
was set up without affecting the fermentation kinetics and survival of S. thermophilus and Lb.
bulgaricus. The use of gas is a possible way of improving probiotic survival during storage
without affecting acidification properties of yoghurt strains and consequently organoleptic
properties.

4.2. Cheese

Controlling En in cheese seems essential in governing aroma characteristics. Indeed, a
reducing En is necessary for the development of the characteristic flavour of certain
fermented dairy products such as cheeses, notably through the production of thiol
compounds [45, 66]. It has also been reported that Cheddar has a reducing En and is an
indicator of the establishment of the conditions required for the formation of aroma
compounds [67]. As shown previously, En can modify the metabolic pathways of aroma
production by lactic bacteria [51]. Kieronczyk et al. [49] demonstrated that reducing En
conditions can stimulate carboxylic acid production in cheese, while oxidative En conditions
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improve the production of volatile sulphur compounds and aldehydes. By ripening cheese
under reducing En conditions, the production of volatile fatty acids increased [68]. Adjusting
the En of the milk before cheese ripening could be a possible way of modifying the
metabolism of lactic bacteria.

5. Conclusion

Pasteur defined fermentation as "life without air". In lactic acid bacteria, some exogenous
electron acceptors may interfere significantly with the fermentative metabolism by acting on
different cellular activities. A better understanding of the adaptive mechanisms to
extracellular redox is still lacking, but the results in the literature show that lactic acid
bacteria may use passive or active mechanisms. A remarkable feature in lactic acid bacteria
is their ability to reduce the redox environment to low Envalues.

With the prospect of food applications, changing En using pure or a mixture of gases has the
advantage of maintaining product safety as opposed to the use of oxidizing or reducing
molecules. This chapter demonstrates the importance of En both on the physico-chemistry of
milk gels and bacterial metabolism and viability. The use of gas to modify En seems to be an
interesting way of varying the organoleptic properties of dairy products.
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