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Preface

Yeast and yeast by-products as enzymes, metabolites, and cell wall polysaccharides are used exten‐
sively in industry for many years. Fermentative applications are as ancient as human culture; the use
of yeast in the production of wine, beer, and bread is an old and essential application for humanity, but
it can be also used to ferment milk products like kefir or in the production of fermented vegetables.
Moreover, yeast has been used for a long time as a cell model to understand eukaryotic cells from the
beginning of cellular biology and even now is a model in synthetic biology for the artificial synthesis of
yeast chromosomes and the final production of synthetic yeasts. Another interesting application is the
use of yeast enzymes to transform or to produce many compounds that can be used in chemical, phar‐
maceutical, food, or agricultural industries. The production of alternative combustibles from natural
sources as vegetal by-products or residues is also a trending activity in which yeasts are strongly in‐
volved. Production of bioethanol from vegetal residues using yeasts is a natural way to get a cleaner
energy source, renewable and with less impact on global warming and global CO2 production. The use
of yeasts in bioremediation or in the recovering of degraded environments is another key application.
The ability of yeast either to transform toxic environmental molecules in less harmful derivatives or to
adsorb toxic compounds and heavy metals makes them really useful in environmental chemistry.

The traditional use of the well-known Saccharomyces cerevisiae yeast species is currently being comple‐
mented with the use of many yeast genera and species because of their improved performance in some
applications that opens new possibilities in the industry. The production of new enzymes or their
higher expression in fermentative processes, the release of different metabolites with useful industrial
applications, the production of specific cell wall biopolymers, and many other applications open new
attractive possibilities in industry. Some non-Saccharomyces species as Torulaspora delbrueckii, Lachancea
thermotolerans, Dekkera bruxellensis, Saccharomycodes ludwigii, Schizosaccharomyces pombe, Metschnikowia
pulcherrima, Kloeckera apiculata, and many others are now extensively used in industry for food, chemi‐
cal, energetic, or environmental applications.

The conventional use of yeast selection to improve fermentative properties or the production of me‐
tabolites has been improving yeast performance for many years, and currently it is also a powerful
tool to get the best strains of Saccharomyces and non-Saccharomyces yeasts. Synthetic biology and genet‐
ic engineering open also new possibilities to improve the performance of some specific yeast or to
remove either undesirable properties or activities.

The biological use of microorganisms and their enzymes or metabolites for their antimicrobial ca‐
pacity is also a trend in biotechnology. Many times, yeast and yeast bioactive compounds can be a
way to reduce harmful microorganisms in foods, or they can even have medical applications.

This book is a useful reading to understand better the industrial application of yeasts; it contains 12
chapters written by experts from different universities and research centers with long experience
and expertise.

Antonio Morata and Iris Loira
Universidad Politecnica de Madrid,

Madrid, Spain
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Abstract

Yeasts represent a very diverse group of microorganisms, and even strains that are clas-
sified as the same species often show a high level of genetic divergence. Yeasts biodi-
versity is closely related to their applicability. Biotechnological importance of yeast is 
almost immeasurable. For centuries, people have exploited its enzymatic potential to 
produce fermented food as bread or alcoholic beverages. Admittedly, yeasts application 
was initially instinctual, but with science and technology development, these microor-
ganisms got the object of thorough scientific investigations. It must be recognized that 
yeast represents an excellent scientific model because of its eukaryotic origin and knowl-
edge of genetics of yeast cells as well as metabolism examined in detail. In 1996, the 
genome of baker yeast Saccharomyces cerevisiae has been elucidated, what opened the 
opportunity for the global study of the expression and functioning of the eukaryotic 
genome. Also, currently, an international team is working on the synthesis of the 16 
yeast chromosomes by synthetic biology tools, and the results are expected till the end of 
the year. Nowadays, yeast is regarded as a versatile tool for biotechnological purposes.

Keywords: fermentation, SCP, biocatalysis, molecular biology applications—fundamentals

1. Introduction

1.1. Yeasts: commercial applications

Yeasts have a wide range of applications mainly in food industry (wine making, brew-
ing, distilled spirits production, and baking) and in biomass production (single-cell pro-
tein [SCP]). More recently, yeast has also been used in the biofuel industry and for the 
production of heterologous compounds. Obviously, their main application arises from the 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 metabolic capacity to carry out the transformation of sugars into ethyl alcohol and carbon 
dioxide under anaerobic conditions. Moreover, a large number of secondary flavor com-
pounds are created what implies on organoleptic attributes of particular food products. 
However, it would be misguided to trivialize their metabolic capacities only to fermentative 
activity. The main factors influencing yeast metabolism are the oxygen availability and the 
type of carbon source. Many yeast strains can function under both anaerobic as well as aer-
obic conditions of environment, switching their metabolism types easily [1]. Obviously, the 
courses of main metabolic pathways are conserved, but some regulative mechanisms attract 
the attention, denoting unusual metabolism flexibility [2]. In food industry, Saccharomyces 
cerevisiae is the genus of yeast most frequently used, whereas Candida, Endomycopsis, and 
Kluyveromyces are crucial for SCP production. Yeast strains of industrial importance are 
carefully selected from the immense natural biodiversity and their properties improved 
according to process outcome. Both classical approaches as well as modern strategies of 
gene manipulations are applied to generate variants relevant to work under industrial spe-
cific conditions [3, 4]. Strains alterations concern not only the route of fermentations step 
and its direct yield but also facilitation of product recovery procedures and finally the best 
quality of particular end product. These nonpathogenic strains with both genotypic and 
phenotypic stability should have short-generation time and low nutritional requirements. 
They should perform the fermentation process quickly to minimize the contamination risk. 
Additionally, they should be tolerant of a wide range of physiological stresses, such as low 
pH, high ethanol concentration, and high osmotic stress.

The enzymatic power of yeast is central to beer manufacturing (Figure 1). Industrial species 
are carefully selected, nonsporulated polyploides that do not perform sexual reproduction 
process [5].

Brewer’s yeasts are divided into two separate categories: top-fermenting yeast (ale) and bot-
tom-fermenting one (lager). Both yeast types have similar cell morphology, but they differ 
in some physiological and metabolic features [6], what closely corresponds to the process 
conditions and type of end product. Fermentation of ale yeast is carried out at room tem-
perature and results in beers with a characteristic fruity aroma. In the case of lager yeast, the 
fermentation temperature is lower, and therefore, this step takes longer than fermentation 
with ale strains [7]. The share of aerobic respiration in yeast metabolism is higher in case of 
ale strains than in lager yeast. Both top-fermenting and bottom-fermenting yeast belong to 
the genus Saccharomyces. Ale-brewing yeasts are genetically more diverse and classified as 
Saccharomyces cerevisiae, whereas the taxonomy of the lager strains has undergone several 
changes. Initially, bottom-fermenting yeast was classified as Saccharomyces carlsbergensis, 
but due to the application of modern taxonomic approaches, the species S. carlsbergensis 
were included as a part of Saccharomyces pastorianus taxon. On the basis of genetic studies, 
S. pastorianus strains are now considered as allopolyploid interspecies hybrids of S. cerevi-
siae and S. bayanus [8]. From technological point of view, beside the high fermentative activ-
ity of yeast cells and tolerance for several environmental stresses, the aptitude for asexual 
aggregation known as flocculation seemed to be especially important, because this ability 
causes the yeast to sediment to the bottom of the fermenter at the end of fermentation step, 
what simplifies downstream processing [9, 10].

Yeast - Industrial Applications4
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Various yeast species constitute the predominant microbial group of natural microbiota 
of fruits ecosystems, what is the reason of fast and spontaneous fermentation of juices or 
musts resulted in wine production. Yeast colonizing various fruits belongs to the genera 
Saccharomyces, Brettanomyces (its sexual form (teleomorph) Dekkera), Candida, Cryptococcus, 
Debaromyces, Hanseniaspora (anamorph Kloeckera), Hansenula, Kluyveromyces, Pichia, 
Rhodotorula, Torulaspora, Schizosaccharomyces, and Zygosaccharomyces [11]. It goes without say-
ing that most fermented products are generated by a mixture of microbes. These microbial 
consortia perform various biological activities responsible for the nutritional, hygienic, and 
aromatic qualities of the product [12]. Doubtlessly, yeast plays a principal role in wine mak-
ing both in domestic environment as well as in commercial scale (Figure 2). Nonconventional 
yeast (non-Saccharomyces species) dominates during early and middle stages of fermentation 
process, whereas the latter phase of natural process is mediated by Saccharomyces cerevisiae. 
The raw material of particular importance in global wine making is grapes that are harvested 
at specific stages of ripeness depending on the style of wine to be made.

Figure 1. Beer production process.

Yeast as a Versatile Tool in Biotechnology
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Once again yeast enzymatic power is crucial for the product chemical profile—except for 
ethanol biosynthesis, the creation of flavor compounds and fragrances from substrates abun-
dant in fruits implies the organoleptic features of particular wine product. During the degra-
dation of grape sugars, amino acids, fatty acids, terpenes, and thiols, some by-products like 
glycerol, carboxylic acids, aldehydes, higher alcohols, esters, and sulfides are formed, and 
their synthesis is largely dependent on the peculiarities of the strains used [13, 14]. In 1965, the 
first two commercially active dried wine yeasts called Montrachet and Pasteur Champagne 
were produced for a large Californian winery [15]. Nowadays, modern winegrowers rou-
tinely use selected yeast starters in practice. These microorganisms dominate native yeast spe-
cies and give desired direction of chemical transformations occurring in musts and allow to 
obtain product of predictable quality [16]. Presently exploited commercially available starters 
have been created as a result of naturally occurring phenomenon called “genome renewal” 
as well as planned processes of genetic improvement [17] followed by a careful selection for 
their good fermentation performance. Genome renewal hypothesis in the standard version 
assumes that infrequent sexual cycles, characterized by a high degree of selfing, can help to 
purge deleterious alleles and fix beneficial alleles, thus helping to facilitate adaptation in yeast 
[18]. This hypothesis had to be re-evaluated [19] due to the fact that in the case of many envi-
ronmental isolates, very high levels of genomic heterozygosity had been observed [20, 21]. 
Presently, the majority of commercial wine yeast comprises strains of Saccharomyces cerevisiae, 
including those described by enologists as S. bayanus, which has been re-identified in most 
cases as S. cerevisiae [22, 23]. The growing demand for more diversified wines or for specific 
characteristics has led to the exploration of new species for wine making [24–26]. This non-
conventional yeast may contribute to the wine's organoleptic characteristic by producing a 
broad range of unique secondary metabolites and secreting particular enzymes or exhibiting 

Figure 2. Wine production process.
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others substantial features (release of mannoproteins, contributions to color stability etc.) [27]. 
The wine industry currently proposes starters of a few nonconventional yeast (Torulaspora 
delbrueckii, Metschnikowia pulcherrima, Pichia kluyveri, Lachancea thermotolerans, etc.) [28]. Yeast 
variants used as starters must qualify for commercial application. The list of desired proper-
ties is very long and includes both fermentation characteristics as well as flavor characteristics 
(e.g., low sulphide/dimethyl sulphide/thiol formation, liberation of glycosylated flavor pre-
cursors, low higher alcohol production, etc.), metabolic properties with health implications 
(low formation of sulphite, biogenic amines, or urea) and technological properties (e.g., high 
sulphite tolerance, low foam formation, flocculation properties, etc.) [29].

Another example of Saccharomyces cerevisiae strains of commercial interest encompasses dis-
tiller’s yeasts, applied in industry where alcohol fermentation is followed by distillation. In 
this industry type, spontaneous fermentations are not practiced, and specific yeast is inocu-
lated into fermenter. Starters used for distilled beverages (aquavit, gin, vodka, whisky, rum, 
tequila, cognac, brandy, and kirsch) commercial production should exhibit exquisitely inten-
sive anaerobic metabolism, what should result not only in high ethanol productivity but also 
in the high level of cellular tolerance to this product. Additionally, thermostable variants tol-
erant to acids and increased osmotic pressure are in greater demand for distillers [30]. Since 
many years, there has been a rising interest in new variants that are able to degrade starch. 
Many attempts have been made to produce ethanol from starch using recombinant haploid 
strains that express amylolytic enzymes, due to the simplicity of genetic manipulation of 
these strains. However, it is difficult to use laboratory haploid strains in practice because their 
fermentation characteristics are not as good as those of industrial polyploidy strains [31, 32].

In addition to alcoholic beverages production, enzymatic power of yeasts is also essential for 
baking industry, where concentrated yeast biomass is used as a starter in dough fermentation 
in order to produce bread and other bakery products. Commercially available baker’s yeast 
forms include fresh compressed biomass, dehydrated cells (dry yeast), and lyophilized cells 
(instant). Fermentation of dough substrates leads to ethanol production as well as number of 
volatile and nonvolatile compounds that have an important contribution to the flavor of bread 
[33]. As a result of carbohydrates (maltose mainly), fermentation carbon dioxide is generated 
what increases the dough volume and is responsible for crumb texture. Baker’s yeast is sim-
ply brewery yeast produced via submerged fermentation process carried out in the presence 
of oxygen (Figure 3). Aerobic conditions favor yeast cells production, which is not of interest 
to ethanol producers, but is important when large amount of cells mass must be produced.

The main ingredient of industrial production medium used in yeast production factories are 
beet or cane molasses, mainly because of the low cost of this waste products and high sucrose 
content. In most cases, the industrial production is a multistage process carried out under batch 
or fed-batch conditions with sequential stages differing in fermenter size, performed under 
controlled intense aeration [34]. Aeration is generally considered as the most important single 
factor to increase yeast yield and numerous studies have been carried out to investigate the 
optimization of particular technological solutions [35]. It should be underlined, the particular 
uniqueness of yeast metabolism—baker’s yeast must exhibit efficient respiratory metabolism 
during yeast manufacturing, which determines biomass yield, but at the same time, cells must 
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possess strong fermentative potential in order to produce excellent bakery products. During 
the fermentation of dough yeast cells is exposed to numerous environmental stresses (baking 
associated stresses) such as freeze thaw, high sugar concentrations, air drying, and oxidative 
stresses [36]. Nor should it be surprising that industrial starters should be characterized by 
appropriate stress tolerance. Yeasts certainly have evolved some mechanisms of adaptation, 
but if the level of stress will increase too much, their enzymatic potential will be restricted. It 
has been demonstrated that two molecules: trehalose and proline are extremely important for 
yeast stress tolerance, so the engineering of their metabolism is a promising approach to the 
development of stress-tolerant yeast strains relevant to industrial use [37].

Next long-standing industrial processes involving yeast are the production of single-cell 
protein (SCP)—alternative source of high nutritional value proteins used as a food or feed 
supplements. Idea of such protein concentrate production was born in response to growing 

Figure 3. Baker’s yeast production process.
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human population in the world and worldwide protein deficiency [38]. SCP manufacture 
includes simply the cell mass obtaining by way of the application of cheap, waste raw materi-
als to cultivate various nonpathogenic microorganisms (bacteria, fungi, algae) under condi-
tions of submerged (rarely solid-state) fermentation. Besides its high protein content (about 
60–82% of dry matter), SCP also contains fats, carbohydrates, nucleic acids, vitamins, and 
minerals [39]. In practice, several technologies were evaluated, products commercialized and 
currently obtained SCP found the application primarily in animal feeding. However, baker’s 
yeast mentioned above can be considered also as an example of particular SCP preparation. 
Many fungal species are used as protein-rich food. Most popular among them are the yeast 
species Candida, Hansenula, Pichia, Torulopsis, and Saccharomyces [40], but also, marine yeast is 
considered now as a valuable source of protein [41, 42]. Yeast-derived SCP has desired nutri-
tional value and contains essential amino acids—above all sulfur containing amino acids. It 
is also significant that people accept yeast as a food source, because of its historical impact. 
The main disadvantage of this preparation limiting the utilization as food is the nucleic acid 
content what is associated with additional purification step in downstream processing [43] as 
well as with external mannoprotein layer of yeast cell wall what impedes the digestion.

Yeast can also be considered as an alternative source of lipids. Some species are capable of syn-
thesis and accumulation of over 20% of biomass in form of neutral lipids and for that reason are 
called “oleaginous.” Under optimal growth conditions and/or as a result of genetic improve-
ment, the level of lipid accumulation can reach even 70%. Oleaginous yeast includes species of 
Candida, Cryptococcus, Pichia (Hansenula), Lipomyces, Pseudozyma, Rhodosporidium, Rhodotorula, 
Trichosporon, Trigonopsis, Yarrowia, and Saccharomycopsis [44]. The ability of these yeast species 
to accumulate high quantities of lipids offers the commercial potential for production of single-
cell oil (SCO). Microbial oils can serve both as alternative edible oils for food industry as well 
as substrates used in synthesis of the oleochemicals such as fuels, soaps, plastics, paints, deter-
gents, textiles, rubber, surfactants, lubricants, additives for the food and cosmetic industry, 
and many other chemicals [45]. Microorganisms regarded as an alternative oils source cannot 
presently compete directly with plants, but their use has many advantages like shorter process 
cycle, independence of season and climate, facility for genetic improvement and the possibility 
to manufacture lipid of unique structure, and nonsynthesized by plants. It should be mentioned 
that the composition of yeast oils is similar to vegetable products, and predominant fraction of 
them is made of triacylglycerols (TGA) rich in polyunsaturated fatty acids [46]. Lipids are stored 
intracellularly mainly as granular forms called “lipid body,” and their content and profile of 
fatty acids differs between species [47]. The main fatty acids formed by oleaginous yeast are the 
myristic (C14:0), palmitic (C16:0), stearic (C18:0), oleic (C18:1), palmitoleic (C16:1), and linoleic 
(C18:2) acids [48]. Two different pathways are involved in lipid accumulation by oleaginous 
yeast: de novo lipid synthesis and ex novo lipid accumulation. Fundamental differences at the 
biochemical level exist between de novo lipid accumulation from hydrophilic substrates and ex 
novo lipid accumulation from hydrophobic substrates. In contrast, ex novo lipid production is a 
growth-associated process that occurs simultaneously with cell growth and is entirely indepen-
dent of nitrogen exhaustion of the culture medium. The synthesis of ex novo lipids is the modi-
fication of fats and oils by oleaginous microorganisms [49]. The production of microbial oils 
became more important in the light of biodiesel production. The oleaginous yeast is considered 
as potential candidate for the production of “2nd generation” biodiesel deriving from lipid 
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produced by oleaginous microorganisms growing on wastes or agro-industrial residues like 
sewage sludge, hemicelluloses, hydrolysates, waste glycerol, cheese whey, etc. [50, 51]. SCO 
may be produced via submerged fermentation performed under aerobic conditions through 
the mode of batch, fed batch, or continuous operation. To achieve both sufficient biomass for-
mation and proper lipid accumulation level, yeast must be cultivated under carefully evaluated 
conditions. Many factors have been described as influencing lipid accumulation process and 
proper medium composition seemed to be one of the most important ones [52]. After biomass 
had been formed, to promote lipid accumulation process, stress conditions must be induced. 
Lipid storage is triggered by a nutrient limitation combined with an excess of carbon. Mostly 
nitrogen limitation is used to trigger lipid accumulation, but also other nutrients as phospho-
rus and sulphur have been shown to induce lipid storage. In spite of the applicative potential, 
the commercialization of microbial products is limited to oils containing polyunsaturated fatty 
acids like docosahexanoic acid (DHA), arachidonic acid (ARA), and eicosapentaenoic acid (EPA)  
[53, 54]. Producing other microbial oils either for human consumption, industrial use, or for 
biofuel production is still cost inhibitory—currently, the production of microbial oils is more 
expensive than that of vegetable oils [55]. To extend the industrialization of yeast as alternative 
source of oils, all efforts should be focused on genetic improvement of cell factories combined 
with optimization of nutrient supply and cultivation conditions and modifications of down-
stream technology [56].

2. Yeasts as whole-cell biocatalysts

Different genera of yeasts are convenient biocatalysts applied in many fields of chemistry, 
especially for the synthesis of chiral building blocks and fine chemicals. They are interest-
ing catalytic tools, not only for their varied enzymatic activities but also for their microbio-
logical features such as simplicity of cultivation, low nutritional requirements, and adaptive 
capacities. These capacities result from their flexible metabolism, which responds to the 
environmental impacts, so the direction (also stereoselectivity) and the effectiveness of the 
biotransformations can be driven by the physical chemical parameters of the process. What 
is also important, they are susceptible to the engineering of the reaction media (e.g., water, 
organic) and to the biocatalysts form (e.g., permeabilization, immobilization). This signifi-
cantly broadens the field of their application by overcoming the limitations such as low solu-
bility of the bioconversion substrates. It can be said that yeasts are used for decades and are 
one of the first whole-cell biocatalysts applied in industrial processes.

Literature data proved that the core applications of yeasts are connected with their extraordi-
nary reductive abilities. Since it was proven that whole-cell biocatalysis is (as enzymatic one) 
chemoselective, regioselective, and stereoselective and able to regenerate dehydrogenases 
cofactors under biocatalytic conditions, yeasts were extensively examined as reductive cata-
lysts for chiral building blocks synthesis—especially chiral alcohols of defined absolute config-
uration. The activity of a number of yeasts genera has been tested toward structurally different 
ketones, and in the most cases desired, alcohols have been obtained as pure enantiomers [57]. 
Alcohols drawn below (Figure 4) represent both, simple, and more complicated—unusual 
structures obtained thanks to the whole-cell biocatalysis driven by yeasts.
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Pichia methanolica is one of the most important biocatalysts employed in industry because of its 
reductive ability and low substrate specificity. Thus,  Pichia methanolica mediated reduction of 
ethyl-5-oxo-hexanoate and 5-oxohexanenitrile led to S-alcohols: 1a and 1b (Figure 4) obtained 
with conversion degree up to 90 and 97% of ee (enantiomeric excess). What is also important, 
bioreduction of compound 1a (Figure 4) was performed successfully on the gram scale with 
the similar yield. Pichia methanolica is employed for the reduction purposes by Bristol-Mayers 
Squibb Company (USA). Alcohol 2 (Figure 4) is important for pharmaceutical industry, this 
molecule is considered as supporting drug in the diabetes type 2 therapy by elevating the rate 
of metabolisms. Application of Candida sorbophila MY 1833 allowed receiving pure product 
on the large scale level with up to 60% of conversion degree and 98% of ee. Optically pure 
diols are also important, mainly as chiral building blocks for pharmaceuticals and fine chemi-
cals synthesis. As an example—compound 3 (Figure 4)—2S, 5S–hexanediol can be received 
by diketone reduction performed with Saccharomyces cerevisiae on preparative scale, with the 
complete substrate reduction and with the de (distereomeric excess) of 96%. Except to men-
tioned diol, such procedure can be applied also for 5-hydroxyhexane-2-on formation, which 
is a substrate for chiral tetrahydrofuranes synthesis—chemicals of significant meaning for 
obtaining of the biodegradable polymers, drugs, and perfumes. Among different chiral com-
pounds with hydroxyl functionalities, there are some of special interest—they are building 
platforms for the synthesis of series compounds. Such importance can be attributed to the 
(S)-4-chloro-3-hydroxybutanoate ester (S)-CHBE (Figure 5) [58]. A number of fungal catalysts, 
e.g., Geotrichum sp., Candida sp., Aureobasidium sp. are active toward appropriate ketone, but 
the reaction proceeds with an average stereoselectivity. Among others, Pichia stipites CBS 6054 
was found as one allowed obtaining chiral product with ee of 80%. The other products of 
yeast-mediated enantioselective bioreduction are chiral bicyclic alcohols, e.g., synthons of (S)-
pramipexole (anti-Parkinson drug) (Figure 6) and also its (R) isomer—considered as an anti-
amyotrophic lateral sclerosis (ALS) agent [59]. Chirality is introduced into these molecules by 
the prochiral bicyclic ketone (Figure 6) reduction mediated by Sachcaromyces cerevisiae, and this 
is the crucial step of the sequences of the reaction leading to the final enantiomers of pramipex-
ole. Discussed objective is also an example of the yeast biotransformation of the compounds 
with heteroatoms in their structures—here, sulphur atom is an element of the bicyclic.

Reductive activity of Saccharomyces cerevisiae is also applied for some nontypical reactions 
such as geraniol into citronellol hydrogenation achieved with resting yeast cells on prepara-
tive level (Figure 7) [60]. Process productivity reaches 2.38 g/L for the reaction carried out in 
the continuous-closed-gas-loop bioreactor.

Entirely a different activity of yeasts as biocatalysts found some practical application, lately. 
Successful experiments with Saccharomyces cerevisiae were performed according to Figure 8 
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Figure 4. Alcohols synthesized using whole yeasts cells.
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Figure 7. Structures of geraniol and citronellol.
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[61], which illustrates the addition of diverse 3-substituted indol derivatives to nitroolefines. 
Chemical synthesis of such substituted indols requires some hazardous organic solvents, 
while biological synthesis significantly reduces this problem and offers easy operated and 
effective system (yield of the reaction range between 72 and 90%).

Such indol motifs are crucial part of the biologically active compounds such as arbidol (influ-
enza A and B virus treatment and prophylactic); golotimod (immunostimulating, antimicro-
bial, and antineoplastic agent); and panobinostat (acute myeloid leukemia treatment; Figure 9).

3. Yeast’s enzymes applications

Biocatalysis includes both biotransformations (e.g., the conversion of xenobiotics using whole 
cells or resting cell systems) and enzyme catalysis (e.g., the conversion of xenobiotics using 
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Figure 8. Biocatalyzed addition of indoles to nitroolefins.
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cell-free extracts or purified enzymes) [62]. Although both whole cells and isolated enzymes 
can be used as biocatalysts, whole cells are very often preferable because they are more stable 
and cheap sources than purified enzymes, without the need for purification and coenzyme 
addition. However, in the case of single-step biotransformation, isolated enzymes can be con-
sidered as a better choice and can be used as a free or immobilized biocatalyst either in aque-
ous or organic media [63]. Yeasts, especially Saccharomyces species, are primarily known from 
whole cell reductive activity [64, 65] and are used in the food industry for the production of 
alcoholic beverages as well as for bread fermentation [3]. However, yeasts are a source of 
enzymes such as: lipases, dehydrogenases, or invertase.

3.1. Yeast’s lipases

Lipases are widely distributed in nature and are produced by plants, animals, and microorgan-
isms. Microbial enzymes are more useful than the other ones because of the diversity of cata-
lytic activities, simplicity of manipulations, and low cost production (extracellularly during rapid 
growth on inexpensive media) [66]. Additionally, microbial enzymes are free from problems 
associated with contamination with hormones, viruses, and can be used in food processing and 
pharmaceutics productions for vegetarian or kosher diets [67]. Microbial lipases (EC 3.1.1.3) are 
suitable enzymes for organic synthesis because they are active toward broad range of nonphysio-
logical substrates and are stable in biphasic systems or pure organic media. Lipases can be applied 
for either of lipid modifications and synthesis of special compounds: pharmaceuticals, polymers, 
biodiesels, and biosurfactants [68]. Under physiological conditions, lipases catalyze hydrolysis of 
ester bond in triacylglycerol to glycerol and free fatty acids. Under nonaqueous conditions, they 
catalyze the reverse process—esterification. The term transesterification refers to exchange the 
group between an ester and acid, ester and alcohol, or at least between two esters (Figure 10) [69].
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Figure 10. Types of reactions carried out by lipases.
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Mentioned features make them significant biocatalyst for various applications. There are a certain 
number of yeast species able to produce lipases, most of them belong to Candida genus: Candida 
utilis, C. rugosa (cylindracea), C. antarctica, C. viswanathii, and additionally, Yarrowia lipolytica [70].

3.1.1. Hydrolysis

For pharmaceutical industry, lipases are used to resolve racemic mixtures of alcohols or car-
boxylic acids through asymmetric hydrolysis of acyl derivatives. Candida antarctica lipase, 
isoform B (CAL-B) is one of the most employed psychrophilic lipases for many different 
applications (kinetic resolutions, desymmetrization, aminolysis, etc.) [71]. Commercial 
CAL-B is available either in free, lyophilized, and immobilized forms (onto Lewatit VP OC 
1600 (poly(methyl methacrylate-co-divinylbenzene)—Novozyme 435, Chirazyme L2-C2). 
Novozym 435 is a suitable catalyst for both small organic molecules [72, 73] and for polym-
erization reactions [74, 75]. Also, the immobilization of CAL-B onto different supports may 
result in different activity and enantioselectivity (Table 1) and may be a tool of control of 
selectivity of the hydrolysis. This feature was used for the resolution of racemic mixture of 
2-O-butyryl-2-phenylacetic acid—precursor of both enantiomers of mandelic acid (Figure 11) 
and for the enantioselective hydrolysis of 3-phenylglutaric dimethyl diester—precursor in 
the drug synthesis (e.g., HIV inhibitor) [76]. As it is shown in the Table 1, it is possible to 
change the enantioselectivity of biocatalyst just by simple replacement of one support mate-
rial to another one (Figure 11).

Another possible way to change the enantioselectivity of hydrolysis is the addition of the 
organic co-solvent to reaction medium. In organic media, the conformation of enzyme 
appears to be more rigid which may influence the enantioselectivity of the reaction. For the 
Candida rugosa, lipase-catalyzed hydrolysis of various substituted phenoxypropionates, the 
addition of 30–70% dimethyl sulfoxide (DMSO) or sodium dodecyl sulfate (SDS) improved 
the enantioselectivity, (E = 4 to >100) [77, 78]. For the same lipase (C. rugose), complete 

Biocatalyst Activity
μmolgcat

−1 h
−1

ee p (%)1 Stereochemical 
preference

E2

Novozym 435 0.75 >99 S >100

NOVO-CAL-B 0.56 >99 S >100

Lewatit-CAL-B 0.55 >99 S >100

Octyl-agarose-CAL-B 0.19 95 R 49

Octadecyl-sepabeads-CAL-B 0.35 90 R 23

Butyl-agarose-CALB-B 0.16 72 R 7.5

Optical purity of product.
Enantioselectivity of the enzyme towards substrate.

Table 1. The influence of different methods of immobilization on the activity and enantioselectivity of CAL-B applied for 
hydrolytic resolution of 2-O-butyryl-2-phenylacetic acid.

Yeast as a Versatile Tool in Biotechnology
http://dx.doi.org/10.5772/intechopen.70130

15



reversal of enantioselectivity of hydrolysis of 1,4-dihydropyridines was observed in differ-
ent organic solvents saturated with water [79], this allowed to obtain both enantiomers of 
1,4-dihydropiridine (Figure 12).
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Candida antarctica produces two isoforms of lipases (A and B). However, more attention has 
been directed to the application of CAL-B, but in the last few years, also CAL-A has found 
remarkable applications. The most surprising biochemical property of CAL-A is its high ter-
mostability of over 90°C [71, 80]. It is quite strange that rather psychrophilic microorganism 
produces thermostable enzyme. This feature allows using the CAL-A under unique reaction 
conditions [81] and towards unusual substrates, especially sterically hindered tertiary alcohols 
and their derivatives or bulky cyclic compounds. Bioconversion of tertiary alcohols can be use-
ful for the removal of tert-butyl protecting group even under high temperature (Table 2) [82]. 
Several examples of such applications are summarized in Table 2.

Another interesting application of CAL-A is the regioselective hydrolysis of cyclic diacetates, 
useful building blocks for the synthesis of vitamin D3 derivatives [83], or hydrolysis of differ-
ent sterically hindered carboxylic acids [84].

3.1.2. Esterification and transesterification

The most important application of lipases in organic synthesis is esterification important for 
the resolution of racemic mixtures of secondary alcohols and carboxylic acids. Chiral second-
ary alcohols serve as intermediates for pharmaceutical synthesis [85–87]. Lipase-catalyzed 

Table 2. Examples of substrate structures accepted by CAL-A–protecting group removal.
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methods available for the preparation of enantiopure compounds are kinetic resolution (KR), 
dynamic kinetic resolution (DKR), and desymmetrization. Enzymatic kinetic resolution is 
based on the difference between the reaction rates of the enantiomers of a racemate at the 
presence of chiral catalyst—enzyme. Dynamic kinetic resolution combines kinetic resolution 
with the in-situ racemization of the unreacted enantiomer. Racemization can be performed 
chemically or enzymatically. The kinetic resolution of secondary alcohols and esters is car-
ried out in organic solvents with lipase catalyzed acylation and alcoholysis. It leads to the 
formation of one enantiomer obtained as an alcohol and the other one as an ester. The maxi-
mum theoretical yield for each enantiomer is 50%. C. antarctica enzymes are often used for the 
resolution of secondary alcohols, mostly with bulky group [88, 89] but also for resolution of 
aliphatic compounds [90]. As an example—CAL-B was applied for the resolution of racemic 
mixture of 2-pentanol in heptane—media (yield (49,6%) and ee >99%) (Figure 13). S-(+)-2-
pentanol is a key chiral intermediate for synthesis of anti-Alzheimer drugs, which inhibit 
β-amyloid peptide release and/or its synthesis [91, 92].

C. rugosa is the producer of lipase employed for the resolution of profens (2-aryl propi-
onic acids) in enantioselective transesterification process. Profens are an important group of 
nonsteroidal anti-inflammatory drugs, and their biological activity depends on the optical 
purity of the compounds, mainly (S)-enantiomer [93]. For instance, (S)-ibuprofen ((S)-2(4-
isobutylphenyl) propionic acid) is 160 times more effective than (R)- isomer in the inhibi-
tion of prostaglandins synthesis. Optically, pure profens can be synthesized by asymmetric 
chemical synthesis, catalytic kinetic resolution, and chiral chromatography [69], but enzy-
matic enantioselective esterification seems to be the best method (Figure 14). Discussed 
reaction was carried out in saturated cyclohexane with 1-propanol or 2-propanol as acyl 
agents and completed with good conversion degree and excellent enantiomeric excess of 
(S)-ibuprofen [94].

Also, enantiomerically pure amines constitute a class of compounds with possible biologi-
cal properties and industrial applications [95]. Candida antarctica lipase B is one of the most 
effective catalyst in the preparation of enantiomerically pure nitrogenated compounds (e.g., 
amines, amides, amino acids, amino alcohols, etc.). This is achieved by enantioselective acety-
lation [96]. For example, resolution of aminoalkylpyridines was most effective (conversion 
50%, time 4h, ee of product, and substrate >99%) with the use CAL-B and ethyl acetate as an 
acyl donor in the tert-butyl methyl ether (TBME-medium) (Figure 15) [97].

CAL-A isoform of C. antarctica lipase is able to selectively acylate cyclic, sterically hindered 
structures via kinetic resolution (Figure 16) alicyclic β-aminocarboxylic acids esters—

OH
CAL-B

O OO

OH
+ O

OH
O

O

Racemic 2-pentanol (S)-2-pentanol

(R)-2-pentyl hemisuccinateSuccinic anhydride  

Figure 13. Kinetic resolution of 2-pentanol by esterification.
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building blocks for the synthesis of various pharmaceutical important heterocycles [81] 
are synthesized this way. The best activity and enantioselectivity were observed in diethyl 
ether or diisopropyl ether with 2,2,2-trifluoroethyl hexanoate as an acyl donor.

CAL-A is also active towards sterically hindered tertiary alcohols. This feature is quite unique 
among hydrolases. The first example of enantioselective kinetic resolution of racemic mixture 
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Figure 15. Kinetic resolution chloro-aminopyridines.
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of tertiary alcohol was acylation of 2-phenylbut-3-yn-2-ol. The reaction was quite enantiose-
lective, but the yield was rather moderate (25%) because of the steric hindrance. Another 
interesting application of CAL-A is selective acylation of sterols [98], furyl substituted allyl 
alcohol [99], or cyanohydrins [100, 101].

3.2. Yeast’s invertase

Invertase (β-fructofuranosidase- EC 3.2.1.26) catalyses hydrolysis of the glycoside bond from 
the terminal nonreducing beta-fructofuranoside side in disaccharide [102]. It is also widely 
distributed in the environment, mainly in plants and microorganisms. The most important 
application of invertase is production of invert syrup—equimolar mixture of fructose and 
glucose, released from sucrose (Figure 17), which is used in food and beverage industries. 
Monosaccharides mixture is sweeter than sucrose and hygroscopic, it mainly is used for pro-
duction of soft-centered candies and fondants. Invertase is also applied for the manufacture 
of artificial honey, plasticizing agents for cosmetics, pharmaceutical and paper industries, and 
enzyme electrodes for the detection of sucrose [103, 104]. Additionally, it can be applied for 
the synthesis of probiotic oligosaccharides like non-digestible oligosaccharides (NDO), e.g., 
lactosucrose [105]. Commercially invertase is produced mainly by Saccharomyces  cerevisiae 
(Baker’s yeast) or Saccharomyces carlsbergensis. In yeast cells, invertase is produced either in 
intracellular or extracellular form [106].

3.3. Yeast’s oxidoreductases

Enantiometrically pure alcohols including α- and β-hydroxyesters are important and valu-
able intermediates in the synthesis of pharmaceuticals and other fine chemicals [107]. 
Enantioselective ketone reductions are one of the most common methods applied for opti-
cally pure alcohols productions. Because reactions catalyzed by dehydrogenases/reductases 
require cofactors (NADH or NADPH), the use of whole cells rather than isolated enzymes is 
preferred, to decrease the cost of enzyme purification and cofactor regeneration. However, 
isolated dehydrogenases employment decreased product purification problems (Figure 18).

Generally, α-ketoesters are reduced with lower enantioselectivities by whole yeast cells, so pair 
of purified reductases are selected to produce both enantiomers of (S)-ethyl-3-hydroxybutyrate 
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Figure 17. Hydrolysis of sucrose by invertase.
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(pharmaceutical building block) in optically pure forms on preparative scale [108]. Reduction 
of β-ketoesters depends on both structure of substrate and specificity of the enzyme and usu-
ally yields in desired enantiomer of high optical purity [109].

Saccharomyces are also known as a producers of old yellow enzyme (OYE), the first discov-
ered and characterized flavoprotein [110], which can be used for double bond reduction 
(Figure 19) or for dismutation reactions toward cyclic substrates (Figure 20) [111] and also for 
the reduction of nitrate esters [112] with the addition of coenzyme—NADPH.

Other example of reductase is selective carbonyl reductase from Candida magnolia, active toward 
the structurally different ketones, reduced to the corresponding optically pure (R)- aryl and ali-
phatic alcohols. This enzyme also catalysis reduction of ketones with anti-Prelog enantioselectiv-
ity which is an unusual feature of bioreductions (Figure 21) [107]. Configuration of obtained aryl 
alcohols is mostly R—enantiomers but also strongly dependent on R group structure (Figure 21).

R1 R2

O

X

R3

R1

R2

Dehydrogenase

reduced
coenzyme

oxidised 
coenzyme

regeneration system

R1 R2

OH

R1 R2

OH

or

H

R3

R2

H
HR1

R3

H

H

R2

XR1

 

Figure 18. Reduction reactions catalyzed by dehydrogenases. Cofactor regeneration circle.

NO2

O

OYE

regeneration
system

O

NO2

2-cyclohexenone                      2-cyclohexanone

nitrocyclohexene                    nitrocyclohexane  

Figure 19. Example of reduction of double bonds catalysed by OYE.

Yeast as a Versatile Tool in Biotechnology
http://dx.doi.org/10.5772/intechopen.70130

21



4. Yeast’s applications in molecular biology

Yeasts of the Saccharomyces genus, in particular S. cerevisiae, are one of the fundamental models 
for eukaryotic organisms, commonly used in genetic and molecular biology studies. S.  cerevisiae 
is a unicellular organism that can be grown on defined media, which gives the complete con-
trol over its chemical and physical environment. Culturing yeast is simple, economical, and 
rapid and can be conducted under aerobic and anaerobic conditions. As a nonpathogenic and 
nontoxic organism, they are safe for laboratory work, without any special precautions. Big 
accessibility as well as easy culturing on both liquid and solid medium makes yeast cheap and 
handy organism with significant biotechnological capabilities.

Although yeast and humans have been evolving along separate paths for 1 billion years, 
still a substantial amount of yeast genes exhibit high homology to mammalian ones. Since 
the basic cellular mechanics of replication, recombination, cell division, and metabolism 
are generally conserved between yeast and larger eukaryotes, they constitute a good 
model for studying different processes such as aging, regulation of gene expression, sig-
nal transduction, cell cycle, metabolism, apoptosis, neurodegenerative disorders, and 
many more [113]. Furthermore, its protein expression systems have more in common with 
higher organisms than with prokaryotic ones, mainly due to the posttranscriptional and 
posttranslational processing, which makes it a great candidate for acquiring a number of 
industrially or medically significant biomolecules, such as recombinant proteins for phar-
maceutical purposes [114].
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Life cycle of Saccharomyces cerevisiae strains include haploid and diploid phase, both of 
which typically grow asexually by budding. The cell cycle consists of four distinct phases 
(G1, S, G2, and M) and is regulated in a similar way to that of the cell cycle in larger eukary-
otes [115]. Haploid yeast cells can be either mating type a or α and under normal condition 
can mate together to generate a/α diploids. The diploid cells cannot mate but can reproduce 
asexually by budding like haploids. However, under specific circumstances, like unfavor-
able environment conditions (lack of nutrients), diploid cell can undergo meiosis to pro-
duce haploid spores. Subsequently, the newly produced haploid nuclei are packaged into 
four spores that contain modified cell walls, resulting in structures that are very resistant 
to environmental stress [116]. Each single haploidic spore from tetrad arising after meiosis 
can be isolated and analyzed by various micromanipulation methods. It provides a unique 
opportunity to study the coupling between genes among many others. Haploid states cell 
can be also used for recessive mutation studies, while diploid strains can be exploited for 
complementation tests.

S. cerevisiae have also been first eukaryotes whose genome has been fully sequenced and pub-
lished in 1996. Its nucleus genome constitutes of 12,068 kb organized into the haploid set of 
16 chromosomes ranging in size from 200 to 1600 kb. The characteristic feature is that yeast 
genome is much more compact in comparison to other eukaryotic relatives, with genes rep-
resenting 70% of total sequence. It possesses around 5885 potential protein-encoding genes, 
approximately 140 genes specifying ribosomal RNA, 40 genes for small nuclear RNA mol-
ecules, and 275 transfer RNA genes. Currently, an international, multidisciplinary team is 
involved in the production of 16 chromosomes of S. cerevisiae by synthetic biology tools, and 
the results are expected at the end of the year [117]. Another highly unique and unusual, as for 
eukaryotes, feature of S. cerevisiae genome is the presence of DNA plasmids that enables a vari-
ety of genetic manipulations and are of great importance for modern molecular biology [118].

Techniques used for yeast transformation and specific selection have been well described. For 
this purpose, shuttle vectors are commonly used due to the fact that they can transform both 
yeast and bacteria, such as Escherichia coli. Various yeast strains carry different auxotrophic 
markers that can be generated by genetic engineering methods, for instance, by gene deletion in 
amino acid biosynthesis pathways. Scientists have developed a number of bifunctional vectors 
that are easy to isolate and can autonomously replicate in each yeast and bacteria cells.

4.1. Yeast’s plasmid vectors

Saccharomyces cerevisiae is a very important microorganism in modern biotechnology, not only 
for its contribution to brewing and bread-making industry, but also for showing great potential 
in the field of molecular biology and biomedicine due to its unique form of genetic material 
and protein expression systems. S. cerevisiae is one of very few eukaryotic organisms that con-
tain circular DNA in the form of plasmids. Almost every strain of this yeast has the 2-μm plas-
mid, which can constitute the outstanding basis for cloning vectors (Figure 22), as it is 6 kb in 
size and is equipped with four following elements: origin of replication; genes REP1 and REP2 
that code for proteins involved in replication process; FLP gene that is utilized by the plasmid 
to switch between isoforms, and gene D which role is not established yet [119]. In order for 
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2-μm plasmid to work as a fully functional cloning vector, there has to be an incorporated 
element, called a selective marker, which allows for the transformed cells to be identified after 
cloning experiment.

Most of the bacterial vectors are provided with genes-encoding resistance to various kinds of 
antibiotics, such as ampicillin (ampR) or tetracycline (tetR). Therefore, upon culturing trans-
formed cells in the medium with the addition of such antibiotic, the colonies that were unable 
to grow did not carry the resistance gene (hence, the uptake of the vector did not occur); thus, 
the only cells that survive are the transformed ones carrying the properly inserted vector.

Cloning techniques with yeast differ mostly in the strategic approach of the selective mark-
ers. In this case, usually a special kind of organism is required as the host, namely an 
auxotrophic mutant that is unable to obtain or synthesize a pivotal compound of one of its 
metabolic pathways. A good example is leu2− yeast that has an inactive form of LEU2 gene; 
hence, it cannot synthesize leucine and can only grow in a medium that is supplied with this 
amino acid. To properly use that organism as the host, a vector with LEU2 active gene has 
to be prepared. The cells are then transformed with the plasmid and cultured in minimal 
medium that lacks leucine. This way the only colonies that will grow will be the transformed 
cells [120].

There are few kinds of yeast cloning vectors, but all of them are so-called shuttle vectors, 
which means that they can replicate and be selected in both bacteria and yeast. Shuttle vectors 
were developed mostly because plasmid preparation from yeast only is highly ineffective; 
hence, the large-scale DNA propagation and convenient genetic manipulation are performed 
in bacterial organism, such as Escherichia coli.

Yeast cloning vectors based on 2-μm plasmid are called yeast episomal plasmids (YEps) 
(Figure 23(a)). Depending on the kind of YEp, they can either contain most of the 2-μm plasmid 
or just the origin of replication, their backbone is usually constructed from E. coli vectors, such 

Figure 22. Genetic structure of 2 μm yeast plasmid.
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as pBR322 that contains genes encoding resistance for antibiotics, like ampicillin or tetracycline. 
As the name suggests, YEps can replicate independently, or they can be integrated into one of 
the yeast chromosomes. The most common reason for YEps integration is that they carry selec-
tive marker gene, which is very similar to the mutant chromosomal DNA of the host organism; 
for example, the already mentioned LEU2 gene or others, such as URA3, HIS3, TRP1, or LYS2 all 
involved in biosynthesis pathways of pyrimidine nucleotides, histidine, tryptophan, or lysine, 
respectively. YEps are considered as high copy number vectors, yielding up to 200 copies per 
cell with the transformation frequency between 10,000 and 100,000 transformed cells per μg. 
Unfortunately, the major drawback is that their recombinants are highly unstable, which makes 
it very difficult and time consuming to achieve conclusive and reliable results when working 
with YEps.

The other important type of yeast vectors are yeast integrative plasmids (YIps) (Figure 23(b)). 
They mainly consist of E. coli plasmid, such as pBR322 and a selective marker (usually one 
of the mentioned above). What is important is they do not contain yeast origin of replication; 
therefore, they cannot replicate in any other way than through the process of integration with 
chromosomal DNA. In terms of transformation frequency, YIps come at the very last place 
with the number significantly lower than 1000 transformed cells per μg and usually only one 
copy per cell. On the other hand, their recombinants are very stable, usually making them the 
top pick for the experimental purposes.

Yeast replicative plasmids (YRps) (Figure 23(c)) are another type of yeast cloning vectors. 
They contain a backbone from E. coli vector, the yeast origin of replication in close proximity 
to the selective marker. Such structure suggests that YRps can replicate independently with 
relatively high transformation frequency ranging from 1000 to 10,000 transformed cells per 
μg and a number of copies between 5 and 100 per cell. YRps recombinants are as unstable as 
the YEps ones, making them one of the last choice for laboratory work.

Along with the time, there was a growing demand for much larger pieces of DNA to be 
manipulated through the techniques of genetic engineering. It was at this point that the last 
type of yeast cloning vectors was developed, namely the yeast artificial chromosomes (YACs). 
The general idea behind those constructs was that yeast chromosomes usually carry sev-
eral hundred kilobases of genetic material, so why not imitate the native DNA? YACs were 
thought to contain the three key elements of a chromosome:

Figure 23. Genetic structure of exemplary yeast vectors. AmpR and tetR are the antibiotic resinstance genes from E. coli 
pBR322 plasmid, whereas LEU2, URA3, TRP1 fragments represent yeast chromosomal DNA: (a) yeast episomal plasmid 
YEp13, (b) yeast integrative plasmid YIp5, (c) yeast replicative plasmid YRp7.
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• centromeres required for the proper chromosome positioning during the cell division;

• origins of replication, which are the places on chromosome where the replication of genetic 
material starts;

• telomers as the defenders of the chromosomes against exonucleases.

Several types of YACs have been developed over the years, they usually consist mostly of a 
E. coli pBR322 plasmid with some yeast genes, such as selective markers (usually at least two 
located oppositely), origin of replication, gene CEN4 coding for centromere region, the two 
telomeres fragments TEL, and an additional selective marker with a restriction enzyme site, 
such as SUP4 gene that compensates for a mutation-causing accumulation of a red pigment 
(Figure 24). YACs are equipped with a restriction enzyme site between two TEL sites, so that 
upon cleavage, an “artificial” linear chromosome is created, subsequently SUP4 is cut, and the 
chromosome is divided into two arms, between which a DNA fragment to be cloned is ligated, 
thus recreating the single-line chromosome structure. The next step is to transform double 
auxotrophic mutant organisms that will not be able to survive in the minimum medium with-
out the properly received YAC. Additional experimental control can be then tested by simple 
optical inspection—colonies with disrupted SUP4 gene will appear as white, meaning they are 
transformed, any other color means that the colony has not been properly transformed [121].

Figure 24. Genetic structure of yeast artificial chromosome pYAC3.
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4.2. Yeast expression system

Recombinant proteins are the biomolecules of great importance, because among other things, 
they are able to mimic the functions of native proteins; hence, they are extensively studied in 
biotechnology and biopharmaceutical research. The critical point of target protein production 
is the choice of efficient expression system which enables obtaining functional product with 
high yield.

Yeast expression system constitutes a good alternative for widely used bacterial and higher 
eukaryote expression systems. They are genetically well defined and are known to perform 
many posttranslational modifications, including proper protein folding, disulfide bond for-
mation, and glycosylation [122]. The culturing of yeast is also easy, rapid, and cheap, which 
is their big advantage over the insect or mammalian cells. They easily undergo genetical 
manipulation and adapt to fermentation processes; therefore, using yeasts as a cell factory 
is convenient and enables to obtain a fair amount of target protein. In contrast to bacteria, 
recombinant proteins obtained in yeast expression systems are free of endotoxins that make 
this system safer, especially in terms of medical and food application [114]. In fact, about 20% 
of all biopharmaceuticals are produced by S. cerevisiae. Among them, the most dominant are 
insulin, human serum albumin, hepatitis vaccines, and virus-like particles used for vaccina-
tion against human papillomavirus [123].

However, yeast cells are limited in the production of human-like glycoproteins by their inabil-
ity to produce complex N-linked glycans. In addition, S. cerevisiae produce the hypermanno-
sylated N-linked glycans with the mannose residues being attached to the chitobiose core (a 
dimmer of β-1,4-linked glucosamine units). Hypermannosylation also results in a short half 
life in vivo and thereby compromises the efficacy of most therapeutic glycoproteins [124]. To 
overcome this issue, great deal of effort has been put into altering the glycosylation pathways 
in P. pastorsis to produce strains possessing human-like N-glycosilation patterns [125, 126]. 
This achievement has contributed to the increased usefulness of yeast in industry for the pro-
duction of stable and recombinant glycoproteins.

There is no ultimate procedure for yeast expression system that could work equally well for 
the production of all kinds of proteins. Optimization of whole process is the critical step to 
obtain sufficient amounts of pure, properly folded and secreted protein of interest. While 
small and simple in structure proteins are easy to obtain, the big and multi-domain protein 
could require certain chaperones to facilitate the folding process [127]. The advantage of yeast 
expression system is that it allows extracellular secretion of produced protein when proper 
signaling sequence has been attached to the structural gene [114]. It significantly facilitates 
the recombinant protein purification process from the culturing medium and allows to opti-
mize the culturing conditions. In order to increase protein secretion level, a few strategies 
have been developed. One of them is protein engineering of a desired product, for instance 
by modifying protein coding sequences and signaling sequences [128–130]. Since this meth-
odology is highly specific against each protein, the conditions optimized for one protein do 
not always work for another. Different approach is to engineer the host strains and tune-up 
folding and secretory machinery by overexpression or deletion genes that are critical for the 

Yeast as a Versatile Tool in Biotechnology
http://dx.doi.org/10.5772/intechopen.70130

27



protein secretion [131, 132]. Additionally, it has been shown that expression in low tempera-
tures enhances the level of secretion [133].

There are numerous varieties of expression vectors available for producing heterologous pro-
teins in yeast, and these are the derivatives of YIp, YEp, and YRp plasmids described previ-
ously. The DNA coding for the protein of interest is inserted into the vector. The type of 
selective marker and promoter strength are key factors that determine the plasmid copy num-
ber and the mRNA level of the recombinant protein. Varieties of inducible and constitutive 
promotors have been applied for gene expression in yeasts in the past. The first of these allow 
the controllable gene expression. Most of inducible promoters are responsive to catabolite 
repression or react to other environmental conditions, like in-cell iron concentration, stress, or 
lack of essential amino acids. GAL promoter, which is induced by adding galactose, provides 
a straightforward system for expression regulation of the cloned foreign gene [134]. Another 
good example can be CUP1 promoter, which is induced by copper [135] or heat shock factor 
promoter, induced by heat stress at 39°C [136]. There are also some other groups of promoters 
that initiate strong and constitutive expression. TEF1 promoter, as an example of S. cerevisiae, 
is a widely used representative of this group, as it can drive high gene expression in both high 
and low glucose conditions [137]. Selection of a suitable promoter depends on specific process 
requirements and the properties of the target protein to be produced.

Additionally, yeasts are recognized as a generally recognized as safe (GRAS) organism, which 
only strengthens its position as the most frequently used microbial eukaryote for recombinant 
protein synthesis.

4.3. Yeast’s two hybrid system

Ever since the Field and Song discovery described in 1989, a new approach toward the 
examination of protein-protein interactions emerged, it was named as the yeast two-hybrid 
system. It allows to detect the interaction of two proteins in the yeast cell, and it can be used 
to select an interacting partner of a known protein. This technique takes the advantage of 
the fact that majority of eukaryotic transcriptional factors, such as Gal4p, consist of two 
independent, functional DNA domains: binding domain (BD) and transcription activation 
domain (AD). While the two domains are normally on the same polypeptide chain, the tran-
scription factor also functions when these two domains are brought together by noncovalent 
protein-protein interactions. In yeast hybrid system, each of these domains is connected to 
the one from the studied protein. As a result, two fusion proteins are created: one combined 
to DNA-binding domain (BD) and the other joined to activation domain (AD) [138]. The 
genes coding for both fusion proteins are carried by different plasmids, but each plasmid 
undergoes expression in the same yeast cell. If the interaction between studied proteins 
occurs, BD and AD domains are close enough to activate transcription of a reporter gene 
that is regulated by the transcription factors.

General idea of the yeast two-hybrid system can be represented by an example of transcrip-
tional factors and a gene coding for β-galactosidase, wherein the interaction between studied 
proteins may potentially lead to the expression of the reporter gene coding for β-galactosidase 
in E. coli lacZ reporter gene. The presence of this enzyme can later be verified by simple reac-
tion with X-gal, which yields a blueish insoluble product, thereby confirming or denying the 
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association of studied proteins. Since 1989, yeast two-hybrid system has been studied exten-
sively and further developed to find countless new applications, some of which are summa-
rized and generally described in Ref. [139].

