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Preface

The fungal kingdom consists of one of the most diverse groups of living organisms. They are
numerous and ubiquitous, and undertake many roles, both independently, and in association with
other organisms. In modern agriculture and food industry, fungi feature in a wide range of
diverse processes and applications. In the food and drink arena role of fungi are historically
important as mushrooms, in fermented foods, and as yeasts for baking and brewing. These roles
are supplemented by the use of fungal food processing enzymes and additives, and more
recently the development of protein based foodstuffs from fungi. On the detrimental side, fungi
are important spoilage organisms of stored and processed foodstuffs. This balance of beneficial
and detrimental effects is reflected in many other areas, in agriculture and horticulture such as
certain mycorrhizal fungi may be necessary for seed germination and plant health, or may be
used as biocontrol agents against weeds and invertebrates. The successful application of
biotechnological processes in agriculture and food using fungi may therefore require the
integration of a number of scientific disciplines and technologies. These may include subjects as
diverse as agronomy, chemistry, genetic manipulation and process engineering. The practical use
of newer techniques such as genetic recombination and robotics has revolutionized the modern
agricultural biotechnology industry, and has created an enormous range of possible further
applications of fungal products.

This volume of Applied Mycology and Biotechnology completes the set of two volumes
dedicated to the coverage of recent developments on the theme "Agriculture and Food
Production". The first volume provided overview on fungal physiology, metabolism, genetics,
and biotechnology and highlighted their connection with particular applications to food
production. The second volume examines various specific applications of mycology and fungal
biotechnology to food production and processing. In the second volume, we present the
coverage on two remaining areas of the theme, food crop production and applications in the
foods and beverages sector. In our deliberations to examine content we asked several major
questions related to agri-food production sector and applied mycology and biotechnology: (1)
what were the most serious sources and causes of losses in production agriculture and food to
involve fungi?; (2) what was the role and future potential for control strategies through fungal
biotechnology?; (3) what benefits and values could have been added to the sector by fungal
biotechnology and applied mycology? The editorial boards in selecting the coverage have
assembled the best authors and select information available. We hope our readers will agree
with our choices. The different aspects of the topics are organized in 12 chapters. In the first
six chapters, we present the recent coverage of literature and work done in the area of genetics
and biotechnology of brewer’s yeasts, genetic diversity of yeasts in wine production, production
of fungal carotenoids, recent biotechnological developments in the area of edible fungi, single
cell protein, and fermentation of cereals. The next three chapters deal with the possibilities of
applications of fungi to control stored grain mycotoxins, fruits and vegetables diseases. The last
three chapters deal with agricultural applications of fungus plant interactions, whether harmful
(weeds and plant pathogens) or beneficial (mycorrhizas). These chapters also examine the
potential role of fungal biotechnology in changing our practice and the paradigm of food
productivity by plants.
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The interdisciplinary and complex nature of the subject area combined with the need to
consider the sustainability of agri-food practices, its economics and industrial perspectives
required a certain focus and selectivity of subjects. In this context where the turnover of
literature is less than 2 years, we hope these chapters and its citations should help our readers
arrive at comprehensive, in depth information on role of fungi in agricultural food and feed
technology. As a professional reference, this book is targeted towards agri-food producer
research establishments, government and academic units. Equally useful should this volume be
for teachers and students, both in undergraduate and graduate studies, in departments of food
science, food technology, food engineering, microbiology, applied molecular genetics and of
course, biotechnology.

We are indebted to many authors for their up-to-date discussions on various topics. We thank
Dr. Adriaan Klinkenberg and Ms. Anna Bela Sa-Dias at Elsevier Life Sciences for their
encouragement, active support, cooperation and dedicated assistance in editorial structuring. We
are looking forward to working together toward future volumes and enhancing the literature on
the topics related to the potential upcoming areas of applied mycology and biotechnology.

George G. Khachatourians, Ph.D.
Dilip K. Arora, Ph. D.
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Brewer's Yeast: Genetics and Biotechnology

Julio Polaina

Instituto de Agroquimica y Tecnologia de Alimentos, Consejo Superior de
Investigaciones Cientificas, Apartado de Correos 73, E46100-Burjasot (Valencia),
Spain (E-Mail:jpolaina@iata.csic.es).

The advance of Science in the 19" century was a decisive force for the development and
expansion of the modern brewing industry. Correspondingly, the brewing industry
contributed important scientific achievements, such as Hansen’s isolation of pure yeast
cultures. Early studies on yeast were connected to the development of different scientific
disciplines such as Microbiology, Biochemistry and Genetics. An example of this connection
is Winge’s discovery of Mendelian inheritance in yeast. However, genetic studies with the
specific type of yeast used in brewing were hampered by the complex constitution of this
organism. The emergence of Molecular Biology allowed a precise characterization of the
brewer’s yeast and the manipulation of its properties, aimed at the improvement of the
brewing process and the quality of the beer.

1. INTRODUCTION

The progress of chemistry, physiology and microbiology during the 19" Century, allowed
a scientific approach to brewing that caused a tremendous advancement on the production of
beer. The precursor of such approach was the French microbiologist Louis Pasteur. At this
time, the Danish brewer Jacob Christian Jacobsen, also founded the Carlsberg Brewery and
the Carlsberg Laboratory. In Jacobsen's own words, the purpose of the Carlsberg Laboratory
was: “By independent investigation to test the doctrines already furnished by Science and by
continued studies to develop them into as fully scientific a basis as possible for the operation
of malting, brewing and fermentation”. Louis Pasteur (1822-1895) demonstrated that
alcoholic fermentation is a process caused by living yeast cells. His conclusion was that
fermentation is a physiological phenomenon by which sugars are converted in ethanol as a
consequence of yeast metabolism. In 1876, Pasteur published "Etudes sur la Biére”, which
followed the trend of his previous book "Etudes sur le Vin", published ten years earlier. In
Etudes sur la Biére, he dealt with the diseases of beer and described how the fermenting yeast
was often contaminated by bacteria, filamentous fungi, and other yeasts. However, the
importance of Pasteur in relation with brewing is due to his discovery of yeast as the agent of
fermentation. His more specific contributions to this field are not to be considered among his
greatest achievements. Probably, this had something to do with the fact that he did not like
beer. Pasteur's work in connection with yeast and the brewing industry has been recently
reviewed by Anderson [1] and Barnett [2]. A crucial achievement for the development of the
brewing industry was accomplished by Emil Christian Hansen (1842-1909). Originally
trained as a house painter and a primary school teacher, E. C. Hansen later became a botanist
and a mycologist. In 1877, he was employed as a fermentation physiologist at the Carlsberg
Brewery. Familiar with the work of Pasteur and facing the problems of microbial
contamination that often caused serious troubles in breweries, Hansen pursued the idea of
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obtaining pure yeast cultures. To this end, he estimated the amount of yeast cells present in a
beer sample. He made serial dilutions of the sample until he reached an estimated
concentration of 0.5 cells per ml, and used 1 ml aliquots of the diluted suspension to inoculate
many individual flasks containing wort. After about a week of incubation, roughly half of the
cultures contained a single yeast colony, very few contained two or more colonies, and no
growth was observed in the other half of the flasks. Hansen concluded from this experiment
that it was possible to obtain a single colony consisting of the uncontaminated descendants of
an individual cell. He performed additional experiments in which, starting with a mixture of
two or more types of yeast, he was able to recover pure cultures of each different type.
Another important contribution of Hansen to the work with yeast was the introduction of
cultures on "solid medium". For this purpose he adapted the procedure devised by Robert
Koch for bacteria. Yeast colonies were grown on glass plates, on the surface of a jellified
medium prepared with gelatin. Hansen's new techniques allowed him to obtain pure cultures
of different brewing strains and also to characterize contaminant strains that caused different
beer diseases. In 1883, the Carlsberg Brewery started industrial production of lager beer with
one of Hansen's pure cultures. This event became a milestone of the industrial revolution,
since it meant the transition from small-scale, artisan brewing to large-scale, modern
production. The path led by the Carlsberg Brewery was soon followed by other companies,
and in the next few years the technique of brewing with pure yeast cultures became standard
in Europe and North America and caused an exponential growth of beer production all over
the world. An exciting account of the work of Hansen has been given by von Wettstein [3].
@jvind Winge was born in Arhus (Denmark) in 1886, shortly after the first industrial
brewing with a pure yeast culture. Winge was a very capable biologist who mastered
different disciplines, including botany, plant and animal genetics, and mycology. In 1921, he
became Professor of Genetics, firstly at the Veterinary and Agricultural University of
Copenhagen and several years later at University of Copenhagen. Winge took the position of
Director of the Department of Physiology at the Carlsberg Laboratory in 1933. When
established in his new position, he recovered the collection of natural and industrial yeast
strains gathered by Hansen and Albert Klocker, who both had preceded him at the
Department of Physiology. Winge faced the problem that brewer's yeast strains were not able
to sporulate, or did so very poorly, which made them unsuitable for genetic analysis.
Therefore, he focused his attention on baker's yeast (S. cerevisiae), which had long been a
favorite organism for biochemical studies, and different varieties of Saccharomyces capable
of sporulation (S. ludwigii, S. chevalieri, S. ellipsoideus, and others). With the help of a
micromanipulation system of his own design, Winge carried out dissection of the asci of
sporulated yeast cultures and followed the germination of individual spores. He concluded
that Saccharomyces has a normal alternance of unicellular haploid and diploid phases, 1. e. it
should behave genetically according to Mendel’s laws. In collaboration with O. Laustsen,
Winge reported the first results of tetrad analysis. After a lag period imposed by World War
II, Winge started a very productive period that is marked by his collaboration with Catherine
Roberts. Together, they discovered the gene that controls homothallism and many genes that
control maltose and sucrose fermentation. They also found that haploid yeast strains might
have several copies of the genes involved in the fermentation of these sugars. They coined the
expression polymeric genes to designate a repeated set of genes that perform the same
function. The beginning of fission yeast (Schizosaccharomyces pombe) genetics is also
linked to Winge. Urs Leupold spent a research stay in Winge's Department of Physiology
where he established the mating system and described the first cases of Mendelian
inheritance for this yeast [4]. The work of Winge in connection with yeast has been reviewed
by R. K. Mortimer [5]. The birth of yeast genetics had a strong Scandinavian clout since
besides Winge, the other prominent figure was Carl C. Lindegren, born in 1896 in Wisconsin,
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USA, in a family of Swedish immigrants. The most transcendent achievement of Lindegren
in connection with yeast genetics was the discovery of the mating types. This led to
development of stable haploid cultures of both mating types and served to start the cycle of
mutant isolation and genetic crosses that made of Saccharomyces one of the most
conspicuous organisms for genetic research. Other important achievements were the
discovery of the phenomenon of gene conversion and the elaboration of the first genetic maps
of the yeast. The work and the controversial personality of Lindegren have been the subject
of an inspiring book chapter [6].

In 1847, the brewer J. C. Jacobsen started the production of bottom fermented (lager) beer
at a brewery that he built in Valby, in the outskirts of Copenhagen. He named his brewery
Carlsberg after his five years old son Carl, who later became a maecenas of arts in Denmark.
J. C. Jacobsen was one of the pioneers of industrialization in Denmark. He introduced new
procedures in the brewing process that soon became standard and gave Carlsberg a rapid
success. In 1875-76, J. C. Jacobsen established the Carlsberg Foundation and the Carlsberg
Laboratory. The Carlsberg Laboratory was divided in two Departments, Physiology and
Chemistry. As a tradition, both Departments have focused their work mainly, albeit not
exclusively, on processes and organisms of special significance for brewing, stich as yeast
and barley. The first director of the Department of Chemistry was Johan Kjeldahl, who
invented the procedure for the determination of organic nitrogen that carries his name.
Undoubtedly, the most popular contribution of the Department of Chemistry was the concept
of pH, due to Seren P. L. Sgrensen who was head of the Department from 1901 to 1938. Of
outstanding scientific significance was the work of the following director, Kaj U.
Lindestrom-Lang, who devised the terms primary, secondary, and tertiary structure, to
describe the structural hierarchy in proteins. The contributions of two former directors of the
Department of Physiology, Hansen and Winge, have been summarized above. More recent
work carried out with yeast will be dealt with in the following sections. Together with the
work with yeast, the Department of Physiology has produced important contributions related
to chlorophyll biosynthesis [7,8].

2. GENETIC CONSTITUTION OF BREWER'S YEAST

Saccharomyces cerevisiae is one of the best genetically characterized yeast as its genome
is fully sequenced and analyzed exhaustively [9]. Procedures for genetic manipulation of S.
cerevisige are available on tap. Being a eukaryotic, the key of its success lies in the selection
of a model strain with a perfect heterothallic life cycle [10]. In contrast, brewer’s yeast is
refractory to the genetic procedures used with laboratory strains. The main reason is its low
sexual fertility. Like most other industrial yeast, brewing strains do not sporulate or do so
with low efficiency. Even in those cases that they show a suitable sporulation frequency,
most spores are not viable. The use of appropriate techniques and patient work, carried out
mostly at the Carlsberg Laboratory during the last two decades, has lead to the elucidation of
the genetic constitution of a representative strain of brewer’s yeast. This work has been
recently reviewed by Andersen et al. [11].

2.1. Strain Types

There are basically two kinds of yeast used in brewing that correspond to the ale and lager
types of beer. Ale beer is produced by a top-fermenting yeast that works at about room
temperature, ferments quickly, and produces beer with a characteristic fruity aroma. The
bottom-fermenting lager yeast works at lower temperatures, about 10-14°C, ferments more
slowly and produces beer with a distinct taste. The vast majority of beer production
worldwide is lager. It is difficult to make generalizations concerning the yeast strains used for
the industrial production of beer, since they are generally ill characterized and very few
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comparative studies have been reported. Bottom fermenting, lager strains are usually labeled
Saccharomyces carlsbergensis. Although strains from different sources show differences
regarding cell size, morphology and frequency of spore formation, it is unlikely that these
differences reflect a significant genetic divergence. Only one strain, Carlsberg production
strain 244, has been extensively analyzed and most of the studies described in the following
sections have been conducted with this strain.

2.2. Genetic Crosses

Early attempts to carry out conventional genetic analysis with brewer’s yeast faced the
problems of poor sporulation and low viability [12]. To overcome this difficulty, several
researchers hybridized brewing strains with laboratory strains of S. cerevisiae [13-16].
Notwithstanding the poor performance of brewing strains, viable spores were recovered from
them. Some of the spores had mating capability and could be crossed with S. cerevisiae to
generate hybrids easier to manipulate. The meiotic offspring of the hybrids was repeatedly
backcrossed with laboratory strains of S. cerevisiae to bring particular traits of the brewing
strain into an organism amenable to analysis. This procedure was followed to study
flocculence, an important character in brewing [13,17]. Gjermansen and Sigsgaard [18]
carried out a detailed analysis of the meiotic offspring of S. carisbergensis strain 244. They
obtained viable spore clones of both mating types. Cell lines with opposite mating type were
crossed pairwise to generate a number of hybrids that were tested for brewing performance.
One of them was as good as the original strain. Additionally, the clones derived from strain
244 with mating capability served as starting material for further genetic analysis which are
described in the following section.

2.3 kar Mutants and Chromosome Transfer

Nuclear fusion (karyogamy), which takes place following gamete fusion (plasmogamy), is
the event that instates the diploid phase in all organisms endowed with sexual reproduction. J.
Conde and collaborators carried out a genetic analysis of nuclear fusion in S. cerevisiae by
isolating mutations in different genes that control the process (kar mutations) [19,20]. The
kar mutations served as a basis for a comprehensive study of the molecular mechanisms that
control karyogamy, carried out by Rose and collaborators (see review by Rose) [21]. The kar
mutations have been particularly useful tools to investigate cytoplasmic inheritance [22-24].
Additionally, the kar mutations supplied new genetic techniques. For instance, the
chromosome number of virtually any Saccharomyces strain can be duplicated upon mating
with a kar2 partner [25]. These new tools and techniques opened a new way for the
characterization of the brewer’s yeast. Nilsson-Tillgren et al. [26] and Dutcher [27],
described that when a normal Saccharomyces strain mates with a kar! mutant, transfer of
genetic information occurs at a low frequency between nuclei (Fig. 1). Nuclear transfer
events also occurs with kar2 and kar3 mutants [20]. Using strains with appropriate genetic
markers, one can select the transfer of specific chromosomes. Nilsson-Tillgren et al. [28]
used karl-mediated chromosome transfer to obtain a S. cerevisiae strain that carried an extra
copy of chromosome III from S. carisbergensis. Since the brewing strain does not mate
normally, the strain used in kar crosses was a meiotic derivative of strain 244 with mating
capability [18]. When disomic strains for chromosome III (also referred to as chromosome
addition strains) were crossed to haploid S. cerevisiae strains, normal spore viability was
obtained, allowing tetrad analysis. In this process, one of the two copies of chromosome III
can be lost. If the original S. cerevisiae copy is lost, the result is a “chromosome substitution
strain” carrying a complete S. cerevisiae chromosome set, except chromosome III, which
comes from S. carlsbergensis. Meiotic analysis of crosses between chromosome 11T addition
strains and laboratory strains of S. cerevisiae revealed two important facts: (i) the functional
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equivalence of chromosome III for the brewing strain and S. cerevisiae, since ascospore
viability and chromosome segregation were normal, and (ii) in spite of the functional
equivalence, the two copies of chromosome III were different since the overall frequency of
recombination between them was much lower than that expected for perfect homologues.
The new procedure allowed the analysis of entire chromosomes from the brewing strain,
placed into a laboratory yeast that could easily be manipulated genetically. The work with S.
carisbergensis chromosome III was followed by the analysis of chromosomes V, VII, X , XII
and XIIT [29-32].

2.4. Molecular Analysis

A clear picture of the genetic composition of S. carisbergensis emerged from Southern
hybridization experiments and from the first gene sequences from this yeast. The paper by
Nilsson-Tillgren et al. [28], where the transfer of a chromosome III from the brewing strain to
S. cerevisiae was reported, included a detailed Southern analysis of the HIS4 gene contained
in this chromosome. Five yeast strains were used in this analysis. Two were S. cerevisiae
strains carrying mutant alleles of the HIS4 gene, a point mutation and a deletion respectively.
The other three strains were S. carlsbergensis 244, a chromosome III substitution strain and a
chromosome addition strain. DNA samples from each one of the five strains were digested
with restriction endonucleases, electrophoresed in an agarose gel and hybridized with a
labeled probe that contained the IS4 gene. The pattern of bands obtained for the brewing
strain and the chromosome addition strain were found to be composed by the bands
characteristic of S. cerevisiae, plus other, extra bands, which showed weaker hybridization.
This result indicated the presence in the brewing strain (and also in the addition strain) of two
versions of chromosome 111, one virtually indistinguishable from that of S. cerevisiage, and
another with a reduced level of sequence homology. Therefore, the brewer’s yeast must be an
alloploid, or species hybrid, presumably arisen by hybridization between S. cerevisiae and
another species of Saccharomyces. This conclusion was corroborated by similar analysis
carried out for several other genes [29-36]. Determination of the nucleotide sequence of a
number of S. carilsbergensis genes provided a precise characterization of the difference
between the two types of homologous alleles present in the brewing yeast. This analysis has
been carried out for ILVI and ILV2 [37], URA3 [38];, HIS4 [39]; ACBI [40];, MET2 [41];
METI10 [42] and ATFI [43]. Pooled data indicate a nucleotide sequence divergence of 10-
20% within coding regions and higher outside.

2.5 Ploidy

Finding a sound answer for the long-standing question of how many chromosomes are
contained in brewer’s yeast, has taken a long time. The relative DNA content of S.
carlsbergensis 244 has been recently determined by flow cytometry. Results obtained show
that the genetic constitution of this strain must be close to tetraploidy [38]. Since it is known
that S carlsbergensis is an alloploid generated by the hybridization of two different
Saccharomyces spp., the question arises of what is the contribution of each parental species to
the hybrid. Pooled data obtained from gene replacement experiments and meiotic analysis of
genes located in chromosomes VI, XI, XIIT and XIV, suggest that S. carisbergensis contains
four copies of each one of these chromosomes, two from each parental species [11].
However, this can not be generalized to all chromosomes. Results of experiments in which



Fig. 1. Wild type and kar crosses of Saccharomyces cerevisiae. Two haploid cells with opposite mating types
are shown on the upper part of the figure. Nuclei are represented either as black or white circles. Small dots and
crosses represent cytoplasmic elements. The left column shows the evolution of a normal zygote, formed by the
fusion of two wild type cells. Karyogamy occurs shortly after cell fusion, generating a diploid nucleus
(represented as a black and white striped circle). The cytoplasmic elements from both parental cells get mixed.
The diploid nucleus divides mitotically and the zygote buds off diploid cells. The central column represent the
most frequent evolution of a zygote formed in a cross in which at least one of the parental cells has a kar
mutation. Karyogamy does not take place. The unfused, haploid nuclei, divide mitotically, generating a
heterokaryon. The zygote buds off haploid cells with cytoplasmic components from both parents. These cells are
named heteroplasmons or cytoductants. The column on the right represents an instance of chromosome transfer.
The haploid nuclei in the newly formed zygote undergo abortive karyogamy. Nuclear material from one nucleus
is transferred to the other. This phenomenon originates an incomplete nucleus (represented in black) that
degenerates, and an aneuploid nucleus (represented in white with a black stripe). The zygote buds off aneuploid
cells (chromosome addition line) .

the segregation of different in vitro labeled alleles of the HIS¢ gene was analyzed [38],
indicate the presence in the brewing yeast of five copies of chromosome III. Of these copies,
four are S. carlsbergensis-specific, and only one corresponds to the S. cerevisiae.

2.6. Origin of Brewing Strains

The hybrid nature of the brewing yeast explains its poor sexual performance. Divergence
between homeologous sequences impairs chromosome pairing and recombination, which are
requisites for a proper meiotic function. Sexual reproduction appears in Evolution as a
mechanism that recombines the genetic material of organisms to generate variability. It offers
adaptive advantages to a changing environment through the random generation of new
genotypes. On the contrary, abolition of sex is advantageous when the purpose is to keep
unchanged a given property. The maintenance over the centuries of a brewing procedure to
produce beer with particular organoleptic properties likely caused the selection of a particular
type of yeast. The hybrid, vegetative vigor of this yeast assured a good fermentative
capability, whereas its sexual infertility would keep fixed the genetic constitution responsible
for the “good beer” phenotype. Sequence analysis shows that one of the two parental species
that generated S. carlsbergensis was S. cerevisiae, but the precise identification of the other
contributor is less clear. Several studies [43-46] point to S. bayanus. Other studies have
pointed to S. monacensis as a better candidate [35,40,41]. However, recent analysis indicates
that S. monacensis is itself a hybrid [40,47,48]. According to proteomic analysis, strain
NRRL Y-1551 is the closest current candidate [47]. An interesting possibility is that S



carlsbergensis has been generated by more than one event of hybridization. Thus, lager
strains of different origin, labeled S. carlsbergensis, could be independently generated
hybrids of slightly different genetic constitution.

3. GENETIC MANIPULATION

Yeast and barley play an active, primary role in the brewing process. The other two beer
ingredients, water and hops, have secondary roles. Yeast is the fermenting agent, which
transforms the carbohydrates stored in the grain of barley into ethanol. It produces a battery
of compounds that ultimately result in the aroma and flavor of the beer. Barley is not solely a
source of fermentable sugars. During the process of malting, cells in the germinating barley
seeds secrete enzymes that are required to digest the starch into simpler sugars, mainly
maltose and glucose, which can be assimilated by the yeast. Many properties of barley, in
particular those affecting its carbohydrate content and composition, but also other
characteristics, are very important for the quality of beer. Genetic engineering can be used to
modify the properties of yeast and barley in ways that improve their performance in brewing.
Different experimental approaches directed to the modification of the brewer’s yeast, to
produce beer with better properties or new characteristics. In most cases, technical advances
allow the construction of new strains of yeast with the desired properties. Currently however,
public concern about the use of genetically modified food poses a barrier to the industrial use
of these strains.

3.1. Accelerated Maturation of Beer

The production of lager beer comprises two separate fermentation stages. The main
fermentation, in which the fermentable sugars are converted in ethanol, is followed by a
secondary fermentation, referred to as maturation or lagering. The most important function of
maturation is the removal of diacetyl, a compound that causes an unwanted buttery flavor in
beer. Diacetyl is formed by the spontaneous (non-enzymatic) oxidative decarboxylation of -
acetolactate, an intermediate in the biosynthesis of valine. In yeast, as in other organisms, the
two branched-chain amino acids, isoleucine and valine, are synthesized in an unusual
pathway in which a set of enzymes, acting in parallel reactions, lead to the formation of
different end products. Like diacetyl is formed as a by-product of valine biosynthesis, a
related compound, 2-3-pentanedione, is formed by decarboxylation of «-aceto-a-
hydroxybutirate in the isoleucine biosynthesis. Both compounds, diacetyl and a-aceto-a-
hydroxybutirate produce a similar undesirable effect in beer, although much more
pronounced in the case of diacetyl. Together, they are referred to as vicinal diketones.
Diacetyl is converted to acetoin by the action of diacetyl reductase, an enzyme from the
yeast. The maturation period, which lasts several weeks, assures the conversion of the
available a-acetolactate into diacetyl and the subsequent transformation of diacetyl into
acetoin. The amounts formed of this last compound do not have a significant influence on
beer flavor. Preventing diacetyl formation would reduce or even make unnecessary the
lagering period. This would represent a considerable benefit for the brewing industry.
Different approaches have been devised to eliminate diacetyl (Fig. 2). A first one requires
the manipulation of the isoleucine-valine biosynthetic pathway, either by blocking the
formation of the diacetyl precursor a-acetolactate, or by increasing the flux of the pathway at
a later stage, channeling the available a-acetolactate into valine before it is converted into
diacetyl. Masschelein and collaborators were first to suggest that a deleterious mutation of the
brewer’s yeast ILV2 gene would solve the diacetyl problem. This gene encodes the enzyme
acetohydroxyacid synthase, which catalyzes the synthesis of a-acetolactate, from which
diacetyl is formed [49,50]. This or any alternative action on the valine pathway requires the
manipulation of specific genes encoding enzymes of the pathway. These genes have been



cloned from S. cerevisiae and characterized [51-54]. S. carlsbergensis—specific alleles of the
ILV genes from the brewer’s strain have also been cloned {32,37,55,56]. Because of the
genetic complexity of the brewing strain (a hybrid with about four copies of each gene, two
from each parent), the abolition of the ILV2 function requires the very laborious task of
eliminating each of the four copies of the gene present in the yeast. This result has not been
reported so far. An alternative could be to boost the activity of the enzymes that direct the
following steps in the conversion of a-acetolactate into valine: the reductoisomerase, encoded
by ILV5 and possibly the dehydrase, encoded by ILV3 [57-60]. To achieve the desired effect,
it could be sufficient to manipulate only one of the four copies of the ILV genes present in the
brewer’s yeast. A clever procedure to inhibit the /LV2 function, by using an antisense RNA
of the gene, has been reported [61]. However, a later note from the same laboratory stated
that the reported results were incorrect [62]. Another approach makes use of an enzyme, o-
acetolactate decarboxylase, which catalyzes the direct conversion of acetolactate into acetoin,
bypassing the formation of dyacetyl. This enzyme is produced by different microorganisms
[63]. Its use for the accelerated maturation of beer was suggested years ago [64,65], and
currently is commercially available for this use. An obvious alternative is to express a gene
encoding a-acetolactate decarboxylase in the brewing yeast. This has been carried out by
different groups [66-68].

3.2. Beer Attenuation and the Production of Light Beer
Conversion of barley into wort that can be fermented requires two previous processes:
malting and mashing. During malting, the barley grainis subjected to partial germination,
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Fig. 2. Strategies designed to prevent the presence of diacetyl in beer. 1. Elimination of IL¥2. This prevents the
synthesis of the enzyme acetohydroxyacid synthase, required for the formation of the diacetyl precursor,
acetolactate. 2. Overexpression of the JLV5. This increases the activity of the enzyme, which converts O-
acetolactate into dihydroxy isovaleriate, the following intermediate of valine biosynthesis. As a consequence,
the amount of [J-acetolactate that can be transformed into diacety] is reduced. 3. Expression in brewer’s yeast of
the ald gene encoding bacterial acetolactate decarboxylase. This enzyme avoids the formation of diacetyl, by
converting the available acetolactate into acetoin. Commercial preparations of the enzyme are available as beer
additive to accelerate maturation.
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achieved by moistening, and subsequent drying. Germination induces the synthesis of
amylase and other enzymes that allow the seed to mobilize its reserves. The dried malt is
milled and the resulting powder is mixed with water and allowed to steep at warm
temperatures. During mashing, amylases digest the seed’s starch, liberating simpler sugars,
chiefly maltose. This process is critical, since the brewing yeast is unable to hydrolyze starch.
The enzymatic action of barley’s amylases on starch yields fermentable sugars, but also
oligosaccharides (dextrins) which remain unfermented during brewing. Dextrins represent an
important fraction of the caloric content of beer. In current brewing practice, it is quite
common to add exogenous enzymes. Thus glucoamylase can be added to the mash to
improve the digestion of the starch. If the enzymatic treatment is carried out exhaustively, the
dextrins are completely hydrolyzed, and the result is a light beer with substantially lower
caloric content, for which there is a significant market demand in some parts of the world. A
convenient alternative to the addition of exogenous glucoamylase is to endow the brewer’s
yeast with the genetic capability of synthesizing this enzyme. A variety of S. cerevisiae,
formerly classified as a separate species (S. diastaticus), produces glucoamylase. Because of
its close phylogenetic relationship with the brewing yeast, S. diastaticus is an obvious source
of the glucoamylase gene.

The percentage of the sugar in the wort that is converted into ethanol and CO, by the yeast
is called attenuation. Microbial contamination of beer is often associated with a pronounced
increase in the attenuation value, which is known as superattenuation. This effect is due to the
fermentation of dextrins, which are hydrolyzed by amylases produced by the contaminant
microorganisms. S. diastaticus was characterized as a wild yeast that caused superattenuation
[69]. Similarly to the synthesis of invertase or maltase by Saccharomyces, the synthesis of
glucoamylase is controlled by a set of at least three polymeric genes, designated STA/7, STA2
and STA3 [70]. This genetic system is complicated by the existence in normal S. cerevisiae
strains of a gene, designated STA/0, which inhibits the expression of the other STA genes
[71]. Recently, the STAI0 gene has been identified with the absence of Flo8p, a
transcriptional regulator of both glucoamylase and flocculation genes [72]. The sequence of
the STA! gene was first determined by Yamashita et al. [73]. Different species of filamentous
fungi, in particular some of the genus Aspergillus, produce powerful glucoamylases. The
gene that encodes the enzyme of 4. awamori has been expressed in S. cerevisiae [74].
Available information about the genetic control of glucoamylase production by
Saccharomyces and current technology makes the construction of brewing strains with this
capability relatively easy.