5. Conclusions

Discussed unique yeasts features, which are fundamental for their versatile applications are 
still examined and after finishing the “Synthetic Yeast Genome Project (Sc2.0)” the new per-
spectives of the applying them will be opened as well as in the molecular biology and in the 
industrial applications.
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Abstract

Ortholog are genes in different species, evolving from a common ancestor. Ortholog
detection is essential to study phylogenies and to predict the function of unknown genes.
The scalability of gene (or protein) pairwise comparisons and that of the classification
process constitutes a challenge due to the ever-increasing amount of sequenced genomes.
Ortholog detection algorithms, just based on sequence similarity, tend to fail in classifica-
tion, specifically, in Saccharomycete yeasts with rampant paralogies and gene losses. In this
book chapter, a new classification approach has been proposed based on the combination
of pairwise similarity measures in a decision system that consider the extreme imbalance
between ortholog and non-ortholog pairs. Some new gene pair similarity measures are
defined based on protein physicochemical profiles, gene pair membership to conserved
regions in related genomes, and protein lengths. The efficiency and scalability of the
calculation of these measures are analyzed to propose its implementation for big data. In
conclusion, evaluated supervised algorithms that manage big and imbalanced data
showed high effectiveness in Saccharomycete yeast genomes.

Keywords: ortholog detection, similarity measures, big data supervised classification,
scalability

1. Introduction

Orthologs are genes in different species evolving from a common ancestor while paralogous
genes are homologous sequences that evolved in a duplication event derived from a unique
sequence [1]. The distinction between orthologs and paralogs is crucial since ortholog genes
are considered evolution markers and they help to infer the function of unknown proteins.
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The orthology relationship is expressed in terms of pairs with one-to-one relations, or of
groups with one-to-many or many-to-many relationships. Thus, the scalability of both gene/
protein pairwise comparisons and the classification process constitute a challenge due to the
ever-increasing amount of sequenced genomes. The unsupervised ortholog classification prob-
lem is presented in [2] starting from the pairwise sequence comparison. Many algorithms built
a similarity graph from these comparisons such as the Reciprocal Best Hit (RBH) heuristic [3],
Inparanoid [4], OrthoMCL [5], the Comprehensive, Automated Project for the Identification of
Orthologs from Complete Genome Data (OMA) [6], the well-known Reciprocal Smallest Dis-
tance (RSD) algorithm [7], among others. In this unsupervised learning approach there are also
tree-based and hybrid algorithms [8]. On the other hand, [9], a supervised approach form
pairwise classification approach is presented where there is no evidence of the imbalance
management of the scarce ortholog pairs (minority class) among the majority of non-ortholog
pairs. Besides, this approach does not couple with the generalization problem of the built
model to external genome pair is not involved in the learning process.

An important issue to tackle with ortholog detection (OD) algorithms is the underlying infor-
mation of gene/protein features used to classify the sequences. Algorithms just based on
sequence similarity tend to fail in classification because OD is negatively affected by genetic
and evolutionary events like duplications and gene losses, or changes between genome seg-
ments such as duplications, deletions, horizontal gene transfers, fusions, fissions, inversions,
and transpositions. Although the high potentiality of the OD methods referenced either in the
“omics”1 tools site or the site of the Quest for Orthologs2 Consortium, some of their limitations
are reported in literature:

• They tend to include paralogs in the orthogroups increasing false positives [8]. In the
presence of lots of gene losses caused by whole genome duplications (WGD) in
Saccharomycete yeasts, a big amount of paralogs can be included in orthogroups, or in
orthologous pairs [10].

• They can reduce specificity due to the presence of short sequences or those that is evolved
in a convergent way. This kind of affection may arise when genes inherited by horizontal
transfers brought about failure in the inference of near phylogenetic relationships between
species that are distantly related and have recently exchanged a gene [11].

• They can fail in ortholog detectionmainly in the twilight zone (less than the 30% of sequence
identity), that is, they can raise false negatives in the presence of distantly related divergent
sequences. They can also fail in front of mosaics of proteins [12] since orthogroups not
considering hybrid proteins may contain proteins without a common ancestor.

With the aim of reducing these limitations and improving efficacy in ortholog detection, there is
a tendency in algorithms to include diverse gene information in addition to the alignment-based
features (AB). Some ortholog detection algorithms include information about: (i) synteny [13–15],

1
http://omictools.com/

2
http://questfororthologs.org/orthology_databases
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(ii) global rearrangements [16, 17], (iii) protein interactions [9], (iv) the architecture of protein
mosaics [18], and (v) evolution distances [6, 7]. So far, these attempts have not been enough for
increasing efficacy in classification [19]. The combination of AB with other features like the
physicochemical profiles, the length of the sequences, and the synteny may be positive for
pairwise ortholog detection as well as the learning process from curated classifications in bench-
mark datasets may allow for a more effective approach.

In order to evaluate OD algorithms, Salichos and Rokas [10] constructed a Saccharomycete yeast
benchmark dataset having orthogroups deprived of paralogs. Such orthogroups contain
“curated or true” orthologs from yeast species that underwent pre- and post-whole genome
duplications (WGD) [10]. Actually, when Multiparanoid [20], OrthoMCL, and extended ver-
sions of RBH and the RSD were evaluated using this benchmark dataset, they included
paralogs in the orthogroups [10]. This fact assures that OD is a bioinformatics field in constant
need of new effective algorithms mainly for yeasts.

In terms of efficiency, OD algorithms based on sequence alignments may take from weeks to
years of CPU time to compute orthologs of sequenced species, due to the quadratic scaling
capacity of these comparisons. That is why in the Quest for Orthologs Consortium meeting
[19], efficiency and management of big data were target questions, and some efforts in these
senses were presented. They stated that the increased demand of computation for sequence
analysis has not been achieved by means of the increasing computation capacity, but it can be
achieved with new approaches or algorithm implementations.

In this chapter, a new classification approach has been proposed based on the combination of
pairwise protein features in a supervised decision system that consider the extreme imbalance
between ortholog and non-ortholog pairs on the benchmark dataset proposed by [10]. Some
new gene pair similarity measures considered as pairwise protein features are defined based
on protein physicochemical profiles, their membership to conserved regions in related
genomes, and their lengths. The efficiency and scalability of the calculation of these measures
are analyzed to propose its implementation for big data. In conclusion, evaluated supervised
algorithms that manage big and imbalanced data in scalable machine learning libraries as
Mahout [21] and MLlib [22] overdid RBH, RSD, and the Comprehensive, Automated Project
for the Identification of Orthologs from Complete Genome Data (OMA) [6] in Saccharomycete
yeast genomes.

2. Methods

2.1. Yeast genomes in experiments

Yeast genomes selected for the experiments are well-studied eukaryote species that shared
a common ancestor with human millions of years ago. Saccharomyces cerevisiae belongs to
Saccharomycete yeasts and Schizosaccharomyces pombe is a unicellular organism from
Archiascomycete fungus. These species bring about experimental models for many essential
processes of eukaryotes since most of their genes have been predicted as homologs to
multicellular eukaryotes ones. Specifically, S. pombe genes are more similar to mammals'
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genes than S. cerevisiae ones [23]. However, S. pombe is a distant relative of S. cerevisiae,
accordingly, ortholog detection between them is a difficult task due to the divergence of
sequences [13]. On the other hand, other close Saccharomycete species as Kluyveromyces
(Kluyveromyces lactis and Kluyveromyces waltii) and Candida glabrata have been included in
one of the ortholog detection benchmarking datasets [10] since some of them underwent a
whole genome duplication (WGD) process causing a rampant paralogy and a lot of gene
losses. Precisely, the genome pair of C. glabrata and S. cerevisiae that are post-WGD species
constitutes a target study case for OD algorithms. For the studies reported below we have
identified each genome pair as follows:

• S. cerevisiae – K. lactis: ScerKlac

• K. lactis – K. waltii: KlacKwal

• C. glabrata – K. lactis: CglaKlac

• S. cerevisiae – C. glabrata: ScerCgla

• S. cerevisiae – S. pombe: ScerSpombe.

2.2. Similarity measures as gene pair features in ortholog detection

Five normalized pairwise sequence similarities (global and local alignment scores, protein
length, synteny and physicochemical profile) were previously specified in [24]. Table 1

Measure Description of the calculation

S1 – local and global alignment The sequence alignment measure averages positives local and global protein alignment
scores from the Smith Waterman [32] and the Needleman-Wunsch [33] algorithms
calculated with a specified scoring matrix, and “gap open” (GOP) and “gap extended”
(GEP) parameters. The scores are normalized by using the maximum score of all (xi, yj)
protein pairs

S2 – protein length Measure S2 represents the normalized difference for continuous values [34] of the
protein sequence lengths

S3 – membership to locally
collinear blocks

This measure is calculated from the distance between pairs of sequences considering
their membership to Locally Collinear Blocks (LCBs) which represent truly homologous
regions obtained with the Mauve software [35]. The normalized difference is selected for
the comparison of the total number of codons in each block

S4 – physicochemical profile This measure is based on the spectral representation of sequences from the global
protein pairwise alignment by using the linear predictive coding [34]. First, each amino
acid that lies in a matching region without “gaps” between two aligned sequences is
replaced by its contact energy [36]. The moving average for each spectrum, that is, the
average of this physicochemical feature in the predefined window size W is then
calculated. Next, the Pearson correlation coefficient with the corresponding significance
level between the two spectral representations in a matching region is obtained. Finally,
the significant similarities of the regions without “gaps” are aggregated considering the
length of each region. From our previous studies presented in [37, 38], three features for
the physicochemical profile with W values of 3, 5 and 7 have been considered

Table 1. Protein pair features.

Yeast - Industrial Applications44



genes than S. cerevisiae ones [23]. However, S. pombe is a distant relative of S. cerevisiae,
accordingly, ortholog detection between them is a difficult task due to the divergence of
sequences [13]. On the other hand, other close Saccharomycete species as Kluyveromyces
(Kluyveromyces lactis and Kluyveromyces waltii) and Candida glabrata have been included in
one of the ortholog detection benchmarking datasets [10] since some of them underwent a
whole genome duplication (WGD) process causing a rampant paralogy and a lot of gene
losses. Precisely, the genome pair of C. glabrata and S. cerevisiae that are post-WGD species
constitutes a target study case for OD algorithms. For the studies reported below we have
identified each genome pair as follows:

• S. cerevisiae – K. lactis: ScerKlac

• K. lactis – K. waltii: KlacKwal

• C. glabrata – K. lactis: CglaKlac

• S. cerevisiae – C. glabrata: ScerCgla

• S. cerevisiae – S. pombe: ScerSpombe.

2.2. Similarity measures as gene pair features in ortholog detection

Five normalized pairwise sequence similarities (global and local alignment scores, protein
length, synteny and physicochemical profile) were previously specified in [24]. Table 1

Measure Description of the calculation

S1 – local and global alignment The sequence alignment measure averages positives local and global protein alignment
scores from the Smith Waterman [32] and the Needleman-Wunsch [33] algorithms
calculated with a specified scoring matrix, and “gap open” (GOP) and “gap extended”
(GEP) parameters. The scores are normalized by using the maximum score of all (xi, yj)
protein pairs

S2 – protein length Measure S2 represents the normalized difference for continuous values [34] of the
protein sequence lengths

S3 – membership to locally
collinear blocks

This measure is calculated from the distance between pairs of sequences considering
their membership to Locally Collinear Blocks (LCBs) which represent truly homologous
regions obtained with the Mauve software [35]. The normalized difference is selected for
the comparison of the total number of codons in each block

S4 – physicochemical profile This measure is based on the spectral representation of sequences from the global
protein pairwise alignment by using the linear predictive coding [34]. First, each amino
acid that lies in a matching region without “gaps” between two aligned sequences is
replaced by its contact energy [36]. The moving average for each spectrum, that is, the
average of this physicochemical feature in the predefined window size W is then
calculated. Next, the Pearson correlation coefficient with the corresponding significance
level between the two spectral representations in a matching region is obtained. Finally,
the significant similarities of the regions without “gaps” are aggregated considering the
length of each region. From our previous studies presented in [37, 38], three features for
the physicochemical profile with W values of 3, 5 and 7 have been considered

Table 1. Protein pair features.

Yeast - Industrial Applications44

summarizes the calculations for protein pairs (xi,yj) from the two proteome representa-
tions P1={x1, x2,…, xn} and P2={y1, y2,…, ym} with n and m sequences, respectively.

2.3. From parallel to big data calculation of similarity measures

Time complexity analysis of the sequential algorithms for the calculation of pairwise similarity
measures in terms of N gene/protein pairs has brought about the need of a parallel version
with the scalability target. The protein physicochemical profile turns to be the one with the
highest quadratic cost O(N�(m + n)2) since it operates over the aligned sequences with m and
n as the maximum sequence lengths for two genomes, respectively. The parallel proposal is
sketched in Figure 1 with a fork control flow to distribute the calculation over different pro-
cessors and a join control flow to terminate the parallel executions.

For the scalability analysis of the parallel physicochemical profile calculation, we estimated the
TS sequential execution time in expression (1) by using constants.

Figure 1. Parallel calculation of protein pair similarity measures.
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TS ¼ N � n�mþ mþ nð Þ2
� �

� tc (1)

The constant tc indicates the required time for the arithmetic operations.We assume tc as optimum
value, tc = 1 [25]. Consequently, the parallel execution time TP is defined in terms of the calculation
time and the communication time among processors. In the parallel version, calculation time
depends on the distribution of N cycles among P processors. With this distribution: (i) all the
processors execute ⌊N/P⌋ iterations or (ii) p < P processors execute ⌊N/P⌋+1 iterations. Thus, when
we consider the worst case, the calculation time TCalc can be estimated as in expression (2).

TCalc ¼ N=Pb c þ 1ð Þ � n�mþ mþ nð Þ2
� �

� tc (2)

The communication time among processors is directly related to the information accessed in
the sequential section of the algorithm. In each iteration, each processor P needs to receive
sequence information. Hence, communication time can be defined as in expression (3).

TCom ¼ N=Pb c þ 1ð Þ � ts þ tw � P� mþ nð Þð Þ (3)

where ts represents the time required to establish the communication and to prepare the
sending information and tw is the required time to send a numeric value. These values can be
considered as optimum ones, that is, ts = 0 and tw = 1 [25]. In this way, we combine expressions
(2) and (3) to obtain an estimation of the parallel execution time for the physicochemical profile
as in expression (4).

TP ¼ N=Pb c þ 1ð Þ � n�mþ mþ nð Þ � mþ nþ Pð Þð Þ (4)

Time complexity of the parallel version of the algorithm can be estimated from the parallel
execution time TP. Expression (⌊N/P⌋+1) can be taken as N/P.

It holds thatm�n ≤ (m + n)�(m+n+P). Therefore, time complexity isO N� nþmð Þ2
P þN � mþ nð Þ

� �
,

that is lower than O(N�(m+n)2) as demonstrated in expression (5).

N� nþmð Þ2
P þN � mþ nð Þ
N � nþmð Þ2 ¼ 1

P
þ 1
mþ n

≤ 1 (5)

By using expressions TS and TP, we can analyze the speed-up and the efficiency performance for
different samples obtained fromN protein pairs and a range of 1–100 processors. Figure 2A and B
shows the speed-up and efficiency values, respectively, in a genome comparison dataset of
S. cerevisiae and S. pombe. The 100% sample represents 5006 sequence pairs; the 75% sample
represents 3754 pairs, the 50% represents 2503 pairs, and the 25% represents 1251 pairs. An
increased number of processors lead to a saturation in the speed-up. Specifically, when the problem
size increase, thus the speed-up and the efficiency values increase for a single number of pro-
cessors, although both values tend to decrease with an increasing number of processors. The
efficiency tends to keep constant when we simultaneously increase both the problem size and the
number of processors, consequently, contributing to the scalable conception of the algorithm [26].
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With the sequential and parallel MATLAB (2010) implementations, we calculated real execu-
tion time for one, two, three and four processors in a personal computer Intel® Core™ i3 CPU,
2.53 GHz, RAMDDR3 de 4.0 Gb, 64Bits Windows7. With 1921 pairs of S. cerevisiae and S. pombe
representing 100% of the sample, Figure 3A and B shows the real and estimated values of the
speed-up and efficiency, respectively. We can observe a similar performance of estimated and
real values for the total and 50% of the sample. The best speed-up was obtained for the
execution in four processors, but the efficiency is best with two processors.

Figure 2. Estimated performance of the speed-up (A) and efficiency (B) in the parallel calculation of the physicochemical
profile of proteins for the genome comparison dataset of S. cerevisiae and S. pombe.

Figure 3. Real and estimated values for speed-up (A) and efficiency (B) in a S. cerevisiae and S. pombe sample.
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Theoretically, the speed-up value is bounded by the number of processors and the efficiency
value is in the interval [0, 1]. However, the real speed-up obtained is higher than the number of
processors in each execution and the efficiency is higher than one. This event is known as
super-linear speed-up. It is a consequence of the fact that each processor consume less time
than TS

P . It can be possible since the parallel version may execute less work than the sequential
version or may take advantage of resources such as the cache memory [25].

In a further scalability analysis with 133,666,445 pairs of sequences from different yeast
genomes, the increased number of processors from 1 to 100 saturates the speed-up. Table 2
shows the genome data used for this scalability analysis. Datasets are conformed by accumu-
lating gene pairs from different genome pairs with different maximum sequence lengths.
Figure 4A illustrates the effects of the gene pair accumulation in the speed-up of the parallel
physicochemical profile similarity measure calculation while Figure 4B depicted the effect in

Datasets Total of
gene pairs

Maximum length for
the first genome m

Maximum length for
the second genome n

ScerSpombe 16,324,500 4910 4924

ScerSpombe + ScerKlac 47,546,047 4910 4924

ScerSpombe + ScerKlac + ScerCgla 78,111,162 4910 4924

ScerSpombe + ScerKlac + ScerCgla + CglaKlac 105,891,467 4910 4924

ScerSpombe + ScerKlac + ScerCgla + CglaKlac + KlacKwal 133,666,445 4915 4924

Table 2. Genome data used in the scalability analysis.

Figure 4. Estimated speed-up (A) efficiency (B) and when the input data and processors increase.
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the efficiency of this calculation. When the problem size increases, the speed-up and the
efficiency increase for a specific number of processors, although both values tend to decrease
when the number of processors increases. Efficiency tends to be constant when both the
problem size and the number of processors increase. This is an essential issue to achieve
scalability, specifically, the horizontal one.

In sum, the parallel algorithm time complexity considering P processors is lower than the cost
of the sequential version and the scalability may be achieved with the parallel proposal.
Nevertheless, considering implementation hazards of the parallel models, scalability can be
improved when these models are executed in a cloud within a big data framework as
MapReduce [27, 28]. This framework guarantees reliability, availability, and a good execution
performance in a cloud with a distributed file system.

In a MapReduce design, each mapper process should build a subset of the resulting dataset
with calculated features of all protein pairs of its partition. Figure 5 shows three steps such as
Initial, Map and Final. The Initial phase divides the protein pair set into independent Hadoop
distributed file system (HDFS) blocks; it also duplicates and transfers them to other nodes of
the cloud. Then, in the Map step, each mapper calculates the protein features of all the pairs in
its partition. Finally, in the Final step, the files created by each mapper would be concatenated
to build the final dataset file. In this procedure the Reduce step is omitted since the mappers
output are directly combined following the operation reported in [29].

Algorithm 1 shows el pseudo-code of the Map function in the MapReduce process for the
protein feature calculations. Step 2 calculates the features for a pair of proteins and Step 5 save
the previously calculated data.

Figure 5. MapReduce design of protein pair feature calculations.
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MAP (key, value)

Input: <key; value> % key represents the location in bytes, and value, the

contents of a protein pair.

Output: <key’; value’> % key’ indicates the identification of the pair, and

value’, the calculated features.

1 pair PAIR_REPRESENTATION(value)

% features variable contains the values of the feature for the pair

2 features CALCULATE_FEATURES(pair)

3 lkey lkey:set(pair:get_id)

4 lvalue lvalue:set(features)

5 EMIT (lkey, lvalue)

Algorithm 1. Map phase for feature calculation.

2.4. Big data supervised classification with imbalance management

Given a set A={Sr (xi, yj)} of gene pair features as discrete or continuous values of r gene pair
similarity measure functions, previously specified, we represent a pairwise ortholog detection
decision system DS = (U, A ∪ {d}), whereU = {(xi, yj)},∀xi∈G1, ∀yj∈G2 is the universe of the gene
pairs,and d∉A is the binary decision feature obtained from a curated classification. This deci-
sion feature defines the low ratio of orthologs to the total number of possible gene pairs. The big
data supervised classification divides DS into train and test sets to build a learning/training
model and to classify the instances by means of a big data supervised algorithm managing the
imbalance between classes. The built model can be generalized to related pairs of genomes/yeast
species not used in the learning/training process following the generalization concept in [30].
Thus, the test set is used to compare both supervised and classical unsupervised algorithms.
Algorithm 2 shows the steps required in the training phase as well as Algorithm 3 shows the
classification phase. The general testing/evaluation scheme for supervised and unsupervised
algorithms is sketched in Figure 6 based on the use of a testing external set as reported in [31].

Training phase

Input: DS=(U, A∪{d}), A={Sr(xi, yj)}, U={(xi, yj)}, ∀xi∈G1, ∀yj∈G2

Output: Model, Test_set

1 Train_set, Test_set =

Selection_of_training_and_testing_sets (DS)

2 Model = Model_building_with_imbalance_management %Learning/Training step

Algorithm 2. Training phase for big data supervised classification with imbalance management.

Classification phase

Input: Model, Test_set
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Output: Ortholog_pairs_of_the_testing_set

1 Ortholog_pairs_of_the_testing_set = Pairwise_classification (Model,

Test_set)

Algorithm 3. Classification phase for big data supervised ortholog detection with imbalance management.

The general scheme receives annotated genomes (proteomes) from related yeast species since
some protein features as the membership to conserved regions require certain evolution
closeness. For the evaluation of pairwise ortholog detection algorithms, we can compare the
supervised solutions and the unsupervised reference algorithms such as RBH, RSD, and OMA.
Firstly, protein pairs are separated into train and test sets and after that pairwise similarity
measures for the pairs of both sets are calculated. Test sets are used for the assessment of the
unsupervised algorithms while the training set is used to build the supervised models which
will be further tested on the previously mentioned test set.

The classification performance will be assessed by evaluation metrics for imbalanced datasets.
The Geometric Mean (G-Mean) is defined in [32] as:

G�Mean ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sensitivity � specificity

p
(6)

where sensitivity and specificity are traditionally calculated considering the true positives (TP),
false negatives (FN), false positives (FP), and true negatives (TN).

Figure 6. Workflow of the evaluation of supervised versus unsupervised pairwise ortholog detection algorithms.

Big Data Supervised Pairwise Ortholog Detection in Yeasts
http://dx.doi.org/10.5772/intechopen.70479

51



The area under the curve (AUC) [33] is estimated from plotting of true positive rate (TPR)
versus false positive rate (FPR) values. We approximate the AUC by averaging (TPR) and
(FPR) values through the following equation:

AUC ¼ 1þ TPR� FPR
2

(7)

where TPR ¼ TP
TPþFN represents the percentage of orthologs (TP) correctly classified and

FPR ¼ FP
FPþTN, the percentage of non-orthologs (TN) misclassified. G-Mean measure maximizes

the accuracy of the two classes (orthologs and non-orthologs) by considering the misclassi-
fication costs and AUC values in the estimation of the sensitivity and specificity, getting at a
balance between them [34].

2.5. Ortholog detection experiments in related yeasts

2.5.1. Settings

For the evaluation of pairwise ortholog detection algorithms in related yeast genomes we
carried out (i) three exploratory experiments for an external validation of supervised classifi-
cation models and (ii) an experiment to evaluate a model built with a pair of yeasts into two
external pairs. In Experiment 1, we evaluated the algorithms inside a genome pair by
partitioning the complete set of protein pairs at random (75% for training and 25% for testing).
Specifically, we divided the S. cerevisiae – K. lactis dataset into 16,986,996 pairs for training and
5,662,332 pairs for testing. In Experiment 2, we evaluated the model in the first experiment into
8,095,907 pairs of S. cerevisiae and S. pombe genomes. In Experiment 3, we tested in S. cerevisiae
and S. pombe as in the second experiment but with models obtained by training with the
complete S. cerevisiae – K. lactis dataset (22,649,328 pairs). In Experiment 4, we used the model
in the third experiment and tested it in two different pairs: 29,887,416 pairs of S. cerevisiae and
C. glabrata and 20,318,472 pairs of C. glabrata – K. lactis.

The details for the data used in the experiments are specified in Table 3. For each genome pair
we built four datasets (BLOSUM50, BLOSUM62_1, BLOSUM 62_2, and PAM250) from combi-
nations of alignment parameter settings shown in Table 4. The gene pair features included in
the datasets are the average of local and global alignment similarity measures, the length of
sequences, the gene membership to conserved regions (synteny), and the physicochemical

Genome pair Number of features Instances per class
(majority; minority)

Imbalance
ratio (IR)

Excluded genes

S. cerevisiae – K. lactis 6 (22,646,914; 2414) 9381.489 89 out of 5861 S. cerevisiae proteins
37 out of 5215 C. glabrata proteins
1403 out of 5327 K. lactis proteins

S. cerevisiae – C. glabrata 6 (29,884,575; 2841) 10519.034

C. glabrata – K. lactis 6 (20,317,232; 1240) 16384.865

S. cerevisiae – S. pombe 6 (8,090,950; 4957) 1632.227

Table 3. Genome data used in the experiments.
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profiles within 3, 5, and 7 window sizes. We are aggregating global and local alignment
similarities to combine structural and functional similarities of proteins.

The S. cerevisiae – S. pombe dataset represents the union of Inparanoid7.0 and GeneDB ortholog
classifications as is described in [35]. On the other hand, the S. cerevisiae – K. lactis and S.
cerevisiae – C. glabrata datasets contain all ortholog pairs in the gold groups reported in [10].
At the time of building the subset with all possible pairs, we just excluded 89 genes from S.
cerevisiae, 37 from C. glabrata, and 1403 from K. lactis because the genome physical location data
in the YGOB database [36], required for the LCB feature calculation, was not found.

The amount of pairs in each dataset prevented traditional machine learning methods from
training and testing, so big data implementations were selected from scalable MapReduce
Mahout [21] and Spark MLlib [37] libraries. The selected algorithms for the evaluation are
listed in Table 5. Explicitly, we selected the random oversampling (ROS) and the cost-sensitive
approaches for imbalance management. Besides, the big data framework details are specified
in Table 6. On the other hand, the unsupervised algorithms parameter values used for the
evaluation are specified in Table 7.

The infrastructure used to perform the big data experiments consists of 20 nodes connected via
a 40 GB/s Infiniband network. Each node has two Intel Xeon E5-2620 microprocessors (at
2 GHz, 15 MB cache) and 64 GB of main memory working under Linux CentOS 6.5. The head
node of the cluster has two Intel Xeon E5-2620 microprocessors (at 2.00 GHz, 15 MB cache) and
32 GB of main memory.

2.5.2. Results

Supervised classifiers that manage big data were compared from two different points of view:

i. The efficacy and the execution time when the training process is performed with one
partition of the genome pair dataset or with the complete dataset.

ii. The efficacy and the execution time in the classification process performed on datasets
with potential fails for ortholog detection:

• The one of related species (distant relatives), S. cerevisiae and S. pombe, false nega-
tives can increase in the presence of divergent sequences.

• Other two Saccharomycete yeast datasets which complexity is a possible increased
number of false positives due to lots of paralog losses produced by the WGD.

Dataset Substitution matrix Gap open Gap extended

BLOSUM50 BLOSUM50 15 8

BLOSUM62_1 BLOSUM62 8 7

BLOSUM62_2 BLOSUM62 12 6

PAM250 PAM250 10 8

Table 4. Datasets built with different alignment parameter values.
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Supervised and unsupervised classifiers are compared in terms of the efficacy in complex
Saccharomycete yeast datasets.

Best mean results of G-Mean, AUC, TPR, and TNR (true negative rate) in Experiments 1, 2, and
3 are shown in Tables 8–10, respectively, with the most outstanding values in bold face. The
best performance of G-Mean, AUC and the balance between TPR and TNR mean values were
obtained with the cost-sensitive Big Data Random Forest algorithm (RF-BDCS) in Experiment
1 (testing in a partition of S. cerevisiae – K. lactis) and with support vector machine-BigData
(SVM-BD) (regParam: 0.5) in Experiments 2 and 3 (testing in S. cerevisiae – S. pombe). There are
no significant changes in classifiers with the best results (those that manage data imbalance)

Big data framework Application Algorithms

Hadoop 2.0.0 (Cloudera CDH4.7.1) with the head node
configured as name-node and job-tracker, and the rest,
as data-nodes and task-trackers

– MapReduce ROS implementation
– A cost-sensitive approach for
Random Forest MapReduce
algorithm (RF-BD)

– MapReduce RF implementation
(Mahout Library)

RF-BDCS
ROS (100%) + RF-BD
ROS (130%) + RF-BD

Apache Spark 1.0.0 with the head node configured as
master and name-node, and the rest, as workers and
data-nodes

– Apache Spark Support Vector
Machines (MLLib)

ROS (100%) + SVM-BD
ROS (130%) + SVM-BD

Table 6. Big data framework, applications and algorithms.

Algorithm Parameter values

RF-BD1 Number of trees: 100
Random selected features per node: 32

Number of maps: 20

RF-BDCS Number of trees: 100
Random selected features per node: 3
Number of maps: 20
C(+|�)=IR
C(�|+)=1

ROS (100%) + RF-BD RS3 = 100%

ROS (130%) + RF-BD RS = 130%

SVM-BD Regulation parameter:
1.0, 0.5, and 0.0
Number of iterations:
100 (by default)
StepSize: 1.0 (by default)
miniBatchFraction: 1.0 (percent of the dataset evaluated in each iteration 100%)

ROS (100%) + SVM-BD RS = 100%

ROS (130%) + SVM-BD RS = 130%

1BD means big data.
2int.(log2 N + 1), where N is the number of features of the dataset.
3RS represents resampling size.

Table 5. Supervised algorithms and parameter values selected for the experiments.

Yeast - Industrial Applications54



Supervised and unsupervised classifiers are compared in terms of the efficacy in complex
Saccharomycete yeast datasets.

Best mean results of G-Mean, AUC, TPR, and TNR (true negative rate) in Experiments 1, 2, and
3 are shown in Tables 8–10, respectively, with the most outstanding values in bold face. The
best performance of G-Mean, AUC and the balance between TPR and TNR mean values were
obtained with the cost-sensitive Big Data Random Forest algorithm (RF-BDCS) in Experiment
1 (testing in a partition of S. cerevisiae – K. lactis) and with support vector machine-BigData
(SVM-BD) (regParam: 0.5) in Experiments 2 and 3 (testing in S. cerevisiae – S. pombe). There are
no significant changes in classifiers with the best results (those that manage data imbalance)

Big data framework Application Algorithms

Hadoop 2.0.0 (Cloudera CDH4.7.1) with the head node
configured as name-node and job-tracker, and the rest,
as data-nodes and task-trackers

– MapReduce ROS implementation
– A cost-sensitive approach for
Random Forest MapReduce
algorithm (RF-BD)

– MapReduce RF implementation
(Mahout Library)

RF-BDCS
ROS (100%) + RF-BD
ROS (130%) + RF-BD

Apache Spark 1.0.0 with the head node configured as
master and name-node, and the rest, as workers and
data-nodes

– Apache Spark Support Vector
Machines (MLLib)

ROS (100%) + SVM-BD
ROS (130%) + SVM-BD

Table 6. Big data framework, applications and algorithms.

Algorithm Parameter values

RF-BD1 Number of trees: 100
Random selected features per node: 32

Number of maps: 20

RF-BDCS Number of trees: 100
Random selected features per node: 3
Number of maps: 20
C(+|�)=IR
C(�|+)=1

ROS (100%) + RF-BD RS3 = 100%

ROS (130%) + RF-BD RS = 130%

SVM-BD Regulation parameter:
1.0, 0.5, and 0.0
Number of iterations:
100 (by default)
StepSize: 1.0 (by default)
miniBatchFraction: 1.0 (percent of the dataset evaluated in each iteration 100%)

ROS (100%) + SVM-BD RS = 100%

ROS (130%) + SVM-BD RS = 130%

1BD means big data.
2int.(log2 N + 1), where N is the number of features of the dataset.
3RS represents resampling size.

Table 5. Supervised algorithms and parameter values selected for the experiments.

Yeast - Industrial Applications54

Algorithm G-Mean AUC TPR TNR

ROS (RS: 100%) + RF-BD 0.9807 0.9809 0.9621 1.0000

ROS (RS: 130%) + RF-BD 0.9812 0.9813 0.9629 0.9997

RF-BDCS 0.9889 0.9889 0.9788 0.9997

ROS (RS: 100%) + SVM-BD (regParam: 1.0) 0.9477 0.9477 0.9369 0.9586

ROS (RS: 100%) + SVM-BD (regParam: 0.5) 0.8791 0.8845 0.93038 0.96259

ROS (RS: 130%) + SVM-BD (regParam: 0.5) 0.8528 0.8629 0.93893 0.95476

Table 8. Best mean G-Mean, AUC, TPR and TNR results in Experiment 1 in S. cerevisiae – K. lactis. Highlighted TPR and
TNR with the best stability in these measures.

Algorithm G-Mean AUC TPR TNR

RF-BDCS 0.6745 0.7294 0.4590 0.9998

ROS (RS: 100%) + SVM-BD (regParam: 1.0) 0.8533 0.8632 0.7332 0.9933

ROS (RS: 100%) + SVM-BD (regParam: 0.5) 0.8791 0.8845 0.7895 0.9795

ROS (RS: 130%) + SVM-BD (regParam: 1.0) 0.7956 0.8164 0.6348 0.9979

ROS (RS: 130%) + SVM-BD (regParam: 0.5) 0.8528 0.8629 0.7331 0.9926

Table 10. Best mean G-Mean, AUC, TPR and TNR results in Experiment 3 in S. cerevisiae – S. pombe. Highlighted TPR and
TNR with the best stability in these measures.

Algorithm Parameter values Implementation

RBH Soft filter and Smith Waterman alignment
E-value = 1e�06

BLASTp program1

Matlab script

RSD E-value thresholds: 1e�05, 1e�10 and 1e�20
Divergence thresholds α: 0.8, 0.5 and 0.2.

BLASTp program1

Python script2

OMA Default parameter values OMA stand-alone3

1Available in http://www.ncbi.nlm.nih.gov/BLAST/.
2Available in https://pypi.python.org/pypi/reciprocal_smallest_distance/1.1.4/.
3Available in http://omabrowser.org/standalone/OMA.0.99z.3.tgz.

Table 7. Unsupervised algorithms and parameter values in the experiments.

Algorithm G-Mean AUC TPR TNR

RF-BDCS 0.7103 0.7542 0.5570 0.9997

ROS (RS: 100%) + SVM-BD (regParam: 1.0) 0.8543 0.8641 0.7432 0.9923

ROS (RS: 100%) + SVM-BD (regParam: 0.5) 0.8795 0.8848 0.7900 0.9796

ROS (RS: 100%) + SVM-BD (regParam: 0.0) 0.4312 0.5846 0.9781 0.1911

Table 9. Best mean G-Mean, AUC, TPR and TNR results in Experiment 2 in S. cerevisiae – S. pombe. Highlighted TPR and
TNR with the best stability in these measures.
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when we use the four alignment parameter value combinations in Table 4. Similarly, good
efficacy is obtained when we trained with a partition of S. cerevisiae – K. lactis and with the
corresponding complete training set.

The SVM algorithm combined with ROS showed the best time results in Experiment 1 (SVM-BD
(regParam: 0.5) executed in 14 minutes and 19 seconds) and (SVM-BD (regParam: 0.0) executed
in 14 minutes and 21 seconds). These algorithms also showed good classification quality, mainly,
in the balance between TPR and TNR. In Experiments 2 and 3 SVM variants combined with ROS
(RS:100) run very rapidly, in particular, SVM-BD (regParam: 0.5) executed in 14 minutes and
29 seconds in Experiment 2 and in 16 minutes and 53 seconds in Experiment 3.

Analyzing measure values of Experiment 4 we noticed that the performance of supervised
classifiers is almost the same as in the previous experiments in terms of the stability in the four
different alignment parameter value datasets. Best mean results of G-Mean and AUC, TPR and
TNR for supervised and unsupervised classifiers are shown in Table 11. The underlined values
highlight the most effective method in the experiment while the bold face values identify the
best performing supervised and unsupervised algorithms. Supervised Random Forest classi-
fiers managing data imbalance overdid the unsupervised ones, specifically, when the cost-
sensitive version is applied. Among the unsupervised classifiers, RSD reaches the highest G-
Mean (0.9374) using the recommended parameter values (E-value = 1e�05 and α = 0.8) in [38]),
higher values were also obtained for AUC and TPR. On the contrary, OMAwas the best among
the unsupervised algorithms in S. cerevisiae – S. pombe datasets.

The results of the Friedman test [39] for the AUCmeasure with the four datasets of S. cerevisiae – C.
glabrata, C. glabrata – K. lactis, and S. cerevisiae – S. pombe and the supervised classifiers that manage
imbalance are shown in Table 12 (first column). The test yielded significant differences among
classifiers, being RF-BDCS the one with the high mean rank followed by the classifiers based on
Random Forest with ROS preprocessing and the SVM classifier with ROS (RS:100) and 0.5
regulation. In the Friedman test for G-Mean (Table 12 second column) there are also significant

Dataset/algorithm S. cerevisiae – C. glabrata C. glabrata – K. lactis

AUC G-Mean TPR TNR AUC G-Mean TPR TNR

RBH 0.8196 0.7995 0.6392 0.9999 0.8052 0.8242 0.6484 0.9999

RSD 0.2 1e�20 0.9238 0.9206 0.8476 0.9999 0.9047 0.9092 0.8185 0.9999

RSD 0.5 1e�10 0.9340 0.9316 0.8680 0.9999 0.9267 0.9294 0.8589 0.9999

RSD 0.8 1e�05 0.9382 0.9362 0.8765 0.9999 0.9354 0.9374 0.8750 0.9999

OMA 0.9287 0.9259 0.8574 0.9999 0.9125 0.9163 0.8328 0.9999

ROS (RS: 100%) + RF-BD 0.9901 0.9900 0.9805 0.9997 0.9806 0.9811 0.9615 0.9997

ROS (RS: 130%) + RF-BD 0.9901 0.9901 0.9806 0.9997 0.9807 0.9807 0.9617 0.9997

RF-BDCS 0.9934 0.9934 0.9876 0.9993 0.9847 0.9862 0.9702 0.9992

Table 11. Best mean G-Mean, AUC, TPR and TNR results in Experiment 4 in S. cerevisiae – C. glabrata and C. glabrata – K.
lactis. Highlighted TPR and TNR with the best stability in these measures.
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differences with higher mean rank values for RF-BDCS and ROS (RS: 100%) + SVM-BD (regParam:
1.0). When we applied the same test to compare execution time (Table 12 third column) there are
significant differences among the algorithms. In particular, SVM classifiers combined with ROS
exhibited the best mean ranks.

2.5.3. Discussion

As a general result, experiments showed that supervised classifiers changed only slightly with
the selection of different alignment parameters, maybe because of the appropriate combination
of scoring matrices and gap penalties in relation to the sequence diversity between the two
yeast genomes. The four scoring matrices assessed have been previously recommended to
detect homologs in a wide range of amino acid identities. Moreover, gap penalty settings were
not low enough to affect the sensitivity of the alignment [40].

The ROS pre-processing method for big data made SVM effective for pairwise ortholog detec-
tion and improved the performance of Random Forest for big data even more with a higher
value for the resampling size parameter of 130% [41]. Conversely, the experiments showed that
the variation in this parameter value from 100 to 130% did not significantly influence on the
performance of the SVM big data classifier with different regulation values.

The cost-sensitive classifier RF-BDCS showed the best performance in S. cerevisiae – C. glabrata,
C. glabrata – K. lactis and S. cerevisiae – K. lactis because probably it improved the training from
the minority class. The best tree split was selected following the misclassification costs

Algorithm AUC mean rank G-Mean mean rank Execution time mean rank

ROS (RS: 100%) + RF-BD 5.96 5.71 8.00

ROS (RS: 130%) + RF-BD 5.96 5.79 9.00

RF-BDCS 7.67 7.67 7.00

ROS (RS: 100%) + SVM-BD (regParam: 1.0) 2.62 6.12 2.33

ROS (RS: 100%) + SVM-BD (regParam: 0.5) 5.50 5.79 2.25

ROS (RS: 100%) + SVM-BD (regParam: 0.0) 5.12 2.00 2.58

ROS (RS: 130%) + SVM-BD (regParam: 1.0) 2.92 4.46 4.33

ROS (RS: 130%) + SVM-BD (regParam: 0.5) 4.79 5.62 4.50

ROS (RS: 130%) + SVM-BD (regParam: 0.0) 4.46 1.83 5.00

Test statistics

N 12.000 12.000 12.000

Chi-square 31.359 47.850 80.333

df 8.000 8.000 8.000

Asymp. Sig. 0.000 0.000 0.000

Table 12. Results of the Friedman tests comparing supervised classifiers in terms of AUC, G-Mean and execution time in
the four datasets of S. cerevisiae – C. glabrata, C. glabrata – K. lactis and S. cerevisiae – S. pombe.
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assigned to the instances; such costs were also considered to associate certain class to a leaf [29].
This cost treatment does not imply changes in the sample distribution, and avoids possible
overfitting that is commonly found in ROS solutions due to the presenceof duplicated
instances. The setting of the cost values ((C(+|�)=IR) and C(�|+)=1)) can also influence on
the success of the algorithm.

In the case of SVM for big data classifier, the fixed regularization parameter defines the trade-
off between the goal of minimizing the training error and minimizing the model complexity to
avoid overfitting. The higher is its value, the simpler the model, however, a better performance
in classification may be achieved by setting an intermediate regulation value, or one close to
cero [37]. Specifically, the ROS (RS: 100%) + SVM-BD (regParam: 0.5) classifier exhibited the
best AUC and G-Mean values in S. cerevisiae – S. pombe, and the best balance between TPR and
TNR in the rest of the datasets.

All methodologies including the proposed supervised big data approach generally declined
their performance for ortholog detection in S. cerevisiae – S. pombe datasets, probably because of
S. pombe is a distant relative of S. cerevisiae [23]. The supervised classifiers performance was
also negatively affected by differences in data distribution between the train and test sets [42].
On the contrary, ROS (RS: 100%) + SVM-BD (regParam: 0.5) remained stable in S. cerevisiae – C.
glabrata, C. glabrata – K. lactis and S. cerevisiae – S. pombe datasets when considering the balance
between TPRate and TNRate. Best results obtained in S. cerevisiae – C. glabrata are outstanding
where algorithms are vulnerable to produce false positives since both genomes underwent a
WGD and a subsequent differential loss of gene duplicates [10].

The initial assumption of RBH, RSD and OMA that the sequences of orthologous genes/pro-
teins are more similar to each other than they are to any other genes from the compared
organisms may produce classification errors [12]. The reduced quality shown by RBH, RSD
and OMA, mainly in the case of RBH, could be caused by this assumption despite that BLAST
parameters can be tuned as has been recommended in [43]. In particular, RBH infer orthology
relationships simply based on reciprocal BLAST best hits. In contrast, the RSD procedure is
less likely than RBH to be misled by existing close paralogs since it relies on both global
sequence alignment and maximum likelihood estimation of evolutionary distances finding
many putative orthologs missed by RBH. The OMA algorithm also displays advantages over
RBH by using evolutionary distances instead of alignment scores. It allows the inclusion of
one-to-many and many-to-many orthologs considering the uncertainty in distance estimations
and detects potential differential gene losses.

On the other hand, the success of big data supervised classifiers managing imbalance over
RSD and OMA may be explained by feature combinations together with the learning from
curated classifications. The assembling of alignment measures with the comparison of
sequence lengths, the membership of genes to conserved regions (synteny) and the physico-
chemical profiles of amino acids improved the detection of homology and certainly the super-
vised classification results on the test sets, even if both species underwent WGD. Specifically,
the aggregation of global and local alignment scores allows us to combine protein structural
and functional relationships between sequence pairs, respectively. The periodicity of the phys-
icochemical properties of amino acids can detect similarity among protein pairs with
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sequences having functional similarities despite their low amino acid sequence identities
(<35%). These sequences may affect ortholog detection in S. cerevisiae – S. pombe which are
moderately related and their orthologs may be diverged. The synteny information lets us to
consider that genes belonging to the same conserved segment in genomes of different species
will probably be orthologs. Besides, the length of sequences as the relative positions of amino
acids within the same protein in different species and in duplicated regions within the same
species may also contribute to the enhanced supervised classification results.

3. Conclusions

The combination of alignment measures with other protein pair features such as the sequence
lengths, the gene membership to conserved regions, and the physicochemical profiles has
complemented the homology detection in the proposed supervised approach for pairwise
ortholog detection. Such combined features alongside curated orthologs pairs extracted from
a curated dataset have led to an effective and efficient ortholog classification method in a big
data scenario with the treatment of the low ratio of orthologs to the total possible gene pairs
between two genomes.

The supervised classifiers that manage imbalance outdid the popular unsupervised (RBH,
RSD, and OMA) algorithms even when the supervised model was extended to yeast datasets
containing “traps” for ortholog detection algorithms. In future research, the introduction of
new gene pair features might improve the effectiveness and efficiency of the supervised
algorithms.

The scalability analysis of the proposed gene pair feature calculation highlighted the advances
that can be achieved in the scalability issue when we parallelize the calculation, and later on,
when we implement a big data model for the same calculation.
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Abstract

Criteria to select autochthonous yeast strains for their use in fermented beverages include 
their ability to dominate the media and to enhance desired sensorial characteristics and their 
inability to produce undesired compounds such as biogenic amines or off-odors. One of the 
key features in yeast selection is its Implantation, surpassing different stresses, and its fer-
mentation performance, which requires setting up the process and monitoring it, involving 
important amount of resources. Methods to evaluate the tolerance of yeast strains are usually 
based in the qualitative measure of the growth of the microorganism in a medium containing 
the limiting compound after a specific time of incubation. However, studying strain growth 
through optical density measurements permits to estimate quantitative and comparable 
parameters providing an insight into the fitness of the cell to certain environment, lag phase 
duration, growth rate, and maximum population, among others. In the last decades, culture-
independent methods have been used to evaluate the dynamic of microbial populations 
during fermentative process. In this chapter, a review of recent advances in the selection of 
fermentative yeasts as well as the utilization of kinetic evaluation and molecular strategies 
in conditions associated with fermented beverage for selecting yeast strains is presented.

Keywords: yeast selection, fermentative process, growth evaluation, kinetic parameters, 
culture-independent methods

1. Introduction

The production of alcoholic beverages is one of the most ancient food traditions. Their elabo-
ration relays on a fundamental stage: the alcoholic fermentation (AF), which is a biochemical 
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conversion of sugars into ethanol through the action of yeasts. The AF can occur in three ways 
[1, 2]: (i) spontaneously, from the microbiota naturally present in the musts or on surfaces of 
equipment; (ii) by adding commercial yeasts; and (iii) by inoculating selected native strains. 
Nowadays, the demand for autochthonous strains has increased worldwide for it is accepted 
that this option allows preserving the unique and typical character that native microorgan-
isms provide.

Yeasts intervening in AF are considered “fermentative yeasts,” and they are divided broadly in 
two groups: Saccharomyces and non-Saccharomyces (nS). The Saccharomyces possess a high effi-
ciency in the conversion of sugars and tolerate high concentrations of ethanol and SO2, being the 
fermentative genus for excellence [3]. Most of the nS are low tolerant to ethanol and include dif-
ferent genera such as Candida, Kloeckera, Hanseniaspora, Zygosaccharomyces, Schizosaccharomyces, 
Torulaspora, Brettanomyces, Saccharomycodes, Pichia, and Williopsis [4]. In beverages like wine, 
the importance of these yeasts lies on their metabolic features, as the wide set of enzymes they 
offer can improve the typicity and enhance the sensory profile [4–7]. Conversely, in other bev-
erages as Mexican tequila and mescal, as well as Brazilian cachaςa, nS are considered the main 
responsible for the ethanol production [8–10]. Yeast cells are exposed to several stress condi-
tions from the beginning to the end of the fermentation process [11], resulting in the reduction 
of their growth and survival rate causing a decrease in fermentation efficiency. Yeasts capable 
of overcoming these conditions with low viability loss are best suited for these purposes [12].

2. Stress tolerance of fermentative yeast

The primary goal of fermentative yeast is to rapidly and efficiently convert simple sugars into 
ethanol without developing unpleasant flavors [13]. Several factors affect the yeast ability to 
grow in the fermentative media related with the type and style of beverage produced; there-
fore, the ability to adapt and to cope with this hostile environment is considered the main 
feature to select fermentative yeast [12]. Some of the most relevant inhibiting conditions are 
summarized in this section.

2.1. Limiting conditions associated with musts

2.1.1. Carbohydrates

Carbohydrates are the most important nutrient since they are metabolized to form bio-
mass, ethanol, and different by-products such as volatile compounds, glycerol, and others 
that will develop the sensorial characteristics [14]. However, they also produce the first 
stress due to osmotic pressure in the cells after their inoculation. Therefore, tolerance to 
high sugar concentration is one of the main criteria for yeast selection, especially for those 
designated for their use in the elaboration of liquorish beverages such as “Sauternes” wine. 
Yeast cells have developed mechanisms to adjust to high external osmolarity and maintain 
or reestablish an inside-directed driving force for water. Adaption to this stress usually 
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takes several hours in which yeast cells accumulate glycerol and trehalose [15] and change 
their cell wall composition [16] to counter loss of water by the osmotic pressure. The stress 
level will depend on the type and concentration of sugars found. Concentrations range 
from diluted juices to the high gravity worst containing 16–18% of dissolved solids, rice 
mash for sake production with 20% of solids, and grape juice with 200 g L−1 of sugar con-
tent or even more.

Sugar composition of the media strongly impacts on yeast metabolic physiology [17]. Glucose 
and fructose are widely found in nature as free sugars or as polysaccharides, also in different 
proportions. Grape juice contains approximately 1:1 of glucose-fructose [18] apple juice 5:8 
[19], and agave juice for the elaboration of tequila and mezcal, after thermal processing of 
inulins from the plant, contains 1:20 ratio [20]; in pulque production from raw agave juice, inu-
lin is also predominant [21]. For beer fermentation maltotriose and maltose comprise 50% of 
sugars; in rum, cachaςa, and tafia, produced by sugar cane juice or molasses, mainly sucrose 
is present [22].

2.1.2. Assimilable nitrogen

Deficiencies in the supply of assimilable nitrogen will lead to sluggish fermentation. The 
amounts of total nitrogen in musts for the production of fermentative beverages vary from 40 
mg L−1 in agave juices [23], 50–150 mg L−1 in apple juice, 80 mg L-1 in sugar cane for cachaςa 
[24], more than 150 mg L−1 in beer malt wort [25], and from 100 to 500 mg L−1 in grape must 
[26]. A minimum of 66 mg L−1 to sustain the growth of yeasts and to finish fermentation with 
a total consumption of sugars, and high ethanol yield is considered [26].

In the fermentative media, after yeasts are inoculated, a rapid uptake of nitrogen compounds 
used for the biosynthesis of macromolecules and storage in vacuoles is carried out if suffi-
cient amount is present in the must. As yeasts have high preference for ammonium ions, it 
is used as exogenous nitrogen source in fermentations. Glutamate, aspartate, and glutamine 
are the first amino acids uptaken if they are present in the must. When a favorite nitrogen 
source is depleted, yeast will use a less preferred, resulting in reduced growth and fermenta-
tion rates [12].

A target for the improvement of fermentation is then the selection of yeasts with low nitrogen 
requirements, which will reduce the necessity of adding supplements to the must that will 
make the process expensive.

2.1.3. Sulfur dioxide (SO2)

During the beginning of wine fermentation, native microbiota mainly nS yeasts and bacteria 
dominate the media with low ethanol production that could negatively affect the quality of 
the final product. To inhibit them and to favor native or inoculated Saccharomyces strains to 
develop, sulfur dioxide (SO2) is added at levels ranging from 20 to 50 ppm [27]. Saccharomyces 
also produces SO2 during metabolism of sulfate ions [28]. If the amount of SO2 added and 
produced by Saccharomyces strain are high and remain until the end the process, then safety 
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problems arise as this compound causes certain level of toxicity in human population that con-
sume it. The selection of yeast strains resistant to SO2 and low SO2 producers is then desirable.

2.2. Fermentative-derived conditions

2.2.1. Interaction with other microorganisms

Different microorganisms interact during the elaboration of fermented beverages. The vari-
ety of these interactions and their impacts on efficiency and product quality should be indi-
vidually determined, as they will depend on the fermentative strains, the native associated 
microbiota, and the type of beverage. One of the main metabolites exerting a clear effect 
on yeast growth and performance is ethanol, mainly produced by Saccharomyces cerevisiae. 
Other metabolites as medium-chain fatty acids and high amounts of acetic acid can nega-
tively affect the growth of a co-fermenting yeast species [29]. Cell-to-cell contact as well as 
oxygen availability appears to be also involved in the interactions between S. cerevisiae and 
other nS species [30].

One special aspect is the “killer phenotype,” which refers to those yeasts able to secrete 
polypeptide toxins which kill sensitive cells and which is believed to be a potential mecha-
nism to prevent a competitor from gaining access to a resource [31]. Killer toxins differ 
between species and strains, thus varying the modes of action, from changing membrane 
permeability in sensitive cells to inhibiting DNA replication or stopping cell division at G1 
phase. All killer toxins are usually active and stable at pH 4–5 and 20–25°C; nevertheless 
each toxin has an optimum pH and temperature at which it manifests its killer character 
more effectively [32, 33].

2.2.2. Ethanol

Ethanol produced during fermentation is known to inhibit yeast growth, resulting in a pri-
mary factor on yeast efficiency; in turn, the viability of yeast cells in the presence of ethanol 
constitutes a key feature on strain selection for fermentative purposes [34].

Ethanol affects many aspects of yeast survival, as the fluidity of the plasmatic membrane [35], 
the vacuole morphology [36], the activity of crucial glycolytic enzymes [37], and the mito-
chondrial DNA [38]. Ethanol also causes the denaturation of hydrophilic and hydrophobic 
proteins, affecting various transport systems such as the general amino acid permease and 
glucose uptake processes [18]. Regarding molecular response of S. cerevisiae in the presence 
of ethanol, it increases the expression of genes associated with glycolysis and mitochondrial 
function and decreases gene expression in energy-demanding growth-related processes; it 
also induces the production of heat shock-like proteins, lowering the rate of RNA and protein 
accumulation, enhancing the frequency of small mutations, altering metabolism, denaturing 
intracellular proteins and glycolytic enzymes, and reducing their activity [39].

Moreover, yeasts have developed diverse strategies to counteract the damages produced by 
ethanol [40], as the generation of fatty acid unsaturation of membrane lipids in S. cerevisiae 
[35]. Genes involved in intracellular pH homeostasis are also crucial for the resistance to 
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ethanol and other alcohols [41]. This entails in better adapted strains that show a better capac-
ity to activate these mechanisms and endure in the hostile environment formed through alco-
holic fermentation.