3.3. Beer Filterability and the Action of P-glucanases

Brewing with certain types or batches of barley, or using certain malting or brewing
practices, can yield wort and beer with high viscosity, very difficult to filtrate. When this
problem arises, the beer may also present hazes and gelatinous precipitates. Scott [75]
pointed out that this problem was caused by a deficiency in B-glucanase activity. The
substrate of this enzyme, B-glucan, is a major component of the endosperm cell walls of
barley and other cereals. During the germination of the grain, B-glucanase degrades the
endosperm cell walls, allowing the access of other hydrolytic enzymes to the starch and
protein reserves of the seed. Insufficient B-glucanse activity during malting gives rise to an
excess of B-glucan in the wort, which causes the problems. The addition of bacterial or fungal
B-glucanases to the mash, or directly to the beer during the fermentation, is a common
remedy. The construction of a brewing yeast with appropriate B-glucanase activity would
make unnecessary the treatment with exogenous enzymes. Suitable organisms to be used as
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sources of the B-glucanase gene are Bacillus subtilis and Thricoderma reesei, from which the
commercial enzyme preparations used in brewing are prepared. The genes from both have
been characterized [76-79] and brewer’s yeast expressing B-glucanase activity have been
constructed [80]. An alternative is to make use of the gene encoding barley B-glucanase, the
enzyme that naturally acts in malting. This gene has been characterized and expressed in S.
cerevisiae [81-83]. However, the barley enzyme has lower thermal resistance than the
microbial enzymes, which is a limitation for its use against the B-glucans present in wort.
Consequently, the enzyme has been engineered to increase its thermal stability [84,85].

3.4. Control of Sulfite Production in Brewer's Yeast

Sulfite has an important, dual function in beer. It acts as an antioxidant and a stabilizing
agent of flavor. Sulfite is formed by the yeast in the assimilation of inorganic sulfate, as an
intermediate of the biosynthesis of sulfur-containing amino acids, but its physiological
concentration is low. Hansen and Kielland-Brandt [86] have engineered a brewing strain to
enhance sulfite level to a concentration that increases flavor stability. The formation of sulfite
from sulfate is carried out in three consecutive enzymatic steps catalyzed by ATP sulfurylase,
adenylsulfate kinase and phosphoadenylsulfate reductase. In S. cerevisiae, these enzymes are
encoded by MET3, MET14 and METI6 [87-89]. In turn, sulfite is converted firstly into
sulfide, by sulfite reductase, and then into homocysteine by homocysteine synthetase. This
last compound leads to the synthesis of cysteine, methionine and S-adenosylmethionine. It
has been proposed that S-adenosylmethionine plays a key regulatory role by repressing the
genes of the pathway [90-92]. However, more recent evidence assigns this function to
cysteine [93]. Anyhow, because of the regulation of the pathway, yeast growing in the
presence of methionine contains very little sulfite. To increase its production in the brewing
yeast, Hansen and Kielland-Brandt [86] planned to abolish sulfite reductase activity. This
would increase sulfite concentration, as it cannot be reduced. At the same time, the disruption
of the methionine pathway prevents the formation of cysteine and keeps free from repression
the genes involved in sulfite formation. Sulphite reductase is a tetramer with an o, B,
structure. The o and B subunits are encoded by the METI0 and METS genes, respectively
[42,94]. Hansen and Kielland-Brandt undertook the construction of a brewing strain without
METI0 gene function. The allotetraploid constitution of S. carlsbergensis made it extremely
difficult to perform the disruption of the four functional copies of the yeast. Therefore, they
used allodiploid strains, obtained as meiotic derivatives of the brewer’s yeast. These
allodiploids contains two homeologous alleles of the MET10 gene, one similar to the version
normally found in S. cerevisiae and another which is S. carilsbergensis-specific. It is known
that some allodiploids can be mated to each other to regenerate tetraploid strains with good
brewing performance[18]. The functional MET0 alleles present in the allodiploids were
replaced by deletion-harboring, non-functional copies, by two successive steps of
homologous recombination. New allotetraploid strains with reduced or abolished METI0
activity were then generated by crossing the manipulated allodiploids. The brewing
performance of one of these strains, in which the METI0 function was totally abolished, met
the expectations. Hansen and Kielland-Brandt [95] have used another strategy to increase the
production of sulfite which relies in the inactivation of the MET2 gene function. The MET?2
gene encodes O-acetyl transferase. This enzyme catalyzes the biosynthesis of O-acetyl
homoserine, which binds hydrogen sulfide to form homocysteine [96]. Similarly to the
inactivation of METI0, inactivation of MET2 impedes the formation of cysteine, depressing
the genes required for sulfite biosynthesis.
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3.5. Yeast Flocculation

As beer fermentation proceeds, yeast cells start to flocculate. The flocs grow in size, and
when they reach a certain mass start to settle. Eventually, the great majority of the yeast
biomass sediments. This phenomenon is of great importance to the brewing process because
it allows separation of the yeast biomass from the beer, once the primary fermentation is
over. The small fraction of the yeast that is left in the green beer is sufficient to carry out the
subsequent step, the lagering. Flocculation is a cell adhesion process mediated by the
interaction between a lectin protein and mannose [97-99]. Stratford and Assinder [100]
carried out an analysis of 42 flocculent strains of Saccharomyces and defined two different
phenotypes. One was the known pattern observed in laboratory strains that carried the FLO!
gene. They found, in some ale brewing strains, a new flocculation pattern characterized by
being inhibited by the presence in the medium of a variety of sugars, including mannose,
maltose, sucrose and glucose, whereas the FLOI type was sensitive only to mannose. The
genetic analysis of flocculation has revealed the existence of a polymeric gene family
analogous to the SUC, MAL, STA and MEL families [101,102]. The FLOI gene has been
extensively characterized [103-107], which encodes a large, cell wall protein of 1,537 amino
acids. The protein is highly glycosylated. It has a central domain harboring direct repeats rich
in serine and threonine (putative sites for glycosylation). Kobayashi et al. [108] have isolated
a flocculation gene homolog to FLOI! that corresponds to the new pattern described by
Stratford and Assinder [100]. This result is consistent with the hybrid nature of the brewing
yeast. In addition to the structural genes encoding flocculins, other FLO genes play a
regulatory role. For instance, the FLOS gene (alias STA410) encodes a transcriptional activator
that in addition to flocculation regulates glucoamylase production, filamentous growth and
mating [72,109-113].

3.6. Beer Spoilage Caused by Microorganisms

Microbial contamination of beer, caused by bacteria or wild yeast is a serious problem in
brewing. To overcome the contamination, commonly sulfur dioxide and other chemicals are
added, but this practice faces restrictive legal regulation and consumer rejection. An attractive
alternative is to endow the brewing yeast with the capability of producing anti-microbial
compounds. A specific example is the expression in S. cerevisiae of the genes required for
the biosynthesis of pediocin, an antibacterial peptide from Pediococcus acidilactici [114].
Another example is the transfer to brewing strains of the killer character, conferred by the
production of a toxin active against other yeasts [115,116].

3.7. Enhanced Synthesis of Organoleptic Compounds

The yeast metabolism during beer fermentation gives rise to the formation of higher
alcohol, esters and other compounds which make an important contribution to the aroma and
taste of beer. A first group of compounds important to beer flavor are isoamy! and isobutyl
alcohol and their acetate esters. These compounds derive from the metabolism of valine and
leucine {117]. Two genes, ATFI and LEU4, encoding enzymes involved in the formation of
these compounds, have been successfully manipulated to increase theirs synthesis. ATFI
encodes alcohol acetyl transferase. It has been shown that its over-expression causes
increased production of isoamyl acetate [118]. LEU4 encodes a-isopropylmalate synthase, an
enzyme that controls a key step in the formation of isoamyl alcohol from leucine. This
enzyme is inhibited by leucine [119,120]. Mutant strains resistant to a toxic analog of leucine
are insensitive to leucine inhibition [119]. Mutants of this type, obtained from a lager strain,
produce increased amounts of isoamyl alcohol and its ester [121].
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4. CONCLUSIONS

Development of molecular biology in the 20" century has brought many new opportunities
for technical improvements in the field of brewing industry. The basic scientific questions
concerning the genetic nature of the brewer’s yeast and different physiological problems
related to brewing (secondary fermentation, flocculation, etc.) have been answered.
Instruments to construct a new generation of brewer’s yeast strains, designed to circumvent
common problems of brewing, have been developed. A fine example is the work of Hansen
and Kielland-Brandt [86] that led to the construction of a brewing yeast with increased sulfite
production. Presently, the main obstacle for the development and industrial implementation
of improved brewing yeast is not technical but psychological. Public concern about the safety
of genetic engineering and pressure, often misguided, from various groups, force the brewing
companies to refrain from innovation in these directions. Nevertheless, it is easy to forecast
that in the future, genetic engineering will bring to the brewing industry, as well as to other
food industries, a plethora of better and safer products.
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Wine elaboration is a complex multipopulational process in which several microbial species
are successively involved. At early stages of fermentation, a high number of non-
Saccharomyces yeast species predominate in the musts. These yeasts can actually be
precisely identified by several molecular techniques among which polymorphism of tDNA
and internal transcribed spacers (ITS) at rDNA regions have proved to be the most useful.
This identification has also made it possible to analyse the contribution of these yeasts to the
final organoleptic characteristics of the wine produced. As the concentration of ethanol
increases in the must, different strains of Saccharomyces cerevisiae predominate. At the end
of fermentation they represent almost 100% of the microbial population. The different strains
are highly polymorphic with regards to their DNA content, chromosomal size, and DNA
sequence of their mtDNA. This polymorphism seems to result from chromosome
reorganizations (duplications, deletions, translocations), homologous recombination and gene
conversion, occurring both at mitosis and meiosis and, in some cases, mediated by the
presence of DNA repeats such as Y’ or X subtelomeric regions or Ty transposable elements.
Reorganizations and changes in DNA sequences might be favoured by DNA breaks caused
by ethanol and DNA repair via recombination. The lack of proof-reading ability of mtDNA
polymerase could explain preferential alteration of mtDNA caused by ethanol. In some cases,
specific genomic organizations or phenotypic features seem to reflect adaptation to specific
conditions, i.e., specific chromosome or gene amplification, or capabilities such as tolerance
to CO, or acetaldehyde during wine ageing.

1. INTRODUCTION

Wine fermentation is perhaps one of the earliest use of a biotechnological process. The
history of winemaking goes back to Mesopotamia as early as the 7" century BC [cited in 1];
however, since last 150 years process of winemaking have been gradually established and
improved. Pasteur stated that alcoholic fermentation was a process which correlated with the
life and organization of yeast cells [cited in 2], and with the knowledge that yeasts were
responsible for the biotransformation of grape sugars into ethanol and carbon dioxide,
winemakers initiated the control of wine elaboration and introduced selected wine strains to
direct fermentation. Wine results from microbial fermentation of grape juice that is
undergone by different species of yeasts, which are naturally present on grape skin, in soil
and air, transported by insects and also present in the winery environment [3]. From these
different species, the task of the winemaker is to ensure that only the desired fermentative
yeasts predominate in the juice and carry out the fermentation. Different yeast strains are also
responsible for specific fermentations, which give rise to bread, wine, beer, sake, cider,
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distilled drinks and other fermented products; they are also suppliers of enzymes, flavours,
essences, proteins and vitamins, and also are the vectors of heterologous protein production.
The world production of wine yeasts is only about 1 to 5 thousand tons, whereas production
of bakers’ yeasts has reached almost 5 million tons per year. The main reason for this
difference is that selected wine yeasts have only been produced for the last 15 years, whereas
bakers’ yeasts have been produced for more than 100 years. However, wine yeast production
is continuously increasing [4].

2. YEAST ASSOCIATED WITH GRAPES AND WINE

Wine fermentation differs from other industrial fermentation processes as the juice
contains a varying number of microorganisms [1]. In the course of fermentation and also in
some cases of wine maturation, the changing composition of the medium selects for various

Table 1. Studies about wine yeast identification using molecular biology techniques.

Modified from [5].
Methodology Genus
& elements Saccharomyces
Intron splice site Saccharomyces
Karyotype Saccharomyces
Hanseniaspora
Zygosaccharomyces
Microsatellite Saccharomyces
Nested PCR Brettanomyces
Plasmids Saccharomyces
Zygosaccharomyces
RAPDs Saccharomyces
Metschnikowia
Rhodotorula
Zygosaccharomyces
Candida
Pichia
Torulaspora
Hansenula
RFLP-karyotype Candida
Kloeckera
Schizosaccharomyces
RFLP-mtDNA Saccharomyces
Kluyveromyces
Zygosaccharomyces
Brettanomyces
RFLP-ITS/5.8S Candida
rRNA gene Hanseniaspora
Saccharomyces

25 different genera

types of yeasts (Table 1), bacteria and other microorganisms of which, only some are able to
grow and compete with the highly specialized fermentative yeasts which quickly dominate
the alcoholic fermentation. Most of these desirable populations of yeast belong to the species
Saccharomyces cerevisiae. There are controversies of whether in many cases, uncontrolled
growth of yeasts other than S. cerevisiae and bacteria negatively affects the final wine
quality [4] or whether the presence of non-Saccharomyces species could be important. The
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reason for this importance is the production of secondary metabolites which contribute to the
final taste and flavour [5]. Therefore, the wealth of yeast biodiversity with unknown
enological properties may still be largely hidden [1].

2.1. Wine Yeast Diversity

Yeasts are defined as unicellular fungi which usually grow and divide asexually by
budding. Taxonomically they are grouped under different genera of ascomycetes,
basidiomycetes and deuteromycetes [2]. This diversity indicates that yeasts have been
favourably selected in nature which has kept appearing throughout evolution [6]. Yeast
nomenclature has changed considerably in the last few years. Originally, yeasts were
classified according to morphological and metabolic criteria e.g. capacity to ferment and/or
assimilate certain nitrogen and carbon sources. By using these criteria it was possible to
identify different genera and species, although it was not possible to differentiate among
strains {2]. However, due to their strong special selection, strain differences among yeasts
are often more important than species differences [3]. Recent application of molecular
techniques have represented an alternative to the traditional methods of yeast identification.
Those new procedures allow a specific desired strain to be identified unequivocally, even in
the absence of morphological or biochemical indicators.

Electrophoretic  karyotypes (Fig. 1), which allow the separation of individual
chromosomes, are particularly useful because some industrial strains have their own
characteristic pattern [7]. This technique, in combination with other analytical techniques,
also allow to determine the number of copies of a specific chromosome present in a strain,
and variations in the size of homologous chromosomes. These techniques used to determine
genomic constitution are complemented with analysis of the restriction fragment lengh
polymorphism (RFLP) pattern using mtDNA [8, 9, 10], polymorphism after hybridization
with specific probes, RAPD, ITS, polymorphism of rDNA, etc.

XILIV

XV, VI~
XVLXm -
Il =

Fig. 1. (A) Chromosomal patterns of the laboratory yeast DS81 (lanes 1 and 10) and the flor strains: S.
cerevisiae var. beticus (lanes 2 and 4); montuliensis (lanes 3, 5, 6, 7 and 9) and cheresiensis (lane 8). (B)
Chromosomal patterns of the laboratory yeast DS81 (lane 1) and the flor strains: S. cerevisiae var. beticus
(lanes 2, 3, 4, 6, 8 and 10); rouxii (lane 5); montuliensis (lane 9) and cheresiensis (lane 7). Reprinted with
permission from ref. [12].

The RFLP of mtDNA has been used successfully as the best technique of individual
characterization in multipopulational processes such as wine elaboration [8, 9]. Such
identification and control have allowed researchers to establish the role that a selected strain
plays in the aroma, flavour and organoleptic characteristics of wine as compared to the
natural microbiota during the vinification process, which will be described below.
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2.2. Interspecific Diversity (Non-Saccharomyces yeasts)
2.2.1. Presence and effects of non-Saccharomyces yeasts on musts and wines

Fermentation of grape must and production of wine, conducted by traditional methods,
include the interaction not only of yeasts but with other microorganisms such as fungi, lactic
acid bacteria, acetic acid bacteria, mycovirus, bacteriophages etc. [1]. Must fermentation
gives rise to a final product which results from the combined action of all these microbes,
which grow more or less in succession throughout the fermentation. Several studies have
described the isolation and identification of yeast species from the grape surface, soil and
wineries. The frequency of species and their proportion depends largely on the isolation
process [5]. In addition, it varies with the country, wine variety and methods of wine
elaboration. Adverse climatic conditions at time of harvest also affect composition of the
yeast population, or the population shows atypical evolution through the fermentation
process [11]. Freshly crushed grapes yield a must with a yeast population of 10° to 10°
CFU/ml. It is generally admitted that the genera Kloeckera and Hanseniospora are
predominant on the surface of the grapes (50 to 70% of the isolates), whereas fermentative
species of Saccharomyces occur at extremely low frequency (less than 50 CFU/ml) [1]. By
contrast, S. cerevisiae is abundant on winery equipment [12]. Grape must endures the growth
of only a limited number of microbial species because the low pH and high sugar
concentration [13] exert a strong selective pressure on the microorganisms resulting
proliferation of only a few yeast and bacterial species. Out of over 700 species of yeasts, at
least 15 species belonging to 7 genera are associated with wine making [14]. Fermentations
are generally initiated by the growth of various species of Candida, Debaryomyces,
Hanseniospora,  Hansenula,  Kloeckera,  Metschnikowia,  Cryptococcus,  Pichia,
Schizosaccharomyces, Torulaspora and Zygosaccharomyces [5]. Sulphur dioxide added as
antimicrobial preservative and the increasing levels of ethanol impose additional selection
against oxidative and ethanol sensitive microbial species. Growth of these species is limited
after 2-3 days of fermentation, and only the most strongly fermenting and ethanol tolerant
species, usually S. cerevisiae, takes over the fermentation, reaching final populations of about
10® CFU/ml. For this reason, S. cerevisiae is preferred for initiating must fermentation.

The use of pure yeast cultures of S. cerevisiae offers undeniable advantages with regard to
the ease of control and homogeneity of fermentations. However, wine fermented by an
indigenous population of yeast may have a genuine quality different from that of wine
fermented with a pure culture of S. cerevisiae [3], as suggested above. In addition, at the
beginning of fermentation, low fermentative yeasts produce some important reactions in must
which could improve the final flavour of wine [5]. For this reason, it may be preferable to use
a mixture of yeast species as starter to produce wines of good quality. It has already been
described that, in addition to grape variety, storage and fermentation conditions, the physico-
chemical processes involved in fermentation mainly determine the aroma of wine.
Particularly, those occurring in the must or wine at any stage during fermentation play the
most significant role in the production of volatile compounds [3]. In some cases the
importance of yeasts with low fermentation power such as Kloecckera apiculata in the
production of significant overall amounts of volatile substances in wine obtained from musts
of Monastrell grapes has been solidly demonstrated [15]. Sensorial and microbiological
analyses of Majorca wines showed significant differences between inoculated wines and
those fermented spontaneously by wild yeasts [16]. Fermentation of Verdejo, Palomino or
Viura grapes carried out with selected local yeast strains, belonging to the species K.
apiculata, Torulaspora rosei and Saccharomyces ellipsoideus also gave rise to wines with
the expected specific organoleptic features [17]. Appreciable quantities of ethyl acetate have
been associated with the presence of Candida glabrata and Debaryomyces hansenii in
Tenerife wines [18]. There are also controversial results on the effect of different yeast
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species involved in spontaneous fermentation: despite the occurrence of indigenous flora,
final inoculated yeasts succeeded in taking over the fermentation of Pedro Ximenez grapes
and yielding wines similar to those obtained from sterile musts [19] whereas other authors
found a high similarity between fermentation of Pedro Ximenez grapes, carried out with
mixed cultures with added S. cerevisiae, and those carried out with the indigenous yeasts
[20].

2.2.2, Identification of non-Saccharomyces yeasts

The correct identification of non-Saccharomyces yeasts is important to understand and
predict the enzymatic reactions, which will occur during the early stages of fermentation.
Classification on the bases of phenotypic features, mainly biochemical properties, needs an
excessive number of tests and takes at least one to two weeks [2], whereas molecular biology
techniques such as RFLP of mtDNA, chromosomal DNA electrophoresis, rDNA restriction
analysis or RAPDs allow a quick and highly reliable yeast identification (Table 1) [7, 5].

Some hemiascomycetous yeasts possess TRNA genes located in a single genomic region,
composed by clusters of two transcriptional units, one unit encoding 18S, 5.8S and 25S
rRNA with two internal transcribed spacers (ITS1 and ITS2), and the second unit encoding
5S RNA [5]. ITS and 5.8S rDNAs are useful to determine close taxonomical relationships
because they exhibit greater interspecific differences than the 18S and 25S transcriptional
unit. Intraspecific variations have also proved useful for identification of strains within
species. Restriction analysis of this region has allowed the identification of 33 wine yeast
species and 129 food yeast species belonging to 25 different genera [5]. The recent
applications of molecular techniques to the ecological study of wine yeasts have thus
demonstrated that strain variation can also occur within the non-Saccharomyces species.
Different strains of the unique non-Saccharomyces species contribute to the fermentation,
and different phases of the fermentation are sometimes dominated by different strains of the
same species.

Once wine yeasts species are identified unequivocally, it is important to correlate them
with specific properties. For instance, there is little information on the production of enzymes
such as proteases, lipases, glicosidases, pectinases and other hydrolases, necessary for the
formation of organoleptic compounds in the wine, by specific non-Saccharomyces yeast
species. Extracellular proteases (necessary for must clarification and yeast autolysis) have
been described in strains of K. apiculata. Strains of this species and of Metschnikowia
pulcherrima also produced extracellular proteases involved in the breakdown of juice
proteins, glucosidases (which liberate terpenes and anthocyanins from their immobilized
glycosidic form) were detected in strains of Candida, Pichia and Hanseniaspora: pectinases
(to improve must extraction) were also detected in various species of Candida, Cryptococcus,
Kluyveromyces and Rhodotorula, although none of the latter strains were wine yeasts; the
production of f3-1,3-glucanase, necessary for the hydrolysis of different types of glucans,
have been described in several wine yeasts including S. cerevisiae; finally, esterases and
lipases are being searched in wine yeasts. They are important for yeast autolysis, but these
enzymes (mainly lipases) can potentially affect wine quality [5].

2.3. Intraspecific Diversity. Saccharomyces Y east

Saccharomyces cerevisiae strains become increasingly abundant on the grape juice, and is
by far the most dominant yeast species colonising any type of wine [3]. Due to the fact that S.
cerevisige is practically absent from grapes, but predominates in wine, its presence in musts
and wines is directly associated with artificial man-made environments such as fermentation
plants.
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Strains of Saccharomyces are detected in the must when there is already a certain ethanol
concentration, and become predominant as the ethanol concentration increases. However, one
basic contribution of molecular biology to population genetics was the observation that, even
under strong selective conditions, as they are wines with a high alcohol content, there is a high
degree of genetic variation among the Saccharomyces strains present in these wines (Table 2)
[21]. Under these extreme conditions, natural selection was expected to favour

Table 2. Ploidy (n) of different S. cerevisiae industrial strains

Strain Ploidy (n)

A YNN295 G 1
DS81 G 2
DADI B 1.5
VS B 25
CT B 2.7
SB2 B 2.6
SB11 B 1.3
Vi B 2.7
V2 B 2.7
ACA21 w 1.9
ACA22 w 1.9
ALKO1245 D 1.6
ALKO1523 D 1.3
ALKO743 B 3
ALKO554 B 1.3
ALKO1611 B 3
TS146 B 1.6
ATCC9080 Br 1.6
NCYC396 Br 2.2

B S cerevisiae (beticus) v 13-2
S. cerevisiae (cheresiensis) \' 13-2
S. cerevisiae (montuliensis) \" 1.7-2
S. cerevisiae (rouxii) v 2

A : Modified from [29]; B: Modified from [12]. G genetic line; B bakers’; W = wine, Br =
brewers’; D= distillers’; V = velum.

the best strain and, by removing all other strains from the mixed population, selection acting in
this way would eliminate genetic variation. A possible explanation is that selection favours
different genotypes under different conditions. Alternatively, several genotypes may work
equally well under such extreme conditions. In fact, Saccharomyces strains with specific
characteristics appear in different types of wine, so that the strains became classified into
several different races or varieties [2]. In most cases, a taxonomic linkage exists between races
and strain properties: highly ethanol tolerance (var. ellipsoideus), tolerance to CO, (var.
bayanus), intensive flavour (var. capensis), low volatile acidity (var. rosei) [22], film-forming
strains with strong oxidative capabilities (var. beticus and cheresiensis), high concentrations of
acetaldehyde production and tolerance (var. montuliensis and rouxii) and others [12, 23, 24, 25,
26], all varieties belonging to the same species, S. cerevisiae.

In conclusion, assignment of traditional wine yeast strains to the single species S. cerevisiae
does not imply that they are similar, either phenotypically or genetically. The strains differ
significantly not only in their metabolic features such as fermentative capacities, or production
of aromatic compounds [11, 26] but also in their genetic configuration such as DNA content,
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chromosomal pattern or mtDNA sequence [12, 23, 27], as will be discussed below. These
differences are probably the result of adaptation to specific conditions, and to different
industrial environments; for instance, wines with different sugar, alcohol or tannin contents,
and even different at subsequent stages of the same type of wine [12].

2.3.1. Identification and diversity of Saccharomyces wine yeasts

Saccharomyces cerevisiae wine strains differ in their chromosomal patterns, DNA
content or RFLP of their mtDNA. With regards to their DNA content, some authors have
reported great variations of different industrial yeasts, and suggested that these variations
may respond to specific industrial environments [28]. However, when comparing
simultaneously different industrial yeast groups such as bakers’, distillers’, brewers’ and
wine strains, similar variations in DNA content have been found among yeast from the same
group, i.e., bakers’, and those from different groups, i.e., bakers’ vs. brewers’ (Table 2) [29].
This may indicate that DNA content does not reflect adaptation to specific environments.
Exceptionally, flor yeasts isolated from sherry wine are aneuploids, which have a DNA
content lower than other industrial yeasts [12]. The reason for this can be that ethanol,
present at very high concentration (over 15% v/v) and oxidative conditions [12] favour
chromosome loss. In fact, most flor yeasts are aneuploids whose DNA content is generally of
less than 2n (Table 2) [12]. Other authors have analyzed flor yeasts by genetic marker
segregation after crossing them with laboratory-marked haploid strains [30]. Results indicate
the presence of several copies of most chromosomes analyzed in the industrial strains
examined (Table 3), but preferential elimination of laboratory strain chromosomes cannot be
ruled out. With'regards to the chromosomal pattern, the polymorphism found in yeast strains
belonging either to different or the same industrial groups is amazingly high [29]. Whereas a
standard haploid laboratory strain displays 15 bands corresponding to 16 chromosomes, great
variations have been found in all sorts of industrial yeasts, both in the number and size of the
chromosomes, resulting in variations both in the number and position of the chromosomal
bands [27, 31-34]. Differences in the number of chromosomal bands are mostly the result of
homologous chromosomes of different sizes [27]. In some cases polymorphism is so high
that nearly each strain can be identified unequivocally by its specific chromosomal pattern
[35]. The fact that differences in size and number of chromosomal bands are displayed by
yeasts from either the same or different industrial groups might also indicate that global
changes both in size and number of chromosomes do not reflect selection to specific
environmental conditions.

2.3.2. Genetic constitution of Saccharomyces cerevisiae strains and
adaptation to specific industrial conditions

Chromosomal polymorphism has been described to be higher in industrial yeasts than in
laboratory strain [35]. Among industrial yeasts, the literature concerning chromosomal
polymorphism of brewers’, bakers’ or distillers’ yeasts is very scarce, whereas that of wine
yeasts is more abundant. Among wine strains, high chromosomal polymorphism has been
reported [31-34]. However, among them, film-forming strains do show scarce variability (Fig.
1) [12]. It may be that the selective conditions which are so severe (lack of fermentable carbon
sources and over 15% ethanol) have favoured an almost unique chromosomal pattern, similar
in all flor yeasts and different from those of other industrial or laboratory yeasts [12, 35]. This
lack of polymorphism may also be related to the scarce presence of Tyl elements (although
Ty2 are abundant in these strains) (Fig. 2) [36], as will be discussed below, since, in the
absence of recombination, it has been suggested that a population became monomorphic [37].
Some authors support this suggestion by describing sexual isolation of wine yeasts which stop
them from mixing their features during wine fermentation and maturation [38]. In order to
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Fig. 2. Hybridization patterns obtained with probes from Tyl (a) or Ty2 (b) sequences on chromosomes of flor
yeasts and of the laboratory strain K5-5A. Flor yeast chromosomes contain only Ty2 elements while Ty! is the
main element present in the laboratory strain. Reprinted with permission from ref. [36].

identify each chromosome specifically, they are hybridized with probes corresponding to
genes which, in laboratory strains, are known to be present once in the genome [27].
Chromosomes of industrial yeasts, including wine yeasts, hybridize in all cases with these
probes, indicating that DNA similarity with these genes is very high. Hybridization confirms
the existence of several homologous chromosomes of different sizes [35, 36]; sometimes
interchromosomal (translocations) and intrachromosomal (deletions, duplications, inversions)
reorganizations have also been found.

If polymorphism of chromosomes reflects selection under specific conditions, extreme
selective conditions such as the presence of high ethanol concentration or oxidative stress
should favour any chromosomal reorganization, which results in an increase of viability or of
growth rate under such conditions. In all flor strains examined by Guijo et al., [30], polysomy
of chromosome XIII was observed (Table 3). This chromosome contains the ADH2 and ADH3
loci which encodes for the ADHII and ADHIII isoenzmes of alcohol dehydrogenase, which are
involved in ethanol oxidative utilization during biological ageing of wines. Similar results have
been found in other industrial yeast groups, precisely in bakers’ yeasts [29, 39]. The procedure
for biomass production of these yeasts would favour any chromosomal reorganization, which
resulted in an increase in the growth rate [40]. Furthermore, if there is a limited addition of the
substrate (molasses) whose main carbon source in sucrose, amplification of the SUC gene
which encodes invertase would result in a more efficient utilization of the sucrose. In bakers’
strains, SUC gene has been amplified and translocated to several chromosomes as judged by
the presence of several bands which hybridize with the probe [29, 39], and a similar
phenomenon seems to have occurred in distillers’ yeasts [29]. The wine yeasts analyzed, which
in their natural environments ferment glucose and fructose but not sucrose, only possess a
single band [29]. Furthermore, the accumulation of SUC genes was only observed in
populations derived from sources containing sucrose and seemed to be absent in other strains
from sources promoting the MEL gene [41]. RTMI gene, whose expression confers resistance
to the toxicity of molasses is also present in bakers’ strains in multiple copies which are
physically associated with SUC telomeric loci (Fig. 3) [42]. RTM sequences are not detected in
laboratory or wine strains. In dough without addition of sugar, the principal fermentable sugar
for bakers’ yeasts is maltose liberated from the starch of the flour by amylases [32, 33]. MAL
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loci are necessary to ferment maltose. Each MAL locus is a complex of three genes encoding
maltose permease (MALT), maltase (MALS) and a transcription activator (MALR) {32, 33, 43].
Families of MAL loci, mapping on different chromosomes in several copies, have also been
identified in bakers’ yeasts, selected for flour fermentation, but not in wine yeasts [43]. In
addition, the quality of brewing strains is largely determined by their flocculation properties,
and several dominant, semi-dominant and recessive flocculations (FLO) genes have been
recognized in these brewing strains [44).