2.2.3. Organic acids

As previously stated, microorganisms interacting with yeasts during fermentation produce 
organic acids, and some of them can affect the growth and fermentative efficiency. Lipophilic 
weak acids, such as acetic, may accumulate inside yeast cells in their undissociated form diffus-
ing into the yeast cells where it dissociates, inducing an acidification of the cytosol [42]. Fatty 
acids of medium-chain length, as hexanoic, octanoic, and decanoic acids, and also their respec-
tive ethyl esters have shown to negatively affect the survival and growth capacity of yeast, being 
partly responsible for the premature stoppage of fermentations carried by S. cerevisiae [43]. These 
metabolites can be absorbed by the cell membrane; its toxic effect increases in the pH range of 
3.0–5.4. This apparent disadvantage of permeability to fatty acids has been exploited, using the 
denominated “yeast ghosts,” which are a commercially available product that can be added 
when a sluggish or stuck fermentation occurs in order to absorb this kind of inhibitors [44].

2.2.4. pH

During alcoholic fermentation, pH in the media tends to reduce [45], which is known to be 
a limiting factor on growth of microorganisms, including yeasts. The optimal pH value for 
yeast growth is around 4.5, and fermented beverages range in pH from 2.5 to 5.5, which by 
itself does not imply a restrictive condition, but a low pH (<3.5) combined with ethanol, as it 
usually occurs on fermented beverages, can prematurely inhibit yeast growth and/or fermen-
tation rate [42].

3. Yeast selection workflow

The aspects previously described define the medium in which yeasts will be developed, and 
they must be kept in mind onward. On the other hand, the selection of fermentative yeasts 
involves several sequential steps in which the final objective is the identification of strains 
capable to efficiently ferment the must and obtain a product with optimum sensory qualities 
[3]. The framework for selection usually starts determining the diversity of yeasts present dur-
ing the spontaneous fermentation of the beverage. The isolation of yeasts usually takes place 
along with that stage; afterward, the aspects of interest ranging from tolerance conditions to 
sensory impact are evaluated in each strain in order to identify the best suited to be selected.

3.1. Determination of yeast diversity

As recently reviewed, in every fermented beverage produced around the world, a particu-
lar microbiota will develop as a cause of the raw material from which it starts (fruits, grains, 
dairy products, parts of plants, etc.), its characteristics (nutrients, pH, type of sugar, etc.), the  
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geographic region, and the modifiable options in each elaboration process, including pre-
fermentative manipulations, temperatures, and added substances, among others [45]. 
Furthermore, yeast diversity that develops will largely determine the sensory profile of the 
final product; therefore it is first necessary to become acquainted with the species present, their 
dynamics, and the possible role each one plays during the fermentation. For these studies, 
advances in molecular techniques have been exploited, being nowadays the area with most 
scientific contributions on fermented beverages worldwide. Culture-independent methods 
are the preferred, since they are neither affected by the viability of the microorganism nor 
by low populations of less abundant species [46]. Some of the preferred techniques are high-
throughput or next generation sequencing (HTS or NGS, respectively), denaturing gradient gel 
electrophoresis (DGGE), and quantitative PCR (qPCR), as it is summarized in Table 1 [47–49].

In spite of the multiple advantages of the culture-independent techniques, it is necessary 
to become aware of possible gaps inherent to these approaches, as undetectability of minor 
populations, preferential amplifications, limited databases, and different effectiveness of lysis 
protocols on certain species are some of the principal. By applying both, culture-dependent 
and culture-independent techniques, these drawbacks can be surpassed, along with other 
benefits, as recovering the isolates needed to characterize individually and select possible 
starter cultures.

Beverage Country Technique Year Main yeasts found Reference

Caxiri (cassava, 
corn, and sweet 
potatoes)

Brazil DGGE 2015 S. cerevisiae, P. kluivery, C. tropicalis, 
D. fabryi

[50]

Wine (cv. 
“Grenache”)

Spain NGS 2015 Hanseniaspora, Saccharomyces, Candida, 
Issatchenkia

[51]

Tarubá Brazil DGGE 2015 T. delbrueckii, P. exigua, P. manshurica, 
P. kudriavzevii, C. tropicalis, C. ethanolica

[52]

Grape must Spain DGGE, qPCR, NGS 2015 H. uvarum, S. bacillaris, S. cerevisiae [53]

Fuzhou Hong Qui 
(Rice wine)

China DGGE 2015 Saccharomycopsis fibuligera, 
P. guilliermondii, S. cerevisiae, 
Wickerhamomyces anomalus, C. glabrata

[54]

Cold soak (wine) Spain qPCR, DGGE 2016 H. uvarum, S. bacillaris, S. cerevisiae [55]

Xaj-pitha (rice wine) India Whole genome 
shotgun sequencing

2016 Meyerozyma guilliermondii, 
Wickerhamomyces ciferrii, S. cerevisiae, 
C. glabrata, D. hansenii, Ogataea 
Parapolymorpha, D. bruxellensis

[56]

Taberna (palm 
wine)

Mexico DGGE 2016 H. guillermondii, S. cerevisiae, 
P. kudriavzevii, C. tropicalis, K. exigua

[57]

Pitmud used in 
strong-flavor liquor

China DGGE and NGS 2017 Candida, Wickerhamomyces, 
Debaryomyces, Saccharomyces, Pichia

[58]

Table 1. Recent studies on the diversity of yeasts present during the elaboration of fermented beverages.
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3.2. Isolation of strains

Although the sources of yeasts can be quite diverse, isolates are preferably obtained from 
the initial must and along the fermentation process, intending that this system itself directs 
to select the best adapted strains. Two possibilities arise at this stage: (1) to isolate random 
species using a general solid media (PDA or YEPDA) or with an agent leading to add visual 
differentiation in colony morphologies (WL nutrient agar) or (2) to focus on a specific group 
using selective media (lysine media for nS or nutrient medium supplemented with sodium 
metabisulfite and ethanol for Saccharomyces) [3, 81]. If one of the purposes is to complement 
the community study, the first would be the best choice, but if the selection is directed to 
certain species, the second would be best. After isolating several strains, characterization and 
selection will take place.

3.3. Characterization (qualitative approach)

The desirable aspects of fermentative yeast are quite variable; preference is given to one or 
the other, depending on each case [75]. Some of the most important and various studies in 
which they were applied are summarized in Table 2. Among this characteristics, it can be 
considered essential to evaluate: resistance to high concentrations of sugar and ethanol, high 
fermentation performance (this may not apply when selecting nS yeasts), low production of 
sulfurous compounds, and volatile acidity and implantation aptitude [79–82]. This last trait 
is not always performed, even though it is almost imperative, as it requires the design and 
implementations of molecular methods, such as pulsed field gel electrophoresis (PFGE), mini- 
or microsatellite markers, qPCR, or others [65, 66]. Once the survival capacity of the strains is 
determined, the next interesting feature is the impact they exert on sensory aspects. Olfactory 
qualities of yeast are usually assessed by determining their enzymatic activity, including 
glucosidases, lyases, proteases, or reductases, which can release or produce active odorant 
compounds [75]. Also, visual aspect can be affected by yeasts through their enzymatic activ-
ity (hydroxycinnamate decarboxylase) or their ability to excrete pyruvate and acetaldehyde, 
which can lead to the formation of highly stable colorant compounds as pyranoantocyanins 
that help to improve the visual quality of red wines [77, 83]. Besides, it is quite useful to ana-
lyze the nitrogen requirements of yeasts, if they possess the killer phenotype and flocculation 
ability (particularly important in beer and sparkling wines). Furthermore, some features can 
only be qualitatively studied such as the presence or absence of certain enzymes, as well as 
which killer phenotype they possess. Some other are by definition quantitative, as fermenta-
tion performance, and several characteristics can be determined both ways, qualitatively and 
quantitatively, which is the case of tolerance feature.

The methods to evaluate resistant traits of yeast strains are usually based in the qualitative 
measure of the growth of the microorganism in a synthetic medium containing the limiting 
compound after a specific time of incubation [82, 84–86]. In the case of ethanol tolerance, 
there are a broad number of tests that could define this characteristic [87]: (a) the ability 
to grow in the presence of ethanol, (b) the degree of survival after exposure to a certain 
concentration, or (c) the maximal ethanol production capacity. Some of these methods are 
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qualitatively measured, and some other imply the set up and monitor of a fermentation, 
requiring large amounts of resources and hindering the possibility to evaluate a high number 
of strains. However, fermentation parameters such as ethanol yield, productivity, and maxi-
mum specific velocity of cell growth must be measured during the traditional process [22].

Additionally, the fermentative traits are often individually evaluated, while in fermentation 
several stress factors intervene together and increase in number and magnitude along the 
process. Testing more than one inhibitor in a qualitative evaluation complicates the selection 
based only in the presence or absence of growth; thus, a more objective method should be 
used to compare between strains.

4. Quantitative methods used for the selection of fermentative yeast

An alternative to assess the tolerance of yeast strains to limiting factors is to study the growth 
kinetics of the strains exposed to the inhibiting condition. This can be achieved by traditional 
methods (plate counts), implying more resources but being more reliable, or by means of 
optical density (OD) measurements of the yeast in the media to test. Microbial growth data 
obtained by absorbance measurements permits to obtain kinetic parameters, which can be 
transformed into quantitative and comparable variables such as (a) detection time, the time 
to reach the detection level of Bioscreen (Automated OD reader equipment) and its period 
includes the lag time; (b) maximum growth rate could be estimated with the slope of the tan-
gent of exponential phase; and (c) maximum population density, asymptotic level of OD at 
the end of exponential phase (Figure 1).

Characteristic of interest References

Tolerance to inhibitors (ethanol, SO2, sugar, pH) Nikolau et al. [59]; Fiore et al. [60]; Arrizon et al. [61]; 
Capece et al. [62]; Tristezza et al. [63]

Implantation aptitude Lopes et al. [64]; Capece et al. [62]; Perrone et al. [65]; 
Alonso del real [66]

Fermentation vigor (efficiency, ethanol yield, speed) Tristezza et al. [63]; Ribeiro et al. [67]

Low nitrogen requirements Arrizon et al. [61]; Julien et al. [68]; Gardner et al. [69]

Enzymatic activity Fiore et al. [60]; Capece et al. [62]; Capece et al. [70], Csoma 
et al. [71]; Romano et al. [72]

Color and aroma enhancement Belda et al. [75]; Steensels et al. [76]; Morata et al. [77]; 
Morata et al. [78].

Production of specific metabolites (sulfurous, glycerol, 
fatty acids, other alcohols)

Nikolau et al. [59]; Capece et al. [62, 70]; Tristezza et al. [63]

Killer phenotype Zagorc et al. [73].

Flocculation Silva et al. [74]

Table 2. Main aspects considered to select fermentative yeasts.
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Measurement of microbial growth by using turbidity and cells’ kinetic behavior descrip-
tion offer some benefits. A considerable amount of data could be generated faster and in real 
time. Nonetheless, this approach possesses some limitations such as the need to conduct the 
study in a high-transmittance liquid. Another factor to be considered is that cell concentration 
required to detect a shift in the measurement is at least 6 log CFU/mL.

4.1. Applications in food matrices

Analytical methods based on OD by assessing the final cell density have been used to evaluate 
the growth of foodborne pathogens in culture media, translucent liquid foods, and diluted 
food extracts [88–91]. Data from these studies have offered the possibility to obtain infor-
mation to determine which food matrices and conditions could be inhibitory of pathogens 
growth. Also, this approach allows the comparison of strain variability of foodborne patho-
gens under several growth conditions, e.g., pH and salt concentration [92].

This method has allowed to rapidly evaluate the efficacy of antifungal compounds on the ger-
mination of fungal spores. The non-inhibitory concentration (NIC) and the minimum inhibitory 
concentration (MIC) for different environmental conditions can be calculated mathematically 
using the OD data [93]. MIC is considered the lowest concentration at which no growth is 
observed, while NIC is the lowest concentration at which any inhibitory effect is observed.

4.2. Potential applications for the selection of fermentative yeast

Quantitative measurement of the growth of microorganisms based in OD could be used to 
assess strain tolerance in fermentation-associated conditions. Some strategies and parameters 
have been proposed in base to OD data.

Figure 1. Kinetic parameters for microbiological growth using OD measurements. Detection time (DT), maximum 
growth rate (μmax), and maximum population density (maximum OD).
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The MIC and NIC values are related to the susceptibility/tolerance of the microorganisms to 
stressful conditions. These parameters were proposed by Lambert and Pearson [94] to evaluate 
microorganisms not associated to fermentation processes, such as Escherichia coli, Pseudomonas 
aeruginosa, and Staphylococcus aureus. Arroyo-López et al. [18] used MIC and NIC to compare 
the growth of 29 strains of yeasts (S. cerevisiae, Saccharomyces paradoxus, Saccharomyces baya-
nus, Saccharomyces kudriavzevii, Saccharomyces mikatae, Saccharomyces arboriculus, Saccharomyces 
cariocanus, and some nS) in a medium containing ethanol. Álvarez-Pérez et al. [95] used the 
MIC among the criteria to select S. cerevisiae strains to produce Picudo Rosé wines with differ-
ent aromatic profiles in Spain.

The area under the OD-time curve could be estimated, and it represents the population gen-
erated along the incubation period at a specific condition. The inhibitory effect could be esti-
mated as a relative fraction of the area obtained under an optimal condition (control). Figure 2 
shows an example of this parameter, in which the growth of S. cerevisiae in synthetic medium 
is contrasted with the yeast behavior at the presence of ethanol and SO2 [96].

When OD measurements are obtained with an automatized spectrophotometer, the detection 
time (DT) is reported for each tested condition. Low DT values are associated with the ability 
of microorganisms to adapt to a specific condition, and consequently, they could start their 
growth in short time.

Ortiz-Barrera et al. [97] reported DT for 90 nS strains grown in artificial medium containing 
6% ethanol or 30 mg of total SO2 (Figure 3). This parameter was used to select strains with the 
best ability to grow under stressful conditions (ethanol and SO2) associated to wine (enclosed 
in the square in the figure).

In log growth phase, a close relationship between OD and cell concentration is apparent due 
to the fact that most of the cells are in an active multiplication process which in turn is used to 
estimate growth rate. In Figure 4, growth rate values of 12 Saccharomyces strains incubated in 
grape juice media with ethanol and SO2 are shown (unpublished data).

Figure 2. OD curves over time of S. cerevisiae growth in synthetic medium added with ethanol (12%), SO2 (200 mg/L) and 
without inhibitors (control).
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Figure 3. Detection times of 90 non-Saccharomyces strains in YPD (pH 3.5, 20°Bx) containing ethanol (6%) or SO2 (30 mg∙L−1). 
Selected strains are shown in the inset.

Figure 4. Growth rate of a commercial strain (stripped bar) and 12 Saccharomyces strains (solid bars) in grape juice media 
with 14% of ethanol, 50 mg/L of SO2, and pH 3.5. Different letters denote statistical difference. Bars without letters 
correspond to ABCD.
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Growth rate and DT are complementary parameters to describe the ability of yeast to adapt 
and grow in adverse conditions, similar to those found in fermentative beverages. Thus, both 
parameters (growth rate and DT) could be simultaneously used to select fermentative yeast 
strains (Figure 5).

Based on OD data, Salvadó et al. [98] estimated kinetic parameters of yeast strains (S. cerevisiae 
and nS) grown in a medium with ethanol (0–194.45 g/l) or incubated at different temperatures 
(4–46°C) by using Gompertz equation modified by Zwietering et al. [99]

   y = D × exp {   − exp  [ (( μ  max   ) / D ) × (λ − t ) )+1 ]  }     (1)

where y = ln(ODt/OD0), D = ln(ODmax/OD0) is the asymptotic maximum value reached, OD0 is 
the initial OD, ODt is the OD at time t, μmax is the maximum specific growth rate, and λ is 
the lag phase duration (h).

Based in μmax these authors generated a secondary model as a function of ethanol concentra-
tion and temperature of fermentation. Model prediction pointed to the temperature fermenta-
tion as the principal factor to promote the dominance of S. cerevisiae over other yeast genera 
during fermentation process. Only a few authors have applied this modeling strategy in yeast 
comparison [66, 100].

5. Conclusions

The vast variety of fermented beverages around the world and with them a great diversity 
of yeast present in each has encouraged the search for exceptional native yeast strains to be 

Figure 5. Detection times and growth rate of 29 strains of Saccharomyces grown in YPD medium with 12% of ethanol.
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selected in order to improve the quality of the products and the fermentation process itself. 
Molecular techniques have become a good strategy to elucidate yeast diversity and composi-
tion during any fermentation process. However, methods to evaluate the tolerance of yeast 
strains, developed during the last decades, are usually based in the qualitative measure of 
the growth of the microorganism in a medium containing the limiting compound after a spe-
cific time of incubation. Studying strains growth in limiting media through optical density 
measurements permits to estimate quantitative and comparable parameters fast and inex-
pensively, providing an insight on the fitness of each strain to certain environment, lag phase 
duration, growth rate, and maximum population and then performing a rapid initial selection 
of the strains.
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Abstract

Traditionally in winemaking, sulphur dioxide (SO2) is chemically the most widely used 
for microflora control as antimicrobial preservative. Other tested compounds for selec-
tive yeast control are sorbic and benzoic acids. Herein, we discuss the effectiveness and 
the application of traditional and novel treatments and biotechnologies for chemical and 
biological control of wine spoilage yeasts. The versatility of the killer toxins and the anti-
microbial properties of natural compounds such as carvacrol, essential oils and bioactive 
peptides will be considered. Some of the wine spoilage yeasts that are intended to con-
trol belong to the genera Zygosaccharomyces, Saccharomycodes and Dekkera/Brettanomyces, 
but also the non-Saccharomyces yeasts species dominating the first phase of fermentation 
(Hanseniaspora uvarum, Hansenula anomala, Metschnikowia pulcherrima, Wickerhamomyces 
anomalus) and some others, such as Schizosaccharomyces pombe, depending on the kind of 
wine to be produced.

Keywords: spoilage yeasts, essential oils, bioactive peptides, winemaking, wine, emerging 
biotechnologies, killer toxins, monitoring techniques

1. Introduction

Ever since the wild yeast colonies are controlled in grape musts, the fermentation has pro-
duced wine with differentiated organoleptic attributes. The control over yeast colonies during 
the entire winemaking process has given the winemaker the possibility of moulding these 
characteristics towards producing wine with better quality parameters.

Even though yeasts are responsible for transforming grape must into wine through fermen-
tation, there are yeasts capable of spoiling it (Figure 1). Spoiling yeasts are, in most cases, 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



resistant to harsh conditions such as high ethanol concentration, relatively low pH and lethal 
concentration of sulphites (SO2) or dimethyl dicarbonate (DMDC) used as antimicrobial agents.

Some yeast genera can be considered as spoilage microorganisms due to their undesirable 
implantation in food in which they can cause nutritional and sensory quality degradation 
and consequently lead to major economic losses. Even their implication in relation to public 
health is currently under suspicion [1]. Table 1 summarizes some yeast genera known as wine 
spoilage that also spoils certain food products, particularly specifying the main compounds 
affecting quality and the effect produced together with potential health hazard.

The uncontrolled use and misuse of antibiotics has caused increasing resistance in a broad 
group of pathogenic microorganisms, including food-borne pathogens, which, in addition to 
resisting the effect of antibiotics, are able to survive the processes of food preservation [16].

In this chapter, different technologies and treatments for the control of spoilage yeasts have 
been revised. These techniques were split into early and emerging technologies in accordance 

Figure 1. Optical microscopic images of some spoilage yeasts found in wine. (A) S. ludwigii; (B) Z. rouxii; (C) Dekkera spp.; 
(D) P. anomala. Bar scale: 10 μm.
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Yeast species Food product Spoilage compounds Effect observed Health hazard

Zygosaccharomyces 
rouxii

Products with 50% 
sugar [2, 3]

Alcohol, esters [3] Gas production: bubbling and 
package expansion [3]

Sweet wines [4] Refermentation and CO2 
production [4]

Mould-ripened soft 
cheeses [5]

Fruit juices, sauces, 
carbonated soft 
drinks, salad 
dressings, ketchup 
[3, 6]

Alcohol, esters [3] Gas production: bubbling and 
package expansion [3]

Brettanomyces 
bruxellensis

Bulk, barrel matured 
and bottled wines 
[7, 8]

4-ethylphenol,
4-ethylguaiacol, 
acetic acid [7]
Tetrahydropyridines 
[8]

Off aromas, cloudiness 
formation in sparkling wine, 
mousy aroma [7]
Unpleasant mousy and 
medicinal taints [8]

Pichia anomala Dairy and baking 
products, beer, high 
salt environments 
and silage [9]

No restriction 
on handling 
and no risk 
to healthy 
persons [9]

Lactic acid-rich 
products [10]

Wine, winemaking 
[7, 8]

Ethyl acetate [7]
Acetaldehyde, esters, 
acetic acid [8]

Oxidation of ethanol [8]

Pichia 
guilliermondii

Grape juice [7] 4-ethylphenol [7] Off-odours barnyard-like or 
horsey [7]

Soft drinks [6]

Pichia 
membranaefaciens

Mould-ripened soft 
cheeses [5]

Acetaldehyde [11] Chalky film layer [11]

Saccharomycodes 
ludwigii

Food products with 
SO2 as antiseptic [2]

Bottled wines [7] Spoilage by sediment or 
cloudiness formation [7]

Wine [12] High acetoin level 
[12]

Flocculent sediment [11]

Candida tropicalis Fresh fruits: orange 
(Citrus sinensis) and 
pineapple (Ananas 
comosus) [13]

Candidiasis 
has not been 
transmitted 
by food 
products [5]

Grated raw carrots 
[14]

CO2 [14] Increase in exudate and 
softening [14]
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with the novelty of their application in winemaking industry. A brief review of monitoring 
techniques as a tool for improving quality control in the winery is also included.

2. Technologies for spoilage yeast control

2.1. Early technologies

In the food industry, the control of the spoilage and pathogenic microorganisms was tradi-
tionally carried out by means of using thermal processes, to ensure the partial or total elimi-
nation of the microflora present [17, 18]. Together with an aseptic and hermetic packaging, it 
was possible to effectively extend the shelf life of the food products ensuring at the same time 
its microbiological safety [19, 20]. The main drawback of this kind of inactivation processes is 
the damage in organoleptic quality due to high processing temperatures. Another traditional 
way to fight against unwanted microorganisms is the addition of natural or chemically syn-
thesized preservatives, such as organic acids (ascorbic, citric, benzoic, sorbic, etc.) and salts 
(potassium sorbate, sodium benzoate, sodium metabisulphite, etc.) [21, 22]. It is also possible 
to limit undesirable microbial development by modifying certain environmental parameters 
(temperature, pH, water activity, nutrient availability, toxic compounds, etc.) during the 
production process in order to hinder its growth. In the field of oenology, the ethanol toler-
ance is believed to be one of the main factors limiting yeast growth [23]. In addition, some of 
the antimicrobials most commonly used in winemaking are sulphur dioxide (SO2), dimethyl 
dicarbonate and sorbic acid.

Yeast species resistant to one preservative also tend to be resistant to others with similar 
chemical composition. Such is the case of benzoic acid, sorbic acid and sulphur dioxide [24]. 
Also, sorbic acid resistance has demonstrated to be highly correlated to ethanol resistance 
[25]. In general, yeast resistance to preservatives seems to be strain dependent and also depen-
dent on the physiological characteristics of the cells [6, 26].

Sulphur dioxide (SO2) is the chemical additive mainly used in wineries as antioxidant and 
preservative to control bacteria, moulds and spoilage yeasts [11, 27] considering that its anti-
septic property depends on the pH of the media [28]. However, in the last decades, its use is 

Yeast species Food product Spoilage compounds Effect observed Health hazard

Hanseniaspora/
Kloeckera

Fresh must [15]

Various storage 
products [2]

Low ethanol 
concentration [2]

Undesirable fermentation 
products [2]

Must under 
fermentation [7]

Acetate production 
[7]

Aroma modification at 
early fermentation stage in 
winemaking [7]

Table 1. Some of the most common yeasts often found in grape, musts and wines that can be considered spoilage yeast 
species in a wide range of food products.
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being reconsidered due to increasing allergic concerns. Researchers are looking for alternative 
methods to reduce the doses commonly added to grape juice and wine [29, 30].

High doses of SO2 are needed to control the growth of Dekkera bruxellensis in red wine. 
Barata et al. [23] suggested an average value of 1 mg/L molecular sulphur dioxide to pre-
vent D. bruxellensis development during red wine maturation in oak barrels. Similarly, 
Saccharomycodes ludwigii and Zygosaccharomyces bailii have a strong resistance to SO2 and, in 
addition, Z. bailii also to organic acids [24].

Due to long-term exposure to SO2, some wine yeasts have developed certain defence mecha-
nisms to fight against this antimicrobial [28]. The ability of Brettanomyces bruxellensis to enter 
a viable but not culturable (VBNC) state as a survival strategy induced by the presence of 
SO2 has been proved [31]. Molecular SO2 levels as low as 0.2–0.4 mg/L can induce the VBNC 
cells in different B. bruxellensis strains (tested in a synthetic wine medium) [32]. However, the 
metabolism of this spoilage yeast is maintained, so synthesis and release of volatile phenols 
continues even under this non-reproductive state [32]. Benito et al. [33] claimed that 20 mg/L 
of free SO2 is the minimum concentration required for inhibiting the enzymatic activity of B. 
bruxellensis at pH 3.5.

Dimethyl dicarbonate (DMDC) is a dimethyl ester of dicarbonic acid used as cold sterilant 
in food industry. It is legally authorized in the USA [34], Australia [35] and Europe [36] as 
chemical preservative for ensuring the microbiological stability of wines. DMDC antimi-
crobial effectiveness is maximal at low pH, high ethanol content and low microbial popula-
tion [37]. At permissible usage levels, DMDC is more effective against yeast than bacteria or 
moulds [38]. The main mechanism of action of DMDC is to inactivate cellular enzymes such 
as glyceraldehyde-3-phosphate dehydrogenase and alcohol dehydrogenase through reaction 
with nucleophilic groups (imidazoles, amines and thiols) [39]. DMDC can be used to prevent 
spoilage yeasts growth in wines [40] as well as to stop alcoholic fermentation in the produc-
tion of sweet wines [41] or to disinfect musts by removing native flora present [42].

In relation to their specific effect on spoilage yeasts, Z. bailii, S. ludwigii and Lachancea thermo-
tolerans were found to be very sensitive to DMDC; complete cell death (initial population of 
106 CFU/mL) can be achieved with a dose of 100–200 mg/L DMDC when added to red wine 
(12% v/v and pH 3.5) [43]. Later experiments carried by Zuehlke et al. [44] confirmed the tox-
icity of DMDC against Z. bailii. On the contrary, Schizosaccharomyces pombe and Saccharomyces 
cerevisiae can survive in the presence of higher concentrations of DMDC (minimum inhibitory 
concentration (MIC) of ≥300 mg/L). Moreover, the addition of DMDC in wines at the maxi-
mum dose legally permitted in Europe (200 mg/L; [36]) was proved to be ineffective against 
lactic acid and acetic acid bacteria [43]. However, resistance to DMDC highly depends on the 
media composition, since the amount needed to inhibit Z. bailii and S. ludwigii (106 cells/mL) 
when DMDC is added to grape must is higher, around 400 mg/L [42]. Based on the different 
yeast sensitivity towards DMDC, the use of this compound could be suggested as a technol-
ogy to favour the microbial development of certain yeast species during the initial stages of 
alcoholic fermentation. The dominance of the selected yeast can be ensured if the inoculum is 
added 12 h after grape must treatment with DMDC [42].
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Its use before the end of fermentations is not recommended since the antimicrobial effect of 
DMDC can be also exerted against the fermenting species such as S. cerevisiae and Oenococcus 
oeni [40]. These same authors stated that the action of DMDC added during vinification has 
a transitory nature, so the preservation effect does not last with time and a fractional dosage 
might be needed, especially if the goal is to protect the wine during barrel maturation [45].

There also exists a synergistic activity to increase the inactivation effect against wine yeast and 
bacteria between DMDC and sulphur dioxide in both potassium and sodium metabisulphite 
salts [40, 43]. In this regard, the use of DMDC allows a significant reduction of sulphur con-
tent in grape juice and semi-sweet wines [46].

Regarding health issues, DMDC does not represent any threat since it is naturally, rapidly and com-
pletely hydrolysed to methanol and carbon dioxide in aqueous solutions [46]. Notwithstanding, 
a disadvantage of the use of DMDC in winemaking is its potential toxicity during handling [39].

With relation to the use of weak acids, benzoic and sorbic acids are able to control spoilage 
yeasts in wines when used in certain concentrations. The lipophilic character of benzoic and 
sorbic acids allows their diffusion in its undissociated form through cell membranes [24]. 
However, so far, benzoic acid is not authorized for use in wine [47].

Z. bailii is a wine spoilage yeast species highly resistant to commonly used preservatives such 
as benzoic and sorbic acids [48]. Similarly, Zygosaccharomyces rouxii is an osmophilic yeast 
responsible for spoilage in high sugar content beverages. Among the chemical compounds 
with antimicrobial properties used in food products, potassium sorbate, sodium benzoate, 
dimethyl dicarbonate and vanillin showed good results to control the growth of Z. rouxii in 
concentrated grape juice [26]. After applying a mathematical model, a maximum inhibitory 
effect with average growth reduction of 40% was estimated using each of the four preserva-
tives alone with the following doses: potassium sorbate (>4.7 mM), sodium benzoate (>10.4 
mM), dimethyl dicarbonate (>1 mM) and vanillin (>30 mM).

B. bruxellensis has also a strong resistance to benzoic and sorbic acids. The required sorbic 
acid dose to arrest its growth and its enzymatic activity exceeds long the legal limit in wine 
(250 mg/L) [33]. And as it was previously mentioned, benzoic acid is still forbidden as wine 
additive. According to Loureiro and Malfeito-Ferreira [49], B. bruxellensis can stand up to 950 
mg/L of sorbic acid at pH 3.5.

Among the physicochemical parameters that can be handled in the cellar, the storage tem-
perature and the level of ethanol in wine together can exert a synergistic limiting effect on 
the growth of the wine spoilage yeast B. bruxellensis. The optimal combination range of both 
parameters to halt the proliferation of these microorganisms is above 14% v/v ethanol content 
and below 12°C storage temperature [50]. Similarly, trials in synthetic media revealed that D. 
bruxellensis proliferation can be hindered by ethanol concentrations above 14.5–15.0% (v/v) 
[23]. According to Couto et al. [51], the temperature-time binomial necessary for the thermal 
destruction of Dekkera/Brettanomyces yeast cells largely depends on the ethanol and phenolic 
contents, particularly ferulic acid, of the wine. Significant reductions in population of contam-
inated wine samples (initial inoculum of approximately 1×107 CFU mL-1) can be achieved with 
temperatures above 35°C. It is worth mentioning that B. bruxellensis behaves differently in 
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white and red wines, showing less development in white wines [23]. In addition, SO2 require-
ments may be reduced with low storage temperatures, as the optimal growth temperature 
for Brettanomyces is 25–28°C [52]. These authors provided a limiting range of below 15°C and 
above 0.4 mg/L molecular SO2 for controlling spoilage by Brettanomyces in stored red wines, 
although complete eradication cannot be ensured with these conditions.

2.2. Emerging technologies

2.2.1. High hydrostatic pressure

The high hydrostatic pressure (HHP) treatment is a non-thermal process used to inhibit 
pathogenic microorganisms including spoilage microbes as well as enzymes [53]. According 
to these authors, the food products that are treated do not change nutritional or modify 
their sensory quality. The HHP uses pressure-transmitting liquids (water, ethanol solutions, 
sodium benzoate solutions, etc.) to homogeneously transfer pressure to the food sample [54]; 
the process may be batch, semi-continuous or continuous. The use of HHP is also expected to 
increase the shelf life [55] of a wide range of food products able to be treated including meat, 
eggs, vegetables, seafood [53], fruits such as sweet cherries [56] or mango pulp [57], juices [55, 
58] and Serrano ham [59], among others.

In the winemaking industry, the HHPs have been used to reduce or inhibit the presence of spoil-
age yeasts such as B. bruxellensis. In this matter, Van Wyk and Silva [60] have used 200 MPa for 3 
min achieving a reduction of up to 5.8 log but higher than 6 log when increasing the pressure to 
400 MPa during a much shorter period of time (5 seg). These parameters were also evaluated by 
González-Arenzana et al. [61] but also considering pH and amount of ethanol in wines; high eth-
anol and high pH needed less pressure (100 MPa) to inactivate B. bruxellensis cells, while at lower 
ethanol and lower pH the pressure used was higher (200 MPa). The HHP could also be used as 
a treatment for grapes in order to reduce wild yeast populations in order to be able to use yeast 
starters [62]; HHP has shown to increase pigment extraction and ethanol and methanol increase 
in wines after treatment. In the case of beer pasteurization, the use of 600 MPa allows beer with 
different ethanol content to have more than 7 log reductions of S. cerevisiae within 5 s [63].

2.2.2. Pulsed light irradiation

The pulsed light irradiation is a technique used to inactivate microorganisms in food prod-
ucts. The pulses are stored electricity in UV lamps that do not contain mercury but xenon 
[64], released in very short periods of time (fractions of millionths or thousandths of a second) 
that are rich in UV-C light (from 200 to 280 nm in the spectrum) [65]. This sterilization tech-
nique can cause DNA damage in the same way that continuous UV light does, nonetheless 
irradiation with pulsed light may also induce distortion in cell membranes and vacuoles [66]; 
therefore, the pulsed light irradiation may be considered an improved version of the UV treat-
ment [64].

Pulsed light has been evaluated in the last decade as an efficient technique against foodborne 
spoilage microorganisms in commercial and fresh fruit juices using pulsed light against S. 
cerevisiae and pathogenic bacteria [67], or apple juices [68] where the combination of pulsed 
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light with ultrasound has been evaluated as an alternative to inactivate S. cerevisiae: fresh 
strawberries [69] with reductions of 1 log colonies of yeast and microfungi lengthening shelf 
life 2 days; cured meat products [70] against pathogenic bacteria. Nevertheless, there are 
studies on the use of pulsed light on several food products; in wine or in the winemaking 
industry the evaluation of this technique appears to be scarce. The use of pulsed light might 
not be limited to just inactivating spoilage yeast in grapes and musts but also as a technique 
to potentially improve polyphenols extraction during maceration, thus increasing pigment 
compounds in wine.

2.2.3. Electric pulses

The electric pulses (EPs) are a method used for food preservation that avoids the use of chemi-
cal compounds as well as the use of thermal treatments [71]. Thus, it can be considered a cold 
temperature treatment that may preserve foodborne properties.

Hülsheger et al. [72] demonstrated that EPs have different effect on microorganisms. Yeasts 
and Gram-positive bacteria are more resistant than Gram-negative bacteria to the disruption 
caused by cellular structures by low-energy pulses while most of the microorganisms (>99%) 
die with high-energy pulses. The colonies were also more susceptible to die at logarithmic 
growth phase than when in steady state. Besides the growth phase, Gáskovà et al. [73] have 
shown that there are other factors involved in the efficiency of electric pulses for killing yeasts; 
such factors include the amplitude and the duration of the pulses, the size of the yeast cells 
and the temperature and conductivity of the media where the yeasts grow.

Electric pulses have been used lately in the production of fruit juices for its efficacy in micro-
bial reduction and for keeping their sensorial and nutritional properties [74]. The use of EP 
to eliminate spoilage yeasts such as S. cerevisiae in orange juice requires less intensity pulses 
than those to inactivate other pathogens microorganisms such as the bacteria Escherichia coli 
or Listeria innocua [75].

The effect of EP could be combined with the use of other antimicrobial technology like the 
lyticase digestion; the combined effect of both techniques may be a biotechnological appli-
cation for spoilage yeast control since the use of mild EP (2–4.5 kV/cm) affects the cell-wall 
porosity and therefore lower doses of lyticase are needed to effectively inactive S. carlsbergen-
sis, Kluyveromyces lactis and K. marxianus [76].

Biotechnology applications of the electric pulses or the electroporation, other than spoilage 
yeasts control, may include genetic transformation of cells by incorporation of foreign DNA, 
extraction of intracellular metabolites and biomass drying [71].

2.2.4. Natural extracts

The use of antimicrobials extracted from nature such as chitosan, essential oils (active ingre-
dients: eugenol, allicin, carvacrol, thymol and limonene), spices or nisin is very widespread in 
food preservation [21], but the limits of its antifungal activity and their potential applications 
as winemaking additives remain to be further explored.
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Chitosan (β-1,4-d-glucosamine) is a linear heteropolysaccharide obtained by deacetylation of 
chitin. The high density of amino groups present in its structure makes chitosan a bioactive 
polymer [77]. This polysaccharide with antimicrobial activity is found in nature being part of 
the exoskeletons of arthropods, diatoms and algae, and the cell wall of some fungi (particu-
larly zygomycetes) [78]. In a study carried out by Rojo et al. [26], where a dose of 300 mg/L of 
chitosan was added to a high sugar culture media in order to assess its inhibition properties 
to control the wine spoilage yeast Z. rouxii, it was found that with such a high dose of chito-
san, tripling the allowable dose in wines (100 mg/L), no inhibition effect exists. Previously, 
Z. rouxii had been already reported as sensitive yeast to chitosan (completely inactivated 
by 100–400 mg/L), but this result was only based on the study of one strain isolated from 
a spoiled carbonated beverage [79]. Similarly, S. ludwigii has been identified as yeast very 
resistant to chitosan (5 g/L of chitosan was required to inactivate S. ludwigii). The minimum 
inhibitory concentration for Brettanomyces/Dekkera ranges from 0.2 to 0.5 mg/mL of chitosan, 
depending on the molecular weight [80]. Low-molecular-weight chitosan has higher anti-
fungal properties. With respect to impact on sensory quality, the addition of chitosan may 
adversely affect the colour of the wine, mainly through a reduction of the colour intensity 
[80]. Moreover, Gómez-Rivas et al. [77] observed that in mixed fermentations B. bruxellensis 
and B. intermedius are more sensitive to chitosan than S. cerevisiae. Taillandier et al. [81] have 
also tested the use of chitosan of fungal origin to control B. bruxellensis in winemaking and 
concluded that its mechanism of action is a complex combination of both physical adsorp-
tion on cell wall and the biological interaction by changing permeability of cell membrane, 
together with an observed effect on the growing rate and the physiological state of B. bruxel-
lensis. Petrova et al. [82] also reported on the efficacy of chitosan as strategy to control B. 
bruxellensis development in red wines, with an average reduction of 3 logs in the cultur-
ability. It has been proved that when applied in the vineyard chitosan can act as an inducer 
of the plant defence system, mainly by enhancing the polyphenolic phytoalexins synthesis, 
and therefore it represents a useful protection treatment against powdery mildew infection 
[83]. Chitosan can be also used as natamycin carrier to protect the cheese surface from fungal 
contamination and thus extend its shelf life [84]. It is also possible to use microencapsulation 
techniques with chitosan to dose oily compounds, such as essential oils, with the additional 
advantage of protecting the active ingredient (e.g. limonene) and thus preserving its antimi-
crobial properties [85].

S. cerevisiae has demonstrated strong resistant to chitosan, doses above 2 g/L are needed to 
fully inhibit it. Conversely, B. bruxellensis seems to be very susceptible to this natural extract, 
0.2 g/L can effectively inactivate it. Hanseniaspora uvarum and Z. bailii, other spoilage wine 
yeasts, can be also inhibited by chitosan with 0.4 g/L [86]. However, all these results corre-
spond to growth inhibition assays in laboratory media. As expected, these authors observed 
that the antimicrobial effect of chitosan is less under winemaking conditions. Regarding the 
performance of alcoholic fermentation, a slight delay in the beginning of the fermentation was 
observed, but without major repercussions [86].

Among the essential oils extracted from plants, those from cinnamon, clove, garlic, onion, 
oregano and thyme are the inhibitoriest against food spoilage yeasts [87]. Antimicrobial activ-
ity of these compounds is well documented [88].
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Eugenol is the main component of clove oil (≈85%). So far, eugenol has proven to be effective 
as antibacterial and antifungal in several food products [89]. Both eugenol and thymol act on 
the membrane and cell wall, causing cell lysis [90]. These same authors suggested the use of 
eugenol and thymol as lysing agents to extract the genomic DNA from yeast cell instead of 
using zymolyase and sodium dodecyl sulphate (SDS). However, according to Kubo et al. [91] 
eugenol alone may not respond as effective antimicrobial against Z. bailii and S. cerevisiae, 
since the concentration required for ensuring the fungicidal effect is quite high (800 μg/mL).

Carvacrol and thymol are phenolic compounds being part of the essential oil from oregano 
and thyme [92]. According to Chavan and Tupe [93], low concentrations of carvacrol and 
thymol (≤64 mg/L; used independently) are effective in limiting the growth of several wine 
spoilage yeasts, including Metschnikowia pulcherrima, Z. rouxii, S. pombe, Debaryomyces hansenii 
and D. bruxellensis. Results for minimum inhibitory concentration values were comparable or 
even better than those of potassium metabisulphite. The antifungal mechanism of these two 
essential oils’ active ingredients is based on the membrane damage and leakage of cytoplas-
mic content, thus increasing permeability.

As for allicin (diallyl thiosulphinate), it is the main bioactive component of garlic extract [94]. 
It is well known for its antioxidant, antibacterial and antifungal activities [95] and also for its 
anticancer activity [96, 97]. The main mechanism involved in the antimicrobial effect of allicin 
is based on its rapid reaction with thiol-containing proteins [94]. Thus, allicin can regulate the 
activity of enzymes containing very reactive or unshielded SH groups. With relation to its 
potent antifungal properties, allicin is effective against a wide range of yeasts, among them S. 
pombe, S. cerevisiae [98], Aspergillus spp. [99] and Candida spp. [100]. It also affects the synthesis 
of mycotoxins and inhibits the germination of spores as well as the growth of the hyphae 
[100]. Yoshida et al. [98] set the minimum inhibitory concentration (MIC) of allicin in 5 mg/
mL for S. pombe and 10 mg/mL for S. cerevisiae. Moreover, chitosan and garlic extract, used 
independently, have also shown promising results as treatments for the control of fungal 
diseases of the vine due to pruning [101]. In the medical field, allicin and its derivatives have 
been proposed as antifungal prophylactic due to their strong efficacy in inhibiting microbial 
development [102]. However, further studies are still required to confirm the potential thera-
peutic use of allicin [103].

Despite their interesting antimicrobial properties, there still exist some limitations to the use of 
some of these natural extracts such as their solubility in water, their susceptibility to oxidation 
(part of its effectiveness is lost) and the impact on sensory attributes [21]. A possible solution to 
the low water solubility of some natural extracts is their transformation into nanoemulsions [104, 
105] or the use of nanoencapsulation techniques to protect their antimicrobial properties [106].

The inhibition activity on the growth of some wine spoilage yeasts using different antimicro-
bial compounds was measured by agar diffusion tests (Figure 2). The dark areas around the 
disks suggest the inhibitory effect in growing colonies, thus demonstrating their effectiveness. 
This assay can be used to assess the susceptibility of the yeast species to each of the antimi-
crobials, taking into account the limitations due to the diffusion properties of the antifungal 
compounds in solid media.
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Figure 2. Agar diffusion tests for antimicrobial screening. Antimicrobials tested: eugenol, carvacrol, nystatin (antibiotic), 
garlic extract (allicin), chitosan, β-glucanase and p-coumaric acid. Controls used for the preparation of the antimicrobials: 
control 1-water, control 2-ethanol and control 3-acetic acid. Yeast species tested: (A) S. ludwigii, (B) D. bruxellensis, (C) P. 
anomala and (D) Z. rouxii.
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Despite their interesting antimicrobial properties, there still exist some limitations to the use 
of some of these natural extracts such as their solubility in water and the impact on sensory 
attributes [21].

2.2.5. Antimicrobial peptides

Antimicrobial peptides are important molecules naturally occurring in the immune system 
[107] and may have different amino acids conformation. Their importance as antimicrobial 
agents increased when bacteria and other pathogens became more resistant to drugs [108]. 
Among the most studied peptides are tritrpticin and indolicidin, related cathelicidins [109] 
rich in Arg and Trp residues [110] as well as the lactoferricin. Other peptides having microbi-
cidal activity are cecropins, defensins, magainins, melittin and alamethicin [111].

Tritrpticin is a positively charged peptide with tryptophan (Trp) residues [112] that has anti-
fungal activity besides having antibacterial activity against Gram-positive and Gram-negative 
bacteria [113, 114]; it is naturally found in granules of bovine and porcine neutrophils [115] as 
well as in insects [107, 116, 117]. The electrostatic interaction between the cationic residue and 
the negative charge of phospholipids in the membrane has been recognized as an important 
factor in the microbicidal action found in these biomolecules [118].

Indolicidin is another peptide with antimicrobial activity against both fungi and bacteria 
(Gram-positive and Gram-negative) [119]. Similar to tritrpticin, indolicidin is a tryptophan 
(Trp)-rich peptide [120] that also contains proline (Pro) residues in its configuration [121]; 
its structure resembles that of detergent micelles and of phospholipid vesicles [122]. It has 
been isolated from cytoplasmic granules of bovine neutrophils [123] but it is also present in 
humans and other mammals as well as in some primitive vertebrates [124]. It acts directly on 
the lipidic bilayer [125] causing disruption in the cell membrane.

Lactoferricin B (Lfcin B) is a peptide obtained during the gastric digestion of the bovine pro-
tein lactoferrin [126]. Despite the fact that other mammals including humans also produce 
lactoferricins, the Lfcin B has higher antimicrobial potency [127]. Lfcin B shows different 
properties including antibacterial, antifungal, antiviral, antitumour, anti-inflammatory and 
immunoregulatory [127].

Antimicrobial peptides are important for the control of spoilage yeasts in food products. Lfcin 
B derivatives reduce spoilage yeasts such as D. bruxellensis [128] and Z. bailii and Z. bisporus 
[129] in wine production. Peptides are used to control the most common spoilage yeasts in 
dairy products such as K. marxianus, D. hansenii, Candida spp. and other spoilage yeasts such 
as Zygosaccharomyces microellipsoides, Rhodotorula mucilaginosa, Yarrowia lipolytica, Torulospora 
and Pichia [130]. Mozzarella cheese packaged with films of chitosan with up to 60% lyso-
zyme has antimicrobial activity against yeast Pseudomonas fluorescens and other bacteria and 
moulds [131].

In medical applications, indolicidin has antimicrobial activity against different pathogens 
such as yeasts, viruses, bacteria, fungi and protozoa [132]. Indolicidin has been tested 
against candidiasis produced by fungi Candida albicans [133], and nosocomial pathogen 
yeasts Candida krusei and Candida parapsilosis [134] responsible for bloodstream infections 
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agents increased when bacteria and other pathogens became more resistant to drugs [108]. 
Among the most studied peptides are tritrpticin and indolicidin, related cathelicidins [109] 
rich in Arg and Trp residues [110] as well as the lactoferricin. Other peptides having microbi-
cidal activity are cecropins, defensins, magainins, melittin and alamethicin [111].

Tritrpticin is a positively charged peptide with tryptophan (Trp) residues [112] that has anti-
fungal activity besides having antibacterial activity against Gram-positive and Gram-negative 
bacteria [113, 114]; it is naturally found in granules of bovine and porcine neutrophils [115] as 
well as in insects [107, 116, 117]. The electrostatic interaction between the cationic residue and 
the negative charge of phospholipids in the membrane has been recognized as an important 
factor in the microbicidal action found in these biomolecules [118].

Indolicidin is another peptide with antimicrobial activity against both fungi and bacteria 
(Gram-positive and Gram-negative) [119]. Similar to tritrpticin, indolicidin is a tryptophan 
(Trp)-rich peptide [120] that also contains proline (Pro) residues in its configuration [121]; 
its structure resembles that of detergent micelles and of phospholipid vesicles [122]. It has 
been isolated from cytoplasmic granules of bovine neutrophils [123] but it is also present in 
humans and other mammals as well as in some primitive vertebrates [124]. It acts directly on 
the lipidic bilayer [125] causing disruption in the cell membrane.

Lactoferricin B (Lfcin B) is a peptide obtained during the gastric digestion of the bovine pro-
tein lactoferrin [126]. Despite the fact that other mammals including humans also produce 
lactoferricins, the Lfcin B has higher antimicrobial potency [127]. Lfcin B shows different 
properties including antibacterial, antifungal, antiviral, antitumour, anti-inflammatory and 
immunoregulatory [127].

Antimicrobial peptides are important for the control of spoilage yeasts in food products. Lfcin 
B derivatives reduce spoilage yeasts such as D. bruxellensis [128] and Z. bailii and Z. bisporus 
[129] in wine production. Peptides are used to control the most common spoilage yeasts in 
dairy products such as K. marxianus, D. hansenii, Candida spp. and other spoilage yeasts such 
as Zygosaccharomyces microellipsoides, Rhodotorula mucilaginosa, Yarrowia lipolytica, Torulospora 
and Pichia [130]. Mozzarella cheese packaged with films of chitosan with up to 60% lyso-
zyme has antimicrobial activity against yeast Pseudomonas fluorescens and other bacteria and 
moulds [131].

In medical applications, indolicidin has antimicrobial activity against different pathogens 
such as yeasts, viruses, bacteria, fungi and protozoa [132]. Indolicidin has been tested 
against candidiasis produced by fungi Candida albicans [133], and nosocomial pathogen 
yeasts Candida krusei and Candida parapsilosis [134] responsible for bloodstream infections 
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[109]. It is also known that indolicidin directly binds DNA forming a complex with the 
catalytic HIV-1 integrase [124] producing inhibitory activity in it with an implication on 
the HIV virus replication cycle [135]. Lfcin B has fungicidal activity against the pathogenic 
yeast Candida tropicalis and fungicidal properties against the fungi Candida neoformans and 
C. albicans [136].

A drawback in the use of some antimicrobial peptides like tritrpticin and indolicidin for treat-
ment of infectious diseases produced by pathogen agents is the hemolytic activity observed 
against blood hematocytes [113, 115, 132]; therefore, it is important to use alternative antimi-
crobial peptides with less toxicity in immunocompromised patients [133].

2.2.6. Killer toxins and β-glucanases

Killer toxins are known as pore proteins produced by yeast metabolism and are able to kill 
sensitive yeast cells by forming cell wall or cell membrane disruptions [137]. There are dif-
ferent killer toxins produced by either Saccharomyces and non-Saccharomyces yeasts used as 
antimicrobials.

Among the toxins produced by non-Saccharomyces, Tdkt is produced by the species Torulaspora 
delbrueckii with β-glucanase and chitinase activity against yeasts B. bruxellensis, Pichia guillier-
mondii, Peronospora manshurica and Pichia membranaefaciens [138]; toxin Kwkt is obtained from 
the species Kluyveromyces wickerhamii and toxin Pikt is produced by the species Wickerhamomyces 
anomalus (formerly Pichia anomala), both are used against spoilage yeasts Brettanomyces/Dekkera 
[139]; toxin Kpkt is produced by the species Tetrapisispora phaffii and it could be used to con-
trol spoilage yeasts in winemaking [140] since it has proven fungicidal activity against yeast 
Hanseniaspora/Kloeckera [141]. This last yeast is also used as killer yeast against some fungal 
pathogens in plants and also to fight infections produced by fungi in animals and humans due 
to its high β-1,3-glucanase activity producing disruptions in the cell wall [142].

S. cerevisiae has also shown the ability to produce killer toxins; four different killer yeasts 
from this species produce killer toxins K1, K2, K28 and Klus. These yeasts are able to pro-
duce the toxins during spontaneous wine fermentation as the population of other yeasts 
decreases [143]. The killer toxin K1, for example, having the glycosylated subunits α and β, 
is released out of the cytoplasm [144]. The killer toxin forms a channel in the membrane of 
target cells through which ions are conducted to the exterior producing cellular death. The 
activity observed in some killer toxins is due to β-glucanases, which has been used to produce 
a synthetic β-glucanases preparation as antibacterial material against yeasts D. bruxellensis 
and Z. bailii [145]. The effect of β-glucanases on the cell integrity can be observed in Figure 3 
where cells of the species S. ludwigii have been disrupted after the addition of two different 
β-glucanases.

Even though both compounds have same disruptive inhibition mechanism, the activity of 
the β-glucanases is not the same. Such an activity is compared in Figure 4 where YPD liquid 
growing media have been inoculated with four different wine spoilage yeasts: S. ludwigii, 
D. bruxellensis, P. anomala and Z. rouxii. The media where β-glucanase II has been used did 
not show any growth indicating total effectiveness of the treatment, while the media where 
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Figure 4. Comparison of the effect of two β-glucanases in YPD liquid growing media with same optical density (OD) 
of S. ludwigii, D. bruxellensis, P. anomala and Z. rouxii. The trials are grouped in (A) control, (B) β-glucanase I and (C) 
β-glucanase II.

Figure 3. Effect of β-glucanases on the yeast’s cell wall after the addition of β-glucanase I (B) and β-glucanase II (C) to S. 
ludwigii (A). Bar scale 10 μm.
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β-glucanase I has been added showed CO2 production and turbidity formation in function of 
the sensibility of each yeast species. Wine spoilage yeast S. ludwigii appears sensitive to both 
β-glucanases, as no foam has been formed after the addition of either compound.

In the case of β-glucanase, the inhibition zone observed in the agar plates suggests a low dif-
fusion ability and thus limited antimicrobial activity; however, when grown in liquid media 
in the presence of same β-glucanase all the spoilage yeasts showed sensitivity (see Figure 2).

The yeasts could be neutral or sensitive to toxins produced by killer yeasts. In this matter, 
[146] have shown that the yeast species B. bruxellensis, B. anomalus, D. anomala, B. custeri-
sanus, H. uvarum, S. cerevisiae and Z. bailii have either sensitive or neutral nature towards 
killer toxins produced by the species K. wickerhamii and C. pyralidae. Santos et al. [147] have 
also described the resistance of the species S. cerevisiae to the toxin CYC 1410 produced by 
the species Ustilago maydis during wine production; therefore, this procedure could inhibit 
the implantation of B. bruxellensis spoilage yeast. Cytoplasmatic β-glucanases have also 
shown, on the other hand, interesting contribution to wine-sensory properties as polysac-
charides are released from the autolysis of non-Saccharomyces yeast cells during wine pro-
duction [148]. Polysaccharides can improve mouth-feel properties of wines by changing 
their viscosity.

A summary of certain emerging antifungal compounds is presented in Figure 5.

Figure 5. Schematic representation of the main mechanisms involved in the antimicrobial effect of different compounds 
on a yeast cell. The arrows indicate the target of each compound in the yeast structure: Plasma membrane (antimicrobial 
peptides, eugenol and carvacrol), cell wall (β-glucanases, chitinases and killer toxins), endoplasmatic enzymes (allicin) 
and physical adsorption on cell wall (chitosan).
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3. Yeast populations monitoring techniques

Parallel to the use of technologies that reduce the colonization of spoilage yeasts in food prod-
ucts, there are technologies able to monitor the yeasts and bacteria populations and their 
nature in the alcoholic and malolactic fermentations during wine production. One of these 
techniques is the flow cytometry (FCM) [149]; other techniques are fluorescence-activated cell 
sorting (FACS), quantum dots (QDs) and emerging monitoring technologies such as mass 
cytometry (Cy-TOF), imaging flow cytometry and, recently, spectral cytometry.