Both electrophoretic karyotyping and mtDNA restriction analysis have also revealed a
considerable degree of polymorphism in natural yeast populations of S. cerevisiae isolated
from fermenting musts in El Penedés, Spain [45]. Genetic analysis indicated a strong
correlation between selected phenotypes with high tolerance to ethanol and temperature and
mtDNA polymorphism. Furthermore, the karyotypes also revealed a correlation between
distinct genetic traits and specific microenvironments, so that molecular analysis allowed to
study geographical distribution of natural yeast populations as well as the identification of
strains with specific properties.

The eukaryotic chromosome
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Fig. 3. The general chromosome end of eukaryotes. The S. cerevisiae subtelomeric region is expanded in the
lower part of the figure (see text for details). Modified from ref. [58].

3. SOURCES OF GENETIC DIVERSITY
3.1. Chromosomal Reorganizations as a Source of Variability

Chromosomal reorganizations are natural phenomena in the life cycle of many organisms,
and in some cases, it is part of their development pattern. As an example we may consider the
de novo telomere formation in S. cerevisige, the mating type switch in fungi or the
chromosome reorganization of the immunoglobuline genes in higher eukaryotes [46]. There
are other nonprogrammed genome reorganizations which include deletions, translocations etc.
These reorganizations give rise in the resultant products to chromosome length polymorphism,
to dramatic changes in the viability and to changes in chromosome number. The latter is a
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consequence of the lack of pairing of homeologous chromosomes and non-disjunction at
meiosis. Incorrect disjunctions result in an unequal distribution of the chromosomes in the
progeny and low viability and aneuploidies in the surviving products [46]. Chromosome length
polymorphism has been observed in both asexual and sexual fungi, indicating that 1t results
from both mitotic and meiotic processes [47]. Natural isolates of S. cerevisiae also display
highly variable chromosomal patterns, as indicated above, whereas industrial strains show
chromosome structures, which are highly polymorphic and very different from those of
laboratory strains [48]. The exact mechanisms accounting for these variations and
rearrangements are unknown, although the chromosomal structures observed are probably
the results of multiple events (insertions, delections, translocations ) favoured by their
specific environment, which have accumulated over a long period of time [29]. Recently,
whole genome duplication was proposed as an explanation for the many duplicated
chromosomal regions in S. cerevisiae [49]. Computer simulation indicated that 8% of the
original genes retained in duplicate after genome duplication and 70 reciprocal translocation
between chromosomes, produced arrangements very similar to the map of real duplications
in yeasts, although the original order of chromosomal rearrangements could not be
established [49].

Table 3. Copy number of each chromosome in the S. cerevisiae strains isolated from velum
(F,G) or during the last phase of an industrial fermentation (E)

Saccharomyces cerevisiae strains

Chromosome F-12 F-21 F-23 F-25 G-1 E-1
I 2 2 2 3 3 4
1I 2 2 2 4 3 2
I 2 2 2 2 2 2
v 2 2 2 3 3 2
\" 2 2o0r3 2 3 3 2
VI 2 2 2 4 3 4
VII 2o0r3 2or4 2or3 4 2 2
VIII 2 2 2 3 3 2
X 2 2 2 3 3 2
X 2 2 2 3 2 2
X1 2 2 2 3or4 3 2
XII 2 2 2 4 3 2
XIII 4 3 3 4 4 4 or more
XV 2 2 2 4 3 2
XV 2 2 3 4 3 2
XVI 2 2 2 4 2 2

Modified from ref. [30].

Gross chromosome rearrangements such as inversions, translocations and deletions, may be
stimulated by events involving transposable elements (Fig. 4) [50]. Furthermore, genetic
analysis of mutants which increased up to 5000-fold the rate of gross chromosome
rearrangement formation suggests that at least three distinct pathways can suppress these
arrangements: two of which suppress microhomology-mediated rearrangements, whereas
one suppresses nonhomology-mediated rearrangements [51]. However, in S. cerevisiae
genomic reorganization takes place mostly via recombination, and this phenomenon occurs
between homologous sequences (Fig. 5). Therefore, the main substrate for recombination
leading to genome reorganization are repeat sequences which, in yeasts, are very scarce:
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telomeric and subtelomeric Y’ and X regions, Ty transposable elements and, to a lesser
extent, rIRNA and tRNA genes [46]. In laboratory S. cerevisiae the recombination frequency
between Ty elements present in the same (allelic or asymmetrical) or different (ectopic)
chromosomes in diploid cells has been estimated to be 1% in meiosis and 107 in mitosis
[54], whereas the transposition frequency was of 10* to 10° per generation [52-54]. Ty
elements of the same family are highly homologous, and the reason seems to be due to gene
conversion mechanisms, which takes place in addition to transposition and recombination
[55, 56]. With regards to the subtelomeric regions X and Y’, they appear repeated 4 to 5
times at the end of the chromosomes in laboratory strains, although some strains have 26 to
30 repeated sequences of these subtelomeric Y’ families, concentrated in the higher
molecular weight chromosomes [57]. Precisely, the only element which appears to be shared
by all chromosome ends is part of the previously defined X element which contains an
autonomous replication sequence (ARS) consensus (Fig. 3) [58]. Among other possible
functions, subtelomeric repeats are suitable regions for adaptive amplification of genes. Also,
these tandem repetitions originate genome reorganizations at meiosis as a consequence of
telomeric interactions and of mitotic recombinations between Y’ regions giving rise to
duplications, deletions and insertions (Fig. 4). The sequences of the Y’ regions are highly
conserved, which may be due to gene conversion [52]. Recombination between homologous
chromosomes possessing different copy number of Y’ regions

T
o

Fig. 4. Chromosomal reorganization caused by Ty and Y' repeat elements. 1: Allelic recombination, 2:
intrachromosomal recombination, 3: ectopic recombination, 4: recombination between tandem repeats, 5:
asymmetrical recombination, 6: excision, 7: insertion. Modified from ref. [7].
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results in unequal distribution of the Y’ elements and in consequence, in changes in the size
of the chromosomes involved in the event. The frequency of recombination events for these
elements is of 2 x 10 per generation in mitosis and 2% in meiosis [52]. Some gene families
such as SUC, MAL, MEL and others, located in the telomeric regions, appear to be the result
of these genome reorganizations [59]. Experiments to localize the flocculation FLO genes,
which play an important role in the quality of brewing strains, have revealed that they also
belong to a family whose members are located near the end of chromosomes, like the SUC,
MEL and MAL genes, which are also important for good quality baking or brewing strains
[44]. Genome rearrangements may also result from recombination between repeated
sequences dispersed through the genome, rather than located at telomeric regions
specifically, such as Ty or LTR (8) sequences. Analysis of a high number of different S.
cerevisiae strains have demonstrated that these strains possessed different duplications and
translocations of subtelomeric regions of chromosomes XI and III [60). Reciprocal
translocations involving 80 kb of the left arm of chromosome IIT and 45 kb of the right arm
of chromosome I has also been demonstrated to be the cause for observed chromosomal
polymorphism in some S. cerevisiae laboratory strains [48]. In this case, analysis of the
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translocation breakpoints indicated a transposition hot-spot on chromosomes I and III and the
translocation mechanism involved homologous recombination between Ty2 transposable
elements [48]. In other S. cerevisiae homothallic strains, DNA length polymorphisms of
chromosome Iil were generated during meiosis, sporulation or the spore germination process
and were produced by the loss or addition of a specific DNA unit of ~100 kb, although it has
not been elucidated whether the product of the HO gene affects the generation of this
polymorphism or not [61].

Analyses of subtelomeric MEL gene sequences in wine and other industrial and laboratory
strains have also shown that this gene family has diverged into two groups [62, 63]: (i) in
group one all the MEL genes and their flanking regions have nearly identical DNA sequence
and restriction pattern, suggesting very rapid distribution of the gene to separate
chromosome, probably by transposition [64, 65], and (ii) in the second group sharp change
to sequence heterogeneity and restriction pattern occurs, mostly due to the flanking regions,
suggesting distribution of the MEL genes to new chromosomal locations, probably mediated
by & sequences [59]. Unstable mutations at specific loci of S. cerevisiae have been
demonstrated which may be due to the insertion of Ty transposable elements [36], whose
transposition generated duplications and whose expression was controlled by regulatory
genes similar to those controlling elements in maize [37]. Other workers reported the
decrease in viability and aneuploidies among the survivors. These phenomena were attributed
to different numbers of Ty elements and Y’ repeats as well as other subtelomeric elements,
which led to impaired chiasma formation [66]. Further studies carried out with meiotic
products of a bakers’ strain indicate the disappearance of chromosomal bands present in the
parental strain [39]. This was partly attributed to the presence of multiple Ty transposable
elements, which seemed to undergo inter-chromosomal translocation together with
amplification, giving rise to differences in chromosomal size. Mitotic recombination,
preferentially between sister chromatides as a mechanism of DNA repair, is an important
source of genomic
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Fig. 5. Recombination occurring between two homologous chromosomes of different size (P1 and P2) results
in four meiotic products, two of the same size as the two parental (P1 and P2) and two whose sizes differ from
those of the parental (R1 and R2). Modified from ref. [7].

instability in S. cerevisiae [55]. Even so, whereas these chromosome reorganizations in
bakers’ yeasts occur with high frequency during meiosis, genomic stability during long term
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mitotic growth was very high [43]. It appears that on one hand, the main substrate for
recombination leading to genome reorganization is repeat sequences; however, on the other
hand, gene conversion has been demonstrated to play a major role in controlling chromosome
stability of large tandem chromosome repeats in S. cerevisiae [67]. At least for IDNA, gene
conversion (rather than unequal sister chromatid exchange) is the predominant recombination
mechanism regulating expansion and contraction of the DNA. In addition, phenomena such
as mutational homozygosis may also be relevant to genomic stability of yeasts [68].
Mutations at specific loci, for instance cdc28, also decreased the mitotic stability of
chromosomes probably because of its role on changes in chromatin organization, which
depends on the start gene CDC28 [69].

3.1.1. Chromosomal rearrangements in wine yeasts

Chromosomal patterns for enological S. cerevisiage strains evidenced a marked
polymorphism for these strains and, when compared with laboratory haploid strains, their
patterns were interpreted as some bands being homologous chromosomes of different sizes.
This suggestion has been further confirmed by karyotype analysis of meiotic segregates of
some strains [34]. In addition, analysis of a number of independent crosses between haploid
testers and unselected populations of spores of different wine strains allowed to distinguish
between disomic, trisomic or tetrasomic chromosomal complements in the parents, and
showed that linkage relationships among the chromosomes of the wine strains were not
identical to those of the laboratory testers [31]. Translocations seemed to have placed genes
found on specific chromosomes of laboratory strains on different chromosomes present in
different copy numbers in wine s.rains and different copies of a specific chromosome were
not identical in wine strains (Fig. 6); these analyses also indicated that aneuploidies are
widespread among wine strains, and suggested that S. cerevisiae wine yeasts are
exceptionally tolerant to spontaneous loss or gain of chromosomes [31], but did not provide
an explanation either for such widespread or for mechanisms accounting for it. Aneuploidy
of wine strains is in part due to the tolerance that S. cerevisiae wine strains have for this
condition; as long as meiosis is not a regular part of their life cycle, the maintenance of a
stable, although unbalanced, chromosome complement may be advantageous. Other workers
[36] have described the genomic complexity and stability at mitosis and meiosis after
obtaining yeast hybrids derived from flor yeasts isolated from sherry wine and laboratory
strains. Genetic analysis indicated that flor yeasts were aneuploids, and that recombination
occurred not only among homologous chromosomes of similar length but also among
polymorphic partners with different sizes. Furthermore, polymorphism in chromosome
length seemed to be a major source of karyotypic variation, as judged by the new
chromosomal variants which were frequently observed in the meiotic products (Fig. 6),
recombinational events occurring hoth mitotically and meiotically.

Flor yeasts isolated from sherry wine had a distinctive molecular karyotype (Fig. 1) [12],
and showed a similar distribution of Ty2 sequences, lacking Tyl sequences (Fig. 2) [36].
These strains do not often sporulate or, when sporulating, produced nonviable spores [12],
indicating that flor yeast populations are genetically isolated. Sancho et al. [38] reported that
the distribution of characteristics of sugar fermentation and metal tolerance was different
in strains isolated during sherry wine fermentation, film formation and ageing, suggesting the
existence of sexual isolation in the yeast populations and indicating that this sexual isolation
prevented the random distribution of taxonomic characters. Similarities found in flor yeasts
in their molecular karyotype (Fig. 1) [12] and Ty?2 distribution (Fig. 2) [36] also suggest that
the different strains of the isolated flor yeasts are very closely related, in spite of their
phenotypic differences [26]. Ty2 sequences were found on many chromosomes in all flor
yeasts but on very few chromosomes in laboratory strains and,
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Fig. 6. (A) Electrophoretic karyotypes of a wine yeast and two complete meiotic derivatives. (B) Hybridization
with probes from chromosomes XII (rDNA; I} and VIII (CUPI; II). Reprinted with permission from ref. [73].

conversely, Tyl sequences were only found on chromosomes of laboratory strains [36]. The
low polymorphism found in these wine strains suggested that ectopic recombination between
Ty2 elements rarely takes place. Although allelic recombination between Ty elements has
been reported to occur at similar frequencies as those observed for other genes [53, 54], Ty2
sequences undergo transposition, gene conversion and recombination at very low frequency.
Thus, the lack of Tyl genetic elements and the low mobility and lack of recombination of
Ty2 elements could be an explanation for the distinctive karyotype of wine yeasts isolated
from sherry. Other authors have found that selected S. cerevisiae strains able to carry out the
second fermentation of sparkling wine in El Penedés differed enormously in their karyotype
and showed high rates of karyotype instability during vegetative growth. The most frequent
alteration in the karyotype pattern in wine yeasts was the variation in size of chromosome
XII, which reflected changes in size of the rDNA clusters [45, 70]. Furthermore, data
indicated a very different organization of rDNA clusters in wine strains from that reported for
other yeasts. Whereas rDNA repeats seemed to play an important role in the changes in size
observed at least in chromosome XII [70], SUC genes or Ty elements did not show
amplification or transposition. Processes that could be related to rearrangements seemed to
originate from ectopic recombination between repeated sequences interspersed in the
genome, and their frequency suggests that they may play an important role in the continuous
introduction and maintenance of genetic diversity in wine populations. Analysis of 450
karyotypes of meiotic and mitotic derivatives of one of these strains indicated that
dertvatives with low karyotype variability at mitosis also showed low rates of chromosomal
rearrangements at meiosis, suggesting that both phenotypes were linked. Segregation analysis
also indicated that the stable phenotype was determined by only one or two genes.
Furthermore, some of the rearrangements acquired selective advantages over the parental
strain in rich medium, indicating that chromosome rearrangements might provide selective
advantages even under nonselective conditions [70]. Mortimer e al. [71] described a new
mechanism accounting for genetic variability: they found that several wine strains analyzed
were diploid, homothallic and genetically unique, and that they yiclded asci that came from
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genetically different cells. These differences were interpreted to have arisen from
heterozygous, homothallic strains, which had sporulated, yielding homozygous spore clones.
Those authors suggested that natural heterozygous wine yeast strains undergo meiosis at
certain frequency, so that a multiple heterozygote gives rise to homozygous descendants
some of which may replace the original heterozygous parental. The process was called
“genome renewal”, and changes of heterozygotes to homozygous diploids were detected
directly in several of the wine strains. However, sexual isolation in yeast population during
wine production [12, 36, 38], the high level of heterozygosity [72], and the low sporulation
rates of wine yeasts [36] do not favour this hypothesis. More recently, Puig et al. [73] studied
the stability of wine yeasts by analyzing electrophoretic karyotype and the URA3 locus in a
URA3/ura3 wine yeast in several grape must fermentations. These authors found mitotic
rearrangements for chromosomes VIII and XII after 30 mitotic divisions, and the presence of
ura3/ura3 homozygous at fairly high frequency, sporulation and meiosis not being involved
in these processes. They suggested a process of gradual adaptation to vinification conditions,
as chromosomal rearrangements and aneuploidies, acquired following numerous mitotic
divisions, are maintained vegetatively, and mitotic recombination instead of sporulation,
would eliminate deleterious mutations and introduce genetic diversity. This suggestion does
not mean that wine strains never sporulate, but that sporulation is not significant with regards
to their genome evolution. The presence of lethal recessive mutations present in
heterozygosis in wine yeasts [72] support this view since the frequency of sporulation is
lower than that of mutation. Finally, it is worth considering that wine yeasts are in the
presence of high concentrations of ethanol and sometimes, of acetaldehyde [26]. Ristow et al.
[74] demonstrated that ethanol induced DNA single-strand breaks in S. cerevisiae, and that
acetaldehyde also had a deleterious effect on chromosomal DNA in cells as well as on
isolated DNA. Their results also supported that ethanol is mutagenic via its metabolite,
acetaldehyde, although both acetaldehyde and ethanol cause DNA strain breaks in living S.
cerevisiae cells. Furthermore, ethanol is metabolized via acetaldehyde, which was active on
chromosomal DNA but the effect of exogenous acetaldehyde was much stronger than that of
metabolized ethanol because this is rapidly metabolized to acetic acid [74]. It therefore seems
that in such mutagenic environment as, for instance, that of sherry wine, with 16% ethanol
and up to 1.2 g/l of acetaldehyde, wine yeasts might undergo continuous changes due to
errors induced during the mechanism of DNA repair via recombination. This suggestion has
proved to be true, at least with regards to the effect of ethanol on the m DNA of wine yeasts
(Fig.7), as will be discussed below. If, as suggested, both ethanol and acetaldehyde induce
continuous breaks in the DNA, such mechanism of DNA repair via recombination would
explain the high frequency of chromosome reorganizations (Fig. 6) even in the absence of
meiosis and sporulation, and the divergence between laboratory chromosomal organization
and that of wine yeasts [73].

3.1.2. The Negative Effects of Chromosomal Reorganizations
3.1.2.1. Limitation of large reorganizations

Though strains of wine yeast have undergone many chromosomal reorganizations [73],
most housekeeping genes are usually localized at specific positions in the chromosomes [29,
39]. The frequency of gene conversion due to recombination between Ty elements located at
different chromosomes is only 2 x 107, suggesting that there are mechanisms which repress
ectopic exchanges. In fact, gene TOP3 represses meiotic recombination events in
chromosomal regions, which are near a § element [53, 54], whereas allelic recombination
between Ty elements is not repressed at meiosis or mitosis. The fairly mitotic stability,
shown by the repetitive pattern of the electrophoretic karyotypes of
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wine yeasts could be explained by a similar process, so that ectopic recombination between
repeat sequences is mostly repressed, and meiosis and sporulation are very scarce [36]. When
meiosis takes place, chromosomal reorganization seems to be frequent, as if mechanisms
repressing ectopic recombination were not active [66].

3.1.2.2. Reorganization of non essential sequences

Polymorphism in size and number of wine yeast chromosomes within populations
belonging to the species S. cerevisiae is the rule rather than the exception. Hence, the concept
of “genome plasticity” which refers to spontancous reorganizations at a high frequency, but
this phenomenon does not affect strain fitness dramatically [28]. In addition, a variable
number of repeat sequences are present in subtelomeric regions, with no apparent
disadvantage. Rather, in est]/ mutants the senescence caused by telomeric shortening is
avoided by proliferation of Y’ subtelomeric elements, which also protect adjacent unique
sequences from heterochromatinization [52].

3.1.2.3. Favourable selection of reorganised chromosomal regions

Since most wine yeasts are polyploid or aneuploid, and most chromosomal
reorganizations are non reciprocal, these phenomena result in strains heterozygous for the
reorganization. The presence of more than one allele in the reorganized region may produce a
better fitness to specific environments, or to colonize new environments not available to the
wild type.

3.1.2.4. Apomicxis

Apomictic strains are those, which have undergone mutations that, prevent them from
completing either the first or the second meiotic division [75]. The resulting asci form diads
instead of tetrads, with the two meiotic products possessing the same chromosomal
karyotype and DNA content as the parental [76]. Most wine yeasts are aneuploid; the well
known tolerance of S. cerevisiae strains to this condition of spontaneous loss or gain of
chromosomes, so long as meiosis is not a regular part of their life cycle has been discussed
above. In apomictic wine strains, if sporulation does occur, this mechanism reduces the loss
of viability of meiotic products from aneuploid wine yeasts whose DNA content is below 2n
[12]. It is noteworthy that the frequency of apomixis in wine yeasts is fairly high, about 10 to
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15% [72], also that most of these strains possess more than one apomicitic recessive mutation
[77, 78], so that reversion of one of them does not result in complete meiosis and therefore in
lack of viability of the meiotic products in strains with a DNA content below 2n. Genes
involved in apomixis are located in chromosome VIII, as if recombinations were restricted
and these mutated genes have to be inherited as a single block [78]. Finally, the fact that
mitochondria are very important for ethanol tolerance in wine yeasts {79], and that meiotic
and apomictic sporulation displayed different dependency on mitochondrial function, meiotic
sporulation being more strictly dependent, is worth mentioning [80].

3.1.2.5. Homothallism

Many of the S. cerevisiae wine yeasts are homothallic [72]. Meiotic products from
homothallic strains undergo a mating type switch when it has been divided once. This change
allows the cell to mate with cells from the same population (so that polymorphism of
homologous chromosome size disappears), in order to double its DNA content (so that
aneuploidies of uneven chromosomes also disappear); in addition, they become homozygous
for all the genes, except the mating locus. Hence, homothallism of aneuploid wine strains
make it possible for sporulation to occur, and so the meiotic products will have an even
number of extra chromosomes, decreasing dramatically the frequency of non chromosomal
disjunction and of spore mortality. In aneuploid wine yeasts and as a consequence of their
being homothallic, the increase in viability for some strains went from 60 to 100% in
successive generations of sporulation and analysis of the meiotic products [72]. In some
cases, this viability increased from 9 to 90% in only three generations (Table 4) [30].

3.2. Variability of the mitochondrial genome

Variability in RFLP generated from the mtDNA has allowed the unequivocal
identification of specific strains from some industrial yeast groups, mainly wine yeasts (Fig.
7) [81]. Bakers’ strains cannot be identified by analyzing RFLP of their mtDNA because they
displayed the same pattern [35]. One reason for this discrepancy could be the fact that wine
elaboration is carried out by multiple yeast species and races. However, bakers’ strains
displaying high variability of their karyotype still had the same RFLP pattern of their mtDNA
[35]. Furthermore, restriction maps of the 2 pm plasmid, of common S. cerevisiae strains,
described as a prototypical selfish DNA molecule [81], also were produced. All strains were
uniquely different when evaluated by their chromosomal patterns, whereas only a few 2 um
variants were defined [81]. An extensive study of wine yeast mitochondrial genomes
indicated a high variability

Table 4. Genetic analysis of enological yeasts

Percentage of Spore viability (%)
sporulation (20 1* 2m 34

Strains days) Gener® Gener” Gener® Thallism®
E-1 159 47.7(11) 68.7 89.6 HOM
F-12 30.6 10.0 (20) 70.8 85.4 HOM
F-21 10.4 9.0 (45) 83.9 91.6 HOM/HET
F-23 16.6 23.2(28) 312 41.6 HOM/HET
F-25 6.2 23(22) 42 42 HOM?
G-1 8.3 0.0(12) <1.0 ND HOM?

*The number of asci dissected is shown in parenthesis. "Obtained either by selection of clones with good growth
and sporulation, and posterior dissection of asci (E-1, F-12 and F-21 strains), or by obtaining random spores
through treatment with diethyl ether (F-23, F-25 and G-1 strains). ‘HOM: homothallic. HET: heterothallic.
HOM/HET: heterozygous for the thallism. Modified from ref. [30].
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observed in gene order, connected with the presence of long intergenic regions containing
recombination sites. Gene order of Saccharomyces uvarum suggested that the
mitochondrial genome of the S. cerevisige-like strains may had evolved from an ancestral
molecule, similar to that of S. yvarum through specific genome rearrangements [82].
Furthermore, differences in gene order were due to translocations, confirming the relevant
role of gene rearrangements in the evolution of yeast mtDNA genomes. In several of these
wine strains, hybridization, as well as the compatibility nucleus-mitochondria have been
confirmed by strains possessing the same RFLP of their mtDNA but different chromosomal
patterns, and the other way round. Successful restoration of respiration in S. cerevisiae petite
mutants was achieved by transplacement of mitochondria isolated from S. bayanus, S.
capensis, Saccharomyces delbrueckii, Saccharomyces exiguus, Saccharomyces italicus and
Saccharomyces oviformis [83]. In addition, wine yeasts display high tolerance to ethanol
and temperature, as well as to the mutagenic effect that ethanol exerts on mtDNA [84, 85], as
compared to other yeast industrial groups [72, 79, 86]. It appears that, in some species, most
of the genetic information originally located in mitochondria was translocated to the nuclear
compartment during evolution. A given functional mitochondrial gene can be either
mitochondrially or nuclearly encoded, but in general nuclear information can change the
structural organization of mitochondrial genome [87], and mutants affected in nuclear genes
which regulate mitochondrial functions, such as those which release glucose repression and
control repression of mitochondrial biogenesis, have frequently been described [88]. In spite
of such nuclear control, when mitochondria are transferred from wine to laboratory yeast
strains they confer to the laboratory recipient strain a considerable increase in tolerance to
ethanol, temperature and mitochondrial loss induced by ethanol, indicating that the
mitochondrial genome is responsible for this tolerance [79, 86].

Results indicated that mitochondria from wine yeasts have undergone a selective process
of adaptation to ethanol, and therefore, are highly tolerant to this compound. However, these
mitochondria are permanently exposed to the mutagenic effect of ethanol and probably other
compounds such as acetaldehyde [26]. Ethanol acts on mtDNA rather than on the nuclear
genome [79, 86]. Furthermore, when yeast strains are incubated in the presence of increasing
ethanol or acetaldehyde concentrations, there is a proportional increase in mutants defective
in mitochondrial functions (petite mutants) (Fig. 8) [36, 72]. These petites displayed changes
in the pattern of the restriction fragment length polymorphism (RFLP) of their mtDNA,
followed by a total loss of mtDNA when incubations in ethanol are maintained for long
periods (Fig. 8) [ Castrejon, unpublished results]. It therefore seems that ethanol and
acetaldehyde introduce changes in the mtDNA, and those changes, which give rise to non
functional mitochondria lead to complete mtDNA loss. Changes in DNA sequence of the
mtDNA could be an indirect effect of ethanol, which introduces DNA breaks as explained
above. When this mtDNA is repaired, DNA polymerase introduces mistakes accounting for
the observed changes in the RFLP. Due to the fact that mitochondrial DNA polymerase lacks
proof-reading capability whereas nuclear DNA polymerase does possess this capacity, the
preferential effect of ethanol on mitochondrial rather than on nuclear genome could be the
result of a better system to repair breaks existing in the nucleus of the wine yeast cells [46].
Finally, differences of the industrial conditions could account for the differences found when
analyzing mtDNA of baker or brewing yeasts (continuously selected under strong aerobic
condition during growth in molasses, and invariable, because their mtDNA is hardly ever in
the presence of ethanol) [35], and the mtDNA of wine yeasts (also strongly selected in the
continuous presence of ethanol and acetaldehyde, but always in the presence of a highly
mutagenic environment produced by these compounds) [12, 89]. In consequence, the
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mutagenic effect of ethanol and acetaldehyde is making the selective process, which would
probably give rise to a unique RFLP pattern of the mtDNA.

4, DYNAMICS OF WINE YEAST POPULATIONS DURING MUST
FERMENTATION AND WINE MATURATION

4.1. Wine Yeast Populations During Must Fermentation
Out of the multiple populations of microorganisms involved in must fermentation some
workers have described the presence of bacteria until the ethanol concentration reached 10-

Fig. 8. Induction of petite mutants (%) of S. cerevisiae grown in YPD medium supplemented with increasing
concentrations of either acetaldehyde (YPDAC) or ethanol (YPDE) (%). [Castrejon et al, unpublished]
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12%, the presence of filamentous fungi and yeasts of different species [90, 91], which are
believed to exert a major influence on wine bouquet, being very high at 0 to 2% ethanol but
decreasing dramatically above 4% ethanol. As for the yeast population, the osmophylic
Candida stellata frequently isolated from grapes decreased at ethanol contents above 6-8%,
K. apiculata present in half-ripe and ripe grapes diminish its concentration at concentrations
of ethanol above 10%, Rhodotorula rubra, Rhodotorula glutinis, Candida guillermondii, and
Pichia membranaefaciens at the early stages of fermentation, up to an ethanol content of §%.
Yeasts of the genera Kloeckera, Candida, Pichia and others described above eventually died
out, leaving S. cerevisiae as the dominant species to complete the fermentation [91]. Further
inoculation of musts with strains of S. cerevisiae selected among indigenous yeasts
occurring naturally in the wine making area contributed to a better control of alcoholic
fermentation of wines [91]. Furthermore, inoculation of Torulaspora delbrueckii and S.
cerevisiae sequentially, the former with low acetogenic power and the latter with high
alcoholgenic power, was beneficial for the production of wines with low volatile acidity [91].
By using molecular analysis, above all that of RFLP of the mtDNA with endonucleases, the
dynamics of the natural or inoculated S. cerevisige strains present in spontaneous or
inoculated wine fermentation can be perfectly studied [91]. Population dynamics of natural
and inoculated industrial wine fermentation are at present routinely studied by using this
simple molecular biology technique based on mDNA restriction analysis profile [92].
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In spontaneous fermentations, Zygosaccharomyces bailii was only isolated in the late
stages of fermentation, particularly in wine with the highest alcohol contents (over 14%).
This indicated its high tolerance to ethanol that has been related to singularities of its
cytoplasmic membrane [90]. Ethanol mainly acts upon membrane structural integrity and
membrane permeability. The most important targets of ethanol action have been described to
be the yeast cell plasma membrane, mitochondrial membranes, nuclear membranes, vacuolar
membranes, endoplasmic reticulum and cytosolic proteins [1]. Wine S. cerevisiae yeasts are
more resistant than laboratory or other industrial S. cerevisiae strains. The physiological
responses of wine yeasts to ethanol include alteration in membrane composition as the first
adaptive mechanism. It has been proposed that wine S. cerevisiae yeasts adapt their
membranes to ethanol by changing their composition, but this adaptation might not result in
an enhancement of parameters such as growth or fermentation, because the overall kinetics of
the inhibition of these processes by ethanol depends upon a number of additional underlying
mechanisms different from membrane bound-processes [72]. Acidification curves, which
proved to be a reliable measurement of the degree of ethanol interference with cell
membranes, allowed to test the ability of the cell membrane to resist ethanol in high and low
ethanol tolerance yeasts. Results indicated that highly ethanol tolerant strains were able, after
growth in the presence of ethanol to effectively improve the ethanol tolerance of its
membrane, and that protein components of the cell membranes played an important role in
this ethanol tolerance [72]. This phenomenon also occurs during adaptation and flor
formation of wine S. cerevisiae strains to the high ethanol concentrations of sherry (over
15%) [12-26].