FCM, used for counts of microorganism populations in wine, allowed the simultaneous deter-
mination of yeasts for as low as 103 cells/mL and, despite its size, populations of malolactic 
bacteria higher than 104 cells/mL [150]. FCM is able to show real-time situation of microor-
ganisms in different matrices although it is considered complicated implementation due to 
the cost of reagents and the need of recruiting trained staff. FCM that relies on the use of 
complementary fluorescence dying to selectively determine specific type of microorganisms 
[151] through, for example, the metabolic enzyme activity or antigen expression is known as 
fluorescence-activated cell sorting (FACS). This technology is useful in monitoring changes in 
yeast cellular organelles’ biogenesis such as the mitochondria [152].

The QD is a technology based on the production of semiconductor nanoparticles made from 
cadmium salts crystals with chloride (Cl), tellurium (Te) and sulphide (S) by target microbial 
cells such as spoilage yeast [153]. These nanoparticles are used as biomarkers of nucleic acids 
and proteins and can be detected visually when they are excited by a light source. QDs are pho-
tostable and they have a wide range of absorption while they have a narrow emission peak [154].

Imaging flow cytometry has been used to compare the mode of action in which different 
killer toxins affect cell structures. Comitini et al. [140] saw that the toxin Kpkt from T. phaffii 
had different mode of action from that of the toxin K1 from S. cerevisiae; all yeast cells dead 
to toxin K1 after well-known membrane disruption forms potassium channels, have nucleic 
acids stained with propidium iodide (PI) while dead cells exposed to Kpkt are not all stained 
with PI. These results suggested a difference in the way that both toxins have to kill yeast cells. 
Flow cytometry analyses showed that Kpkt causes disruption in the cell-wall integrity due to 
very specific β-glucanase activity [15].

The spectral cytometry was developed as to increase the accuracy and the precision of flow 
cytometry results by a higher resolution obtained with spectral analysis from more discrete 
bands of emission of multiple stained samples [155] as in the case of microbial counts in 
foodborne matrices stained with PI. Spectral measurements combined with flow cytometry 
technique allow obtaining fluorescence and RAMAN spectra analysis of large particles in 
chemical and biological processes [156].

4. Future trends

Several antimicrobial techniques have been developed to control the presence of spoilage 
yeasts in food products through the years. These techniques aim to diminish the negative eco-
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4. Future trends

Several antimicrobial techniques have been developed to control the presence of spoilage 
yeasts in food products through the years. These techniques aim to diminish the negative eco-
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nomic impact of having contaminated/spoiled products as well as the potential health threat 
that this may represent. Some of these techniques are already in use by the winemaking indus-
try and others may be explored by the different process of stages from vine to bottled wine.

The trend observed is that the winemaking industry is targeting the use of innocuous control 
techniques to avoid spoilage yeasts during the entire process in order to preserve varietal 
aromas from grapes, to protect and to extend the anthocyanins extraction yield and, in the 
best-case scenario, to improve the overall quality of wines.
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Abstract

Organoleptic characteristics of wine, especially, the spectrum that is defined as flavour 
and aroma, are the most important parameters for assessing the quality of wine. The 
origin of these characteristics comes for four main sources: grapes, vinification, matura-
tion and ageing. The final concentrations of various odour-active components (OAC) are 
highly depended on the yeast during fermentation. The major OAC that are formed dur-
ing fermentation are volatile substances like esters, higher alcohols and carbonyl com-
pounds. Decoding the origin and contribution of these OAC, the modern winemaker can 
direct and manipulate the yeast during fermentation on his benefit. These compounds 
are originated from the secondary metabolism of the yeast, understanding the role of the 
key parameters during fermentation influencing the OAC formation like temperature, 
yeast assimilable nitrogen (YAN) and suspended solids is vital for the final organoleptic 
characteristics of wine.

Keywords: yeast, wine, aroma, flavour, fermentation, volatiles, esters, higher alcohols

1. Introduction

Wine is the alcoholic beverage which is the product of fermentation, usually, of fresh grape 
must. Wine consists mainly of 86.8% water and weight by volume concentration of the fol-
lowing: 11.2% ethanol, 0.5% acids (volatile and non-volatile), 1% trace components (sugars, 
anions, cations, etc.) and only a very small portion of 0.5% of volatiles contributing to the 
aroma of wine [1, 2], often described as odour-active compounds (OAC). These compounds 
are part of the olfactory fingerprint of each wine. The concentration and the ratio between 
various groups of OAC are unique not only to each wine but also to each terroir, to the style 
of vinification and maturation procedures. Yeast has a major role in the wine aroma forma-
tion and modulation, apart from the formation of alcohol. According to Fleet [3], the way that 
yeast influences the final aroma of wine can follow these six mechanisms:

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



i. Involve in the biocontrol of moulds on grape, which influences quality before harvest.

ii. Perform alcoholic fermentation of must sugars and transform juice into wine; the de novo 
biosynthesis of the flavour and aroma compounds.

iii. Enzymatic conversion of flavour neutral, grape components into odour-active compounds.

iv. Alterations of OAC profile through the yeast autolysis products.

v. Absorption of grape juice components.

vi. Spoilage of bulk wine throughout the storage period and even after packaging.

vii. Influence growth of other spoilage microorganism, for example, lactic acid bacteria, ace-
tic acid bacteria.

The single most important mechanism, which can be manipulated by the winemaker, of the 
above list is that of fermentation. Due to the fact that during the procedure of fermentation 
the largest concentration the final OAC in wine is formed [3–5]. The input and manipulation 
of winemaker that can influence the final product, this is done through decision-making for 
the implementation of various vinifications practises and, like the fermentation temperature 
[6–10], inoculation [11–13], addition of yeast assimilable nitrogen (YAN) [14–17] and the ini-
tial total concentration of the suspended solids of must before inoculation [18–21].

Throughout the fermentation process, the environment, which the yeast is called to func-
tion, is under continuous changes [22]. During fermentation, a vast amount of heat is being 
produce by the yeast, although this is counter balanced, and is easily control, by the modern 
temperature control tanks; temperature is one of the main limiting factors, for yeast growth. 
Also due to the sugar transformation and the utilisation of oxygen and YAN, yeast should 
engage various mechanisms in a diverse unaffordable growth conditions, called ‘stress’, to the 
emerging environment alterations [22]:

i. Osmotic pressure alterations

ii. Limitation of essential nutrients

iii. Ethanol toxicity

iv. Production of by-products toxic to the cell

The continuous need for adaptation to this kind of environment emerges the need for the cor-
responding adaptation on various responses, in order to maintain the intracellular metabolic 
activity [22].

Fermentation of sugars by yeast can be divided into two stages: the primary and the sec-
ondary metabolism. By primary, we mean the metabolism that is essential for yeast growth 
and cell division, producing compounds like ethanol, glycerol, acetaldehyde and acetic acid. 
Secondary metabolism is non-essential for growth and produces small molecules. Through 
this secondary metabolism, yeast adaptation procedures can mainly influence the final wine 
aroma profile [23]. Namely, the FAC generating mechanisms in which the yeast is engaged 
are the following [3]:
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i. Utilising grape juice constituents

ii. Producing ethanol and other solvents that help to extract flavour components from grape 
solids

iii. Producing enzymes that transform neutral grape compounds into flavour active 
compounds

iv. Producing many hundreds of flavour active, secondary metabolites (e.g. acids, alcohols, 
esters, polyols, aldehydes, ketones and volatile sulphur compounds)

v. Autolytic degradation of dead yeast cells

2. Wine aroma: origin and type

Overall, the aroma of wine can be distinct into primary, being the OAC derived directly from 
the fruit; characteristic to the grape variety, secondary aroma generated during the vinifica-
tion/fermentation and lastly maturation and ageing procedures are responsible for the group 
of aroma characteristics that are described as tertiary [24, 25].

The major OAC are divided into four big groups: esters, aldehydes, alcohols and terpenes [25, 
26]. In addition to these, there are also two other groups that are very characteristic for spe-
cific grape varieties, these are pyrazines (primary aroma) and sulphur compounds like poly-
functional sulphur compounds (4-mercapto-4-methyl-pentan-2-one, 3-mercaptophenol) and 
dimethyl sulphide DMS [27]. Each one of these groups plays a unique role in the perception of 
the aroma character of the final wine. Also all these groups have a diverse formation pathway.

2.1. Flavour active groups contributing in wine aroma

2.1.1. Esters formation and contribution

Esters are the group with the highest importance in wine and are usually the most predomi-
nant in the formation of the flavour character of the final product [22]. Esters are formed with 
the combination of alcohols and organic acid with the elimination of water [25]. In wine, two 
types of this group can be met: first, the one that is modulated enzymatically by the yeast 
enzyme pool and second, the one that is formed during ageing [2, 28]. The enzymatic biosyn-
thesis of ester is catalysed mainly by two types of enzymes: esterases and lipases. The final 
profile of esters in wine depends on various parameters, many authors pointed the variety 
and quantities of esters, in Table 1, are the main esters found in commercial wine [29]. The 
group of ethyl acetate, isoamyl acetate, isobutyl acetate, ethyl caproate and 2-phenyl acetate 
are descripted as the most important esters affecting wine flavour [28, 30, 31].

The net concentration of ester in wine at any given time varies due to the fact that wine is a fairly 
complex matrix substrate, with a number of different compounds involve in various proce-
dures [2]. This depends on the enzymatic activities of synthesis and ester hydrolysis. Maximum 
concentrations of esters during fermentation observe around 9–12% of ethanol [8, 32].
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Esters formed during alcoholic fermentation, by enzymes; fall into two main categories. The 
ethyl esters of organic acids and the acetates of higher alcohols [23]. The ethyl esters comprise 
of an alcohol group (ethanol) and an acid group (small, medium-chain fatty acid) (Figure 1). 
The acetate esters are comprised of an acid group (acetate) and an alcohol group which is 
either ethanol or a higher alcohol derived from amino acid metabolism (Figure 2). The latter 
are responsible for the pleasant fruity aroma of wines [2].

Formation of these two groups of esters during alcoholic fermentation involves a series of 
various proteins and genes. Today six genes have been identified, with their corresponding 
protein, to be involved in either the synthesis or hydrolysis of esters in yeast cells. Namely, 
these are ATF1, Lg-ATF1, ATF2, EHT1, EEB1 and IAH1 [2, 5]. The first three are involved in 
the mechanism of alcohol acetyltransferase with the first to be the most studied and important 
in the total quantity of esters formed. EHT1 is involved in the ethanol hexanol-transferase 
mechanism for the synthesis and hydrolysis of medium-chain fatty acids ethyl esters. EEB1 is 

Figure 1. Formation of acetate esters by the esterification of acetyl-Co-A with a higher alcohol [23].

Figure 2. Formation of ethyl esters by the esterification of medium-chain fatty acid (MCFA) with a ethanol [23].

Compound Sweet wines (mg/l) Dry wines (mg/l)

Ethyl acetate 96.56 ± 39.75 85.00 ± 12.54

Isobutyl acetate 0.07 ± 0.02 0.07 ± 0.04

Ethyl butyrate 0.31 ± 0.09 0.41 ± 0.05

Isoamyl acetate 1.81 ± 0.91 2.37 ± 0.62

Ethyl hexanoate 0.87 ± 0.41 1.06 ± 0.19

Hexyl acetate 0.06 ± 0.04 0.14 ± 0.14

Ethyl lactate 13.5 ± 6.6 23.00 ± 18.88

Ethyl octanoate 1.57 ± 0.73 2.11 ± 0.49

Ethyl decanoate 0.65 ± 0.26 0.56 ± 0.06

Benzyl acetate 0.004 ± 0.004 0.003 ± 0.001

2-Phenylethyl acetate 0.23 ± 0.17 0.21 ± 0.05

Ethyl dodecanoate 0.079 ± 0.053 0.021 ± 0.007

Table 1. Range of ester contents in commercial white wines [29].
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involved in the ethanol acyltrasferase and ethyl hydrolase mechanism. Lastly, the IAH1 is a 
gene involved in the mechanism of esterase, for the hydrolysis of acetate esters [2, 5].

The acetate ester synthesis is an energy requiring mechanism [31], the reasons why esters are 
formed during the fermentation procedure are not quite clear. One approach to this is that the 
synthesis is associated with the detoxification effect by the removal of fatty acids [31]. Even 
though the transfer of esters through the membrane is directly associated with the length of 
their chain that is varying from 100% small medium-chain to 8–17% for a long chain (ethyl 
decanoate) [2]. Another systematic approach for the formation is that of the maintenance in 
the balance of the acetyl-CoA and CoA-SH pool. It is proposed that these are formed as over-
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to the aroma of wine. The vital step in the synthesis of these compounds is the formation of 
α-ketoacid [33]. Based on the origin of α-ketoacid fusel alcohols can be divided into two cate-
gories. The first has origin of α-ketoacid the amino acids and the second, the anabolic pathway 
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ated with the biosynthesis of these higher alcohols [17, 34, 35]. The nitrogen composition and 
nature (organic or mineral), of the must, are influencing the biosynthesis of these volatiles. It 
has been shown by many studies that the initial concentration and type of amino acids in the 
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mented Ehrlich pathway intermediates can be found in bibliography, stating, the following 
Table 2 of the ‘substrate’ amino acid and their corresponding fusel alcohol [5].

Amino acid Higher alcohol

Leusine—Leu 3-Methylbutanol

Valine—Val 2-Methylpropanol

Isoleucine—Ile 2-Methylbutanol

Phenylalanine—Phe 2-Phenylethanol

Tyrosine—Tyr 2-(4-Hydroxylphenyl) ethanol

Tryptophan—Trp 2-(Indol-3-yl) ethanol

Methionine—Met 3-(methyl thio) propanol

Table 2. Flavour-producing amino acid catabolism via the Ehrlich pathway [5].
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The biosynthesis in the Ehrlich pathway starts with the transamination of the amino acid 
producing a α-ketoacid [33]. Followed by the decarboxylation α-ketoacid to a fusel aldehydes 
[33]. Finally is the decisive step were the fusel aldehyde is reduced to fusel alcohol or oxidised 
to the corresponding fusel acid. This step is highly dependable on the growing condition dur-
ing the utilisation of amino acids [27, 33]. In aerobic conditions, amino acids are converted 
predominantly to fusel acids where as in anaerobic the product of the pathway in almost 
entirely fusel alcohol. However, the procedure is far from simple, since a vast number of 
genes and their corresponding proteins are involve in every stage.

Four S. cerevisiae proteins have been implicated in the initial transamination step of the Ehrlich 
pathway (Figure 3). Twt1p (also known as Bat1p or Eca39p) is the mitochondrial branched-
chain amino acid aminotransferase, and Twt2p (Bat2p or Eca40p) is the cytosolic isozyme. The 
mitochondrial isozyme is highly expressed in batch cultures during exponential growth and 
is repressed during stationary phase, while the cytosolic isozyme has the opposite expression 
pattern [33].

The course of the formation of various higher alcohols was the study of different researchers. 
According to Fraile et al. [14, 36], the formation of different alcohols takes place at the end 
of the fermentation, when most of the amino acids have been consumed, whereas, accord-
ing to Rapp and Versini [37], this synthesis occurs at the same time as ethanol production. 
A more recent study by Hernandez-Orte et al. [38] monitoring the course of formation of 
alcohols, among other volatiles, clearly shows that the formation of isoamyl, isobutanol and 
β-phenylethanol are generated throughout the entire alcoholic fermentation.

2.3. Carbonyl compounds origin and contribution

The two major compounds in this group are acetaldehyde and diacetyl. Acetaldehyde, 
which is one of the main metabolic intermediates in alcoholic fermentation, is the last pre-
cursor in the anaerobic pathway before ethanol. The pyruvate, end product of glycolysis, 
is converted to acetaldehyde by the pyruate decarboxylase enzymes, which is further con-
verted to ethanol, by the dehydrogenase enzymes. Another source of acetaldehyde is the 
oxidation of ethanol during ageing or the activity of film forming yeast to the wine [25, 27] 
‘flor’ effect.

Diacetyl is formed in small quantities in wine by the yeast. This can further metabolised to the 
corresponding end product of 2,3-butanediol or the intermediate, acetoin. Concentrations of 
up to 100 mg/L of acetaldehyde and 1–4 mg/L of diacetyl can be described as desirable and 
that these are contributing to the complexity of the aroma of wine [25, 27].

Figure 3. Formation of higher alcohols by the Ehrlich pathway and the anabolism of sugars.
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2.4. Thiols contribution and origin

Thiols are the group of alcohol compounds that oxygen was replaced by sulphur in the 
hydroxyl group. This compound group is very characteristic for wine aroma, especially 
for the Sauvignon blanc variety, and is mostly depended on yeast metabolism. The three 
thiols that have been identified in wine are 3-mercaptohexan-1-ol (3MH), 3-mercaptohexyl 
acetate (3MHA) and 4-mercapto-4-methylpentan-2-one (4MMP). These compounds apart 
from been characteristic are also very interesting for studying, exhibiting very low percep-
tion thresholds, that is, for 4MMP 3 ng/L, for 3MH 50–60 ng/L and for the acetylated form 
of 3MH the 3MHA is down to 2–4 ng/L [39]. In addition, the 3MH and 3MHA both have 
two enantiomers, as chiral molecules, R and S. The aroma the S-3MH and S-3MHA forms 
were described as passion fruit whereas the form R-3MH as grape fruit and R-3MHA as 
box tree [40].

Over the years, on Sauvignon blanc variety, two different molecule classes have been pro-
posed as precursors of thiols, the amino acid-based compounds [41, 42] and the non-amino 
acid [43]. Most studies are focused on the first class of compounds and more specific to 
Cysteine-conjugates and Glutathione-conjugates. Interestingly, the amino compounds not 
only are the main precursors but also there was the evidence that glutathionylated precur-
sors can be converted into cysteinylated precursors [44]. The non-amino acid precursor com-
pounds were suggested to be the mesityl oxide and E-2-hexenal [43].

2.5. Terpenes: de novo synthesis and/or biotransformations by yeasts

Clearly terpenes are responsible for some of the most prominent, characteristic and important 
aromas in grapes and wines. It has been documented early on (1978) that beside grapes, yeasts 
are also capable of producing terpenes (citronellol, linalool and geraniol by Kluyveromyces lac-
tis [45]. Enzymatic activity by yeasts is also possible in relation to liberation of terpenes from 
sugar molecules and β-glucosidase is well documented [46].

Saccharomyces cerevisiae shows some enzyme activity in different strains [47] but most studies 
demonstrate significantly higher enzyme production from non-Saccharomyces species [48–51]. 
Efforts to identify the most efficient non-Saccharomyces are showing the potential these yeasts 
have in modern wine making and mix cultures. Torulaspora delbrueckii and Metschnikowia 
pulcherrima are enhancing a very good aromatic profile if used in combination with S. cerevi-
siae [52–55]. Efforts to further our knowledge on the related pathways [56] as well as better 
exploiting the capacity of mixed cultures (Saccharomyces with non-Saccharomyces) are copious 
[57–62].

3. Fermentation conditions and influence to wine aroma

The winemaker through the process of vinifications has various parameters that can use in 
his/her benefit, in order to manipulate the outcome of the process. These parameters are the 
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temperature and molecular oxygen availability during fermentation, maturation and ageing, 
the nitrogen source, for the growth and propagation of yeast, inoculation size and yeast strain 
of the starting culture [3, 31], as well as the nature and quantity of the solids derived from 
the grapes. All these play a decisive role in the vinification strategy and style that the wine-
maker wants to follow. Although for most of the OAC, the formation pathway and produc-
tion promoting parameters are clear in some cases the knowledge behind synergies between 
these parameters are not quite apparent. The winemaker also has to deal with the changing 
environment of the fermentation, and more specific to the metabolism of sugar into ethanol 
and carbon dioxide [9, 22]. These two metabolites, but more essentially, ethanol build-up con-
secration plays a significant role for the physiology of the yeast. First, high concentrations of 
ethanol are related to the reduced water activity; this has a triggering effect to the production 
of various compounds to counter-balance this, but most importantly is the functional altera-
tion of cell membrane that is influencing the uptake of various essential nutrients, important 
for the yeast survival and growth, including nitrogen compounds, YAN [9, 22]. Although 
fermentation is a well-known anaerobic pathway, carbon dioxide concentration also is influ-
encing indirectly, the availability of proline utilisation. Specifically, the saturation of must 
with CO2 is having as a consequence the elimination of dissolve molecular oxygen, which is 
needed by oxidase for the first step in proline degradation. This is precluding the utilisation 
of proline, which is the main amino acid in grape must.

3.1. Temperature effect on aroma formation

Temperature conditions are associated with all enzymatic reactions rate so forth the metab-
olism and growth of yeast among other microorganism. The temperature range between 
15 and 25°C, during wine fermentation is considered favourable for yeast growth under 
winemaking conditions. The fact that aromatic profile can be modulated during fermenta-
tion was noticed very early, since temperature not only affects the volatile composition but 
also in the case of red wines the extraction of phenolic compounds from the skin and grape 
seeds [7, 10]. The most noticeable and well-known effect, to winemakers, of temperature 
is on the fermentation rate and completion which is defined by the total consumption of 
sugars. Fermentation at 28°C compared to one at 15°C was observed to be 2.5 times faster 
[7]. Temperature is influencing not only the production of FAC but also the concentration 
of primary metabolites like ethanol and glycerol, on which it seems temperature to have 
a reverse effect. In low temperature, the production of ethanol is counter to the glycerol 
production [7, 9]. From very early studies it was pointed out that the final concentration 
of esters, contributing to the fruity flavour of the wine, was favoured by low temperatures 
during fermentation [8]. Particularly esters associated with pleasant fruity aroma, like iso-
amyl acetate and n-hexyl-acetate, accumulated in higher consecrations at low temperatures. 
Whereas in high temperature fermentation higher accumulation of ester characterised as 
heavy odorants like ethyl-octanoate and ethyl decanoate, was observed. Higher final con-
secration of 2-phenylethyl-acetate was favoured in higher temperatures, by some authors is 
consider pleasant with rose like odour [6–8]. For thiols temperatures high as 20°C are more 
favour for their modulation, whereas low temperatures around 13°C show significant less 
modulation of the 3MH [63].
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3.2. Nitrogen source (yeast assimilable nitrogen (YAN)) effect on aroma formation

Yeast assimilable nitrogen (YAN) concentration in grape must is a vital parameter not only 
completion of the fermentation but also for the production of volatile and nonvolatile metab-
olites [64, 65]. The depletion of YAN in grape juice during the early stages of fermentation is 
also triggering the entry to the stationary phase of yeast growth [35]. YAN, source in grape 
must is categorised into two types, the organic and the non-organic. The organic fraction, 
often referred to free amino (or amino acid) nitrogen FAN, is the total amount of the amino 
acids and some small peptides that can be utilised by the yeast. Ammonium nitrogen is the 
inorganic fraction. An initial concentration of 140 mg/L of YAN in the grape juice is consid-
ered to be the lowest threshold for the completion of an industrial fermentation, with low fer-
mentation temperatures and low suspended solids [35]. Measurement of the initial YAN and 
supplementation of ammonium salts or mixtures of amino acids, to reach the lowest thresh-
old of concentration, is a common practice in most of the wineries, as a prevention measure-
ment to sluggish or incomplete fermentations. Supplementation of nitrogen during the early 
stages or even through the fermentation course not only results in high fermentation kinetics 
and yeast growth but also to the formation of various volatile and non-volatile compounds 
[66, 67]. Timing of the nutrition supplementation is also important since this is influencing the 
type of nitrogen intake by the yeast cell [35, 65]. Specifically ammonium ion has an inhibitory 
role in the uptake of amino acids, since in high concentration at the early stages of growth, 
the general amino acid permease (GAP) is not synthesised [15, 16]. This results in low uptake 
of amino acid during later stages of fermentation. Another parameter that has an inhibitory 
role in the amino acid uptake by the yeast is the CO2. High pressure of CO2 was observed to 
reduce the rate by which the amino acids are absorbed. Wines with high concentration levels 
more than 300 mg/L have showed high esters concentration and low concentrations of acids 
and higher alcohols [35]. The basic information regarding the initial concentration and ratio 
between organic and non-organic nitrogen can be obtained by a rather easy enzymatically 
or chemical method. Nature of the YAN, organic or not, plays also an important role in the 
outcome of the volatile profile [67]. Addition of amino acids in order to increase the YAN in 
low concentration grape juice, under the current regulation is forbidden. Use of amino acid 
enriched dry yeast preparation can provide the mean to serve this purpose; also these types 
of preparations are high in small peptides. Ratio between the two nitrogen sources is a good 
tool for the winemaker, to modify the aroma profile composition of the produced wine. It has 
been proven that the type of nitrogen supplementation resulted in quantitative differences 
for most of yeast metabolites related compounds, suggesting the importance of the supple-
mentation decision-making process [35]. The concentration of acetates and medium-chain 
fatty acid esters, contributing to the fruity aroma, is favoured by the higher concentration of 
amino acids rather than ammonium concentrations. Also higher amino acid concentration is 
leading to higher concentration of fusel alcohols. High concentrations of ammonium as the 
sole nitrogen supplement, results in the increase of ethyl acetate and acetic acid [35, 64]. Other 
recent studies show that there is a close relation between the initial concentration and also 
most importantly profile of various amino acids for the production of certain aroma profile. 
Also the same study gives importance values to specific amino acids. Namely in the case of  
S. cerevisiae, they are leucine, isoleusine, valine, histidine, glutamine and proline under certain  
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conditions. [35]. Whereas other researchers’ show that, for the formation of volatile com-
pounds: threonine, phenylalanine and aspartic acid are amino acids with the most important 
value. For thiols, high addition of assimilable nitrogen in the early stage of fermentation, in 
the form of ammonium (di-ammonium phosphate) seems to reduce the 3MH production [68]. 
In [56], researchers documented that the highest concentration of terpenes is obtained under 
conditions that stimulate glycolytic flux. Microaerobic and high assimilable nitrogen condi-
tions, favour terpene accumulation.

3.3. Suspended solids and contribution to wine aroma

During the process of vinification and especially during the first stages of destemming and 
pressing it is inevitable the presence of grape solids in the must. These solids of various, origin, 
nature and size are generally referred to as ‘sludge’ [18]. The measurements by the winemak-
ers assess the presence of these solids are the turbidity units (nephelometric turbidity units, 
NTU) and a wt% on suspended solids (total wet suspended solids, TWSS or dry TDSS% (w/w) 
[18]. The ease to measure NTU makes this measurement, the most widely used and accepted 
method of reference in wineries. A limitation of NTU measurement is that is not in a direct rela-
tion with the suspended solids quantity since this is a nephelometric measurement and is being 
influenced by the size and shape of the particles and refractive index of the medium [18]. Also 
NTU does not give us information regarding the composition of the suspended solids. Must 
suspended solids can influence white wines aroma profile in many different ways, directly and 
indirectly. Suspended solids are consider a good nutrient source, specially for amino acids, the 
role of which is consider to be the most crucial of all must substrates for the formation of vola-
tile compounds [18–21, 69]. Another direct role of suspended solids is the high content of oxida-
tive enzymes, which is enhanced by various grape moulds contaminations. Also some evidence 
suggests that grape tissues contain esterase, a limitating factor for the accumulation and final 
concentration of esters at the final product. Presence of SS on fermentation apart from the direct 
role on chemical composition, have also an important indirect role, that of the nucleation of the 
CO2 [18] and the further release it to atmosphere. High accumulation of CO2 produces higher 
concentrations of acetic acid by limiting the long chain fatty acid synthesis. Also over oversatu-
ration of CO2, is affecting the transport and utilisation by the yeast of amino acids [18].

3.4. Inoculation rate and contribution to wine aroma

Yeast starting cultures are extensively used by many wineries as a mean to control the course 
of fermentation avoiding slow or sluggish fermentations [13]. Now available on market are a 
large number of dry yeast cultures ready to use. Primarily the need to use is the easy comple-
tion of fermentation, without any technological folds like reduction smell SO2 and high con-
centration of volatile acidity. The size though of the inoculation it seems to play a catalytic 
role in the overall behaviour and physiology of the yeast during fermentation [11–13]. In 
some cases [12], it was observed that the size of inoculation enhanced stress protectants like 
glycerol and proline production in high inoculation rate. Also in the same study, an observa-
tion of the reduction of citric acid cycle intermediate metabolites was made. On another study 
dealing with three inoculation concentrations 1×104, 1×105 and 1×106 [11] were studied. It was 
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clear that the most favourable results, for the increase concentration desirable volatiles, like 
esters, and the simultaneous decrease of high concentrations of unfavourable volatiles, like 
higher alcohols was observed at inoculation rate of 105. It is obvious that through this process, 
of inoculation, the outcome of the fermentation can be altered but since there is not a lot of 
research done to this direction, is something that need to be investigated further.

4. Yeast autolysis

4.1. Yeast autolysis and contribution to wine flavour

At the final stages of winemaking, the settlement of yeast cells at the bottom of fermentation 
tanks is inevitable, since there is not any CO₂ production. From that stage on an autolysis of 
dead yeast cells is observed. During this period, the hydrolysis of cell wall is taking place, 
releasing various compounds that up to that moment were either part of yeast cell wall or 
were capture inside the cell cytoplasm. Understanding the nature of the cell wall is vital in this 
stage. Yeast cell wall is compromising around 15–25% of total dry cell mass [70, 71] depend-
ing on the growth conditions of yeast. Yeast cell wall consists of polysaccharides, inner layer, 
mannoproteins and outer layer [70]. Mannans and glucans consist of about the 94–98% of the 
total structural cell wall mass with a small fraction of chitin. Mannoproteins play an impor-
tant role in stabilising various fractions of wine, tartaric salts and also proteins [72]. Moreover, 
for the red wines, this fraction can make wine to feel less astringent due to mannoproteins/
tannin condensation (46, 48) and also increase the colour stability [72]. Apart from these, the 
autolysis can also influence the aroma character of the wine [73, 74]. First, by the absorption 
of volatiles like 4-ethylphenol and 4-ethylguaiacol, which they have a negative contribution 
to the wine aroma [74]. OAC compound profile also is affected by the yeast autolysis. The 
overall reduction in ester concentration is observed due to release of esterase [75]. But in some 
case, volatiles like diethyl succinate, vitispirane and 1,1,6-trimethyl-1,2-dihydronaphthalene 
(TDN) levels are increased over the period of maturation of sparkling wine with the lees [76]. 
Also the reduction of oak character is observed due to the absorption of this group of volatiles 
by the yeast [75], in some case is considered to be positive and negative in some cases.

5. Future perspectives

Deep understanding of the volatiles chemistry in the matrix of wine, by the winemaker, is one 
crucial step understanding of the character of wine. With the current legislation, in most of 
the wine producing countries, allowing major taste alterations, like acidification, deacidifica-
tion and fining, wine is subject to winemaker’s decision regarding the final mouth feel. Never 
the less any additions of adjuncts, to alternate any of the characteristics of wine aroma are 
forbidden. The single most important period that the winemaker has a chance to manipulate 
or redirect the wine flavour during the period of fermentation. During this relatively short 
period to the wines life, the decision-making is critical. The decisions for the fermentation 
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temperature, addition of FAN and period of autolysis are tools for this purpose. The next step 
for this is monitoring the timing for the various procedures with the correlation across the 
various parameters. It is widely known and accepted that the quality of the wine is defined 
by the quality of the grapes. Although the new omics techniques employed in commercial 
yeast can give a lot of info not only regarding the physiology but most importantly to predict 
the direction of the outcome of fermentation, in terms of aroma profile, this has not yet put in 
industrial application. When these technologies become more available and affordable they 
will provide the winemaker with additional tools in order to improve the quality of the wine 
by addition of nutrients, adjustment of temperature, selection of commercial yeast strains in 
order to express at its best the character of the grapes that is handled.

In addition to the above, it is of current interest, research and development the role and use of 
other non-Saccharomyces yeasts from the native microbiota of grapes contributing to the com-
plexity of wine aroma [59, 60, 77–79] and the geographical fingerprinting and indication of 
origin [57, 80, 81]. With these latest developments, it is understandable that it is impossible to 
proceed without good understanding of the yeasts physiological traits of many more genus, 
species and strains along the environment’s role on them. For these reasons, high-throughput 
tools and instruments of molecular biology and biotechnology as well as of analytical chem-
istry are absolutely required to unravel the yeasts roles in aroma and flavour. These tools and 
instruments are in an exponential growth technologically and in downward trend their prices 
which are currently available in many laboratories around the globe and soon will be avail-
able for industrial application at large winery level.
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Abstract

The table olive is considered to be a traditional fermented vegetable in the Mediter­
ranean countries and its production and consumption is recently spreading all around 
the world. The presence of yeasts is very important during olive fermentation due 
to their double role. On one hand, yeasts maintain desirable biochemical activities 
(lipase, esterase, β-glucosidase, catalase, production of killer factors, etc.) with essen­
tial technological applications in this fermented vegetable. On the other hand, spoil­
age activity may be shown. However, recent studies have reported that yeasts coming 
from table olives would be a new source of potential probiotics. Indeed, many yeast 
species found in table olive processing, have been reported to demonstrate such prop­
erties. Thus, starter cultures technology will play significant role, not only in olive 
fermentation by controlling the safety and the quality of the final product, but also in 
consumer’s health.

Keywords: yeast, ecology, table olives, starter cultures, probiotic, spoilage, flavor, 
aroma

1. Introduction

Table olives are one of the most important and well known fermented vegetables, with an 
estimated worldwide production currently reaching 2.5 million tons per year [1]. Not only 
the production, but also the consumption of this food is closely related to the culture and 
diet of some Mediterranean countries (Greece, Spain, Italy, France, Portugal, Egypt, and 
Turkey), which are the main producers [2]. Other countries such as USA, Peru, Argentina 
and Australia, are also rising as competitive producers [3].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Yeasts play a vital role during table olives fermentation process principally on the safety, 
the quality and the flavor of the final product [4]. On one hand, yeasts are responsible for 
properly driving the fermentation, due to their constant presence throughout the fermen­
tative process. It is generally accepted, that they can produce compounds with important 
organoleptic attributes determining the quality and flavor of the final product [3]. More spe­
cifically, they are able to produce desirable biochemical activities such as lipase, esterase, 
β-glucosidase, catalase, production of killer factors, which have several technological appli­
cations in the fermented table olives. On the other hand, yeasts may also cause spoilage of 
olives, during fermentation, packing and storage, due to the production of bad odors and 
flavors, the accumulation of CO2 leading to swollen containers and gas pocket effects, the 
clouding of brines, the softening of fruits and the degradation of lactic acid. The technological 
implications and functional properties of yeasts have been extensively reviewed [5–9]. It has 
been reported that they could exert a fundamental role for the fermentation of green­treated 
olives and black-naturally fermented ones [6]. Moreover, many yeast species, which were 
found in table olive processing, such as Wickerhamomyces anomalus, Saccharomyces cerevisiae, 
Pichia membranifaciens and Kluyveromyces lactis, have been reported to exhibit some interesting 
properties, such as enhancement of the organoleptic characteristics of the fruits, degrada­
tion of polyphenols, enhancement of the growth of lactic acid bacteria (LAB) and antioxidant 
action [5, 9]. Therefore, the selection of the most appropriate yeast strains to be used as start­
ers, in combination with LAB or not, is a promising future target which may improve the 
added value of the final product [5].

2. Biology and physiology of yeasts from fermented table olives

Yeasts are single-celled microbes, larger than bacteria, belonging to the kingdom of Fungi. 
Nowadays 1500 species are identified which corresponds approximately to 1% of all described 
fungal species [10]. Both their survival and growth are ensured by consuming starches and 
sugars. Plenty of yeasts are commercially available and can provide an inexpensive source for 
biochemical and biotechnological applications (classic and molecular) [11].

Generally, in the heterotrophic organisms, such as yeasts, the energy and carbon metabolism 
have an interconnection between them, i.e., anabolism is connected with catabolism. ATP is 
provided by the oxidation of organic molecules which also play an important role in the bio­
synthesis, because they can be used firstly as carbon sources and eventually as energetic cur­
rency for all kinds of cellular work. Although, for instance, table olive yeasts species contain a 
wide set of carbon sources (polyols, alcohols, organic acids and amino acids) that can help in 
their growth, they prefer to metabolize sugars. There are a lot of data related to the metabo­
lism of different carbon sources, with the most widely studied sugars being hexoses (glucose, 
fructose, galactose or mannose) and disaccharides (maltose or sucrose), as well as compounds 
with two carbons (ethanol or acetate) [5, 12].

The metabolic pathway of the central carbon metabolism is mainly identical between different 
yeast species, suggesting that these microorganisms might constitute a metabolic homogenous  
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group. Nevertheless, the mechanisms for nutrient uptake, the number of different isoenzymes 
and the regulation of fermentation and respiration differ substantially [13], making yeasts a 
highly heterogeneous and complex metabolic group.

Moreover, the presence of volatile compounds, such as ethanol, glycerol, higher alcohols, 
and, to a lesser extent, acetaldehyde in brines can be directly attributed to the metabolic activ­
ity of yeasts together with heterofermentative bacteria [12].

On the contrary, methanol, detected in brine [14], is not related with the yeast metabolism, 
because its activity is due to pectinolytic enzymes. The presence of these enzymes in the 
drupes is favored by an improper handling of raw material and by poor fermentation condi­
tions [15].

2.1. Enzymatic activities

Yeasts ensure their survival in tissues, and are connected with the digestion of host’s pro­
teins and other organic molecules due to a large array of physiological traits and enzy­
matic activities [16, 17]. It is characteristic that the kind of medium used for their isolation 
and growth is an important adaptive factor which determines the technological activities 
of the strains selected [18, 19]. Although many surveys have underlined the potential of 
unconventional and extreme environments as a source of natural biodiversity for the isola­
tion and selection of useful microorganisms [20], it is the secretion of extracellular prote 
ases which has been studied extensively in yeasts isolated from these environments [21, 22].  
Esterases from yeasts are also gaining industrial interest with applications in laundry 
detergents and in dairy industries [23, 24], while little attention has been paid to lipases 
from yeasts [7, 25, 26]. Although peptic enzymes for industrial uses have been so far pro­
duced by molds and bacteria [27], the pectinolytic activity of yeasts has, however, been 
studied with ambiguous results [28, 29].

Yeasts can also produce plenty of other interesting enzymes like invertase, zymase, hexose 
phosphatase, maltase, reductase, carboxylase, melibiase, and endo­tryptase. However, all 
kind of yeasts do not comprise the same range of enzymes. Hence, different yeasts are func­
tioning differently toward the degradation of sugars. It is generally accepted that one yeast 
can ferment one sugar [30]. Since today, it is known that three of the aldo-hexose sugars, 
called dextrose, d­mannose, and d­galactose, are exclusively fermentable by yeasts. It has 
been reported that yeasts which ferment dextrose, can also use mannose and laevulose [30]. 
Due to the enzyme invertase, yeasts can firstly reverse and secondly ferment cane-sugar. 
However, they are unable to ferment milk-sugar, because of the lack of the enzyme lactase.

2.2. Functional properties

Despite the fact that research has been focused almost exclusively on LAB, as being extremely 
useful in table olives microbiota [31], recent studies have been negotiating the significant con­
tribution of yeasts to table olives fermentation [3, 5, 9], during the whole process and adding 
value to the final product. The selection of yeasts to be used as starter cultures is an unclear 
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and complicated procedure, which includes three main steps. The first one is the selection 
of promising species, which should have some interesting properties. The second step is the 
validation of those microorganisms on laboratory scale and finally the third one, and the most 
important, is the demonstration at large scale [32].

Starter cultures must be selected for their functional traits, and for their ability to dominate 
at the fermentation process, as well as leading to a stable final product. Thus, the screening 
of those yeast strains is very important. Esterase and lipase enzymatic activities are desirable 
in yeasts because of their ability to improve the organoleptic characteristics of olives through 
the configuration of volatile compounds that can be produced by the catabolism of free fatty 
acids [9, 32–34].

Yeasts with β-glucosidase activity are also good candidates, because they can be used for the 
hydrolysis of oleuropein, removing the natural bitterness present in brined olives and thus, 
avoiding the placement of olives into large amounts of water [3, 35]. However, limited data are 
available in the literature about the contribution of these species on table olive fermentation pro­
cess [7, 17, 34]. Furthermore, very few strains which produce nontoxic compounds, like biogenic 
amines (BA) (spermine, spermidine, agmatine) was proposed as a new criterion for the selection 
of yeasts as starter cultures for many fermented products [36, 37]. Many yeast species which 
have the ability to produce BA can be found in olives. As a coincidence, this trait should be 
investigated as another critical point for the selection of proper starter cultures in the near future.

It is noteworthy to mention the probiotic profile of some table olives yeasts. Generally, pro­
biotics are microorganisms which could have beneficial impact on the human organism 
[38]. This positive impact would exist only if those microorganisms are safe for the host, 
metabolically active within the gastrointestinal tract and are being consumed, either as food 
components or as non­food preparations. For instance, Saccharomyces boulardii, a member 
of S. cerevisiae species, is the only yeast with clinical role and proven probiotic efficiency in 
double blind clinical studies [39]. Thus, finding other yeast strains with probiotic character­
istics and especially those isolated from table olives is of great interest.

The probiotic potential of yeasts isolated from fermented table olives has been documented 
to some extent [8, 35]. In particular, Psani & Kotzekidou, [35] found Torulaspora delbrueckii 
and Debaryomyces hansenii strains to be quite tolerant in high bile salt concentrations and low 
pH values. Moreover, the fact that the inoculation of these strains were able to inhibit food 
borne pathogens such as Listeria monocytogenes, Bacillus cereus and Salmonella typhimurium 
is remarkable. Furthermore, data from Ref. [8] showed that P. membranifaciens and Candida 
oleophila strains have similar properties but with a different spectrum of inhibition zones (for 
Escherichia coli, Salmonella enteritidis and Staphylococcus aureus). Another significant number of 
yeast species, such as K. lactis, D. hansenii, T. delbrueckii and S. cerevisiae, have shown tolerance 
to traverse the gastrointestinal tract, inhibit the enteropathogens, adhere the intestinal CaCO2 
cell line and present an immunostimulatory activity [40–42]. In particular, S. cerevisiae has 
shown its ability to prevent the survival of E. coli O157:H7 under simulated gastrointestinal 
conditions by the production of ethanol [43]. Although research of olive yeast strains with 
the properties mentioned above is a promising task, it is important for olive yeasts to adhere 
on to the olive skin and survive during storage and/or packaging, in order to be ingested by 
consumers at elevated numbers.
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Except from their probiotic properties, yeasts could positively affect human health in other 
ways, as well. For instance, diverse strains of K. lactis, S. cerevisiae, and Issatchenkia orientalis 
show great ability to reduce cholesterol serum levels [40]. Secondly, phytate has a strong che­
lating ability to form insoluble complexes with divalent minerals of nutritional importance 
such as zinc, calcium, magnesium and iron. Due to a lack of some required enzymes, humans 
cannot degrade phytate complexes in the gastrointestinal tract. It is known that dephosphory­
lation of phytate is catalyzed by phytases, which are widespread in yeast species such as  
I. orientalis, W. anomalus, S. cerevisiae, T. delbrueckii, and K. lactis [41, 44]. Thus, yeasts could be 
included in humans’ diet in order to help them to do so.

Folates (vitamin B9) are considered essential co-factors in the biosynthesis of nucleotides and 
play an important role in cellular replication and growth. It is common that mammals cannot 
synthesize folates and a potential solution is for yeasts to help them to do so because they 
contain a folate biosynthesis pathway and can produce natural folates. Some of those species 
which have a high folate biosynthesis pathway are the S. cerevisiae and Candida glabrata [41].

Other species of yeasts, such as the diverse yeast strains isolated from table olives, belonging 
to the P. membranifaciens and P. farinosa species have the ability to produce B­complex vita­
mins [8, 45]. This means that yeasts can synthesize a number of bioactive compounds which 
can serve as natural antioxidants.

Moreover, researchers are interested in screening of yeasts for free­radical­scavenging activ­
ity. For instance, W. anomalus produced the highest activity in a laboratory medium [46]. 
The production of bioactive antioxidants may retard the oxidative degeneration of fatty sub­
stances and improve human health. In any case, probiotic yeasts could be able to adhere onto 
the olive epidermis, and thus, be ingested by consumers.

Once researchers are very interested in the organoleptic features of olives, yeasts have some 
very essential and strain-specific metabolic properties, such as esterase and lipolytic activi­
ties. The former has frequently been detected, while the isolation of strains with lipoytic 
activities has been reported to a lesser extent [7]. Enterase positive yeasts are covetable 
because the fact that they are able to meliorate the flavor of olives from the formation of 
esters coming from free fatty acids. Strong lipase activity, as well as, weak activity have been 
detected both in vitro in some yeast species. The former has been reported in Candida boidinii, 
D. hansenii and T. delbrueckii while the latter only in P. membranifaciens [34, 35]. Those authors 
have emphasized the change of the free fatty acids composition of olives in the presence of 
yeast populations in contrast with sterile conditions, indicating that lipases produced by 
these microorganisms modify the characteristics of fruit lipids and therefore its organoleptic 
characteristics.

3. Yeast ecology of table olives

According to Ref. [4] it has been reported, that yeasts are responsible for the fermentation pro­
cess of natural black olives. However, to green olives, the fermentation is driven by LAB. Black 
olive fermentations have been studied in different countries, mainly in the Mediterranean 
(Italy, Spain, Portugal, Greece, and Morocco) and showed some yeast species biodiversity. 
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Despite this fact, a few species were dominant, such as P. membranifaciens, Saccharomyces ole­
aginosus, Pichia anomala, C. boidinii and T. delbrueckii [47–50]. However, since LAB are partially 
inhibited in directly brined green and natural black olives due to the presence of phenolic 
compounds, yeasts became highly important for the fermentation process [3].

Nowadays, several studies have focused on yeasts microbiota situated on the surface of olive 
fruits. Some of those studies are summarized in Table 1. In the past, the characterization of 
yeasts associated with table olives was mainly made by morphological and biochemical meth­
ods comparing the obtained results with diverse taxonomic keys [10, 61]. However, molecu­
lar methods have started to be used recently, for the identification of yeasts coming from table 
olives fermentation. One of the most applicable methods is the Denaturating Gradient Gel 
Electrophoresis (DGGE-PCR), which is more precise than any classical method and is based 
on (i) restriction fragment length polymorphism (RFLP) analysis obtained after cutting the 
amplified 5.8S rRNA gene and the associated intergenic spacers ITS with endonucleases [62], 
and (ii) the direct sequencing of the D1/D2 domains of the 26S rRNA gene amplified with 
primers NL1 and NL4 [63] or the 5.8S-ITS region amplified with primers ITS1 and ITS4 [62].

The information following below is a short description of microbial ecology studies at dif­
ferent cultivars and processing steps within the major table olives production countries of 
Mediterranean in an attempt to draw conclusions on their yeast colonization (Figure 1).

3.1. Spain

According to Ref. [12], S. cerevisiae, Issatchenkia occidentalis and Geotrichum candidum were iden­
tified from Spanish naturally green seasoned table olives (cv. Alorena). In the same study the 
researchers identified C. boidinii and Hanseniaspora guilliermondii from the preservation stage 
of ripe black olives. During the fermentation of Arbequina naturally green table olives in 
Spain [52, 53], C. boidinii, C. sorsoba, Candida diddensiae, K. lactis, P. membranifaciens, W. anoma­
lus, P. kluyveri, and Rhodotorula glutinis were found. In a study looking at the Spanish yeast 
biodiversity of oleic ecosystems, the yeast biodiversity in the fresh table olive, crushed olives 
and olive pomace from Arbequina and Cornicabra varieties, has been found to contain Pichia 
caribbica, Lachancea fermentati and Nakazawaea holstii, as the most important isolated species [54]. 
According to Ref. [7], researchers carried out the molecular identification by means of a RFLP 
analysis and sequencing of a total of 199 yeast isolates obtained from Spanish industrial green 
table olive fermentation. C. diddensiae, S. cerevisiae and P. membranifaciens were the most abun­
dant yeast species isolated from directly brined Alorena olives, but for Gordal and Manzanilla 
cultivars, Candida tropicalis, P. galeiformis and W. anomalus were found. Recently, other scientists 
[57] used a culture-independent approach based on the PCR-DGGE analysis for the identifica­
tion of yeasts associated with Alorena de Malaga olive fermentation, and found that in cold 
fermented olives the most essential yeasts were S. cerevisiae and Candida apicola. Finally, it has 
been shown that the most important species throughout the storage period of table olives were 
S. cerevisiae and Pichia galeiformis, although C. boidinii was present at the last stages of the process 
and P. membranifaciens was detected at an earlier stage of the Hojiblanca cultivar storage [34].

To summarize, the hierarchically most prominent yeast on Spanish table olives are P. membra­
nifaciens, C. boidinii, C. diddensiae, S. cerevisiae and P. anomala.
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Yeasts/stage Country/variety Method Ref.

Saccharomyces cerevisiae, Issatchenkia 
occidentalis, Geotrichum candidum (during 
process)

Spanish green seasoned 
table olives

Sequencing of 26S rRNA, D1/
D2 region

[12]

Candida boidinii, Hanseniaspora 
guilliermondii (final product)

Ripe black olives Sequencing of 26S rRNA, D1/
D2 region

[12]

P. anomala, C. boidinii, Debaryomyces 
etchelsii (during process)

French black olives RFLP, Sequencing of D1/D2 
region

[51]

C. boidinii, Candida sorsoba, Candida 
diddensiae, P. membranifaciens, 
Kluyveromyces lactis, P. anomala, P. 
kluyveri, Rhodotorula glutinis (during 
process)

Spain, Arbequina table 
olives

RFLP [52, 53]

Pichia caribbica, Lachancea fermentati, 
Nakazawaea holstii (during process)

Spain, Arbequina and 
Cornicabra

Sequencing of 5.8 rRNA, ITS1-
ITS2 region

[54]

Metschnikowia pulcherrima, Debaryomyces 
hansenii, Aureobasidium pullulans (during 
process)

Greece, Conservolea black 
olives

Sequencing of 5.8 rRNA, ITS1-
ITS2 region

[55]

P. membranifaciens, P. anomala (final 
product)

Greek black olives Sequencing of 5.8 rRNA, ITS1-
ITS2 region

[55]

Candida parapsilosis, P. guilliermondii, P. 
kluyveri (during process)

Sicilian green table olives. RFLP, Sequencing of 26 s rRNA 
D1/D2 region

[56]

S. cerevisiae, Pichia galeiformis, C. boidinii 
(final product), and P. membranifaciens 
(during possess)

Hojiblanca RFLP, Sequencing of 5.8 s rRNA, 
ITS1­ITS2 region

[34]

C. diddensiae, S. cerevisiae and P. 
membranifaciens (during process)

Spain/ Alorena RFLP, Sequencing of 26 s rRNA 
D1/D2 region

[7]

Candida tropicalis, P. galeiformis and P. 
anomala (during process)

Spain/Gordal and 
Manzanilla

RFLP, Sequencing of 26 s rRNA 
D1/D2 region

[7]

S. cerevisiae and Candida apicola (during 
process)

Spain/ Alorena de Malaga PCR-DGGE of 26SrRNA [57]

S. cerevisiae, P. anomala, C. diddensiae, 
Issatchenkia orientalis (during process)

Sicilian green table olives PCR-DGGE of 26 s rRNA [58]

P. membranifaciens, Pichia fermentans, 
S. cerevisiae, Candida oleophila. (during 
process)

Portuguese brined olive RFLP, Sequencing of 26 s rRNA 
D1/D2 region

[8]

Citeromyces matritensis, Zygotorulaspora 
mrakii, S. cerevisiae (during process)

Portugal, Manzanilla Sequencing of 26 s rRNA D1/
D2 region

[59]

P. membranifaciens (during process) Greece, Conservolea Sequencing of 5.8 s rRNA, ITS1-
ITS2 region

[60]

Table 1. Scientific reports of microbial ecology studies reporting the isolation of yeasts from different cultivars of table 
olives and different fermentation processes and different Mediterranean countries.
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3.2. Greece

In relevant scientific work of Greek scientists it has been discovered that Metschnikowia pulcher­
rima, D. hansenii and Aureobasidium pullulans were the dominant yeast species at the beginning 
of the fermentation process of Greek Conservolea black olives [55]. These researchers found a 
new yeast species associated with this type of fermentation, named Candida olivae. Species het­
erogeneity changed during fermentation and both P. membranifaciens and P. anomala became 
the only dominant yeasts at the end of the fermentation. A similar work focusing on microbial 
heterogeneity during aerobic and modified atmosphere packaging storage of Conservolea 
natural black olives found that P. membranifaciens was dominated in all pouches regardless of 
gas composition with a frequency more than 80% during storage [60]. Summarizing P. mem­
branifaciens is the dominant yeast on Conservolea black olives followed by P. anomala.

3.3. Italy

In Ref. [56], it has been revealed that in Sicilian environment in four Italian olive cultivars 
(Bradofina, Castriciana, Nocellara del Belice and Passalunara) and one Spanish (Manzanilla) the 
presence of P. kluyveri followed by Candida parapsilosis and P. guilliermondii during the entire fer­
mentation period is clear. In a similar work [58] also in Sicily with green table olives of cultivar 
Nocellara dell’ Etna, researchers found S. cerevisiae, P. anomala, C. diddensiae, and I. orientalis dur­
ing the process. Finally, when researchers [6] studied the technological and spoiling character­
istics of yeast microflora isolated from cultivar Bella Di Cerignola table olives, most prominent 
yeasts isolated were Candida famata and C. guilliermondii. Summarizing the Italian yeast biodiver­
sity in green olives is seems that P. guilliermondii and P. kluyveri are likely to play a crucial role 
in their fermentation.

Figure 1. (A) Cyprus naturally black olives with salt, (B) Kalamata naturally black olives in brine, (C) Cyprus green 
cracked olives in brine, (D) Colonized surface of Cyprus green cracked olives (arrows show the formation of microbial 
colonies viewed under stereomicroscope).

Yeast - Industrial Applications142



3.2. Greece

In relevant scientific work of Greek scientists it has been discovered that Metschnikowia pulcher­
rima, D. hansenii and Aureobasidium pullulans were the dominant yeast species at the beginning 
of the fermentation process of Greek Conservolea black olives [55]. These researchers found a 
new yeast species associated with this type of fermentation, named Candida olivae. Species het­
erogeneity changed during fermentation and both P. membranifaciens and P. anomala became 
the only dominant yeasts at the end of the fermentation. A similar work focusing on microbial 
heterogeneity during aerobic and modified atmosphere packaging storage of Conservolea 
natural black olives found that P. membranifaciens was dominated in all pouches regardless of 
gas composition with a frequency more than 80% during storage [60]. Summarizing P. mem­
branifaciens is the dominant yeast on Conservolea black olives followed by P. anomala.

3.3. Italy

In Ref. [56], it has been revealed that in Sicilian environment in four Italian olive cultivars 
(Bradofina, Castriciana, Nocellara del Belice and Passalunara) and one Spanish (Manzanilla) the 
presence of P. kluyveri followed by Candida parapsilosis and P. guilliermondii during the entire fer­
mentation period is clear. In a similar work [58] also in Sicily with green table olives of cultivar 
Nocellara dell’ Etna, researchers found S. cerevisiae, P. anomala, C. diddensiae, and I. orientalis dur­
ing the process. Finally, when researchers [6] studied the technological and spoiling character­
istics of yeast microflora isolated from cultivar Bella Di Cerignola table olives, most prominent 
yeasts isolated were Candida famata and C. guilliermondii. Summarizing the Italian yeast biodiver­
sity in green olives is seems that P. guilliermondii and P. kluyveri are likely to play a crucial role 
in their fermentation.