Differences in membrane fluidity have also been related to mitochondrial activity.
Furthermore, high temperatures and inhibitory ethanol concentrations have a lethal effect on
yeast cells and it has been proposed that these factors target on the mitochondria [79, 85], so
that maintenance of functional mitochondria in wine strains give rise to increased viability
under extreme conditions of ethanol and temperature. Thus, wine S. cerevisiae strains
manifest simultaneously high tolerance to ethanol, thermotolerance and resistance to the
mutagenic effects of ethanol on the mitochondrial genome, and this genome influences the
above parameters. Enhanced mitochondrial superoxide dismutase activity in wine strains has
been proposed to ethanol induced free radical synthesis [1]. Because this enzyme is encoded
by a nuclear gene, additional mechanisms encoded in the mitochondrial DNA have to be
involved in ethanol tolerance as well.

4.2. Wine Yeast Populations During Post-fermentation and Wine Maturation

After fermentation, some wines are maturated and/or subjected to a second fermentation,
with the involvement in most cases of different S. cerevisiae strains. For instance, during the
elaboration of champagne style wines, the champagne base wine is supplemented with
different concentrations of sugar, inoculated with selected yeast strains and bottled, so that a
second fermentation takes place. This system in used in the production of cava, a sparkling
wine produced according to the rules of the cava appellation in Catalonia and other regions
of Spain, and which involves growth, fermentation and death of yeasts [93]. In this case,
strains are selected according to their ethanol tolerance, ability to flocculate and produce
specific aromatic characteristics {93] and above all, tolerance to the high CO, pression which
will originated during the second fermentation (5 to 6 atmospheres) [94]. In S. cerevisiae, an
extreme pressure of 1500 atmospheres causes severe damage to membrane integrity resulting
in cell death [95]. Hydrostatic pressure promotes the acidification of vacuoles, caused by the
production of carbon dioxide, and trehalose plays a role in cell survival under these
conditions [95]. Other desirable features include ability to ferment at low temperatures,
capacity for foam formation, and autolysis [94]. Selected strains have been characterized as
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S. cerevisiae (oviformis). Surprisingly, these selected strains displayed one or two very
similar RFLP of their mtDNA, whereas their karyotypes differed [70]. Whereas
chromosomal polymorphism was attributed to ectopic recombination occurring between
repeat sequences during vegetative growth, the only explanation for the lack of
polymorphism of mtDNA has to be a strong selection of these mitochondria and a minor
mutagenic effect produced by ethanol.

With regards to yeast strains involved in biological ageing of wine, Martinez et al. [12]
described S. cerevisiae strains assigned to four different races, beticus, montuliensis,
cheresiensis and rouxii, after using molecular and physiological techniques to classified those
yeast strains which form velum on the surface of sherry wine. Furthermore, different isolated
populations belonging to the same yeast race displayed a great variability in the RFLP of
their mtDNA (more than 85% of the isolates present a different pattern), although the
karyotypes were clearly different from that of laboratory strains but with scarce diversity
within different isolates (about 15% of the isolates displayed differences in the karyotype)
(Fig. 1). Other authors [36], applying molecular and physiological analyses, identified six
different flor strains, some of which differed in their molecular karyotype but yielded
identical mtDNA restriction patterns, whereas others showed distinguishable mitochondrial
genomes but exhibited identical karyotype. This was interpreted as the different strains
identified being very closely related. Surprisingly, colonies isolated from individual barrels
corresponded in most cases to a single type of strain, different in different barrels, which was
the same over a period of at least two years, indicating that the dominant strain was quite
stable [36, 89]. The rate of film formation was the main feature in the determination of
fitness on sherry wine, influencing the ability to dominate in flor yeast populations. These
strains which form velum on the surface of sherry wine grow and survive in the presence of
high concentrations of ethanol as an adaptive mechanism that consists in changes in cell
hydrophobicity which allow the population to float, the process depending on the synthesis of
hydrophobic proteins rather than on lipids [23-25, 96]. However, during wine ageing, yeasts
consume some compounds (ethanol, proline) and produce others like acetaldehyde [26].
When studying yeast populations, variations in the frequency of the four races described
above were found. Thus, S. cerevisiae var. beticus, which was faster at forming velum
predominated in younger wines, whereas S. cerevisiae var. montuliensis, which produced and
resisted higher acetaldehyde concentrations appeared at later stages [23-25]. Initially, S.
cerevisiae var. beticus was favourably selected against other races in the velum. The
dynamic procedure carried out in the cellars (the inoculation of velum from other butts into
those where the velum is deteriorated) may had facilitated the new introduction of var.
montuliensis in the population.

A different source of diversity is being introduced by mankind by the isolation of
recombinant wine strains, which displayed heterologous gene expression, sometimes under
the control of specific promoters able to work during or at the end of wine fermentation [97].
These new strains produce enzymes which favour the liberation of aromatic compounds [97-
99], higher yields of glycerol [100-102], less volatile acidity [103] or better antimicrobial
activity [104].

5. CONCLUSIONS

Although S. cerevisiae wine yeasts displayed polymorphism of their chromosomes, under
extreme conditions (sherry wines with over 15% ethanol) strains displayed an almost unique
chromosomal pattern whereas RFLP of their mtDNA was highly variable. It seems that an
optimal karyotype has been selected in these strains. The high concentrations of ethanol act
preferentially on mtDNA, introducing variations in their mtDNA which do not allow a
unique pattern in this case. Although variability with regards to chromosome size and
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number occurs both at mitosis and meiosis, it seems to occur with higher frequency at
meiosis, and to be mediated by Ty, above all Tyl and Y’ repeat sequences. This variability
has produced amplification of specific genes or chromosomes, as occurs in wine yeasts witch
chromosome XIII. Together with these mechanisms, mutagenic effects of ethanol and
chromosomal reorganizations mediated by Ty or Y’ elements, recombinant DNA technology
has allowed the introduction of wine strains with new genotypes. Molecular analysis of the
population dynamics will reveal whether or not these strains are able to predominate over the
indigenous flora, and how they will evolve.
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Carotenoids are naturally occurring pigments formed through the isoprenoid pathway that impart
attractive color to animals and plants and also have essential biological functions as antioxidants,
membrane stabilizers, and as precursors to essential metabolites such as vitamin A. They are
biosynthesized as hydrocarbons (carotenes) and as oxygenated derivatives of carotenes
(xanthophylls). Various fungi produce carotenoids of biotechnological interest including B-
carotene, lycopene, and astaxanthin (see appendix for systematic names). Compared to other
groups of organisms that have been evaluated including animals, terrestrial plants, and
prokaryotes, several fungal groups have the ability to produce and accumulate intracelullarly
remarkably high levels of carotenoids, a property that they share with certain microalgae. Thus,
fungi and microalgae appear most promising for industrial production of carotenoids.
Escherichia coli, other eubacteria, archaebacteria, and plants have also been investigated as
heterologous hosts for carotenoid production, and they have been shown to express a variety of
carotenogenic genes, but these organisms accumulate relatively low levels of carotenoids
compared to microalgal and fungal systems. Structural genes responsible for carotene synthesis
have been cloned and characterized from a number of carotenogenic organisms, but the enzymes
carrying out biosynthesis of carotenoids as well as the regulatory genes and regulatory circuits
controlling synthesis have been poorly characterized. The role of carotenoids in preventing or
alleviating human and animal disease, in enhancing immune responses, and the possible role of
carotenoids in slowing the aging process.in humans and animals has stimulated interest in the
biology of carotenoids. Research in the production of carotenoids through fermentation
biotechnology is accelerating with consumers’ desire for naturally produced foods and because of
scarcity and variability of agricultural sources of certain carotenoids.

1. INTRODUCTION

Several filamentous fungi and yeasts are prolific producers of a distinctive variety of
carotenoid pigments [1-3]. Several of the carotenoids produced by fungi such as p-carotene,
lycopene, canthaxanthin, cryptoxanthin and astaxanthin are important industrially as components
of animal feeds for coloration and as precursors of vitamin A and other functional carotenoid
metabolites in plants and animals including humans. Some industrially important carotenoids
such as bixin and related carotenoids (obtained commercially by extraction of annatto seeds, Bixa
orelana), hutein (mainly from marigold, Tagetes erecta) flowers and seeds and zeaxanthin from
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corn {Zea mays) and other plant and bacterial sources are not known to be produced by fungi, but
when the genes and enzymes are elucidated, fungi could serve as heterologous hosts for
production of these industrially-important carotenoids. Heterologous production of carotenoids in
bacteria, fungi, and plants has attracted considerable interest in recent years as the genetic basis
of carotenogenesis is gradually elucidated [4-10]. In general, fungi produce higher levels of
carotenoids than are produced in other tested heterologous hosts including Escherichia coli, other
eubacteria, archaebacteria, and plants [11-13], although plants have the desirable feature over
fungi in that they could be cultivated by relatively untrained personnel in countries where vitamin
A deficiency is a leading cause of related morbidity and mortality including blindness and
premature deaths [12-15].

Scientific interest in carotenoids has also increased in recent years because of their antioxidant
activity of certain carotenoids in vitro and in vivo [16-23] and the potential of carotenoids to
prevent chronic diseases associated with reactive oxygen species (ROS) including certain
cancers, macular degeneration and cataract formation, cardiovascular disease, certain infections
and other maladies associated with aging [18, 23-30]. Carotenoids have also been postulated to
enhance immune responses in animals and humans, to alter gene regulation in humans and
animals, to induce apoptosis in human cancer cell lines, and to have other biological effects in
humans and animals [16, 31-33]. Although epidemiological evidence supports the involvement
of mixtures of carotenoids and other phytochemicals in having beneficial roles in human health
and disease, studies using individual carotenoids have given confounding results [24, 27, 29],
and much more research is needed to evaluate their biological functions and clinical utility.

Although most carotenoids used industrially are manufactured using chemical synthesis or
prepared as agricultural extracts, there is much interest in biotechnological production due to
consumer demand for high quality and “natural” food additives, environmental concerns
associated with chemical manufacture and solvent extraction of agricultural residues, and the
political situation in certain areas of the world that could restrict access to agricultural sources
[34]. The production of carotenoids by fungal biotechnology, however, is limited by lack of
knowledge of the genetics and biosynthesis of carotenoids in biological systems. Generally,
biological production of carotenoids is less efficient and more costly processes than routes using
chemical synthesis or extraction of agricultural sources. However, biotechnological production
has become more feasible in the past 5 years as the molecular biology of isoprenoid biosynthesis
is elucidated and the genetic engineering of microbial production systems are developed.

Fungi could serve as excellent model systems for the manufacture of carotenoids as well as
the elucidation of their functions in eukaryotes. Phylogenetic studies have indicated that some
groups of animals and fungi share common biological features and animals appear to be more
closely related to fungi than they are to plants and a wide variety of protists [35, 36]. Fungi
possess eukaryotic features found in humans such as the presence of organelles, related
regulatory circuitry, and secretory and trafficking systems. The biochemistry, physiology, and
genetics of some fungi have become highly advanced and offer a simpler system for evaluation
of carotenoid function than animal models or mammalian cell culture systems. In light of the
availability of its entire genome sequence [37, 38], the noncarotenogenic yeast Saccharomyces
cerevisiae could provide an ideal heterologous system for investigation of carotenoid synthesis
and function. Genetic systems have also been elucidated in carotenogenic fungi and yeasts [39-
42] and these could also become excellent systems in which to study carotenogenesis.
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2. BIOLOGICAL DIVERSITY AND CAROTENOIDS

Biological diversity of microorganisms is reflected in molecular diversity, including synthesis
of secondary metabolites [43]. Different phyla of organisms differ markedly in synthesis of
various classes of secondary metabolites including carotenoids [1-3, 44] (see Table 1).
Carotenoids occur universally in photosynthetic organisms but sporadically in nenphotosynthetic
bacteria and eukaryotes. Some prokaryotes synthesize carotenoids of diverse structures not found

in algae, plants, and fungi, including Czg, C4s5 and Csg carotenoids as well as carotenoids
containing aromatic, glycosidic, and ester groups [2, 45-49]. Certain carotenogenic bacteria
synthesize carotenoids of current industrial importance including p-carotene, lycopene,
astaxanthin, canthaxanthin, zeaxanthin, and others.

E. coli can produce carotenoids by introduction of genes and heterologous expression,
although they generally do not produce the carotenoids in sufficient quantities for industrial
manufacture. Algac (Protista) are a diverse assemblage of photosynthetic organisms and
correspondingly produce carotenoids with a wide array of structures {2, 50]. The Chlorophyceae
is the class of algae of primary industrial interest, and certain genera including Dunaliella,
Chlorococcum, and Haematococcus accumulate high levels of B-carotene, canthaxanthin, and
astaxanthin [2, 51, 52]. Terrestrial plants have a limited and uniform of naturally occurring
carotenoids consisting mostly of o- and f3-carotenes and the corresponding xanthophylls with the
hydroxyl groups in the 3 and 3’ positions (zeaxanthin and lutein), but plants generally do not
produce valuable xanthophylls in sufficiently high yields to compete industrially unless
downstream processes are used to concentrate the pigments. These xanthophylls are important
industrially as colorants [53], and it would be valuable to find efficient biotechnological
production systems for their manufacture [54-57].

Filamentous fungi, yeasts, and microalgae have been principally used industrially for the
production of natural pigments by fermentation or algal pond culture [2, 10, 34, 52, 58, 59],
which is probably mainly due to their natural ability to efficiently and rapidly produce
isoprenoids compared to prokaryotes and plants. On the other hand, prokaryotes have been
valuable in the cloning of carotenoid genes and expression of enzymes for carotenoid
biosynthesis [10, 60-63]. Despite the wide variety of structures, carotenoids are generally
produced in relatively low quantities in prokaryotes such as Escherichia coli and these
heterologous hosts don’t appear suitable for industrial production without considerable strain and
fermentation developments. For example, B-carotene was produced at levels of up to 1.5 mg
g'dry weight in E. coli, but formation of B-carotene above these levels was toxic [10, 62]. In
contrast, lycopene, B-carotene, and astaxanthin have been produced in fungi and microalgae at
Jevels ranging from 5-50 mg.1" and 5-43 mg.g_l dry cell weight [2, 7, 8, 52, 64].

Various fungi appear to have the ability to produce high levels of isoprenoids and terpenoids
including ergosterol and carotenoids [2, 59, 65] (Table 1). A variety of isoprenoids are
synthesized by plants, including more complex isoprenoids than have been detected in fungi
[56], but with some exceptions [66] plants are currently not used for biotechnological production
in bulk scale because of the slow growth rates, low quantities of the metabolites, and seasonal
variation in expression of the compounds of interest. Production of isoprenoids and other
secondary metabolites by plant genetic engineering and plant tissue culture has been considered
but is currently not conducted to our knowledge on industrial scale, with rare exceptions such as
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Table 1. Representative carotenoids reported in slime molds and fungi (modified from [2]).

Phylogenetic group Representative Carotenoids
Myxomycota (prokaryotes)
Myxomycetes (slime 3,4-didehydrolycopene, neurosporaxanthin, y-carotene, -
molds) carotene,
Eumycota
Mastigomycotina
Chytridiomycetes y-carotene, lycopene, B—carotene
Oomycetes
Zygomycotina
Zygomycetes B—carotene
Ascomycotina
HemiAscomycetes None known
Plectomycetes y-carotene, lycopene, 3-carotene
Pyrenomycetes y-carotene, lycopene, 3-carotene, torulene, lycoxanthin,
neurosporaxanthin
Discomycetes [-carotene, y-carotene, 3,4-didehydrolycopene, torulene,
phillipsiaxanthin, aleuriaxanthin, plectaniaxanthin
Loculoascomycetes None known
Basidiomycotina
Hymenomycetes y-carotene, [3-carotene, cryptoxanthin, canthaxanthin,
ataxanthin (?)
Gasteromycetes y-carotene, B-carotene
Teliomycetes . [-zeacarotene, y-carotene, 3-carotene, torulene, cryoptoxanthin
Basidiomycetous yeasts B-carotene, HDCO, echinenone, astaxanthin
Deuteromycotina y-carotene, 3-carotene, torulene

the dye and antimicrobial shikonin, produced by plant tissue culture [67]. Plants do have
considerable potential for synthesis of carotenoids in countries where microbial fermentation
industry is not highly developed and plants can be grown, harvested, and carotenoids extracted at
low costs.

3. CAROTENE PROPERTIES AND GENERAL CONCERNS

The term carotenoids represent a class of structurally related pigments, comprised mainly of
Cy isoprenoids containing a characteristic polyene chain of conjugated double bonds [68-70].
The two major groups are the hydrocarbons (carotenes) and their oxygenated derivatives
(xanthophylls). More than 600 carotenoids have been isolated [68. 70, 71]. The primordial
carotene molecule phytoene is formed by head-to-head condensation of two geranylgeranyl
precursors and has an acyclic CyHse structure analogous to C-carotene (Fig. 1). All Cyg
carotenoids are derived from the acyclic C4oHse structure by hydrogenation, dehydrogenation,
cyclization, oxidation, esterification, halogenation, and other reactions [45, 72]. For most of the
carotenoids, trivial names are usually used [73], although rules for the nomenclature have been



49

published by the IUPAC (International Union of Pure and Applied Chemistry) [74], also see
Appendix.

3.1. Physicochemical Properties of Carotenoids
3.1.1. The chromophore and color

Color is a defining attribute of most carotenoids and is primarily due to a conjugated polyene
system or chromophore. Typical chromophores from different carotenoids are portrayed in Figure

1. The absorption maxima (Ayax) of carotenoids depends on the number of conjugated double
bonds present in the chromophore [69, 75]. Most carotenoids absorb light maximally in the 400-
600 nm range (7-15 conjugated double bonds). The addition of additional conjugated carbon-
carbon double bonds without other structural changes results in a chromophore in which there is
a displacement of the absorption maxima towards higher wavelengths (see Table 2). For
example, colorless phytoene (maximum absorption in hexane = 286 nm) is transformed by four
dehydrogenation steps to red-colored lycopene (maximum absorption in hexane = 473 nm). The
spectrum shift of 186 nm is due to the addition of eight carbon-carbon conjugated double bonds
resulting in a chromophore absorbing light at higher wavelengths. The carotene absorption
maximum can be estimated from the equation Apa(nm)=300.5+65.5xN, in which N is the
number of conjugated double bounds present.

Non-conjugated double bonds have little or no effect on the position of the absorption maxima
[75], but a bathochromic shift of 2-3 nm results from the introduction of olefinic bonds some
three positions away from, and on either side of the chromophore [75]. When the lycopene
acyclic termini (y-end group) undergo ring closure to form end groups, there is a displacement of
the absorption maxima to shorter wavelengths, with a concomitant loss of fine structure in the
absorption spectrum. This results from a configurational change that occurs on transformation of
y- to B-groups, decreasing the degree of coplanarity that is characteristic of acyclic
chromophores and affecting light absorption. Such representative changes are shown for the
common carotenes lycopene, y-carotene and f-carotene (Table 2). It is observed that although the
number of conjugated double bonds remains constant,  cyclizations decrease the absorption
maxima. The red-colored lycopene chromophore with y-ends changes into orange and to yellow-
orange colors on _-end cyclizations. Similar shifts to lower wavelengths occurs when y-ends are
cyclized to &-, y-, @-, -, or k-end groups.

Normally, the polyene chain of acyclic and cyclic carotenes has a characteristic absorbance
with three peaks, referred to as having high persistence. The introduction of carbonyl groups
results in loss of persistence and fine structure. This modification yields a rounded symmetrical
peak of absorption (for all-trans isomers). Other chemical modifications in the basic structure,
with the exception of introduction of epoxide groups, has little effect on absorption
characteristics, since they do not sterically interfere with the polyene chain. The introduction of
epoxide groups decreases the absorption maxima by 10-20 nm (a process termed a hypsochromic
shift). In summary, carotenoid molecules have strong light absorption and solutions may be
visible to the human eye with only microgram quantities of pigment present {74]. Absorption at
the maximum wavelength and characteristic molar absorptivities for individual carotenoids forms
the basis for quantitative determination of carotenoid quantities. The intense light absorption and
low detection limits are useful to monitor purification steps and chemical reactions. Loss or
change of color provides a warning of decomposition or structural modifications.
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Fig. 1. Chromophore localization in three representative carotenoids. z-Carotene shows its seven conjugated double
bond chromophore and four additional double bonds while lycopene shows its eleven conjugated double bond with
additional two double bonds. The astaxanthin chromophore is identical to lycopene, even with the b-ring cyclized
ends.

3.1.2. Cis/Trans (E/Z) Geometric Isomers and Photoisomerization

Because of the multiple conjugated double bonds and the variety of end groups (both affecting
free rotation about certain C-C bonds) as well as the presence of asymmetric (chiral) C-atoms,
carotenoids constitute a variety of geometric and configurational isomers with different chemical
and physical properties. The most common isomeric forms among the carotenoids are geometric
(cis/trans or E/Z) and optical (R/S) isomers [71, 74]. A double bond will link the two residual
parts of the molecule either in a Z-configuration (cis), with both carbons on the same side of the
plane, or in E-configuration (¢rans), in which they occur on opposite sides of the plane. The
common designations are cis- or frans and are used in this review, but £/Z are the preferred

Table 2. Changes in absorption maxima as influenced by the number of conjugated double bonds and
end-group cyclizations.

Carotene Molecule  No. Double Conjugated No. Absorption Color
Bonds Double Bonds B-rings maxima (nm)

Phytoene CyqoHgs 9 3 0 276-286-297 colorless
C-Carotene CaoHeo 11 7 0 380-400-425 pale yellow
y-Carotene CaoHse 12 11 1 437-462-492 orange-pink
Lycopene CaoHse 13 11 0 448-473-504 red
B-Carotene Cy4oHse 11 11 2 (425)-450-477 yellow
Astaxanthin C4oHs,04 11 11 2 468 red-pink

*The data was obtained using hexane as the solvent and carotenoid concentrations of about 20 pug/mti [75].
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systematic nomenclature from the chemical perspective. In general, most natural carotenoids
{except for 15-cis-phytoene) from nonphotosynthetic organisms are all-trans, and the presence of
cis-isomers may be indicative of chemical alteration or degradation. In photosynthetic organisms,
the all-frans configuration occurs by light-harvesting complexes, whereas the 15-cis
configuration occurs in the low energy state of the reaction complexes [76]. The all-trans
carotenoids generally are the isomers with the lowest solubility and highest melting point [69].
The geometrical configuration of carotenoids have a marked influence on their adsorption
affinity to various matrices. In practice, it is possible to separate complex mixtures of isomers by
chromatographic techniques [68]. In recent years, HPLC methods have been successfully applied
to rapidly and quantitatively separate cis/tfrans isomeric xanthophylls such as astaxanthin [68, 77,
78].

Exposure to light, especially direct sunlight or to ultraviolet light induces cis/trans
photoisomerization leading to carotenoid destruction, and as a consequence light exposure must
be avoided. Low intensity diffuse daylight or artificial light is acceptable for most carotenoid
manipulations but should be minimized. It is recommended that all glass containers,
chromatography columns be covered with an opaque material such as aluminum foil. Also,
exposure to oxygen or reactive oxygen species (ROS) and heat also promotes degradation of
carotenoids.

3.1.3. Optical/Configurational Isomers

Carotenoids that contain an asymmetric carbon, i e. a carbon with four different groups
attached, can exist in two distinct configurational forms [74]. Both configurations have a mirror-
image relationship to one another; such isomers are referred as optical isomers or enantiomers.
Optical isomers of carotenoids are commonly referred to as R and S. Normally; natural
carotenoids only exist in one of the possible optical isomers probably due to selectivity of the
enzymes during biosynthesis. Andrewes and Starr [79] refuted the generalization that carotenoids
exist as one optical isomer in nature regardless of the source, when they isolated (3R,3’R)-
astaxanthin from the yeast Phaffia rhodozyma, in which astaxanthin had the opposite optical
configuration from (3S,3’S)-astaxanthin isolated from Haematococcus pluvialis and from the
lobster, Homarus gammarus. The finding of (3R,3’R)-astaxanthin in P. rhodozyma led Andrewes
and colleagues [80] to hypothesize that the sequential reactions and responsible enzymes leading
to hydroxylation are different in the organisms that form different optical isomers [79, 80]. A rare
and still unresolved instance of the presence of two optical isomers from a single biological
source was noted when zeaxanthin localized in the human macula was present as both optical R
and S isomers, while only one enantiomeric form was present in human plasma [81]. Interest has
increased in recent years regarding the bioavailability of isomeric forms of carotenoids [82-84].
The available evidence indicates that geometrical and optical isomers are deposited selectively
depending on the organism and tissue in which deposition occurs, but more research is needed to
understand the basis of selective bioavailability.

3.2, Solubility of Carotenoids

Carotenoids are lipophilic compounds that are nearly insoluble in water [85]. In aqueous
systems they tend to form aggregates or adhere to non-specific surfaces. Carotenes are soluble in
polar organic solvents such as acetone and methanol acetone/methanol mixtures that are
frequently used for extraction of pigment from biological materials including fungi, which have
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high water content. Crystalline carotenes can be difficult to dissolve in such solvents; but they
can be dissolved in non-polar organic solvents such as hexane, toluene, benzene or halogenated
hydrocarbons such as dichloromethane [78, 86]. Dimethylsulfoxide has successfully been used
for extraction of carotenoids from the yeast P. rhodozyma [87] and could be useful for extracting
carotenoids from other tissues.

Hoffmann-La Roche Limited (Basel, Switzerland) has succeeded in manufacturing stable,
water-dispersible carotenoid- and apo-carotenoid-rich products with high bioavailability and
excellent mixing properties. Free-flowing granulated carotenoid powders are commonly used for
animal nutrition. The powders consist of small spherical particles or “beadlets” in which the
carotenoid or apo-carotenoid is finely distributed in a starch-encapsulated gelatin *and
carbohydrate matrix. The industrial manufacturing process is termed spray-dried coating and it
relies on antioxidant chemicals such as ethoxyquin and ascorbyl palmitate to avoid carotene
degradation [88].

3.3. Antioxidant Properties of Carotenoids

Interest in the chemical reactions of carotenoids with radicals and particularly reactive oxygen
species (ROS) derived partly from their integral roles in photosynthesis in plant systems [89, 90].
However, much interest and effort has also been devoted to their actions as ix vifro and as in vivo
antioxidants and related photoprotectants in humans, animals, and microorganisms [17, 21, 91-
97], and their potential to prevent or alleviate human and animal diseases associated with ROS
associated in vivo responses, signaling, damage and repair [16, 18, 20, 98-100], (also, see cited
refs. in section 1). Traditionally, the main functions of carotenoids were believed to be restricted
to light absorption and energy transfer, protection against photooxidation in photosynthetic
systems, and formation of vitamin A and quenching of singlet oxygen (‘O5) in nonphotosynthetic
systems [101]. However, the functions of carotenoids appear to be greatly expanding as their
metabolism is studied [16, 20, 24, 27, 33, see additional citations in above sections].

Recent studies have supported that carotenoid structure and their cellular location affects their
antioxidant activities [23]. The system of conjugated double bonds in carotenoids constitutes an
electron-rich system, which strongly reacts with electrophilic compounds in the proper conditions
and environment [102]. In the presence of oxygen or ROS, carotenoids can autooxidize, a
process called bleaching [103]. Carotenoid antioxidant behavior is dependent on its structure and
the nature of the oxidizing specie. The quenching constant for singlet oxygen ('0,) for a variety
of carotenoids in solution has been determined, indicating relationships between carotenoid
structure, ROS reactivity, and energy transfer [104]. The conjugated double bond chromophores
seem to constitute the major structural entity involved in energy transfer in photosynthetic
systems and the chromophore also has a major impact in the quenching of '0,. It has been
suggested that other factors may have important roles when ROS are exposed to carotenoids,
including '0,, superoxide (O,"), hydrogen peroxide (H0;), and hydroxyl radical (OH") [23].
Carotenoid reactivity with ROS appears to vary with the energy transfer profile, the oxidizing
specie, carotene structure, and the electron density profile [105].

Carotenoids can react with ROS in three basic ways, namely electron transfer (eq. [1]),
hydrogen abstraction (eq. [2]), and radical species addition (eq. [3]) [23].

ROO® + CAR - ROO + CAR®" [
ROO® + CAR —> ROOH + CAR® 2]
ROO® + CAR —> (ROO-CAR) ® [3]
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Several ROS including 10,5, H,0,, 0,* :and OH® are produced in cell systems [18, 98, 106],
and they differ in their reactivity with carotenoids. The rate of scavenging of ROS in cells by
carotenoids depends on the nature of both the ROS and the carotenoid [107]. For example, B-

carotene reacts rapidly and efficiently with peroxyl radicals but less efficiently with OH® and O,

[17]. Studies in solution using varying partial oxygen pressures {(pO,) [107] indicated that at low
pO0,, B-carotene acted as a chain-breaking antioxidant (eq. [1]), while at higher pO,, B-carotene
acted as a prooxidant. The products of Eqs. [2] and [3] are thought to react with molecular
oxygen to yield peroxyl radicals that may lead to lipid peroxidation [17]. Also special conditions,
particularly the in vivo carotenoid concentration and the presence of other antioxidants and the
biological environment, may lead to a shift from antioxidant to prooxidant activity [17, 23, 108].

Most literature regarding carotenoid reactivity with ROS is based on in vitro experiments. In
vivo, the situation is obviously much more complex. Some of the complexities confounding the
in vivo experiments are the lower carotenoid concentrations, heterogeneous carotenoid
composition[23, 68] and possible carotenoid interactions or with other antioxidants such as
vitamin E [23]. Furthermore, different classes of organisms appear to differ in their ability to
accumulate isoprenoids such as carotenoids. For example, B-carotene was toxic to E. coli above
1.5 mg1™" [62], whereas certain fungi and microalgae can accumulate quantities of -carotene and
other carotenoids such as lycopene and astaxanthin at levels from 5 to 50 mg"' depending on the
species and the strain. Certain plants can also accumulate high levels of carotenoids in selected
tissues [12, 66]. The mechanisms by which different organism accumulate different levels of
carotenoids is not known, but the differences could involve available cellular space, different
biosynthetic capacities, and ability to defend against prooxidant activities of carotenoids present
in high cellular quantities. Nonetheless, these observations support that fungi or algae are the
current organisms of choice for industrial carotenoid production.

Most in vivo experiments on carotenoid metabolism, function and evaluation of
pharmaceutical activity have been performed in animal models or in mammalian cell culture [20,
24, 25, 109-111], probably since these models most closely mimic the human system. However,
fungal systems should be considered for certain studies, particularly since certain groups of fungi,
particularly the basidiomycetes, appear to be closely related to animals [35-36]. The
basidomycetous yeast, Phaffia rhodozyma (teleomorph Xanthophyllomyces dendrorhous) [45]
produces astaxanthin and could serve as an excellent model system for studying the biosynthesis,
genetics, regulation and function of astaxanthin and other carotenoids in eukaryotic systems
[112-114]. Furthermore, yeasts may serve as excellent models for studying aging and oxidative
stress responses in eukaryotes [115-117]. The complete genome of Saccharomyces cerevisiae has
been  sequenced [37] (information available in the world wide web
http://www.mips.biochem.mpg.de/proj/yeast/). This yeast (although naturally noncarotenogenic)
could provide an excellent eukaryotic system to study regulation of oxidative stress and other
phenomena associated with carotenoid metabolism, and as a heterologous host for carotenoid
production provided that codon usage and regulatory circuits are compatible.

4. ISOLATION, ANALYSIS AND IDENTIFICATION OF FUNGAL CAROTENOIDS
The isolation and analysis of carotenoids has been reviewed [68, 69, 75, 77, 86, 108]. Due to
the inherent instability of carotenoids, precautionary measures must be used during isolation and
manipulation. In particular, carotenoids are susceptible to light, oxygen, acid, and high
temperatures. Precautionary procedures for working with carotenoids have been reviewed [68,
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69, 75, 86, 119, 120], and only procedures particularly applicable to isolation and analysis from
fungal sources is reviewed here. Furthermore, we will primarily focus this methodological
discussion to the yeast Phaffia rhodozyma (teleomorph Xanthophyllomyces dendrorhous), since
this is the organism studied in our laboratory.

Fresh and undamaged fungal cells are required for accurate quantitative work since
carotenoids are susceptible to oxidation and enzymic decomposition. Carotenoids are stable in
their cell environment for a short period of time, but for long-term storage of cells, they should
be lyophilized and kept in a headspace of nitrogen or frozen at low temperatures (e.g. —70°C).
Since carotenogenic yeasts and fungi are obligated aerobes and produce ROS as byproducts of
metabolism, samples should be kept cold, in an inert gas environment (nitrogen or argon), and
protected from light during handling.

4.1. Disruption and Homogenization of Fungal and Yeast Specimens

Quantitative analysis of fungal carotenoids requires well-planned experimental design and
proper extraction methodologies. Quantitative extraction of carotenoids from yeast and fungi can
be difficult and laborious due to their thick and rigid cell walls that may be surrounded by
capsules and slime. There are three main strategies for extracting carotenoids from fungi and
yeasts samples (a) direct chemical extraction in organic solvents, (b) mechanical disruption of the
cell wall, and (c) enzymatic digestion of the cell wall. Acid hydrolysis of the cell wall followed
by extraction [121] is no longer recommended since many carotenoids are labile in acid. In some
cases, it may be advantageous to combine one or more of the three methods. In our experience
with the encapsulated yeast P. rhodozyma, which is relatively recalcitrant to direct chemical
extraction and enzyme digestion [122], mechanical disruption using glass beads in a “bead
beater” or Braun MSK homogenizer, or by passage through a French press is suitable for
extraction of low quantities and small numbers of samples [79, 80, 122-124]. Larger samples
(several liters of cell suspension) can be disrupted in larger mechanical disruptors such as a
Manton-Gaulin press [125] or in other commercial instruments capable of disrupting fungal cells.
Early work showed that P. rhodozyma was very recalcitrant to the more gentle method of
enzymatic disruption by snail-gut enzymes, Zymolyase, or lytic enzymes from Bacillus circulans
[122]. Achieving enzymatic digestion was highly desired since it is also required for formation of
spheroplasts and for extraction of DNA, intact organelles, and for many procedures used in
molecular biology [126, 127]. Although the enzyme mixture from B. circulans grown on whole
cells or cell walls of P. rhodozyma was capable of digesting the yeast over extended incubations,
presently most investigators use lytic enzymes from Trichoderma spp., which are commercially
available and rapidly (~60 min) digest young yeast cells. Many investigators are also extracting
carotenoids from P. rhodozyma using the hot DMSO method [87]. A combination of chemical
and mechanical treatments was used to treat P. rhodozyma cells for feeding to rainbow trout [99].

Fungal mycelium cells are usually broken and homogenized directly in the organic solvent
with a suitable electric blender [75] or extracted directly with a suitable solvent mixture. An
additional mechanical method that has been used for fungal spores, mycelium, yeast cells, and
microalgae involves freezing the cells in liquid nitrogen, and grinding with a mortar, followed by
organic solvent extraction [128]. The accumulation of astaxanthin in cells of P. rhodozyma and
particularly in cysts of the microalga H. pluvialis restricts bioavailability in feeds, and
mechanical or enzymatic disruption may be necessary to liberate the pigments for uptake by
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salmonids or other animals. Autolysis has been used in P. rhodozyma to increase astaxanthin
availability in feeds.

4.2. Extraction of Carotenoids from Biological Sources

Methods for extraction of carotenoids from various tissues and preparation of the extracts for
pigment purification have been previously reviewed [68, 75, 86, 120]. The choice of a solvent
system depends on the biological material, its pre-treatment, and carotenoid composition.
Carotenoids are usually extracted from biological samples with water-miscible organic solvents,
commonly acetone [77]. Because biological sources usually contain a mixture of carotenoid
pathway intermediates and usually a major carotenoid in the mixture, the method must be able to
extract a variety of carotenoids of diverse polarity. Extraction should be repeated until the residue
and the filtrate are colorless or no more pigment is released, and generally three pigment
extractions are sufficient. Pooled samples in organic solvent solution are then concentrated and
dried by rotoevaporation or for small samples in a nitrogen gas stream. Carotenoids extracted in
this manner are contaminated with various nonpolar substances including colorless lipids. Such
compounds may interfere in later methodologies such as mass spectrometry and saponification
can be performed to remove contaminants [74]. Saponification is not recommended when it can
alter the structure of the carotenoid, e.g. hydrolysis of carotenoid esters or conversion of
astaxanthin to astacene by oxidation under the alkaline conditions of saponification [75, 86]. In
such cases, an anaerobic saponification procedure is recommended [86].

4.3. Strategies for Isolation, Purification and Identification of Carotenoids
When contaminating lipids have been removed from the sample, chromatographic techniques
are the preferred strategy for purifying individual carotenoids from mixtures. The identification
of carotenoids requires a combination of techniques fulfilling the following minimum criteria
[68]:
o The visible/UV absorption spectrum must agree with the suspected chromophore in at least in
two different solvent systems.
¢ Chromatographic identity must be confirmed in two different TLC or HPLC systems. Ideally,
standards should match the chromatographic profile of the carotenoid of interest by TLC (Ry)
or by HPLC (retention time).
e The molecular mass and fragmentation pattern must be confirmed by mass spectroscopy.
Among chromatographic methods, high performance liquid chromatography (HPLC), thin layer
chromatography (TLC), and column chromatography (CC) are the most popular techniques for
separating and purifying carotenoids [129]. HPLC is generally used for separation of low
concentrations of carotenoids, since it provides excellent separation, and is highly sensitive and
rapid. A typical reverse-phase chromatogram using silica-based matrix column as stationary
phase for separating carotenoids extracted from P. rhodozyma is illustrated in Figure 2. As
expected in this HPLC reverse-phase analysis, the polar carotenoids such as astaxanthin elute
more rapidly (astaxanthin elution time 6.72 min) than the non-polar carotenoids such as lycopene
(elution time 11.81 min) or B-carotene (elution time 15.61 min). HPLC conditions are described
as follows; an Alltech Altima C18 column was used and the mobile phase consisted of a gradient
of solvent A (95% acetonitrile, 5% methanol) and solvent B (dichloromethane). The mobile
system profile during the 22 min carotene bulk sample run was as follows: (a) elution with 100%
solvent A, 8 min; (b) gradient to 65% solvent B, 1 min; (c) isocratic elution with 65% solvent B,
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7 min; (d) gradient to 100% solvent A, 1 min; and (e) re-equilibration with 100% solvent A, 4
min. The injection volume was 20 pl and detection was set at 473 nm. Usually, collected peaks
are studied by UV/visible scanning for finding carotene identity (see Fig. 3).
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Fig. 2. Reversed-phase chromatographic separation of a crude carotenoid extract from P. rhodozyma (natural isolate
UCD 67-385). The most representative carotenoids including astaxanthin (a), lycopene (b) and B-carotene (c) are
designated by arrows.

Fig. 3. Absorption spectra of (a) B-carotene, (b) astaxanthin, and (c) lycopene in hexane over the wavelength range
of 250-550 nm. A Beckman DU-7 spectrophotometer was used for carotene scans. It is highly recommended to use
quartz cuvette and HPLC grade solvents in order to achieve high accurate resolution. Carotene required
concentration was low (approximately 10 pg/ml) and hexane was used as solvent.
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Subsequent identification of purified carotenoids is performed by a sequence of analyses
including UV/visible spectroscopy, which provides valuable information regarding the nature of
the chromophore. Concentrations of carotenoids of only a few micrograms per ml are sufficient
for UV/visible spectral analysis (see Fig. 3). The shape (e.g. fine structure) of the spectrum and
the Amax (maximum wavelength) provide information of the structure of the carotenoid. Several
tabulations are available for comparison [69, 75, 130]. UV/visible spectroscopy also provides
evidence for the presence of cis- and trans- geometric isomers. Usually when a cis-isomer is
present, a peak around 140 nm lower than the Anax for the all frans-isomer (in hexane) is present
(see spectrum of B-carotene in Fig. 3). When information provided by the UV /visible spectra (see
Figure 3) is combined with information already available in carotene databases such Table 1 or
already published [75, 131], we may get clues about HPLC or TLC purified elutants or bands
identities.

Mass spectroscopy is extremely useful and indispensable in carotenoid identification. It
provides the molecular mass of purified carotenoids and can provide much additional
information, i. e. the fragmentation pattern of the carotenoid of interest, which is valuable for
evaluation of purity and structure. A typical mass identification for B-carotene obtained in our
laboratory is portrayed in Fig. 4. As emphasized by Britton and colleagues [68, 69], mass
confirmation must be determined in order to confirm carotenoid purity and identity.

||:';| 550.63 551.41

Fig. 4. Example of mass determination of B-carotene HPLC purified from P. rhodozyma. The fraction eluting at
15.61 min from reverse-phase HPLC was collected and dried under N,. This sample was resuspended in acetone to
an approximate concentration of 10 uM. Freeze desecation provided good quality crystals that were analyzed. Mass
spectrometry was performed on a Briker Biflex III Maldi-Tof instrument using a 2, 5-dihydroxy benzoic acid as
matrix.

Identification of new carotenoids as well as the stereochemistry can be obtained by additional
methodologies such as chemical derivatization, infrared and resonance Raman spectroscopy,
NMR spectroscopy, circular dichroism, and X-ray crystallography [68, 69, 131, 132]. Discussion
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of these methods and their applications in structural studies is beyond the scope of this chapter.
In practice, most fungi have a relatively standard and consistent array of pigments and UV/visible
spectroscopy, TLC or HPLC, and mass spectroscopy are sufficient for identification and
quantitation of the complement of carotenoids.

5. BIOSYNTHESIS OF CAROTENOIDS IN FUNGI

Carotenoids belong to the large class of compounds produced by all organisms and referred to
as isoprenoids, isopentenoids, or terpenoids. Isoprenoids are the largest class of metabolites
known in nature and more than 22,000 distinct compounds have been isolated [133, 134]. A vast
array of structurally and functionally distinct groups of metabolites are grouped in the
isoprenoids including such diverse substances as essential oils, phytohormones, steroids, cardiac
glycosides, vitamins A, D, E, and K, rubber latex, lignans, and others. All isoprenoids share the
Cs hydrocarbon, isoprene, as the common precursor in their biosynthesis. Many of them are
produced as secondary metabolites, and have no known function in primary metabolism but
certainly have important roles ecologically. As previously mentioned, different groups of
organisms (e.g. prokaryotes, fungi, microalgae, plants, animals) differ remarkably in the array of
isoprenoids that they produce as well as in their biosynthetic capacity to accumulate various
isoprenoids.

5.1. Secondary Metabolism: Carotene Production in Fungi

Fungal species have frequently been reported as sources of secondary metabolism products
[135], as well as organisms used in production of human foods and primary metabolites by
fermentation processes [135-137]. Many fungi have a high propensity to form isoprenes and to
assemble them into various products derived by the isoprenoid pathway. Various fungi have long
been known to produce sesquiterpenes [138], sterols [139, 140}, and carotenoids [1] by the
mevalonate pathway typical of fungi [141] (Fig. 5).

Many plants also produce commercially valuable isoprenoids including essential oils, drugs,
agrochemicals, and allelochemicals [134, 142-145]. In eukaryotes including fungi, isoprenoids
also have many essential functions in membrane structure, primary metabolism, and response to
stress [143, 145-148]. Among fungal sterols, ergosterol is the key component, and its
biosynthesis is well established in S. cerevisiae [149] and certain other fungi, in which it plays an
essential role as a cell membrane component. Ergosterol has been proposed as a fungal marker
for detecting fungal contamination in foods and feeds [139]. The biosynthesis of isoprenoids in
cells is extremely complex as the pathways to the numerous endproducts must be coordinated to
assure optimal cell growth and survival [143, 148] (Fig. 5). For example, sterol and carotenoid
biosynthesis need coordination in fungi, and evidence indicates that sterol and carotenoid
synthesis are independently regulated in the fungus Phycomyces blakesleeanus [140].
Furthermore, carotene and ergosterol were found to accumulate in different compartments in P.
blakesleeanus, a mechanism probably that contributes in the coordination and separate regulation
of the respective pathways after their divergence [142].

5.2. Carotenoid Precursor Pathway
The pathway to isoprenoids has been extensively studied in bacteria, plants and fungi and it
has long been known that mevalonate (MVA) is a key intermediate [72]. It was commonly
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Fig. 5. Schematic of the biosynthesis of carotenoids and other isoprenoids (adapted from Goodwin, 1971 [72]). The
figure emphasizes the need for coordination metabolite flow and regulation of the various pathways.

accepted to be formed through condensation acetyl-CoA units (Fig. 5). However, it was later
revealed that MVA and acetate were not incorporated at high efficiency into carotenoids and
certain other terpenoids in some organisms including plants some bacteria while they were
efficiently incorporated into isoprenoids in other organisms including other bacteria, fungi, and

mammalian cells. It was discovered using 13C NMR biosynthesis studies that certain bacteria
used glyceraldehyde-3-phosphate and pyruvate as precursors to MVA [150], and this group later
reported that this alternate pathway existed in several groups of bacteria, algae, and higher plants
[151]. The alternate pathway proceeds through 1-deoxy-d-xyulose-5-phosphate (DXP) and 2-
methyl-d-erythritol-4-phosphate (MEP). Although many bacteria and plants use this pathway,
most yeasts and fungi appear to derive mevalonate by the traditional pathway with acetyl-CoA as
the precursor [141, 152].

Considerable physiological studies of regulation of astaxanthin biosynthesis have been
performed in the vyeast P. rhodozyma [153], with the telcomorphic stage named
Xanthophyllomyces dendrorhous. Although P. rhodozyma/X. dendrorhous has often been
considered to encompass a small group of yeasts with limited phylogenetic diversity, the studies
of Fell and colleagues have demonstrated that this yeast actually comprises a large assemblage,
probably consisting of at least three distinct groups [154-156]. The physiological control of
astaxanthin biosynthesis and isolation of mutants has been previously been presented in various
publications from ours’ and others’ laboratories [95, 96, 112-114, 123, 124, 157-162] and only
certain aspects are considered here. Feeding of 0.1% mevalonate increased astaxanthin yields by
4-fold in P. rhodozyma [160], suggesting that inexpensive sources of mevalonate could be
valuable in industrial fermentations to increase yields of astaxanthin. Our laboratory
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demonstrated that (RS)-[2-'*C]-mevalonolactone was incorporated at 3-fold greater rate into
astaxanthin and p-carotene and that total incorporation into yeast cells increased from 46,850 to
295,220 dpm in the presence of t-butylhydroperoxide, which may have destroyed astaxanthin and
perhaps other susceptible isoprenoids. We hypothesized that destruction of key intermediates or
the end-product, astaxanthinn, relieved end-product inhibition [113]. This was the first
demonstration of potential feedback inhibition in the yeast astaxanthin pathway. The synthesis of
MVA must be tightly regulated to ensure a constant flow of MVA into essential isoprenoids and
to avoid synthesis of toxic levels of isoprenoid products. It is not known at which step in P.
rhodozyma and most other fungal carotenogenic systems feedback regulation takes place.

In mammalian cells, the enzymes 3-hydroxy-3-methylglutaryl coenzyme A synthase (HMG-
CoA synthase) and 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase)
are known to be tightly regulated in synthesis of cholesterol and other isoprenoids in mammalian
cells [148, 163, 164], but stringent regulation of this enzyme has not been shown in fungi to our
knowledge. The isomeration of IPP (isopentenyl pyrophosphate) to DMAPP (dimethylallyl
pyrophosphate) by the idi gene is a key step in the synthesis of GGPP (geranylgeranyl
diphosphate) in P. rhodozyma and Capsicum (see Figure 6). The presence of the P. rhodozyma
idi gene on a multi-copy plasmid in an E. coli transformed strain, resulted in accumulation of
lycopene and other carotenoids [165]. These results indicated that overexpression of idi increased
formation of DMAPP/IPP and geranylgeranyl pyrophosphate (GGPP). GGPP is usually only
present in trace amounts in E. coli, but on its overexpression it is apparently partly fed into the
carotenoid pathway. It is not clear whether formation of DMAPP and/or IPP were increased by
overexpression of idi [165]. GGPP is the direct precursor to carotenoids. The enzymes catalyzing
the formation of GGPP have not been isolated and characterized in P. rhodozyma and most other
fungi and the pathway to GGPP is based on analogy to their characterization in animal, plant, and
certain bacterial systems.

While mammals contain only 1 isoform of HMG-CoA reductase, 2 forms have been identified
in plants as well as in the yeast S. cerevisiae [166]. Interestingly, over expression of HMG-CoA
reductase leads to significant morphological changes in yeast cells, such as membrane
proliferation and formation of membrane layers termed karmellae. S. cerevisiae has two
isoenzymes of HMG-CoA reductase (Hmglp and Hmg2p) and both display feedback regulation
as well as cross-regulation by oxygen. The catalytic domains of the two isoenzymes are
extremely similar (93 % identical). However, examination of the mechanisms of their feedback
regulation has revealed striking differences between the enzymes. The regulation of Hmglp
appears to occur at the level of mRNA translation [167], and the signals that control the
translation rate are derived from early mevalonate pathway products [168]. In contrast, feedback
control of Hmg2p has not been completely elucidated, but it appears that Hmg1p is modulated by
molecules synthesized late in the sterol pathway [168].

The expression of both enzymes is regulated by oxygen and the expression pattern has been
described as contra-regulation [169, 170], in which two isoenzymes are regulated in opposite
fashion by the same stimulus. A model was proposed [168] whereby oxygen was the key
controlling extracellular signal. When oxygen tension was high as in aerobic growth, the
proportion of Hmglp in the cells was high whereas Hmg2p was low. When oxygen tension was
low as in semi-anaerobic conditions, Hmglp was low and Hmg2p was high. Thus, both
isoenzymes of HMG-CoA reductase work in concert as determined by oxygen availability [168].
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Fig. 6. The probable mevalonate pathway to geranygeranyl diphosphate (GGPP) in the yeast Phaffia rhodozyma.

In consideration of this mechanism of regulation of isoprenoid biosynthesis, it is interesting to
note that molecular oxygen appears to be mainly required in late steps of the isoprenoid pathway
such as in oxygenation of carotenoids, oxidative transformation of squalene to ergosterol, and in
other reactions. The direct involvement of oxygen in early steps appears to be minimal. For
example, P. rhodozyma may grow by fermentation in conditions of low oxygen tension, but
colored carotenoids are not produced and the yeast appears beige-colored [124, Echavarri-Erasun
and Johnson, unpublished results]. Similarly, under anaerobic conditions S. cerevisiae does not
epoxidate squalene [168]. Thus, oxygen appears to differentially regulate early and late steps in
the isoprenoid pathway and may be a key determinant of the flow of precursors into the pathway.
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5.3. Carotenoid Pathway

GGPP (geranylgeranyl diphosphate) is an ubiquitous Cpq metabolite that is produced in all
organisms containing isoprenoids, including non-carotenogenic cells. It serves as a substrate for
the synthesis of a variety of essential compounds such as gibberellins, sesquiterpenes,
ubiquinones, and dolichols [72, 143, 171]. As suggested by Goodwin in 1971 [72], genetic and
enzymic data supported that GGPP formed by GGPP synthase (crtE) is the immediate precursor
to carotenoid biosynthesis in bacteria and probably other carotenogenic organisms [172]. This
conclusion was based on analysis of carotenogenic gene clusters in various bacteria investigated.
Overexpression of GGPP synthase in Capsicum annum led to a massive increase in carotenoid
yield [173]. On the basis of these results, it was suggested that GGPP formation may be a key
limiting step in carotenoid production [173]

5.3.1. GGPP Synthase

The formation of GGPP occurs by successive head to tail condensations of Cs intermediates
(Fig. 6). The genes encoding GGPP synthase have been cloned from a variety of fungal species
including Rhizomucor circinelloides (Velayos et al., unpublished results), Penicillium paxilli
[174], Saccharomyces cerevisiae {175], Kluyveromyces lactis [176], Saccharomyces bayanus
[177), Zygosaccharomyces rouxii [178], Gibberella fujikuroi [179], and Neurospora crassa
[180]. Sequence homology analyses of GGPP synthases show a high degree of sequence
similarity, especially in four conserved regions, indeed the biochemical mechanism of this-head-
to tail joining is basically the conserved in all organisms. The al-3 gene product of N. crassa
appears to be regulated by blue light and possibly other signals and codes a GGPP synthase of
428 amino acids in length having 3 domains. The GGPP synthase is highly homologous to other
prenyl transferases in organisms ranging from bacteria to humans [180].

5.3.2. Phytoene synthase

Biosynthesis of the primordial carotenoid in the family, 15-cis-phytoene, occurs by a tail to
tail condensation of 2 GGPP molecules (Fig. 7) and is catalyzed by phytoene synthase. This
enzyme catalyzes the condensation of 2 GGPPs to prephytoene and subsequent conversion to 15-
cis-phytoene. The enzyme has been extensively studied in plants such as pepper [54, 181] and
tomato [182].
Amino acid sequence comparisons of phytoene synthases showed a high degree of homology
among bacterial and fungal enzymes including Saccharomyces cerevisiae [183], and remarkably
the enzyme even had considerable homology to human squalene synthases involved in
cholesterol biosynthesis [184]. The most detailed characterization of a phytoene synthase was
undertaken in tomato [102]. It was demonstrated that Mn®* and ATP are essential for catalytic
activity, and that the enzyme structurally interacted with other carotenogenic enzymes [185].
Purification of phytoene synthase from green tomato revealed the existence of close physical
associations among phytoene synthase and other enzymes in the isoprenoid pathway including
IPP isomerase, GGPP synthase and probably other isoprenoid biosynthesis enzymes. These
proteins are anchored to membranes through interaction of hydrophobic domains [40]. The
trafficking mechanism of these enzymes to the membrane is unknown, but in eukaryotic cells
may involve the 20S SNARE mechanism [186] or the Ypt and Sec4 system that is analogous to
the Rabs system in mammalian cells [187], of which both systems of protein trafficking have
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been demonstrated in S. cerevisiae. Interestingly, the Ypt and Sec4 system were shown to bind to
membranes because they were modified by a type II geranylgeranyltransferase [187]. It is thought
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rhodozyma.

that close association of sequential enzymes in the isoprenoid pathway may have in vivo
relevance by enabling the channeling of biosynthetic precursors [10, 185].

The genes encoding several fungal phytoene synthases (psy genes; closely analogous to
bacterial cr¢B genes [10] have been cloned including those from Neurospora crassa [188],
Xanthophyllomyces dendrorhous [189], Mucor circinelloides [190], and Phycomyces
blakesleeanus [40]. Based on the phenotypes of carotene mutants in Phycomyces, it was
hypothesized that phytoene synthase is coded by a bifunctional gene [191]. It was later confirmed
that several fungi including M. circinelloides has a bifunctional enzyme having lycopene cyclase
and phytoene synthase activities, which are encoded by the carRP gene [128]. The CarRP
protein of Mucor is homologous to the /-2 protein of N. crassa in which the C-terminal domain
possesses the phytoene synthase activity and the lycopene cyclase activity is probably located in
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the N-terminal transmembrane domain. Complementation studies in E. coli showed that the
carRP product does indeed have lycopene cyclase activity [128]. It is possible that the N-terminal
transmembrane region in N. crassa also possesses lycopene cyclase activity, but this has not been
confirmed [128, 192]. Additional studies of ¢rtYB in X. dendrorhous [192] and crtRA in P.
blakesleeanus [40] corroborated the bifunctional nature of the enzyme and its conserved
bifunctional structure in fungi. A tabulation of isoprenoid and carotenoid structural genes is
presented in Table 3.

As previously discussed, phytoene synthase genes are conserved among bacteria, fungi and
plants. However, in bacteria separate genes encode phytoene synthase and lycopene cyclases,
whereas in fungi both activities are encoded by a single gene [40]. The fungal gene encoding
both activities may have evolved by fusion of separate genes. Fusion of genes involved in the
same pathway has previously been observed in fungi, such as for tryptophan biosynthesis in N.
crassa and Aspergillus nidulans {193, 194}, and 5-enolpyruvylshikimate 3-phosphate production
in A. nidulans [195]. The protein encoded by the gene carRP in M. circinelloides may be cleaved
into two products from a contiguous transcript in the bifunctional gene model [128, 191]. A
putative protease cleavage site was identified in the crtRA gene from Phycomyces [40]. Future
research will be required to determine if the splicing model in Mucor circinelloides (crtRP) and
other homologous genes is also present in other fungal species.

5.3.3. Phytoene desaturase

Phytoene is the first committed carotenoid in the pathway, but it lacks the most appealing
characteristic of carotenoids, their color. Phytoene desaturation or dehydrogenation converts the
colorless carotenoid phytoene to the first colored carotenoid, {—carotene, by two sequential
desaturations (see Figure 7). In cyanobacteria [203] and tomato [132], further desaturations to
lycopene take place through the intermediate neurosporene, and are catalyzed by a separate
enzyme, { -carotene desaturase. In contrast, desaturation of phytoene to lycopene in Rhodobacter
capsulatus [204], Erwinia uredovora [205], Neurospora crassa [196], Cercospora nicotianae
[197), Phycomyces blakesleeanus [198), Xanthophyllomyces dendrorhous [189], and Mucor
circinelloides [190] are catalyzed by a single phytoene dehydrogenase enzyme. The presence of
an enzyme complex carrying out multiple successive dehydrogenations was also supported
indirectly in P. rhodozyma, by the isolation of mutants that accumulate phytoene, lycopene, or B-
carotene but not other carotenoids in the early carotene pathway (206, Echavarri-Erasun and
Johnson, unpublished data]. Furthermore, treatment of cultures with nicotine, which is known to
inhibit cyclases, resulted in the accumulation of lycopene as the mayor carotenoid. These results
suggest that phytoene, lycopene, and f-carotene are the final products of enzymatic conversions,
implying that in P. rhodozyma only two enzymes (phytoene desaturase and a lycopene cyclase)
are required for the synthesis of B-carotene from phytoene.

Our analysis indicates that similarity of published amino acid sequences for phytoene
desaturases is greater than 80% among the various prokaryotic and eukaryotic organisms.
Interestingly, the degree of homology of the similarity between plant and cyanobacterial phytoene
dehydrogenases appears unrelated to their photosynthetic nature, since phytoene desaturase of
Rhodobacter capsulatus, is more closely related to that of N. crassa than are those from
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Table 3. Tabulation of isoprenoid and carotenoid encoding structural genes from
fungal sources available in the GeneBank.

Current GeneBank Genes Coding for Fungal Carotenogenic Enzymes
Carotene backbone assembly genes

Enzyme Gene Organisms Accession N° References
IPP isomerase idi P. rhodozyma Y1581t [165]
HMG-CoA reductase Hmglp S. cerevisiae M22255 [166]
GGPP synthase carB R circinelloides  AJ238028 [128]
GGPP synthase carB P. paxilli AF279807 [174]
GGPP synthase BTS! S. cerevisiae U31632 [175]
GGPP synthase BTSI* K lactis ALA427778 [176]
GGPP synthase BTSI* S. bayanus AL398163 [177]
GGPP synthase BTSI* Z. rouxii AL395117 [178]
GGPP synthase GGPPS G. fujikuroi X96943 [179]
GGPP synthetase al-3 N. crassa U20940 [180]
Phytoene synthase al-2 N. crassa 127652 [188]
Phytoene synthase crtB X dendrorhous AJ133646 [192]
Phytoene synthase carP M. circinelloides ~ AJ250827 [128]
Phytoene synthase card P. blakesleeanus ~ AJ278287 [40]
Carotenogenic fungal genes

Phytoene desaturase al-1 N. crassa MS57465 [196]
Phytoene desaturase PDHI1 C. nicotianae U03903 [197]
Phytoene desaturase carB M circinelloides  AJ238028 [190]
Phytoene desaturase crtl X. dendrorhous Y 15007 {189]
Phytoene desaturase carB P. blakesleeanus ~ X78434 [198]
Lycopene cyclase carR R. circinelloides ~ AJ238028 [128]
Lycopene cyclase crtY X dendrorhous Y 15007 [192]
Lycopene cyclase carR P. blakesleeanus ~ X78434 [40]

Oxygenation enzymes (Xanthophyll formation), but non-fungal sources

B-carotene oxygenase crtO H. pluvialis X86782 {199]
B-carotene ketolase bkt H. pluvialis D45881 {200]
[B-carotene hydroxylase crtZ A. aurantiacum D58420 [201]
B-carotene oxygenase crtw Alcaligenes PCI ~ D58422 [202]

*Similar to S. cerevisiae BTS1 (geranylgeranyl diphosphate synthase), but not confirmed by
complementation studies.

plants, algae or cyanobacteria [197]. Analysis of phytoene desaturase from fungal specimens
indicated that two regions of homology appeared to be conserved in phytoene desaturases [197].
The amino-terminal end of phytoene desaturase is similar to known NAD(H)-NADP(H) and
FAD(H) binding motifs [207]. The second domain encodes a dehydrogenase domain [204].
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5.3.4. Lycopene cyclase

Certain fungi may produce acyclic lycopene alone, or the organisms may cyclize precursors
yielding neurosporene,a-carotene or B-zeacarotene. Fungi producing these carotenoids include
Rhodotorula and Phycomyces [208, 209]. However, cyclization of lycopene appears to
predominate in most organisms [45]. Early studies in P. rhodozyma suggested that cyclization of
acyclic precursors to lycopene may only occur under stress such as in microaerophilic conditions
or at low pH [124].