Figure 1. (A) Cyprus naturally black olives with salt, (B) Kalamata naturally black olives in brine, (C) Cyprus green 
cracked olives in brine, (D) Colonized surface of Cyprus green cracked olives (arrows show the formation of microbial 
colonies viewed under stereomicroscope).

Yeast - Industrial Applications142

3.4. France

In Ref. [51] it has been identified that P. anomala, C. boidinii and Debaryomyces etchelsii were 
dominant species in French black olives of Nyons area (South France).

3.5. Portugal

According to Ref. [8], researchers studied the yeast population associated with Portuguese 
brined green olives of cultivars Galega and Cordovil, fermentation was mainly driven by 
P. membranifaciens, P. fermentans, S. cerevisiae and C. oleophila. In a similar work [59], it has 
been found that during the initial phases of cracked green Manzanilla olive fermentation a 
great diversity of yeasts was observed; however, as the process was evolving, the biodiver­
sity decreased with the fermentative yeasts Citeromyces matritensis, Zygotorulaspora mrakii and 
S. cerevisiae becoming the dominant species. These species though are reported as high risk 
spoilage microorganisms contrary to P. membranifaciens reported by [8].

Concluding this brief overview of yeast ecological studies in fermented table olives around 
the Mediterranean it becomes apparent that among Candida species, C. boidinii, C. diddensiae,  
C. famata (formerly D. hansenii), C. guilliermondii (formerly H. guilliermondii), and C. oleophila are  
the most prominent. Among Pichia species, P. membranifaciens, Pichia anomala (W. anomalus) 
and P. fermentans are the most prominent. From other species we tend to isolate more A. pul­
lulans, Debaryomyces etchellsii, G. candidum, I. occidentalis, K. lactis, Rhodotorula spp., S. cerevisiae 
and Z. mrakii. These yeasts are plentiful for detailed studies on their role during table olive fer­
mentations and could offer great opportunities for biotechnological tools as starter cultures.

4. Biotechnological applications of table olives yeast strains

Yeast microbiota in olives is very heterogeneous and can be altered depending on the olive 
cultivar, region, type of fermentation process, salt concentration, pH, nutrients, oxygen and 
interactions with other microorganisms [5, 57, 64–69]. In table olive fermentations, yeasts 
are an important group of microorganisms that act as both desirable and spoilage microor­
ganisms and it is important to evaluate their biodiversity in table olive fermentations [3, 4].  
As a positive effect, some yeast species isolated from table olives, such as Debaryomyces, 
Pichia and Candida are known to include a considerable number of strains with a killer char­
acter and it has been found, that W. anomalus protects olives from unsaturated fatty acid oxi­
dation and peroxide formation [3, 70, 71], relating also to the antioxidant activity of yeasts 
[7, 8]. Moreover, it has been reported that W. anomalus and S. cerevisiae isolated from diverse 
table olive fermentations, have phytase enzymes that are required for the degradation of 
phytate complexes [3, 41, 44]. On the other hand, W. anomalus is important yeast for olive 
fermentation, but it may also have a role in the deterioration of olives at the end of fermenta­
tion [72]. It has been reported that some olive­related yeast strains, such as W. anomalus, can 
produce enzymes that could cause softening of the olives as an unfavorable property [33].

According to Ref. [73], the combination of yeasts with LAB, has resulted to an improvement 
in growth of the LAB. As a result, the production of lactic acid was improved, thanks to the 

Yeast Ecology of Fermented Table Olives: A Tool for Biotechnological Applications
http://dx.doi.org/10.5772/intechopen.70760

143



greater availability of the necessary nutrients by the yeasts activity and lysed cells. Indeed, 
recent studies have shown that the growth of LAB could be stimulated by the use of yeasts, as 
for example L. plantarum, improved its growth when D. hansenii was inoculated in olive brine 
[74]. Moreover, L. pentosus’s performance was rapidly improved, with the use of S. cerevisiae 
as a starter in green table olive solutions [73]. In the same study, it has been proved that the 
production of lactic acid was increased, as well. Yeasts seem to be active microorganisms dur­
ing the fermentation of table olives, synthesizing substances such as vitamins, amino acids 
and purines, or breakdown complex carbohydrates, which are essential for the growth of 
Lactobacillus species [75].

Therefore, selection of the most appropriate yeasts for starters should be firstly based on 
strains possessing the best enzymatic activities as mentioned earlier and secondly to their 
ability to predominate during fermentation. Moreover, it is needed to have a high resistance 
to salt and low pH values. Predictive microbiology is seemed to be a valuable tool for the 
discrimination and selection of the most promising strains, determining the influence of envi­
ronmental variables on yeast growth [5]. A problem usually occurring in such applications is 
to find the appropriate methodology to manage such a large amount of data, which is neces­
sary when researchers have to analyze several biochemical activities or growth data from a 
considerable number of strains.

Multivariate analysis techniques offer a viable approach in solving this setback. For 
instance, multivariate analysis approach to study growth and qualitative activity data of a 
number of yeasts isolated from Bella di Cerignola table olives [6] has been used. Principal 
Component Analysis (PCA) clearly differentiated and assisted the selection and discrimi­
nation of several W. anomalus and C. boidinii isolates with high global desirable activity 
levels [76].

However, in some cases, dominant yeasts could create products with milder taste and 
less self­life preservation [4, 15]. This problem was reported in [65] during fermentation 
of natural black olives at different NaCl levels and temperatures. Moreover, an excessive 
growth of fermented yeast (7 log10 CFU mL−1) could produce a vigorous production of CO2 
resulting in penetrating olives and damaging the fruits [64]. The use of high levels of NaCl 
during fermentation (8% in the equilibrium) could privilege the growth of yeasts against 
LAB [4, 65]. In accordance with Ref. [33], it has been found that some strains of Rhodotorula 
minuta and D. hansenii in green table olive fermentations are having this ability. Finally, 
strains of R. glutinis, R. minuta and R. rubra could grow, form pellicles in olive brines and 
produce polygalacturonases causing a softening of olives kept in storage [77].

Moreover, yeasts present in packed olives can produce an excess gas (CO2) leading to swollen 
containers, clouding of the brines, or produce off-flavors and off-odors [4]. Furthermore, it has 
been reported that yeasts identified currently as S. cerevisiae and P. anomala spoiled the olives 
through a combination of gas-pocket formation and softening [78]. Fortunately, yeasts from 
table olives are almost entirely nonpathogenic. The inhibitory effect of sorbic acid, benzoic 
acid and their salts on yeasts growth to stabilize table olive packing, were reported previously 
[5, 79, 80].
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5. Future perspectives

At this moment, the scientific community has gathered significant amount of knowledge 
about the ecology of fermented table olives, physiology, biochemistry and genetics of yeasts 
isolated from table olives fermentation and more data are soon going to be added with the use 
of high throughput sequencing techniques. Despite the large amount of beneficial properties 
that these microorganisms could offer to the final product, recent findings showed that yeasts 
are not only in the cover brines, but also on the fruit epidermis, which indicates a promising 
source of probiotic strains [43, 81]. The production of an innovative and functional food hav­
ing the advantages of probiotic yeasts, can contribute to a final product with added value, 
even higher than it already has. From the research so far, it is clear that yeasts from table olives 
show an interesting technological and probiotic profile. However, further research is needed 
as far as their physiology, ecology, biochemistry is concerned. Also the study of yeasts are 
needed in molecular level throughout the fermentation, in order to be explained their preva­
lence or not in the final product, especially when it has to do with probiotic microorganisms. 
Undoubtedly, the full potential of table olive related yeasts have not been fully determined 
and many challenges are awaiting research, dissemination and industrial exploitation.

The microbiota of olives varies somewhat from region to region, from cultivar to cultivar and 
from type to type of processing [5, 12, 33, 34, 76]. For this reason and due to the importance of 
yeasts to the final product, it is a challenge to investigate and combine the diversity of yeasts 
in table olives around regions as a geographical indication. This could lead to the introduc­
tion of new table olives as PDO or PGI products, especially for EU countries. Finally, starter 
cultures can play an essential role in olive fermentation by controlling the safety and the qual­
ity of the final product. For extensive information on selection of yeasts as starter cultures for 
table olives, Refs. [32, 82] are thorough reviews with step by step procedures to follow.

Next Generation Sequencing (NGS) approaches have recently started to appear in the sub­
ject with most recent the work enhancing the knowledge on fungal communities in directly 
brined Alorena de Malaga green olives fermentations using metabarcoding analysis [83]. 
Along these lines more publications are expected in the forthcoming years.

However, NGS technologies are providing massive amount of data, many times difficult to 
interpret at logical, applied level. Recently, a very important effort on databasing, visualiz­
ing and exploring the food bacterial communities based on network analysis has announced 
preliminary results [84]. FoodMicrobionet, the platform prepared by the inclusion of 17 bacte­
rial studies on dairy products, dairy starter cultures, raw and fermented meat, doughs and 
sourdoughs and fermented vegetables is attempting to analyze nodes and network properties 
while building an interactive web­based visualization. By this the researcher can explore the 
relationships between Operational Taxonomic Units (OTUs) and samples in order to identify 
core and sample specific bacterial communities. A similar approach will be very much in 
use for yeast/fungal studies of various matrices. The above if combined with a high through­
put screening technique for aroma formation like the one used in [85] may provide exciting 
results with a plethora of new interrelationships. Similarly, a recent work with Sicilian table 
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olives (cv. Nocellara Etnea) [86] investigates the bacterial community and its dynamics during 
the fermentation of the olives and its effect on metabolome formation.

In the following years we expect more detailed studies in the field of table olives microbial 
ecology and biotechnology, as well as gaining valuable knowledge for the related microbial 
functions that can be applied far beyond olive fermentations.
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Abstract

Fermentation process of Saccharomyces cerevisiae has been investigated bymany research-
ers for higher product quality and yield with lower cost. Operating parameters such as
pH, dissolved oxygen (DO) concentration, temperature, substrate type and concentra-
tion, agitation speed, air flow rate should be optimized to achieve valuable products. In
this point, system identification and advanced control techniques emerge to provide
solutions. Dynamic analysis of pH and DO of the growth medium were performed at
aerobic conditions in a batch bioreactor by applying step and square wave inputs to the
base and air flow rates, respectively. Input–output data of the process and linear Auto
Regressive Moving Average with eXogenous (ARMAX)-type model were used to deter-
mine the relationship between controlled and manipulated variable in baker’s yeast
production by system identification. The model parameters were estimated using the
recursive least squares (RLS) method. The most suitable parametric model was deter-
mined by carrying out estimations with different values of initial value of the covariance
matrix, forgetting factor, and order of the ARMAX model. Self-tuning generalized min-
imum variance (ST-GMV) control was performed with the ARMAX model for control-
ling pH and DO. Integrated square error (ISE) values were considered as a performance
criteria for modeling and control studies.

Keywords: Baker’s yeast, S. cerevisiae, system identification, ARMAX model, RLS,
ST-GMV control, dissolved oxygen control, pH control

1. Introduction

Saccharomyces cerevisiae microorganism, also known as baker’s yeast, is used in a variety of
applications such as ethanol, glycerol, β-glucan, invertase enzyme, and mostly yeast production.
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Using molasses or glucose as the carbon source with batch or fed-batch operation, it is possible
to produce ethanol and the yeast itself on commercial scale under anaerobic or aerobic condi-
tions, respectively [1]. Due to the process economy, cells with high volumetric efficiency
should be obtained at the growth phase of microorganisms [2]. S. cerevisiae research is continu-
ing in biotechnology and genetics fields as well as R&D works in the food and pharmaceutical
industry [3]. Many studies on β-glucan production emphasize the importance of S. cerevisiae
production for use in the pharmaceutical field [4]. Production data must be examined well in
order to better understand the process [3]. Microorganisms used as biocatalysts can be pro-
duced at high concentrations with high enzyme activity at suitable values of bioreactor oper-
ating conditions such as pH, temperature, dissolved oxygen (DO) concentration, air flow rate,
agitation speed, and substrate concentration [2].

If the facts of bioprocessing are mentioned, the operating parameters of the systems change
with time, and these changes are not linear. In addition to that, they lack the mathematical
models that define the complex reactions, which take place during cell growth and product
formation [5, 6]. Furthermore, there are limited online sensors that can detect state variables
such as cell, substrate, and product concentrations. Also, inhibitory effects of the substrate,
oxygen or formed product, on the activity of the biocatalyst are present. Alpbaz et al. empha-
sized that S. cerevisiae is very sensitive to changes in the growth environment [7]. Because of
these constraints in bioprocesses, it is necessary and important to determine the optimal
operating conditions and to control the operating parameters at the determined optimum
values to ensure economic gain, high-quality product, and safe operation [8]. Despite installa-
tion, operation and modeling studies are present in the literature for batch and fed-batch
operation, and it is very difficult to control them due to both their biological process nature
and the dynamics throughout that process. [9].

The control performance can be affected by the controller-tuning parameters and the process
model parameters besides, the choice of control algorithm and the structure of the process
model. Parameters of parametric and nonparametric models are calculated using dynamic
analyses of different disturbance effects and system identification algorithms. Parametric
models are generally constructed using a discrete time polynomial model [10]. Step, square
wave, pseudorandom binary sequence (PRBS), impulse, pulse, and random inputs are gener-
ally applied as input variables (such as flow rates of acid/base for pH, cooling/heating fluid
flow rate for temperature, air flow rate for DO, and substrate feed for substrate concentration)
to perform dynamic analyses and obtain input–output data from process [11]. Various system
identification algorithms such as Biermann, Levenberg–Marquardt, genetic, least squares (LS),
and recursive least squares (RLS) have been studied for the calculation of the model parame-
ters [10, 11]. The parameters of nonparametric models are calculated using the corresponding
curves, such as reaction curve and Bode diagrams [12, 13]. The actual part of the system can be
modeled with approximated structure and estimated parameters of it [3]. During control, the
closed-loop performance of the system is largely depend on incompatibility of the actual
process with the model. Therefore, a particular model structure should include all the known
information about operating conditions and approximate the system to a chosen degree. Also,
it should be flexible and lead to fast parameter estimation procedures [14]. Auto Regressive
Moving Average with eXogenous (ARMAX)-type input polynomial model has been widely
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operation, and it is very difficult to control them due to both their biological process nature
and the dynamics throughout that process. [9].

The control performance can be affected by the controller-tuning parameters and the process
model parameters besides, the choice of control algorithm and the structure of the process
model. Parameters of parametric and nonparametric models are calculated using dynamic
analyses of different disturbance effects and system identification algorithms. Parametric
models are generally constructed using a discrete time polynomial model [10]. Step, square
wave, pseudorandom binary sequence (PRBS), impulse, pulse, and random inputs are gener-
ally applied as input variables (such as flow rates of acid/base for pH, cooling/heating fluid
flow rate for temperature, air flow rate for DO, and substrate feed for substrate concentration)
to perform dynamic analyses and obtain input–output data from process [11]. Various system
identification algorithms such as Biermann, Levenberg–Marquardt, genetic, least squares (LS),
and recursive least squares (RLS) have been studied for the calculation of the model parame-
ters [10, 11]. The parameters of nonparametric models are calculated using the corresponding
curves, such as reaction curve and Bode diagrams [12, 13]. The actual part of the system can be
modeled with approximated structure and estimated parameters of it [3]. During control, the
closed-loop performance of the system is largely depend on incompatibility of the actual
process with the model. Therefore, a particular model structure should include all the known
information about operating conditions and approximate the system to a chosen degree. Also,
it should be flexible and lead to fast parameter estimation procedures [14]. Auto Regressive
Moving Average with eXogenous (ARMAX)-type input polynomial model has been widely
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used in the literature due to the basic structure to describe the process dynamics [2, 3, 10–12,
15–18].

The need for self-regulating controllers stems from the desire to control processes whose
parameters are unknown or slowly changing over time [11]. The fundamentals of this method
were based on the self-tuning regulator (STR) developed by Åström and Wittenmark [19]. The
control objective of this method is to reduce the variance of the output variable (such as pH,
temperature, DO, and substrate concentration) to a minimum. The STR predicts the future
output variance and then tries to implement a control action that forces the estimated variance
to be zero [11]. However, in the applications of the STR technique, some difficulties have been
experienced such as lack of online tuning parameters, weakness for control of nonminimum
phase systems and poor control on changing or unknown time-delayed systems [2]. Later,
Clarke, and Gawthrop modified the STR to the self-tuning generalized minimum variance (ST-
GMV) to overcome these difficulties [20]. ST-GMV is an adaptive algorithm based on GMV
cost function and a predictive form of the process model. This formulation leads to an easier
tuning [21]. ST-GMV method has become very popular nowadays and is widely used in the
industrial applications [22, 23].

In this chapter, dynamic analysis and system identification of the most important operating
parameters for the baker’s yeast production process which are pH and DO of the growth
medium were investigated. Dynamic analysis were conducted at an optimal temperature for
baker’s yeast production determined from previous studies as 32�C were done in order to
explain the process behavior and obtain the data to be used in the system identification step. It
is clear that this study must be performed as process specific due to the data depends on
mostly the physical structure of the process. This chapter especially focused on the success of
the system identification step on the control applications. For examining the controller perfor-
mance dependence on the process model structure and the model parameters, two contrary
models which were called as suitable and unsuitable models were used in the ST-GMV
simulation studies. Controller performances were evaluated according to the constant set point
trajectory with various noisy conditions for both controlled variables. Similarly, as most of the
studies given in the literature, simulation study results conducted at the MATLAB environ-
ment and interpreted in the base of intergrated squared errors.

2. Effects of operating parameters on baker’s yeast production

S. cerevisiae yeast is undoubtedly one of the most important microorganisms that have been
consumed safely throughout human history. Yeast cells need both nutrients and energy for
growth and product formation. They use sugars such as glucose, maltose, and sucrose, vita-
mins such as biotin, pantothenate, inositol, and minerals such as Cu, Zn, Fe, Mo, and Mn to
provide the necessary nutrients and energy [22]. High substrate concentrations may cause
inhibition on microorganism production due to that substrate is binding to a second, nonactive
site on a form of enzyme [22]. In the same case, ethanol production also occurs due to oxygen
deficiency. This is known as the Crabtree effect, which is undesirable because it causes low
yield in the fermentative growth of the cells [22]. Substrate level that inhibits the production of
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yeast is essentially dependent on the cell and substrate type. Glucose concentration over 200 g/L
inhibits the microorganism growth in yeast production [2].

Another essential requirement is oxygen. Yeast cells use oxygen together with sugar to grow
without ethanol production. As in the case of beer and wine production, if there is not enough
oxygen in the environment, yeast will continue to grow by producing ethanol. In order to
produce the yeast in the desired way, the oxygen and sugar transfer to the growth medium
should be good and the ethanol formation should be low. Oxygen is a limiting substrate due to
its lower solubility in water. The solubility of oxygen in water is 8 mg/L at 30�C [24]. It is known
that the lower the DO concentration, the lower the substrate consumption and the rate of carbon
dioxide formation, and this is called as Pasteur effect [25]. When working at aerobic conditions, it
is not enough to feed only the oxygen source to the system. Providing a homogeneous distribu-
tion of oxygen in the liquid medium is also an important parameter [24]. The transfer of oxygen
from the gas phase to the microorganism in the feed medium is of great importance in deter-
mining bioreactor design and operating conditions. Depending on whether the medium condi-
tion is aerobic or anaerobic, the following reactions occur during yeast production.

C6H12O6 þ 6O2 ���������!Aerobic conditions
6CO2 þ 6H2Oþ 688kcal (1)

C6H12O6 �����������!Anaerobic conditions 2C2H5OHþ 6CO2 þ 56kcal (2)

Carbon dioxide and water form in the medium when the yeast can grow in a suitable environ-
ment under aerobic conditions. If the goal is to produce yeast, aerobic conditions are required
[12]. Otherwise, ethanol production occurs under anaerobic conditions [12]. Since ethanol itself
is a carbon source, yeast cells can also use the ethanol to grow primarily during the diauxic
phase [25]. Since ethanol is toxic, yeast prefers sugars to ethanol in order to grow. During
growth, the yeast cell produces carbon dioxide. Another reliable variable that can be used to
describe the state of the yeast since it does not use oxygen while producing ethanol is the ratio
of the carbon dioxide production rate (CPR) to oxygen uptake rate (OUR). This ratio is defined
as respiratory quotient (RQ) [2].

The pH of the growth medium is an important operating parameter because it affects the
activity of enzymes in the microorganisms. Yeast is resistant to acidic environments, as well
as being very sensitive to alkali environments. It is preferable for the growth medium to be
between pH 3 and 6 [24]. It is difficult for cations and anions to pass through the cells when not
working at the appropriate pH for the microorganism. Disruption of cell permeability affects
enzyme activity and causes protein synthesis to stop. Besides, cells become more susceptible to
toxic substances. For these reasons, the pH of the growth medium is influential on the sub-
strate consumption and production yield of the yeast.

Like all microorganisms, yeasts have minimum (5–25�C), maximum (40–50�C), and optimum
(30–40�C) growth temperatures [26]. The activity of enzymes involved in microorganisms’
structures is greatly affected by temperature. In general, the temperature of the growth
medium has a great influence on the growth of microorganisms, respiration, and product
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formation. According to the chemical kinetics, rise of temperature increases the reaction rate;
however, enzymatic reactions adhere to this rule until a certain temperature. The temperature
increase caused by the heat generated during the production of the baker’s yeast under aerobic
conditions is undesirable in terms of product efficiency.

3. System identification

Before working on a system, it is necessary to know the system’s upper and lower limits in
order to be aware of the possible situations that can be faced. To control the system, firstly the
relations between the input variables and the output variables must be obtained and the model
of the system must be developed. While modeling the systems, it is possible to use input–
output data obtained by experimental studies or mass-energy balances. However, it is difficult
to obtain a model by using mass-energy balances in complex systems, and in some cases these
balances may be insufficient to accurately identify the system. In such cases, it is more useful to
create models using system identification methods from the experimental input–output data
[27]. System identification might be described as a method based on giving a disturbance to
the input variable and consequently obtaining the output variable data of the system and
determining the model. The unknown parameters in the parametric model are found by an
appropriate method using input–output data. Then, the model is compared with the experi-
mental data and the fitness is tested.

3.1. Signals used in system identification

The first step of system identification is the selection of input signals that will affect the system.
Step, square wave, sinusoidal wave, PRBS, impulse, pulse, and random signals are generally
applied as inputs [11]. Often, discrete time models are used to describe the system [8–11]. For
this purpose, input and output variable signals are sampled and recorded at a suitable time
interval. This chapter was focused on step effect as input signal.

3.2. System models

Linear model of an open-loop discrete time system can be written in terms of u(t) as input
variable and x(t) as output variable as shown in Eq. (3).

x tð Þ þ a1x t� 1ð Þ þ…þ anax t� nað Þ ¼ b0u t� 1ð Þ þ…þ bnbu t� nbð Þ (3)

Backward shift operator is defined as Eq. (4).

z�ix tð Þ ¼ x t� ið Þ (4)

Here, x(t) represents the x value at time t, x(t � 1) represents the x value at time (t � Δt) for
Δt = 1, and x(t � i) represents the x value at time (t � iΔt). Eq. (5) is defined as a discrete time
transfer function.
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x tð Þ ¼ B
A
u tð Þ (5)

Here, polynomials of A and B can be written as Eqs. (6) and (7).

A ¼ 1þ a1z�1 þ…þ anaz
�na (6)

B ¼ b0 þ b1z�1 þ…þ bnbz
�nb (7)

Roots of polynomials A and B are poles and zeros of the system, respectively. If one of the
poles or zeros of the system is placed outside the unit circle of the z-plane, system is defined as
unstable or nonminimum phase, respectively [28]. In a self-tuning system, disturbance effects
can occur in a wide variety of forms. The disturbance signal s(t) can be a part of the control
system and is often treated as an additional disturbance factor at the output of the controlled
process. In this case, the self-tuning controller will attempt to eliminate this disturbance effect.
Such signals can be summed up in two groups as defined signals and random signals. In
general, model of a constant random signal source is shown as follows.

s tð Þ ¼ C
A
e tð Þ (8)

Here, C polynomial is defined as Eq. (9).

C ¼ 1þ c1z�1 þ c2z�2 þ…þ cncz
�nc (9)

Eq. (8) is also described as auto regressive moving average (ARMA) model. Whole system
output can be written in various forms as Eqs. (10–12).

y tð Þ ¼ x tð Þ þ s tð Þ (10)

y tð Þ ¼ B
A
u t� 1ð Þ þ C

A
e tð Þ (11)

y tð Þ ¼ a1y t� 1ð Þ þ…þ anay t� nað Þ ¼ b0u t� 1ð Þ þ…þ bnbu t� nbð Þ þ e tð Þ
þ c1e t� 1ð Þ þ…þ cnce t� ncð Þ (12)

This model is obtained by adding a control input to the ARMA-type signal, and the system is
called ARMAX model.

3.3. Estimation of model parameters

3.3.1. LS method

Eq. (11) is written in matrix form, and transpose of data and parameter vectors are defined as
(ϕT) and (θT), respectively.

ϕT ¼ �y t� 1ð Þ;…;�y t� nað Þ;u t� 1ð Þ;…;u t� nbð Þ; e t� 1ð Þ;…; e t� ncð Þ� �
(13)

θT ¼ a1;…; ana ; b0;…; bnb
� �

; c1;…; cnc � (14)
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Using Eqs. (13) and (14), output variable can be written as follows.

y tð Þ ¼ ϕTθþ e tð Þ (15)

Eq. (15) is known as linear in the parameter model. There are N measurement values, where N
is the number of data samples. Eq. (15) can be redefined as follows.

y 1ð Þ ¼ ϕT 1ð Þθþ e 1ð Þ
y 2ð Þ ¼ ϕT 2ð Þθþ e 2ð Þ
:

:

y Nð Þ ¼ ϕT Nð Þθþ e Nð Þ

(16)

Eq. (16) can be written in vector form as follows.

Y ¼

y 1ð Þ
y 2ð Þ
:

:

y Nð Þ

2
6666664

3
7777775
,φ ¼

ϕT 1ð Þ
ϕT 2ð Þ

:

:

ϕT Nð Þ

2
66666664

3
77777775
, E ¼

e 1ð Þ
e 2ð Þ
:

:

e Nð Þ

2
6666664

3
7777775
! Y ¼ φθþ E (17)

The estimated parameter matrix (bθ) is written as given in Eq. (18), with the output variable (bθ)
obtained from the model.

by tð Þ ¼ ϕT tð Þbθ (18)

The difference between the measured output variable and the output variable calculated from
the model is defined as the estimation error (ε(t)) and given in Eq. (19).

ε tð Þ ¼ y tð Þ � by tð Þ ¼ ϕT tð Þbθ (19)

Eq. (19) is rearranged for N measurements, and Eq. (20) is obtained.

ε 1ð Þ ¼ y 1ð Þ � by 1ð Þ ¼ ϕT 1ð Þbθ
ε 2ð Þ ¼ y 2ð Þ � by 2ð Þ ¼ ϕT 2ð Þbθ
:

:

ε Nð Þ ¼ y Nð Þ � by Nð Þ ¼ ϕT Nð Þbθ

(20)

Eq. (20) can be written in vector form as follows.

ε tð Þ ¼ Y � φbθ (21)
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In order to calculate bθ using LS method, cost function (J) given below in Eq. (22) must be
minimized. ε value of Eq. (21) is written in Eq. (22) and must be rearranged as follows.

J ¼
XN
t¼1

ε2 tð Þ ¼ εTε ¼ εk k2 (22)

J ¼ Y � φbθ
� �T

Y � φbθ
� �

¼ YTY � φTbθT
Y � YTφbθ þ φTφbθTbθ

� �
(23)

To find the value that makes the Eq. (23) minimum, the derivative is taken, then equalized to
zero, and rearranged and the predicted parameter vector calculated by the LS method is found
as follows.

∂J

∂bθ ¼ �2φ
T Y � φbθ
� �

¼ 0 (24)

bθ ¼ φTφ
� ��1

φTYbθ ¼
XN
t¼1

ϕ tð ÞϕT tð Þ
" #�1 XN

t¼1
ϕ tð Þy tð Þ (25)

Although the LS is a widely used method, it is not suitable for self-tuning and predictive
control methods because the parameter calculation is not made in real time. In such control
methods, the data and parameters must be solved at every t instant and updated.

3.3.2. RLS method

Real-time parameter estimation is possible with RLS method and can be easily applied to self-
tuning and predictive control algorithms for calculating time-varying model parameters. In the
RLS method, the new value of the output variable is calculated by using the model parameters
based on past data and the new input–output variable values. The actual value (y(t)) is
compared with this estimated value, and the error (ε(t)) is found. The model parameters
calculated in the previous step are updated with the newly calculated model parameters [27].
If Eq. (25) is written for any t instant, the parameter calculation equation will be as follows.

bθ tð Þ ¼ φT tð Þφ tð Þ� ��1
φT tð ÞY tð Þ (26)

Description of terms in Eq. (26) is in terms of vector forms as follows.

Y tð Þ ¼

y 1ð Þ
y 2ð Þ
:

:

y tð Þ

2
6666664

3
7777775
,φ tð Þ ¼

ϕT 1ð Þ
ϕT 2ð Þ

:

:

ϕT tð Þ

2
66666664

3
77777775

(27)

If Eq. (26) is written for the next sampling time (t + 1), parameter calculation equation will be as
follows.

Yeast - Industrial Applications160



In order to calculate bθ using LS method, cost function (J) given below in Eq. (22) must be
minimized. ε value of Eq. (21) is written in Eq. (22) and must be rearranged as follows.

J ¼
XN
t¼1

ε2 tð Þ ¼ εTε ¼ εk k2 (22)

J ¼ Y � φbθ
� �T

Y � φbθ
� �

¼ YTY � φTbθT
Y � YTφbθ þ φTφbθTbθ

� �
(23)

To find the value that makes the Eq. (23) minimum, the derivative is taken, then equalized to
zero, and rearranged and the predicted parameter vector calculated by the LS method is found
as follows.

∂J

∂bθ ¼ �2φ
T Y � φbθ
� �

¼ 0 (24)

bθ ¼ φTφ
� ��1

φTYbθ ¼
XN
t¼1

ϕ tð ÞϕT tð Þ
" #�1 XN

t¼1
ϕ tð Þy tð Þ (25)

Although the LS is a widely used method, it is not suitable for self-tuning and predictive
control methods because the parameter calculation is not made in real time. In such control
methods, the data and parameters must be solved at every t instant and updated.

3.3.2. RLS method

Real-time parameter estimation is possible with RLS method and can be easily applied to self-
tuning and predictive control algorithms for calculating time-varying model parameters. In the
RLS method, the new value of the output variable is calculated by using the model parameters
based on past data and the new input–output variable values. The actual value (y(t)) is
compared with this estimated value, and the error (ε(t)) is found. The model parameters
calculated in the previous step are updated with the newly calculated model parameters [27].
If Eq. (25) is written for any t instant, the parameter calculation equation will be as follows.

bθ tð Þ ¼ φT tð Þφ tð Þ� ��1
φT tð ÞY tð Þ (26)

Description of terms in Eq. (26) is in terms of vector forms as follows.

Y tð Þ ¼

y 1ð Þ
y 2ð Þ
:

:

y tð Þ

2
6666664

3
7777775
,φ tð Þ ¼

ϕT 1ð Þ
ϕT 2ð Þ

:

:

ϕT tð Þ

2
66666664

3
77777775

(27)

If Eq. (26) is written for the next sampling time (t + 1), parameter calculation equation will be as
follows.

Yeast - Industrial Applications160

bθ tþ 1ð Þ ¼ φT tþ 1ð Þφ tþ 1ð Þ� ��1
φT tþ 1ð ÞY tþ 1ð Þ (28)

Terms φ(t + 1) and Y(t + 1) of Eq. (28) are written in vector form as follows.

bθ tþ 1ð Þ ¼ φ tð Þ
φT tþ 1ð Þ

" #
, Y tþ 1ð Þ ¼ Y tð Þ

y tþ 1ð Þ

" #
(29)

Using these equations, the terms in Eq. (28) are updated.

φT tþ 1ð Þφ tþ 1ð Þ ¼ φT tð Þ ϕ tþ 1ð Þ� � φ tð Þ
ϕT tþ 1ð Þ

" #
¼ φT tð Þφ tð Þ þ ϕ tþ 1ð ÞϕT tþ 1ð Þ (30)

φT tþ 1ð ÞY tþ 1ð Þ ¼ φT tð Þ ϕ tþ 1ð Þ
� � Y tð Þ

y tþ 1ð Þ
� �

¼ φT tð ÞY tð Þ þ ϕ tþ 1ð Þy tþ 1ð Þ (31)

Covariance matrix (P(t)) is defined and written in Eq. (30) as follows.

P tð Þ ¼ φT tð Þφ tð Þ� ��1
(32)

P tþ 1ð Þ�1 ¼ P tð Þ�1 þ ϕ tþ 1ð ÞϕT tþ 1ð Þ (33)

Using covariance matrix definition, Eqs. (26) and (28) can be rewritten as follows.

bθ tð Þ ¼ P tð ÞφT tð ÞY tð Þ (34)

bθ tþ 1ð Þ ¼ P tþ 1ð ÞφT tþ 1ð ÞY tþ 1ð Þ (35)

The term of φT(t + 1)Y(t + 1) in Eq. (31) is written in Eq. (35) and rearranged as follows.

bθ tþ1ð Þ¼P tþ1ð Þ φT tð ÞY tð Þϕ tþ1ð Þy tþ1ð Þ� �¼P tþ1ð ÞφT tð ÞY tð ÞþP tþ1ð Þϕ tþ1ð Þy tþ1ð Þ (36)

Eq. (37) is obtained using Eq. (34) as follows.

φT tð ÞY tð Þ ¼ P�1 tð Þbθ tð Þ (37)

Eq. (33) is combined with Eq. (37) and rearranged as follows.

φT tð ÞY tð Þ ¼ P tþ 1ð Þbθ tð Þ � ϕ tþ 1ð ÞϕT tþ 1ð Þbθ tð Þ (38)

Eq. (38) is written in place at φT(t)Y(t) term of Eq. (36).

bθ tþ 1ð Þ ¼ P tþ 1ð Þ P tþ 1ð Þ�1bθ tð Þ � ϕ tþ 1ð ÞϕT tþ 1ð Þbθ tð Þ
h i

þ P tþ 1ð Þϕ tþ 1ð Þy tþ 1ð Þ

¼ bθ tð Þ þ P tþ 1ð Þϕ tþ 1ð Þ y tþ 1ð Þ � ϕT tþ 1ð Þbθ tð Þ
h i (39)
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Estimation error at time (t + 1) is defined as Eq. (40), and model parameter vector at time (t + 1)
is found as Eq. (41).

ε tþ 1ð Þ ¼ y tþ 1ð Þ � ϕT tþ 1ð Þbθ tð Þ (40)

bθ tþ 1ð Þ ¼ bθ tð Þ þ P tþ 1ð Þϕ tþ 1ð Þε tþ 1ð Þ (41)

Matrix inversion is applied to Eq. (33), and future value of covariance matrix is obtained
as Eq. (42).

P tþ 1ð Þ ¼ P tð Þ � P tð Þϕ tþ 1ð ÞϕT tþ 1ð ÞP tð Þ
1þ ϕT tþ 1ð ÞP tð Þϕ tþ 1ð Þ (42)

RLS method consists of Eqs. (40–42), and the algorithm used is given below.

At time t + 1,

1. Form ϕ(t + 1) vector using new data.

2. Calculate ε(t + 1) using Eq. (40).

3. Calculate P(t + 1) using Eq. (42).

4. Update model parameter vector bθ tþ 1ð Þ using Eq. (41).

5. Return to step 1.

4. ST-GMV control

Cost function of STR, defined as the difference between the set point and the measured value
for an input–output model, is as follows.

J u; tð Þ ¼ Ξ y tþ kð Þ � r tþ kð Þð Þ2
n o

(43)

where y is the output variable, r is the set point, u is the manipulated variable (input), Ξ is the
expectation, and k is the default time delay [16]. It is possible to minimize this cost function by
choosing u(t) which can be defined as an appropriate control output at time t. At the next
sampling time step (t + Δt), a new situation occurs between y and r, and u will need to get a
new value. If the default time delay is smaller than the time delay to be encountered in the real
system, then the control output will try to remove the noise components before being trans-
mitted to the system with the time delay in the real system. This would result in large feedback
gains, resulting in an unrealizable controller that would make the system unstable. On the
other hand, if the default time delay is greater than the time delay of the real system, then the
lowest possible noise value will not be obtained since the highest rate for manipulation is not
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provided [16]. Clarke and Gawthrop set out the ST-GMV method using the control cost of the
STR of Aström and Wittenmark to remove the difficulties in the STR altogether [29]. ST-GMV
control is a one-step ahead optimal control strategy. The cost function of this technique is
expressed by the following equation.

J u; tð Þ ¼ Ξ y tþ kð Þ � r tþ kð Þð Þ2 þ λ u tð Þð Þ2
n o

(44)

This type of controller design can internally stabilize the system, and the stability depends on
the selected λ values. ST-GMV algorithm has a good set point tracking characteristic and has
the ability to control nonminimum phase systems. If the default time delay is implemented
within the generalized system, then the control signal compensates the pseudo output φ(t)
accordingly and directs the feed-forward path.

Using Eq. (44), ST-GMV method relies on maintaining closed-loop stability by taking λ as
small as possible while maintaining a minimum output change to stay reasonably close to the
expectation. Cost function can be generally expressed as follows.

J u; tð Þ ¼ Ξ φ2 tþ kð Þ� �
(45)

ST-GMV method uses a system pseudo output φ(t + k) given by the following equation to
minimize the cost function expressed in general by Eq. (45).

φ tþ kð Þ ¼ Py tþ kð Þ þQu tð Þ � Rr tð Þ (46)

Here, r(t) is the set point, P, Q, and R are the transfer functions with backward shift operator
(z�k). Pseudo output of the system includes a feed-forward feed term (Q) and filters (P, R) of
output and the set point. ST-GMV algorithm uses the feed-forward polynomial Q to prevent
output noise removal problem before signal transmission. φ(t + k) term of Eq. (46) can be
expressed using Eq. (11) with the implementation of default time delay as follows.

φ tþ kð Þ ¼ PBþQA
A

u tð Þ þ PC
A

e tþ kð Þ � Rr tð Þ (47)

According to this equation, cost function to be minimized given by Eq. (45) will be the pseudo
output variation. ST-GMV control algorithm divides the system into parts. For this, firstly, the
error term is fragmented to include past, current, and future data.

PC
A

e tþ kð Þ ¼ Ee tþ kð Þ þ z�k
G
A
e tð Þ (48)

Both sides of Eq. (48) are multiplied by A and rearranged as follows.

PC ¼ AEþ z�kG (49)

Polynomials are written as follows.
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A ¼ 1þ a1z�1 þ…þ anaz
�na (50)

B ¼ b0 þ b1z�1 þ…þ bnbz
�nb (51)

C ¼ 1þ c1z�1 þ…þ cnc z
�nc (52)

E ¼ 1þ e1z�1 þ…þ ek�1z� k�1ð Þ (53)

G ¼ g0 þ g1z
�1 þ…þ gngz

�ng (54)

P ¼ 1þ p1z
�1 þ…þ pnpz

�np (55)

AE term of Eq. (49) is expressed in terms of ARMAX model including offset as follows.

Ay tþ kð Þ ¼ Bu tð Þ þ Ce tþ kð Þ þ d (56)

If both sides of Eq. (54) is multiplied by E and written in Eq. (49), Eq. (55) is obtained.

PCy tþ kð Þ ¼ BEu tð Þ þ CEe tþ kð Þ þ EdþGy tð Þ (57)

Both sides of Eq. (55) are divided to C, and Eq. (56) is obtained.

Py tþ kð Þ ¼ BE
C

u tð Þ þ Ee tþ kð Þ þ Ed
C
þG

C
y tð Þ (58)

Eq. (56) is combined with Eq. (46) and rearranged as follows.

φ tþ kð Þ ¼ 1
C

BEþQCð Þu tð Þ þ Gy tð Þ � CRr tð Þ þ Ed½ � þ Ee tþ kð Þ (59)

Eq. (57) is the sum of current and future terms. Current terms can be expressed as follows and
represents the best φ(t + k) estimation made by using the data until time t.

φ tþ kjt
� � ¼ 1

C
BEþQCð Þu tð Þ þ Gy tð Þ � CRr tð Þ þ Ed½ � (60)

The second term is the estimation error caused by the noise source, e (t + 1), e (t + 2),…, e (t + k).
The second term cannot be removed using control signal u(t) as mentioned before.

Ee tþ kð Þ ¼ φ tþ kð Þ þ φ tþ kjt
� �

(61)

So, J is minimized by equalizing Eq. (58) to zero.

φ tþ kjt
� � ¼ 0! BEþQCð Þu tð Þ þ Gy tð Þ � CRr tð Þ þ Ed½ �

C
¼ 0 (62)

Eq. (60) is rearranged using following definitions.
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F ¼ BEþQC (63)

H ¼ CR (64)

ST-GMV control law can be expressed as follows.

Fu tð Þ þGy tð Þ �Hr tð Þ þ Ed ¼ 0 (65)

Calculation of input variable using ST-GMV control law is made using following equation.

u tð Þ ¼ Hr tð Þ � Gy tð Þ � Ed
F

(66)

Application of ST-GMV algorithm consists of following steps [16, 29]:

1) Apply a PRBS to the system as a forcing function and obtain the plant output.

2) Estimate F, G, H from Eq. (63), implementing the RLS algorithm.

3) Employ Eq. (64) to evaluate the control signal.

4) Apply the control signal.

5) The system output is obtained.

6) Return to step 1.

5. Material and methods

5.1. Microorganism, inoculum preculture, and growth medium

S. cerevisiae NRRL Y-567 was obtained from NRRL-Agricultural Research Service Culture
Collection. Preculture and growth media consist of 2% glucose, 0.6% yeast extract, 0.3%
K2HPO4, 0.335% (NH4)2SO4, 0.376% NaH2PO4, 0.052% MgSO4�7H2O, and 0.0017%
CaCl2�4H2O which were sterilized by autoclaving under 1.2 atm at 121�C for 20 min. Microor-
ganisms were incubated for 8 hours at 32�C at 120 rpm, and inoculum ratio of 1:10 was used
for scale enlargement.

5.2. Experimental system

In order to observe the change of DO and pH over time during baker’s yeast production using
a 2-L working volume of laboratory-scale bioreactor which was operated continuously, the
input–output data were recorded and the ARMAXmodel parameters were determined by RLS
method written in MATLAB. Experimental system is given in Figure 1. Most suitable para-
metric model was estimated using different values of α (covariance matrix), λ (forgetting
factor), and order of parametric model. During experiments, DO and pH were measured with
a WTW Oxi 340 with polarographic DO sensor and WTW pH340i pH meter, respectively. The
DO and pH probes immersed in the bioreactor measure the online DO and pH values of the
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growth medium, and these values were converted to the electrical signal with DO, and pH
meters reach the I/O card in the computer via the carrier interface modules. The signals
arriving to card are interpreted by the algorithm written in Visual Basic in the ADVANTECH
VISIDAQ package program and was sent to the system online. Operating conditions of the
bioreactor was given in Table 1.

6. Results and discussion

6.1. Dynamic analysis

6.1.1. Step input given to air flow rate

In baker’s yeast production, the oxygen concentration must not fall below the critical value
(0.7 mg/L); therefore, firstly manipulated variable must be selected to control the DO [12]. For
that purpose, the air flow rate was chosen as the manipulated variable for the control of the
DO. However, the effect of air flow rate on the DO in the bioreactor was investigated in order
to observe effective control of this variable. For this purpose, while the system was in steady
state at 1 mg/L DO for 0.5 L/min air flow rate, the positive step input was given to air flow rate
as 3.4 L/min, and the change in DO over time was observed. In this case, DO was increased to
3 mg/L as can be seen from Figure 2.

Figure 1. Experimental system.

Temperature (�C) Air flow rate (vvm) Cooling water flow rate
(mL/min)

Cooling water temperature (�C) Agitation speed
(rpm/min)

32 1 55 21 600

Table 1. Operating conditions of the bioreactor.

Yeast - Industrial Applications166



growth medium, and these values were converted to the electrical signal with DO, and pH
meters reach the I/O card in the computer via the carrier interface modules. The signals
arriving to card are interpreted by the algorithm written in Visual Basic in the ADVANTECH
VISIDAQ package program and was sent to the system online. Operating conditions of the
bioreactor was given in Table 1.

6. Results and discussion

6.1. Dynamic analysis

6.1.1. Step input given to air flow rate

In baker’s yeast production, the oxygen concentration must not fall below the critical value
(0.7 mg/L); therefore, firstly manipulated variable must be selected to control the DO [12]. For
that purpose, the air flow rate was chosen as the manipulated variable for the control of the
DO. However, the effect of air flow rate on the DO in the bioreactor was investigated in order
to observe effective control of this variable. For this purpose, while the system was in steady
state at 1 mg/L DO for 0.5 L/min air flow rate, the positive step input was given to air flow rate
as 3.4 L/min, and the change in DO over time was observed. In this case, DO was increased to
3 mg/L as can be seen from Figure 2.

Figure 1. Experimental system.

Temperature (�C) Air flow rate (vvm) Cooling water flow rate
(mL/min)

Cooling water temperature (�C) Agitation speed
(rpm/min)

32 1 55 21 600

Table 1. Operating conditions of the bioreactor.

Yeast - Industrial Applications166

6.1.2. Step input given to base flow rate

During the yeast growth, due to the degradation process of glucose in aerobic conditions to
save the chemical energy in ATP molecules cause an increase in the concentration of H+ ions
resulted with pH decrease. Decreasing the pH of the medium affects not only the cell division,
but also the cleavage rate and the production of many products from yeast and the activity of
enzymes. For this purpose, it is necessary to determine the manipulated variable in order to
achieve pH control. Therefore, the base flow rate was selected as the manipulated variable for
pH control. However, in order to observe effective control of this variable, the effect of the base
flow rate on the pH in the bioreactor was investigated. The bioreactor was settled at pH 3.90
under the specified operating conditions, and then, microorganism was fed to the bioreactor.
Positive step input was given to base flow rate from 0.26 to 1.41 mL/min with 0.05 M NaOH
solution. The acid (H2SO4) flow rate was kept constant at 0.22 mL/min. The change in pH value
over time under such an effect is shown in Figure 3.

6.2. System identification results

6.2.1. Determination of model parameters for controlled variable of DO

In order to find the most appropriate ARMAX model using data of the manipulated variable
air flow rate and the controlled variable DO obtained from dynamic analysis, the various
forgetting factors (0.96–1), the initial value of the covariance matrix (1100,1000,10,000), and
the order of the model (na = 2 nb = 1, na = 2 nb = 2, na = 3 nb = 1, na = 3 nb = 2) were run with the
RLS algorithm, and integrated square error (ISE) was used for comparison. The models with
the lowest and highest ISE values were used in the ST-GMV control algorithm to demonstrate
the effect of the model structure on the control performance which will be explained in the next
section. The compared values in terms of estimation performance are given in Table 2.

The estimation performance criterion λ value shows a decrease in ISE values between 0.96 and
0.97, but an increase in ISE values is observed after 0.97 of λ. The initial values of the covari-
ance matrix between 1 and 10,000 resulted in a decrease in ISE values (Table 2).

Consequently, the most suitable ARMAX model was obtained with the order na = 3 nb = 2, the
forgetting factor of 0.97, and the initial value of the covariance matrix of 1000. In the least
successful ARMAX model case, the order was na = 2, nb = 1, the forgetting factor was 1, and

Figure 2. Positive step input given to air flow rate from 0.5 to 3.4 L/min.
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Figure 3. Positive step input given to base flow rate from 0.26 to 1.41 mL/min.

Estimation performance criteria Order of the model

na = 2, nb = 1 na = 2, nb = 2 na = 3, nb1 na = 3, nb = 2

λ P ISE ISE ISE ISE

0.96 1 1.8720 1.2037e + 36 1.5937 1.9718e + 61

100 1.6297 3.8648e + 05 1.4280 2.2419e + 34

1000 1.6110 9.9163e + 23 1.4124 8.5341e + 04

10,000 1.6080 7.4019e + 25 1.4089 1.7541e + 25

0.97 1 2.0045 1.9599 1.7180 1.6972

100 1.7544 1.7441 1.5485 1.5402

1000 1.7337 1.7304 1.5306 1.5278

10,000 1.7308 1.7295 1.5267 1.5254

0.98 1 2.1602 2.1154 1.8570 1.8365

100 1.9039 1.8920 1.6852 1.6752

1000 1.8803 1.8772 1.6641 1.6610

10,000 1.8776 1.8765 1.6597 1.6585

0.99 1 2.3344 2.2891 2.0055 1.9853

100 2.0702 2.0559 1.8307 1.8186

1000 2.0427 2.0395 1.8052 1.8018

10,000 2.0404 2.0392 1.8002 1.7991

1 1 2.4483 2.4060 2.1171 2.0993

100 2.1663 2.1490 1.9384 1.9243

1000 2.1336 2.1304 1.9077 1.9040

10,000 2.1317 2.1305 1.9020 1.9010

Table 2. Estimated performance criteria as a result of positive step from 0.5 to 3.4 L/min for air flow rate and ISE values.
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the initial value of the covariance matrix was 1. At the end of this approach, it was decided that
the type of ARMAX model to be developed for GMV control was given in Eq. (67).

y tð Þ � 0:1928y t� 1ð Þ þ 0:0338y t� 2ð Þ � 0:0168y t� 3ð Þ ¼ 0:1853u t� 1ð Þ þ 0:5794u t� 2ð Þ þ e t� 1ð Þ (67)

As a conclusion, the most suitable ARMAXmodel was obtained with the model order as na = 3,
nb = 2, forgetting factor of 0.97, and initial value of the covariance matrix as 1000, and the RLS
estimation of DO in the growth media by alterations with the air flow rate is given in Figure 4.

6.2.2. Determination of model parameters for controlled variable of pH

In order to find the most appropriate ARMAX model using data of the manipulated variable
base flow rate and the controlled variable pH obtained from dynamic analysis, the various
forgetting factors (0.96–1), the initial value of the covariance matrix (1, 100, 1000, 10,000), and
the order of the model (na = 2, nb = 1; na = 2, nb = 2; na = 3, nb = 1, na = 3, nb = 2) were run with
the RLS algorithm and ISE values of the prediction were used for comparison. The models
with the lowest and highest ISE values were used in the ST-GMV control algorithm, which will
be explained in the next section. The compared values in terms of estimation performance are
given in Table 3.

ISE values were raised with the increase of the estimation performance criterion λ. For the
same forgetting factor values, the ISE values decrease with the increase of covariance matrix
initial value. The lowest ISE was obtained when the initial value of the covariance matrix was

Figure 4. Experimental system identification estimation of DO (na = 3 nb = 2, λ = 0.97, P = 1000).
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10,000. As the order of polynomial A increases, the ISE values decrease, and as the order of
polynomial B increases, a significant change in ISE values cannot be observed.

y tð Þ � 0:2235y t� 1ð Þ þ 0:1077y t� 2ð Þ � 0:0737y t� 3ð Þ ¼ 1:2723u t� 1ð Þ þ 1:921u t� 2ð Þ þ e t� 1ð Þ (68)

As a result, the most suitable ARMAX model was obtained with the order na = 3 nb = 2, the
forgetting factor of 0.96, and the initial value of the covariance matrix of 10,000. In the least
successful ARMAX model case, the order was na = 2, nb = 1, the forgetting factor was 1, and
the initial value of covariance matrix was 1. At the end of this screening, it was decided that the
suitable ARMAX model structure in order to develop the GMV control algorithm for pH
control with by manipulating the base flow rate is given in Eq. (68).

Estimation performance criteria Order of the model

na = 2, nb = 1 na = 2, nb = 2 na = 3, nb = 1 na = 3, nb = 2

λ P ISE ISE ISE ISE

0.96 1 1.2954 1.2948 1.1136 1.2699

100 1.2394 1.2278 1.0715 1.0658

1000 1.2096 1.2029 1.0521 1.0479

10,000 1.1952 1.1943 1.0410 1.0383

0.97 1 1.3644 1.3631 1.1858 1.1851

100 1.3160 1.3062 1.1474 1.1423

1000 1.2815 1.2731 1.1260 1.1204

10,000 1.2620 1.2595 1.1117 1.1091

0.98 1 1.4439 1.4428 1.2706 1.2699

100 1.4020 1.3940 1.2351 1.2312

1000 1.3670 1.3558 1.2149 1.2077

10,000 1.3405 1.3373 1.1961 1.1929

0.99 1 1.5302 1.5292 1.3676 1.3669

100 1.4910 1.4852 1.3326 1.3298

1000 1.4602 1.4468 1.3159 1.3079

10,000 1.4257 1.4213 1.2930 1.2887

1 1 1.6207 1.6202 1.4828 1.4820

100 1.5827 1.5785 1.4484 1.4460

1000 1.5582 1.5441 1.4355 1.4276

10,000 1.5171 1.5108 1.4104 1.4044

Table 3. Estimated performance criteria as a result of positive step from 0.26 to 1.412 mL/min for base flow rate and ISE
values.

Yeast - Industrial Applications170
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y tð Þ � 0:2235y t� 1ð Þ þ 0:1077y t� 2ð Þ � 0:0737y t� 3ð Þ ¼ 1:2723u t� 1ð Þ þ 1:921u t� 2ð Þ þ e t� 1ð Þ (68)
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As a conclusion, the most suitable ARMAXmodel was obtained with the model order of na = 3,
nb = 2, forgetting factor as 0.96, and initial value of the covariance matrix of 10,000, and the
RLS estimation is given in Figure 5.

6.3. ST-GMV control applications of baker’s yeast production

The suitable and unsuitable ARMAX models of the yeast production process expressed the
relationship between the controlled variables of DO and pH, with the manipulated variables of
air flow rate and base flow rate in system identification results section. After this step, ST-GMV
control performances were evaluated with the suitable and unsuitable ARMAX models deter-
mined for each controlled variable in the case of constant set point trajectory for various noise
levels. The control performance criterion was selected as ISE and values were evaluated for the
ST-GMV control simulations of both DO and pH control cases. By this way, how much the
system identification step, including the determination of model structure and model param-
eter settings, has affected the success of process control is demonstrated by using control
simulations.

6.3.1. DO control

In the baker’s yeast production process, in which DO was controlled variable and the air flow
rate was selected as the manipulated variable, the most suitable and unsuitable ARMAX
models obtained from system identification have been used in ST-GMV control algorithm. In
the case of positive step input from 0.5 to 3.4 L/min for the air flow rate, the order of the most
suitable model was na = 3 nb = 2, λ = 0.97, and P = 1000. By the same way, the model that does
not identify the system (largest ISE value) was found as na = 2 nb = 1, λ = 1, and P = 1. When the
both suitable and unsuitable obtained models were used in the ST-GMV control algorithm

Figure 5. Experimental system identification estimation of pH (na = 3 nb = 2, λ = 0.96, P = 10,000).
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with the controller parameters of P = 1, Q = 0.9975, R = 2.0885 in the presence of two different
noises. It was observed that the suitable model with calculated ISE values of 50.14 and 52.37
was definitely able to identify the system as expected and provided a good control (Figure 6)
in contrast to unsuitable model with ISE values of 502 and 609.56, respectively (Figure 7).

6.3.2. pH Control

In the baker’s yeast production process, in which the pH value was controlled variable and the
base flow rate was selected as the manipulated variable, the most suitable and unsuitable
ARMAX models obtained from system identification have been used in the ST-GMV control
algorithm. In the case of positive step input from 0.26 to 1.41 mL/min for the base flow rate, the
order of the most suitable model was na = 3, nb = 2, λ = 0.96, and P = 10,000. By the same way,
the model that does not identify the system (largest ISE value) was found as na = 2 nb = 1, λ = 1,
and P = 1. When the both suitable and unsuitable obtained models were used in the ST-GMV
control algorithm with the controller parameters of P = 1, Q = 0.9375, R = 1.1885 in the presence
of two different noises. It was observed that the suitable model with calculated ISE values of
110.2 and 113.51 was definitely able to identify the system as expected and provided a good
control (Figure 8) in contrast to unsuitable model with ISE values of 245.69 and 213.69,
respectively (Figure 9). ST-GMV control simulation results are summarized in Table 4.

Figure 6. ST-GMV control simulation results with the most appropriate ARMAX model at the desired constant DO set
point (a) having 0.005 noises, (b) having 0.05 noises.
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Figure 7. ST-GMV control simulation results with unsuitable ARMAX model at the desired DO set point (a) having 0.005
noises, (b) having 0.05 noises.

Figure 8. ST-GMV control simulation results with the most appropriate ARMAX model at the desired constant pH set
point (a) having 0.005 noises, (b) having 0.05 noises.
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7. Conclusion

Understanding the dynamic behavior of biotechnological processes, in which living cells are
used as biocatalysts, is one of the most challenging issues nowadays due to the fact that
thousands of biochemical reactions are taking place simultaneously. It is clear that process
operation in the batch mode will be difficult due to time-varying parameters. In this case,
estimation procedure is gaining the main importance to express the real process behavior by
the mathematical models. For this purpose, various methods and the approaches exist.
Selecting the most appropriate method for the system identification is the next critical step.

Figure 9. ST-GMV control simulation results with unsuitable ARMAX model at the desired pH set point (a) having 0.005
noises, (b) having 0.05 noises.

Controlled variable Noises Control with suitable model ISE Control with unsuitable model ISE

DO e = 0.005 50.1361 502.0056

e = 0.05 52.3745 609.5629

pH e = 0.005 110.2026 245.6958

e = 0.05 113.5143 213.6950

Table 4. Theoretical ST-GMV control performance summary with suitable and unsuitable ARMAX models.
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It also affects the success of the process dynamic behavior estimation. In the production
process of baker’s yeast in a batch operational mode with aerobic conditions using S. cerevisiae
microorganism, system identification studies carried out easily by RLS algorithm and were
found successful for identifying DO and pH variations with the air flow rate and the base flow
rate manipulations. Prediction error defined as the ISE demonstrates that the estimation
performance was good.

Selection of the model structure is crucial in expressing process behavior accurately. In this
study, order of the model was found as na = 3, nb = 2 for both polynomial-type ARMAXmodel
structure by examining the different order of the models. As the order of the polynomial A
increases, the difference between the actual value and the predicted value decreases, which is
desirable. However, the increase in B polynomial does not show any significant change. The
forgetting factor was found as 0.96 and 0.97, while the initial value of covariance matrix was
not as effective as the value of the forgetting factor, and the 1000 value was observed as
appropriate for all experiments.

The theoretical ST-GMV control of DO and pH was successfully performed with the most
suitable ARMAX models obtained from system identification. When the noise level is
increased in the theoretical ST-GMV control, it is possible to achieve successful control under
the constant set point condition with obtained models. In addition, the performance of a
controller that uses unsuitable models decreases with the increase of noise levels. So as a
conclusion, successful control can only be accomplished with a good system identification.
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Abstract

The main purpose of yeast supplementation is to treat rumen microbial dysbiosis which may 
enhance the nutrient utilization leading to enhanced animal growth and productivity. Yeast 
improves rumen ecosystem by two ways: by direct production of digestive enzymes and 
growth stimulator and by promoting the growth and function of beneficial microbiota. Yeasts 
have potential to produce metabolites, which stimulate the growth, like rumen acetogens 
and antimicrobial compounds which inhibit potential pathogens. The yeast probiotic impact 
on animals depend on different interacting factors including animal breed, supplemented 
dose, type, diet, strain, physiological stage and feeding system. In the situation of a high 
feed cost all over the world, probiotic yeast gives a useful nutritional strategy which allows 
increasing diet digestibility and consequently enhances the performance in ruminants in 
cost-effective manner. Many yeast culture-based products are commercially available world-
wide, but their effectiveness as probiotic dietary supplement in a particular breed is mostly 
questionable. Therefore, exploration of the new indigenous probiotic strain is of great interest 
in this context. The probiotic strains of same ecological origin may be more compatible with 
rumen microbiome giving maximum outputs. Moreover, the breed specific probiotic yeast is 
an economical and viable option for farmers to overcome the effects of malnutrition.

Keywords: indigenous probiotics, viability, stability, gastrointestinal tract, rumen 
microbiota

1. Introduction

Ruminants can eat different types of feed that are digested by microbial biomass resulting 
in better metabolism, which ultimately impacts the dairy animal productivity. The micro-
bial flora in the gastrointestinal tract (GIT) has a major impact on the productive efficiency, 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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distribution, and reproduction in any medium, provided the original work is properly cited.



health status, and well-being of the dairy animals [1–3]. The diversity and function of rumi-
nal GIT microbes are very important in feed digestion. The way the nutrients are digested 
in GIT in ruminants have a crucial impact on growth, health, and productivity [4]. The GIT 
inhabits multifarious microbial diversity that helps in generating impassive response regard-
ing nutritious health, physiology, and productivity of animals [1]. The existing gut micro-
biota regulates food safety through the shedding of pathogens, interaction with organisms 
and resource competition in the GIT [5]. Gastrointestinal tract microflora aids in stimulation 
of the immune system that acts as a barrier against infectious pathogens. It also restrains the 
injurious and pathogenic bacteria in gut colonization [6]. Different strategies have been used 
to enhance the microbiota of gastrointestinal tract, which ultimately affect the production 
potential and growth efficiency of dairy animals. Nowadays, the improvement of microbiota 
of the gastrointestinal tract by using probiotic has become a useful and economical method to 
enhance the health and productive performance of animals. A live microorganism which ben-
eficially influences the host by improving microbial flora of its intestine is called probiotic [7]. 
Numerous microorganisms have been sanctioned as probiotics that are used in diet of rumi-
nants to upgrade nutrient utilization and animal performance [8]. Bacterial probiotics give 
better results in young calves, chickens, and pigs, whereas yeast/fungal probiotics are effective 
in adult ruminants [9]. During the last decades, Saccharomyces cerevisiae have been used as 
preventer supplement against diarrhea and other digestive system problems in livestock [10]. 
They also give production benefits, reduced digestive problems, and better health of animals 
in cost-effective manners [11]. Dietary supplementation of yeast culture has a positive effect on 
feed intake, which ultimately enhances ruminant growth [12] and production efficiency [13]. 
It also has positive effect on milk fat content [13–15] and milk urea nitrogen [16]. Moreover, 
it decreases lactate production [17], increases desirable bacterial population [13], prevents the 
rumen acidosis [18], increases the hemicelluloses degradability, and some important nutrient 
(NDF, ADF) digestibilities [19–21]. Another advantage of use of the S. cerevisiae is that the ben-
efit to cost ratio of S. cerevisiae supplementation in dairy cattle is 4:1 [22]. This chapter explains 
the yeast effects on the ruminants and proposes guidelines to develop the breed specific pro-
biotic yeast for animal use.

2. Probiotic yeast

Yeasts are eukaryotic microorganisms and are different from bacteria from the structure and 
functional aspects [23]. Yeasts are facultative anaerobes and differ in terms of their location, 
shape, reproducing activities, subtracts they utilize and are highly resistant to different anti-
biotics, such as sulfamides and other antibacterial substrates [24]. The resistance capability of 
the yeast cells is natural and genetically encoded. This resistance cannot be changed or trans-
mitted to other microbial species. The size of the yeast cell (5 × 10 μm) is also higher than bac-
teria (0.5 × 5 μm). The study of antagonistic yeast to block bacterial pathogenicity in the early 
stage of development is mainly due to following steps; (1) competition for nutrients, (2) pH 
changes in the medium, (3) high concentrations of ethanol production, (4) secretion of antibac-
terial compounds and release of antimicrobial compounds (toxins or “mycocins”). However, 
the effectiveness of probiotic organism is viewed as population-specific due to variation in 
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terial compounds and release of antimicrobial compounds (toxins or “mycocins”). However, 
the effectiveness of probiotic organism is viewed as population-specific due to variation in 
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gastrointestinal microbial flora, feeding habits, and precise interaction between host animal 
and microbes. As most of the probiotic yeast strains accessible in the market are of Western 
or European origin, hence, there is a dire need to explore new indigenous probiotic strains. 
Yeast cells produce many important fermentation metabolites and different types of important 
minerals and enzymes that make it useful and highly nutritive feed supplement for ruminants 
[25–27]. It also provides improved production, reduced digestive problem, and better health 
in cost-effective manners.

3. Understating the ruminal gut microbiology for development of new 
target-specific probiotic strain

Uses of molecular techniques have changed the study of the rumen ecosystem [10]. A better 
understanding of the rumen microbiology is an important step to select and prepare a new 
yeast strain affecting on functional-specific microbes. Ruminants’ stomach consists of reticu-
lum, rumen, omasum, and abomasums [28]. The rumen is an anaerobic chamber that harbors 
an immense diversity of microbial community including bacteria, archaea, fungi, and single-
celled ciliated protozoa (Figure 1) [29].

This microbial ecosystem has been used for better feed digestion. Bacteria are numerous 
microbes in rumen [30]. Mostly bacteria are associated with feed; some are free living, attached 
with mucous membrane and associated with fungi and protozoa. The shape of rumen bac-
teria are mostly cocci, rod spirochete budding, and filamentous. Rumen bacteria are 1–2 μm 
in size. The majority of the rumen bacterial species are Gram-negative. The structure of this 
microbial community is influenced by many factors, including host species, age, seasons [31], 
type of feed, geographical location, and whether the animal has received any treatment [32]. 
The balance in rumen microbial flora plays a crucial role in feed utilization and could result 

Figure 1. Estimated rumen microbial ecosystems.
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in better productivity [33]. The rumen microbial profile directly depends on the type of feed 
[29]. Ruminants can eat from different types of feed sources that are digested by microbial 
biomass, which helps in better metabolism [34]. This ultimately impacts the productivity of 
dairy animals. The feed microbial flora could be managed by using beneficial microbial sup-
plementation. The management and modification of ruminal fermentation to improve animal 
performance have been the main objective of several studies on ruminant species. From this 
line of research, we will use method to manipulate the rumen fermentation for improving 
nutrient utilization and productivity of animals. The banning of the use of antibiotics as ani-
mal growth promoters in the European Union in 2006 has increased the demand from pro-
ducers for alternative feed additives that can be used to manipulate the ruminal fermentation 
and improve animal production [31, 35, 36]. The modulation in the rumen population for 
better nutrients metabolism can be achieved made by manipulating the feed, antibiotic and 
some microbial inoculants. The diet-shift effect such as high-forage diet, increases the rumen 
pH and consequently improves the stability and viability of cellulolytic and hemicellulolytic 
bacteria and protozoa. On the other hand, high-concentrate diet that decreases the rumen pH, 
resultantly decreases the cellulolytic and hemicellulolytic bacteria and increases the amylo-
lytic bacteria and lowers the rumen protozoa. Microbial inoculants may alter the stability and 
viability of microbial population of the rumen and hindgut in a better way.

4. Role of probiotic yeast in ruminant nutrition

The balance in rumen microbial flora plays a crucial role in feed utilization and could result in 
better animal productivity [37]. Several hypotheses concerning the mode of action of probiotic 
yeast in animal nutrition have been proposed; however, a majority of them emphasize positive 
effects by modifying rumen microbial population. The first and most widely supported mode of 
action is that the yeast stimulates the growth of bacteria (cellulolytic, amylolytic, and proteolytic) 
and protozoa [38, 39]. The rumen dissolved oxygen (O2) can be measured in situ [40]. Loesche 
[41] found that a majority of rumen microbial flora are highly sensitive to O2. Probiotic yeasts 
remove oxygen from rumen and provide a better anaerobic environment for bacterial growth 
[42]. Sixteen liters of oxygen can enter inside rumen daily, by the mean of feeding, rumination, 
and salivation [43]. Inside rumen, yeast cells use oxygen for their metabolic process. Freshly 
ingested feed particles have sugars and small oligosaccharides. Probiotic yeast metabolizes 
these small particles and produces peptides, polypeptides, and amino acids. This respiratory 
activity of probiotic yeast lowers the oxidation-reduction potential inside rumen [44]. A nega-
tive change in the redox potential (−20 mV) has been observed in rumen with probiotic yeast 
addition [36]. This change gives a better anaerobic condition inside rumen [33]. Aforementioned 
environment helps in the protection of rumen bacteria from damage by oxygen and stimula-
tion of growth of cellulose degrading bacteria [45, 46]. These conditions will also be helpful in 
the cellulose degrading process (cellulose digestion). Respiratory-deficient mutants of probiotic 
yeast cannot stimulate bacterial growth. As we mention earlier that O2 scavenging property 
of yeasts is very important for growth of rumen microbial biomass, hence, this O2 scavenging 
property should be considered when probiotic yeast is selected for ruminants (Figure 2).
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Probiotic yeasts have beneficial effects on the lactate-metabolizing bacterial species. S. cerevisiae 
provides different growth factors essential for the growth of lactic acid fermenting bacterial 
species, such as Megasphaera elsdenii or Selenomonas ruminantium. In dairy animals, a reduction 
of lactic acid concentration was seen inside the rumen with live yeast addition (Figure 3).

Figure 2. Representative scheme of effect of live yeast on the microbial flora of the gastrointestinal tract in ruminants: 
the probiotics yeast can improve the composition of the intestinal microbiota through the production of antimicrobial 
substances which inhibit the pathogenic bacteria ultimately improving the gut health. Although there is a difference 
between the probiotic colonization microbiota and the target rumen microbiota, many researchers suggested that there 
is a relationship between the GIT microbiota and other tissues of the host body.
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Figure 3. A scheme describing the mode of action of yeast culture.
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4.1. Role of probiotics in the establishment of rumen and hindgut micro-flora 
establishment

The key of the rumen development is to provide supporting conditions to the microbiota to 
ensure its optimal establishment. It has been well studied that live yeast can help in establish-
ing different types of micro-flora in neonate by positively modulating rumen colonization, by 
important functional microbial population. A newborn ruminant digestive system is sterile 
but with passage of time when they contact with their mother and other animals, they get 
microbes from their saliva and feces [10]. In contrary, the mother and her young connection are 
more common in small-scale farming systems. On the other hand, in intensive dairy farming 
systems, the neonate is alienated from the mother and is fed on solid feeding that provides 
a negative situation in the development of rumen microflora [47]. The early maternal sepa-
ration has a negative effect on the rumen colonization by important microbial species. This 
negative situation leads to poor rumen microbial development making the neonate to suffer 
from different digestive diseases like diarrhea. Different diseases of digestive system are most 
important factors of low income heifers rearing. It has been well studied that live yeast culture 
can help the establishment of key microbial communities (Bacteroides-Prevotella and Clostridium 
coccoides-Eubacterium rectale group) in neonate by removing the oxygen from rumen. The rate 
of cellulose degrading microflora population was greater in lambs fed on S. cerevisiae addition 
as compared to the control [10]. Live yeast could be used as a nutrition tool for maturation of 
the rumen microbial ecosystem, which can result in a positive effect on animal performance, 
and health both before and after weaning, with an increase in grain intake and reduced fre-
quency of diarrhea. S. cerevisiae had the ability to provide different types of organic acids or 
vitamins, those stimulating ruminal populations of cellulolytic bacteria and lactic acid utilizing 
bacteria (LUB) [48]. The cellulose degrading microbial population was also much stable in the 
animals fed on yeast addition because protozoa comes in rumen only once the bacterial species 
are present inside the rumen. It has been also noted that protozoa appeared earlier in those 
animals who fed on S. cerevisiae addition [49]. Amylolytic bacterial population is also affected 
by yeast in the rumen [38]. It is because the protozoan concentrations are proliferated and are 
able to store starch and postpone bacterial fermentation [50]. Proteolytic bacterial activity was 
highest in the yeast supplemented animals. Proteins in the feed are quickly broken down into 
peptides, amino acids and ammonia (NH3) by different protozoa and fungi inside rumen [51]. 
Some NH3 is converted into microbial protein (MP) and some ammonia is used by the animal 
in the form of urea. An important portion of rumen ammonia is excreted and represents an 
indication of nitrogen (N) loss of the dietary nitrogen intake (20–25%) [30]. Amino acids and 
peptides issued from dietary proteins cannot be directly slipped in the animal intestine, if the 
diet has highly nutritious value. The same effect on ammonia concentration was observed with 
daily yeast culture supplementation in adult ruminants [52]. In vitro findings tell that probi-
otic yeast could alter the growth and activities of protein-degrading bacteria, which ultimately 
enhanced the protein digestion inside rumen [53]. The mode of action of yeast can be explained 
by a fight between live S. cerevisiae cells and different bacterial species for energy utilization 
[54]. A study on 14 dairy cows field trials addition of yeast strain in the diet revealed that the 
soluble nitrogen of the diet was a key factor to drive the production parameters to the probi-
otics yeast [55]. However, with other yeast strains, no significant effect was observed on the 
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concentration and fraction of microbial nitrogen in dairy cattle [56]. Further study is needed 
to investigate the effect of probiotic yeast on the nitrogen microbial metabolism [10]. Many 
studies have shown that increased feed intakes are driven by increased flow of absorption 
nitrogen [43, 57]. This step stems simultaneously from the proliferation and stimulation of 
viable cell counts of anaerobic bacteria population. A higher ammonia nitrogen concentration 
measured for vessel in which live yeast was added compared to autoclaved yeast suggest that, 
the live yeast stimulated the proteolytic activity of the rumen bacterial species that ultimately 
influenced rumen fermentation [58]. It was noted that digestibility of crude protein was signifi-
cantly higher in animals fed on the mixed fungal (yeast and Aspergillus) supplementation and 
it is suggesting that fungal supplementation might promote proteolytic activities by supplying 
some types of stimulatory factors [59]. Many studies have shown that animals fed on the yeast 
supplementation have been associated with higher concentration of ammonia nitrogen, which 
might suggest that proteolytic bacterial activity has been stimulated by yeast culture [60, 61]. 
The second proposed mechanism is that yeast cell provides the soluble growth factors such 
as, organic acids, branched-chain volatile fatty acids, vitamins, and amino acids, which have a 
positive effect in stimulating cellulolytic, proteolytic and lactic acid utilizing bacteria [59, 62].

4.2. Effect of yeast and yeast cultures on rumen fiber digestion

Fiber is non-digestible polysaccharides (a complex form of carbohydrate) [63]. In nutrition, 
the term fiber defines as a component of plant that is not digestible by mammalian enzyme 
[64]. Cellulose, hemicellulose, and lignin are the primary components of fiber. Cellulose and 
hemicelluloses constitute 15–70% of most ruminant diet [65]. Cellulose is the most abundant 
carbohydrate in plant cell wall. Chemically, cellulose is made up of linear chains of sugar 
molecules. In cellulose, glucose molecules are linked together in a β-1,4 links, and this linkage 
can only be digested by microbial cellulolytic enzymes (Table 1).

Cellulose makes up about 40% of plant cell walls. Hemicellulose also can only be digested 
by microbial enzymes because it also has β-1,4 linkages. Hemicellulose has a strong nega-
tive effect on fiber degradation because of close association with lignin [66]. The rumen is 
an important part of the ruminant’s stomach because cellulose is broken down into simple 
sugar that can be used by the animal body inside rumen. The rumen represents a mobile, self-
sustaining fermentation system for plant material [67, 68]. It is a complex microbial ecosystem 
that contain many types of microorganisms such as, bacteria (1010–1011 cells per ml), proto-
zoa (104–106 per ml) and fungi species (103–105 zoospores per ml) [69, 70].

4.2.1. Rumen fibrolytic bacteria

Rumen bacteria (1011 viable cells per ml) dominate the fermentation, both in terms of numbers 
and metabolic processes. The rumen bacteria are 99.5% obligatory anaerobic. In rumen, 200 spe-
cies with many subspecies of bacteria are present. There are different kinds of bacteria in the 
rumen, which aid in fermentation process [71]. Fibrobacter and Ruminococcus are the main rumen 
fibers degrading bacteria in cattle [72, 73]. Fibrobacter succinogenes is a Gram-negative and rod-
shaped anaerobe first isolated from the cattle [74]. Despite their important role, cellulose degrad-
ing bacteria are argued to only comprise of 0.3% of the total bacteria population inside rumen 
[75]. Rumen bacteria are classified into fibrolytic, amylolytic, pectinolytic, proteolytic, lipolytica, 
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lactate using bacteria and hydrogen-using bacteria. Amylolytic bacteria ferment starch while 
fibrolytic bacteria involve in the fermentation of fiber. Different bacterial populations dominate 
the rumen fermentation depending on the type of feed. Cattle that are fed on high-fiber diet will 
have a ruminal bacterial population that is high in fibrolytic bacteria especially Ruminococcus ssp. 
Rumen bacteria are mainly involved in the fermentation of fiber, starch, and sugar in the feed.

4.2.2. Rumen fibrolytic fungi

Ruminal anaerobic fungi, an emerging group of animal probiotics, account for approximately 
8% of the total rumen microbial biomass in ruminants [76]. Rumen fungi have a crucial role in 
the degradation of fiber material [77–80]. The fungi have an important role in fiber digestion 
because of the vegetative thallus rhizoids. The rhizoids have a more penetrating capability to 
plant cell wall as compared to the bacteria and protozoa. Degradation of lignin of the plant 
cell wall is a main characteristic of rumen fungi [81, 82]. Fungi degraded 37–50% of barley 
straw. The fungi fibrolytic activity enhanced by hydrogen-utilizing methanogens decreases 
the cruel effect of hydrogen [76, 83]. Fungi play an active and significant role in fiber digestion 
of low quality roughages by breaking the beta-1,4 linkages between lignin and hemicelluloses 

Strain Diet type and dose Animal type Effect References

Saccharomyces cerevisiae, 
QAU03, (locally isolated 
yeast from Sahiwal cow dung 
sample)

3 kg concentrate feed, 
8 kg silage and 20 kg 
fodder
3.13 × 1007 (CFU/g) yeast

Lactating cows 1. Increase fiber 
digestibility and improve 
milk and its fat contents
2. Improve gastrointestinal 
tract microbial balance

[21]

Saccharomyces cerevisiae 
Yea-sacc (1026) (Alltechinc., 
Nicholasville, KY)

1 g/kg as fed
High concentration or 
low concentration diets
2.5 × 109 (CFU/g)

Dairy Holstein 
heifers

1. Improved feed efficiency 
of HC-fed heifers.
2. Yeast culture increased 
dry matter digestibility in 
HC- and LC-fed heifers

[21]

Saccharomyces cerevisiae 
CNCM l-1077, Pasteur 
institute), (Levucell Sc),

1 × 1010 CFU/head/day
Total mixed ration (TMR)

Non-lactating 
dairy Holstein 
cows

1. Enhanced rumen 
fermentation
2. Lower CH4 emissions

[48]

Saccharomyces cerevisiae, 
Yea-sacc (1026) (Alltechinc., 
Nicholasville, KY)

4.5 × 109 CFU
High starch low starch 
diet

Holstein 
heifers

1. Positive effect on 
DM, NDF, ADF, and 
hemicellulose digestibility

[21]

Dry yeast (CNCM-
1077, Levucell Sc 20. Sc, 
Lallemand, animal nutrition)

0.5 g/hd/day
basal diet consisting

Holstein dairy 
cows in late 
lactation

1. Decreased time spent in 
subacute rumen acidosis

[49]

Levucell SC 10 ME Maize silage, 
1 × 1010 CFU/g yeast

Holstein 
dairy cows in 
Non-lactation

1. Lower the risk of rumen 
acidosis
2. Increased fiber 
degradation of low quality 
maize silages

[18]

Saccharomyces cerevisiae, 
Yea-sacc (1026) (Alltechinc., 
Nicholasville, KY)

Balanced TMR or pasture
2.5 × 109 CFU/g yeast

Multiparous 
dairy cows

1. Improve the metabolic 
status

[38]

Table 1. The effects of various probiotic yeast strains on ruminant performance.
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inside the plant cell [84]. Fungi have a positive role in fiber degradation as evidenced by pro-
ducing a wide array of potential hydrolytic enzymes [79, 85, 86].

4.2.3. Rumen protozoa

In vitro studies have suggested that 19–28% of the total cellulosic activity in fiber digestion can 
be attributed to protozoa [87]. However, digestion seems to be limited to very susceptible tis-
sue, for instance, mesophyll cells [88]. Studies have demonstrated that defaunation (removal 
of protozoa) reduces the rate of fiber/cell wall degradation digestion [89, 90]. However, in 
the absence of protozoa, there is an increased requirement for non-protein nitrogen (NPN) 
because of an increased bacterial population. A reduction of N may therefore result in the 
reduction in fiber digestion [91].

4.3. Mode of action of probiotic yeast in the post-ruminal GIT

The GIT inhabits multifarious microbial diversity that helps in generating impactive response 
regarding nutritious, health, physiology, and productivity of animals [1]. The existing gut micro-
biota regulates food safety through shedding of pathogens, interaction with organisms, and 
resource competition in the GIT [5]. The physiological, anatomical, and immunological status 
of the host is strongly dependent upon microbiota of GIT which facilitates essential functions 
to host. GIT microflora aids in the stimulation of immune system that acts as a barrier against 
infectious pathogens. It also restrains the injurious and pathogenic bacteria gut colonization 
[6]. The microflora that resides in GIT mostly belongs to Bacteroides, Bifidobacterium, Clostridium, 
Eubacterium, Fusobacterium, and Lactobacillus families. Among all of the intestinal microbiota, 
Enterococcus and Escherichia coli represent the least contribution (upto 1%) whereas, anaerobes 
show dominancy over microaerophiles and facultative anaerobes by 1000:1 [92]. Lactobacillus and 
Bifidobacteria are marked as predominant flora which counts for 90% of the total population in 
GIT. The fluctuating flora represents their existence in trace, i.e., less than (0.01%) that is usually 
considered as more diversified and pathogenic ones [93]. The GIT microbiota protects the host 
from pathogen, which produces digestive diseases like diarrhea. The performance of the calf is 
directly related to the efficient growth along with the improved health status [94]. Gut microbial 
flora play an important role in the growth and health of the animal. Probiotics put beneficial 
effects on the health of gut by improving its microbial balance. They have antidiarrheal capabil-
ity and enhance the growth performance of animals [94, 95]. The intestinal microbiota of cattle 
performs its vital role in the fermentation process. They help in methane emission by means of 
fermentation both from rumen and large intestine [96]. The microbial diversity in the GIT of the 
dairy cattle has lot of impact on the productivity and well-being of the cattle [1–3, 97]. There is 
no direct evidence that yeast or fungal extracts affect digestion or metabolism in the lower gut. 
However, the potential for such effects should not be ignored [98]. This improvement can be 
due to either the effect of mannan-oligosaccharides (MOS, a component of yeast cell wall) on the 
immune modulation or direct effect of yeast on the reduction of pathogenic bacteria and toxic 
metabolites. According to the findings of Heinrichs et al. [99], MOS has an ability to bind selected 
pathogen by blocking the microbial lecithin and preventing the pathogens from colonization in 
host GIT. As noted, previous inquiries regarding feeding direct fed microbial products (DFM) to 
ruminant animals focused on its potential beneficial effects on the post-ruminal GIT (Figure 4).
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Bifidobacteria are marked as predominant flora which counts for 90% of the total population in 
GIT. The fluctuating flora represents their existence in trace, i.e., less than (0.01%) that is usually 
considered as more diversified and pathogenic ones [93]. The GIT microbiota protects the host 
from pathogen, which produces digestive diseases like diarrhea. The performance of the calf is 
directly related to the efficient growth along with the improved health status [94]. Gut microbial 
flora play an important role in the growth and health of the animal. Probiotics put beneficial 
effects on the health of gut by improving its microbial balance. They have antidiarrheal capabil-
ity and enhance the growth performance of animals [94, 95]. The intestinal microbiota of cattle 
performs its vital role in the fermentation process. They help in methane emission by means of 
fermentation both from rumen and large intestine [96]. The microbial diversity in the GIT of the 
dairy cattle has lot of impact on the productivity and well-being of the cattle [1–3, 97]. There is 
no direct evidence that yeast or fungal extracts affect digestion or metabolism in the lower gut. 
However, the potential for such effects should not be ignored [98]. This improvement can be 
due to either the effect of mannan-oligosaccharides (MOS, a component of yeast cell wall) on the 
immune modulation or direct effect of yeast on the reduction of pathogenic bacteria and toxic 
metabolites. According to the findings of Heinrichs et al. [99], MOS has an ability to bind selected 
pathogen by blocking the microbial lecithin and preventing the pathogens from colonization in 
host GIT. As noted, previous inquiries regarding feeding direct fed microbial products (DFM) to 
ruminant animals focused on its potential beneficial effects on the post-ruminal GIT (Figure 4).
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5. Experimental proofs

5.1. Experiment 1: effect of probiotic yeast on the growth performance and fecal 
biomarkers of dairy heifers

Poor growth performance in growing animals is associated with imbalanced nutrition. The 
use of probiotic yeast would minimize the expenditure of replacement heifers with optimum 
growth rate. In our experiment, young animals fed on the diet supplemented with yeast cul-
ture gain more weight than non-supplemented animals. In this experimental study, eight 
dairy heifers (87 ± 5 kg and 6–7 months) were divided into two equal groups of four animals 
each (control and probiotic) following completely randomized design [100]. During the trial, 
heifers in control group were offered control diet (NRC recommended diet), while in the 
probiotic group fed with control diet plus commercial available probiotic yeast (Yea-Sac1026; 
5 g/animal) for a period of 120 days. Results reveal that dairy heifers fed on the probiotic feed 
gained significantly (P < 0.05) higher average weights than dairy heifers fed on control feed 
(Figures 5 and 6) [34].

Figure 4. Simple scheme proposed to explain mode of action of probiotic yeast in rumen and post-ruminal GIT: live yeast 
improves carbohydrates, protein, and lipid digestion rate by improving the production of cellulolytic, hemicellulolytic 
and proteolytic, and lipolytic bacteria and fungi.
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Probiotic yeast decreases the pathogenic bacteria and increase the beneficial bacteria in pres-
ent study (Figure 7) [34].

5.2. Experiment 2: development of indigenous probiotic yeast for local breed

From the aforementioned discussion, we found that an important step to establish a breed 
probiotic strain is that the origin of the isolated strain should be animal based for their better 
adhesion and colonization in the animal GIT. We hypothesize that, breed-specific probiotic 
yeast gives better results in terms of milk production. From this line of research, we conduct 
an experimental study to develop the indigenous probiotic yeast for local breed and to evalu-
ate its effect on the lactating animals. A S. cerevisiae strain was isolated from dung samples 
of the dairy animals. After careful assessment of its probiotic test, that yeast strain (animal 
probiotic) was further used in same dairy cattle feed (Figure 8) [100].

5.3. Experiment 3: impact of indigenously isolated Saccharomyces cerevisiae probiotics  
on milk production and gut microbial species of lactating cows

Nine lactating dairy cattle of mix breed (Sahiwal and Sahiwal × Jersey) at their first and second 
lactation (producing 4–5 l/day) were used for the experiment. Cows were fed a concentrate 
feed, maize silage, and oat fodder. The neutral detergent fiber digestibility was improved in 
the presence of 3.13 × 1007 CFU/g of our laboratory produced live yeast and milk production 
was improved by 0.7 kg/d in the laboratory produced probiotic fed dairy cows (Figure 9).

Figure 5. Average monthly dry matter intake pattern (kg) of dairy heifers fed on control feed (control, ♦; no yeast) or 
commercial probiotic feed (COM-P, ■; control feed plus commercial yeast).
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Figure 6. Average monthly growth pattern (kg) of dairy heifers fed on control feed (control, ♦; no yeast) or commercial 
probiotic feed (COM-P, ■; control feed plus commercial yeast).

Figure 7. Total E. coli and Lactobacillus count (CFU/g) in the ruminal gut of dairy heifers fed on control feed (control, ♦; 
no yeast) or commercial probiotic feed (COM-P, ■; control feed plus commercial yeast).
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Figure 8. Flow sheet of development of indigenous probiotic yeast for local breed.

Figure 9. Effect of yeast on milk yield (Means ± SEM) in lactating dairy cattle fed on the diet supplemented with no yeast 
(control, ♦), laboratory yeast (LAB-Y, ■) or commercial yeast (COM-Y, ▲).
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We assumed that improved performance is might be due to cellulolytic activity of the 
S. cerevisiae which was isolated from dairy animal dung sample [101]. This activity 
enhanced the cellulose digestion rate and helped in the milk synthesis [14].Yeast culture 
significantly (P < 0.05) increased the fiber digestibility, resulting in an increased supply of 
absorbed nutrients for milk synthesis in our experiment [101]. Results of the ruminal gut 
microflora showed that the average beneficial Lactococcus species (CFU/g) counts were 
increased while pathogenic Enterococcus species (CFU/g) counts were lower in laboratory 
produced yeast (LAB-Y) fed lactating cows than other groups which lead to improve 
GIT microbial balance. The economic efficiency of LAB-Y fed group that was 4.7% better 
than the control group, fed no yeast culture. It can be concluded that indigenous isolated 
probiotic yeast strain improves the production performance, gut health, and well-being 
of lactating dairy cattle in cost-effective manner. Locally isolated yeast strain may be 
adopted well in the cattle gut than exotic probiotics [100].

6. Challenges in preparation of suitable probiotics yeast

Traditionally, as ruminates live in different parts of the world, hence, different yeast strains may 
exhibit different effects upon the ruminal fermentation depending on their location. Therefore, 
we should identify new yeast strains for getting best results for the rumen fermentation in their 

Figure 10. Challenges in preparation of suitable probiotics yeast.
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own living condition. For getting positive results in the ruminants, probiotic strains should be 
breed specific. Latest knowledge related to modes of action of probiotic yeast and its beneficial 
effects on rumen fermentation, may aid in selection of new breed-specific strains which act on 
specific key target microorganisms (Cellulolytic, hemicellulolytic bacteria and fungi) and areas 
of rumen fermentation. Inside the rumen fluid, certain probiotic yeast candidate cannot remain 
active for longer periods of time. On the other hand, probiotic strains viability and stability are 
the more advanced technological challenges faced by the livestock industry holders. There is a 
strong interaction between the host animal and microbial population. To overcome these chal-
lenges, further empirical studies are needed on the study of probiotic candidates as well as the 
ruminal gut microbiota activities to enhance the information of the host-specific interactions. 
Then the goal is to apply the knowledge of ruminal gut health normal microbial species com-
position in comparison with microbiota present during disease to select the right breed-specific 
probiotic strain (Figure 10).

7. Conclusions and future research

Probiotic supplemented animal feed has promising effects on the remains to a bright livestock 
industry future. However, formulating the cost-effective bioactive feed for the dairy animals 
is remaining as the main challenge faced by the rumen microbiologist. In this regards, search 
for novel probiotic strains will be the key research and development spot for future live-
stock markets all over the world. The target oriented applications of specific strains may have 
huge potential application in treating many chronic disorders in animals. This would lead to 
have more economical and biological farming. The probiotic strains of same ecological origin 
may be more compatible with rumen micro-biome fielding maximum outputs. Therefore, 
the future feed supplementation may be of breed specific. Recently, consumer’s demand 
about safe and healthy food products has been increased worldwide. Hence, the advantage 
of using probiotics is not only to enhance the productive performance but also to (contribute 
to) lower the risk of ruminant GIT carriage of human pathogen and to reduce excretion of 
polluting outputs such as nitrogen-based compounds and methane. The S. cerevisiae received 
the Generally Recognized as Safe (GRAS) status from Food and Drug Administration (FDA) 
and thus, is appropriate for use in animal feeds. Some factors, such as, expected response, net 
profit, ongoing research, and field responses should be considered to determine when a feed 
additive is used for experiment. Fermented yeast culture has emerged as a cost-effective prod-
uct that has many benefits to ruminants. One of the major benefits of the probiotic yeast is that 
yeast has no antibiotic resistance gene. It also has ability to colonize in the GIT, to neutralize 
enterotoxin, and to tolerate bile salt and gastric acid, resultantly improving the health status 
and production efficiency of the dairy animals. Normally, the feed cost is high, however, 
probiotic yeast gives a useful nutritional strategy which provides increasing diet digestibility 
and consequently enhances the performance parameters of the dairy animals in cost-effective 
manner. Future experimental studies are needed to investigate the impact of the yeast cells 
in the GIT of the dairy animals. The future research will also need to address the behavior 
of the yeast cells in the digestive environment. We look forward to the development of the 
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new breed-specific probiotic strains, which will hopefully mean that the rumen microbiolo-
gist instead of following the nutritious in an exploratory mood as has been the role for so long, 
will instead lead advances in ruminant nutrition in the year to come.

8. Recommendations

The recommendations are outlined as follows:

• Isolation of new indigenous bacterial and yeast strains.

• Study the probiotic characterization and genetic potential of the probiotic strains.

• Complete nutritional profile of the probiotic strains for preparation of probiotic feed.

• Application of probiotic strains for more milk and meat production of local breed animals.

• Amino acid profile of the milk of dairy animals fed on the probiotic feed.
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Abstract

Worldwide, the production of bioethanol is derived through first-generation technology, 
where plants, vegetables, and cereals, that have high levels of sucrose, are fermented by 
yeast. Brazil, for the production of bioethanol from sugarcane, is among the world’s lead-
ing producers. The process for bioethanol production is a complex that involves a variety 
of environmental factors, resulting in different phenotypic profiles of strain used. It has 
been evidenced that the interaction between environmental factors and microorganism 
can influence in the identification of different characteristics of Saccharomyces cerevisiae. 
Also, the bioethanol is developed by the second and third generations, and new yeast 
strains may also contribute to the feasibility of production. Successful performance of fer-
mentation depends on the ability of the yeast to deal with a number of factors that occur 
during the fermentation, such as concentration of sugar, ethanol, nitrogen, pH, resistance 
to contaminants, stress protein, temperature change, and osmotic pressure.

Keywords: Saccharomyces cerevisiae, bioethanol, phenotypic, characterization, resistance

1. Introduction

In recent decades, recurrent crises in world oil have resulted in serious economic crises, lead-
ing to the search for alternative fuels [1]. In 1930, Brazil presented the first National Congress 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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on Industrial Applications of Alcohol that was aimed at establishing the infrastructure for the 
production and use of bioethanol. This led Brazil to start production in the early twentieth 
century, while other countries started the production of fuel from grains, using its potential 
for bioenergy production. The remainder of residues with high protein content is a source of 
nutrition in agriculture, as well as being a rich source of sustainability [2].

The three major world powers producing bioethanol are Brazil (sugarcane), the USA (corn), 
and China (wheat and corn), where Brazil is the largest producer through a direct source of 
sugar, as production by grains requires an additional step with the liquefaction and hydro-
lysis of the starch. Estimates indicate that around 85% of all bioethanol worldwide is the 
responsibility of Brazilian and North American production, as well as inferior productions in 
all parts of the continents, as shown in Figure 1 [3].

In Brazil, the bioethanol had low volume of consumption compared to the use of conventional 
fuels, maintaining the Brazilian dependence on imported oil [4]. This made the national gov-
ernment launch the National Alcohol Program (ProÀlcool) in the 1970s, which established a 
new behavior for air quality and the development of technologies in the area of alternative 
sources of energy [5]. ProÀlcool represented the largest increase in bioethanol production, 
from 500 million liters at the beginning of the program to about 13 billion liters per year [6]. 
Since then, Brazil has been characterized as a potential producer of bioethanol, with a well-
developed domestic consumption policy [6, 7].

Currently, Brazil has an estimated bioethanol production with the 2016–2017 crops of 33.2 
billion liters [8] and has kept that figure since 1986. All the production comes from sugarcane, 
representing a large-scale technology characterized by the development of new cane varieties, 

Figure 1. Global distribution of production and percentage of production per continent: Americas: South America—
Brazil 43% (sugarcane); North America: USA 44% (corn) and Canada 2%; Europe 3% (vegetables and wheat); Africa 1% 
and Oceania 1%.
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favorable climate, fertile soil, and advanced agricultural technologies [4, 6, 9]. The production 
of Brazilian bioethanol is derived from first-generation technologies, where a natural source 
of sugar from the sugarcane extraction, sucrose, is fermented by yeast with the primary prod-
uct ethanol [10].

The sugarcane plant used for the Brazilian bioethanol production is derived the crossing from 
637 species of the genus Saccharum, family Poaceae, Andropogoneae tribe, and native of hot 
temperate climate and with morphology characterized by stem and straw [11, 12]. The stem 
is the material from which the sugarcane juice is derived and is later used for the production 
of sugar and bioethanol. The bagasse is composed of all post-grind materials and the trash, 
characterized by the dry, green leaves of the plants, which serve as products of fermentation 
in second-generation processes for the formation of bioethanol [13].

The fermentation has been known since antiquity, being characterized as a biochemical and 
biological complex process, which has the objective of transforming sugar into ethanol (anhy-
drous and hydrated), carbonic gas, succinic acid, and volatile acids and esters [14].

The Brazilian fermentation process is differentiated and unique due to the fact that it is fed-
batch in most states, being these short fermentation cycles and cell treatments with sulfuric 
acid [10]. This process uses cane juice as raw material, with a final product of 9–12% (v/v) and 
an efficiency of 90–92% [15]. The ratio of bioethanol produced to the amount of raw mate-
rial used varies according to the amount of sugar present in the must, which consists of a 
mixture of molasses (sugar manufacturing residue), water, and sugarcane juice. The process 
starts with an action of invertase exoenzyme, in the process of breaking the sugar (sucrose, 
a disaccharide) into glucose and fructose (structural monosaccharaides), which are absorbed 
by facultative aerobic microorganisms, which under anaerobic conditions form the pyruvic 
acid cycle, the enzymes pyruvate with the help of decarboxylase and alcohol dehydrogenase, 
producing the bioethanol and its subproducts at the end of the fermentation [9].

The main key of the national fermentation process is that, at each end of the fermentation 
cycle, the yeasts are subjected to a centrifugation and sulfuric acid wash in order to minimize 
the risk of contamination [10]. At the end of this treatment, the cells are returned to the fer-
menters as a new inoculum for the subsequent cycle, this stage being repeated twice daily 
throughout the crop for 6–9 months, during the year, as shown in Figure 2 [16].

The fermentation with grains (the USA and China) is rich in carbohydrates so it is essen-
tial to the stage of liquefaction and hydrolysis of this raw material, where the molecules of 
starches are broken down into fermentable sugars, and thus fermentation can occur, as shown 
in Figure 3 [17]. One of the main characteristics of the grain fermentations, besides the addi-
tional stage of liquefaction and hydrolysis of the starch, is that the mills do not use recycled 
yeast cells, like the Brazilian mills, which is due to the fact that the whole concentration of 
residues and fermentable products is retained for distillation, decreasing the fermentation 
process when compared to the cell recycle process [18].

Significant changes are also observed when comparing the Brazilian and North American 
fermentation processes. In the fermentation of sugarcane, we have a lower concentration of 
solid residues, a concentration of larger yeast cells, and a much shorter time for bioethanol 
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production, 6–12 h. The US process, that is derived for approximately 45–60 h, presents the 
advantages of a final concentration of bioethanol of 12–18%, against the 7–12% of the Brazilian 
process, and the raw material, that comes from corn plantations, lasts approximately one 
year, as opposed to the sugarcane harvest and its losses with rains that last around 200–240 
day per year [19].

The main microorganisms used for the fermentation process are yeasts, such as Saccharomyces 
sp., Schizosaccharomyces sp., Kluyveromyces sp., among others [13]. Currently, the most used 
yeast in the sugar and alcohol sector, for fermentation processes in the production of bioetha-
nol is the specie Saccharomyces cerevisiae [20]. The methodologies used for the identification 
of yeasts based on morphology, biochemical characteristics, and sexual reproduction require 
the evaluation of 70–90 tests to obtain the identification of species. Macroscopic and micros-
copy features may be the first method of identification of S. cerevisiae yeasts, as presented in 
Figure 4 [21, 22].

The molecular techniques have been developed as alternatives to traditional techniques for 
the identification and characterization of yeasts, with the advantage of building an indepen-
dent expression of the genes that allows quick and accurate identification of yeast species [23]. 

Figure 2. Simplified scheme of a fed-batch fermentation process with the recycling of yeast cells in Brazilian distillers by 
fermenting of sugarcane.
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Due to the high mutation capacity of wild yeasts, molecular techniques for characterization 
and analysis of polymorphisms are being developed [24]. Genetic analyses of DNA, electro-
phoretic karyotyping, rRNA sequencing, rDNA restriction analysis, and polymerase chain 
reaction (PCR) and restriction fragment length polymorphism (RFLP) have been used as 
 different tools to distinguish Saccharomyces sp. strains from strict sense group [25].

Studies of Melo Pereira [26] developed two new pairs of specific primers of the species, homol-
ogous to the HO gene of the species Saccharomyces bayanus, S. cerevisiae, and Saccharomyces pas-
torianus, offering a rapid method of PCR amplification, resulting in the correct identification 
of these species in less than 3 h. Guillamón [27] and Oliveira [28], by ribosomal DNA RFLP 
of ITS1, ITS2, and 5.8S identified different yeast species isolated from wine fermentation, and 
could also analyze the diversity of yeast species during spontaneous fermentation.

S. cerevisiae is characterized by being yeast with growth in media containing simple sugars 
and disaccharides, high genetic transformations, and qualities of high resistance to adverse 

Figure 3. Simplified scheme of grains fermentation process with the liquefaction and hydrolysis in North American’s 
and Chinese’s distillers by fermenting of corns and wheat.
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conditions of the growth medium, offering a primordial role in the processes of fermentation 
[29]. Some strains of S. cerevisiae have the capacity to be highly productive, dominating the 
entire fermentation process during the harvest period, allowing efficient and stable fermen-
tations, which result in lower costs and higher fermentation performance (high production 
capacity of ethanol), and high viability throughout the process [30].

Studies indicate that S. cerevisiae is adaptable to different environments, revealing to be a 
rich source of phenotypic profiles in the Saccharomyces sp. species evolution [31, 32]. It has 
recently been shown that the interaction between environmental factors and organism may 
influence the identification of different specific characteristics of S. cerevisiae [33, 34]. S. cerevi-
siae is widely used and cultivated in industrial fermentation, due to the high capacity of the 
yeast adaptations to the variable conditions of the environment, such as sugar and ethanol 
concentrations, pH, oxygen concentrations, resistance to contaminants, salt stress, protein 
stress, temperature changes, and osmotic pressure [35].

According to Gao et al. [36], using thermophilic strains is interesting in the processes that 
involve simultaneous saccharification and fermentation (SSF), as this process may reach from 

Figure 4. Macroscopic and microscopy of yeasts Saccharomyces cerevisiae. Macroscopies (A), (B), and (C) of PE-2 
isolates, grown in YEPD (yeast extract-peptone-dextrose growth medium) solid with creamy and yellowish-white 
culture characteristics. Microscopies: (D) clear field microscopy of PE-2 isolate; (E) PE-2 isolate with FITC (fluorescein 
isothiocyanate fluoroforo) and Propidium Iodide cell tags; (F) PE-2 isolate with Calcofluor cellular target; Microscopy 
presence of oval yeasts with budding presence, with size of approximately 4–8 μm. Microscopies were performed in IN 
Cell Analyzer, objective of 20× and diameter 70 μm.
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45 to 50°C, resulting in a greater bioethanol production. This occurs because the yeast suf-
fers less damage with the temperature increase and there is a lower chance of microbial con-
taminations. It is therefore desirable that the thermostable yeast fermentation occurs at the 
optimum temperature of the enzyme, maximizing the ethanol production process. Thus, the 
increase in thermotolerance in yeast results in cost production, increases yield in the ethanol 
production with simultaneous saccharification and fermentation (SSF) system and reduces 
the possibility of contamination.

However, it is important to know the fermentative yeasts for the control and monitoring of 
alcoholic fermentation, especially in search of selected characteristics of dominance and resis-
tance to bioethanol yeast production. The objective of this chapter is to distinguish the main 
phenotypic characteristics of S. cerevisiae yeasts in the alcoholic fermentation, for a possible 
selection of new strains with differentiated phenotypic characteristics, resistant and ideal for 
the production of bioethanol.

2. Phenotypic parameters of S. cerevisiae in alcoholic fermentation

2.1. Flocculation test

Cell flocculation of yeast strains such as S. cerevisiae is called cell aggregation and sedimen-
tation in liquid media [37]. Cells have the characteristics of agglomeration at the end of 
each fermentation process, which makes it an interesting and divergent phenomenon in 
the industry, as shown in Figure 5 [38]. Studies point out some divergences in flocculation, 
which can be a phenomenon of cooperative protection mechanism found in cells during 
adverse factors in the fermentation cycle [39]. It also facilitates the separation of yeasts at the 
end of the fermentation by sedimentation, thus helping the collection, centrifugation, and 
cellular treatment, contributing to the new inoculum stage, for a next cycle in the fermenter 
[40].

Figure 5. Characterization of aggregative power of Saccharomyces cerevisiae yeast cells, grown in YEPD liquid medium 
and stained with lactophenol. (A) Cells in normal condition without aggregative power. (B) Cells in condition of cellular 
aggregation.
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The principle of cell adhesion is initiated through the recognition of mannose chains, located 
on cell surfaces, by lectin-like proteins, and agitation is necessary for the beginning of floc-
culation [41]. Two hypotheses for flocculation are well established: (I) sensitively to protein-
ases; (II) inhibited by saccharides, suggesting the existence of a protein that recognizes these 
sugars [42].

These two hypotheses classify two flocculation groups in yeasts that are distinguished by the 
inhibition of sugar: the first group, called New Flo phenotype, characterized by the inhibition 
of mannose, glucose, maltose, and sucrose with the exception of galactose; and the second 
group, the Flo1, is inhibited by mannose, but not by glucose, maltose, sucrose, and galactose, 
and its action is normally bound to a gene [43].

It is believed that these two distinct phenotypes are caused by two different proteins of 
the lectin type. Furthermore, the physical-chemical interaction in the cells surface may be 
involved in the aggregation process, where there is a correlation between flocculation and 
electrophoretic mobility of yeast cells on certain stress conditions. Other studies reported the 
correlation of hydrophobicity in the process of flocculation [44].

Another hypothesis for flocculation is the action of a dominant gene family (FLO1, FLO5, 
FLO8, FLO9, FLO10, and FLO11), where they encode a yeast cell wall protein that acts directly 
on the cell aggregation [45]. The proteins encoded by these FLO genes share a cellular/modu-
lar organization in three domains: an amino-terminal responsible for carbohydrate binding, 
a central domain, and a carboxyl-terminal domain containing a glycosylphosphatidylinositol 
anchor sequence [46]. However, the central domain contains tandem repeat regions of DNA 
sequence that can drive recombination reactions within and between FLO genes, resulting in 
new generations of FLO alleles, thus conferring yeast cells a wide diversity in the flocculation 
phenomenon [47].

2.2. Sensitivity test temperature and ethanol

The environmental adversities occurring in a fermentation cycle, such as the decrease of 
nutrients by sugar consumption, temperature changes, pH changes, risk of contamination, 
phenolic compounds, and the concentration of ethanol by its own production occurs in differ-
ent forms and some of them were completely studied [48]. An understanding of the cellular 
mechanisms of protection to the multiphysical and chemical stresses that the yeast undergoes 
during fermentation cycle is fundamental for the selection of ideal yeast [49].

Temperature elevations result in reduced fermentation efficiency in S. cerevisiae, due to the 
high fluidity in the membranes, caused by the altered composition of fatty acids in the adverse 
response [50]. As one of the stress factors known in the fermentative cycle in yeast, tempera-
ture change restricts ethanol production and induces the accumulation of proteins bound to 
tolerance stress [51].

In the first-generation fermentation cycle, yeasts require a temperature of 30°C, whereas, in 
the production of second-generation bioethanol, where cellulose enzymes start the process 
by saccharification, yeasts require a higher temperature of 45–50°C [52]. The efficacy of the 
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 fermentation is decreased at high temperatures, because it causes damage to the yeast cell, 
such as the rupture of the protein structure or the loss of function, thus preventing cell prolif-
eration, decreasing viability during the process, and leading to cell death [53]. This tempera-
ture control in the fermentative cycles is a problem for the plants in tropical countries, where 
the ambient temperature is already naturally high and cooling systems are necessary for the 
total control of this temperature [54].

In the bioethanol production, the process temperature must be stabilized at around 30°C (the 
cell growth temperature), which is reaching 40°C [55, 56]. Thus, thermotolerant yeast strains 
may be a promising approach to a profitable fermentation process, as is the case of simulta-
neous saccharification and fermentation that requires high temperatures to increase ethanol 
yield [36].

Osmotolerance can be an important factor in the production of ethanol for its adaptation 
strategy employed in all cell types by accumulating compatible solutes (sulfite), resulting 
in a decrease in the potential of intracellular water [57]. As sulphite and sulfite-generating 
compounds have long been used as antimicrobial agents in alcoholic fermentation, tolerance 
to sulfite in yeast is another desired characteristic for the production of bioethanol from sug-
arcane juice [58].

The high levels of ethanol in the fermentation medium are considered as negative parameters 
in the process conditions, because at the same time that the production is essential, the accu-
mulation of ethanol by this production generates an acidification of the medium, leading to 
irreversible damages in the yeast membrane, thereby decreasing cell viability [59].

The true physiological and ecological relevance of ethanol tolerance in S. cerevisiae is its ability 
to generate mechanisms that protect the cell from chemical and physical damage at high levels 
of ethanol [60]; this is usually observed in a typical fermentation environment, where there is 
a large amount of sugars, leading later to ethanol production [30]. This stage generally occurs 
by stationary phase cells and its tolerance to the ethanol produced is only controlled by the 
integrity of the yeast membrane in contact with the ethanol accumulation, which is composed 
of chitin, glucans, glycoproteins, fatty acids, and ergosterol [61].

However, S. cerevisiae is resistant to ethanolic stress for its capacity of modifying the confor-
mation of its membrane in the increase of fatty acids and ergosterol when coming in contact 
with the adverse environment, thus neutralizing the damages caused, mainly in relation to 
its viability [62, 63]. The accumulation of ethanol can also affect the structural compliance of 
the cellular proteins causing the inefficiency of its actions, such as the decrease of the activity 
of glycolytic enzymes: pyruvate kinase and hexokinase, besides altering the absorption of 
glucose, maltose, and amino acid. In some cases, there may occur cellular extravasation of 
essential cellular components [64].