Several fungal lycopene cyclases have been characterized including those from X.
dendrorhous [192], Mucor circinelloides [128], and P. blakesleeanus [40]. A gene cyclizing
lycopene to _-rings was carefully characterized from X. dendrorhous, which was termed crtYB
[192]. The 5° region of crtYB codes for the lycopene cyclization activity. The lycopene cyclase
converts lycopene into the monocyclic intermediate y-carotene and further to B-carotene. A
model was proposed in which separate domains of phytoene synthase and lycopene cyclase
genetically fused yielding crtYB of X. dendrorhous [192]. It was proposed that an ancestor to
basidiomycetous and ascomycetous fungi possessed the active site of a lycopene cyclase fused,
and the gene encoding this catalytic domain fused with the gene encoding phytoene synthase. In
the resulting enzyme, the structure of phytoene synthase was conserved, including its membrane-
spanning regions that allow membrane integration and favorable conformation for catalysis
within both domains.

Although ours’ and other laboratories had attempted to isolate mutants of P. rhodozyma that
accumulate lycopene, these mutants have been very difficult to obtain [112, 206]. At the
suggestion of Professor Javier Avalos (Universidad de Sevilla), we successfully isolated
lycopene-accumulating mutants from [-carotene mutant parents, based on easily screening red-
colored lycopene-accumulating colonies from yellow B-carotene colonies, whereas distinguishing
lycopene mutants from astaxanthin red-orange colonies is more difficult. However, there are
other possible explanations including the possibility that obtaining p—carotene mutants directly
from astaxanthin producers would require more than one mutation.

5.3.5. Formation of Astaxanthin from p-carotene

Although genes and enzymes that convert carotenes to xanthophylls (including astaxanthin,
capsanthin, pB-cryptoxanthin, neoxanthin, and zeaxanthin) have been isolated and characterized
from bacteria, microalgae and plants, [10, 54, 201, 202, 210, 211], very little is known about the
genes and enzymes in fungal species that mediate the biosynthesis of xanthophylls from carotene
precursors [172, 96,]. f—Carotene probably serves as substrate for oxygenation and conversion to
xanthophylls in all the organisms, but the intermediates and enzymes appear to diverge after -
carotene in the limited number of organisms that have been studied (see Figure 8). The genes
involved in astaxanthin formation have been studied in the marine bacterium Agrobacterium
aurantiacum [201, 202, 212], in Alcaligenes strain PC-1 [202], and in the green microalga
Haematococcus pluvialis [200, 213], each of which appears to convert B-carotene to astaxanthin
by different routes. The biological reasons for divergence in xanthophyll biosynthesis with regard
to gene and enzyme differences is not understood at this time to our knowledge.

In most studies attempting to reveal xanthophyll biosynthesis genes, E. coli strains that were
genetically engineered to produce P-carotene or zeaxanthin were transformed with putative
xanthophyll encoding genes. By this approach, it was revealed that two genes, crtW and crtZ,
were required for the formation of astaxanthin in Agrobacterium aurantiacum [202]. It was
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shown that crtW, the bkt gene in H. pluvialis [200], and crtZ were responsible for the conversion
of methylene to keto and hydroxyl-groups respectively in the P--ionone rings of B-carotene. /n
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Fig. 8. Hypothetical scheme of astaxanthin biosynthesis from (3-carotene in the yeast Phaffia rhodozyma [80].

vitro evidence suggested that the responsible enzymes, CrtW and CrtZ, had low substrate
specificity in that CrtW oxygenated both B--ionone and 3-hydroxy P-ionone, whereas CrtZ
converted B--ionone and 4-keto-B--ionone. The enzyme low specificity would promote formation
of numerous intermediates H. pluvialis. Also, this seems to be the case in the astaxanthin
producing bacterium A. aqurantiacum, which accumulated 9 different oxygenated compounds
from B-carotene [212].

The yeast P. rhodozymalX. dendrorhous is unique among fungal species in its ability to

produce high levels of astaxanthin (up to 20 mg g'1 cell DCW. In 1976, Andrewes and co-
workers proposed a biosynthetic route to astaxanthin based on the isolation of xanthophyll
intermediates (Fig. 6). In particular, three compounds, echinenone, 3-hydroxyechinenone, and
phoenicoxanthin, were proposed to serve as intermediates to astaxanthin from f-carotene [80].
To our knowledge, these two genes, crtW and crtZ, and their corresponding enzyme products
have not been isolated. Furthermore, P. rhodozymalX. dendrorhous accumulates certain
carotenes and xanthophylls under certain conditions [80, 114, 123, 124, 157], in particular the
carotenoids torulene, 3-hydroxy-3’,4’-didehydro-pB- w-carotene-4-one (HDCO) and 3,3’-
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dihydroxy- [B,y-carotene-4,4’-dione (DCD). It is not clear if the accumulation of these
compounds, which would not appear to be intermediates to astaxanthin, is due to nonspecificity
of the putative enzymes CrtW and CrtZ or to the presence of other enzymes acting on carotene
and xanthophyll substrates. It should be emphasized that the evidence for the biosynthesis of
astaxanthin from B-carotene is indirect, and it is puzzling and surprising that despite the
industrial interest in P. rhodozymal/X. dendrorhous as a biotechnological source of astaxanthin,
the enzymes responsible for xanthophyll formation have not been definitively identified since
discovery of the yeast more than 25 years ago. Ours’ and others’ laboratories are attempting to
isolate the responsible genes and enzymes and it is hoped that this information will become
available within the next few years. Lastly, a further enigma is the biological basis for difference
in optical isomers (R versus S) in different astaxanthin-producing organisms, further supporting
differences in the genes and corresponding enzymes responsible for astaxanthin biosynthesis
from different sources may be possible.

6. PROPERTIES OF CAROTENOGENIC ENZYMES

Although many carotenogenic genes in fungi have been cloned and sequenced, very little is
known about the biochemical properties of the corresponding enzyme products. Although
phytoene synthase amino acid sequences have been derived from the corresponding genes cloned
from several fungal species and associated codon usage, the only purified phytoene synthase have
been obtained from tomato (Lycopersicon esculentum) [185] and daffodil [214]. The phytoene
synthase appeared to have an interesting requirement for a galactolipid and was induced during
flowering.

All phytoene dehydrogenases in nature are thought to be membrane bound proteins, except for
those in the extreme halobacteria, which are cytosolic {215]. The biochemical properties of
phytoene dehydrogenase from Phycomyces blakesleeanus were extensively studied after its
purification and solubilization [216]. For purification, the membrane-bound enzyme was
solubilized from cell extracts with Tween 60 [217]. The extract was fractionated by ion-exchange
chromatography and aliquots were tested for phytoene dehydrogenase actyivity by measuring the
conversion of “C-labelled phytoene into phytofluene. The enzyme was further purified by gel-
filtration, and its purity checked by SDS-polyacrylamide gel electrophoresis. The apparent
molecular mass of the enzyme was only 14 kDa [216]. This was surprising since amino acid
sequence from the nucleotide sequence predicted a protein in the range of 53-66 kDa.
Furthermore, the purified phytoene dehydrogenases from Erwinia and Synechococcus had
molecular masses of 56 and 53 kDa, respectively. It was suggested that the 14 kDa protein may
aggregate in vivo [216]. This hypothesis was supported by quantitative genetic complementation
analysis of Phycomyces mutants, which suggested that four copies of the carB gene product are
required for a dehydrogenase complex to convert phytoene to lycopene [216]. The mechanisms
of transcription regulation, translation, assembly, and insertion into the membrane are difficult
experiments that will require considerably more research.

Biochemical studies suggested that phytoene dehydrogenase from Phycomyces was unstable,
retaining only 60% activity after 7 days at -70°C. The pH optimum was 7.5, and the enzyme

appeared to have a requirement for NADP . Paradoxically, the highest conversion of phytoene
to phytofluene was obtained when NADP" was combined with FAD [216]. These results are

similar to those obtained in crude extracts of Halobacterium cutirubrum [218], spinach [219],
and tomato [220], but differ from results found with Aracystis cell extracts [9].
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Current evidence suggests that two classes of phytoene desaturases appear to have evolved
from enzymes resembling disulfide oxidoreductases [207]. Recently, it was proposed have that
phytoene desaturases belong to the FAD superfamily, in which a consensus motif of
approximately 50 residues was observed after sequence alignment
[U2(VDUGAGU(G/A)GU(A/S)XAX,LX3GX4(L/V)XEX5GG (R/K)X79GX3(D/E)XG], where X
stands for any residue and U stands for a hydrophobic residue. Such findings suggest that
members of this FAD superfamily arose by divergent evolution from a common ancestor and did
not acquire the dinucleotide motif from a gene fusion event [221].

As previously mentioned, other fungal carotenogenic have not been biochemically
characterized in detail. It is apparent that the isolation and characterization of pure enzymes
involved in carotenogenesis is difficult, but the use of modern molecular biology techniques
including cloning and overexpression of the proteins heterologous hosts will lead to enzyme
characterization.

Interesting and promising genetic in vivo and ir vitro experiments involving xanthophyll
biosynthesis enzymes including those for astaxanthin have been achieved [201, 202, 210, 211,
213, 222, 223]. The purpose of these experiments was to compare and elucidate the genes and
enzymes involved in xanthophyll formation. The approach was to clone the genes in Escherichia
coli transformants carrying carotenoid biosynthesis genes, particularly crtE, crtB, crtl and crtY
responsible for zeaxanthin biosynthesis in Erwinia species. It was found that genes cloned from
Agrobacterium aurantiacum, Alcaligenes PC-1, and Haematococcus pluvialis resulted in the
formation of a variety of xanthophylls including astaxanthin. These experiments have provided a
foundation for elucidation of the astaxanthin pathway from a variety of organisms (but not P.
rhodozyma) at the gene level. Although the organisms studied were distinct phylogenetically,
their xanthophyll biosynthetic enzymes (crtZ, crtW, and bkt, sece Table 3) had conserved gene
sequences. In particular, analysis of crtZ, revealed a number of conserved histidine residues that
were reported as Fe’* binding domains (H®X,H, H*®X,HH, and H'?X,HH) [222]. Similar
domains have been detected in genes encoding membrane bound fatty acid desaturases [222]. In
the case of bkt and crtW enzymes, such motifs occur at H"%X3H and H294X2HH.

Although the investigators did not obtain purified enzymes catalyzing xanthophyll
biosynthesis, some interesting results were obtained in vitro in cell extracts. It was confirmed that
Fe®* is a cofactor necessary in the biosynthesis of xanthophylls. While Fe** was essential for
xanthophyll formation, other cofactors such as NAD", NADP", FAD, FMN as well as divalent
ions Mg2+ and Mn*" had no stimulatory effect (in fact, in some cases they revealed as inhibitors).
A number of xanthophylls were detected in certain cell extracts such as adonixanthin,
phoenicoxanthin (adonirubin), cathaxanthin, 3’-hydroxyechinenone, and 3-hydroxyechinenone,
suggesting that the enzymes had low substrate affinities and oxygenated at several carbon sites.
Overall, the quantities of xanthophylls produced appeared to be low and enzymic kinetic

constants such as K¢at, Vimax and Ky, were not reported for xanthophyll synthesis enzymes from

the various organisms. The specific enzyme activities reported, e.g. pmol h'1 mg protein_1 were
vanishlingly low [222] indicating that relatively poor substrate conversion and enzymic activity
was being obtained. The conditions to study these enzyme reactions will need to be optimized.
Perhaps, it will be necessary to perform these reactions in micelles or under other conditions that
would mimic their membrane-bound nature. Nonetheless, this work has provided a starting point
for further purification and elucidation of the enzymes important in xanthophyll synthesis in from
various biological sources.
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7. SUBCELLULAR LOCALIZATION OF CAROTENOIDS IN FUNGI

In biological systems carotenoids do not appear localized as free molecules in the cell
cytoplasm but instead are present in lipid globules or in membranes. Carotenoids are also
associated with proteins or lipoproteins [23]. The cellular location would be expected to depend
on their structure, hydrophobicity, and modifications such as hydroxylation or esterification (see
Figure 9). Modifications would also determine their orientation and localization in membranes
[224, 225] (see Fig. 9). Carotenoid association with proteins or membranes imparts a degree of
stabilization [68]. The cellular biology of carotenoid synthesis is poorly understood including
cellular location of synthesis, trafficicking to membranes or proteins, insertion into membranes,
and biochemical modifications such as hydroxylation and esterification. Elucidation of these
processes would be valuable from a fundamental as well as a practical perspective, as carotenoids
in most organisms are intracellular and the regulation of their synthesis and maximum yield may
be related to available cellular space.

The orientation of carotenoids in a membrane would depends on its structure and on the
membrane composition [225]. Based on nuclear magnetic resonance and linear dichroism
studies, it was possible to demonstrate that f-carotene and nonpolar carotenoids such as lycopene
tend to be located parallel with the membrane surface, but present deep within the lipid
hydrophobic core [226, 227]. In contrast, carotenoids possessing dihydroxy and dicarbonyl
groups on rings such as astaxanthin are thought to contact the polar sites in the membrane
(phosphoryl groups), while the chromophore is located within the hydrophobic core. However,
certain other xanthophylls such as lutein locate in an analogous manner as B-carotene and are
immersed within the bilayer membrane. This is believed to occur with lutein, since it can freely
rotate its e-ring around C-6 adopting a position parallel with the membrane surface, effectively
anchoring the molecule along one side of the membrane [225]. The factors determining the
mechanisms of insertion, resulting location, and carotenoids orientation within the membrane are
not fully understood, although evidences indicate that incorporation of zeaxanthin instead of
violaxanthin in plant thylakoids results in lower susceptibility to lipid peroxidation [228]. The
presence of carotenoids in the cytoplasmic membrane of Staphylococcus aureus 18Z was
demonstrated to decrease membrane fluidity and to increase resistance to killing by oleic acid
[229]. Continued research should lead to an enhanced understanding of the structural roles and
functions of carotenoids in membranes.

The location of carotenoids in the red yeast P. rhodozyma/X. dendrorhous was examined by
cell fractionation and by microscopy [2, 158]. Examination of yeast strains containing different
carotenoid levels and cultured for various times by laser confocal fluorescence microscopy
(LCFM) and transmission electron microscopy (TEM) enabled our laboratory to evaluate the
subcellular localization of carotenoids [112]. The presence of fluorescent carotenoids in lipid
globules (LGs) and in membranes was confirmed by microscopy and cell fractionation [112,
158]. The degree of fluorescence depended on the strain examined. For example, a mutant rich in
[-carotene (emitting at 520 nm) and poor in astaxanthin (emitting at 575 nm) showed strong
fluorescence at 520 nm but not at 575 nm when illuminated with an argon laser emitting at fitted
with various filters to control the emission wavelength. White or albino mutants showed very
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Fig. 9. A hypothetical schematic portraying carotenoids inserted into phospholipid membranes. The orientation
would depend on the structure and biophysical properties of the carotenoids, such as polarity and dielectric
properties. Astaxanthin is portrayed on the left, where the polar nature of the B-rings with carbonyl and hydroxyl
groups is thought to anchor the molecule across the depth of the membrane. In contrast, the comparatively nonpolar
B-carotene would be inserted deep within the hydrophobic core [224].

weak fluorescence, as did wild-type yeast grown with piperonyl butoxide, an inhibitor of
carotenogenesis in P. rhodozyma. The carotenoid content of various yeast strains correlated with
the intensities of fluorescence emitted, and prolonged incubation (up to 12 days) containing
enhanced carotenoid levels resulted in increased fluorescence [158]. Since the carotenoid content
in individual yeast cells correlated with the intensities of fluorescence emitted, it was possible to
obtain an estimate of the maximum level in single cells in a population. It was estimated that the
maximum yield was approximately 15 mg carotenoid g cell’!. However, there was considerable
variation in the number of lipid globules and fluorescence in individual cells, indicating
considerable variation within the population. The heterogeneity of fluorescence and apparent
carotenoid content is not understood. Interestingly, microscopic images revealed a high
concentration of fluorescence in developing bud, suggesting that carotenoids may have an
essential role in bud development and growth or survival processes.

The formation and migration of fluorescent LGs and fluorescence in membranes was also
investigated. Fluorescent LGs in an astaxanthin-hyperproducing mutant appeared to fragment and
migrate to the membrane at an earlier stage of growth than the wild-type. This suggested that the
physical fragmentation of LGs and possible surface area of LGs and membranes for deposition
was associated with carotenogenesis. L.Gs may be produced in the endoplasmatic reticulum in
mammalian cells and they contain isoprenoids, precursors to carotenoids [230]. Understanding
the location of synthesis, trafficking, and deposition of carotenoids could be valuable for
development of industrial strains. It is known that HMG-CoA reductase overproducing mutants
of S. cerevisiae possess large quantities of stacked. membranes in endoplasmic reticulum
surrounding the nucleus. It is likely that certain enzymes involved in sterol and carotenoid
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synthesis, particularly in the early stages of precursor and carotene synthesis, share catalytic
activities and occur in similar places, such as the endoplasmatic reticulum. Astaxanthin
accumulates in the cytoplasm in the laboratory strains of the sweetwater microalga
Haematococcus pluvialis [231], but massive accumulation of astaxanthin occurs in cysts [232].
Interestingly, astaxanthin appears to initially accumulate in the vicinity of the nucleus [233],
possibly in the endoplasmatic reticulum.

8. METABOLIC ENGINEERING FOR CAROTENE PRODUCTION IN FUNGI
Metabolic engineering of isoprenoid pathway in Candida utilis and Saccharomyces cerevisiae
has resulted in increased carotenoid production in common food and feed yeasts with GRAS
status [7, 8, 64, 234, 235]. Misawa and colleagues were successful in increasing lycopene yields,
primarily by manipulation of HMG-CoA reductase and squalene synthase. In transformed C.
utilis, the ergosterol content was decreased 65% to the parent strain and accumulated ~6 mg (g

cell mass)-], whereas lycopene was increased 7-fold to about 758 pg (g cell mass) , indicating
the need for a selective approach to undesired decrease isoprenoids (ergosterol) and increase the
levels of desired products (lycopene). Achieving metabolic engineering for carotenoid production
will require a systematic understanding of the coordinate synthesis of various isoprenoids and
selective regulation. Furthermore, the results in C. utilis and S. cerevisiae suggest that it may be
preferable to use carotenoid-producing fungi as heterologous host for production since these
organisms have evolved the complex cellular biology that is integral to synthesis of carotenoids.
Certain researchers have suggested that plants could serve as ideal systems for industrial
production of carotenoids due to their inherent abilities [11-13]. Using metabolic engineering, the
genes were introduced for astaxanthin production in tobacco (Nicotiana tabacum) [11].
However, the yields of astaxanthin were quite low [205 — 357 pg (g cell mass)’'] compared to

production in P. rhodozyma and H. pluvialis (~5000 to 50,000 pg (g cell mass)-] depending on
the strain and culture conditions [2, 59, 78, 157, 236, 237]. Nonetheless, the study of carotenoids
in plants could help to understand regulatory mechanisms governing carotenoid biosynthesis and
to identify structural genes for production of carotenoids in more efficient heterologous systems
(e.g. those encoding lutein). Cultivation of plants containing enhanced levels of carotenoids
could also provide nutrients, particularly vitamin A, in economically deprived countries where
vitamin A is urgently needed for human health [13].

9. FUNGAL AND ALGAL SPECIES FOR INDUSTRIAL

PRODUCTION OF CAROTENOIDS

As pointed out above, certain fungi and microalgae are capable of producing high levels of
various carotenoids [1, 2, 59, 65, 238]. Among the lower fungi, the zygomycete Blakeslea
trispora was used in a process using the stimulators p-ionone and improniazid giving a

maximum yield of about 3.2 g ! of B-carotene [239]. Strain improvement in this fungus was
difficult since it is multinucleate in all life stages [240]. Mucorales including Phycomyces
blakesleeanus and Choanephora curbibitarium have been investigated for production of B-
carotene, and the basidiomycetous yeasts Rhodotorula and P. rhodozyma/X. dendrorhous have
been evaluated for production of B-carotene, torularhodin and astaxanthin [2, 65, 238]. As
described above, the genes coding for zeaxanthin from Erwinia spp. were used to prepare
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recombinant strains of Candida utilis and Saccharomyces cerevisiae that produced lycopene, B-
carotene, and zeaxanthin {235, 241].

Microalgae have been used industrially for production of B-carotene and astaxanthin. Natural
B-carotene is mainly produced by the halotolerant microalga Dunaliella salina [34]. High
production depends upon environmental stresses including elevated salt, minerals, temperature,
and high light intensities [242]. Under stressful conditions, Dunaliella species accumulate B-
carotene at up to 10% of their dry weight [34, 243]. The extremely high salt level used in
production (~4 M) excludes predatory protozoa and competitive algae and yields carotene-rich
dried algal meal or P-carotene-enriched oils. Astaxanthin has been produced by the alga
Haematococcus pluvialis in pond culture, but production has been problematic due to the
freshwater nature of the organism and release of astaxanthin from the cells [59]. The microalga
accumulates more than 4% of its dry weight as astaxanthin, in conditions of nitrogen deficiency,
oxidative stress, and cyst formation [52]

10. BIOTRANSFORMATIONS USING FUNGAL ENZYMES

Since carotenoids are generally produced as intracellular products, the maximum production is
limited by partitioning and available space within the cell. Extractive fermentations or
biotransformations using isolated enzymes could lead to a semi-synthetic process for enzymatic
synthesis of valuable carotenoids. Synthesis methods using enzymes has been extremely
successful in various areas of biotechnology including production of antibiotics, food
modifications, and synthesis of industrial chemicals [244, 246]. Generally, the enzyme
transformation systems approach or reach industrial feasibility when the substrates and reactions
are complex and involve chiral substrates. These considerations indicate that the
biotransformation of carotene substrates to more complex and chiral xanthophyll products (e.g.
astaxanthin, lutein, zeaxanthin) could be accomplished by biotransformations. Since the
substrates are lipophilic and the enzymes are probably membrane-bound in most cases, the
syntheses could be performed most efficiently in organic solvent systems [247]. Opportunities
for biotransformation of monoterpenes and for bioengineering of isoprenoid biosynthesis have
been recently reviewed [134, 248].

11. CONCLUSIONS

Many fungi are prolific producers of a number of isoprenoids including carotenoids, which are
a family of terpenoids with economical, aesthetic, and medicinal value. Compared to many other
groups of organisms such as bacteria, plants, and animals, several fungal phyla including species
within Zygomycetes, Ascomycetes, Basidiomycetes and the asexual Deuteromycetes produce

high levels of carotenoids obtaining yields of 5 to 30 mg g ! of biomass. To our knowledge, the
only other biological group of organisms that accumulates such high concentrations of carotenoid
per unit biomass are microalgae such as Dunaliella and Haematococcus species and related green
microalgae. In contrast to microalgae, fungi can be intensively cultured heterotrophically in
fermentors to achieve high biomass and product yields. As the molecular biology of carotenoid
and other secondary metabolite biosynthesis as well as fungal regulatory circuits controlling their
synthesis become elucidated [39] and heterologous systems are developed [249], well-established
fungal systems such Saccharomyces could be used for heterologous production of carotenoids
and other important industrially important primary and secondary metabolites. However, as
discussed above, it may be desirable to use fungi that naturally produce carotenoids as producers
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of natural or heterologously introduced carotenoids as these fungi have evolved the cellular and
molecular biological attributes associated with carotenoid production. Much of the current
research on natural isoprenoid biosynthesis is still at the level of gene discovery and
characterization. The development of fungal and yeast isoprenoid and carotenoid production
systems based on biotechnology will depend on increased research in understanding the genetics
of these carotenogenic organisms and heterologous hosts, on the understanding of the remarkably
complex and intricate design and regulation of the isoprenoid pathway. Given its diversity and
the huge number of compounds that are produced in the isoprenoid pathway, it appears to hold
enormous potential for the discovery, production, and availability of numerous compounds for
use in animal feeds and for improvement of human health. We are experiencing a revolution in
biology with the advent of genomics and proteomics [250] and many tools are becoming
available such as monitoring of gene and protein expression en masse, and these tools will be
exploited for production of isoprenoids through biotechnology. Although most attention of these
developing disciplines has been devoted to human disease and human pathogens, the fields are
beginning to spread to agricultural and food uses as reflected in the achievement of the genome
sequence in Saccharomyces cerevisiae [37] and the ongoing sequencing of genomes from plants
such as Arabidopsis (The Arabidopsis Genome Initiative) [251] and Lycopersicon. This
information will be valuable in identifying genes in isoprenoid synthesis and the mechanisms
governing their expression. Genes encoding secondary metabolites in fungi including carotenoids
have been identified using differential display and systematic analysis of gene expression has
been studied in fungi including the S. cerevisiae {252, 253]. Advances in the research fields of
fungal genetics, physiology, and phylogeny [156], the applications of genomics and proteomics
to elucidation of isoprenoid synthesis and regulation [2, 5, 10, 118], and the utility of metabolic
engineering for carotenoid production [4, 10, 55, 56, 58, 62, 134, 254] should lead to
economically important commercial processes for carotenoid production. Lastly, considering the
close phylogenetic relation of certain fungi to humans [35], fungi could serve as excellent model
systems to study the roles of carotenoids in health and aging.



Appendix

Trivial name Systematic name

Aleuriaxanthin (2R)-1°,16’-Didehydro-1°,2’-didehyro-B,y-caroten-2’-ol

Astaxanthin 3,3’-Dihydroxy-p,p-carotene-4,4’-dione

Bixin Methyl hydrogen 9’-cis-6,6’-diapocarotene-6,6’-dioate

Canthaxanthin B,p—Carotene-4,4’-dione

Capsanthin (3R, 3’S,5 'R)-3,3’-Dihydroxy-B,k-carotene-6"-one

o-Carotene (6 'R)-B,e-Carotene

B-Carotene _B,B-Carotene

y-Carotene B,y-Carotene

C-Carotene 7,8,7°,8’-Tetrahydro-y,y-carotene

Cryptoxanthin (3R)-__. _-Caroten-3-ol

34- 3,4-Didehydro-_, -carotene

Dehydrolycopene

Echinenone B,B-Carotene-4-one

HDCO 3-Hydroxy-3’,4’-didehydro-B,y-carotene-4-one

3- 3’-Hydroxy-p,B-carotene-4-one

Hydroxyechinenone

Lutein (3R, 3R’,6 'R)-B,e-Carotene-3,3’-diol

Lycopene y,y-Carotene

Lycoxanthin y,y-Carotene-16-ol

Neoxanthin (3S,5R,6R,3°S,5°R,6°S)-5°,6’-Epoxy-6,7-didehydro-5,6,5",6-
tetrahydro-p,B-carotene-3,5,3’-triol

Neurosporaxanthin 4’-Apo-B-carotene-4’-oic acid

Neurosporene 7,8-Dihydro-y w-carotene

Phillipsiaxanthin 1,1°Dihydroxy-3,4,3°,4’-tetradehydro-1,2,1°,2’-tetrahydro-w, y-
carotene-2,2’-dione

Phoenicoxanthin 3-Hydroxy-B,B-carotene-4,4’-dione

Phytoene 15-cis-7,8,11,12,7°,8°,11°,12°-Octahydro-y,\y-carotene

Phytofluene 15-cis-7,8,11,12,7 8’-Hexahydro-y,y-carotene

Plectaniaxanthin (2’R)-3’,4’-Didehydro-1°,2’-dihydro-B,y-carotene-1”,2’-diol

Torularhodin 3’,4’-Didehydro-B,y-carotene-16’-oic acid

Torulene 3’,4’-Didehydro-p,w-carotene

B-Zeacarotene 7°,8’-Dihydro-p,y-carotene

Zeaxanthin (3R,3’R)-B,B-Carotene-3,3’-diol
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Edible mushrooms, due to their commercial and environmental importance, have lately attracted
the attention of the researchers. Modern biotechnological techniques and tools like protoplasting,
RAPD, RFLP, electroporation and ballistic guns have been used to varied levels of success in the
genetic improvement of edible mushrooms with respect to the yield, quality, disease resistance
and also their degrading ability of lignocellulose. In the area of the researches aimed at the
understanding of the molecular mechanisms underlying the fruiting and 'flushing' of the
mushrooms, low molecular weight carbohydrates like trehalose and mannitol have been found to
play the critical role but the genetic control giving the stimulus for triggering the fruiting has not
yet been fully deciphered though significant and important leads have been obtained. The
substrate preparation (composting) technologies for the common mushroom (4garicus bisporus)
have witnessed significant advancements leading to the completely indoor and significantly
improved technologies with respect to quality of the end-product as well as environment-
friendliness; use of genetically engineered microbes and also the enzymes have been attempted
and may further shorten the period of composting and improve the product with almost
eliminating the deleterious effect on the environment. Edible fungi including the commercial
mushrooms have vast and unique degradative potential and, expectedly, have been used in the
bioremediation particularly in the xenobiotics of chlorinated polyphenols, polyaromatic
hydrocarbons and other harmful and calcitrant molecules.

1. INTRODUCTION

The cultivation of edible fungi, commonly called mushrooms, is a true microbial technology
and represents large scale controlled application of microbial technology for the profitable
conversion of lignocellulosic wastes into food and feed and in the economic terms the
importance may be next to the yeast only [1]. Global trade in edible mushrooms is over 15
billion US dollars and currently the trade is growing at a phenomenal rate of 5-6% per annum.
Mushroom cultivation represents a very large scale solid substrate fermentation (SSF) of the agro
and forestry wastes. Biotechnological significance of the process has been decribed by many
workers [1,2,3]. Currently, the mushrooms are regarded as the most profitable and environment-
friendly mehtod for recycling of the vast lignocellulosic wastes. A Global Network on
mushrooms was mooted in the First International Congress for the Characterization,
Conservation, Evaluation and Utilization of Mushroom Genetic Resources, under the aegis of the
FAOQ, held in Bordeaux in 1998. Mushroom genetic resources have been considered important
for agriculture, human food, cattle feed, human health, and for chemical and pharmaceutical
industry [4]. Keeping in view the economic and environmental importance of the mushrooms,
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many biochemical and biotechnological investigations have, of late, attracted the attention of the
researchers. Authors have endeavoured to review and update the knowledge in some of the
frontier areas of current interest in mushrooms.

Unlike other food crops representing a single species, many genetically and morphological
distinct genera and species of mushrooms, are being cultivated world over. Of about 2000 edible
fleshy fungi, about 20 types are being artificially cultivated and five are being traded in sizeable
quantities and represent 85.3% of total mushroom production [5,6]. For convenience of the
readers the five “leaders’ have been depicted in Fig.1. Though there are many aspects of
mushrooms having biotechnological significance but the authors have tried to restrict themselves
to four most active frontier areas namely molecular techniques in genetic improvement of
mushrooms, molecular mechanisms underlying growth and fruiting, recent advances in substrate
preparation technologies, and edible fungi as tools for bioremediation.

Table 1. World production of cultivated mushrooms [1994].

Species Common Name Production Percent
(x 1000 tonnes)

Agaricus bisporus/ Button mushroom 1946.0 37.6
bitorquis

Lentinula edodes Shiitake 826.2 16.8
Pleurotus spp. Oyster mushroom 797.4 16.3
Auricularia spp. Black ear mushroom 420.1 8.5
Volvariella volvacea  Paddy straw mushroom 298.8 6.1
Others - 578.8 14.7
Total 4903.3 100.0

Source: Chang [5].

2. BIOCHEMICAL AND MOLECULAR ASPECTS OF FRUITING

Differentiation in multicellular eukaryotes is an interesting and intriguing phenomenon not
well understood, primarily due to inability of many organisms to differentiate under defined
conditions. Fungi, due to genetically controlled simple morphological eukaryotic organisms
suitable for studies on differentiation of multicellular eukaryotes. Understanding the molecular
mechanisms underlying fructification of mushrooms, [7,8] besides basic biological interest, has
vast commercial importance because it would have the way for enhancing and regulating the
yield of fruitbodies and also in ‘domesticating’ the wild mushrooms, which have hitherto defined
the human efforts to fructify them under controlled conditions. Unfortunately, biochemistry of
mushroom fructification has been studied in the fungi of lesser commercial importance like
Schizophyllum commune, Coprinus spp. and Flammuina velutipes because of the ease in their
fruiting and relative difficulties in obtaining reproducible fruiting in commercial mushrooms
under defined in vifro conditions. Nevertheless, significant advances have been made in
understanding the fruiting of the commercial mushrooms at biochemical level and some
excellent reviews on the subject have published [9-13].

2.1 Cell Wall Expansion and Elongation

Formation of basidiomycete fruitbody from the vegetative mycelium occurs in two easily
recognisable steps: the initiation phase characterised by the aggregation of the mycelium to form
pinheads or 'primordia’ and the morphogenetic phase where primordia develop and differentiate
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into fruitbodies with stipe, pileus, volva and gills. In contrast to the growth of the vegetative
mycelium by apical extension only, fruitbody hyphae of Agaricus bisporus are reported to grow
by diffuse extension over whole wall surface especially during rapid expansion and elongation
phase. The differences between the growth modes of the vegetative and fruitbody hyphae could
be due to variations in chemical composition, physical structure and enzymes in their cell walls.
Chemical composition of cell walls of mycelium and stipes are reported to be essentially similar
- polymers of glucose (glucan 44.8%) and N-acetyl-glucosamine (chitin 35.6%) are the main
constituents [14] . Chitin synthesis is essential for elongation of stipe hyphal walls and N-acetyl
glucosamine, the chitin precursor, is incorporated all over the surface in elongating hyphae of
expanding fruitbodies [15]. Chitosomes, the vesicular organelles containing chitin synthase
activity, have been isolated from A. bisporus [16]; higher activities of the enzyme were recorded
in upper stipe (rapid growth zone) than inthe lower stipe and also during rapid expansion

Fig. 1. Important commercial edible mushrooms
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than at the end of the elongation. Chitin synthase of A. bisporus was similar in properties to
those reported from the other fungi and is proteolytically activated [17]. Mol and Wessels [14]
reported that the differences in the modes of wall expansion of vegetative mycelium and stipes of
A. bisporus lied in the susceptibility of the chitin: chitin in elongating stipe wall was found to be
more susceptible to chitinase and a positive correlation was demonstrated between the
competence of hyphae to expand, susceptibility of the 1-3-B-glucan in the wall to enzymatic
degradation and the presence of linked glucose side chains [1-6]. It was suggested that H-
bonding among homologous chains in the chitin-glucan complex of the wall of the elongating
stipe hyphae may be weaker than that in the non-elongating hyphae and the vegetative hyphae.
Besides, chitin chains in the elongating hyphae of stipe were transversely oriented and not
organised in distinct microfibrils whereas walls from the vegetative hypahe showed randomly
oriented microfibrils in an arnorphous matrix. Based on the above observations, a tentative
model for diffuse wall extension in fruitbody stipe of 4 .bisporus was proposed but authors [18]
seem to have under- emphasized the role of autolytic enzymes in plasticising the wall in the
model. :

2.2 Chemical Composition

Changes in chemical composition during fruitbody development of various mushrooms have
been extensively studied [9-23]. Many workers have observed increase in moisture content of
the fruitbody during its development and it has been opined that the fruitbody development in
basidiomycetes is partly due to osmotically driven cell-elongation. Changes in protein content of
the fruitbodies have also been studied [19-23]. Intracellular and 'shockable' protein contents
decreased at the transition stage in Lentinus edodes [24]. Above observations suggest significant
turn over and reorganisation of proteins during fruitbody development of mushrooms.
Intracellular proteases are highly activated during fruitbody development of 4. bisporus [25].
New proteins are reported to be formed both in different tissues and at different stages of
development of V. volvacea [26]. Protein-N may be channelised towards site of active protein
and nucleic acid biosynthesis, e.g. in the gills for spore formation. Depletion of N in growth
medium is suggested to trigger the transition from mycelium to fruitbody and also results in
accumulation of glucosamine which is suggested to be utilized later for chitin synthesis during
fruiting of L.edodes [24]. Doubling of DNA content suggestive of active meiosis in the gill
tissues just before the sporulation was observed in A. bisporus fruitbodies growing at the
normal time in phase with the flush but the fruitbodies growing out of phase with the flush did
not show such effect. Minamide and Hammond [27] suggested that fruitbodies received stimulus
related to the progress of flushing cycle from the mycelium for meiosis to proceed.

2.3 Carbohydrate Metabolism

In differentiation of the organisms nucleic acids and proteins normally play initial and the
crucial role. Differential genetic activity expresses itself in differential synthesis of structural
and functional proteins, the enzymes which may later regulate the levels of other constituents
like carbohydrates, lipids etc. But fungal walls are not only made up of modified carbohydrates
as discussed carlier, carbohydrates have been found to play crucial role in the life cycle of many
fungi. It is, therefore, not surprising that the study of carbohydrate metabolism during growth
and fructification of the mushrooms, especially the A. bisporus, has received considerable
attention [9,10,28]. Structural carbohydrates have been dealt with in the section on cell wall.



91

Non-structural carbohydrates in relation to fruiting will be discussed here. Sugar alcohol,
mannitol, a disaccharide, trehalose and a glycogen-like soluble polysaccharide are the principal
non-structural carbohydrates in vegetative mycelium and fruitbodies of 4. bisporus. Differences
observed in the contents of these soluble carbohydrates between vegetative mycelium and
fruitbodies provided the first insight, which led to detailed investigations, into the crucial role of
carbohydrate metabolism in fructification. Vegetative mycelium contained about 1.5-4.5%
mannitol on dry weight basis. Primordia started accumulating mannitol and contained double the
amount than their supporting mycelium; accumulation of mannitol continued during further
development and mature fruitbodies contained 24.5-30%, even upto 50% mannitol as their dry
weight [29]. Logically, such enormous accumulation cannot be without significance. Storage
function of mannitol is unlikely in view of its very slow turnover [30]. Another interesting
observation regarding mannitol content in the fruitbodies was that though on dry weight basis it
increased but on fresh weight basis its concentration remained more or less constant between
150-200 mm [29]. It was, therefore, suggested that mannitol plays the role of an osmoticant to
attract water in fruitbody hyphae and create hydrostatic pressure for hyphal extension. The
resultant turgor pressure would also physically support the fruitbodies [9,31]. Similar role has
been suggested for urea in C. cinereus [22,33], but the urea content in 4. bisporus was found to
be very low [31]. Accumulation of huge quantities of mannitol may be related to diffuse
extension of fruitbody hyphal wall all along the surface which may require greater hydrostatic
pressure as compared to localised pressure required at the tip of vegetative hyphae. Mannitol
content of the fruitbodies of 4. bisporus is also reported to be positively correlated with the
fruitbody yield [33]. Though mannitol can be translocated in sporophore but in view of its
uneven distribution it is more likely to be synthesized in situ. It is synthesized by reduction of
fructose by the enzyme mannitol dehydrogenase (MDH) using NADPH as cofactor [34,35].
Under cellular conditions MDH system is favourable to synthesis of mannitol and poised against
its oxidation [34,36,37]. It is oxidised and used under severe stress conditions when NADPH is
depleted [36-39]. As there was no difference in MDH activity between fruitbody and vegetative
hyphae [40], supply of fructose the substrate and cofactor NADPH may be acting as controls for
mannitol synthesis [9,10,36,37]. Carbohydrate metabolism observed in fruiting and flushing of
mushrooms is depicted in Fig. 2 and 3.

s |UDP-Glucose PP-pathway
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Fig. 2. Carbohydrate metabolism in Agaricus Fig. 3. Trehalose sythesis and degradation
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Hexose catabolism occurs via well-known routes like Embden-Meyerhof Pathway, Pentose
phosphate pathway (PPP) and Kreb's cycle. Early studies indicated a significant [56-57%)
turnover of hexoses via PPP in the fruitbodies of 4. bisporus. PPP activity, as measured by
radiorespirometry and enzymes was found to be greater in fruitbodies than in vegetative
mycelium of 4. bisporus [40,41]. Glucose-6 phosphate dehydrogenase [G6PDH], the first and
key enzyme of PPP and a major site of NADPH generation, showed several fold higher activity
in fruitbodies than in vegetative mycelium [40]. NADPH generated in PPP was shown to be
used for mannitol [42]. Higher availability of NADPH and also of fructose [discussed later] may
be playing important roles in enhanced synthesis and accumulation of mannitol in the
fruitbodies. NADPH and pentoses generated in activated PPP in fruitbodies may also be utilized
for other biosynthetic processes like nucleic acids and lipids [9].

2.4 Metabolism of Flushes

It is common observation that during commercial cropping of 4. bisporus and also of some
other mushrooms, there is heavy and synchronous appearance called 'flushes' of sporophores at
about weekly intervals, with very little fruitbody production between the flushes which is termed
as 'flush break' Recent work done at the Glasshouse Crops Research Institute [now IHR],
Littlehampton, on carbohydrate metabolism during fruiting rhythm of A. bisporus has thrown
some light on this intriguing phenomenon. In a mathematical model of flushing, a hypothetical
substance which is absorbed and accumulated in the mycelium to a threshold level sufficient to
trigger flush initiation was proposed [43,44]. Flush growth then depletes the intra-mycelial
substrate and prevents new initiation. The substrate accumulates again after harvesting and
triggers another flush. Harvesting practice is known to regulate the next flush. It appears
plausible that development of primordia into mature fruitbodies depends on stimulus from
mycelium as well as feedback from growing fruitbodies.

Analysis of fruitbodies at primordium and button stage daily throughout several flushes
during the commercial crop of A. bisporus showed that trehalose and glycogen levels in
fruitbodies were highest (ca. 20% of dry wt.) at time of flush emergence i.e., when pins of a new
flush were just emerging from the casing but the levels declined to 10-25% of the peak level
during mid flush i.e., by the time button stage appeared 3-4 days later and reached a minima and
rose again after harvesting. Trehalose and glycogen behaved similar to the hypothetical substrate
discussed earlier. Trehalose and glycogen content of sporophores at flush emergence correlated
well with ultimate yield of the flush. Mannitol did not vary as per flush but fluctuated according
to size of fruitbody as discussed in previous section [45].

It has been suggested [9,10] that mycelium absorbs glucose produced in the compost by
action of cellulase and other lytic enzymes [46], converts it in trehalose which is then transported
in the fruitbodies; excess carbohydrate is stored as glycogen. An interesting observation was that
the extracellular endoglucanase production in compost by A. bisporus was found to be
developmentally regulated and followed the flush pattern i.e. high activity when fruitbodies were
growing and peak activity coincided with the peak harvest [47,48]. Besides fruitbody biomass
regulation of EG production, Hammond {9] has suggested that high levels of trehalose observed
between the flushes could repress the cellulase which may be derepressed due to its consumption
during fruitbody growth and respiration. Between the flushes, EG level is though low but high
accumulation of trehalose and glycogen may be due to very few and small sporophore initials. G-
6-PDH activity in fruitbodies during flushes followed a pattern similar to trehalose and glycogen
level; its activity was 20 times higher at flush initiation than at mid flush i.e., peak activity
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coinciding the peak trehalose and glycogen level. G-6-PDH did not vary in mycelium and MDH
did not show any definite pattern [27,45]. High trehalose and glycogen, with high G-6-PDH
activity allowing high PPP flux and NADPH production would provide substrates for mannitol
synthesis at flush initiation. G-6-PDH activity was found to be linked to trehalose levels under
all conditions of fruitbody growth but how this control was exercised remains unclear [9].

Elevated activity of G-6-PDH was due to increased synthesis of enzyme protein and also
appearance of a new and different G-6-PDH protein (G-6-PDH2), which appeared only at flush
initiation [27]. Trehalase and glycogen phosphorylase showed a pattern opposite to the G-6-
PDH i.e., more active during mid-flush and very low at flush initiation [49]. Very high activity
of extracellular EG during the mid-flush would meet the supply of high amounts of trehalase and
glycogen phosphorylase at this stage to produce substrates for mannitol and PPP [47]. Though a
good picture of biochemistry of flushing has emerged, the nature of stimulus which starts off the
flush growth remains to be investigated [10]. Nevertheless, interrelations of various processes as
described above compel us to believe that the flushing rhythm is genetically programmed which
will have to be deciphered with a view to harnessing biotechnology for regulating the flushes if
desired. Morphogenesis in organisms including fungi is result of differential genetic activity
[50,51]. While studying the changes in trehalose phosphorylase activity and carbohydrate levels
during axenic fruiting in the 4. bisporus strains indicated the enhanced synthesis of trehalose
before hyphal aggregates formed and translocation of trehalose from mycelium to the aggregate
occurred thereafter [52,53].

2.5 Extracellular Enzymes

Though extracellular enzymes in various basidiomycetes have been vastly studied mainly
to understand the fungal-nutrition and lignocellulose degradation, but the treatment of the subject
here would be restricted as related to the morphogenesis of mushrooms [54]. Polyphenol
oxidases, especially the laccase, have been most extensively studied and implicated in fruitbody
development of basidiomycetes. The enzyme is reported to be of importance in Agaricus
systematics also [55]. Laccase protein constituted 2% of extracellular protein secreted by A.
bisporus [56]. Extracellular laccase activity in the compost during cropping of 4. bisporus
increased up to the first flush but declined rapidly thereafter [46,57]. The activity did not decline
and remained high in non-fruiting cultures and in cultures without fruiting due to non-casing
[58]. Decline was observed in only those cultures in which fruitbodies were allowed to grow
beyond 1-2 cm. Above observations suggest that extracellular laccase activity in 4. bisporus is
developmentally regulated. Inactivation of the enzyme in fruiting cultures has been reported to
be due to degradation [60-70%] of enzyme protein probably to meet the N demand of developing
fruitbodies [59,60]. Elevated levels of proteases during this stage of development of 4. bisporus
are also reported [58]. Laccase is reported to be developmentally regulated in L.edodes [24,61].
Extracellular polyphenol oxidase in P. ostreatus was maximal during exponential growth but
declined thereafter [62]. Role of the enzyme in basidiomycetes is though not very clear, laccase
and peroxidases often in cooperation with other enzymes are suggested to be involved in lignin
degradation by white-rot basidiomycetes [63,64]. Role of laccase in oxidation of phenols to
quinones for oxidative polymerisation of cell surface components of fungi has also been
suggested [65].

Extracellular cellulase (endoglucanase, EG) is also reported to be developmentally regulated
in A. bisporus [46,47,48,66]. During fruiting, EG activity in the substrate behaves inversely to
laccase i.e. it remains low before fruiting but increases sharply at fruitbody formation. EG
production was in direct proportion to the frutibody biomass produced during each flush;
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fruitbody harvested paralleled the EG activity in the substrate [47]. Fruitbody-regulated EG
production may be acting as a mechanism of cell economy to produce as per the demand.
Further investigations [48] on laccase and EG production by A4.bisporus in deep troughs during
cropping cycle has revealed that EG and laccase activity near the fruiting surface followed the
typical pattern discussed above: distinct peak of EG with sharp fall of laccase during the flushes
and reverse pattern during the interflushes. The intensity of above changes lessened with the
compost depth. EG activity declined steadily with the compost depth and was almost
undetectable beyond a depth of 0.9m in early stages of mushroom cropping. Laccase activity
close to the fruiting surface declined rapidly at the onset of fructification but was four fold higher
at 0.9m depth and expected decline was also delayed. Decline in laccase coincided with increase
in EG throughout the cropping. EG level in top layer was proportional to the mushroom yield.
Findings were consistent with the observations of Smith [67] showing progressive downward
utilization of substrate nutrients during successive flushes. In P.sagjor-caju also, laccase activity
appeared, peaked and declined earlier when cellulase activities started rising at the pinhead
initiation [68]. Peaking of extracellular cellulase and xylanase at the time of fruiting of L.edodes
cultures has also been reported [69,70]. Sermanni ef al. [71] comparing the laccase and EG
production by P.ostrearus and A.bisporus during fruiting found that while P.ostreatus followed
the pattern of 4. bisporus in EG production, but not in laccase production which remained low
without much change during entire cropping.

Transcriptional regulation of laccase and cellulase genes in 4. bisporus during fruitbody
development in wheat straw compost has been studied [72]. Gene expression for laccase and
cellobiohydrolase correlated with the known changes of laccase and cellulase activities during
the fruitbody life cycle. Extracellular laminarinase, xylanase, acid and alkaline phosphatases and
alkaline protease production in 4. bisporus did not follow any trend specific to fruiting [58].
However, intracellular proteases were highly activated in A. bisporus fruitbody; acid protease
was active in the pileus, while neutral and alkaline proteases were maximal in the stipe. Gills
showed lowest activity of all the proteases. Mature fruitbodies showed upto 40-fold higher
activity than the primordia [58]. It was suggested that intracellular proteins were being degraded
to meet the requirements of N and C in the region of active protein and nucleic acid synthesis in
the gills for spore formation.. Increases in protease activity of P. ostreatus was observed at
priomordium formation induced by light [73]. Proteases are developmentally regulated in S.
commune also [74]. Extracellular acid phosphatase pesaked at the time of fruiting after N
depletion in medium in L. edodes [24,75]. No definite pattern in activities of extracellular
cellulase and xylanase of P.sajor-caju was reported [76].

Extracellular proteinases from the mycelium of the 4. bisporus have been studied by Burton
et al. [77] with a view to understanding the derivation of N from proteins in the compost. One
chymotrypsin like specificity was found to be a 27 Kda serine proteinase and the activity
increased with the mycelial growth on the liquid medium containing a humic fraction [from the
mushroom compost] as the C source but remained low in the filtrates of the cultures grown on
glutamate or casein. Regulation of the activity in compost was suggested by a doubling during
the early stages of sporophore growth.

1. MOLECULAR TECHNIQUES IN GENETIC IMPROVEMENT

OF EDIBLE MUSHROOMS

Owing to the economic importance of the edible mushrooms and various biotechnological
tools available with the researchers, genetic improvement programmes of mushrooms have
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gained a strong momentum. The pre-requisite step in the genetic improvement programme of
fungi is the availability of large stocks of germplasm having variability in different attributes of
commercial importance and also the cultures can be raised from the wild germplasm, either by
tissue culture or spore culture techniques and can be maintained by any of the routine techniques.
Culture multiplication by either of the way did not have any problem in basidiomycetes but, in
the nature, the ideal way of natural survival and distribution is through the formation of
fruitbodies in the reproductive cycle which comprises three cardinal events-plasmogamy,
karyogamy and meiosis.

3.1 Life Cycle

The knowledge of life cycle of a particular species is very important before starting the
breeding activity. Though the life cycle in different species of the basidiomycetes varies from
one another, still some general pattern can be drawn suiting to maximum of the species [78,79]

(Fig. 4).
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Fig. 4. Life cycle of a typical basidiomycete steps-1 to 9. 1. Basidiospore-germination; 2. Development
of homo-karyotic mycelium; 3. Plasmogamy through mating of two compatible homokaryons; 4.
Development of hetero-karyotic dikaryon; 5. Initiation of basidiocarp (fruit body) 6. Development of
basidia in the fruit bodies; 7. Karyogamy i.e. fusion of the two parental nuclei; 8. Fusion nucleus
undergoes meiosis; 9. Formation of basidiospores each receiving one of the daughter nuclei. [78, 79]

In case of basidiomycetes, the uniques feature is the existence of 3 nuclear phases instead of two
as is the case in the higher plants. The first which follows meiosis is the haploid, homokaryotic
or monokaryotic, the second is the result of plasmogamy between two monokaryons and is called
heterokaryotic dikaryon phase and the last is the heterokaryotic diploid phase which happens
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because of karyogamy between two nuclei. The knowledge about the life cycle of different
species of the basidiomycetes has helped in understanding of the following aspects.

3.1.1 Heterothallism

The first report on heterothallism in basidiomycetes came in case of Coprinus fimetarius and
S. commune based upon the mating of monosporous mycelia and the formation of clamp
connections but, later molecular studies helped in dividing the heterothallism into two major
forms; bifactorial heterothallism and unifactorial heterothallism (Fig. 5). The first form consisted
of two unlinked mating type factors with heteroallelic condition at both the loci and is also called
as tetrapolar incompatibility or heterothallism with bifactorial control.
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Fig. 5. Two life cycles of the varieties, bisporus and burnettii of Agaricus bisporus [79,87]

The second form consisted of only single mating type factor with heteroallelic condition at that
locus and is called as bipolar incompatibility or heterothallism with unifactorial control.

3.1.2 Homothallism

In homothallism, the single viable basidiospore is having capability to germinate and form
fruitbody without the requirement of a mating process involving sharing of nuclei from opposite
mating types. So the whole life cycle can be completed with the involvement of a single
basidiospore. Based upon the number of basidiospore formation on a basidium and the
involvement of incompatibility factor(s), the homothallism can be divided into two forms:
primary and secondary. The phenomenon of primary homothallism in Volvariella volvacea was
ascertained with the help of malachite green-resistant mutants and aspartate requiring auxotrophs
[80]. In this mushroom the heterokaryotic mycelium can be raised from a single spore



97

containing a single post-meiotic nucleus. However, the primary homothallism assigned to
Volvariella spp. is still not final because of variability in single spore isolates .

The phenomenon of secondary homothallism is almost similar to that of unifactorial
heterothallic species, but the 2 spored nature of basidia conceals the possibility of heterothallism
and forced the researchers to designate this typical type of phenomenon as secondary
homothallism. The best example of secondary homothallism is the common mushroom Agaricus
bisporus (Fig. 5). The homokaryotic phase peculiar for primary homothallism is found only in
spores of 3 and 4 spores per basidium and the frequency of occurrence is approximately 5%.

3.2 Genetic Improvement/Development of Newer Strains

The process of mushroom breeding has remained integral part of all research and
development activities aimed at improving the cultivation technology of mushrooms; but in the
beginning, the process of strainal improvement centered round identification and selection of
better performing strains. However, with the release of two hybrids Ui & Us by the conventional
techniques of crossing homokaryons and selection of high yielding hybrids [81,82], the
mushroom breeding programmes all over the world took a big leap and newer techniques
supporting the breeding programme were brought in light [83]. The newer techniques, like
protoplasting, have also improved the methodology as well as frequency of homokaryons
isolation having utility in hybrid formation. The distinct features of different mushroom species
like existence or non-existence of clamp connections in heterokaryons, variations in number of
nuclei per cell and also in basidiospore per basidium have created confusion and forced to adopt
different breeding strategies for each species.

Though the conventional method of mushroom breeding like introduction and selection has
remained the main tool in the mushroom improvement programmes but other techniques like
mutations, single spore culture, multispore culture and hybridization have also been tried with
different levels of success. The multispore culture technique is said to be useful in rejuvenation
of the degenerated cultures while single spore culture and hybridization techniques have
generated some of the commercially popular strains all over the world. The best example of
hybridization is the development of U: and Us hybrids of A.bisporus [81,82] in Holland.
Similarly, some of the single spore isolates from A.bisporus [84] and Volvariella spp. [85] were
also reported to have higher yield potential than their parents.

In traditional hybridization system of mushroom improvement, the homokaryons obtained
either from single spore isolates or from protoplasting, are crossed to make hybrids which are
then evaluated for the desirable traits. Though the technique seems to be very simple but, in the
absence of variability in the available germplasm, and the dearth of genetic markers to
differentiate between the homokaryons and heterokaryons, success has been seldom achieved in
obtaining the hybrids. But the new developments in the culture preservation techniques and
emergence of DNA-based genetic markers have solved many of these problems. In order to
tackle some of these problems, Agaricus Recovery Programme or ARP was founded by Dr.Rick
Kerrigan in 1988 which has been recently renamed as Agaricus Resource Programme [86].
Presently, more than 206 Agaricus strains including the wild ones are available with the ARP
and most of these strains have been collected from major spawn companies and
researchinstitutes from all over the world. The strains available with ARP have been identified
by using isozyme marker techniques. The strains available with ARP are an excellent source of
genetic variability and best example is the four spore per basidia strain obtained from Sonaran
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desert of California by Callac et al. [87]. Moleecular techniques can be helpful in removing the
existing species specific barriers in developing the new hybrids of mushrooms.

The mushroom breeding in the past was based upon the morphological features of the
homokaryons and heterokaryons, which are bound to vary depending upon the growing
conditions. However, there are features which do not vary with the growing conditions because
these are based upon the genetic make-up of an organism [88]. With the advent of DNA based
markers, the identification of homokaryons as well as heterokaryons has become much easier
and the certification in mushroom industry has become possible [89,90,91].

The first gene based technique used in mushrooms was isozyme analysis. Isozymes are
different forms of same enzyme having differences in their structure but catalyse the same type
of reaction or having same level of activity. These have been extensively studied in
Pennsylvania State University in the early 1980°s [92-96]. The changes in the amino acid
sequence in a protein results in change in the net charge on the enzyme which affects the overall
mobility of the enzyme and separation of isozyme under the electric field. Under controlled
conditions, isozyme marker is an excellent tool for differentiating the strains because the
allozyme loci behave in a Mandelian manner in crosses. More than a dozen isozyme markers
have so far been identified in A. bisporus. In comparison to other techniques, this technique is
quite cheap and data generation per unit effort is very high. The isozyme technique in
combination with other techniques like cell wall polysaccharides, nuclear and mitochondrial
RFLPs helped in differentiating two Spanish species of A. bisporus [97]. Similar line of work
has also been carried out on other basidiomycetes like Lentinula edodes [98,99] and Pleurotus
spp. [100,101].

Next to isozymes, other DNA-based molecular marker used in mushroom breeding is the
Restriction Fragment Length Polymorphism [102,103]. RFLP comprises of two interlinked
techniques: first is the restriction of DNA with site specific restriction endonucleases which
make nick at specific restriction nucleotide sequences, and the second technique is the southern
hybridization [104], in which the DNA fragments generated by restriction endonucleases get
separated on the gel, are made single stranded followed by their transfer on a nitrocellulose based
membrane for hybridization. A small segment of radiolabelled DNA homologous usually less
than 10,000 bp cloned on bacterial plasmid is used as a probe. The fragments of genomic DNA
hybridizing to the radioactive probe are detected by autoradiogram. In addition to karyotyping,
RFLP also has utility in construction of genetic linkage maps or in genetic mapping [95,105-
107]. The natural population of P. ostreatus belonging to distinct geographical regions were
found to have genetic distinctness and this type of genetic relationship was established with
mDNA RFLP [108,109]. The P. ostreatus was further analysed by using other techniques like
pulsed-field gel electrophoresis in combination with the use of single copy DNA probes [110].
The differentiation of primary homothallic species Volvariella spp. is also possible through
RFLP and AP-PCR or combination of the two [111].

In case of 4. bisporus the RFLP and RAPD have helped in studying the genetic diversity,
isolation of homokaryons, inheritance of nuclear and mitochondrial markers and for establishing
genetic linkage maps [112]. Similar studies have also been carried out with L. edodes [113].
This technique has also helped in identification and characterization of a number of 4. bisporus
genes and has opened the path for obtaining genetic transformants for different phenotypic and
production related characters [111]. The phylogenic relationships between different species of
Lentinula such as L. edodes, L. lateritia, L. novaezelandiae and L. boryana originally isolated
from Asia-Australian regions was established by carrying out RFLP of the internal transcribed
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spacer [ITS] regions and intergenic regions [IGR] of the ribosomal DNA [rDNA] repeats [114].
In order to increase the efficiency of this technique a miniprep method involving simultaneous
detection of dsRNA and RFLP analysis was developed by Barroso et al. [115] which heliped in
testing 12 strains per day and was found suitable for characterizing dikaryotic and homokaryotic
strains as well as basidiocarps. But high cost, time-consumption and high labour input are some
of the drawbacks of this technique.

3.2.1. RAPD

Another method of wide use is Random Amplified Polymorphic DNA (RAPD) analysis
[116]. RAPD is basically based on technique of rapid multiplication of small fragment of DNA
by polymerase chain reaction [PCR]. The requirement of small quantity of DNA, fast speed and
ability to handle multiple number of samples at a time this technique more user- friendly than
the RFLP. The ability of this technique to provide high number of markers with high efficiency
of reproducibility makes it a powerful tool in the construction of linkage maps [117,118]. The
RAPD related protocols for mushrooms like extraction of DNA, amplification through PCR and
manual sequencing was first standardized by Vilgalys and Sun [119]. The role of RAPD in
studying the phylogenetic relationship at genus or species level became evident with the work of
Moncalvo [120], where he studied the relationship between a newly described taxon Pleurotus
cystidiosus var. formosensis and other members of the P.cystidiosus complex. The RAPD
analysis has also been successful in studying the protoplast fusants obtained from Auricularia
auricula + A. polytricha and P. ostreatus + P. cornucopiae [121]. In case of shiitake this
technique was used to differentiate commercial shiitake L. edodes isolates [122] and crossing
progenies [123] which could have positive implications on mushroom breeding and genetic
identification of new isolates [124]. In inheritance study it was found that inheritance of RAPD
markers depends upon the source of homokaryons and the germination rate of mushroom spores
[117]. The genetic diversity among different isolates of 4. aegerita has also been studied by
using RAPD markers [125-127].

3.2.2 Other advance techniques

A simple but more powerful technique like pulsed field gel electrophoresis in combination
with the use of single copy DNA probes was found to have greater potential in proper
karyotyping of P. ostreatus [110]. The occurrence of genetic recombination in nature and high
level of genetic polymorphism in Lentinus spp. belonging to remote mountain areas of China
was proved by sequencing of ITS regions and rDNA lineage studies [128]. At the same time, by
using sequence specific oligonucleotide probes, Lee ef al. [129] reported that P. ostreatus is
different from other species like P. florida and P. pulmonarius. The template mixing method
devised by Loftus et al. [130] was successfully employed to differentiate between the two alleles
inherited by Fi  homokaryons through the presence or absence of the heteroduplex by converting
the uninformative SCAR into a co-dominant marker. These markers have made the breeding
programme much more easier [131]. In other mushrooms like Morchella, Verpa and Disciotis
the phylogenetic relationship was established by restriction enzyme analysis of the 28s ribosomal
RNA gene [132]. The two Spanish species of 4. bisporus were differentiated by using multiple
markers like cell wall polysaccharides, isoenzyme patterns, nuclear and mitochondrial RFLP’s.
The strains were found to differ in xylose.content of cell walls, types of glycosidic linkages in
the inner polysaccharide fractions, in esterase patterns and mitochondrial and nuclear DNA
RFLP [97].
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3.2.3 Cloning, sequencing and transformation

The studies carried out on 4. elucidated that 4. bisporus contained 13 chromosomes [160].
However, at a later stage Sonnenberg ef al. [161] mapped 25 genes to individual chromosome
and out of which 17 were identified by using pulsed field electrophoresis. But the strainal
improvement programmes require information beyond the number of chromosomes and this is
possible through isolation, cloning and sequencing of genes responsible for yield, quality,
disease-resistance and substrate utilization for their future use in transformation purposes. In
case of mushrooms, transformations have been possible through recombinant DNA technology
involving incubation with the protoplast of the recipient cell, electroporation [162] and by use of
the ballistic gun system [163].