In industrial fermentations, a high capacity of production is observed by the accumulation 
of ethanol in the medium, indicating a positive assimilation of residual sugar, which is mea-
sured by the visualization of cellular proliferation in the presence of the gradual levels of 
ethanol produced during the fermentative process [65]. Tolerance and ethanol characteristics 
of the main industrial strains of S. cerevisiae studied are described in Table 1 [30, 66–69].
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Although this assay is routinely used in industries as large-scale screenings, its actual impor-
tance in ethanol resistance in yeast is not elucidated, due to divergent of actions that this pro-
cess can cause, for example, the negative side acting in the decrease of the cell viability, and 
positive the increase in resistance to contaminating microorganisms in the fermentation pro-
cess [70].

The metabolic pathways correlated to the expression of genes responsive to high levels of 
heat stress and ethanol stress include heat shock proteins (HSPs) and also metabolic enzymes 
such as trehalose, which is directly involved in tolerance in S. cerevisiae [71]. HSPs play a 
role in folding and refolding, transport, and degradation of intracellular proteins, triggered 
by stress in fermentation process and located in the cytoplasm, nucleus, and mitochondria, 
acting immediately in response to an accumulation of denatured proteins, activating the tran-
scription factors of thermal shock (HSF), and leading to a positive regulation of thermotoler-
ance gene expression [72].

The interactions of multiple genes at loci for cellular functions under heat and ethanol stresses 
are essential [73]. HSPs are known as chaperones ensuring the functional and structural con-
formation of the yeast, on the action of genes such as SSA1, SSA2, SSA3, and SSA4 which are 
expressed together with the HSP genes HSP12, HSP26, HSP30, HSP31, and HSP150 which 
were also found active at high stress levels [74] and interactions between chaperones of differ-
ent types are widely encountered [75].

However, the inference of several chaperones shows an effective activity in neutralizing the 
stress, with the activation of the functional chaperones specific to more complex structures in 
the yeast cell walls [76], which have as a main function to repair of these denatured proteins 
to maintain cell viability [77].

In addition to serving as chaperones, HSPs have numerous other functions, for example, 
Hsp30p is characterized as a hydrophobic plasma membrane protein that acts on the regula-
tion of H+-ATPase, Hsp31p, and Hsp32p functions as hydrolases and peptidase, and Hsp150 
is characterized as a protein in supporting the cell wall stability and remodeling [78]. HSPs 
and chaperone-mediated genomic regulation are also linked to glucose metabolism, which 

Strains Group Origin Feedstocks Temperature 
tolerance (°C)

Ethanol 
tolerance (%)

ZTW1 Industrial (fuel ethanol) China Grains 55 18

YJ5329 Industrial (fuel ethanol) China Grains 55 18

PE-2 Industrial (fuel ethanol) Brazil Sugarcane 40 15

CAT-1 Industrial (fuel ethanol) Brazil Sugarcane 40 15

AT-3 Industrial (fuel ethanol) USA Grains 40 14

ErOh red Industrial (fuel ethanol) USA Grains 40 15

Table 1. Characteristics of temperature tolerance and ethanol for major industrial strains worldwide used for the 
production of bioethanol.
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are indispensable tools for stress tolerance in yeast metabolism, especially with storage of 
carbohydrates, such as trehalose [79].

Trehalose is a compound that acts to prevent the influx of excess salts resulting in irrevers-
ible dehydration of cells; therefore, yeasts are capable of accumulating trehalose up to 15% 
in a stress environment [80]. The trehalose acts by reducing the permeability of the mem-
brane thereby rendering it hydrophobic, due to some regulatory genes such as TPS1, TPS2 
and, TSL1, as well as acting in the remodeling of proteins under stress conditions [81]. Cells 
incapable of accumulating trehalose presented depreciated growth, leading to a significant 
decrease in cell viability during fermentation stresses [82].

2.3. Assimilation of sugars

Sugarcane juice is one of the main means used in the production of bioethanol, which is 
derived from the break of fermentable sugars such as sucrose, glucose, and fructose in contact 
with fermenting microorganisms such as yeast S. cerevisiae [83]. Yeast consumes the sugars 
in the medium in a complex and highly regulated manner, the principle of fermentation, 
where the sucrose is consumed first, followed by glucose and fructose, and finally maltose, 
this assimilation of sugars can occur simultaneously between the breaks of sugars, which is 
the standard process for sequential uptake of the glucose repression pathways or the catabo-
lite repression pathway [84].

Glucose and sucrose may trigger beneficial effects on cells, including stimulation of cell pro-
liferation, mobilization of storage compounds such as glycogen and trehalose, as well as 
decreased resistance to cell stress [85]. In contrast, negative impacts due to lack of glucose in 
the process can lead to several problems such as decreased or blocked fermentations, instabil-
ity of cellular viability and low ethanol production [86], where the break of sugars, sucrose 
into simple sugars (glucose) occurs by an intracellular enzyme known as invertase, located in 
wall the yeast industries [87].

Microorganisms that possess the ability to assimilate the highest amount of sugars are indi-
cated for the production of bioethanol, examples are shown in Table 2 characterizing the main 
strains of S. cerevisiae worldwide used in industries for the production of bioethanol [30, 66–69].

Strains Group Origin Feedstocks Assimilation 
sugar (%)

Production 
bioethanol (%)

ZTW1 Industrial (fuel ethanol) China Grains 65 28

YJ5329 Industrial (fuel ethanol) China Grains 60 33

PE-2 Industrial (fuel ethanol) Brazil Sugarcane 51 22

CAT-1 Industrial (fuel ethanol) Brazil Sugarcane 52 26

AT-3 Industrial (fuel ethanol) USA Grains 42 18

ErOh red Industrial (fuel ethanol) USA Grains 75 30

Table 2. Characteristics of the assimilation of residual sugars and ethanol production for large industrial strains of 
Saccharomyces cerevisiae yeasts used in the production of bioethanol.
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The assimilation of sugars in the fermentation process is not exclusively the fermentation 
of sugarcane. Currently, new technologies are available to produce ethanol from vegetables 
such as potatoes, cassava, beets, cereals such as corn, and there are also studies showing the 
production of green bioethanol in algae fermentations [88].

This type of fermentation is due to the breakdown of starch, carried out by the action of the 
enzyme glucoamylase, acting directly on the conversion of starch to glucose, by breaking the 
successive bonds of the nonreducing end of the glucose finally producing straight chains [89]. 
The process of producing ethanol from starch involves two main steps: enzymatic hydrolysis 
as the main step and habitual fermentation as the second step [90].

2.4. Second-generation bioethanol

All adverse parameters studied for the first-generation fermentation process have been highly 
researched to reach an ideal model of production of second-generation bioethanol, which is 
characterized by being profitable and environmentally sustainable [91].

Second-generation bioethanol production starts from the lysis of the raw material (sugarcane 
bagasse, vinasse, and residues from the milling of grains). The main step is characterized by a 
pretreatment where the breakdown of the cellulose-hemicellulose-lignin complex allows the pro-
duction of fermentable sugar levels for a subsequent fermentation, demonstrated in Figure 6 [92].

The hydrothermal and lime pretreatments are the most used, known for making the method 
more effective in preparing the biomass bioconversion step [93], a strong advantage for the 
sugarcane bagasse. They can be carried out under conditions of low temperature and pres-
sure, resulting in lower sugar degradation, whereas in the saccharification the pretreatment 
is observed with high temperatures and difficult breaks of carbohydrate chains, resulting in a 
lower amount of sugars [94].

The fermentation of lignocellulose hydrolysates for bioethanol production presents two 
main problems: first, the fermentation of xylose that requires a low and controlled oxygen-
ation; second, the removal of microbial inhibitors, which can contaminate the process [95]. 
Furthermore, these yeasts present a certain tolerance limited to ethanol [96].

Genetic manipulation in the metabolism of xylose in yeast fermentation has advanced and 
pioneering studies on glucose transporters that mediate xylose uptake, allyl-xylitol-reductase 
genes, xylitol dehydrogenase and xylulokinase have been expressed, which allows a better 
assimilation and fermentation of xylose [97].

The main concern in this step is that the balanced supply of NADP (enzyme nicotinamide 
adenine dinucleotide phosphate) and NADPH (enzyme nicotinamide adenine dinucleotide 
phosphate oxidase) has to be constant to avoid the production of xylitol. The path is the 
reduction of NADPH production by blocking the oxidative pentose phosphate cycle in xylose 
assimilation [98]. Cellulose hydrolysates present different inhibitors from lignin derivatives 
and sugar degradation, resulting in high amounts of acetic acid, intrinsically necessary for 
the deconstruction of biomass [99].
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as the main step and habitual fermentation as the second step [90].

2.4. Second-generation bioethanol

All adverse parameters studied for the first-generation fermentation process have been highly 
researched to reach an ideal model of production of second-generation bioethanol, which is 
characterized by being profitable and environmentally sustainable [91].

Second-generation bioethanol production starts from the lysis of the raw material (sugarcane 
bagasse, vinasse, and residues from the milling of grains). The main step is characterized by a 
pretreatment where the breakdown of the cellulose-hemicellulose-lignin complex allows the pro-
duction of fermentable sugar levels for a subsequent fermentation, demonstrated in Figure 6 [92].

The hydrothermal and lime pretreatments are the most used, known for making the method 
more effective in preparing the biomass bioconversion step [93], a strong advantage for the 
sugarcane bagasse. They can be carried out under conditions of low temperature and pres-
sure, resulting in lower sugar degradation, whereas in the saccharification the pretreatment 
is observed with high temperatures and difficult breaks of carbohydrate chains, resulting in a 
lower amount of sugars [94].

The fermentation of lignocellulose hydrolysates for bioethanol production presents two 
main problems: first, the fermentation of xylose that requires a low and controlled oxygen-
ation; second, the removal of microbial inhibitors, which can contaminate the process [95]. 
Furthermore, these yeasts present a certain tolerance limited to ethanol [96].

Genetic manipulation in the metabolism of xylose in yeast fermentation has advanced and 
pioneering studies on glucose transporters that mediate xylose uptake, allyl-xylitol-reductase 
genes, xylitol dehydrogenase and xylulokinase have been expressed, which allows a better 
assimilation and fermentation of xylose [97].

The main concern in this step is that the balanced supply of NADP (enzyme nicotinamide 
adenine dinucleotide phosphate) and NADPH (enzyme nicotinamide adenine dinucleotide 
phosphate oxidase) has to be constant to avoid the production of xylitol. The path is the 
reduction of NADPH production by blocking the oxidative pentose phosphate cycle in xylose 
assimilation [98]. Cellulose hydrolysates present different inhibitors from lignin derivatives 
and sugar degradation, resulting in high amounts of acetic acid, intrinsically necessary for 
the deconstruction of biomass [99].
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All adversities of typical fermentation first generation associated with pH, temperature, 
elevation of ethanol concentrations, and temperature among other stress factors present in 
large-scale fermentations are seen together in the adversity challenges of second-generation 
fermentation [100].

2.5. Advances and perspectives

First-generation fermentation over the years has mainly been used for large-scale industrial 
models. Although it is a well-established process, it is not definitively elucidated. Changes 
can be seen with each new process initiated presented for fundamental parameters and the 
behavior of the yeasts used.

Figure 6. Simplified scheme of second-generation fermentation process with steps of biomass and hydrolysis for 
bioethanol production worldwide.
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S. cerevisiae has the characteristic of being adaptable to any environment, which leads to 
numerous behavioral responses during fermentation. As for each new cycle, changes are 
inevitable and checking all parameters of fermentation are of extreme importance for the suc-
cess of the fermentation.

Flocculation is a divergent parameter, although it can have many advantages as a phenome-
non of cellular protection to several stressors and contaminations in a process, it also presents 
disadvantages such as low yield in fermentation of fermenting tanks by their decanting. The 
question whether this phenomenon is beneficial or detrimental on flocculation is still uncer-
tain; however, it is well-known and elucidated in its morphology or molecular action in yeast 
cells, and it contributes to the improvement of bioethanol production in the world industry.

For an alcoholic fermentation to be efficient, it is necessary and indispensable to know what 
happens throughout the process, the main steps and degrees that microorganisms go through 
for hours and days in order to remain viable and productive. For this reason, the study and 
knowledge of the two main parameters stress of fermentation (heat and ethanol) is of para-
mount importance for any beginning of the process, whether in small scale, as in laborato-
ries, or large scale, as in industrial productions. The behavioral responses of the fermentation 
are measured through these parameters that are observed at all times, always aiming the 
improvement for the process.

The main step for a virtuous bioethanol production is the ability of the microorganism to 
breakdown the sugars and thus assimilate them to ferment. This detailed step has to be well 
studied so that there is no damage throughout the process, especially at industrial scales, so 
that both, a sufficient amount of microorganism concomitantly and adequate amount of sug-
ars are essential to the start of the production.

Looking at the current scenario, the first-generation processes were modernized and studies 
and improvements resulted in second-generation fermentation, which aims to take advantage 
of all remaining residues and reaches to more sustainable processes. These processes are tak-
ing strides and improvements are being seen at all times to reach the ideal process.

In view of this profile, the search for yeasts with more robust characteristics in industrial lines 
is essential, and different strategies involving adaptation and functionality are highlighted by 
genetic engineering research. Advances in the area of a process and ideal yeast are positive, 
but the journey is still far from reaching perfection. The secrets and mysteries of fermentation 
are innumerable, but research is constantly revolutionizing and little by little these are being 
unraveled and the beginning of everything is the understanding of all the steps and all its 
parameters.
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Abstract

Ethanol is one of the leading alternative fuels. Efforts have increased the development of tech-
nologies for producing ethanol efficiently and economically. The continuous fermentation using 
yeast cells immobilized in low‐cost materials is presented as an excellent alternative. We used 
four lignocellulosic wastes for the inmobilization process. The materials were characterized 
physicochemically. The composition was determined by the Van Soest method. Zeta potential 
was measured to establish the hydrophobic or hydrophilic character of the material surfaces. 
The contact angles measurements were used to confirm the hydrophobic or hydrophilic charac-
ter and the free energies interaction was established. Images were obtained by scanning electron 
microscope, and determination of surface areas and volumes was performed by adsorption and 
desorption isotherms. It was established that cell surface properties are modified by the immo-
bilization process to which they are subjected. It was evident that cell immobilization depended 
on the properties of the carrier, as well as cell surface properties. Thus, in order to improve the 
process of cell immobilization, it is essential to understand the type of carrier‐cell interactions 
that occur during the immobilization process, making necessary the knowledge of the main 
surface characteristics of both the media and of cells that can affect the process.

Keywords: ethanol, immobilization, yeast, lignocellulosic waste, continuos fermentation

1. Introduction

Global instability in the cost and supply of petroleum and the growing need in reducing the 
environmental impact of burning fossil fuels have renewed interest in alternative fuels from 
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renewable sources. Ethanol is one of the most important biofuels that can be implemented 
alone or in combination with gasoline in the current transport system. Because of this, efforts 
have increased the development and implementation of technologies for producing ethanol 
more efficient and economical.

One of the improvements proposed to the alcoholic fermentation is the realization of con-
tinuous process with immobilized cells. This implementation offers great advantages such 
as ease of product separation, reuse of biocatalysts, and high volumetric productivity [1]. 
The immobilization matrices studied have been hydrophilic polymer gels such as alginate, 
carrageenan, agarose, etc. In these matrices, the cells are immobilized by entrapment in the 
gel [2, 3]. However, this immobilization method is impractical on an industrial scale because 
of the cost of raw materials, the complexity of preparation of biocatalysts, and the short 
operational lifetime of these in fermentations [4].

In the last decade, raw materials for agro‐industrial residues have been evaluated as promising car-
riers for the immobilization of cells. On these media the cells are immobilized mainly by adsorption, 
a simple and economical methodology. The cellulosic materials are re‐generable, reusable, steril-
izable heat, biologically and chemically stable under different fermentation conditions and with 
sufficient mechanical strength, key features for potential implementation at industrial level [5–8].

The study of the interactions cell‐cell has been approached by many researches; nevertheless, 
these studies have been approximations and simplifications of the phenomenon, due to the 
fact that it is impossible bear in mind all the factors and forces that are involved in this type 
of interaction. A complete study should include factors such as the chemical composition 
and form of the cells, the positive and negative surface loads and his not homogeneous dis-
tribution, the permanent changes that happen in the components of the membrane cellular, 
the ionic permeability of the membrane, the modification of the cellular topology during the 
process, the active movement or locomotion that can present the cell, the movement random 
Brownian, the ionic force, the pH, the temperature, brownian, the ionic force, the pH, the 
temperature, the viscosity, etc. [9].

Physico‐chemical treatment of the cellular adhesion problem can provide a thermodynamic 
description of the adhesion event by considering the cell as a colloidal particle with uniform 
surface properties, although the cell may modify their geometry and redistribute their mem-
brane components. This approach generates useful information on the earliest stages of the 
adhesion process; in some cases, it fails to predict actual adhesion. From a physicochemi-
cal point of view, microbial adhesion is often seen as interplay of Van der Waals long‐range 
forces, electrostatic forces, and various short‐range interactions [10].

This study characterized physico‐chemically four lignocellulosic residues—wood shav-
ings, bagasse, corncobs, and corn leaves—which were used as carriers in the immobiliza-
tion of yeast cells for ethanol production in packed bed bioreactors. The characterization 
was also performed to yeast cells that remained free and immobilized cells in the four 
lignocellulosic materials during the basal processes of immobilization. It is hypothesized 
that the modification of surface properties of yeast is caused by the specific conditions 
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of process, characteristics that modify the immobilization process on lignocellulosic sub-
strates. To improve the process of cell immobilization, it is essential to understand the type 
of support‐cell interactions that occur during the process, and it is essential to establish 
the main surface characteristics of both the media and of cells that affect the process of 
immobilization.

2. Methodology

2.1. The organism and culture media

In this work, we used the commercial yeast Saccharomyces cerevisiae Ethanol Red supplied by 
Fermentis. The strain was kept lyophilized and stored at 4°C. The medium for inoculum and 
fermentation is composed of: glucose 100 g/L, peptone 3.6 g/L, (NH4)2SO4 3 g/L, yeast extract 
4 g /L, KH2PO4 2 g/L, and MgSO4.7H2O 1 g/L. The pH was adjusted to 5.0.

2.2. Composition material determination

To determine the content of the lignin, cellulose, hemicellulose, ash, and cell wall of lignocel-
lulosic waste, we followed the methodology used by Van Soest [11–15]. This methodology 
consists primarily in the digestion of the materials in a sequence of detergent solutions, with 
changes in acidity to achieve solubilization of components due to their resistance or suscepti-
bility to chemical reagents.

2.3. Surface area determination

The technique of Brunauer–Emmett–Teller (BET) adsorption isotherms was used for estab-
lishing the surface area for each material. It was also performed to determine the type of pore 
and pore‐size distribution, using the methodology of adsorption isotherms barrett‐joyner‐
halenda (BJH) desorption.

2.4. Sedimentation test

The technique consists in the measurement of cell sedimentation after contact cell suspension 
with solution of CaCl2, which promotes the aggregates cells formation. This methodology is 
used to establish the flocculating ability of cells. And their performance taking into account 
the work of Domingues et al. [16] and Branyik et al. [17].

2.5. Microbial Adhesion To Hydrocarbons test (MATH tests)

The technique consists of determining the ability of cell to adhere to several solvents and 
establish their electron‐donor/electron acceptor or Lewis acid‐base properties. This method 
is based on the comparison between microbial cell affinity to a polar solvent and to a non-
polar solvent by simply measuring the fraction of cell removal from the aqueous phase in 
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the presence of these solvents. To perform the test MATH, we used two pairs of substances, 
chloroform is an electron acceptor solvent and hexadecane is a nonpolar solvent. We also 
used ethyl acetate as a solvent strongly electron donor and decane as a nonpolar solvent. Due 
to surface tension properties of these solvents, the differences between the results obtained 
with chloroform and hexadecane, and the results obtained with ethyl acetate and decane indi-
cate that cell surface interactions are of type electron donor or electron acceptor and reveal 
hydrophobic and hydrophilic properties. Strains adhering well to the hydrocarbon are con-
sidered to be “hydrophobic” and strains adhering poorly are considered “hydrophilic.” The 
removal is greatest when you have a pH value where the zeta potential of the organisms and/
or hydrocarbons is zero. Under this condition, there is no static repulsion [10]. This methodol-
ogy was developed taking into account the work of Domingues et al. [16], Branyik et al. [17], 
and Bellon‐Fontaine et al. [18].

2.6. Zeta potential measuresment

Zeta potential describes the static electric field strength of the double layer at the bound-
ary between a particle and the fluid in which is immersed. Measurements are performed on 
equipment Zeta meter Malvern Instruments that employed folded capillary cells (zetasizer 
nano series Malvern).

2.6.1. For cells

Cells recovered from fermentation are centrifuged and resuspended in solution 10 mM KNO3. 
They are washed at least twice with this solution. Prepare a cell suspension of concentration 
0.85 g/L dry cell weight with solution 10 mM KNO3. Adjust the pH with HNO3. We can pre-
pare three different cells suspension with pH values of 3.0, 4.0, and 5.0. The cell suspension is 
filled into the electrophoresis cell, and after at least 40 electrophoretic mobility readings, the 
average zeta potential is calculated.

2.6.2. For lignocellulosic materials

An amount of 0.5 g in dry state was triturated and then suspended in 100 mL of 10 mM 
KNO3. The suspension of carrier particles was filtered through a polyester mesh (PE 15 mm 
Seidengazefabrik AG Thal, Switzerland) with mesh openings of 15 × 15 mm and the pH is 
adjusted with HNO3. The cell suspension is filled into the electrophoresis cell and after at least 
40 electrophoretic mobility readings the average zeta potential was calculated.

2.7. Contact angles

The technique consist in the measurement of contact angles, formed by sessile drops of three 
different liquids (two polar and one apolar), to enable the calculation of the surface free 
energy and the degree of hydrophobicity of cells and lignocellulosic materials. This method-
ology was developed taking into account the work of Henriques et al. [19] and Branyik et al. 
[17]. The apparatus used was a model OCA 15 PLUS, DATAPHYSICS.
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2.7.1. Contact angle measurement for cells

Cells were harvested by centrifugation at 6000 g and 4°C for 10 min and washed with 
increasing concentrations of ethanol in water (10, 20, and 50% v/v). The resulting pellet 
was resuspended in 50% (v/v) ethanol. The final concentration was adjusted to 1.2 g/L dry 
cell weight. An aliquot of 1 mL of cell suspension is spread over the solidified agar layer 
in order to cover the entire surface. This layer is let to dry; this step is repeated four times. 
Contact angles are measured by the sessile drop technique at room temperature using 
water, formamide, and α‐bromonaphtalene. Each assay is performed in triplicate and at 
least 20 contact angles, per sample, are measured.

2.7.2. Contact angle measurement for carriers

To contact angle measurements, carrier particles are fixed on a microscopic slide by an adhe-
sive tape. Contact angles are measured by the sessile drop technique, it is employed a drop 
volume of 3 µL and the same procedure for cells determination.

2.8. Scanning electron microscope (SEM)

For the realization of the images, we used the scanning electron microscope (FEG/SEM) FEI 
Nova 200 with EDAX, EDS/EBSD, and STEM. The images were performed on samples of 
materials before and after basal immobilization.

2.9. FT‐IR and FT‐Raman measurements

Fourier Transform Infrared Perkin Elmer, Spectrum one model, deuterated triglycine sulfate 
(DTGS) detector was employed  to obtain the spectra. The samples were dried at 80°C for 30 
min, dispersed in KBr to form a tablet, which is analyzed in the spectrometer. The analysis 
conditions were temperature 24°C, the number of sweeps of 8 with a resolution of 4 cm−1 and 
a range of wavelengths (ν) 4000–400 cm−1.

2.10. Basal immobilization process

We used pieces of each material: wood shavings, sugarcane bagasse, corncobs, and corn 
leaves. A cell suspension prepared in isotonic solution with 15 g/L of biomass was continu-
ously recirculated. The process was realized by a period of 12 hours at 30°C, and we used 
column bioreactors with a volume of 150 mL.

2.11. Dry weight technique modified

Immobilized biomass was determined by the difference in dry weight of support before and 
after cell removal protocol. The removal was performed with a solution of NaOH 0.1% by 
mechanical agitation at 150 rpm for 24 hours at room temperature. The drying was performed 
at 105°C by 12 hours [20].

Physicochemical Characterization of the Yeast Cells and Lignocellulosic Waste Used in Cell...
http://dx.doi.org/10.5772/intechopen.70129

233



2.12. Free energy determinations

The total surface tension (γtot) and its components (γLW, γ+, γ−, γAB), the values of the free 
energy of interaction between cells and water and the components (∆Gcwctot) (∆GcwcLW, and 
∆GcwcAB) are calculated according to van Oss and co‐workers [21].

3. Results and discussion

Table 1 shows the results for determining the composition of lignocellulosic waste. The con-
tent of lignin, cellulose, hemicellulose, ash, and cell wall presented significant differences for 
each material. Wood shavings, corn leaves, and bagasse have between 20 and 24% cellulose 
content more that lignin, however, the corncob has only 8%. The corn leaves in the material 
had higher content of cell wall and hemicellulose, whose main function is to provide the bond 
between the cellulose and lignin [22]. Lignin is the substance that gives structural rigidity to 
the material because it is responsible for holding the fibers harden and polysaccharide [23]. 
The corn leaf contains a low amount of lignin, a characteristic that may influence the ability of 
immobilization and the stability of the material in fermentation. We can experimentally verify 
that this material in the operation presents less stability. It tends to gather and pile up by the 
top of the bioreactor, resulting in not homogeneous distribution of the bed and its obstruction. 
The corn leaf was the material that showed less stability during cell removal protocol; it is eas-
ily disintegrated when placed in contact with NaOH at high concentration.

Natural materials typically have very low porosities and surfaces, so the amount of nitrogen 
adsorbed at 77 K was very low, this corresponds to materials with a poorly developed mesopo-
rosity and no micropores. The size distributions of mesopores determined by the BJH method 
(desorption isotherm) resulted in none of the samples has a significant amount of mesopores 
than 20 nm; most of them are between 3 and 12 nm. The corn leaves and wood shaving mate-
rials presented mesopores between 3.1 and 3.4 nm. The values are summarized in Table 2. 
There is good agreement between the values of the areas calculated by the BET method and 
BJH method from the desorption isotherm, with the exception of wood shaving material. It 
is important that the BJH method counts only the pores with diameters greater than 3.1 and 
it is possible that this sample has a significant amount (in relative terms) of these pores. The 
corresponding size distribution suggests this. We can establish a small difference between the 

Lignin (%) Cellulose (%) Hemicellulose 
(%)

Ash (%) Cell wall (%) Total

Wood 
shavings

27.09 46.79 16.62 0.45 9.05 100

Bagasse 29.68 52.18 7.24 0.01 10.89 100

Corncobs 38.15 45.95 9.95 0.34 5.61 100

Corn leaves 5.44 29.19 24.63 1.71 39.03 100

Table 1. Material’s composition obtained using the Van Soest Method.
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samples of bagasse, with the corncob, bagasse can absorb a little more nitrogen than the cob, 
and this is consistent with the parameters. The bagasse has a higher adsorption at low relative 
pressure zone. Also size distribution of present mesopores is less than 20 nm, while most are 
distributed in sizes 3 to 12 nm. The top curves correspond to diameters between about 3.5 and 
4.5 nm, values that do not differ significantly from the other samples. We can say with some 
certainty that all samples have a very low porosity, mainly relating to mesopores with diam-
eters below 12 nm, with specific areas between 1 and 4 surface m2/g and pore specific volume 
between 0.002 and 0.006 cm3/g. The advantages of cell adhesion to nonporous carriers consist 
in lower mass transfer limitation of substrates and products due to direct contact between cells 
and bulk liquid and also in the simplicity of the immobilization. The main risk of this method 
is the biofilm detachment induced by changes in cell environment [24].

All the spectra show similar absorption features, although the intensities of the absorption 
bands are different. The assignment of the following absorbance bands is in accordance with 
the literature [25]. The methylene (CH2) structural unit has symmetric and asymmetric vibra-
tions. The asymmetric C–H stretching vibrations for CH2 involve one C–H bond contracting, 
while the other bond is lengthening. This vibration is observed at 2926 ± 10 cm−1. The symmet-
ric methylene stretch involves both the C–H bonds lengthening or contracting at the same time. 
This band typically appears at 2855 ± 10. These bands are present in both blank cells and immo-
bilized cells. The presence of band at 1375 ± 10 cm−1 is a strong indication of the presence of a 
metyl group in a sample. These bands correspond to the symmetric C–H bending vibrations of 
the methyl (CH3) group and are observed in the wood shaving sample. The spectral signature 
bands due to the C=O stretching vibration, which appears as an intense band between 1800 and 
1600 cm−1. This vibration is observed in both blank cells and immobilized cells. The overriding 
spectral feature of a carboxylic acid is the broad, intense O–H stretching band typically found 
from 3500 to 2500 cm−1, and often centered around 3000 cm−1. This band almost by itself, tells 
you that sample contains a carboxylic acid. The sharper C–H stretching vibrations are super-
imposed upon the broad O–H stretching band. However, some times the O–H stretch masks 
the C–H stretching bands. Note that on the low wavenumber side of the O–H stretching band 
in the blank and immobilized cells of both samples, between 2500 and 2800 cm−1, there are 
some broad features of medium intensity. The in‐plane O–H bending band is found from 1440 
to 1395 cm−1. In the spectrum, this band is found at 1400 cm−1. Carboxylic acids contain a C–O 

Materials SBET (m2/g)a SBJH (m2/g)b SBJH (m2/g)c VP (cm3/g)d VP (cm3/g)b VP (cm3/g)c

Wood 
shavings

2.6 2.5 2.1 0.005 0.005 0.005

Corn leaves 2.8 2.2 2.0 0.004 0.004 0.004

Bagasse 5.3 3.7 3.7 0.006 0.005 0.006

Corncobs 4.8 3.1 3.0 0.005 0.005 0.005

aCalculated by the BET method (adsorption isotherm).
bCalculated by the BJH (desorption isotherm).
cCalculated by the BJH (adsorption isotherm).
dCalculated by the maximum amount adsorbed (P/P0 = 0.99).

Table 2. Specific surface areas and volumes for lignocellulosic wastes, determined by the methods of BET and BJH.
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bond, and the C–O stretch of carboxylic acids appears between 1320 and 1210 cm−1. The C=O 
stretch of carboxylic acids is in the same regions as the C=O stretch of ketones, aldehydes and 
esters. The C=O stretching band by itself is not sufficient evidence to identify a carboxylic acid. 
Other bands, such as the O–H stretch must be found to confirm the assignment.

The NH2 group in a primary amide can bend in addition to stretching. The in‐plane bending 
vibration involves the H–N–H bond angle getting bigger and smaller, like the opening and 
closing of a pair of scissors. This vibration is called the NH2 scissors mode, and is found from 
1650 to 1620 cm−1. Note that the wavenumber range for the C=O stretch and the NH2 scis-
sors overlap. The NH2 part of a primary amide can also bend out of the plane defined by the 
functional group. This out‐of‐plane bending band is typically very broad and is found from 
750 to 600 cm−1. This band is observed in all spectra for the materials. Primary amides contain 
one C–N bond, and the stretching of this bond gives rise to a band from 1430 to 1390 cm−1. It 
is found well‐defined in the spectrums of corncobs, corn leaves, and wood shaving, and it is 
less evident in the bagasse spectrum. The secondary amides are probably the most common 
and important type of amide. Proteins, nylons, and other polymers contain secondary amide 
linkages. This band appears between 3370 and 3170 cm−1. In the cells spectrum, this band is 
overlapped by the O–H stretching band. The carbonyl stretch of secondary amides appears in 
the same range as other amides, from 1680 to 1630 cm−1. The N–H moiety can bend as well as 
stretch and, like many other functional groups, there is an in‐plane and out‐of‐plane bending 
vibration in secondary amides. The in‐plane N–H bending vibration usually appears from 
1570 to 1515 cm−1. It is found in the spectrum of both cells samples in 1542 cm−1. The primary 
amine C–N stretching vibration for saturated molecules occurs from 1250 and 1020 cm−1. It is 
observed at 1088 cm−1 for cells spectrum and 1062 cm−1 for the materials spectrum. In summary, 
the FT‐IR spectra obtained showed the presence of CH, CH2, CH3, NH, NH2, NH3, COOH, and 
CONH groups on the surface of all samples cells and materials as shown in Figure 1).

Images obtained by SEM for the materials before and after basal immobilization are presented 
in Figure 2(a) and (b). In Figure 2(a), we can see the superficial differences between the materi-
als prior to immobilization. The corncob is the material that has a rough, irregular surface, and 
multiple pores are observed, corresponding to embryo sacs that make up the fruit of the corn. 
The wood shaving has a surface with two types of arrays, one consisting of a flat, smooth region, 
equivalent to the wood fibers and is the main constituent. The other region is composed of pores 
corresponding to the tracheae in the body secondary woody plants. The corn leaf is the material 
having a smooth and homogeneous surface; there is complete cellular structure and the presence 

Figure 1. FT‐IR results for (a) yeast cells and (b) lignocellulosic wastes.
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of trichomes or hairinesses characteristic of this tissue. The bagasse has an ordered structure in the 
form of overlapping plates; equivalent to longitudinal segment of cane stalk and due to mechani-
cal treatment for the extraction of juice in sugar cane cannot be seen defined cellular structure.

Figure 2(b) shows the images of the material after basal immobilization. We can see that the 
yeast cells adhered to all surfaces of different materials. In the case of the wood shaving, immo-
bilization was performed in both the pore region and the smooth region. In the corncob, the 
cells display more uniform adhesion across the surface of the material; however, in the corn 
leaf, the cells were immobilized preferentially in regions where there were creases. The bagasse 
laminar surface was covered uniformly by the cells. It can be seen that the cells are attached to 
chains and forming group. The highest number of immobilized cells was bagasse and corncob.

The superficial characteristic of cells before basal immobilization process, as shown in 
Figure 3, indicate an affinity for chloroform greater than hexadecane. The differences in affin-
ity were due to interactions of Lewis acid‐base, i.e., interactions donor / acceptor of electrons 

Figure 2. (a) Scanning Electronic Micrograph of lignocellulosic wasted, (b) Scanning Electronic Micrograph of lignocellulosic 
wasted after basal immobilization; (A) wood shavings, (B) corncobs, (C) corn leaves and (D) bagasse.

Figure 3. Test MATHS for free cells.
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Figure 4. Test MATH for cells in basal immobilization process. (a) Free cells and (b) immobilized cells.

resulting from the electron donor nature of the yeast. These results are consistent with those 
obtained by Mercier‐Bonin et al. [26]. From the results obtained with the other pair of sol-
vents, we can establish that there is a higher affinity of the cells by the ethyl acetate solvent 
than the nonpolar solvent decane. It reveals an electron acceptor nature even slightly higher 
than its electron donor nature. The low affinity of cells to the nonpolar solvents indicates 
hydrophilic properties [10, 27]. We can conclude that yeast cells used in this study have an 
electron acceptor nature and hydrophilic properties.

Adhesion analysis for cellular samples obtained from the basal immobilization process on wood 
shaving, corncobs, and corn leaves carriers revealed an increase in the adhesion of immobilized 
cells over no immobilizes cells. Both free and immobilizes cells exhibited an electron donor 
nature, a result contrary to what was obtained with blank cells (free cells suspended in isotonic 
solution not subjected to immobilization). However, the results of adhesion to cells in the process 
with bagasse like carrier showed differences in this trend, i.e., retained their electron acceptor 
nature. It is important to note that all cell samples retained the hydrophilic character; it was evi-
denced by the poor adherence to the nonpolar solvents. These results suggest that the immobili-
zation process modifies the surface characteristics of the cell and the immobilization by adhesion 
is influenced also by the surface characteristics of the carrier used. The results of cell adhesion 
after the basal immobilization process with each of the carriers are presented in Figure 4.

The results obtained for the sedimentation test performed on the cells used as blank and the 
free cells taken from the basal immobilization process with bagasse are presented in Figure 5. 
As shown no increased capacity flocculating or settling of the cells after being subjected to 
the immobilization process conducted by 12 hours was observed. It is possible that a change 
occurs with the time in cell physiology, allowing an increase in the capacity of sedimenta-
tion. This behavior has been reported by other researchers [17]; however, the period of time 
of immobilization process that the cells were subjected in these studies was superior to 100 
hours; it was much higher than the evaluated in this study.
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An approach based on a balance of free energy of interaction between cell‐liquid, liquid‐
medium, and medium‐cell interface was used to estimate the physicochemical properties of 
the surface of cells and media, which could lead to adhesion. Electrodynamic forces (Lifshitz‐
Van der Waals) and hydrophobic forces (acids/Lewis bases) were determined using contact 
angle measurements and tests of electrophoretic mobility (zeta potential). The contact angle 
measurements were obtained from the formation of sessile drops of three different liquids; 
water and formamide as polar liquids and liquid α‐bromonaphthalene as apolar. The calcula-
tion of surface free energy and the degree of hydrophobicity can be defined in terms of the 
change in free energy of interaction between two particles of the same material immersed in 
water (w). The free energy comprises a polar component (AB) and an apolar component (LW), 
ΔG1w1TOT = ΔG1w1AB + ΔG1w1LW. When the value of de ΔG1w1TOT is negative, the interaction energy 
between molecules is attractive, which means that cells have less affinity for water than for 
themselves giving them a hydrophobic character. On the other hand, the cells are hydrophilic 
when this value is positive [27].

The value of contact angle with water can provide preliminary information on the hydropho-
bicity of the cells. If the value is greater than 50°, the surface is considered hydrophobic; if 
the value is less than 50°, the surface is hydrophilic [28]. In the results presented in Table 3, 
we can see values of contact angles above 50° for all lignocellulosic waste, indicating their 

Figure 5. Sedimentation test for free cells obtained in different process.

Wood savings Corncobs Corn leaves Bagasse Free cells

Water (θw (°)) 84.50 ± 06.40 84.40 ± 06.10 115.67 ± 15.28 104.20 ± 11.10 19.88 ± 1.87

α‐Bromonaphthalene 
(θB (°))

32.27 ± 07.84 33.19 ± 09.63 44.63 ± 11.49 28.60 ± 10.00 76.50 ± 2.67

Formamide (θF (°)) 74.25 ± 11.53 67.57 ± 10.15 75.72 ± 12.47 75.11 ± 11.37 13.80 ± 1.04

Table 3. Contact angle for lignocellulosic waste materials and yeast cells.
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hydrophobic character. In the case of blank cells, the value of contact angle with water is less 
than 50°, indicating a hydrophilic character. These results are consistent with those previ-
ously obtained in the MATH test.

The cell surface is the site of the physicochemical interactions with the support leading to 
adhesion. Previous studies have suggested the relationship between the ability of adhesion 
and cell surface hydrophobicity [29]. The hydrophobicity of yeast cells is affected by tem-
perature, nutrition, and growth phase [19]. While the nature of the substrate surface can be 
considered temporarily unchanging, the nature of the yeast surface is a function of their phys-
iological state. In the Table 4, we shows the values of contact angles obtained for cell samples 
of immobilized process carried out with the four materials. The properties of the cell surface 
have varied. There is an increase in the value of contact angle with water for all samples of 
cells that were immobilized; this indicates an increase in cell surface hydrophobicity gener-
ated by changing the physiological state of the cell and the process conditions. The only mate-
rial that did not show this behavior was the corn leaf. In this material, the contact angle value 
increased for the cells that remained free during the process, however, the immobilized cells 
showed a similar value to the blank cells.

In Tables 5 and 6, the results for surface tension and interaction energies are calculated. The 
high values obtained for Ƴs− are consistent with measurements of zeta potential, and also 
showed a negative surface charge to the cells (see results in Figure 6(a). The result showed a 
pH of 3.0–5.0 and an ionic strength of 10 mM; the zeta potential has a range of −13 to 16 mV. 
These values reveal an electron donor nature of the yeast cell surface. Some authors suggest 
that it may be due to presence of carboxyl and phosphate groups [17]. Figure 6(b) shows that 
the zeta potential is negative for all lignocellulosic materials and there is a marked increase in 
negativity with the pH increase. For a pH range of 3.0 –5.0, the zeta potential range is between 
−7 and −21 mV.

Positive values obtained for ΔG1w1IF (interaction free energy of cells) are positive, indicating 
the hydrophilic character of the cells. There were no changes to this feature during the process 
of cell immobilization, although there were differences between cells that were free and those 
that were immobilized. Cells that were immobilized had a value less hydrophilic, indicating 
a variation in the surface properties of yeast cells. For lignocellulosic material was obtained 
ΔG2w2IF negative value, indicating its hydrophobicity. Also the high value of ƳsLW confirms 
its apolar character. The interaction energy between the carrier and the cell when immersed 
in water is presented at the end of the table (ΔG1w2IF ), this value reveal the possibility of cell 
immobilization. Positive values of ΔG1w1AB involve repulsion between the particles or mol-
ecules of the material 1 immersed or dissolved in the liquid (w). It is also a major factor in the 
stability of particles in suspensions.

It is theoretically possible for a given material to only have a value of γs+ or presence of 
only one value for γs−. So your γsAB is zero and its surface tension (γs) is equal to total 
γsLW. However, such substances, which are designated as single‐pole, can interact strongly 
with bipolar materials and mono‐polar materials of opposite polarity, despite the appar-
ently non‐polar nature of its surface tension [27]. This feature shows the lignocellulosic 
materials.
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The implications when the interfacial free energy of interaction ΔG1w2 is greater than zero, 
a net repulsion must occur between particles or molecules of materials 1 and 2 immersed 
or dissolved in the liquid w (always that there is not a cancellation of the electrostatic 
attraction on materials 1 and 2), otherwise, i.e., ΔG1w2 less than zero, if there is an attrac-
tion. The energy of interaction between the carriers and cells is attractive for both wood 
shaving and corncobs free cells as the immobilized. Bagasse and the corn leaves have 
negative interaction energy (attraction) between the free cells and carriers, however, posi-
tive values are obtained for the energy of interaction with immobilized cells. Despite these 
results, the cell immobilization occurs on the supports, as shown in the images achieved 
in the SEM.

4. Conclusions

The characterization performed both lignocellulosic materials used as carriers, and yeast 
cells, gives relevant information about the nature of the surfaces. There are differences in the 

Wood shaving Corncobs Corn leaves Bagasse

ƳsLW (mJ/m2) 37.631 37.195 32.305 38.829

Ƴs+ (mJ/m2) 0.000 0.000 0.267 0.000

Ƴs− (mJ/m2) 10.582 6.760 0.000 0.220

sAB (mJ/m2) 0.000 0.000 0.000 0.000

s (mJ/m2) 37.631 37.195 32.305 38.829

ΔG2w2
AB (mJ/m2) −36.315 −49.113 −92.455 −95.837

ΔG2w2
LW (mJ/m2) −4.354 −4.184 −2.299 −4.959

ΔG2w2
IF (mJ/m2) −40.666 −53.297 −94.754 −100.796

Table 6. Superficial tensions and free energy of interaction between the carriers and water (2w2).

Figure 6. Zeta pontential (a) immobilized cells on basal process and (b) lignocellulosic wasted.
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 surfaces of four lignocellulosic wastes, as well as differences in their compositions. These vari-
ations can significantly influence cell adhesion and stability of biocatalysts in fermentation 
conditions used in ethanol production. It highlights the fact that the cells was immobilized 
on each of the four carrier evaluated. Yeast cells suspended in isotonic media was adhered to 
support, when they are placed into contact during 12 hours, corresponding to basal immobi-
lization process. It was established that the yeast cells used in this study initially presented a 
hydrophilic surface and have electron acceptor nature.

After the basal immobilization process, the cell surface properties are modified. The cells 
have a less hydrophilic character and change their electron acceptor to electron donor char-
acter. Also, there are differences between free cells and the cells that adhere to the surface of 
the supports. These results confirm the variation of surface properties of cells, depending on 
their physiological state and the conditions under which the immobilization process was per-
formed. To establish the potential presented by these materials in the development of func-
tional biocatalysts for ethanol production in continuous packed‐bed reactors, it is necessary 
to evaluate its performance under fermentative conditions, and it is necessary to establish that 
the yeast cells remain attached to the carriers during the process. It is necessary to establish 
the variations that exist in their surface properties. Nowadays, these studies are being devel-
oped in the group.
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Abstract

Fermentation technologies have been developed to improve the production of ethanol and 
an alternative is the immobilization technology, which offers the possibility of efficiently 
incorporating symbiotic bacteria in the same matrix. This study analyzes the potential 
use of immobilized and coinmobilized systems on beads of calcium alginate for ethanol 
production used mango waste (Mangifera indica) by Zymomonas mobilis and Saccharomyces 
 cerevisiae compared with free cells culture and  evaluate the effect of glucose concentra-
tion on productivity in coimmobilized system using a Chemostat reactor Ommi Culture 
Plus. For free cell culture, the productivity was higher for Z. mobilis (5.76 g L-1 h-1) than 
for S.  cerevisiae (5.29 g L-1 h-1); while in coimmobilized culture, a higher productivity was 
obtained (8.80 g L-1 h-1) with respect to immobilized cultures (8.45 g L-1 h-1 - 8.70 g L-1 h-1). 
The conversion of glucose to ethanol for coimmobilized system was higher (6.91 mol 
ethanol) with 50 g L-1 of glucose compared to 200 g L-1 of glucose (5.82 mol ethanol); sug-
gesting the immobilized and coimmobilized cultures compared with free cells offer an 
 opportunity for the reuse of organic residues and high alcohol production.

Keywords: Mangifera indica, immobilization, coimmobilization, ethanol, Zymomonas mobilis, 
Saccharomyces cerevisiae
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1. Introduction

1.1. Use of agroindustrial waste in fermentation processes

Alcoholic fermentation is a process by which microorganisms convert hexoses, mainly glu-
cose, fructose, mannose and galactose, in the absence of oxygen and get products as alcohol 
(ethanol), carbon dioxide and adenosine triphosphate (ATP) molecules. Approximately 70% 
of the energy is released as heat and the remainder is preserved in two terminal phosphate 
bonds of ATP, for use in transfer reactions, such as activation of glucose (phosphorylation) 
and amino acids before of the polymerization. In other words, fermentation is a set of chem-
ical reactions carried out by microorganisms in which an organic compound is oxidized, 
partially in the absence of oxygen to obtain chemical energy and understood as a partial 
oxidation when all the carbon atoms of the compound are oxidized to form CO2. It is a pro-
cess known since antiquity and is currently the only industrial process for the preparation of 
ethyl alcohol in all countries. The glucose as raw material is not only used, but other types 
of raw material much cheaper. However, the process of alcoholic fermentation occurs natu-
rally, originated by the activity of some microorganisms through its anaerobic energy cell 
metabolism; for a large-scale production process, it is necessary for microorganisms (bac-
teria, fungi and yeasts) to accelerate the process of alcoholic fermentation and increase the 
conversion rate [1]. During the twentieth century and until the beginning of the twenty‐first 
century, alcoholic fermentation has focused exclusively on the improvement of fermenta-
tion processes and specifically on the optimization of industrial performance through a good 
selection of yeast strains, which are the most used microorganisms for the production of 
ethanol by fermentation, due to its high productivity in the conversion of sugars and bet-
ter separation of the biomass after fermentation. Yeasts are unicellular (usually spherical) 
microorganisms of size 2–4 μm and are present naturally in some products such as fruits, 
cereals and vegetables. Different species of fermentative microorganisms have been identi-
fied, among which are mainly Saccharomyces cerevisiae, Kluyveromy cesfragilis, Torulaspora and 
Zymomonas mobilis [2].

S. cerevisiae is a unicellular organism that is able to follow two metabolic routes to obtain the 
energy necessary to carry out its vital processes: alcoholic fermentation and aerobic respira-
tion. The first is characterized by the evolution of CO2 and the production of ethanol out 
of contact with oxygen, obtaining the energy necessary to carry out its vital processes from 
metabolizing carbohydrates. The yeast requires glucose to be catalyzed by the glycolysis or 
Embden-Meyerhof pathway, to obtain pyruvate that is then converted by anaerobically into 
ethanol and CO2 by the action of specific enzymes. Its optimal temperature of growth varies 
between 22 and 29°C and does not survive more than 53°C. It ferments a sugar solution with 
a concentration of less than 12% and is inactivated when the sugar concentration exceeds 15% 
due to the osmotic pressure of medium on the cell. On the other hand, Z. mobilis is a faculta-
tive anaerobic gram-negative bacterium that can ferment certain sugars through a metabolic 
pathway producing bioethanol, sometimes, more efficiently than yeasts. It has an incomplete 
Krebs cycle, but it has characteristics to perform the pyruvic synthesis pathways from glucose 
or glyceraldehyde-3-phosphate. This organism also shows a high rate of sugar uptake and a 
yield of ethanol as fuel of the 97% [3].
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The alcoholic fermentation processes using agroindustrial products present a great challenge 
given the inconveniences that could arise when using raw material for human consumption or 
edible vegetable crops for the production of ethanol, and, on the other hand, the change in the use 
of land destined for the cultivation of vegetables that will be used to produce ethanol and bioetha-
nol, which would sometimes lead to deforestation, food shortages, increase of desert regions and 
greater inability of soils to retain water, thus disrupting the balance of the hydrological cycle [4].

On a global scale, the use of energy raw materials for energy purposes and in the production 
of ethanol has led to higher prices for products such as maize or barley, as well as making eth-
anol production economically unviable. Therefore, it is important to use raw materials that do 
not compete with food products and that are low cost in the production of biofuels, must also 
ensure a good profitability and are environmentally sustainable projects. In the energy sector, 
it has been estimated that the use of all world food surpluses could only produce bioethanol 
to replace 1% of the oil currently used. Concluding that if food crops were used to produce 
ethanol, a chain of food imbalances would be generated, which would be unsustainable [5].

An alternative to producing ethanol is through the use of other nontraditional raw materials, 
which arise as by-products and/or waste from industrial processes. Propose new technolo-
gies that allow the production of ethanol from cane residues, solid waste and those materials 
containing cellulose and hemicellulose, which allows the revalorization of waste from various 
industries, converting them into raw material for the production of ethanol.

At present, efforts have been made mainly in the search for cheap raw materials, which 
replace the traditional ones, in order to achieve greater efficiency in the processes of fermenta-
tion, recovery and purification of alcohol produced. The importance of the production of bio-
ethanol has as main interest to compete with the use of fossil fuels since ethanol can be used 
as fuel for motor vehicles increasing the octane number, and therefore the reduction of con-
sumption and contaminants (10–15% less carbon monoxide and hydrocarbons). Ethanol can 
be mixed with unleaded gasoline from 10 to 25% without difficulty, although some engines 
have been able to incorporate 100% alcohol as fuel. Thus, ethanol could substitute for methyl 
tert-butyl ether (MTBE), an oxygenation product with which gasolines have been reformu-
lated in Mexico since 1989, which has reduced CO2 emissions. This action is very important 
since MTBE, being a very stable compound, with low degradation and very soluble in water.

The production of bioethanol lost importance at the end of the first half of the XX century, 
being replaced by the production of synthetic ethanol, from petroleum derivatives, which 
is cheaper, but cannot be used in food preparation, alcoholic beverages or medications. The 
rise in oil prices turned our eyes toward the fermentation route of ethanol production, and 
today, we work mainly in the search for cheap raw materials, replacing the traditional sugary 
materials. Studies carried out by different researchers suggest that the by‐products of mango 
juice, cane juice and molasses are an efficient alternative for the production of ethanol without 
affecting the food item, besides increasing the productivity and concentration of ethanol in 
the fermentation medium, and therefore reduce the costs of ethanol production [6].

Historically, the sugar industry in Mexico is one of the most important, characterized by sug-
arcane harvests throughout the year, with a production of cane of 46,231,229 tons per year, 
and the remaining residue derived of sugarcane has been exploited as energy biomass and 
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for the production of different biotechnological products by fermentation. Other alternatives 
of raw material are mango juice and its residues, and the fruit is grown in all the countries of 
Latin America, Mexico being the main exporting country of this fruit, with an annual produc-
tion of approximately 1 million 452 thousand tons of mango and of which more than 60% of 
this production is given to the South-Southeast region of our country.

The alternative of using residues or products that can replace the raw materials normally 
used in ethanol production is now a highly promising possibility, because the cost of produc-
tion of ethanol is closely related and dependent on the cost of the raw material, the volume 
and the composition of the same. The existing economy in Mexico related to cane cultivation 
(experience and sugar tradition) and the export of mango types offers technological alterna-
tives that allow the fermentation of cane juice, molasses and mango juice through S. cerevisiae 
and Z. Mobilis as viable sources for the production of ethanol, whether in the manufacture of 
alcoholic beverages or for the production of biofuels.

1.2. Tecnología de inmovilización

Research has been developed in order to increase the productivity of alcoholic fermentation 
processes. The productivity, expressed as grams of ethanol produced per hour per unit of fer-
mentation volume, can be increased by optimizing the composition of the culture medium, by 
the selection of an appropriate microorganism strain or through the adaptation of the design 
of reactors [7]. One challenge today is to reduce ethanol production costs, and an alternative 
is to reduce the cost of the culture media, which can represent about 30% of the final produc-
tion costs of ethanol [8].

Some fermentation technologies have been developed to improve the production of ethanol 
and its concentration in the culture media [9, 10]. Among these, the immobilization technology 
offers advantages in contrast to free cell cultures, such as increased retention time in bioreac-
tors, high cellular metabolic activity, high cell load and protection for cells from stress [10, 
11]. The immobilization cell technologies have been applied for different purposes as for the 
production of hydrogen [12] and compounds commercially used in the food industry [13]. 
Other studies have been developed with immobilized algal cells to remove nutrients (N and 
P) from wastewater, phenol and hexavalent chromium [14–17]. Similarly, the immobilization 
of Zymomonas and Saccharomyces have been used for the bio-ethanol production from waste 
materials [7–10, 18–20].

On the other hand, the immobilization technology provides the possibility of efficiently incor-
porating symbiotic bacteria [21, 22]. The interaction between two microorganisms in the same 
matrix is called coimmobilization, and this association can be positive with higher growth 
and production. However, there are relatively less applications in the ethanol production 
involving the immobilization of mixed-culture systems and/or coimmobilized cultures.

In a petroleum deficiency situation, bioethanol from yeast and bacterial fermentation has become 
a promising alternative source for fuel. Agricultural and industrial waste containing sugar, starch 
and cellulose, such as cassava peels, fruit bunches, and the effluents from sugar and pineapple 
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and its concentration in the culture media [9, 10]. Among these, the immobilization technology 
offers advantages in contrast to free cell cultures, such as increased retention time in bioreac-
tors, high cellular metabolic activity, high cell load and protection for cells from stress [10, 
11]. The immobilization cell technologies have been applied for different purposes as for the 
production of hydrogen [12] and compounds commercially used in the food industry [13]. 
Other studies have been developed with immobilized algal cells to remove nutrients (N and 
P) from wastewater, phenol and hexavalent chromium [14–17]. Similarly, the immobilization 
of Zymomonas and Saccharomyces have been used for the bio-ethanol production from waste 
materials [7–10, 18–20].

On the other hand, the immobilization technology provides the possibility of efficiently incor-
porating symbiotic bacteria [21, 22]. The interaction between two microorganisms in the same 
matrix is called coimmobilization, and this association can be positive with higher growth 
and production. However, there are relatively less applications in the ethanol production 
involving the immobilization of mixed-culture systems and/or coimmobilized cultures.

In a petroleum deficiency situation, bioethanol from yeast and bacterial fermentation has become 
a promising alternative source for fuel. Agricultural and industrial waste containing sugar, starch 
and cellulose, such as cassava peels, fruit bunches, and the effluents from sugar and pineapple 
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cannery productions have been successfully applied for the bioethanol production [23, 24]. In 
this context, the municipality of Ciudad del Carmen, Campeche, Mexico, has an annual produc-
tion of about 2.868 ha mango (Mangifera indica), obtained through various forms of cultivation 
and orchard-based technology, but the lack of local market and the poor product distribution 
to other locations cause much of the product be wasted, with significant losses in the locality. 
Hence, the need to seek alternatives to use these wastes and generate added value in the econ-
omy of the region.

This study was to determine whether the association between S. cerevisiae coimmobilized with 
Z. mobilis improved growth, and ethanol production using a culture medium equivalent to 
mango juice (M. indica) creates an opportunity for a regional fruit for exploitation in the pro-
duction of ethanol. In this study, both microorganisms were confined in small alginate beads, 
a practical means of using microorganisms for environmental applications.

2. Materials and methods

2.1. Microorganism and medium

The yeast strain S. cerevisiae (ATCC® 2601) and bacteria Z. mobilis (ATCC® 8938) were obtained 
from the laboratory Microbiologis® and used for fermentation in coimmobilized and immo-
bilized systems. Both microorganisms were cultured in a medium containing composition 
(g L−1), as described by Demirci et al. [25]: 20 g glucose, 6 g yeast extract, 0.23 g CaCl2•2H2O, 
4g (NH4)2SO4, 1 g MgSO4•7H2O and 1.5 g of KH2PO4, previously sterilized by autoclave. 
Strains were maintained in 250 mL of culture at 30°C and pH 4.5 with manual shaking three 
times a day. Transfers of fresh medium were made every 24 h for three consecutive days 
prior to use in experiments.

2.2. Preparation of immobilized and coimmobilized cells

For the preparation of immobilized cells, we used the technique described by Tam and Wong 
[26]. Both microorganisms were harvested by centrifugation at 3500 rpm for 10 min. The bac-
teria and yeast cells were resuspended in 50 mL of distilled water to form a concentrated 
cell suspension. The suspension was then mixed with a 4% sodium alginate solution in 1:1 
volume ratio to obtain a mixture of 2% microorganism–alginate suspension. The mixture 
was transferred to a 50‐mL burette, and drops were formed when “titrated” into a calcium 
chloride solution (2%). This method produced approximately 6500 uniform algal beads of 
approximately 2.5 mm in diameter with biomass content for Z. mobilis-alginate of 0.0055 g 
bead−1 and for S. cerevisiae of 0.00317 g bead−1 for every 100 mL of the microorganism–alginate 
mixture (Figure 1).

The beads were kept for hardening in the CaCl2 solution for 4 h at 25 ± 2°C and then rinsed with 
sterile saline solution (0.85% NaCl) and subsequently with distilled water. A concentration of 
2.6 beads mL−1 of medium (equivalent to 1:25 bead: medium v/v) was placed in a Chemostat 
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Figure 2. Chemostat Ommi Culture Plus (Virtis) used for fermentation experimental process.

Ommi Culture Plus (Virtis) containing 2 L of culture medium. The reactor was maintained 
under stirring at 120 rpm and 30°C (Figure 2). A similar procedure was used for coimmobiliza-
tion, with the difference that the concentrate of bacteria (25 mL) and yeast (25 mL) was mixed 
and then mixed with 50 mL of alginate; this procedure allowed retaining the same concentra-
tion of cells in all experiments.

Figure 1. Microorganism–alginate beads suspension.
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2.3. Experimental setup and procedure

This study was divided into two parts: (1) the batch experiment consisted of evaluating the 
growth and ethanol production in a medium equivalent to mango juice in cultures with free 
cells, immobilized and coimmobilized, and (2) evaluate the effect of glucose concentration 
in the production of ethanol in the system previously selected in the first experimental part 
based on the ethanol productivity obtained. Fermentation was performed in a Chemostat 
Ommi Culture Plus (Virtis) with a volume of 2 L operation, adjusting stirring at 120 rpm and 
maintaining a temperature of 30°C. The medium equivalent to mango juice was similar to that 
described by Demirci et al. [25] by adjusting the composition of the medium to a concentra-
tion of 200 g L−1 glucose, equivalent to that observed in the mango juice (M. indica).

The experimental design consisted of triplicate cultures in a Chemostat reactor Ommi Culture 
Plus for S. cerevisiae and Z. mobilis in free cell culture, immobilized and coimmobilized. For 
each experiment, the biomass was collected, as well as samples of the culture medium to the 
end of the logarithmic phase every 20 h. For the determination of ash‐free dry weights, five 
beads were dissolved and filtered through a GF‐C glass fiber filter (2.5 cm diameter), previ-
ously rinsed with distilled water, and incinerated at 470°C for 4 h. The samples were dried at 
120°C and put to constant weight for 2 h in a conventional oven and then in a muffle furnace 
at 450°C for 3 h. The soluble solids of each fermenting medium were determined every 20 h 
by taking 1 mL aliquot from each reactor and testing for the Brix level in an refractometer.

Ethanol content (% v/v) was obtained using the Anton Paar DMA 4100M instrument, which 
determines the density of the mixture in relation to the standard OIML-STD-90, which can 
determine the content of distillate ethanol (% v/v); according to the ethanol density recorded, 
it was possible to obtain an approximate of ethanol content (grams of ethanol per liter of cul-
ture) produced for each experiment. Prior to the determination of the ethanol content, a distil-
lation of cultures was conducted with a plate column distiller PS-DA-005/PE of four plates, 
at small scale. The cooling water flow was 3 L h−1 at 15°C. An aliquot of 3 L was distilled for 
4 h, maintaining the operating conditions at atmospheric pressure, without reflux and with a 
temperature ramp in the heating jacket of 30°C up to 80°C.

The STATISTICA 7.0 software for statistical analysis and calculated mean and standard devia-
tion for each treatment were used. The covariance analysis (ANCOVA) with P ≤ 0.05 was used 
to evaluate the growth in free cell cultures, immobilized and coimmobilized. The Tukey test 
(P ≤ 0.05) was used when significant differences were observed.

3. Results

3.1. Growth

In free cell cultures, the growth was observed immediately after being inoculated in the reac-
tor of 2 L. Growth kinetics shows an exponential phase for S. cerevisiae and Z. mobilis of 120 h. 
After this period of cultivation, both species showed a decline in the production of biomass, 
finalizing treatment after 200 h of culture. The maximum values of biomass concentration 
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were 14.18 and 11.80 g L−1 dry weight for S. cerevisiae and Z. mobilis, respectively. Both micro-
organisms grew satisfactorily under the culture conditions used in this study (Figure 3A), 
with a higher growth rate (μ) for S. cerevisiae (0.0547 d−1) with respect to Z. mobilis (0.0418 d−1). 
Growth rates in free cell cultures for both microorganisms S. cerevisiae and Z. mobilis were not 
significantly different (P ≥ 0.05).

For immobilized cells, both yeast and bacteria presented immediate growth after adding the 
beads to the culture medium; in both treatments, the exponential phase of growth reached 
a maximum of 80 h. It is noteworthy that although both microorganisms were immobilized 
under the same procedure, the content of biomass per bead at the beginning of treatment 
was lower for Z. mobilis (0.0031 g bead−1) compared to S. cerevisiae (0.0039 g bead−1). Despite 
these differences, both microorganisms were able to tolerate immobilization (Figure 3B), 
reaching maximum biomass content values of 0.0055 and 0.0047 g bead−1 for S. cerevisiae 
and Z. mobilis, respectively. In relation to growth, Z. mobilis showed a higher growth rate 
(0.142 d−1) with respect to S. cerevisiae (0.106 d−1), but there were no significant differences 
(P ≤ 0.0001).

3.2. Glucose‐substrate removal

The decrease of substrate showed significant differences (P ≤ 0.0001) between treatments 
with free and immobilized cells for both species (Figure 4). However, the Tukey test analysis 
showed that the two species in free culture were not significantly different (P > 0.05) in 200 h 
of treatment. While for the immobilized and coimmobilized cell cultures, only the immobi-
lized Z. mobilis bacteria showed no significant differences (P = 0.245) during removal of the 
substrate with the coimmobilized system during 140 h of culture (Figure 4B).

It is a fact that consumed substrate was greater in free culture for S. cerevisiae and Z. mobilis 
from 200 to 80 g L−1 (60% removal) after the 200-h treatment period (Figure 4A), compared 
to the immobilized system with 40% removal for S. cerevisiae (from 200 to 120 g L−1) and 30% 
removal for Z. mobilis (from 200 to 140 g L−1), while in those cultures of coimmobilized cells 
consumption ranged from 200 to 130 g L−1 (35% removal) (Figure 4B).

The average consumption analysis based on removal rates determined during the exponential 
growth for both species showed that free culture S. cerevisiae and Z. mobilis reached removal 
rates of 2.0 and 2.7 g-substrate per g-biomass d, respectively. This suggested greater produc-
tivity for the bacteria (5.76 g h−1) with respect to yeast (5.29 g h−1) (Table 1).

In cultures with immobilized cells, the removal rate in the exponential phase (80 h) was 
greater for S. cerevisiae (0.165 g-substrate per g-biomass d) with respect to Z. mobilis (0.056 g-
substrate per g-biomass d), but in coimmobilized culture it was greater (0.235 g-substrate per 
g-biomass d) since both species contribute to reducing glucose and increasing the removal 
rate. Similar results were observed in the productivity, where the coimmobilized cell culture 
showed higher values (8.80 g L−1 h−1) with respect to the immobilized cells of S. cerevisiae 
(8.45 g L−1 h−1) and Z. mobilis (8.70 g L−1 h−1 (Table 1). In general, the highest productivity 
levels were recorded in coimmobilized and immobilized cultures with respect to free cell 
cultures because shorter ethanol production time (80 h) compared to free cultures (120 h).
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3.3. Effect of initial concentration of glucose on ethanol production

It is a fact that most cultures from fruits may contain a high concentration of fiber solids that 
cause problems of mixture in the reactor, and consequently a low contact between cells and 
substrate. Mango juice is no exception. In this study, we evaluated the growth and alcohol 
production of Z. mobilis coimmobilized with S. cerevisiae in cultures with dilutions of 200 and 
50 g L−1 of substrate in equivalent medium.

For the coimmobilized of Z. mobilis and S. cerevisiae within alginate beads, an immediate 
increase in biomass content was observed. Although the biomass content for both treatment 
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showed significant differences (P ≤ 0.0024), the results suggest that the concentration of sub-
strate was not a limiting factor for the growth for bacteria and yeast (Figure 5). The maximum 
biomass content in the treatment of glucose to 50 g L−1 (Gl50) was obtained in the first 100 h of 
culture with about 0.0063 g beads−1; while for the treatment of 200 g L−1 glucose (Gl200) was of 
0.053 g beads−1 during a period of 80 h (Figure 5).

Time (h)

0 20 40 60 80 100 120 140 160

G
lu

co
se

 c
on

ce
nt

ra
tio

n 
(g

 l 
-1

)

100

120

140

160

180

200

220
S. cerevisiae
Z. mobilis
Coimmobilized

0 50 100 150 200 250

G
lu

co
se

 c
on

ce
nt

ra
tio

n 
(g

 l 
-1

)

60

80

100

120

140

160

180

200

220
S. cerevisiae
Z. mobilisA

B

a

a

b

b

c

Figure 4. Average reduction of glucose (g L−1) for Saccharomyces cerevisiae and Zymomonas mobilis in free culture (A) and 
immobilized culture (B). Different letters indicate significant differences (P ≤ 0.05).
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The content of alcohol produced had no significant differences (P ≤ 0.05) with respect to 
glucose concentration. However, uptake rates exhibit a decline as the glucose content in the 
reactor decreases (Table 2). The highest uptake rate occurred at a concentration of 200 g L−1 
glucose (0.235 g-substrate per g-biomass d) with a 76.5% removal, compared to 50 g L−1 glu-
cose (0.08 g-substrate per g-biomass d). Although the production of alcohol was similar in 
both treatments, the ratio mol-ethanol produced per consumed mol-glucose was higher in 
cultures of 50 g L−1 glucose with a value of 6.91, with respect to 200 g L −1 glucose with a ratio of 
5.82 mol-ethanol produced per consumed mol-glucose (Table 2). Similarly, higher productiv-
ity was obtained (8.85 g L−1 h−1) at a lower glucose concentration compared to a medium with 
high glucose content (8.80 g L−1 h−1).

4. Growth and productivity

To evaluate the capacity of growth in free and immobilized culture, two microorganisms, yeast 
and bacteria, were subjected to the same culture conditions (Figure 3A). In free culture, the yeast 
S. cerevisiae showed a higher cell density and specific growth rate (0.0547 d−1) with respect to 

Culture Cells Ethanol 
formed  
(% v/v)

Y (g L−1 h−1) Glucose  
consumed (g L−1)

Uptake rate (g‐
substrate removed 
per g‐biomass d)

   
moles Eth

 
________

 
mole Glc

   

Free cells S. cerevisiae 80.6 5.29a 90 2.71a 2.76

Z. mobilis 87.7 5.76a 80 2.0a 3.38

Immobilized 
cells

S. cerevisiae 86.0 8.45b 60 0.165b 4.42

Z. mobilis 87.7 8.70b 43 0.056b 6.29

Coimmobilized 
cells

Z. mobilis and 
S. cerevisiae

88.7 8.80c 47 0.235c 5.82

a,b,c Indicate significant differences (P ≤ 0.05).

Table 1. Uptake rate, productivity (Y) and ethanol mole produced per glucose mole for Saccharomyces cerevisiae and 
Zymomonas mobilis in free culture, immobilized and coimmobilized.

C0 Ethanol formed 
(% v/v)

Y (g L−1 h−1) Glucose  
consumed (g L−1)

Uptake rate  
(g‐substrate 
removed per g‐
biomass d)

   
moles Eth

 
________

 
mole Glc

   

50 89.63 8.85 40.0 0.08 6.91

200 88.70 8.80 47.0 0.235 5.82

C0: Initial concentration of glucose (g L−1 ).

Table 2. Productivity (Y), uptake rate and ethanol mole produced per glucose with minimum content of glucose for 
coimmobilized Z. mobilis and S. cerevisiase.
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bacteria Z. mobilis (0.0418 d−1) in a treatment time of 120 h. The immobilized systems are known 
to have a greater capacity of cell growth and high metabolic activity [27, 28], which is consistent 
with the results obtained in this study. The result showed a high growth rates for immobilized 
Z. mobilis (0.142 d−1) and S. cerevisiae (0.106 d−1) with respect to free cell cultures, suggesting that 
immobilization did not affect growth in both microorganisms and increased biomass content 
favorably. Furthermore, the high activity in immobilized cell was observed with in a decrease 
of substrate in a shorter time of treatment (80 h) compared to free cell cultures (120 h). The short 
time of treatment for immobilized cell could be attributed to the increase of biomass within 
the beads and consequently an immediate decay of the substrate; however, this indicates that 
increasing cell population within the beads can cause a limited effects of nutrients on the cells 
located at the center of the beads, causing a decrease in cellular activity [28, 29].

Another factor that probably favors the rapid decline in cell density is attributed to the pro-
duction of CO2 as result of fermentation activity. Studies suggest the adverse effect of CO2 gas, 
because if the diffusion of CO2 is lower compared to its production, it will accumulate inside 
of alginate bead [30]. In this study, the CO2 is observed in the reactor as bubbles attached on 
the surface of the beads, suggesting that the spread of CO2 gas in the first 80 h was not a factor 
that inhibited growth and the production of alcohol; however, after this time, gas saturation 
in the reactor was probably high, affecting the diffusion of CO2. This coupled with a limita-
tion in the transport of nutrients and subsequent inhibition of microorganisms and may have 
caused glucose consumption to be lower compared to free cells (Table 1).

In particular, in free cell culture, the lower percentage of alcohol obtained by yeast during the 
increasing fermentation culture commonly relates to the fact that this is affected by the high 
concentration of ethanol in the solution, which may inhibit metabolism and decrease efficiency 
[31], unlike bacteria Z. mobilis [30]. In the present study, the lowest biomass produced by the 
bacteria (0.0047 g L−1) with respect to yeast (0.0055 g L−1) may be practical from the standpoint of 
waste generation. Similarly, observations were reported by Amin and Verachtert [9] for Z. mobi-
lis and Saccharomyces bayanus immobilized in carrageenan with 5.6 and 9.9 g L−1, respectively.
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It is evident that ethanol production was not inhibited in immobilized or coimmobilized sys-
tems, and even showed higher productivity with respect to free cells (Table 1), suggesting 
that they are more efficient in the conversion of sugar with respect to time. Krishnan et al. [19] 
reported lower productivity for Z. mobilis immobilized in carrageenan (1.6 g L−1 h−1) compared 
to that obtained in this study (8.7 g L−1 h−1); this difference may be attributed to the lower 
amount of glucose content in the culture medium of 32 g L−1 with respect to that used in the 
present study of 200 g L−1.

Interestingly, the immobilized systems showed a higher conversion of substrate of 4.42 and 
6.29 mole of ethanol per mole of glucose for yeast and bacteria, respectively, compared to the 
obtained by free cells, from 2.7 to 3.3 mole of ethanol per mole of glucose. In general, treat-
ments with immobilized cells showed a higher output of ethanol per mole of glucose with 
respect to that reported by Amin and Verachtert [9] for Z. mobilis and S. bayanus immobilized 
in carrageenan with values of 1.8–1.9 mole of ethanol produced per mole of consumed glu-
cose. Gunasekaran et al. [32] and Krishnan et al. [19] suggest that Z. mobilis is a good candi-
date to obtain alcohol with approximately 1.9 mole ethanol per mole of glucose; similarly, 
Rogers et al. [33] reported that specific productivity of ethanol (g ethanol g−1 biomass dry 
weight) is greater for Zymomonas than for Saccharomyces uvarum.

According to the results, immobilization and coimmobilization exhibited a lower uptake rate 
compared to free cells; this shows that there was less consumption of substrate (Table 1). 
Nevertheless, there was greater productivity, which indicates that it is possible to obtain high 
alcohol content with a lower requirement of substrate, but with the disadvantage of residual 
glucose in the medium; this problem can be solved with sequenced systems, as suggested by 
Demirci et al. [25]. Another alternative of solving this problem is to increase the cell number 
or inoculum size within the reactor. This is reasonable because a high number of cells could 
create a greater sorption of substrate (glucose) into the cell and eventually consumed sub-
strate. However, Siripattanakul‐Ratpukdi [10] suggested that with different cell yeast loads, 
the same reduction (>90%) of substrate is obtained at the end of a treatment period of 10 h.

The low glucose reduction observed in this study in alginate beads can be attributed to the 
decline in cell density, but it is likely that the diffusion of substrate could have been pre-
vented. Studies have reported that the adsorption of substrate by the matrix was observed in 
the first hours of treatment, with a possible decrease of substrate diffusion within the matrix 
in a continuous process [34].

On the other hand, Robinson et al. [35] suggest that the diffusion rate within the alginate 
matrix depends on the concentration gradient between the culture medium and matrix; this 
is, when the nutrient concentration in the culture medium decreases, the diffusion rate occurs 
within the matrix and therefore the removal rate. In this study, during the first hours of treat-
ment, the matrix is probable a partial saturation with substrate (glucose), because the substrate 
is decreased during the culture time, and cell growth for both microorganisms was continu-
ous. Clearly, the immobilized cell system successfully decreased glucose by adsorption of 
the matrix (immobilized glucose) and biodegradation (bioconversion of glucose), being the 
main process the biodegradation. This suggests that the main factor that could limit glucose 
removal may have been the high concentration of CO2 in the reactor.
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4.1. Coimmobilization of Z. mobilis and S. cerevisiae at different glucose  
concentrations

The biomass content in alginate beads shows that a high concentration of glucose (200 g L−1) 
leads to a rapid decrease compared to cultures with a low glucose concentration (50 g L−1). 
This confirms the fact that the high concentration of glucose saturates beads faster, reduc-
ing the diffusion between beads and the culture medium; consequently, the diffusion of CO2 
produced can be reduced and remains trapped inside the bead, causing a decrease in growth 
and substrate consumption.

Conversely, the low concentration of substrate of the culture medium indicates the presence of 
a soft transport and substrate accumulation within the matrix, allowing a proper consumption 
and growth of bacteria and yeast. Therefore, a low concentration of substrate may actually 
increase the production of alcohol with minimal residual glucose, reaching values of 6.91 mol 
of ethanol per mole of glucose, with respect to a high glucose concentration (Table 2).

Previous studies in our laboratories have shown that the fermentation process of mango juice 
for a coimmobilized system can produce a production ratio of 1.4 L of alcohol (79% v/v ethanol) 
for every 3 L of mango juice.

5. Conclusions

The present study has shown the existing potential of using coimmobilized systems in the 
production of ethanol. The association of Z. mobilis and S. cereviase was positive, obtaining 
a higher ethanol content and high conversion of substrate compared to free and immobi-
lized cells.

In general, the immobilization technology offers an alternative by increasing productivity and 
conversion of substrate compared to culture systems with free cells. In the present study, the 
immobilized systems showed high conversion capacity to obtain high alcohol content with a 
lower requirement of substrate.

The possible substrate inhibition was not a factor affecting cell growth in both organisms; 
it is clear that the immobilized cell system successfully reduced glucose by the matrix 
adsorption (immobilized glucose) and biodegradation (bioconversion of glucose), being 
biodegradation the main process. This suggests that the main factor that could limit fur-
ther growth was the high concentration of CO2 in the reactor. Furthermore, although no 
significant differences were detected in the alcohol content in immobilized culture in 
diluted medium, the conversion from glucose to ethanol is greater in those media with a 
glucose concentration of 50 g L−1. For practical purposes, it is desirable that the fermenta-
tion of waste organic be performed through dilutions to increase the homogeneity of algi-
nate beads within the reactor and consequently allow the diffusion of CO2 and substrate 
through the beads.
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Abstract

Heavy metal pollution has become one of the most serious environmental problems 
throughout the world. Among the innovative solutions for treatment of contaminated 
water and soil, bioremediation that use biological materials like living or dead micro-
organisms is a promising, safe and economical technology. One of the most ubiquitous 
biomass types available for bioremediation of heavy metals is yeast. Yeast cells represent 
an inexpensive, readily available source of biomass that retains its removal ability for a 
broad range of heavy metals to varying degrees. Furthermore, yeasts exhibit the ability 
to adapt to extreme conditions such as temperature, pH and high levels of organic and 
inorganic contaminants. To understand the different mechanisms of interactions between 
metals and yeast strains in the environment, this paper will give an overview on the role 
that yeasts play in the immobilization/mobilization of toxic metals and factors affecting 
these processes. Biotechnological applications in the bioremediation of heavy metal such 
as bioaugmentation using degradation abilities of yeasts will also be discussed.

Keywords: bioremediation, heavy metals, yeast, interaction mechanisms, bioaugmentation

1. Introduction

The industrialization has long been accepted as a hallmark of civilization. However, million 
tons of contaminating compounds such as toxic heavy metals (Cd, Cu, Hg, Pb, Mn, As, Ni, 
Zn, etc.) are produced and directly or indirectly released into the environment [1]. Unlike 
organic contaminants, these pollutants are not biodegradable and can be transferred through 
the food chain via bioaccumulation [2]. Actually, the build-up of dangerous concentrations 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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of toxic metals in water sources and in grains and vegetables grown in contaminated soils 
is critically alarming due to the harmful effects of metals on human life and aquatic biota 
[1]. The actual challenge is to develop innovative and cost-effective solutions to decontami-
nate polluted environments and to protect the functioning of the ecosystems. Volesky [3] and 
Domenech [4] shortlisted some available conventional methods for removing the dissolved 
heavy metals including chemical precipitation, filtration, ion exchange, oxidation or reduc-
tion, reverse osmosis, evaporation, membrane technology, and electrochemical treatment. But 
most of these techniques become ineffective when the concentrations of heavy metals are less 
than 100 mg/L [5]. Additionally, strong and contaminating reagents are used for desorption, 
resulting in toxic sludge and secondary environmental pollution [1].

In order to minimize the effects of environmental pollution, the biological methods of metal 
removal such as bioremediation were considered. Different kinds of organisms isolated from 
contaminated soil, waste waters, compost and extreme environments are proved useful for 
bioremediation, from plants to microbes [6, 7]. Their success to survive in such a harsh envi-
ronment can be attributed to metabolic possibilities allowing biological organisms to explore, 
detoxify and survive in exotic and complex substrates. The microbial metabolic diversity and 
versatility are two of the reasons why they are suitable as agents for remediation among many 
living organisms [8]. These microorganisms have evolved various measures to respond to 
heavy-metal stress via processes such as transport across the cell membrane, biosorption to 
cell walls and entrapment in extracellular capsules, precipitation, complexation and oxida-
tion-reduction reactions [9–14].

One of the most ubiquitous biomass types available for bioremediation of heavy metals is 
yeast cells that retain their ability to accumulate a broad range of heavy metals to varying 
degrees under a wide range of external conditions [15]. Yeast can serve as a suitable model for 
studying physiological and molecular mechanisms of eukaryotic cell interactions with heavy 
metals. Studies on bacteria, yeast, fungi and microalgae showed that yeasts are better biosor-
bent for the removal of heavy-metal ions from wastewater due to their high growth rate and 
cell wall structure [16]. Indeed, cell wall phosphates and carboxyl groups have been reported 
to be the major determinant of negative yeast cell surface charge which enhances the ability 
of yeast cells to bind heavy-metal cations. This is likely due to electrostatic interactions [17]. It 
was also reported that the various metal-binding groups, viz., amine, imidazole, phosphate, 
sulfate, sulfhydryl and hydroxyl, are present in the polymers of the cell wall of fungi [18]. In 
addition, yeasts are larger than bacteria and can physically intertwine the mycelia/pseudomy-
celia to form floes. The net-structured yeast floc facilitates oxygen diffusion and eliminates the 
necessity of excessive dissolution of oxygen in water. Therefore using yeasts can give high effi-
cient oxygen supply and reduce energy consumption by reducing the supplied air flow [19].

On the other hand, yeast biomass is an inexpensive, readily available source of biomass. It can 
be easily cultivated in cheap growth media, and it can be cheaply available in good quanti-
ties from fermentation industries for wastewater remediation [20, 21]. Many industrial waste-
biomass types were investigated for their biosorptive potential. These include the yeasts, 
Saccharomyces cerevisiae, from the food and beverage industry and Candida albicans, a clinical 
isolate [14].
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2. Bioremediation

Bioremediation is considered as an alternative processing method to reduce the environmen-
tal pollutants into less toxic forms [2]. It is defined as the process by which organic or inor-
ganic wastes are biologically degraded or transformed usually to innocuous materials [22]. 
Mueller et al. also defined bioremediation as a process where organic wastes are biologically 
degraded under controlled conditions to an innocuous state or to levels below concentration 
limits established by regulatory authorities [23].

The major strategies for implementing bioremediation processes include biostimulation and bio-
augmentation [22]. Biostimulation is the bioremediation process that can be enhanced by adding 
an electron acceptor, nutrient or other factors to a contaminated site with the objective of stimu-
lating growth of the microbial population already present there [2]. When microorganisms are 
imported to a contaminated site to enhance degradation, we have a process known as bioaug-
mentation. Thus, the microorganisms used in bioremediation may be indigenous to a contami-
nated area, or they may be isolated from elsewhere. Recent studies show that microorganisms 
isolated from contaminated sites present high-tolerance adaptation of multiple environmental 
conditions and have excellent capability of removing significant amounts of metals [2, 24–26].

It was reported that yeasts and fungi are able to grow in matrices that have high concentra-
tions of metal compounds compared to other microorganisms. In addition to their resistance, 
Ksheminska et al. [27] reported that yeast strains are capable of removing significant quanti-
ties of these pollutants. Other studies with yeasts showed also that, upon metal exposure, 
the main goal of the yeast cell is to protect and detoxify the environment by rendering the 
metal ions unavailable to promote cytotoxic effects. Furthermore, in comparison with bac-
teria which only use the active metabolizing capabilities, yeasts have the property of being 
used whether they are alive (metabolically active) or dead (metabolically inactive/passive) to 
remove these contaminants [24, 28, 29].

3. Yeast bioremediation mechanisms

Information about metal detoxification mechanisms in yeasts is considerably less available 
when compared to prokaryotes. The most studied yeasts mainly belong to the ascomyce-
tous group, such as S. cerevisiae, Schizosaccharomyces pombe and Candida sp. [30]. The stud-
ies showed that yeasts evolved several different detoxifying mechanisms by which they can 
mobilize, immobilize or transform metals. The immobilization mechanisms include (i) bio-
sorption, interaction of metals with the cell membrane via different processes such as ion 
exchange, complexation, crystallization, adsorption and precipitation; (ii) biotransformation, 
toxic metals are reduced to less toxic forms; and (iii) bioaccumulation, intracellular uptake of 
metal ions by living microorganisms [2]. The mobilization mechanisms involve mainly bio-
leaching through production and excretion of some acids which interact with metal ions to 
produce insoluble complex. Thus, in general the immobilization and mobilization are the two 
main techniques used for the bioremediation of metals by yeast and fungi (Figure 1) [31–33].
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3.1. Biosorption

Biosorption is a nondirected physico-chemical interaction that may occur between metal and 
cellular compounds of biological species [34]. It consists of the ability of biological materials 
to bind and concentrate heavy metals through metabolically mediated or physico-chemical 
pathways [35].

Among the promising types of biosorbent studied, yeast and fungal biomass seems to be 
good sorption materials with a sufficiently high metal-binding capacity and selectivity for 
heavy metals [36].

3.1.1. Yeast cell wall properties

The first stage of metal ion binding in microorganism cells does not depend on their metabolism 
and consists in ion chemisorption into cell wall components. Thus, the biosorption efficiency of 
heavy metals by microbial biomass is mainly connected with the structure of the microorgan-
ism cell wall and consequently with cell surface properties in which structure determines the 
interaction nature between micro-organism and metal cation [36–38].

Yeast cell walls are negatively charged, and the ability of yeast cells to bind heavy-metal cations 
is likely due to electrostatic interactions [39]. Indeed, heavy metals can be biosorbed by microbes 
at binding sites present in cellular structure without the involvement of energy. Among the 
various reactive compounds associated with cell walls, the extracellular polymeric substances 
such as exopolysaccharide (EPS) are well known to have a considerable effect on acid–base 
properties and a great ability to complex heavy metals [40]. The structure and the distribution of 
homopolysaccharides (mannans and glucans), single saccharides and acid components, which 
are good binding agents, also dictate the cell wall’s biosorption capacity [41].

Figure 1. Interactions of metal and fungi cells (adapted from Refs. [31–33]).
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3.1.2. Mechanisms of biosorption

It is likely that various mechanisms can be involved in biosorption and can operate simul-
taneously to various degrees. Interaction of metal with yeast cell wall involves a complex 
mechanism that includes several processes such as ion exchange, complexation, adsorption 
and precipitation [2, 42]. Many evidences have proved that ion exchange mechanism exists 
in biosorption system [38, 43, 44]. However, it was suggested by many researchers that ion 
exchange is neither the sole nor the main mechanism for metal biosorption [45]. Ion exchange 
is the replacement of an ion in a solid phase in contact with a solution by another ion. More 
specifically, it is the replacement of an absorbed, readily exchangeable ion by another [46]. 
Rapid release of 70% of cellular K+, followed by a slower release of approximately 60% of cellu-
lar Mg2+, but little loss of Ca2+, was observed in Cu2+ removal by S. cerevisiae [47], indicating the 
existence of an ion exchange mechanism. Chen and Wang [48] also reported that S. cerevisiae 
acts as a biosorbent for the removal of Zn (II) and Cd (II) through the ion exchange mechanism. 
According to Vasudevan et al. [49], the release of Ca2+, Mg2+ or H+ was also observed in the 
biosorption process of heavy-metal ions (Sr2+, Mn2+, Zn2+, Cd2+, Cu2+, Ti+) by living, non-metab-
olizing cells of S. cerevisiae, which also confirmed the existence of ion exchange. Although it 
is a simple concept, in reality, ion exchange can be a mechanistically highly complex process 
depending on the system [50, 51].

Metal precipitation is also involved in biosorption. The term precipitation in most cases refers 
to the formation of insoluble inorganic metal precipitates [52]. This may be more easily under-
stood when metals are bound to extracellular polymeric substances excreted by eukaryotic 
microorganisms such as yeast and fungi. The precipitates may be formed and remain in con-
tact with or inside the microbial cells or may be independent from the solid phase of the 
microbial cell. Some researches proved that purified biomolecule products from isolated cells 
such as glucan, mannan, and chitin accumulate greater quantities of cations than the intact 
cells and can form metal precipitates [53].

Several yeast species such as S. cerevisiae, Pichia anomala, Candida tropicalis, C. albicans, and 
Cunninghamella elegans emerged as a promising sorbents against heavy metals [54]. Table 1 
summarizes some of the important results of metal biosorption using these yeast biomasses.

3.1.3. Factors affecting yeast biosorption capacity

It is noted that the same yeasts species have different biosorption capacities for the same 
metal ion. It was shown that different yeasts species present different cell surface properties 
and cell wall compositions, which brings about a differentiation in biosorption ability, affinity 
and interaction specificity. Moreover, biosorption depends on many factors that are related to 
the biomass or to environmental conditions. Indeed, Nguyen et al. [68] studied the polysac-
charide composition of the cell walls of several yeast species, such as Debaryomyces hansenii, 
Zygosaccharomyces bailii and S. cerevisiae, and results indicated that the cell wall composition 
varied over the species and strains. Growth, nutrition and age of the biomasscan also influ-
ence the variability of cell size, cell wall composition and extracellular product formation [69]. 
It was found that the cell wall composition and polysaccharide content could vary by more 
than 50% with the nature of the carbon source, nitrogen limitation, temperature and aeration 
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and pH and with the mode of cell cultivation [70]. Temperature is considered as one of the 
important factors in the biosorption process. It was reported that adsorption reactions are 
mostly exothermic and the extent of adsorption augment with decreasing temperature [32]. 
Thus, a better biosorption capacity for Ni and Pb by S. cerevisiae was observed at a low tem-
perature (25°C) and found to diminish as the temperature was increased to 40°C [71].

Metal biosorption was also frequently shown to be strongly pH dependent. Sulaymon et al. 
[35] indicated that pH of solution affects the solution chemistry of the metals, the activity 
of the functional groups in the biomass and the competition of metallic ions. Some studies 
showed that yeast cells of S. cerevisiae are able to remove heavy-metals between pH 5.0 and 

Biomass type Metal 
studied

Initial concentration of 
metal studied (mg/L)

Biosorption 
capacity (mg/g)  
or % removal

Biomass 
concentration (g/L)

References

S. cerevisiae Hg 25–200 76.20 2 [55]

S. cerevisiae Pb 67–82% [56]

Cd 73–79% [56]

S. cerevisiae Cd 169 5.96 [57]

Schizosaccharomyces 
pombe

Ni 400 33.8 [58]

S. cerevisiae Cr(III) 200 35.00 [59]

S. cerevisiae Cr(VI) 150 120 0.5 [60]

S. cerevisiae Pb 270.30 10 [61]

S. cerevisiae Zn 23.40 1 [62]

S. cerevisiae Hg 64.20 1 [62]

S. cerevisiae Cd 15.60 [63]

S. cerevisiae Pb 17.50 [63]

S. cerevisiae Pd 40.60 [64]

S. cerevisiae Cr(VI) 32.60 10 [61]

S. cerevisiae Ni 46.30 10 [61]

S. cerevisiae sp. Zn 100% 0.4 [65]

S. cerevisiae Cd 95% 0.4 [65]

C. pelliculosa Cu 100 95.04% 13.39 [66]

C. utilis Cd 50 81.46 3 [67]

C. tropicalis Cr 100 29.10 2 [24]

W. anomalus Cr 100 28.14 2 [24]

C. fabianii Cr 100 18.90 2 [24]

Table 1. Some data on the biosorptive capacities of yeasts for different metal ions reported in literatures.
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9.0, being pH close to 5–6 as the optimal for Cu2+, Cd2+, Pb2+, Ni2+, Zn2+ and Cr3+ biosorption 
by yeast cells [47, 72]. However, other studies demonstrated that biosorption of metals like 
Cu, Cd, Ni, Co and Zn is often reduced at low pH values [73, 74]. Generally, the heavy metal 
uptake for most of the biomass types declines significantly when pH of the metal solutions is 
decreased from pH 6.0 to 2.5 [72]. The cell surface hydrophobicity may also affect biosorption 
capacity, facilitating hydrophobic bonds. Edyta [75] has reported that a lower relative hydro-
phobicity and a higher negative surface charge can be related to better availability of polar/
charged groups such as carboxyls and mannosylphosphates on yeast cell surface.

3.1.4. Industrial application

Biosorption process has not only been used in laboratory scale (batch and column) but also 
in pilot plant-scale studies. Tigini et al. [76] tested this process using C. elegans biomass in 
200 L of pilot plant installation for dye removal. Obtained results showed that biosorption 
was an effective process for the removal of different pollutants from spent baths and waste-
waters [76].

The apparent exploitation potential of biosorption is often cited in the literature, and the com-
mercial applications of biosorption are currently available on the market. The biological mate-
rials can be commercialized as powdered biosorbents, e.g. BIO-FIX® (sphagnum, peat moss, 
algae, yeast, bacteria and aquatic flora immobilized in polysulfone), MetaGeneR and RAHCO 
Bio-Beads [77]. All the preparations are suitable for the treatment of wastewaters from metal-
lurgical industry or mining operations. The future possible applications may concern using 
biosorption in the separation and purification of high value molecules, e.g. high-value pro-
teins, steroids, pharmaceuticals or antibodies [77].

3.2. Bioaccumulation

Bioaccumulation is defined as the uptake of toxicant by living cells and their transport into 
the cell [78]. It is a growth-dependent process mediated only by living biomass [79]. The 
mechanism of intracellular uptake is more complex than biosorption itself and is not fully 
understood yet. Generally, the process is regarded as a two-step process [80]. The first step 
called passive biosorption proceeds rapidly within several minutes by any one or a combina-
tion of the following metal-binding mechanisms: coordination, complexation, ion exchange 
or physical adsorption (e.g. electrostatic). The metal ions are adsorbed to the surface of cells 
by interactions between metal-functional groups displayed on the surface of cells. The second 
step which slowly takes place is that metal ions penetrate the cell membrane and enter into 
the cells. Raspor et al. [81] pointed out that after initial rapid biosorption on cell walls, active 
transport mechanisms into the cells take place and metal ions penetrate the cell membrane 
and enter into the cells. Metal ions transported across the cell membrane, are transformed to 
other species or precipitated within the cell by active cells, including transportation.

Metal accumulation strategies for essential and non-essential metal ions may be different. 
Literature in model yeasts indicates that upon non-essential metal exposure, cytoplasmic 
detoxification is the major strategy [30]. This cytoplasmic detoxification can be achieved by 
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metal transport to the outside of the cell or to less sensitive cellular compartments, making 
the metal ions unavailable to promote cytotoxic effects [82]. Thus, microorganisms developed 
different mechanisms including cell membrane metal efflux [83], intracellular chelation by 
metallothionein proteins and glutathione-derived-peptides called phytochelatins [84, 85] as 
well as metal compartmentalization in vacuoles [3], but the exact mechanism of intracellular 
accumulation is not elucidated.

In general, metals enter yeast cells by dedicated transporters, which are often target of negative 
regulation when the specific metal is present in excess intracellularly. In the past decades, a large 
number of references on metal ion transport in the baker’s yeast S. cerevisiae were published 
[86, 87]. Baker’s yeast was found to possess two or more substrate-specific transport systems 
to accumulate any single metal ion, and a large number of yeast genes that function in metal 
ion transport or its regulation were confirmed [87]. After entering into the cell, the metal ions 
react with thiol groups present in Cys residues such thiolated peptides include the glutathione 
(GSH), phytochelatins (PC), and the metallothioneins (MT) [82]. The resulting metal-thiolated 
peptide complexes may be used as a substrate for metal(loid) extrusion to the outside of the cell, 
or for accumulation in cellular compartments such as the vacuole. However, thiolated peptides 
can be produced to chelate metals, reducing their reactivity and availability to the cells [30].

The most described yeast MT is the Cup1 of S. cerevisiae, which is mainly associated with Cu 
detoxification [88]. Several authors attributed Cd, in addition to Cu, detoxification to chela-
tion by this MT [88, 89]. In S. cerevisiae, GSH synthesis was also described. In comparison with 
a wild-type strain of S. cerevisiae, the mutant strain displayed a high sensitivity to arsenite, 
selenite and cadmium which confirms the role of GSH on detoxification of these metals.

The role of the vacuole in the detoxification of metal ions was also investigated and a large 
number of researches signaled that fungal vacuole plays an important role in molecular deg-
radation, storage of metabolites and regulation of cytosolic concentrations of metal ions and 
detoxifies potentially toxic metal ions. The results showed that vacuole-deficient strain dis-
played much higher sensitivity and decreased large uptake of As, Zn, Mn, Co and Ni [90, 91]. 
Avery and Tobin [92] also confirmed that Sr2+ accumulated mainly stays in the vacuole of the 
living yeast cell of S. cerevisiae.

The active mode of metal accumulation by living cells is dependent on structural proper-
ties, physiological and genetic adaptation, environmental modification of metal specification, 
availability and toxicity [93]. The process also depends of several factors (which are almost 
identical to the factors influencing the cultivation of an organism): the composition of the 
growth medium, pH, temperature, the presence of other pollutants or other inhibitors, surfac-
tants, etc. [94]. Metabolic activities such as respiration, nutrient uptake, and metabolite release 
will alter the microenvironment around the cells which, in turn, may affect mechanisms 
involved in bioaccumulation (adsorption, ion exchange, complexation and precipitation) [69].

In yeasts, heavy metals can be accumulated by bioaccumulation process more than biosorp-
tion. But the biosorption process seems to be more feasible for large scale application com-
pared to the bioaccumulation process, because microbes will require addition of nutrients for 
their active uptake of heavy metals [27]. Thus, the biosorptive capacity of yeast was studied 
extensively in comparison to bioaccumulation.
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3.3. Bioreduction

The detoxification of metal ions can also be realized by oxidation or reduction. When reduc-
tion of a metal to a lower redox state occurs, mobility and toxicity can be reduced, thus offer-
ing potential bioremediation applications [2].

Information available for metal detoxification, such as reduction mechanisms in yeasts, only 
considers neutrophilic yeasts and there is considerably less information available when com-
pared to prokaryotes. Indeed, for eukaryotic microbial cells and primarily yeasts, the data on 
the metal-reducing systems are more ambiguous. It is generally unknown what system enzy-
matic or non-enzymatic and intracellular or extra-cellular plays a leading role in the chromate 
detoxification process [9].

Tamás and Wysocki [82] proved that one mechanism of detoxification of As(V) was the reduc-
tion of As(V) to As(III), a process catalysed by arsenate reductase enzymes. The removal of 
toxic hexavalent chromium from aqueous solution by biosorption by different biomass types 
was as well extensively reported [9]. Cr(VI) can be reduced as a powerful oxidative agent to 
Cr(III) by cellular-reducing systems that can include enzymatic and non-enzymatic pathways.

The intracellular reduction of Cr(VI) to Cr(III) is known to be the main detoxification mech-
anism of chromium. In aerobic condition, microbial reduction of Cr6+ is catalysed by solu-
ble enzymes (chromate reductase) [95]. Many yeasts like Cyberlindnera fabianii, P. anomala, 
Rhodotorula pilimanae D-76, and Pichia guilliermondii ATCC 201911 were known for their enzy-
matic reduction ability of Cr6+ to Cr3+ [27, 28, 96, 97].

Cr(VI) removal may also be associated with its simultaneous reduction to Cr(III). It was 
reported that Cr(VI) can be reduced to Cr(III) through a redox reaction unrelated to any 
enzyme activity [98, 99]. Thus inactivated biomass, e.g. S. cerevisiae, C. tropicalis, P. anomala and 
Penicillium chrysogenum, removes Cr(VI) from aqueous solutions by reduction to Cr(III) when 
contacted with the biomass [96, 100]. Glutathione and cysteine can be considered as the most 
powerful non-enzymatic chromate reductants for microbial cells and ascorbate for higher 
organisms [2, 101]. Therefore, the removal of Cr(VI) from aqueous solution by dead cells may 
involve two mechanisms: (i) direct reduction, in the aqueous phase, Cr(VI) is directly reduced 
to Cr(III) by contact with the electron-donor groups of the biomass which has lower reduction 
potential values than that of Cr(VI) (+1.3 V), and (ii) indirect reduction, which includes three 
steps—(a) adsorption of Cr(VI) anionic species to the biomass surface containing the posi-
tively charged groups, (b) reduction of Cr (VI) to Cr(III) by adjacent electron-donor groups 
and (c) release of Cr (III) ions in the aqueous phase due to the electronic repulsion between 
the Cr (III) ions and positively charged groups, or adsorption of Cr(III) with adjacent groups.

3.4. Bioleaching

In the context of bioremediation, immobilization processes such as biosorption, accumula-
tion and precipitation may enable metals to be transformed in situ into insoluble forms. They 
are particularly applicable to remove metals from mobile phases such as ground waters and 
leachates. In contrast, the process of metal solubilization provides a way to remove metals 
from soils and sediments by leaching. Generally bioleaching is a process described as being 
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“dissolution of metals from their mineral source by certainly and naturally occurring micro-
organisms”. However, there are some slight differences in definition: Usually, “bioleach-
ing” is described as the conversion of solid metal values into their water soluble forms using 
microorganisms [102].

In the soil environment, metals can be held on inorganic soil constituents through various 
sorption or ion exchange reactions, complexed with soil organic materials or precipitated as 
pure or mixed solids [103]. However, in most acidic soils, metals may be speciated into more 
mobile forms [104]. It was reported that in such locations, fungi are the most predominating 
and often comprise the largest biomass suggesting its intervention in metal solubilization 
[33, 104]. Gadd [33] confirmed that microbes interact with metal and mineral in natural and 
synthetic environments, altering their physical and chemical state. Therefore, the biochemi-
cal activity of fungi and other microorganisms can affect metal speciation and mobility in 
the soil, modifying their biogeochemical cycles. The most important mechanisms of metal 
and minerals solubilization by fungi are acidolysis and complexolysis. It was revealed that 
some excreted metabolites with metal-complexing properties, e.g. phenolic compounds, and 
organic acids may be involved in metals solubilization [105]. Gadd [104] also indicated that 
low molecular weight organic acids, such as citric and oxalic acid, are the most important 
chemical fungal and yeast products and they were used for heavy metal solubilization. In 
fact, previous studies showed that many metal citrates are highly mobile. They also proved 
that oxalic acid can act as a leaching agent for those metals, which forms soluble oxalate 
complexes, including Al and Fe [106]. It was shown that organic acids provide both source of 
protons for solubilization and metal-chelating anion to complex the metal cation [107]. They 
have the double function: (i) to acidify the substrate, thus enhancing ions solubility, and (ii) to 
form complexes with solubilized ions, which leads into mobilizing them [104, 105].

Yeast doesn’t show a broad area of examples in the field of bioleaching and the available infor-
mation about the metal extraction from solid substrates using yeasts is limited. Some yeasts 
associated with bioleaching are Rhodotorula rubra and Rhodotorula mucilaginosa. Studies of yeast 
R. mucilaginosa sp. lm9 isolated from Kupferschiefer black shale showed that organic acids 
(malic and oxalic) produced by this strain can effectively mobilize copper from sedimentary 
rock [108]. Marcinčáková et al. [109] also demonstrated that 0.17% of lithium can be recovered 
from lepidolite by microbial leaching using the heterotrophic microorganism of R. rubra.

The bioleaching process is carried out at the mine site. It is indicated that the bioleaching 
process can be used to process low-grade ores and arsenic-containing ores that could not 
be processed effectively by high temperature smelting. Two types of bioleaching processes 
exist: bioleaching in stirred tank reactors (STR), which is dedicated to high-grade ores due 
to the relatively high costs of investments, and heap leaching, which is dedicated to low-
grade ores. Bench scale columns were also used with ore in Australia in the period from 
1964 to 1968 [110].

There are many and various applications of bioleaching. It can be applied to a wide variety of 
base-metal sulfides, mainly in large operations located in many countries and several inter-
esting projects were conducted in order to develop this technology. The earliest commercial 
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low molecular weight organic acids, such as citric and oxalic acid, are the most important 
chemical fungal and yeast products and they were used for heavy metal solubilization. In 
fact, previous studies showed that many metal citrates are highly mobile. They also proved 
that oxalic acid can act as a leaching agent for those metals, which forms soluble oxalate 
complexes, including Al and Fe [106]. It was shown that organic acids provide both source of 
protons for solubilization and metal-chelating anion to complex the metal cation [107]. They 
have the double function: (i) to acidify the substrate, thus enhancing ions solubility, and (ii) to 
form complexes with solubilized ions, which leads into mobilizing them [104, 105].

Yeast doesn’t show a broad area of examples in the field of bioleaching and the available infor-
mation about the metal extraction from solid substrates using yeasts is limited. Some yeasts 
associated with bioleaching are Rhodotorula rubra and Rhodotorula mucilaginosa. Studies of yeast 
R. mucilaginosa sp. lm9 isolated from Kupferschiefer black shale showed that organic acids 
(malic and oxalic) produced by this strain can effectively mobilize copper from sedimentary 
rock [108]. Marcinčáková et al. [109] also demonstrated that 0.17% of lithium can be recovered 
from lepidolite by microbial leaching using the heterotrophic microorganism of R. rubra.

The bioleaching process is carried out at the mine site. It is indicated that the bioleaching 
process can be used to process low-grade ores and arsenic-containing ores that could not 
be processed effectively by high temperature smelting. Two types of bioleaching processes 
exist: bioleaching in stirred tank reactors (STR), which is dedicated to high-grade ores due 
to the relatively high costs of investments, and heap leaching, which is dedicated to low-
grade ores. Bench scale columns were also used with ore in Australia in the period from 
1964 to 1968 [110].

There are many and various applications of bioleaching. It can be applied to a wide variety of 
base-metal sulfides, mainly in large operations located in many countries and several inter-
esting projects were conducted in order to develop this technology. The earliest commercial 

Yeast - Industrial Applications278

applications of the process involved in situ leaching of uranium in Canada, heap bioleaching 
of copper in Toromocho and dump leaching of copper in the United States (bioleach, Chili). 
Nowadays, the production of copper from low-grade ores is the most important industrial 
application. Early application of bioleaching to copper mining was centered in its recovery 
from heap or dump/stockpile [111, 112]. In these operations, copper is extracted from ores 
containing minerals: secondary copper sulfides such as covellite (CuS), chalcocite (Cu2S) and 
bornite (Cu5FeS4) and the primary copper sulfide, chalcopyrite (CuFeS2).

As well as detoxification of pollutant metals and copper production, the recovery of precious 
metals such as gold is also a potential area for exploitation. Industrial-scale bioleaching of 
refractory gold concentrates was practiced in South Africa, Brazil, Australia, Ghana, Peru, 
China and Kazakhstan. In this case, the process is used to leach sulfide minerals such as 
pyrite (FeS2) and arsenopyrite (FeAsS), which encapsulate microscopic and sub-microscopic 
gold particles. By dissolving these sulfide minerals, the gold particles are exposed and can be 
recovered by further treatment [113].

Although yeasts have a high potential for bioleaching, there are no studies on the use of these 
microorganisms in bioleaching projects. So, it would be interesting to develop this technology 
using yeasts by testing their capacity on a large scale.

4. Biotechnological approaches: bioaugmentation

Bioaugmentation is one of the promising techniques of bioremediation; it is referring to the 
process of adding selected microbial strains or mixed cultures to biological waste treatments 
or contaminated sites in order to enhance effectively the removal of specific pollutants [114]. 
The rationale for this approach is that indigenous microbial populations may not be able to 
degrade the wide range of potential substrates present in complex mixtures [115] or when the 
indigenous pollutant-degrading population is low. Thus, the acceleration of decontamination 
is the primary advantage for the introduction of microorganisms.

The approach of this technology is taking advantage of microbial consortia designed for 
specific physico-chemical properties of the bioprocess [116]. This remediation way was 
shown to be more efficient than using undefined inocula [114]. However, one of the dif-
ficulties of bioaugmentation processes is the presence of many uncharacterized organisms 
that enter in competition with introduced populations. It was reported that some foreign 
microorganisms (those in inocula) were applied successfully in laboratory, but their effi-
ciency depends on their ability to compete with indigenous microorganisms, predators and 
various abiotic factors. Thus, successful bioaugmentation treatments depend on the use of 
inocula consisting of microbial strains or microbial consortia well adapted to the site to be 
decontaminated [117].

Bioaugmentation was carried out using different microorganisms. The yeast-based bioaug-
mentation was specifically shown to be an advantageous soil and water clean-up approach for 
contaminated sites, containing heavy metals and/or organic pollutants [118–120].
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Many isolated and laboratory-qualified microorganisms were reviewed, but they are not 
valid in situ yet. The soil bioaugmentation with C. fabianii removed more than 60% of a soil’s 
chromium contamination of 40 mg.Kg−1. It has reduced by the way its phytotoxic effects on 
Phaseolus vulgaris L. and promoted its growth under chromium stress [121]. In another work, 
both alive and dead C. tropicalis biomass showed a great ability to significantly reduce the bio-
availability of 40 mg.Kg−1 of Cr(VI) in soils (up to 58.7 and 72.25% of reduction, respectively) 
[120]. In that work, clover plants were used as bioindicator where significant increase in seed 
germination and growth of seedlings was detected in the inoculated soils by C. tropicalis cells. 
In a further work, the bioaugmentation with the specific yeast strain C. tropicalis SK21showed 
a great efficiency for the bioremediation of petroleum-contaminated soil [119] where 96 and 
42% of total petroleum hydrocarbons (TPH) were degraded by the strain at the initial die-
sel oil concentrations of 0.5 and 5% (v/v), respectively. The bioaugmentation of acidic oily 
sludge-contaminated soil with Candida digboiensis showed its great ability to degrade the 
acidic petroleum hydrocarbons under laboratory and field conditions [118]. From an applica-
tion perspective, the bioaugmentation using microbial consortia rather than pure cultures is 
surely more advantageous [122–125]. It provides divers metabolic pathways and robustness 
required for field applications.

The application of bioaugmentation in different countries around the world was extensively 
reported using bacteria. Numerous works suggested the use of yeast strains as potential tools 
for bioaugmentation process [117]. Nevertheless, an impending gap between laboratory tri-
als and on-field studies was detected. Hence, further efforts should be deployed by scientific 
community for a higher-scale application. A successful industrial application of bioaugmen-
tation requires the application of strategies customized for the specific environmental condi-
tions of the contaminated sites [124]. Thus, many studies were carried out to take advantages 
of this treatment technology for industrial application, as it represents an economical and 
environmental friendly remediation way [126].
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