In order to study the expression of genes responsible for morphological changes during
growth of button mushroom and expression of cellulase, endoglucanase and laccase at different
growth stages different strategies have been adopted by different workers. The expression of
genes responsible for the production of various enzymes like cellulase, endoglucanase, laccase in
A. bisporus [164,165], only laccase in P. ostreatus and L. edodes [166,167] have been studied
and were found to vary in expression at different stages of growth. Different approaches like the
use of DNA library for studying growth regulatory genes and substrate utilizing genes in case of
A. bisporus [164,168], detection of double stranded viral RNA for developing resistant species of
mushrooms [169] and use of rescued plasmid vector from P. ostreatus for identifying fungal
genome sequence and transformation in other strains of P. ostreatus [170] have been tried with
varied level of success. In the process of cloning and sequencing it was recorded that a DNA
fragment of 1635 bp from S. commune having fruitbody inducing activity can be utilized other
mushrooms of commercial importance. Similarly the sporelessness in case of Pleurotus spp. was
found to be linked to a limited number of loci but not with loci responsible for unfavourable
appearance of fruitbodies [171,172].

Schizophyllum commune an edible mushroom but not of commercial importance has been
used as a prototype for genetic studies and manipulation of the other edible fungi [173]. Attempts
have been made to develop transformants of S. commune [174], C. cinereus [175] and Agrocybe
aegerita [176,177]. Despite several attempts, not much success could be achieved in case of
A.bisporus [178,179,180].  The failure in case of A. bisporus can be attributed to any of the
following reasons like inability of the transforming DNA to enter into the cell, to integrate into
the chromosome, to replicate or to express [181]. Strategy like positive selection strategy by
using trp3™ gene from Coprinus cinereus for transformation in P. ostreatus and V. volvacea has
helped in obtaining successful transformations [182] and by using homologous DNA-mediated
transformation system higher efficiency of about 50 fold has also been achieved [183].

In ballistic gun method the small fragment of DNA with desired genes are coated on a
tungestun chip and then chips are bombarded to any tissue of mushroom with very high speed.
This technique is mostly adopted where other techniques like protoplast or Agrobacterium-
mediated transformation fail. The technique has been successfully used in case of Coprinus spp.
[184]. The transformations in case of P. ostreatus and A. bisporus are also possible by using 4.
tumefaciens-mediated transformation system [185]. Still there is a long list of genes which can
be cloned in A. bisporus by evolving the suitable transformation system (Table 2).
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Table 2. Possible useful genes for incorporation into Agaricus bisporus.

Gene / Product Source Function

Amylase Bacillus Starch hydrolysis
amyloliquefaciens

Cellulases Trichoderma spp. Cellulolysis

Fungiside resistant Various Fungicide resistance

Hemicellulases Aspergillus spp. Hemicellulolysis
Trichoderma spp.

Ligninase [s] Phanerochaete Lignin degradation
chrysosporium

Lipases Various Lipid degradation

Mating gene Various Homokaryotic fruiting

Protease Various Protein degradation

Source: Sodhi er al. [186]

4. RECENT ADVANCES IN SUBSTRATE PREPARATION

Lignocellulosics account for about 60% of the total plant biomass and are the most abundant
natural raw material present on the Earth. These are produced through photosynthetic reactions
operating inside the cells of green plants and the net dry biomass production by plants is
estimated to be 155 billion tons per year [187]. Lignocellulosics contain mainly cellulose,
hemicellulose and lignin. This inexhaustible and renewable natural source can be utilized
through microbes for the production of industrial chemicals, liquid fuel, protein rich food
(mushroom or single cell protein) and feeds.

Mushrooms, particularly white button mushrooms A. bisporus and A. bitorquis, draw the
nutrients from a specially fermented materials of agricultural origin. All the necessary nutrient
components like carbon, nitrogen, phosphorus, iron, sulphur, potassium and vitamins required
for mushroom growth are assimilated from this specially fermented substrate called compost and
the process of its artificial preparation by adding all the requisite ingredients is called
composting. It is a multistep process guided by a consortium of microorganisms including fungi,
bacteria and actinomycetes. Role of thermophilic fungi in composting has been well-elucidated
and the reports have also proved their role in obtaining desired selectivity in the substrate [188].
Some of these fungi not only help in obtaining the desired selectivity in the mushroom substrate
but also contribute themselves to the Agaricus nutrition [189]. During the process of composting,
also called substrate preparation, the readily available nutrients like carbohydrates and nitrogen
are assimilated by the microorganisms present in compost ingredients and organisms multiply
with the process of composting and as a result large fraction of nutrients is locked up inside the
microbial cells present in the substrate and mushrooms have the ability to utilize these nutrients
with the aid of their cell hydrolyzing enzymes [190]. The lignin-humus complex formed after
fermentation can only be attacked by mushrooms because of the specific degradative enzymes
producing capacity and thus selectivity in the mushroom substrate is achieved.

The fermentation process operating in the mushroom substrate preparation is different from
other fermentation processes because of the defined attributes of the mushroom substrate which
help in obtaining highest possible yield of mushrooms with little chance of failure because of
undesired moulds, insect and pest infestation. It has been reported that the end product obtained
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in mushroom substrate fermentative process must have a desired bulk density of about 550 to
600 kg m* [191], selective only for A. bisporus [192], sufficient water holding capacity [193],
sufficient air space for the growth of aerobic mycelium {194], specific nitrogen level of about
1.75% {195] and suitable pH ranging from 7.2 to 7.8 [195].

4.1 Factors Affecting Conversion of Lignocellulose into Fungal Biomass

Important factors affecting lignin degradation are temperature, pH, water content {196],
carbon dioxide and oxygen levels [197]. Carbon dioxide, in general, is taken as inhibitory and
oxygen as stimulatory in such processes [196,198]. The addition of other nutrient sources like
nitrogen promotes the bioconversion of non-lignin fractions and inhibit. lignin bioconversion
[196,199]. But the most important factor which affects compost quality is the microbial
population stimulating the fermentative process. Therefore, for the improvement in methods of
mushroom substrate preparation, the knowledge of basics underlying this process is very
important. The degradative process in the composting passes through phases like mesophilic in
the beginning, followed by thermophilic in the middle and again mesophilic in the end. All these
phases ultimately lead to the production of CO., water, minerals and a stabilized organic matter
called compost. The process the composting finally results in 15-35% weight loss due to the
release of metabolic by products like CO. H:O and other gaseous materials [200].

4.2 Methods of Composting

With due consideration to the quality of the product expected and parameters involved in
composting, following three methods of compost preparation were evolved over the time as a
process of improvement.

Long method of composting. This is the oldest method and now exists only in few pockets of
the world because of the low mushroom yields, proneness to attack by pathogens, and more time
as well as labour consuming process [194]. This method is a completely outdoor activity and
takes about 28 days, though production of this compost in lesser duration has also been reported
[201]. The biomass loss in this method is also very high [30-35%] and also creates more
environmental problems like release of unwanted harmful gases. The microbiological and
chemical reactions operating inside the substrate to convert it in a suitable medium for
mushroom growth remain unsystematic under uncontrolled environmental conditions of
composting. The quality of compost is poor and often it causes heavy crop losses under
unhygienic conditions of cropping rooms due to which it has presently limited relevance.

Short method of composting. With many shortcomings associated with the long method of
composting and with the realization of importance of temperature and microbes in composting
process, improved method of substrate preparation with scope of temperature modulation came
in existence near 1950's. The original thinking behind this process was to have a temperature of
50 to 60°C for obtaining a selective substrate with very less chances of infestation by
problematic moulds, insects and pests. This was based upon the work of an American Scientist,
Lambert [202], who studied the compost from different zones having different temperature and
oxygen conditions and found that productive compost came from regions having temperature
between 50-60°C and adequate supply of O2. Based upon the findings of Lambert, Sinden and
Hauser [203,204] came with a new concept of substrate preparation having pasteurization as the
integral part of composting process. This process of composting was later on called as the short
method of composting because it took comparatively less time than the long method of
composting. The short method of composting mainly consists of two phases: outdoor
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composting for 10-15 days (Phase-1), followed by pasteurization and conditions inside an
insulated well built structure called as the pasteurization tunnel taking around another seven
days. In this method, the remixing/turning of substrate ingredients is carried out almost on every
alternate day so that alteast 5 to 6 turnings can be achieved in 10 days of outdoor composting
(Phase-I). Another important parameter is the maintenance of aerobic condition by blowing
oxygen @1 to 15 m*/ton of wet compost/hour which facilitates high temperature, production of
more homogenous substrate in comparatively 30% less time than long method of composting
[205]. The desired quantity of air can be inserted either by making compost stacks on the GI
pipes with holes and connected to an air blower or by ventilating the stacks by inserting vertical
ducts in the stack [206]. During phase-I of composting the temperature can rise up to 80°C into
the core of stack resulting into charring of the ingredients giving a dark brown colour of the
compost. However, the outer surface having a temperature around 50-60°C facilitates the
growth of thermophilic microorganisms. The compost after completion of Phase-I of
composting should be of blackish colour having moisture around 72-75%, very heavy smell of
ammonia, pH around 8-8.5, nitrogen content between 1.5- 2.0 with ammonia concentration
around 800-1000 ppm [207]. Based upon the temperature conditions maintained inside the
pasteurization tunnel (phase-Il of composting) it can be divided into two sections i.e.
pasteurization and conditioning.

Pasteurization. During phase-1 of composting, different zones of the stack possessdifferent
levels of temperature and different types of microorganisms both qualitatively as well as
quantitatively. However, during pasteurization a homogenous environmental conditions is
achieved and temperature is maintained between 57 to 60°C for 6-8 h. Temperature beyond 60
°C is not recommended because it leads to elimination of some beneficial thermophilic
microorganisms having role later in compost conditioning. The temperature of 60°C can be
achieved either by self-heating of the compost or by injecting steam; in either of the cases this
temperature is sufficient to kill the problematic insect/pests of the mushroom crop. The time and
duration of pasteurization has less bearing on the crop yield and it can be effected immediately
after tunnel filling or later on [208].

Conditioning. During conditioning the temperature of the bulk is maintained in the range of
45 to 52°C suited for the growth of desirable thermophilic microorganisms. The excess of
ammonia released during this stage is utilized by the growing microorganisms and gets
entrapped as microbial protein/or biological nitrogen. The high population of thermophiles
achieved at this stage is helpful for whole of the composting process because majority of them
perish during the pasteurization process and some of the left outs will help in building up the
requisite population during post-pasteurization conditioning process [209]. Besides the
temperature, another important factor affecting the outcome of the conditioning process is the
sufficient supply of oxygen. Oxygen level of about 10% during this process is essential to build
up requisite number of thermophiles and assimilation of ammonia in the form of microbial
protein. Both pasteurization and conditioning are essential for achieving the selectivity in the
compost at the expense of harmful organisms. There are many advantages of short method of
composting: (i) more compost per unit weight of the ingredients is produced, (ii) more
mushroom yield per unit area of cropping room or per unit weight of compost, (iii) less chances
of infestation from insects and infection from competitor or pathogenic moulds, (iv) shorter
duration of substrate preparation and cropping cycle, and (v) less environmental pollution.
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Indoor composting. The problems of environmental pollution associated with the long method
and to a lesser extent with short method of composting drew the attention of researchers to
evolve alternative methods where production of stinking gases like ammonia, methane, hydrogen
sulfide and other methylated sulfur compounds can be brought to their minimum level [210-213].
The gases are usually produced under high temperature and anaerobicity inside the compost
mass [214]. The production of these gases also depends upon the type and quantity of the basal
ingredients used for substrate preparation [215]. In Europe and Australia, the strict environment
safety related legislations forced many of the companies to close their composting units. So a
‘clean’ process was in demand which could produce the high quality mushroom substrate
without any adverse effect on the environment [216]. Because first time the work on such
composting system started using completely indoor system for compost preparation, it is also
called as indoor composting [217], or environmentally controlled composting {218], rapid indoor
composting and aerated rapid composting [219]. Though the work initially started with omitting
the phase-I completely [220] which resulted in sharp decrease in mushroom yield [221] but, later
on, the phase-1 of composting was tried inside tunnel with proper arrangement of forced air and
satisfactory results were obtained [222,223]. On the basis of temperature conditions maintained
inside the tunnel, the indoor composting can be divided into two categories i.e. INRA methods
and Anglo-Dutch method.

INRA method is mainly followed in France, Italy, Belgium and Austria and large quantity of
compost is being prepared by this method [224]. In this process the phase-I is carried out at a
constant temperature of 80°C for 2-3 days under indoor conditions followed by phase-II in which
the temperature is kept at 50°C for 5-7 days [225]. As very high temperature attained during
phase-I results in killing of all desirable microbes also [226] reinoculation with mature compost
or thermophilic fungi becomes necessary in this process [227,228,229]. In situations where
proper ventilation in the tunnel during phase-I is maintained or the phase-I is being carried out in
the bunker system, reinoculation with thermophiles can be dispensed with because comparatively
cooler regions in the stack support the existence of thermophiles [193,230]. Work of evolving a
suitable formula for inoculation of Scytalidium thermophilum, desirable for this important
thermophilic fungus for obtaining compost of desired quality has also been carried out [231].

The another method called as Anglo-Dutch method was the result of continuous research in
several European countries and Australia [216,232,233,234] which basically involves the
maintenance of an optimum temperature for the growth of thermophilic micro-organisms
particularly Scytalidium thermophilum and two species of Humicola [235]. In this method, a
short pasteurization phase of 4-6 hours at 60°C is followed by a week-long conditioning phase at
41°C. This method has been reported to provide excellent selectivity with excellent outdoor
control and substantial saving of raw material [191,193]. However, on the contrary some
problems like light texture of finished compost which poses problems during compressing [236]
and low yield with lower level of selectivity have also been reported [210]. The importance of
physical parameters like thorough mixing of ingredients, adequate moisture and good oxygen
supply was studied in detail in two Dutch firms, Christiaens and Gieoam and all these factors
were found to be important for minimising toxic compounds and malodorous gas production
[237]. Some advatages of indoor composting over other methods are: (i) composting takes lesser
time than the short and long methods [236], (ii) the mushroom yield per unit weight of compost
is very high [30-35kg/100kg of compost [224], (iii) efficient control and management of
environmental pollutants conforming to civic laws, (iv) lesser loss of raw materials [10-15%] and
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thus increased end-product [193], and (v) improved selectivity of mature compost for A. bisporus
[191]

4.3 Role of Microbes and Their Metabolites in Composting

Compost being a rich source of nutrients harbours a diversified microbial flora which includes
bacteria, fungi, actinomycetes, viruses, helminths and protozoa [238,239] and their qualitative as
well as quantitative existence depends upon the ingredients and the geographical location [240].
Generally, a microbial progression from mesophilic to thermophilic and again to mesophilic is
observed during composting. The factors which determine the dominance of a particular
microbial flora during composting depend upon the temperature, moisture, aeration, hydrogen
ion concentration (pH) and microbial interactions prevailing inside the compost substrate [241].
Recently molecular techniques like sequencing of rDNA genes have also been employed in
monitoring the microbial diversity in mushroom compost [242]. In fact, the compost ingredients
harbour varied types of microflora but the fungi have been studied by majority of the researchers.
The fungi found growing saprophytically on the cereal straw can be divided into three major
groups [207]: (i)rimary saprophytes: Alternaria alternata, Cladosporium cladosporoides,
Doratomyces stemonitis, Stachybotrys atra, Stilbum nanum, (ii) fungi growing on stored
materials: Aspergillus spp., Penicillium spp., Absidia ramosa etc., and (iii) opportunist fungi:
Mucor hiemalis, Rhizomucor pusillus and Trichoderma viride etc.

Work [243,244] has also been carried out on mesophilic fungi of chicken manure, an
important ingredient of modern day mushroom compost, but majority of these fungi disappear as
soon as the temperature of compost pile attains the thermophilic range. Fungi flourish where
growth conditions are sub-optimal for other microorganisms [bacteria and actinomycetes] for
example lower moisture contents of substrate [245] and lower pH levels. In the initial stage,
mesophilic organisms, mainly bacteria, begin to breakdown and utilize the easily available
carbohydrates and proteins [246] and the heat generated leads to rise in the stack temperature
which is further enhanced by the insulating properties of the compost mass [247]. This rise in
temperature results in change in the microflora from mesophilic to thermophilic and less diverse
[248,249]. With enhanced metabolic activities, the temperature continues to rise and optimum
degradation rates are reported at a temperature range between 45 to 55°C [250]. Excessive
temperature is not conducive for proper composting because it inactivates most of the microbial
population as well as their activities [211].

Several studies have been conducted to elucidate the role of thermophilic fungi in the
composting, which led to the development of the latest method i.e. indoor composting. During
the rapid multiplication of thermophilic fungi cellulose and hemicellulose are broken down to
expose the available lignin for selectivity to the compost. The thermophilic fungi also utilize
available proteins and other nitrogenous substances during their growth which results in
production of ammonia which further raises the temperature and softens the straw. The available
nitrogen and ammonia during indoor composting is ‘locked’ inside the microbial cells as this
microbial protein is utilized by the mushroom mycelium for its nutrition [190]. The role of
thermophilic fungi in composting and as nutrient of Agaricus bisporus has been studied by
several workers [188, 251-254]. Among different thermophilic fungi, the role of S
thermophilum and Humicola spp. has been highlighted in most of the cases [231,253-257].
Specific studies like enhanced growth of 4. bisporus mycelium on H. insolens encapsulated
grains and subsequent better growth of such spawn in mushroom compost further confirmed the
importance of thermophilic fungi during composting [258]. Based upon the findings with
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thermophiles Nair [259], Nair and Price {233], Savoie and Libmond [260] and Savoie et al. [261]
used PRITAN, an accelerator, bacterial polysaccharides and Express™ for further improving the
composting techniques. In these studies several beneficial effects like enhanced process control,
less time, better environment protection and good yields were obtained.

5. EDIBLE MUSHROOMS AND BIOREMEDIATION
Bioremediation here signifies removal or detoxification of xenobiotic compounds present in

soil or water ecosystem through normal physiological and biochemical processes catalyzed by

the existing or introduced microflora. The solid state fermentation technology employed for
substrate preparation for the cultivation of 4. bisporus and A. bitorquis can help in answering
many questions related to the environmental problems. Recently, the solid state fermentation has
widened its horizons, and culturing and delivery of bio-pesticides for biocontrol of insects and
pests and bioremediation of xenobiotic compounds have been attempted. But here we will
confine ourselves to the SSF technologies related to mushrooms and their potential use in

bioremediation. Two approaches can be considered for the bioremediation purpose [262,263].

1. Adding of compost to the contaminated land for augmenting the bio-remedial action
involving indigenous micro-organisms or adding of selected potential biodegrading micro-
organisms with compost [264].

2. Composting of excavated contaminated soil and raw materials for mushroom compost
production.

Recently, considerable interest in solid phase technologies for bioremediation has emerged
[265-267] which has led to emergence of three strategies like i] land farming ii] composting and
i1i] engineered soil cells [266]. The land farming has been explained by Semple et al. [263] and
are similar in both cases where the treatment of contaminated soil is done ‘on site’ through
conventional agricultural practices. The aim of both the techniques is to create favourable
environmental conditions for the existing microflora to biodegrade the organic contaminants,
through their catabolic pathways (Fig. 6).

The process with the involvement of engineered microbes is basically a combination of two
techniques namely land farming and composting, where the potential microbes are first screened
for their catabolic potential and then improved further for their enhanced catabolic potential
through modern biotechnological methods. However, compared with in situ techniques, the
kinetics of biodegradation of toxic chemicals in ex sifu bioremediation have been found more
favourable and economical.

A white rot fungus, Phanerochaete chrysosporium, has been widely studied in the area of
bioremediation because of its ability to degrade a wide range of compounds [268,269] namely
several number of polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
2,3,7,8-tetrachlorodibenzo- p-dioxin, DDT, indane, chlordane and explosives like TNT, RDX
and HMX (265). The TNT mineralizing potential varied in different wood decaying, litter
decaying and micromycetous fungi [270]. The another basidiomycete in light is Pleurotus spp., a
commercial mushroom, which has the potential to biodegrade several xenobiotic compounds
[271]. The catabolic pathways (Fig. 7) existing in these fungi are the basis of their existing
potential of bioremediation [272,273] because most of the xenobiotic compounds have chemical
structure similar to that of the lignin biodegradation products [268]. Considering the potential of
Phanerochaete spp. and Pleurotus spp. several studies were carried out to see their direct seeding
effects on soil contaminants like polychlorinated phenols (PCPs), polychlorinated biphenyls and
the pesticides like atrazine and carbofuran [274-276]. The incorporation of spent mushroom
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Fig. 6. Breakdown and mineralisation mechanism of macromolecular lignin by wood and litter decaying
fungi (Source: Ref. 270).

substrate (SMS) in soil has been reported to enhance the disappearance of alachor and help in
obtaining a good crop of garden pea cv. Taichung. The role of SMS in alachlor disappearance
was found to be indirect because it stimulated soil microbial flora capable of alachlor
degradation [277, 278]. However, contrary to this, the incorporation of SMS has been found to
increase the persistence of chloropyrifos, chlorfenvinphos and carbofuran like synthetic
chemicals in soil [279]. A simple and less expensive technique to dispose off the pesticide wastes
was evaluated by Berry et al. [280] by involving a mixture of cotton and wheat straw inoculated
with P. pulmonarius {281]. The results showed reduced levels of methanol extractable atrazine
and only 30% of the total radioactivity of added
"C-ring labeled atrazine was recovered suggesting a potential role of P. pulmonarius in
mineralization of the pesticide. Another significant contribution in this direction was made by
Zafar et al. [282] who reported the influence of nutrients on biodegradative potential of Trametes
versicolor. The detoxification of carbofuran (2-3-dihydro-2, 2-dimethyl-7-benzofuranyl
methylcarbamate) and the fate of labeled carbofuran was determined under controlled conditions,
it was recorded that the carbofuran-7-phenol was susceptible to oxidative coupling by the fungus
in the presence of horse radish peroxidase (HRP) and H:0: [283].

Two more species of white rote fungi, Dichomitus squalens and Pleurotus sp. were tested for
the mineralization potential of radio-labeled pyrene [284]. With both the species the
mineralization of pyrene was found higher in presence of other soil microorganisms. However,
the mineralization with pure cultures was higher with Pleurotus _sp. than with the D. squalens.
In a separate study the mineralization potential for pyrene of four fungi including three white rot
basidiomycetes namely Phanerochaete chrysosporium, Dichomitus squalens, Pleurotus florida
and one brown rot fungus, Flammulina velutipes was compared and maximum mineralization of
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Fig. 7. The enzymatic combustion of lignin by manganese peroxidase-a hypothetical model. [270].

48 to 52% was recorded in P. florida and P. chrysosporium followed by D. squalens and no
mineralization with F. velutipes [285]. The other basidiomycete, L. edodes has also showed
dechlorination and mineralization of xenobiotic compounds on mixing in the contaminated soil
[286]. In laboratory experiments the mixing of PCP contaminate sterile soil
with aliquots of spent sawdust cultures of shiitake mushroom, supplemented with a nutrient
solution of glucose, thiamine and mineral salt resulted in disappearance of about 44.4-60.5% of
PCP in 21 days of incubation but the disappearance was not correlated with the polyphenol
oxidase activity in the inoculum [286,287]. However, during the same period of incubation,
Bushwell [288] reported only 50% breakdown of PCP. The potential of SMS in remediation of
contaminated land sites has also been highlighted by Bushwell, [264]. Inoculation of
Phanerochaete chrysosporium grown on pith from sugarcane bagasse had the potential of
bioremediation of contaminated soil with aromatics [289]. The bio-accumulation property of
basidiomycetes also makes them suitable in removal of heavy metals like lead and copper [290].
The spent mushroom substrate has the ability to chemically adsorb the organic and inorganic
pollutants and in addition it harbours diverse category of microbes having potential to detoxify
the potential xenobiotic compounds present in soil or water [270,288,291].



109

An easy and cost effective method of developing bioremediation system is through use of
composts and composting technologies and recently Fermor er al. [292] have described the use
of this system for bioremediation of pentachlorophenol, polycyclic aromatic hydrocarbons and
aromatic monomers. Various studies have proved that the SMS has all the desirable attributes of
a good soil conditioner and bioremediator of xenobiotic compounds in soil as well as in water .
The desirable attributes of SMS are: permeability to air, alkaline to neutral pH, high water-
holding capacity, nutritional richness, harbouring diverse category of microflora which help in
soil aggregate formation and degradation of xenobiotics. The increasing environmental
awareness combined with imposition of strict laws [293] and comparatively low cost of land
remediation by composting or compost amendment as compared to that of removal of landfill
[upto £ 100/tonne] or incineration (£50-1200/tonne) has prompted the use of SMS for
bioremediation activities [263]. The possible use of composting technologies to remediate
polluted soil has been tried at various levels like respirometers [10-100 g; 294,295], bench
composter (1 kg; 296] environmentally controlled compost bins [20-40 kg; 297] and outdoor
tarpaulin windows (tonnes; 298). The three types of compounds namely chlorophenols,
polycyclic aromatic hydrocarbons and BTEX compounds were used in the study and it found
that the fate of the pollutants in the soil system depends upon the chemical and physical
properties of the pollutants and environmental factors [temperature, moisture content] [263].
Study on the role of compost microflora in bioremediation of chlorophenol was carried out by
Watts [299], Amner et al. [300], Semple & Fermor [301] and concluded that several types of
actinomycetes, bacteria survives in SMS and the population of each type is affected by the
availability of a particular type of chlorophenol in the system. However, in some cases, the
calcitrant compounds formed during the catabolism of the toxic compounds have been found to
persist in the environment for a much longer period than the original one. One example is the
catabolism of PCP by P. chrysosporium and L. edodes which resulted in formation of a strong
calcitrant like penta chloroanisole [301]. However, the compound could be further detoxified by
the existing soil microflora [302]. From various studies it has been concluded that PCP
degradative potential of mushroom compost can be increased by pre-exposure to PCP [294]. In a
significant study it was found that the spent mushroom substrate of Pleurotus pulmonarius could
remove higher levels of pentachlorophenol than the pure cultures of other fungi like Armillaria
gallica, A. mellea, Ganoderma lucidum, L. edodes, P. chrysosporium, P. pulmonarius,
Polyporus sp., C. cinereus and V. volvacea and the removal of PCP was related to the other
microflora associated with SMS and its physical properties [303]. The biodegradative potential
of phase-II mushroom compost for pure PAH or in PAH contaminated soil has also been
investigated [292,304,305,306]. In addition, the residues obtained after mushroom cultivation
could also be utilized for large scale production of phenol oxidases which have role in
environmental purification [307].

The another potential use of SMS has been found in cleaning of sulphur deposits from coal
mines. The limestone, gypsum, organic matter and “bulk” that constitute SMS make it an ideal
choice for passive treatment of coal mines drainage. The quality of water coming out of such
sites can be improved by construction of a wet land with SMS. The water released from these
wet lands meats clean steam specifications [308,309]. Now with the increasing importance of
environment safety newer bio-indicators have also been discovered to assess the effect of SMS
land applications on adjacent surface water quality [310]. Spent mushroom substrate, if used for
bioremediation solves the twin problems of its disposal as well as of environment cleansing
which is the reason of very active research in this area of edible mushrooms.



110

6. CONCLUSIONS

Mushrooms are being very actively researched mainly due to their commercial importance.
Transformation of the vegetative mycelium into the fruitbodies represents an interesting
phenomenon for the researchers to study the morphogenesis of multi cellular eukaryotes.
Though the beginning has been made but the findings on carbohydrate metabolism seen more to
be the effect than the cause for differentiation; needless to emphasize that much more needs to
be done to decipher the phenomenon at the genetic level expressing itself through the protein
route. Newer biotechnological tezhniques and tools are likely to play important role in the
genetic improvement of mushrooms in future. Though economically profitable level has been
achieved in the substrate preparation technology but understanding at the microlevel may result
in a breakthrough breaking the yield barrier which seems to have currently plateaued.
Nutritional, medicinal, commercial and environmental importance of edible fungi will
continually force the researchers to study these wonderful microbes at the molecular level.
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Single Cell Protein (SCP) is a term coined in the 1960’s to embrace microbial biomass
products which were produced by fermentation. SCP production technologies arose as a
promising way to solve the problem of worldwide protein shortage. They evolved as
bioconversion processes which turned low value by-products, often wastes, into products
with added nutritional and market value. Intensive research into fermentation science and
technology for biomass production, as well as feeding, has resulted in a profound body of
knowledge, the benefits of which now span far beyond the field of SCP production. The
widespread application of plant breeding programmes and agricultural crop production
techniques resulted in a high availability of plant food sources, such as soya, maize, wheat
and rice in the second half of the 20™ century. In addition, political and economic
developments, which swayed the world order from a system of blocks to globalisation,
facilitated the open trade of agricultural products. These agricultural products outmarketed
SCP on the grounds of lower price. However, the combination of sophisticated production
with food processing technology yielded a new generation of SCP products which may be
used as meat substitutes, texture providing agents and flavour enhancers. Future application
of heterologous protein expression may further develop the potential of this food line,
resulting in precisely tailored products which meet specific dietary requirements, or simulate
high added value specialty products.

1. INTRODUCTION

The pioneering research conducted almost a century ago by Max Delbriick and his colleagues
at the Institut fiir Girungsgewerbe in Berlin, first highlighted the value of surplus brewer’s
yeast as a feeding supplement for animals [1]. This experience proved more than useful in the
ensuing First World War, when Germany managed to replace as much as half of its imported
protein sources by yeast. Since brewers yeast from beer production was not produced in
sufficient quantity to meet the demands as a protein feed, a very large proportion of yeast
biomass was expressly produced by aerobic fermentations in a semidefined medium
containing ammonium salts as the nitrogen source [2]. This methodology was more efficient
than brewing, but still resulted in some fermentation of the carbohydrate source, and
suboptimal yield of biomass obtained per unit of substrate. In 1919, a process was invented
by Sak in Denmark and Hayduck in Germany in which sugar solution was fed to an aerated
suspension of yeast instead of adding yeast to a diluted sugar solution [3]. This process was
known as ‘Zulaufverfahren’. An incremental-feeding or fed-b